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FOREWORD 

The Goddard Laboratory f o ~  Atmospheric Sciences (CLAS) was established in the Fall of 1977 at 
the Goddud Space FlMt Center to  provide a balanced program of basic and applied research dedi- 
cated to advancing the understanding of the complete atmospheric, hydrospheric, and cryospheric 
systems The Laboratory is an arm of the Applications Directorate of the Goddad Space Rijjht 
Center and its goals reflect those of the NASA Office of Space and Terntrial Applications, which 
has overall programmatic responsibility. 

This is the first edition of Collected Reprints, presented here in two volumes, comprising material 
published by members of the Laboratory between January 1,1978 and December 3 1,1979. Future 
issues will cover just one calendar year. To avoid unnecessary duplication, only the abstracts or 
introductions of NASA reports and conference pruceedings are included. 

During this period, the Laboratory consisted of the Modeling and Simulation Facility, Upper Atme 
sphere Branch, Troposphere Branch, Hydrospheric Sciences Branch, Climate and Radiations Branch, 
and Special Rojects Office. 

The main purpose of this publication is to aid in communicating the research efforts of CLAS to 
the scientific community. It is recognized that many people will have seen the papers as they 
appeared in journals and other publications. However, many researchers, especially those in sister 
disciplines, may not have had ready access to such publications. Thus, it is hoped that this collection 
will provide welcome and ready reference not only to our colleagues conducting parallel research 
in other agencies and academic institutions, but also to those in related areas. 

The reprints have been grouped according to the internal structure of the Laboratory: 

Special Rojects Ofice-management of special project activities, such as the Global Atmospheric 
Research Program (CARP), Operational Satellite Improvement Program (OSIP), Ozone Processing 
Team (OPT), and applications development. 

Modeling and Simulation Facility-develops general circulation models to describe atmospheric be- 
havior and simulate observational system capabilities. Conducts a research program of computer 
experiments on the application of space-borne data for global weather, climate, and ocean predict- 
ability studies. 

Upper Atmosphere Branch-research on the structure, composition, energetics, and radiative proper- 
ties of the troposphere, stratosphere, and mesosphere and investigations of sun-weat!~er/climate rela- 
tionships. 

Troposphere Branch-research on storms, boundary layer processes, and local, medium, and regional 
scale ptoctsses. 
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Hydrospheric Sciences Branch-research related to developing an improved understandiq of space 1 
and applications of such to the hydrologid, oceanographic, and cryospheric sciences. { 

Climate and Radiations Brmch-empirical and theoretical studies of climatic processes and relation- \ i 
ships, steady-state climate models, clirna te sensitivity to parameter variations, earth radiative energy 
budget, and effects of  the atmosphere on remote sensing. 

i I 
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The Data Systems Tests: The Final Phase 

James R. Greaves 

Loboratory for Atmospheric Sciences, Goddurd Space Flight Center 
Greenbelt, Md.  20771 

1. Introduction 

T h e  United States has conducted a series of Data 
Systems Teats (DSTs) as a precursor to  its participa- 
tion in FGGE, the Global Weather Experiment. This 
paper briefly describes the impact those t a t s  have had 
on the FGCE observing system and on the data  manage- 
ment plans. In particular, the final p h w  of the DST 
programs is described, wherein a number of investiga- 
tors have been selected to work with the DST data  
sets in research studies directed toward the GARP 
objectives. By drawing attention to these invatiga- 
tions a t  a relatively early stage. we are taking an irn- 
portant first step in providing feedback to the potential 
FGGE research community. 

1 The Data Systems Tests 

One of the inrportant lessons learned from the earlier 
CARP field experiments such as the Barbados Oceano- 
graphic and 51eteorological Experiment (BOMEX) and 
the GARP Atlantic Tropical Experiment (GATE) was 
the need for limited but realistic simulations prior to 
attempting the larger experiment. I t  was in this light 
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that  the concept of conducting a series of Data Systems 
Teats as a precursor to F C C E  x a s  developed. 

The GARP Project a t  SASA was charged with the 
task of implementing the DST tests. The approach was 
to use current operational satellites, conventional 
sources of meterorological data. and data  from research 
satellites to approximate the elements of the proposed 
observing system for FGGE. The  goal was to provide 
an early look a t  potential problems associated with the 
data  acquisition, data  management, and data utiliza- 
tion ajpects of the Global 1;-eather Experiment itself. 

Beginning in late 19i3 and continuing into 1956. 
NASA, in collaboration with SO.4.4, SC-4R. the Uni- 
versity of 1Gscondn. and others. conducted a series of 
six Data Systems Tests (Fig. 1). Of these. the first four 
were more limited tests of individual subsystems. The 
final two t a t s .  DST-5 and -6. consisted of cornpre- 
henrive tests of the entire system. They were of 60 
days duration each and were conducted under summer 
and winter conditions, anticipating the two Spacial 
Observing Periods of FGGE. 

3. The impact of the DVs 

.4s a result of the DST experience. significant changes 
have been m d e  in both the planned observing system 
for FGGE and the procedures for managing the data  



FIG. 1. During the D a u  Sy#emS Tests, currently availableotnerving systems were used tosimulate 
the data to be acquired during the Global Weather Experiment. The final two DST periods were full 
end-to-end -ems t a t s  yielding comprehensive sets of global meteorologial data. It is these data 
r t s  that will be used in aupport of the DST Research Program. 

flow. Some typical examples of these changes are given 
in the following sections. 

a. Data acquisition 

1) The concept of using a Carrier Bailoon System 
carrying deployable dropsondes to obtain upper- 
level wind data  w u  thoroughly evaluated and 
subsequently dropped in favor of the aircraft 
dropwindsonde program and increased use of 
dedicated  hips. 

2) The Aircraft Integrated Data System (AIDS), 
whirh nrnvirlrs ~utamstrci reonru frnm rnm. 

decision to employ that system on the TIROS-S 
and NO.\=\-A satellites for FCGE. The fact that  
sounding retrieval schemes had already been 
worked out  for the Nimbus sounder greatly ac- 
celerated the availability of the TIROS-S data- 
processing software. 

b.  Doh management 

1) The need for an operational readiness evaluauon 
of the data  flow prior to the s tar t  of F C G E  was 
demonrtnted. The FGGE data  management plan. 
which allowed a full year for testing national and 

7- ..--*- r.-' ---- ----..----- - -r-. - -. ---- -- 7 - -  

. . .  - . . .  ;nrarnarinnal inrrrfrrw hrfnrr rho rrnrrimrnr 
rnercial aircraft. was shown to be a valuable source .... -...-- "..-. .... -..---- --.-.- ...- -..r- ..... -... 
of upper-air data during both GATE and the began, is based largely on the experience gained in 

DSTs. processing the DST data. 

3) In order to provide flight level data  in near real 1) The  need for a greatly improved monitoring of the 

time, the Aircraft to Satellite Data Relay observing and telecommunications systems was 
(ASDAH) system was developed by N..\SA and is demonstrated. .Is a result of its DST experiences. 
c u m n t l y  being used in the Global li'eather Ex- the United States has been a pritnt mo\.er in 
pcriment. This system assembles the same mett- developing a World Weather \Vatch llonitoring 
orolopical data  as ..\IDS, but the data a n  trans- Plan. - 

hourly via geosynchronous *tellitn 3) L r l y  attempts to use the DSf data  revealed a 
ground stations, rather than being stored in the number of deficiencies in the data processing and 
l i r a a f t  on cape cassettes. quality control procedures employed during the 

4) The performance of the Simbus-6 sounding sys- experiments. Because the DST experiments were 
tem during the DSTs gave added support to the duigned to simulate the FCGE environment. a 



sprdrl effort is being made to "edit and enhance" 
the US, operational wundings and cloud motion 
winds during the Specia! Obwrving Periods of 
FGGE. A joint XASA/SOAA program has been 
aublished to implement this effort. (See the 
CARP Topin article in the January 1979 
BULL~TIN.) 

4. Tha n u o ~ h  pharr 

The final two DST periods produced the most com- 
prehensive sets of global meteorological data yet as- 
sembled. In terms of completeness, they will not be 
surp.ucd until the FGGE data btcome available. A 
number of studies using these data to determine the 
impact of utellite soundings on weather forecasting 
h v e  already taken place. (Halem el d., 1978 ; Damanis  
el al., 1978; Miyakoda el 4.. 1977; Kelly d d.. 1978; 
and Miller a d  Hayden, 1978.) While then are differing 
opinioai as to the degree of the impact, it is agreed 
that when properly utilized, the satellite sounding data 
do have a benefiaat impact on our weather forecasting 
ability. 

The KASA impact t a t  results (Halem el al.. 19i8)  
point to two major areas, which, if improved. can bring 
about larger forecast {rnpacta from satellite =under 
syrtems : 

1) Technology must be developed to improve the 
accuracy and vertical resolution of the sounder 
temperature profiles themselves. DST satellite 
soundings have rmr errors of approximately 
2-2.S.C when compared with coloated radio- 
sonde profiles. While the deficiencies in the 
quality of the data can be partially eompenuted 
for by special processing and auimilation methadr. 
the need for more accurate temperature profiles 
under all conditions ia still the most important 
requirement. 

2) Numcrial prediction models t h e d v a  must k 
improved to make better use of the rounding &a 
In order for these aaynoptic data wurca  to con- 
tribute to more accurate forcfuts. i t  is n m u u ) .  
that the model be able to convey idornution ac- 
cuntely over extended distances and periods of 
time from one nqion of the globe to another. Im- 
provements in model forecuts can only proceed 
by a judicious combination of higher grid raolu- 
dons, more accurate numerical integration 
methods. and better representations of atmo- 
spheric proccua. 

As the final phase in the DST program. a scrim of 
w c h  studies utilizing the DST data sets and focused 
on the problem arms out!ined above h u  recently k n  
initiated. Brief summaria of the selected DST in- 
vadpaonm a n  luted below u a first step in providing 
feedback from thtcc studies to the FCCE rncarch 
community. 

1) Sakfi ik  Data Assimdadoa in  Nnmrricd Foror~ast 
Models. The Principal Investigator is Yorhi K. 
Wki of the University of Oklahoma. 

The objective is to develop new statisticrl 
andyds techniques for combining satellite data 
with conwntionrl data to improve nunur ia l  
analyam and forecasts. A barotropic "noiw 
fmring" methodology (a technique to reduce 
the p h w  speed of gravity waves without relofting 
to damaging dissipative devices) will be adapted 
to brroclinic models. The impact of brroclinic 
noise freezing will be tnted using the UCL.4 
general circulation model, and generalired opti- 
mum interpolation techniques to accommodate 
the special characteristics of satellite data will be 
developed. 

2 )  R e s d d o r  S t d i e s  and Energy Diagnortirs of 
GLOW Data Sets. The Principal Investigators are 
Donald R. Johnson and Robert G. Gallimore, Jr. 
of the Univenity of tiisconsin. 

The objtctivc is to assess the need for, and 
impact of. DST nonconventional data (including 
n td l i t e  information) in data-sparse regions 
through the use of diagnostics of available poten- 
tial energy. .An evaluation of the impact of higher 
raolution data will be made by comparing energy 
s u d s t i a  computed from conventional and aug- 
mented DST data sets. An aucument will be 
made regarding the sensitivity of the Coddard 
Laboratory for ..\tmospheric Sciences General Cir- 
culation >lodel (GL-AS GCAI) to the augmented 
DST data. 

3) A S t d y  Om The ~I\drkorologicd Silnificancr of 
Cbwd Tracked Winds During DST-5 and DST-6. 
The Principal Investigator is Verner E. Suomi of 
the Univenity of \Visconun. 

The objective is to study the limitations of 
cloud wind data in terms of accuracy. data 
sampling, and data density, and how these factors 
relate to the metcorologicrl significance JI the 
data sets. Comparison* will be made between the 
SOAA/SAIC and SASA/GLAS Level 111 wind 
citlds m d  the Level I1 wind fields produced by 
\\?reonsin, SOAA/NESS, aircraft data, and 
radioronda. Studies will be performed on the 
representation of synoptic scale features (such as 
fronts, jets, waves, cychne centers. etc.) by both 
the Level I11 analyses and the Level I1 data. 

4 )  GZobal Atmospkm'c Research Program-Applica- 
tion of Gbbal D d a  Sds .  Th- Principal Invatigator 
is Takio Murrkami of tne University of Hawaii. 

The objective is to use DST-5 and -6 Level I11 
data sets for studia of regional eneq;etin of the 
h a t i c  summer and winter moncoon circulations. 
and of wave-wave and wave-tonal m a n  flow inttr- 
actions for sunding and transient waves. The 
validity of the pnlim;nary results obtained from 
recent studies oi regional energetia and mean flow 
intarrctions will be tested using the superior DST 



data nu. Where pouible, the m a r c h  will be 
extended to additionrl problem u u a  that could 
not be investigated in the earlier work due to 
limiutionr of the available data. 

5) Evaluation of GARP h d  I I I  Data Srtsfor DST-5 
a d  DST-6. The Principal Investigator ir J a m a  
C. Sadler of the University of Hawaii. 

The objective ir to evaluate the quality of 
DST-5 and DST-6 Level I11 data for the 
global tropics and to provide a common rtandard 
for comparing NOAA/NMC and NASA/GLAS 
analyur and foncuting achema. Subjective 
kinematic andyur  techniques will be uaed to 
generate subjective Level 111 analyaw a t  two 
Ievelr. The major differen* between the objec- 
tivcly and rubjectively gridded malywr will be 
d i r c u d ,  including thcir caurcr and avail;.ble or 
anticipated remedies. 

6) A Study of Octanic and Atmospheric Forcing Using 
GARP DSTs. The Principal Investigaton are 
Eric 8. Kraur and Marvin A. Gller  of the Uni- 
venity of Miami. 

The nbjectivea are to rtudy the nature of the 
vuiability of ocean forcing and to investigate the 
geographic dirtribution of tropospheric diabatic 
heating and ita component parts of net radiational 
hating,  wnrible heat flux, and latent heat flux. 
The Level I11 rurface data set, will be u d  to 
compute 6 h and 12 h grid values of ocean forcing 
parameten in order to determine the error in. 
troduced by the expression of these parameten in 
terms of averaga of bulk variables. Level 11 data 
and exiating parameterization formula will be 
uaed to determine the component p u ~  of diabatic 
heating. 

7 )  An Impoond Nimbus-6 Sounding Data Srt For 
Expm'mmts With N u m d c d  Foruwt Jd0d.l~. The 
Prinapal Investigaton are \Villiam L. Smith of 
NOM/NESS and Verner E. Suomi of the Cni- 
venity of Wisconrin. 

The objective ir to produce a high quality 
rounding data ut from Ximbur-6 High Rcrolu- 
tion f n f n r d  Spectrometer (HIRS) and Sunning 
Microwave Spectrometer (SCAJIS) ndiance data. 
which pooerra the highest achievable rpatial 
rrrolution. The Nimbw-6 data will be reprocwad 
in a man-machine interactive manner using the 
YcIDAS ryrtem a t  the Univtnity of Wimnrin. 

8 )  Linear and Nodinsor I n ~ a c t i o n r  of thr Large- 
Scok Atmosphrric Water. The Prinapal Invutiga- 
tor ir S. K. ffio of the Cnivenity of Utah. 

The objective ir to invatigate how the kinetic 
and available potential energia are m n r f m r d .  

converted, and diuipated in large-rcrle atmo- 
rpheric waves of different charactrrirticr, includin~ 
the linear and nonlinear convibutionr to the p n -  
ention and maintenance of ruch waves. The 
power- and crou-rpcctn of metcorolo~crl quanti- 
ties will be computed in the wave number-in- 
quency domain and the kinetia and thermal 
energies urociated with atmospheric wava  of 
variour wavelengthr moving a t  variour p h u r  
velocitia will be analyzed. 

9)  The Effut of G M J  Data Sets on Prdutabilay 
Degradorion in the S o u L h  Hmupkrrr .  The 
Principal Investigator ir I. hf. Navon of the 
Council for Scientific and Indurtrial R w r c h .  
Pretoria, South Africa. 

The objective ir to ure DST data to tart the 
hypothair that an expanded southern hemirphere 
data b u c  will lead to rubatantial improvementr in 
forecaru. A w r i a  of 4 d a y  forecuu will be gen- 
erated with and without the DST data u t a  uring 
r n  exirting Primitive Equation8 (PE) hemispheric 
model. 

5. Conclusion 

I t  ir hoped that the investigation8 outlined above will 
aerve as a precursor to the reatarch phare of FGGE in 
the u m e  way that the data acquisition and data manage- 
ment arpecta of the DSTr have had a rignificant impact 
on their FCGE counttrparta. They should provide an 
early opportunity for potential FCCE researchers to 
address problemr related to the CARP objectives and 
thereby accelerate the payoff to be derived from FGGE 
iwif. 
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1. Introduction 
B q n n i n g  in late 1973 and continuing into 1976, NASA. 
in colhbontion with SOM,  conducted a w r i a  of D a u  
System T r u  (DST), which were intended to be a 
precursor to U S .  participation in FGGE-The G b b l  
Wcarher Experiment. T h c v  t a u  proved to be a- 
mmely useful in evaluating the suitability of the p m  
jtcttd FCGE obulving sytemr, the data proceuing and 
diuribution facilitia. and our ability to we che re- 
sultant data in analysis and f o m w  modelr. D e  final 
two t a u  of the DST series produced the moat complete 
KU oi global rncttorologid dam ever auembled. 

Early attempts by the modeling community to urc 
the DST data In achieving improved numeriul fo r ruru  
were disappointing. We have since ltirntd that pan of 

the problem sterns from the cxiatence of a number of 
deficiencib in the processing and quality control pm 
d u r n  employed during the DST nrpcrimenu Con- 
tributing to thew deficiencies was the fact that certain 
of the key data sets were produced in an imlaud en- 
vironment. That  is. no ancillary data were used to 
quality check or guide the derivation of the final product. 
Thir was particularly true of the high density cloud 
motion winds and the m a r c h  ratellice rol~ndingr. In 
the caw of the wind!. the single moat important defi- 
ciency was in the accuracy of the auigntd doua  heights. 
Little effort was mrde u, adjust the doud motion heighu 
using ancillary data such u satellite temperrcure sound- 
i n g  or forecut wind fields. An added difiiculty in the 
caw of the rounding data war that they were horuonnily 
avenged so u to be more compatible with the CARP 
grid size. Thir. t-tha with the inherent lack of vcni- 



a 1  molution ,: ~ t e l l i t c  soundings, contributed to the 
tendency of the analpa  b a d  on utcllite roundiq 
&ta to exhibit too little variance in the thermrl structure 
d the atmoaphm. This led in turn to an undemtima. 
tion of the amflituda of weather syctemr 

As they were originally aet up, the DST aperimenu 
were designed to simulate the &u acquiridon and p m  
ceuing environment of the CIohl  ~ k t h e r  Experiment. 
Unfonunauly. by the time the deficienda in the &u 
pmcming and quality control proccdum were brought 
lo light, it wu-too late to rubruntially alter existing 
plans for the opcntional proceuing of rrtelliu &u 
during FGGE. Thw. it k a m e  clear that FCCE ioclf 
would suffer from the *me deficiencies unlerr some sort 
of special ellon wu made to circumvent these difficulties 

1n January 1978, a panel of apcru on quality control 
for FCCE recommended that a special cfiort be made 
to "enhance and edit" the satellite soundings and cloud 
motion winds. The panel, which conJted of both data 
producers and data wm, urtd  that wch an effon 
would be crucial for achieving the full impact of these 
observing sptemr The panel recommended that an ex. 
tenrive effon be made to improve the cloud height 
determination, that the munding data k proceucd with 
the h i ~ h a t  poorible horizontal molution (particularly 
in metrorologiully active area*), that data gaps be filled 
where posible, and that quality indicators bc provided 
with the final data acts. 

2 System Description 
In Febnury 1978. repmtnutiva ot NASA. N O M ,  and 
the University of IVisconain met at NASA's Coddard 

Spacc Flight Center to diuuu the planning and implr. 
menution of the recommended special effort. A o n e p w  
system was decided upon, wherein the initial editing 
and ulection of areas for data enhancement would be 
conducted by the N0.4.4 National ;\Ietcorological Cen- 
ter (NbfC), the munding and wind enhancement would 
bc arricd out under the direction of the CARP Project 
at Coddard, and the final editing and quality assew 
ment of the enhanced d a u  by NOM/NZIIC. 

A diagram outlining the p r o p o d  implementrtion 
plan ir preunttd in Fig. I. Slan-compulc. Inunctive 
Dau Acccu S p e m  (SICIDAS) terminah developed by 
the Univenity of Wisconsin will be uaed both for edit. 
ing opentiona at NOAA/N;\IC and for data enhance- 
ment at NASA/Coddard. (BlcIDAS is a highly sophiui- 
cared hardware/mftwarc system developed for accaring. 
processing, and displaying data from high volume dav. 
souma such as meteorological u t e l l i :~  i  aging sp te l ;~ )  
The hlcIDAS operating system and appliationr software 
will be installed in the Amdahl computer syatem at 
Coddard'r Laboratory for Acrnoaphrric Sciencer The 
Coddard terminal will be coloated with the computer. 
The NXlC tenninal will be tied via land line to the 
Amdahl computer for direct acceu to the FCCE data 
sea. A third terminal will be available at the Univenity 
of Wiwomin for software development and system 
maintenance. 

The appropriate FCCE data sets will be acquired from 
NOAA and other sources. After the &.icing and en. 
hancement procedum have been completed. the re- 
sultant data producu will be forwarded to the World 
Data Centers and to the FGGE Level IIIb analysis 

- - 

FIG. 1. D i m  OI propad hpkmwtutioo plan tor s p e d  cdon lo prwide improved vwodin8 
a d  dwd.aotbs wind drnu tor SGGL 





peru on quality control went on record stating that 
". . . this effort is crucial for achieving full impact of 
nonconvcntional ctKrving systemc." In a r  ition to 
great;pt improving the value of the space-bad dam, a 
rigni..cant added benefit will be that in the process 01 
qu ipp ing  and training poupr  in both NASA and 
NOAA to accomplish this usk. an enormous amount of 
highly w f u l  technological vrnsfer will occur from the 

rncarch commutiity to the key UKr groups. T h e  specid 
effort rcpreulltr an cpportunity to take a significant step 
forward in i ~ n p r o u i ~ ~ ~  the usefulness of satellite data in 
~t~*-wricaI  weather prediction. For the first t:me the con- 
cepu of enhancccl resolution in areas of gr rter mete. 
orolodcal interest, mn/machine interactive processing. 
and internal data consiste~~cy (dau  source to data source) 
will be simulta~~cously brought into play. 
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CASE STUDIES OF MAJOR DST8 W I N O  IMPACTS WITH THE 
OLAS MODEL 

ABSTRACT 

R n c a s e ~ e s o f D 6 I c 6 a a Y d i n g i n p a c t s a r e ~  
sented. In each of t k se  cases, major m t s  
to the (;UIS d l ' s  fore!rxsts of speciflc qmoptlc 
features resulted fmm including s a t e l l i t k w  
data in the initial analysis. 
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A Capariaon of GIAS SAT and NnC High Resolution 
NOSAT Porecuts from 19 and 11 February 1976 

Robert Atlas 

&strwt This report  presents  the r e s u l t s  of a subject ive compariso~~ 
of GLAS and NMC high resolut ion model forecasts .  'Pvo cases where NMC's 
operational model i n  1976, had ser ious d i f f i c u l t i e s  i n  forecast ing f o r  the 
United S t a t e s  have been examined: t he  72 hour forecas t s  from 0000 GMT 19 and 
11 February 1976. For each of these cases the GLAS model forecas t s  from 
i n i t i a l  conditions which included s a t e l l i t e  sounding data  were compared 
d i r ec t l y  t o  t he  NMC higher resolut ion model forecas t s ,  from i n i t i a l  conditions 
which excluded the s a t e l l i t e  data.  The comparison showed tha t  the GLAS SAT 
forecas t s  s i gn i f i can t ly  improved upon the  current  NMC operational. model's 
predictions i n  both cases. 
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SUBJECTIVE EVALUATIM OF THE COCUINCD INFLUENCE 0 1  SATELLITE TCXPEMTURE SOUNDING DATA 
AND IbiCREASED MODEL RESOLUTION ON MIllERtCAt WEATHER FORECASTING 

UASh/bddard Space f l i g h t  Center  
C r e e n k l t ,  k r y l a n d  

and Courant I n s t i t u t e  of Hathematical Science8 

1. XhTRODUCTION I k u  York. New York 

Since  the  in t roduc t ion  of s a t e l l i t e  der lved 
t r a p e r a t u r e  soundings i n t o  t h e  operational 
daca base i n  1972, a number of e x p e r i r n t s  
h ~ v c  been conducted [Ackins and Jones,  1975; 
D l s ~ r a i s  ec  a l . ,  1978; Druyan et a l . ,  1978; 
hi1 e t  a l m 9 a ,  b]  t o  i i * r e s m r  In f lu -  
ence  on numerical m a t h e r  fo reca r t iny .  
Objective mearurer of  formcart  accuracy have 
served a s  the  p r l u r y  t o o l  f o r  e v 8 l u ~ t i n g  
the  p red ic t ive  impact of t he  s a t e l l i t e  
sounding d a t a  experiments,  a long with some 
sub joc t ive  eva lua t ions  by w a t h e r  f o r e c a r t e r r .  
The s t a t i r c i c a l  measures have gene ra l ly  
shovn e i t h e r  n e g l i g i b l e  o r  smll b e n e f i c i a l  
Impacts when averaged over many cases  and 
con t inen ta l  regions.  Even when s p e c i f i c  
f o r e c a s t s  show s u b s t a n t i a l   tati is tical 
i apac t s ,  subsequent s u b j e c t i v e  e v a l u a t i o n s  
have shovn t h e  i m p r o v ~ w n t s  t o  be of marginal 
value  f o r  fo recas t e r s .  A p r i n c i p a l  r ea ron  
may b v e  been the  f a c t  t h a t  t hese  s t a t i s t i c a l  
improvewntr occur i n  t h e  68 t o  72 hour 
f o r e c a s t  range when the  model f o r e c a s t  
accuracies b v e  themselver d e t e r i o r a t e d .  

Thus, t ne  ques t ion  a r i s e s  whether s a t e l l i t e  
soundin8 d a t a  mi lht  have graetmr i n t l u a n c e ,  
b r n e f i c i a l  o r  o the rv i se ,  i f  NUP models had 
g r e e t e r  f o r e c a s t  s k i l l .  k c m t  r t u d i e r  by 
Robert [1976],  Uill irmson [1978]. Quirk and 
Atla8 [197?1 hrve rho-n t h e  t o r e c a r t  aceuracv 

i s  gene ra l ly  improvrd with i n c r r t a e d  model 
r e so lu t ion .  Our s tudy here  v i l l  r e p o r t  on t h e  
s ~ ~ b j e c t i v e  comparisonr of temperature sounding 
da ta  impacts f o r  modelr with w d i f f e r e n t  g r i d  

t 5 r e s o l u t  ons,  a coa r se  ( 6 0 0  Iro ) and f i n e r  
(280 ka ) resolut ion.  

Atkins  and Jones (19751 made a d e t a i l e d  
s u b j e c t i v e  eva lua t ion  of the  impact of S a t e l l i t e  
l n f r a r r d  Spectrometer ( S I U )  roundin8 d a t a  on 
the  numerical p rad ic t ion  of s aa - l rve l  p re s su re  
and SO0 mb he igh t s  f o r  t he  p r r iod  from 
9-15 %rch 1976. Their  evs lu rc ion  revealed 
t h a t  no s i # n i f i c a n t  impact8 occurred,  hocnver, 
s l i g h t  lmprovann t s  due t o  tha  i n c l u r i o n  of 
SIRS daca w r a  nutad. ' Iheir  r r r e s r w n t  m a  
p e r f o r w d  by comparing p rogaor t i c  c h r t r  
goners tad  t r a  i n i t i a l  cond i t ioa r  which 
included s a c r l l i t a  roundin6 d a t a  ( r e f e r r r d  

t o  a r  SAT) wi th  chore generated from i n i t i a l  
cond i t ions  which excluded s a t e l l i t e  suund1ng 
d a t a  ( r e f e r r e d  t o  a r  !!OSAT), and with t h e  
co r re rpond i ly  ana lyses  f o r  v e r i f i c a t i o n .  
Cases of s i g n i f i c a n t  impact ve re  def ined by 
Atkins and Jones a r  those  i n  which d l t f e r e n t  
l o c a l  w a t h e r  f o r e c a r t s  voulC have r e s u l t r d  
itor use of  t h e  SAT prognoses. 

In t h e  more r ecen t  D ~ t a  Systems Tes t s  (DST) 
conducted by t h e  U.S. Nationsi A.ronaut ics  
and Space Adminis t ra t ion ( S A W  and the  
National Oceenic and Atmspher i c  Adminis t ra t ion 
(NOW) l a  p repa ra t ion  f o r  t h e  Clob.1 Ueather 
E x p e r i u n t ,  r u b j e c t i v e  cocrpartaons of SAT 
and NOSAT prognost ic  c h a r t s  w r e  m d e  a s  p a r t  
of t h e  t o t a l  e v a l u t i o n  s f  sounding daca 
impact. Chi1 a t  a l .  [1979a] u t i l i t e d  the  
Coddard Laboratory f o r  Ataorpheric Sciences 
( C W )  genera l  c i r c u l a t i o n  m d e l  [ S o m r v i l l r  
e t  a l . ,  1976; Stone e t  a l . ,  197i]  with a 
h o r i r o n c a l  r e s o ~ u t i o ~ '  latitude by 5 '  
l ong i tude  t o  t e s t  d i f f e r e n t  w t h o d s  f o r  t he  
t lw continuous asrimi.ation o f . t h e  High 
k r o l u t i o n  In f ra red  S p e c t r o u t e r  (HIIS) and 
Scanning Wcrouave S p e c t t o w t e r  (SCAMS) daca 
from Nimbua 6 and Ver t i ca l  Temperature P r o f i l e  
b d i o w t r r  (VTPR) d a t a  from NOAA 6. Their  
eva l ru t ?on  f o r  e leven SAT and NOSAT t o r e c a s t r ,  
8ener- red dur ing the  February 1976 DST per iod 
s h o w d  t h a t :  (i) r a t e l l i t r - d e r i v ~ d  tamporecure 
d a t a  had a todesc ,  but s t a t i s t i c a l l y  significant 
p o r i t i v e  1mp.c~ on numerical uaa the r  f o r e c a s t s ,  
a r  v e r i f i e d  over  t h r  c o n t i n e n t s  of the  Northern 

Hemisphere; (11) the  impact of a t w o - s a t r l l i t e  
r y e t n  u&s about t u i c e  a s  l a r g e  a s  chat of 
one s a t e l l i t e ;  ( i l l )  the  a rgn i tude  of t h e  
impact depended upon the  method of s a t e l l i t e  
d a t a  assfimilation. 

D a r u r a i s  r e  a1. [1978J,  us ing the  L t i o n a l  
n e c e o r o l o g ~ e n t e r  (NHC) s i x  l e v e l  p r i o i -  
t i v e  r q u r t i o a  mod01 [ S h u u n  and Hovenu le ,  
19681, found a sma l l e r  b e n e f i c i a l  i n f luence  
of s a t e l l i t e  sounding d a t a  than what was 
obta ined by Chi1 a t  al., ( 1 9 7 9 ~ 1 .  They 
ar8u.d t b t  the  d l f t . r r n c e  b e t m e n  the  G U S  
and W r e s u l t s  a i @ h t  be duo t o  the  poorrr  
f o r e c a r t  s k i l l  of t he  G U S  aodr!. and a n a l y s i s  



r y r t r a ,  thereby rllowing f o r  tha r a t a l l i t .  
d a t a  t o  have r grea te r  p o r i t i v r  lmpret on tha 
Lorocart. 

A r * w t i t i o n  of tha fo recar t  e x g . r i u n t r  f o r  
th. February 1976 D8T period, wily tha mAS 
modal u i t h  m incrrared bar i ron ta l  r a m l u t i o n  
of 2.1. l a t i t u d a  by 3* l o q l t u d a  [Chi1 a t  Q., 
1979bl b v e  rho- r r u b r t r a t i r l  l m p r o m a t  
i n  the fo r rcar t  r k i l l  of tha model. O b j u t i v e  
mrarurer of fo recar t  accuracy of ccurre  and 
high re ro lu t ioa  SAT and NOSAT prognorar 
ind ic r t rd  tha t  both the increrrad r reo lu t ion  
and th. rounding data  r r r imi la t lon  improved 
th. for rcarc  accuracy. 

In chi8 papar ua prarent our rubject ive 
e v a l u t i s n  of tbr influance of r a t r l l i t a  
rounding data on the high ra ro lu t ion  U S  
model f a r e e r r t r .  'Ihir r v d u r c i o n  wr c o w  
cerned u i t h  (1) tho r ignif icanca of progaortic 
dif:rrra:er r a s d t i n g  from the i n c l w l o n  of 
u t r l l i t r  d e r i v d  t u p . r a t u r r  loundiagr, 
(2 )  uhmt.har th. d i f f e r r a t e r  w r a  banr f ic la l ,  
(3) ti- dynamic8 of fo recr r t lng  i.p.ct, 
1.8.. how rpac i f lc  d i f fa rencr r  b a c m n  the 
SAT and NOSAT proaaorer avolvad, rod 
(4) c a p a r i a o o  of chi8 exparimant with thoee 
praviourly report-d f o r  t h e  4. l a t i t u d .  by 5* 
longitude varrion of tha C U S  model. 

2. SU&JLCTIVL EVALUATION 

The rubJecciw evaluation war p a r f o m d  by 
c a p a r i a  the prognortlc chart8 wnara tad  
from SAT aad NOSAT i n i t i a l  coadict ioar  with 
each other  and with tha corresponding mC 
amlyre8  f o r  var i f i cs t ion .  mi8 conr i r ted  
of  rubjecclvaly rrulyxing r var ie ty  of prog- 
a o r t i c  f i r l d r  every 12 hourr. f o r  r lavan 
d i f f e r r a t  f o r m u r t a  from tha SAT and NOSAT 
cyc l r r  from tha February 1976 DST period. 

Tablea l and 2 present tha conreaau  of three 
rxparlencmd forecarte:r i n  t h e i r  rub jec t ive  
a r r e r r w n c  of chr progaortic c ty r t r .  Duricy 
the r v r l w t i o o .  tha foreeartar8 had no k s o r  
l rdga of uhich proanortic char t s  ware made 
from SAT o r  NOSAT i n i t i a l  coaditionr. 
Follouing AtUaa and Joner (19751, u c h  
formcrrt war c l a r r i f l a d  according t o  the  
lol lovlng scale: 

A - SAT r l g n ~ f i c a n t l y  b a t t e r  than NOSAT, 
B - SAT b a t t e r  chaa NOSAT, 
C - SJU and NOSAT of equal q u l i t y ,  
D - SAT vorsm than W T ,  
C - SAT r i g a i f i c a a t l y  vorra than NOSAT. 

Each f o r r c a r t r r  p a r f o m d  Ur mvduation 
indepandmtly. Thir vria f o l l o w d  by r dir-  
crur ion of the prognortlc d l f f r r a n c r r ,  a f t e r  
vhich t b r  rat ing8 ware avrragrd a r r i v e  a t  
tha conrmrw.  

m e  r r r u l t r  of our comparironr fo r  chr ma- 
l eve l  prrrrure m d  SO0 ab hright  f i a l d r  
generatad from the CUS 4' l a t i t u d e  by 3. 
locyi tudr  model and var i f i ad  ovrt '  k r t h  
m a r l c a  a r e  prorantad i n  Trblr  1 (raproducad 
fro. Chi1 a t  -dl 1979a 1. 

lrom t h i r  t r b l e  it can ba reen c h c  a t  raa  
l eve l ,  nonr of tha progaortic c b r t r  h v a  
b m a  c l r r r i f i d  rr A o r  t rob t h t  an rlmort 
a q u J  n u k t  of B aad D urlu bavr born 
aarigaod. Although no r ign i f  i c s a t  1 l p . c ~  
ha# o e c u r t d  a t  t h i r  r h o r p b a r l c  lrval, 8 

trndeney f o r  -re b a n a f i c i d  l8p.ctr  a t  48, 
60, and 72 hourr 18 rvidrnt .  





Fig. 1 The sea  l e v e l  pressure  f l e l d s  on  
0000 CXT 22 February 1976 

a. t h e  72 hour f o r e c a s t  from t h e  
be by 5.  G U S  model wi th  SAA 
i n i t i a l  cond i t ions ;  

b. t h e  corresponding NOSAT fore- 
c a s t  us ing t h e  4' by 5. model; 

c. t h e  corresponding SAT f o r e c a s t  
ru ing  t h e  2.5. bv 3. G W S  
model ; 
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d. t he  corresponding NOSAT fore- 
c a s t  us ing t h e  2.5. by 3. CLAS 
model ; 

e.  t he  v a r i f y l n g  NNC ana lys i s .  
Dots r ep resen t  pas t  p o s i t i o n s  
of t he  cyclone c e n t e r  a t  12 
hour i n t e r v a l s  beginnins  
0000 C47 19 h b r u a r y  1976. 



Fig. 2 Tho so4 lovol pramrura f i a l d r  on 
0000 W 16 Fabrwry 1976 

4. tha 72-hour forocast  f r m  tho 
b* by S* mod01 with SAT i n i t i a l  
coadi t ions;  

b. tho corramponding NOSAT for* 
c a r t  w i n g  tho 4* by S *  CUS 
mod01 ; 

c.  tho corrrmponding SAT forocast  
u r i ~  tho 2.S* by 3* G U S  modal; 

d. tho corramponding NOSAT forocast  
w i n g  tho 2.5. by 3* CUS modal; 

0. tho verifying .W m a l y s i s .  





Flea. 1-12, dlaplay thu avolutton of cha ran- 
l ava l  prarrura,  1000-500 nb t n i c k m r r ,  and 
300 mb heieht  and v o r t i c i t y  p.:tarna a t  tvmlva 
hour ln ta rva l r  f o r  cha f i r a t  48 hourr of 
both tha SAT and NOSAT pradlccionr. Uurlne 
the f i r r t  12 hourr of tha foracart  both SAT 
rnd AWAT nova tha ru r f rca  low lnland t o  4694, 
123.U (Fie. 5). Tha SAT rurfaca low ha8 
i n t r n r l f i r d  u h i l a  tha NOSAT low b r  f i l l a d  
r l tyh t ly .  Howvar tha SAT th ickmar  gr rd ian t  
har waakanad ra la t iva  to  the NOSAT and thara 
i a  now a l a r ~ a r  varlaclon of t h a r v l  v o r t i c i t y  
and rtrongar t h a r a r l  v o r t t c t t y  advrction 
across tha low Ln cha NOSAT cara. A t  300 mb 
l om11 d t f h r a n c a  i n  tha a o v u a n t  of thm 
ha t lh t  t r o w h  and vorc ic i ty  u x i m m  har 
occurrad (Fie. 6). m a  NOSAT v o t t i c i t y  
uxinua t r  locatad a t  4LmN, 128% vhi la  tha  
SAT v ~ t t i e i t y  maximum ha# mvad about 2.3 
lonsitude f t ~ r c h r r  dounrtraam. A cornpariron 
of cha v o r t i c i t y  rdvaction p a t t a n r  and tan- 
daneiar a t  tvo hour intarvala  throughoup 
t h t a  pariod ind ic r tad  t h a t  fha i n i t i a l  tan- 
dancy f o r  g raa ta r  sovawnt i n  tha SAT aya ta r  
has bran u i n t a i n a d .  
During tha naxt twnty-four hourr of cha forr- 
c a r t  t h i r  trand contlnuar and r l i e h t l y  l a r g a r  
differancar  batwarn tha SAT and NOSAT ryr taa r  
basin t o  davalop. A t  0000 QIt 20 Fabnury 
(Flea. 7 and 8). tha NOSAT ryrtam has fo racar t  
the rurfaca Iw to  daapon r l i e h t l y  and m v a  
t o  L1.3*ND 108.U. and tho 300 mb v o r t i c i t y  
maximum to .a- t o  42*N, 123% SAT fo tacar ta  

a lea* organitad rurfaca low with three 
cantarr  avtdrnt a t  t h i r  c i w ,  but has main- 
tained a rowuhat  r t rongar  prarrura gradtar:t 
than the NO8AT t o  the weat and aouthwart of 
tha aoutharnmrt  low cantar.  SAT f o r r c a r t r  
tha 300 mb v o r t i c i t y  maximum t o  .ova t o  41eN, 
I l?*W, S *  loneltuda fur ther  domrtraam than 
rha NOSAT uximus. lbwever l a  both to racaa t r  
t h m  r t rongart  por i t iva  vor t lc icy  advaction i r  
t o  tha routhuart of thc rurfaca low pori t ion.  
By 1200 CWT 20 C a b w r y  tha NOSAT rurfaca low 
l a  locatad a t  41.2*1, 105% while SAT for rcarcs  
two low cantarrr  ona a t  41.2*N, lOZ*u; the 
o thar  a t  36.2*N, 102*W (Pig. 9). S u b r t r n t t r l  
d l f fa rancar  i n  tha low lava l  charm1 advrctton 
patcarno a r a  a180 avidant a t  t h i r  t ine.  In 
th. NOSAT eara,  waak cold advactton a x i r t r  
d i r a c t l y  bohind th. rurfaca low, wtth tho 
r t rongar t  cold rdvactton l o c r t r d  fu r ther  
rou thwat  h n a r t h  and r l iyhc ly  t o  the wart of 
tho upprr l a v a l  trouph. 'Ihir contr tbutar  t o  
tha daapanlng and slow rat. of movaunr of 
tha u p p r  l ava l  trough i n  the WSAT pradtctlon. 
SAT prad lc t r  rubreant ial ly  at tongar  cold 
advaccion d i tacc ly  bahtnd the rurfaca low. 

Tha ra la t ionrh ip  of low lava1 thermal advac- 
t i o n  t o  tho movrment of surface l o w  18 well 
knovn [Sutc l i f fe ,  1967; P e t t e r r r a r ,  19561. 
Uarm advaction concributar t o  f a l l i n g  prarl,ure 
and tha sanr ra t ion  of cyclonic v o r t i c i t y  i n  
advrnca of cyclonas vh i le  cold advactlon 
contribucas t o  r i s i n g  prerrurr  and the 
dar t ruc t loa  of cyclonic v o r t i c i t y  to  the 
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19 fenrlury 1970. 19 t a b w r y  1976. 
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r r a r  of cyclonrr. Thur the gradient of 
thlcknelr  advection aerorr  a cyclonr center  
i r  an important indicator  of the r a t e  of 
aovemnt of tha t  cyclone. In ch l r  car*, the 
dlfferencmr i n  tha gradient of thicknerr 
rdvaction tha t  a r e  er tabl iahed a f t e r  thircy- 
*in hourr a r e  primarily aerociated with t h r  
t l l f f r r i n #  racer  of a o v r u n t  of t h r  upper l eve l  
v o r t k i t y  uximcu. k c a u r a  of tha d l f t e r m t  
movewntr of the v o r t l c l t y  ux imru  r e l a t l v a  
t o  the outface low, there war an incenrif ica-  
t ion  of the prrrrura gradlant t o  the routhuert 
of the low center  i n  the SAT forecar t ,  u h i l r  
r broad araa of ru r f ree  p r r r rur r  f a l l r  arro-  
ciat*d with the pori t lve vor t ic icy  advection 
a l o f t  wakmned tho prerrurs  g rad i ra t  t o  chr 
lo red la te  r o u t h ~ . r t  of the rurfaca low i n  
the  NOSAT for rcar t .  
Thir e f t a c t  ampllf led d u r i w  the nax: t w l v e  
hour* i n  ruch a way tha t  by 0000 QIT 
2 1  February the gradlent of chickmar a d v a c  
t i o n  r c r o r r  tho low canter  is nearly t d c e  
r e  attong i n  the  SAT f o r r c a r t  a r  i n  the NOSAT. 
AC t h i s   ti^ the rurfaca low 10 locacrd a t  
36. S3N, 102.W i n  the NOSAT and 36*N, 99w i n  

cha SAT (Fig. 11). The 300 ab v o r t i c i t y  
maximw Ir locatad a t  36.2*W, lll*W i n  tha 
WSAT and 3aaN, 102.W i n  the SAT (Fig. 12). 
The d i f f r r l n g  phare relat ionrhipa b e t a e n  the 
upper leva1 v o r t i e i t y  luxlmru and the r u r l a c r  
low coupled with the d i f f e r i n g  thicknenr 
advectioa pa t ta rns  raau l t  Ln che divarging 
pathr of the ru t face  low throughout t h r  
tWmld@? of the fo r rcar t .  In the SAT car*, 
thare 10 rtrong poaicive v o r t i e i t y  advaction 
and warm adwct ion  t o  the e a r t  and nor rheaa t '  
of t h r  rurface low and waakar v o r t i c i t y  
advacclon couplrd with r t r o n l  cold advacclon 
t o  the i u d i a c a  wart and rou thwrc  of the 
rurface low. This r e r u l t r  i n  a r t rong 
1rallob.rkc gradient  r c r o r r  tha low c r n t e r  
ouch t h a t  r rcurvature t o  the mart northoart 
oceura. In the NOSAT care ,  vaak por i t ive  
v o r t l c i t y  advection 10 coupled with warm 
rdvectlon t o  the northeart  of the rurface low 
while s t r o w  paal t ive v o r t i c i t y  advectlon is 
coupled v i t h  weak cold advection t o  C h r  
i r u d i a t r  wart and routhuart of tho rur face  
low. Aa a r e s u l t  the NOSAT rur facr  low b e c o r r  
'lockrd in' and doer not p ro l re r r  ra r tva td  
a t c a r  t h i s  tior. 

T i l .  7 Sam ar  Tlg. 3 rxcept f o r  0000 QIT Fig. 8 S u m  e r  Tig. L axcept f o r  0000 CHT 
20 February 1976. 20 t a b r u r y  1976. 
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Fig. 10 Saw a r  f ig .  4 oxcope f o r  1200 QlT 
20 fabruary 1976. 

5 CONCLUSIONS 

Tho rubjoct ive ovalurt ion of the influonco of 
r a t e l l i c e  rounding data  on foracaatr  with 
ttu C W  modal ha# shown t h a t  tho modart 
boneticia1 ;.pact of rounding data  tua  
been ontuncad by tho incroarad rarolut ion.  
Twa care r ,  where r ign i f ican t  differancor  
occur i n  tho high raaolut ion &a1 forocar t r ,  
wore described. 

In ona of tharo care r ,  the formearc impact 
var traced to an i n i c i . 1  r t a t o  w d i f i c i a t i o a  
by tho rounding data  vhich w r  cona i r tea t  
with r a t e l l i t a  cloud imagery. Tho othor  
ca re  study r r u l y r i r  i r  a r  yet incomplator 

Uhilr q w r t i o n r  of tho d o 1  depandancy of 
thaae forecart  imwctr  have not boon f u l l r  
explored, t h i s  a c h y  a u u e a t a  t h a t  r a t a l l l t a  
lounding data  porarra valrublr  information 
contant uhich a t  t i m a  arm c l r a r l y  capable 
of correcting (roar a l u l y r i r  e r rors  i a  data  
sparse rrgiona. 
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p m  L Mdel formulation and mdytic results 
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related systematically to variations in the winds over the equatorial ocean. How- 
ever, the evidence is, in general, too spotty to allow such correlations to be conclu- 
sive. (Philander (1973b) presents a thorough review of the measurements of the un- 
dercilmnt made up to 1973.) 

A second important consequence of the vanishing of the Coriolis term is that 
equatorial motions have time scales which are very much shorter than  tho^ of 
midlatitude motions: the baroclinic time scale is weeks at the equator, as ngainst 
years at midlatitudes. The most impressive instance of this short time scale is the 
revenal in direction of the Somali Current within a moath of the onset of t3e South- 
west Mow?on (e.g., Leetmaa, 1973). 

Becaw of the rapidity of the response to atmospheric forcings, equatorial oceans 
an rewarding areas for the study of motions with time scales of a moath or longer. 
Until quite recently such motions received little theoretical attention. Much of the 
work in this area has followed Lighthill (1969) in focusing on the set-up of the 
Somali Cumnt in response to the onset of the Southwest Monsoon. The time de- 
pendent behavior of the undercumnt itseU has received far less attention. Gd 
(1975) applied a Lighthill-like model to the undercurrent in the western Pacific. He 
associated the undercurrent with the second baroclinic mode Kelvin wave which 
propagates ia from the western boundary. It is not clear how such a model explains 
the presence of the undercurrent as a more permanent feature. Philander (1976) 
explained the undercurrent meanders observed during GATE (Diiing ct d., 1975) 
as the result of a shear instability of the surface currents. 

In contrast to the situation for time varying equatorial currents, numerous theo- 
retical models for the steady state undercurrent appear in the literature. These have 
been reviewed by both Gill (1975) and Philander (1973b). For this reason we shall 
forego a detailed review here: rather, we shall discuss them only to the extent 
needed to establish a theoretical context for the present work. On the basis of his 
observations in the Pacific, Knaw (1966) estimated that the only negtigiile terms 
in the momentum equation wen those giving the time rate of change of momentum 
and the horizmd component of the Coriolis force due to vertical motion. (He did 
not consider horizontal eddy *ion processes.) The upshot is that a great variety 
of processes are available to be used as explanations for the undercurrent. $ice 
there is 3 certain amount of £reedom in the choice of d d y  co&cieob, all of thesc 
can be expected to give agreement with at least some of the observed scales. In 
wnat follows, we seek to isolate those processes which are molt sipificant. 

We shall immediately restrict ourselves to those models which idealize the thnmo- 
dine as a discontinuity between a shallow upper homogeneous layer and a deeper 
lower homogeneow layer of greater density. The lower layer is assumed to be so 
deep that its horizontal pressure forces and velocities vanish. Models with thenno= 
haline components (Robinson, 1360; Philander, 1971, 1973a) are rqui.rcd to cx- 
plain certain effects at dcpth; for example, thc double celled structure often observed 



in tho P W c  (see Philander, 1973b). Homogeneous models appear to be sufficient 
for explaining observed features abovt the thermocline. 
Tho most basic physical notion about the undercurrent is the idea of flow down 

a pressure gradient (Charney, 1960). The prevailing easterly winds pile up water 
at the wetern side of the ocean basin, thus establishing an eastward pressure gradi- 
ent. Stomrnel (1960) exploited this idea to obtain an eastward flowing subsurface 
cumnt in a linear model with vertical friction. He assumed free slip boundary con- 
dition at the bottom and that the vertically integrated transport vanishes at the 
quator. In a simiIat model without the latter two assumptions, Cbaraey (1960) and 
Philander (1971) found that the current at the quator did not reverse with depth. 
In. my case, one wouId wish any theory to account for the substantial eastward 
Qamports observed at the quator. In the Linear theory of Gill (1971). the pressure 
gradient force is balanced by the horizontal mixing of momentum. By using an un- 
realistically large value for the coefficient of horizontal eddy viscosity (1W cm* 
sec-I), Gill obtains the observed latitudinal scale for the undercurrent, but the t~ans- 
port is too Iow by a factor of at least four. 

Noalinear theories have ignored the downstream inertial terms. The (suspect) as- 
sumption is made that the zonal and meridional velocities have the same scale. Then, 
since the m d i o n d  length scale (an equatorial boundary Iayer scale) is so much 
shorter than the zonal one (the length of the basin), it follows that in the momentum 
quation the downstream inertial tenn is negligible relative to the cross-stream in- 
erriaI term. Attention is then directed to the meridiond circulation. For an easterly 
wind, the Ekman drift in the sudace layers will be poleward. Continuity then re- 
quim a compensatory equatorward mass flux nt depth, producing an upwelling 
region at the equator to compiete the fluid circuit. Fofonoff and ,Montgomery (1955) 
considered the subsurface flow in the light of the barocropic vorticity equation. If it 
is assumed that a parcel approxbatcly conserves the vertical component of its ab- 
solute vorticity, it must change its relative vorticity to make up for the loss of plane- 
tary vortitity as it moves equatorward. This results in an eastward %ow at the 
quator. It may also be shown that the meridiona1 circulation near the quator en- 
hmcu the eastwa.d transport at the equator regardless of whether the wind is 
easteriy or westerly. (See Robinson (1966) for an analytic demonstration; Gill 
(1975) gives 3 more physical argument.) 

The models of Charney (1960), Chmey and Spiegel (I9 I l),  Robinson (1966). 
and McXe (1973) all incorporate the nonlirrear effects due to the circulation in the 
meridional plane. The first three include rncmentum mising in only the vertical 
direction. McKee's model is an extension of GiIl's (I97 t'l model into the nonlinear 
regime; horuontd eddy viscosity is the important fnctiond force here. A more 
realistic value for the toad velocity is obtained compared to the linear model, but 
an unreasonably large value for the eddy cwtficirnt is again used (10) cm' sec-1) 
to obtain the observed undercurrent width. The models of Chmey (1960) and 



Chanrey and Spiegel (1971) (the first calculates the flow only at the equator bv 
assuming it is an axis of symmetry; the second pape: extends the first model to a 
meridional plane) give the observed undercurrent velocity and width using a value 
for the vertical eddy viscosity coefficient (IS cm' sec-I) in agreement with tisting 
observational evidence (Set Sec. 2). This model also ~ ives  good agreement with the 
observed vertical profile of the undercurrent. Vertical viscosity must be of some 
importance at depth in order to obtain a nonconstant profile below the boundary 
layer. Most importantly, a mc;~hanism for the vertical exchange of momentum is 
needed to introduce the wind s:rtss into the water. There is no similar logical neces- 
sity for introducing a sig~ificant amount of horizontai mixing. Further, there is no 
evidence that modeling such mixing gives better agreement with observations. 

Previous work thus shows that it is necessary to consider vertical eddy viscosity 
and inertial effects but not lateral eddy viscosity in order to model the undercurrent 
etlectively. As noted above, all of these models neglect any variation in the zonal 
direction (except that the zonal pressure gradient is taken as constant). This makes 
it impossible to ask a number of interesting questions; for exampIe, one cannot in- 
vestigate the undercurrent meanders observed during GATE. Afore generally, the 
issue of the relation of the undercurrent to the entire equatorial current system can- 
not be explored without considering the whole ocean basin. Since then is a substan- 
ti31 eastward transport at the equator, there must be compensating westward flow 
elsewhere in the ocean basin. Further, many time varying effects are inseparable 
from zonal variations. For example, the length of time it takes for the sea surface 
to set up from rest in response to a wind stress is dctennined by the speed of waves 
which propagate in from the bounddes of the basin. 

In order to investigate questions of this sort, our model will be time dependent 
and two dicniioaal in the horizontal. Since the phenomena of interest arc con- 
b e d  to an area near the equator. the basin need not have a great latitudinal extent; 
15s to 15N hus proven to be sufficient. The model equations are solved numericdly 
because it is imperative that they be fully nonlinear. 

In order to m.*e it practicd to perform many numerical integrations, the vertical 
sthtchue is dnsticdly simplified. It consists of two layen above the thermocline 
with the same constant density. The ocean below the thermocline is taken to be of 
a higher comtan: density and to be approsimately .- -est. The upper of the two 
active layen is 3 constant depth surface layer which . acted upon directly by the 
wind stress. The lower active layer is not directly afIected by the wind. Its depth is 
variable, with the variations being dyaamic3lly determined. The two layers com- 
municate via the vertical velocity at their interface as well RS being frictionally 
coupled. T h  is the simplesr verrical structure that allows a ,rtecdy underc~inent. 

Of course, this simplification prevents the simulation of the detailed vertical struc- 
nut of the undercurrent. It is not our intention to do such numerical simu1atii;cs. 
Revious work (especially Charney and Spiegel, 1971) provides 3 bridge for relating 



F i  1. Multi-layer model. 

the results of our simple model to the real world. Our philosophy is to treat the 
numerical experiments in the manner of laboratory experiments: we do not seek to 
simulate the real world; we seek merely to preserve enough analogy to the real 
world for the results to give insight into natural phenomena. 
There are a large number of phenomena which may be investigated with such a 

model. In the present study we impose very simple wind stress patterns and study 
tlle evolution ftom a state of rest and eventual steady state configuration of the model 
ocean. In this paper the madel is fomdated and its linearized dynamics arc ex- 
plored by analytic neans. Numerical results are discussed in the sequel to thh work, 
Cane (1979). henceforth referred to as 11. The analytic results are of interest in their 
own right in addition tci being an invaluable aid in the interpretation of the nurneri- 
cal experimeau. The ~crdcal structure of the model is cove1 and these results help 
to clarify the retationship of the mode1 variable to more familiar oceanographic 
models. They provide a descriptive vocabulary, a check on the aumericd rtsults, 
and a contrast that higbhghts the noalinear effects. 

Tbc equations and pammeten governing the model are discussed in this section. 
We begin by considering the familiar layered model in order to see why it is inap 
propriate for modeling the steady undcrcumnt. The equations for the model struc- 
ture employed here are then derived, after which the choice of parameter values 
isdiscuucd. 

a Layered modrl. Sicc we are conceined with inertial and viscous dynamics d a 
wind-driven ocean, thennohaline eflects will be ignored. We divide the ocean verci- 
cally into stable material layen of constant density which are assumed to be non- 
mixing Fig, 1). We now identify the bottom layer with the wata  mass below the 
thamodine and regard it as being sufEcicntly deep so that its velocity vulishcs. 



Equatorial regions are a favorable environment for this approximation: the thenno- 
cline is shallow (150-200 m), the wind stress projects about twenty times more 
strongly on the &st baroclinic mode than it does on the bmtmpic mode (Lighthill, 
1969), and unlike midlatitudes (Vmnis and Stommef, 1956), the baroclinic sign& 
rts only about one order of magnitude slower than the barompic. Further theo- 
retical support may be dnwn from Philander's (1977) analysis of vertical wave 
propagation, which shows that for the time scales of interest to us, most of the 
energy put in by the wind will remain above the thermocline. Observational evidence 
also tends to support the validity ot this approximation (see Philander, 1973b for 
-w). 
Sina the velocities in the lowest layer are assumed to vanish, the pressure gradi- 

ent must vauish there as weli. This leaves us with the familiar "reduced gravity" 
model; for a single active layer the equations governing the mmge horizontal cur- 
rent and the layer depth h, arc 

- hi + V (h, uL) = 0. 
at 

Whae the reduced gravity g' = g @,-p,)/p, to is the wind stress, t, the interfacial 
stnss between the two layers and v,V=u1 is the horizontal eddy stress.' The com- 
ponents of the Coriolis force due to vertical motions and departures from hydrostatic 
balance are neglected; this may be justified a posteriori. 

Thc wind stress app ~3 as a body force in (2.1). This is a commonly used model- 
ing procedure in oceaaography that can be rigorously justided for many purposes 
(e.g. Charney, 1955). However for some purposes, such as modeling the undercur- 
rent, a difEculty is created by introducing the wind stress as a body force averaged 
over the uppermost layer. 

For a constant easterly wind stms (of magnitude r per unit msssj the steady state 
solutioa to (2.1), (2.2) is 

The zonal pmsure gradient is balanced by the wind stress at all depths. In reality 
*a pressure gradient is sdcient !o drive the equatorial undercurrent because the 
fluid at depth feels the pressure force but not the wind stress (Charney, 1960; Gill, 
1971). Obviously the layered model misses this dcct. 

2. The usual b t e  di!!8naca u ~ m p t i o n  about quadratic tunu hrr bem arde, 
rhu 



Figure Z Model with two active layen. 

Simitar no-motion soiutions can easily be found for a multilaycr model whether 
or not the bottom layer is constrained to be motionless: the layer depths may always 
adjust to reduce the pressure gradient to zero in each subsurface layer. For example, 
with some dissipation in the system a two layer model with its lower layer not cw- 
strained to be motionless will still evolve to such a motionless steady state. (This 
model does permit a tmnricnr undercurrent.) 

It should be emphasized that such models are not wrong in some simple sense. 
k fact, the profile of the thermocline depth spccilied by (2.3) is very cIose to what 
is o b ~ ~ e d  at the equator (cf. Gill, 1975, Fig. 3). The diculty is that the feature 
of interest is missed by the layered models because they consider only the depth 
averaged currents within each layer. A comct treatment bf the wind stress would 
introduce it as a boundary condition e.g. v,u, = rmd at the surface, so the velocity 
cannot vanish at all depths. The vertically averaged velocities may vanish. For the 
example discussed above, this could come about at the equator if the swface flow 
driven westward by the wind stress were just compensated by the flow at depth 
driven easmard by the pressure force. In reality, inertial effects act noaunifody 
with depth to give a net eastward transport at the equator. This is precisely the 
mechanism for generating an undercurrent nferred to in Sec. 1. 

b. Model eqwions .  To capture this essential mechanism we modify the model with 
a single active layer by dividing this layer into two parts: a surface layer of constant 
depth r) and a lower layer of variable depth 11 (Fig. 2). There is no density difermce 
be- these two layen and transfer of mass and momentum between the two is 
permitted. The wind stnss is feit directly only by the surface layer; in this sense this 
layer plays the role of the ocean mixed layer. 

Denote the average of a quantity q over the upper active layer by q' and over the 
lower Iaycr by ql;  i.e. 



The surface z = z, is not a material surface so &/df # w(&); in tact 

where we is the rate at which fluid must be transferred across the interface z = z* 
in order to keep the upper layer depth constant. By integrating the continuity qua-  
tion, ws + V * o = 0, throvgh the upper layer and using (2.6) we may obtain the 
relation 

it follows that 

so that entrainment balances the divergence in the surface layer. A similar manipula- 
tion on the continuity equation integrated from a to 21 yields 

the depth of the lower layer is changed either by divergence of fluid within the 
layer or by exchanges with the layer above. 

To derive the momentum equations for the two layers we begin with the mo- 
mentum equation in the form 

with R standing for an the other tenxu in the quation. Integrating ova  the upper 
layer and using Leibnids rule 



with the last equality following from (2.6). 
In the lower layer 

To close the set of quations (2.9, (2.8) u(zn) must be expressed in terms ot the 
other variables. Applying the requirement that there be no spurious soums or sinks 
of energy determines that 

Writing R explicitly and using (2.7) to go from flux to momentum form gives the 
5nd form of the momentum equations. 

The strews at the interfaces, t (z~), and t (zl) have been modeled in a simple linear 
fashion : 

T (fn) = K (O' - u'); t (z,) = KB U' . (2.10) 

In term of the vertical eddy viscosity v. t = v, 60/6z so we may argue hek.sti- 
ally that 

K = K# =v*/H* (2.1 1) 

with Ha a characteristic vertical distance be- fluid elements in the active layers. 



Remarks 
Wind-~orr pet unit mur 
"reduced wvity" 1' 8 b-fi)/~ for 
+p)/p - 1.86 X l ( r  
coddent of horizontal viscosity 
cocmdrot d vertical W i t y  
kterfrcirl friction parmeter; X = v./Ha for 
B* = 100 rn 
bottom friction purmater; K, K 
zonal extent of the buin 
buinwPllrucatlSNmd1JS 

depth ot upper layer 
mom valw of the lower layer depth h 
B = (df/dy)m= 2n/R where f l =  21r day4 
md R is the radius of the eanh 

Fmally, at all lateral boundaries we impose no-slip boundary conditions 

c. Choice 3j parameter values. The values for the m d e l  parameters given in Table 
1 are by and large typical values for equatorial oceans. Placing the zonal coasts at 
2 15' makes them su5ciently far from the equator so that their presence has negligi- 
ble inhence on the dynamics in the vicinity of the equator (8s to 8N). The rossi- 
bility of separating the effects of zonal walls from the equatorial dynamics dt ?.:rids 
on these dynamics being locally determined; i.e., "trapped" to the equator. 'That 
this is the case is borne out by our subsequent analytic investigations (also scr Cane 
and Sarachik, 1976, 1977); it is also evident from the flow field pictures obtained 
from the numerical calculations (see II). Additional shorter numerical experiments 
with the zonal walls 20' from the quator dimd little near the equator from those 
with the walls at IS0. The zonal width of the basin is smaller than that of the world's 
oceans, but is large enough to have a broad interior region where the dynamics may 
be clearly separated from the dynamics of the meridional boundary layers. The 
model ocean is taken to be on an quatorial beta plane (e.g. Veronis, 1963a, b) with 
the Coriolis parameter f = By. 

Vertical eddy diflurion is to be the principal dissipative mechanism in the model. 
We choose H. to be iOO meten (one half of the depth of the active layers) and use 
(2.1 1) to relate the 6 s  to the vertical eddv viscosity coefficient v,. Knauss (1966) 
calculated a value of 5 cm2 sec-: by fitting a parabola to the velocity profile of the 
undercurrent observed in the Pacific. Williams and Gibson (1974) applied universal 
similarity and locd isotropy assumptions to measurements of small scde tempera- 
ture flucn~ation at l5OW and a depth of 100 m. They found values of v,  of 25 cn 



sec-1 at the equator and 12 cm scc-1 at IN. Chsrney (1960) and Cham ,y and 
Spiegel(1971) found that their rnouels best fit the observed undercurrent for a value 
of the eddy viscosity in the range 14-17 c n f  sec-'. In the light of this evidence, we 
use 15 cm2 sec-I as a standard value for v,, feeling some confidence in (at least) the 
order of mapitude of the choice. The horizo~td eddy viscosity is taken small 
enough to have negligible effect on the interior dynamics. A nonzero value is needed 
if the boundary ccriditions (2.12) are to be satisfied. 

The presence of the surface layer introduces another parameter, the layer depth 
7. The numerical value we attach to 9 will determine how the vertically integrated 
transport is divided between the two active layen. For example, if I ]  = 25 m and 
R, the total depth of the layer, is 200 m, then u' is the average zonal velocity in the 
top 25 m and u1 is the average zonal velocity in the next 175 in. Their depth- 
weig~ted sum 25 u' + 175 u' is the zonal transport. The choice of the surface layer 
depth has two effects on the model physics, as may bc seen by considering its effect 
on the transport equations. Fust, the bottom drag is proportional to the lower layer 
velocity, whose value will depend on the value of 7. This is true eve2 in a linear 
model (cf. Sec. 3). The second effect is nonlinear, and comes about because we 
make the modelling assumption that the velocities arc independent of depth within 
each layer. This means that the way we choose to divide up the average velocity 
&ecu the size of the noulinear terms. 

Because the choice of the surface layer depth does affect the model physics, we 
seek a physical basis for determining its value, Usfortunately, the available observa- 
tional evidence from the world's xeans is not sufficient to help us choose this param- 
eter. We make the choice on theoretical grounds. Consider a shallow homogeneous 
ocean driven by an imposed wind stress. The ocean is specified to be shallow so that 
the horizontal component of ,le Coriolis force may be ignored everywhere. Extra- 
equatorially, the wind stress is felt in an Ekmaa layer of depth DM = (2v,/f)l. Be- 
low this boundary layer (and away from the bottom) the dynamics are inviscid and it 
is transmitted via the boundary layer pumping of the Ekman layer. (See, for ex- 
ample, Charney, 1955; Pedlosky, 1968; or Robinson, 1970 for a detailed account.) 
As the equdtor is approached, the Elunan depth DS increases, becoming infinite at 
the quator in the absence of additional dynamical balances. We are, however, in- 
terested in modelling a panmeter range when the wind stress is d c i e n t l y  strong 
and the value of the vertical viscosity sufficiently small so that inertial effects be- 
come important in the vicinity of the equator. A measure of these effects in the 
boundary layer is the Rouby number R, based on the boundary layer velocity. For 
a wind s t r w  per unit mass of magnitude r !he velocity scale in the Ekman layer is 
given by U = r/(D.&. Then R, = U / ( f y )  = r [2v,/3'ys]-1 so thzt 

The inertial terms wiU enter into the boundary layer momentum balance (dong 



with the Coriolis and vertical friction terms) when Ro =. O(1). As the equator is ap- 
proached, Ro increases so that equatorward of some latitude Yc the inertial effects 
will prevent the boundary layer from deepening any further. In fact, if the velocities 
increase toward the equator, we r a y  expect that the boundary layer will get 
shallower. If we assume that the boundary layer stops deepening when R, = .5 and 
use the values in Table 1 (i.e, T = .5 cma sec-*, v, = 15 cm8 sec-I), we obtain YO 
= 2'. The Ekman depth D. is approximately 25 m at this latitude. [Neither of these 
is very sensitive to the prectse value of Ro for Ro = 0(1).] These values agree well 
with Charne. and SpicgeYs (1971) calculation for the same parameter values (see 
their Fig. I). On the basis of this argument we choose the value 7 = 25 m, so that 
our surface layer will contain the boundary layer to be expected from a continuous 
model. 

3. Fonnalation of the matbematid problem 

To facilitate analytic treatment of Eqs. (2.7), (2.9) we scale the variables as fol- 
lows: 

Here R, is the mean depth of the lower active layer an .? -: R, + 7. 
The velocity scale is related to the wind stress magnitude by t' = r, (RPL)-'. 

We take the length and time scales as the barocliaic equatorial ones (e.g., Matsuno, 
1966; Blandford, 1966): L = (c//I)i and T = (cP)i = (/3L)-:, where c = Cg'R)I .  
These length and time scales are internal scales, picked out by the dynamics of the 
fluid motions. We assume that the wind stress is a smooth function at these scales 
and  at the dimensions of the basin are large compared with L. (For the values in 
Table 1, L = 296 km, T = 42.6 hours and c = 1.92 m sec -I.) 

Dropping the primes and denoting ditlerentiation with subscripts the scaled equa- 
tions arc: 



h, + ( I -a)V ul+ P V  * O ' +  (V (ha:) = O .  (3.ld) 

where the following nondimenrio~al numbers have been introduced: 

Rouby number a = U/@L2); 

Horizontal Ekman number A = va/(lSLa); 

Interfacial Ekman number y, = K / @ L R ) ;  (3.2) 

Bottom Ekman number y = Kr/(PLR);  

Nozldiiensioud boundary 
layer depth a = q/R. 

The last t h m  of these numben, while logically independent as the model is for- 
mulated, are all da ted  to vertical friction aud so may be related to one another. 
Fim, with K = K, we have yl = y. From thc arguments of Sec. 2.: we expect I ]  to 
be on the order of the Ekman depth, vr ,  at the edge of the equatorial boundary 
layer y = L (since L - Y,). Now 

where H* is a characteristic layer depth. h before we take H* = R/2,  so a = 
0 (q,/R, = 0 (y9. 

We are interested in parameter ranges for which vertical friction is more in,- 
portant than horizontal fiction: A << y, y,. We alsc assume that yi < O(1). (For 
the values of the parameters given in Table 1. a = .125, A = lo-', y = .011, yl = 
. l ,  and this is the case.') Horizontal friction sill be neglected in the interior of the 
basin, including the equator. As previoudy mentioned, A mzst be nonzero to allcw 
the boundary conditions (2.12) to be imposed; if A = 0 only the normal component 
of the transport may be set to zero. Sidewall boundary layers *,ill not be considered 
hutha here. Cane, 1975 con:ains a thorc,ugh discussion c?i boundary conditions 
and sidewall boundary layers in this mode!. (See Pedlosky, 1968 or Robinson, 1970 
for a discussion of sidewall boundary lay= in a continuous, unstratified ocean.) 

S i  it is the linear dynamics of the model which a n  to be investigated analyti- 
cally, we linearize (3.1) by assuming r -= 0. It is convenient for this analysis to intro- 
dme two new variables: 

Then by taking appropriate combiations of (3. la) md (3.1 b) one obtains 

3. No&ct cf A ia (3.la) or (3.4) requires A<Y'"; neglect w (3.lb) or (3.58) mquira A<?. 
which ja ody m-ly true. Tbr analytic d U  should be in qualitative apeemcuf with the 
liow a- uperimrau. 



ht+VmBnO,  (3.5b) 
where 

E = (1-a)-' [ag1 y, + -1 r 0 (yl) . (3.6) 

In the absence of bottom fiction ( y 4 )  then quatiom become ~ccilpled: O may 
be determined from (3.4) alone and BJI from (3.5) alone. The quartity a is the 
(scaled) vertically iategrated mass ttansport while O is the frictional iaytr velocity; 
extn-equatorially (y>>E) 1 u jut  the Ekmm layer transport. From (3.3) we may 
write 

u'=a--aJ + Ill, 
which says that the surface velocity is given p~imarily by frictional effects corrected 
by the interior velocity ul. Away from the quator or becomes geoltroptic. The 
variables 8, u1 an this twelaytt ~ d e l ' r  uiiiogucs of the variables used bv Phi- 
h k r  (1971) in his analysis of the dynamics of a continuous shallow equatorial 
ocean. 

a Fdctionol velodty. Eq. (3.4) may be used to obtain O since the term involving 
1 is never greater than 0(F) relative to the retained terms. This equation is fint 
order in time with only a parametric dependence OE x and y (with A d ) ,  and so 
may be solved readily for arbitrary wind stress. It is suEcient to treat only a wind 
strcsa that is a step function in time switched on at t=O. In this case 

E e  time scale for the buildup of this component of the w e n t  system is clearly 
E-r - 2Odays for the values in Tabb 1. For short times [t << O(E-I)] and points 
sudcicntly near the quator [ly( << O(t-I)] (4.1) simplities to Q = n; i.e. the solu- 
tion b in the d i i t ion  of the wjnd and grows linearly with time. Right at the equator 
the solution valid for all  time is simply B zE-I (l-e-rt) so that the B at the 
quator is always in the Succtioa of the wind. Itr ma#tude is limited by the tric- 
tioa between the two laytn and approaches E-1 IT! for times long compt,-ed with 
E-La Away from the equator Q approaches the E k m ~  wind drift, -y-' k x 1; it is 
directed 90' to the right (left) of the wind in the northern (southern) hemisphere. 

b. Verzically infepated franspon: steady state circulation. The steady state form of 
the continuity quaion (3.Sb) allows us to dehe  a mass transport stream tunctioa 

sahsfnng JI = 0 at the boundaries. A vorticity equation may then be derived from 
(3.38): 



For the moment we set the right-haud side of (4.3) to zero, reducing it to the 
Stommel (1948) model for the mass traqort sacam function. As is well known, 
this equation admits boundary layen at the zonal boudaries and at the western side 
of the basin, but not at the eastern side. The appropriate boundary coadition for the 
interior problem is # = 0 at x = Xg, the eastern boundary. Letting t = (+' # I  z(V) 
the interior solution may be written 

If the wind stress curl vanishes everywhere (e.g. for constant t) then (4.4) says that 
then is no vertically integrated mas  transport; the wind stress is balanced by the 
prusurc gradient force. 

In the absence of bottom friction the steady state circulation is completdy de- 
scribed by (4.1) and (4.4). However, with y nonzero the right-band side of the vor- 
ticity quation becomes O(1) in a region lyl < 0 (E). Hence there is a region at the 
equator in which the circula~on controlled by the interfacial friction, which itself 
has no net transport, iaduccs a mean circulation via bottom friction. Letting t = 
E-* y and writing 

where .rr is the strclun function for this frictionally induced circulation, we note that 
n depends ouly on the local winds at the quator. Since near the equator 

(d. (4.1)], the equation for a derivable born (4.3) is 

whm a = y"F = O(1). The solution to (4.6) is derived in Cane (1975) and is 
depicted (for GI) in Figures 3 and 4 for uniform easterly and southerly wind 
strrsses. 
For a r o d  wind sbess the net transport at the quator is in the direction of the 

wind. This is, of counc, contrary to wha is observed for the undercurrent. It says 
that we must look to other (LC. nonlinear) effects to explain the undercurrent. For a 
meridional wind the transport will be in the k c t i o n  of the wind drih current in 
both hernisr,herw. The fluid circuit will be closed by a weak interior transport di- 
rected opposite to the wind and a downwind flow in the western boundary layer. 
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F i m  3. The quutori.! bounduy layer mass transport stream function n"' (x.;) of Eq. 0.16) 
for unifonn easterly aind r"' a -1. t'.' = 0. 

For any wind stress pattern the flow will be predominantly zonal [9=O(Zii)] since 
flow along the equator is f3vom.i. The diffusionlike nature of (4.5) m e w  that 
the region oE frictionally induced transport wiU broaden from east to west. This 
description will be compared with the steady state linear numerical results in 11. 

To summarize, wc have found char the steady state interior dtculation consists cif 

two parts. The k t  part, described by (4.1) and (4.3). has a Sverdrup balance every- 
where fer the transport and essentially a wind drift solution for the boundary layer. 
The second part, described by (4.61, is important in a region mending about 300 Irm 
oa either side of the quator. mote that although [ = 1 correspo3ds to only y = 
30 Lm, variables fa11 off sIowly--like I-' in some CPSM.) There is a net transport at 
the quator in the d: cction oi the zonal wind. Return flow dso tdces place within 
this region. 

l'hcsa results may be compared with those of Philander (!971) for a homoye- 
ncous ocean continuous in the venical. For that model, the frictional layer deepens 
toward the equator and c ~ t e n b  throughout the ocean at the quator. The boundary 
layer in which this happens is embedded in a more d i s e  boundary layer in wbich 
bottom friction is important. There is a net transport in the d i d o n  of the zonal 
wind in the &st of these layers. which is returned in the broader layer. It appears 
that our modcling assumption, which Lxcs the boundary layer depth, has the effect 
of combining these two layers. 

c. Vmicolly integrated transport: rime dependent circukuion. .4s with the steady 
state solution, the time dependent circulation described by (3.5) is best split into 



Figure 4. The tquatorid bodary layer mass transport stream function n"' (x.0 of Eq. 
0.16) for r uniform northerly wind r"' = 0, r"' = 1. 

two parts. By neglecting bottom friction in (3.5a), Eqs. (3.5) become the inviscid 
shallow water equations on an equatorial beta plane, which may be solved by the 
methods of Cane and Sarachik (1976, 1977) for al! cases of interest here. We will 
use their rcsuIts ih subsequent descriptions of line= numeral calculations, but for 
now we only state some d the implications of their work for the spin-up of the 
ptesent model. 

Adjustment toward a final steady state proceeds from east to west and is accom- 
plished by quasi-geostrophic Rossby waves generated at the eastern boundary. l l c  
timescale for adjustment (the "setup time") depends on the time it takes for these 
waves to cross the basin, and so is a linear function of the zonal extent of the ocean. 
When quatorial Kelvin waves are present (as is usually the case) the adjustment 
does not proceed smoothly from east to west. Kelvin waves cause mass to oscillate 
back and forth across the basin so that the 6nal state is not spproasheli monotoai- 
cally from the e a t  and the adjustment time is lengthened. 

Extratquatorially ( [y l  >> E), the term y (8-8) in (3.54 is negligible for 3U time, 
but we know from the steady state solution discussed above that it must eventually 
become i-portant in the equatorial vorticity balancc. By rescaling (3.5) it may be 
shown that frictionally induced transport has a stream function ;r satisfying the time 
dependent version of (4.6); viz. 



As before, f=E-ly while t.=yt so that this component of the transport evolves 
on a timescale y-I : about 200 days for the values in Table 1. The height deviation 
associated with this transport remains small [l1=0(E)]. 

5. Codruioa 
The principal purpose of this paper has been the development of a simple model 

suitable for numerical experbents deigned to ~ v e  insight into the dynamics of the 
quatorid ocean cidation. There an two layers above the thennocline with no 
densiry difference between them. The ocean below the thennocline is modeled as a 
resting layer with a higher constant density. The surface layer is taken to be of con- 
stant depth while the depth of the lower active layer is dynamically determined. The 
two active layers exchange mass (and momentum, energy, etc.) via the vertical 
velocity at their interface. They are also frictionally coupIed. This is the simpIest 
vertical structure that allows a steady state undercumnt 

In our model the wind stress is taken up directly by the surface layer, which thus 
acts like an Ekman layer in a vertically continuous but homogeneoils ocean. In a 
more realistic model--or the real ocean-it is the surface mixed layer that directly 
absorbs the wind stress and turbulently mixes the momentum input more or less 
uziformly throughout the depth of the layer. 

Strictly, the wind stress enters the momentum equations as a boundary condition 
on the vertical shear. By integrating these equations in the vertical a layer model is 
obtained in which the stress appears as a body force driving the total momentum in 
the surface. As shown in Sec. 2 the conventional layered model (in which the layer 
below the surface has a diflercnt density and then is no mass exchange between 
layen) permits a steady state sobation in which there is no motion for a curl-free 
wiud st-. Such a model can miss the undercurrent when it should be present. 
More generally, these models will underestimate inertial effects because the effect 
of the wind stress is averaged over too great a depth. The mean velocity of the layer 
is much smaller than the velocity to be expected in the surfact mixed (or Ekman) 
layer. (It is this turbulent surface layer that 6rst becomes nonlintar.) For example, 
the calculation of O'Brien and R~rlbut (1974), while formally nonlinear, shows 
nearly linear behavior because the direct effect of the stress is not confined to a suffi- 
ciently &allow surface layer. 

The linear steady state vertically integrated transport is given primarily by the 
Sverdrup (1947) balance. For spatially constant winds this Sverdrup trampon 
vanishes. If the stress at the model thennocline is nonzero, then is additional ven- 
c d y  integrated transport in a frictional boundary layer centered on the equator. 
This layer thickens from east to west. The interior transports are predomioantly 
zonal; a boundary current is required at the western side to close the fluid circuit. 
A zonal wind stress produces a net transport in the direction of the wind at the 
quator. This result shows that the linear model cannot produce vertically integrated 



transport in the same direction as the observed (and model) undercurrent. The non- 
linear dynamics must be included to get the correct result. 

Two titnescdes for the evolution of the circulation are revealed by the analysis 
of the time dependent equations. The time for the boundary layer flow 5 to become 
established is O(y-j) - about 20 days for the parameters used in this model. The 
transports (or lower layer flow) cannot be establishel until the basin-wide pressure 
gradients are set up. This requires that mass be moved longitudinally across the 
basin, a task accomplished by equatorial Kelvin and Rossby wavcs. The setup time 
thus dipends on the zonal extent of the ocean. It also depends on the nature of the 
forcing: the setup time is longer when Kelvin waves are a significant p u t  of the 
ocean's response. In all cases the setup time will be at least 100 days for the present 
model. 

Because (at least) the surface velocities in the vicinity of the equator quickly 
become large, it is clear that the flow becomes nonlinear. The nonlinear dynamics 
are investigated numerically in II. Those numerical experiments, together with 
similar experiments on the linear dynamics, will be interpreted in the light of the 
analytic results reported here. 
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The response of an equatorial ocean to simple wiud stress 
patterns: 11. Numerical resulb 

by Mark A CaneL 

ABSTRACT 
Tho model developed by b e  (1978) b used to study the wind-driven circulation in an q u a -  

tori.1 ocean. Simple wind stress pattern ue impord md the model evolution md eventual 
ateady state are calculated numerically. Both linear and fully o ~ a l i e u  mpomu ue dirutscd; 
dynunical arguments uc presented to account for the principal featum. 

The setup time in the model experiments wu on the order of several hundred days, with the 
implication that none of the worid's equatorial oceun is in equilibrium with tha ruoaally 
varybg winds. The Atlantic Md Indian Oceans will be claa  to this quilibrium state while the 
uida  Pscitlc will not. Nodinear effectr become sigoiacrnt within two weeks. Dcpendiog on 
the fonn of the wbd stress, the inclusion of noolinevities m y  either lenpthcn or shoNn the 
corruponding Iiaeu spin up time. 

The nonlinear mpo(ucI to mod  winds iocluded r strong tutwud equatorial undercurrent, 
in apmmcnt with observations. Other aspects of the flow qualitatively nwmble &a l i e u  m- 
spoaca and u e  hgcly explicable in terms of m w  dyrumia. With euteriies, tha aadrrcurrent 
rrquira a basin-wide toad prruurs gradient: the dynunia m n o n l d  md  the undercurrent 
trlrcs m;al months to mrch N1 strength. With vatarlia (as in ~JM Indian Oearn) the sub- 
d r c e  errtwltd flow is caused by frictiod-inertid d y m m h  that am I d  and npid: this 
undercurrent rrrchcr full smneth within o w  week, wrrsirtent with observatiow at Gon (Knox, 
1976). 

7be a o d h e u  response to a wutherly wiod rtnss is inertidly determined and Wave conceptr 
M i n 8 ~ l i c a b k  Than is an intense cutward 'countercurrent" u 3N, entirely independent of 
rba wind rtrro curt. The rood mean state u buotmpicdly w b l e  and w u t w u d  propagating 

appcu. With wutheuterlics there is ao eastward jet at 4N and undetcurnnt shifts south 
d the quator, rnc&rin(: with longitude. The punly zonal wind cases ya stable, s u w n t  
that obwned iruubilitiea ue due to the equuorial current system u a wbole and not th un- 
derturrrot itself. Addition4 theoretical and observational implications of thac nrultc are 
dirorwd. 

In this paper the response of a bounded equatorial ocean to an imposed wind 
stress is studied. It is an extension of previous investigations (especially Charney and 

1. NASAiGoddud Swce fli&t Center, Labontory for Amosphec Scioncca. Greenbelt. Muy. 
hd, 20771. U.S.A. 



Trblr 1. Standud valuer of model panmeten. 

T .463 dyn cm+/(lm cm--3 
r' .I724 mwc4 

v8 3.86 X 10' cm' liec4 

v. 13 ana rac- 
K 1.3 x lo-' DIKE-' 

Kr 1.3 X lo-' mwc4 
XI 28.6' (3184 km) 
)r 15' 
or -15' 
'l urn 
R, 17s m 
B 2 2  x ~ o - ~ ~ ~ M c ~  

Remarks 

Wind ares  per unit mur 
"reduced snvity" 0' = g b - p ) / p ,  for 
(PI'-pJ/p = 1.76 X l ( r  
cocIllcient of horizontal vircority 
coemcient of vertical viscosity 
interfacial friction pmmcter: K wJH* 
for H* = 100 a 
boaom friction puuneter; XI = K 
zonal extent ot the basin 
basin wdlr ut at ISN aad 15s 

depth ot upper layer 
mean d u e  of the lower layer depth k 
B = (dt/dy),.,= 2n/R where 11 = 
2a day'' and R is the ndiur of the earth 

Spiegel, 1971) to include zonal variations of the oceanic currents as well as time 
dependence. The intent is to experiment with a laboratory-like model to gain some 
insight into quatorial dynamics. We do not attempt to achieve a close mimicry of 
the real ocean. The linear dynamics were explored rather thoroughly by analytic 
methods in Cane (1979), henceforth referred to as I. Here we will report on numeri- 
cal calculations of both the linear and the fuUy nonlinear responses. Comparisons 
will be made with the analytic m ~ l s  of I and additional simple analytic models 
will be invoked to explain some of the phenomena observed in the computations. 

The remainder of this section is a brief account of the physical model, while Sec. 
2 describes the numerical methods used to obtain solutions. The six sections that 
follow present the resuits of experiments with simple wind stress patterns. The final 
section discusses the implications of these results for the world's oceans. 

The physical model. The physical model was formulated in I. That paper also has 
a lengthy discussion of the choice of values for the governing physical parameters; 
the mulu arc summarized in Table 1. The model is time dependent and treats 
fully variations in both the zonal and meridional directions. The vertical structure 
consists of two layers above the thermocline with the same constant density (Fig. 1). 
The ocean below the thermocline is taken to be of a higher constant density and to 
be approximately at rest. The upper of the two active layers is a constant depth sur- 
face layer which is acted upon directly by the wind stress. The lower active layer 
h not directly affected by the wind. Its depth is variable, with the variations being 
dynamically determined. The two layers communicate via t h ~  vertical velocity at 
their interface, as well as frictionally. Extra-tquatorially, this structure is equivalent 



F i  1. Two layer model. 

to a surface Elrman layer and an interior in which the currents are in geortrophic 
balance. 
The layer configuratioa described above allows far the vertical inhomogeneity 

that d t s  from the wind stress being felt directly by the ocean at the surface but 
only indirectly below (e.g., via boundary layer pumping). If the wind stress has no 
curl, the more usual layered model with each layer having a different density (e.g., 
Chmey, 1955) admits a steady state solution in wbich each interface tilts in such 
a way that there is no motion in any of the layers. The present model has the sim- 
plest vertical structure that permits a steady state undercurrent. 

As in I the equations are nondimensionalized ta facilitate our analysis. Letting 
R = R, + 7, L = (gR/p)1/4, T = (&)-I and U = s,,(R@L)-1 we d e  the vari- 
abla as follows: 

(XY) a L ( M ,  (w,ul) = U(&,ul'), 

7 = Ra, w, [UR/LIw;, 

h = R,+[u@L*/B]K, T = ref 

t = Tt, 
Dropping the primes the pvcrning qatioos become (cf. I): 

= - Vh + A VC1 + a y, (W-uA) yo' * C I - 1 - a i d  ' ( l . l b )  



where the following nondimensional numbers have been introduced: 

Rossby number = U/($L2); 

Horizontal Ekman number A = va/(PLS); 

Interfacial Ekman number 71 = K/(fiLRa[l-a]); 

Bottom Ekman number y = K a / ( P L R ) ;  

Nondimensional boundary layer depth a = q/R.  

The boundary conditions are that at all lateral boundaries u'=ul=O. The parameten 
arc chosen so that the vertical eddy exchanges dominate the horizontal ones. Row- 
ever, as discussed in I, the horizontal eddy viscosity must bt nonzero to allow these 
boundary conditions to be imposed. 

Sornc of the symbols appearing above are defined in Table 1 or Figure 1; the 
others follow standard oceanogn~hic usage. The model ocean is taken to be on an 
equatorial 8-plane so that the Coriolis parameter is given by f = By. Eastward and 
northward distances are given by the Cartesian coordinates x and y, respectively, 
with the origin of the coordinate system at the intersection of the equator with the 
western boundary. The operators V and 0: have their usual two dimensional mean- 
ings. The surface layer velocity 3 has components d in the eastward and P in the 
northward direction. Similarly, &e velocity of the lower layer, at = (ul,v'). Note that 
w, is the surface layer suction: i.c., the rate of exchange between the layers of vol- 
ume per unit m a .  This is not the same as the vertical velocity at the interface, 
w(L.) P Jzrl/df. 

It will prove useful to introduce two quantities defined in I: 

where ii is the vcrrically infcgrutcd transport and ii is the frictional b o u n d q  layer 
transport (see I). In mid-latitudes ii is the Ekman layer transport. Eqs. ( 1 . 1 )  may be 
linearized about a resting basic state with a mean lower layu depth H1 (i.e., h = 
d = rrl = 0) by setting c r O. Then it was shown in I that the governing equations 
for and h are just the linear shallow water equations driven by the wind stress i. 
A method for solving the time dependent, inviscid version of these equatioas has 
been given by Cane and Sarachik (1976, 1977, 1979) henceforth CSI, CSIl and 
CSIII. The growth of ii mults from the wind driving r and is limited by Coriolis 
effects extra-equatoridly and by the interfacial fnction near the equator (see D. 



F i e  2. Grid codguntion. Only Y* of the full grid u shown; the grid is symmetric about 
the equator and the longitude x = 14.3.. In this and subsequent figures latitude and load- 
tude are given in degmr (I degm " 11 1 km.) 

2 Numuical metbods 

The methods used for the numerical solutions of (1.1) arc described in detail in 
Cane (1975). The salient features will be diicusred briefly here. 

a Grid configuration. An unstaggend variable size grid mesh is employed to allow 
increased resolution for the sidewall boundary layers and along the quator. The 
grid points arc shown in Figure 2. Following a suggestion of M. Israeli (Orszag and 
Israeli, 1974) the location x, of the ith point in physical space is determined by 
solving an equation of the form 

xiS = a + bx, + 1 aj tan-' (xi - y!) ]  
I 

(2.1) 

so &at the points xi* in the "computational space" are equally spaced; i.e. (2.1) is 
solved for the xi t h ~ t  gives xi* = (i-1)h. Many of the figures (e.g. Fig. 6) are 
plotted in the computation coordinate xS nther than the physical coordinate x in 
order to increase the visual area devoted to regioru of interest (e.3. the equator). In 
(2.1) Pj  is (a measure of) the thickness of the boundary layer at x = y, and aj is a 
weighting factor determining how many mesh points will be in this boundary layer. 

b. Time differencing. T i e  marching is acconplished with the N-cycle scheme of 
Lorenz (1971) with N = 4. This scbtme is secoud order in time (fourth order for 
linear equations). In the calculations reported here we use a timestep of (4R)-' - 
1 hour. 



c. Spatial ciiflercncing. All derivatives are approximated by centered fourth order 
finite difierences in the interior md by thud order differences at the points on and 
immediately adjacent to the boundary. Since the spacing at the boundary is smaller 
than in the interior, this does not degrade the overall accuracy. The 5nite difference 
approximation D is made in the computational space where the grid points x,* arc 
equally spaced. D may be related to the desired derivative d j / d x  in the physical 
space by 

where d x o / d x  is calculated (analytically) from (2.1). 
The equations are differenced in a conservation form; that is, the spatial differenc- 

ing is such that in the absence of sources and sinks momentum, energy and mass 
would be conserved. The exception to this is that the treatment of boundary points 
does not identicdly conserve these properties. Tests showed the leakage of mass 
and energy at the boundaries to be negligibly smaU (the order of computational 
roundsff erron). 

d. Gravity wave treatment; smoothing. The use of conservation forms does not 
prevent short wave length computariond modes (e.3. "checkerboard instabilities") 
from growing to noticeable sue. Physically, one expect gavity waves to adjust the 
flow to 3 more slowly varying (e.3. geosuophic) balance by propagating away such 
small scde disturbances. Xlesinger (1972) has pointed out that the usual numerical 
treatments of gravity waves fails to couple the grid points properly. This accounts 
for the disparity between their physical and aumerical roles. 

The simplest set of linear equ?tions describing ~ a v i t y  waves is 

The b i t e  difference malog is obtahed by npldcing B i d x  by a finite Wertnce a g  
proximation D, : 

uc = -gDA; h, = -HDdr. (2.3) 

From (2.1) a single equation in h is readily derived: 

ht, = ga;i,, (2.4) 

The analog obtainable from (2.3) is 

hrt = QHD, (DA) . (2.5) 
Note that the second derivative in (2.4) has been replaced by two successive 6rst 
derivative sppro.simadons D,: instead of a second derivative approximation D,. 
For second order centered differences and a two grid point wave, h, i h (x,) = 
(-1)'. the right-hand side of (2.5) is zero, sa that (1.51 fails to propagate the wave. 
On the other hand D,,h, = -4lr-:h, = 0. 
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F i  3. Evolution of energin in the lineu response to ur easterly wind Potential energy 
(Pn. md kinetic energy in the surface layer (RE.) and lower layer (KE3 for the equatorial 
redon (3.6 to 5.6N) u e  shown. The unit 01 energy is 1 0  tm4R'. where R = 6367 km is 
the radius of the earth. 

Our method of treating gravity waves amounts to replacing the D,? operator in 
(2.5) with D,, in order to retain the proper coupling between successive mesh points. 
(The implementatioa is straightforward but the details are lengthy and will be omitted 
here; see Cane, 1975, Appendix B.) Equivalently, it mounts to adding a smoother 
S, r gH (D,,-D,'). Since D, and D, arc the 4th order so is S, and the formal ocder 
d accuacy of the equations is unchanged. Gnvity waves in two dimensions require 
adding operators S, to the u, S, to the v and S, and S, to the h equations. In addi- 
tion, it was necessary to add smoothen in the cross stream direction (i.e. S, to the 
u and S, to the v equations) because the horizontal viscosity used in the computa- 
dons is too small to suppress two-grid poict waves where the mesh spacing is large. 

3. Linear rwpoaw to a uniform easterly wind 

The model equations are linearized by setting e = 0 ic Eqs. (1.1); all model 
parameter values are as given in Tab!e 1 with a unifom easterly wind stress switched 
on at t = 0. The linear dynamics may be understood rather thoroughly in terns of 
the analytic mults in I and CSI, 11, 111. [CSIII, Sec. 5 has a detailed account of rhe 
w l y  stages of spinup for the shallow water equations.] We present the linear numeri- 
cal results here for the considerable light they shed on the conline.-r dynamics to be 
discussed in the foUowing sections; our discussion will be focused accordingly. 

The surface Bow o' is approximated well by the boundary layer velocity Q [see 
(1.3)J. The latter evolves to a steady state on the frictional timescale of 20 days 
(see Fig. 3). Extn-equatorially, it approaches the Ekman wind drift solunon; flow 



Figure 4. Seetiom of layer depth deviation, h, a!ong the equator at 8 dry intervals in the line= 
rnpoow to an e a t  wind. Each solid curve u labelled with the time in drys. The dashed line 
ia the steady inviscid solution (3.2). 

is poleward in Foth hemispheres, resulting in intense upwelling at the equator. Right 
on the equator the flow is westward, in the direction of the wind, with the turning 
fmm mtward to poleward occurring within a degree of the equator in a boundary 
layer in which interfacial friction (y,)  is important. Figure 3 shows that the lower 
layer currenu ate much weaker than those in tht surface layer. The linearized dy- 
namics do not allow vertical advection of momennlm and the fictional and pressure 
forces a n  not capable of generating strong currents. 

The time dependent solution for the vertically integrated !ransports and the layer 
depth h may be' found by the methods of CSI.11. It has 0 and h symmetric and O 
aa'isymmetric abc..t the equator. IJ the absence of boundaries, this part of the 
model response would comist of inertia-gravity waves together with functions of 
the form 

(These functions are depicted in CSI Figure Sa for the Rrind stress = 1, which 
is just che negative of the present case.) U and H are equatorially confined, while V 
goes to zero at the equator and approaches - - r (" /y  as y increases. Most of the 
coergy put in by the wind goes into (3.1); relatively little goes into the inertia-giavity 
waves. 

We anticipate that (with the exception of the frictional equatorial bounaary layer 
described in I a d  discussed further below) the find state will be one in which there 
is no motion a ~ d  the surface tilts up uniformly from east to west to balancc the wirid 
stress: 



F '  5. Sactioor d layer depth aeriatioa h, dong the central loalinrda x = 14.3. u 80 dry 
i n ~ i n t b c l i n c v t ~ 1 ~ t o m e u t e t l . r r i n d ~ k ~ t h t ~ i n J . y r .  

The adjustmat to a find state t be accomplished 5y the boundary dtctr on the 
scculady growing part of (3.1). [See CSIl an3 CSIII for a detailed discussion.] Both 
the eastem and western boundaries participate ah;-ely in the adjustment pnmss 
because the pr, a c e  of the atward travelling Kelvin mode makes it impossible 
fa the adjustment to p r d  solely from the east (Sec. 6 offers a contrasting case.) 
Thc =via wave has negiigii1e amplitude extra-equatorially, inauencing that *on 
only via the modes generated when it is reflected at the eastern end of the equator. 
Hence, all the uma-equatorial adj.stment p r c c d s  from east to wet. The more 
aptorially co*ed modes travel the most rapidly so the equatorial n@on adjusts 
more rapidly. 
The final state is not approached moaotoaically; for example, the gradient of h 

twds to "ovenhoot" its b a l  value. This is evident in the energy curves (Eg. 3) 
with the  tos st striking OSCillatio~ occurring in the potential energy. T h e  oscilla- 
tions are related to the nflections from the basin walls described in CSII. That 
analysis shows that the adjustment should have 2 periodicity of 4T, when T is the 
time for a Kelvin wave to cross the basin. The additional 3T is the crossing tine 
for the n = 1 Rossby wave generated by the Kelvin wave at the eastrm boundary. 
DirnmsioaPny T is 19.8 days so tbc yd ic ted  42' periodicity is :- excellent apee- 
mmt with the 80 period observd in F.1 ce 3. 

Figure 4 shows pro& of the I-yn . at the quator at various times. If the 
haght wen set up to balance the wind r h e a  (3.2), the layer depth profile would be 
a Uraight tine 21.8 m below (above) the mean value at the eastern (western) side 
(the dashed line in Fig. 4). During the course of the adjustment the prof5 tends to 
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R m  6. b e a r  response to an esterly rind at day 40. Note that the coordinata are stretched. 
(a) Surface layer velocity. a'. Dotted arrows: 0-2 cm s4; full arrows: 2-20 an s4; double 
mow: 20-200 S-'. @) Lower layer velocity, pl. (c) Layer depth deviation. h. Contour 
interval is 10 m. 

be Mow this hnd value everywhere. The prolile at 8 days shows a flat center set- 

tioa in which the boundary influences have not been felt; hen h is decreasing ia ac- 
cotdance with the unbounded solution (3.1). At this time, the Kelvin mode gen- 
erated at the western boundary has propagated 12" into the basin. This is evident 
in the sloping region at the western side of the basii.. Near x = 0 there is also evi- 
dence of the efiect of the boundary trapped modes. At the eastern side then is an- 
other sloping piece to the profile extending 4" into the basin. This is due to the 
Rossby mode generated at the boundary; tbe fastest of these (the one with merid- 
ional index n = 1) would have propagated 4" at this time. 

At IS days the two boundary influences m e t  at a point threequarters of the way 
across the basin. Until this time, the ma@tude of the westward zond transport 
at this point hw increased accor;ting to (3.1). Hereafter the slope of the height field 
at all loagitudes oa the equator will be up toward the west, thus reducing the zonal 
acceleration. In fact, it h evident £rom Figure 4 that by 24 days this gradient is 
generally st&cient to balance the wind stress so thai the magnitude of the westward 
ansport will no longer increase. Thr: slopes at the eastern side become steeper 
than what is required to balance the wind sns s  so that the transport here becomes 



wfwurd and the layer deepens. This re@m of eastward Bow is behind the fnwt 
formed by the Rossby modes which are the nflections of the first Kelvin mode to 
cross the basin. The region propagates out from the eastern boundary begbuhg 
at day 20. 

Consideration of the zonal transports at the equator indicates that the eqrcatorid 
region takes approximately 250 days to approach its ha1 steady state; this time 
scale agrees with the energy diagram, Figure 3. At each Iengitude the steady state 
layer depth profile is a straight line independent of ladtude [cf. (3.2)]. At all longi- 
tudes this is attained more rapidly close to the equator. Near the eastern wall h is 
close to its steady value at all latitudes after 300 days. At the center of the basin the 
profile still shows some deviation from the expected final value h = 0 poleward of 
about 7" Fig. 5). There is a s*mng tilt at the northem and southern walls to geo- 
strophically balance the boundary jets present thcre [d. CSIITJ. Profiles near the 
westem boundary are even further from their steady state values. As was previously 
mentioned, analytic theory predicts that the pattern of adjustment will be horn east 
to west and Erom the equator poleward. 

At 40 days Fig. 6) the layer depth changes are largely conlined to the boundaries, 
aa area within 7' of the quator, and the eastern side. Some of the slowly propagat- 
ing Rossby modes generated at t = 0 already have moved away Erom the eastern 
boundary. This is clear from the extra-equatorial flow pattern. Behind (i-e., to the 
cast of) this region of quatorward flow in the lower layer (Fi,o. 6b) there is a region 
of poleward f l ~ w  due to the reflection of the Kelvin modes which mid at the east- 
em side at day 20. The lower layer flow is castward at dl longitudes on the equator. 
Thi, transient "Undercumnt" is weak (uL <.lo m sec-') ad narrow, with a Eric- 
tionally determined half-width of less than 50 km. Tbc clirect cause of this eastward 
flow at depth is the pre55urc gradient force (Charmy, 1960). 
By 397 days =g. 7) the model ocean i? <lose to a steady state  where in the 

basin with the exception of the norr5west and southwest cornen. ; upper layer 
b givm primarily by a wind-M-frictional balance [see I, Eq. (*.I)]. There is 
strong upwelling along t t e  quator with fluid beins returned to the lower layer in 
downwelling r e g i o ~ ~  at the northern and southern boundaries, the western end of 
the equator. ts well as the latitudes near the quator (r * lo) where fl decreases 
rapidlv. irhere ate no exceptionally fast boundary cumnu. The "undercurrent" 
maximum velocity is only .2 rn and its half-width is only .5O, numben deter- 
mined by the vertical eddy viscosity. 

In geaual, t3e lower layer flow has an equal and opposite mass Uux so that the 
vatically integrated traaoport is zero. However, near the equator there is a region 
of net transport evident in Fig. 7b. This was predicted in I: this net transport is 
induced by the friction at the bottom of the 10% active layer; without this bottom 
friction the transport would be zero everywhere. A4 prcdic.ed, this drculation oc- 
curs in an equatorial boundary layer which thickens from east to wet, with pre- 



Figure 7. b e a r  response to an easterly wlnd at day 397. (a) h. Cootour interval is 5 m. (b) 
ZonaJ transpon u. Contour interval is 2 n* sec-'. 

dominately zonal umspons increasing toward the west. Transport at the equator 
is in the direction of the wind, wtde an important sipoanue of the observed under- 
w e n t  is that the vertically integrated transport at the equator be large and east- 
wad. NonLnear dynamics must be included to obtain a reahtic undercurrent. 

4. No~dbtar rupom to a uniform tPstrrfy wind 
In this section we consider the aonlinear response to a uniform east wind. E.xcept 

for the nonlinesrity the govening parameters an identical to those in the previous 
.cction. Among the simple wind stress patterns this is the one most closely related 
a the undercurrent in the Adantic and Pscrfic Occms. We h t  give a narrative 

descripuon of the numerical experiment snd then consider the governing dynamics. 



Figure 8. Evolution of energies in the equatorial region for the nonlinear response to an easterly 
wind Like Fig. 3. Initial time i s  3 &yt. 

a Evolution of the flow. The energies (Fig. 8) exhibit striking differences from those 
for the linear response to the same forcing (Fig. 3). The inclusion of vertical no- 
mentum advcctions results in much greater kinetic energy in the lower layer while 
the surface layer kinetic energy is smaller in the nonlinear case. The upper layer 
kinetic energy reaches a peak after 9 days, af:er which it falls off rapidly until day 40. 

Figure 9. Sections of h along the equator at 8 day intervats in the nonlinear response to an 
esrteriy wind Like Fig. 4. 



T i  10. Sections of h dm# the central longitude r a 14.3. r; 80 day iatmrls in the non- 
linar mpoosa to m easterly wind Like Fig. 5. 

During this initial 40 day period the potential energy and lower layer kinetic energy 
botb rise to a peak. The loss of surface layer energy to the lower active layer via 
vertical advections is not fully compensated by the transfer of energy from the winds 
to the oceaa There is a strong contrast between the linear and nonlinear responses 
in the oscillations in the energy curves. (These oscillations may be used as an index 
of the tendency to "overshoot" the ha1 adjusted state as the flow evolves.) The addi- 
tion of nonlinear effects has damped 'Sle tendency to oscillate about a final steady 
state. Furthennore, the nonlinear steady state is one with potential energy close to 
the maximum value the system attains in the course of its evolution, while the linear 
steady state is close to a minimum. 

We can see how there difietences arise by considering sections of layer depth h 
at tbe equator. Rgures 9 and 4 show h at the quator for the fint 40 days in the 
nodhear and linear cases respectively. Throughout this period there is little Merence 
in the two case, except at the eastern side. Recall that over the !%st 20 days, the linear 
rqomc built up a steeper height gradient than was needed to balance the wind 
stress. After that the rclction of the first Kelvin mode to arrive from the western 
side caused the lay= depth to decrease. The nonliuear case is similar for the k t  20 
days, but the eastern boundary response to the &st signat miving frsm the west- 
em side is quite diBercnt. The siope of h remains steep throughout the basin with a 
strong boundary layu forming at the eastern wall. Within this narrow (1.5' wide) 
layer the transports impinging on the eastern wall are turned to the north and south. 





Figure 11. Nonlincu ruporue :o an easterly wind at day 40. Like Fig. 6. (a) u* (b) 3 (c) h. 
Contour interval ir 10 m. 

We might say that the noalinear dynamics respond to the incoming currents at the 
equator by forming an inertial boundary layer whereas the linear response is a re- 
flection. The Rossby modes which comprise the reflection of the Kelvin mode in the 
linear theory all propagate too slowly to th3 wat  to escape from the boundary in 
tbe face of the fast castward current that exists at the quator. Therefore, they are 
trapped at the eastern wall on the equator and a boundary layer forms. The layer 
depth profle evident at day 40 persists thereafter, with its minimum becoming more 
pronounced with time. After 160 days it varia little. 

By 16 days the nonlinclv trrlnsports along t h ~  equator are everywhere eastward, 
a feature which persists hereafter. The (frictional) linear transports eventuall . bc 
came r~estward everywhere, but they took on the order of 200 days to do so at all 
loogitudts. After one manth has elapsed thc transports in the noalinev case are 
almost cn order of magnitude larger. As discussed below, the Merences may be 
explained in tenns of the inclusion of relative vorticity in the nonlinear vorticity 
balance. 

Thus far we have considend the solution at the equator only. Figure 10 shows a 
meridional d o n  of h at the center of the basin. The greatest diilerence from the 
ccmspmding b a r  section (Fig. 5) is the deep trough within 5.6' of the equator. 





F i  12. Nonlinear topoau to an erttrdy wind at dqy 398. Lllu Fi& 7. (a) a' (b) $ (c) h. 
Contour interval ia 10 m. 

This trough is symmetric about the equator; h slopes downward from 5.6"N to 
l.ZaN to gcoswphically balance the westward current in the lower layer at those 
latitudes. From 1.2" to 0" it slopes upward to gcatrophically balance the under- 
current By 160 days this mu& is close to its 6nal shape. This time scale for ad- 
justment rgna with that given by the energies and the vertically integrated ans- 
port a the equator. Within this equatorial region there is some tendency for the 
adjustment to occur soonest at the eastern ride, particularly poleward of about 3". 
Polewvd of S . 6 O  the adjustment clcariy proceeds from east to west and is more 
rapid the never to the equator one is. The time scales for this extra-equatorid pt+ 
asr are comparable to those for the linear care, although h shows some influence 
irom n&w dects at ail latitudes. 

Figure 11 dims the flow at 40 days. The surface layer currenu near the equator 
ue more zonally oriented than in the liueu case Fig. 6). This is a result of the fact 
that parcels tend to nun anticycloaically as they move poleward from the quatct 
and law dative vorticity to compenute the gain in planemy vorticity. The effccu 
d upwelling, vertical friction and the pressure gradient have rtducad the surface 
layer zonal velocity to near zero at the quator, except at the sidewall boundsu5es. 
Vertial rdvectim of eastward momentum from the lower active layer is the most 
important factor in bringing about thirr weak surface !low. The maximum undercur- 



mat wlocity h now above .8 m uc-I and occun near the eastern boundary. At 14 
days this maximum was ody -3 m sec-I; by 80 days it is over 1 m w-l, very close 
to its &Jd steady d u e .  

At 398 days (Fig. 12) the steady state solution is claely approximated every- 
where in the badn with the exception of the northwest and southwest corners. The 
equatorial ngion rcserrbles dry 40. Poleward of So the flow is essentially linear: 
the surface layer flow is the wind drift solution given by the linear theory while the 
subsurface flow combines with this to give rpproxirnately zero verticdly integrated 
transport. Many of the prominent feabm near the equator in the interior a n  in 
good agreement with the y-z plane calculation of CXarney and Spiegel (1971). (See 
their Kgs. l b  and 2b.) Specifically, in both our calculation and thein the halfwidth 
of the undercurrent is about 1 and the mean undercurrent velocity is about .80 rn 
sec-a. Both hate eastward flow at the surface; as noted above this is primarily due 
to the strong upwelling at the equator. Eastward flow at the surface with easterly 
winds has been observed in the Pacific by Taft et d. (1974). Both cllculations show 
the strongest westward subsurface flow (on the order of 10 cm sec-I) between 1" 
acd 3O. 

b. Basic dynamics. The principal features d the flow may be explained qualitatively 
by considering the vorticity balance, as in Fofonoff and Montgomery (1955). (Also 
see Charney, 1960, and Charney and Spiegel, 1971). The easterly wind produces a 
poleward Ekman drift in the surface layen. This rcquim upwebg at thc equator 
and therefore an quatorward flow at depth. Parcels moving toward the equator 
lose planetary vorticity. If we assume that total vorticity is approximately conserved 
these parcels must acquire relative vdc i ty  as they approach the equator rwlting 
in an eastward flow then. A simple calcuiation shows that a parcel originating at a 
latitude yo with approximately zeco relative vorticity and zero zonal velocity has an 
eastwad velocity of approximately @yos/2 at the quator. For undncuncnt veloci- 
tics of .75 to 1.00 m rec-l yo is between 2.5' ad 3'; this is consistent with our 
calculation. A similar line of reasoning may be used to determine the position of the 
westward currents. Fluid parcels in the uderrunrnt that reach the eastern side arc 
tumed poleward in nanuw boundary currents. As they travel awry from the quator 
they gain planetary vorticity. In order to approximately conserve their vorticity they 
must lose relative vorticity so that their pol< "ard velocity must decrease (since in 
these currenes relative votticity { - v,). In ~artmh, if the vcrticity of such a parcel 
u flyo it cannot progress poleward beyond the latitude of yo. We coaclude that this 
will be h e  latitude of the currents required to complete fluid circuits &at include the 
undamrrent. 
This vorticity argument ma9 obscure the nonlocainus of the dynamics because it 

makes no explicit mention of the essential role played by the zonal pressure gradient. 
In the absence of a zonal pressure gradient, angular momentum c o m a t i o n  would 



argue the parcels of fluid arrive at the equator with westward velocity. In fact, the 
pressurc forces accelerate the lower layer dow castward. Further, for the subsurface 
flow to have an equatorward component requires a zonal pressure gradient for gco- 
strophic balance. Without this gradient the lower layer Buid demanded by the intease 
upwelling at the equator is supplicd by having the thermocline rise with time. This 
is what happens in the early stages of the experiment at longitudes where neither 
the eastward traveling Kelvin nor westward traveling Rosby modes have yet ar- 
rived to set up the pressure gradient. Such behavior should be expected flvm the 
linear analysis: Eq. (3.1) clearly shows that the layer depth will decrease with time 
m loog as there is no zonal variation. It is only after the initial boundary responses 
(Xelvin and Rossby) meet that the undercuncnt becomes established. 

The vorticity arguments presented above may be extended to estimate the lati- 
tude yo where the undercurrent water originates. Poleward of yo the advection cf 
planetary vorticity in the lower layer is balanced by the vortex stretching :em fw; 
yo is the point ahere nonlinear terms enter the vorticity balance. In I Sec. 2 we 
established that the linear dynamics ot the Ekman layer break down at a latitude 
ye when inertial t e r n  become irnportznt in the Ekman layer. The latitude yo must 
be the same order as y, since the layers are coupled by vertical mctions. These con- 
siderations allow us to find a frictional-inertia1 scaling for Eqs. (1.1), valid when the 
Ekman layer Rossby number m cy-'/* satisfies cl-l/s.ylla<<l. [See (1.2) for 
the definitions of c and y. For the parameter values in Table i, e l  - .2 and y - 
10-:.] The arguments of I give the following rescalings in Eqs. (1.1): 

We assume that the scale in the x direction is long en%& so that zonal variations 
may be neglected except in the pressure gradient term. (It is this term which drives 
the undernurent.) It then follows from (4.1) that the nmaini.1g vtriables may be 
written (ct., Philander, 1971, p. 239): 

We now have s c a h p  in terms of the governing parameters for all variables in the 
equatorial region. It dimensional terms the rneridional scale for the equatorial cu- 
culation is 1.5". The scale for the surface velocitia and the subsurface zonal veloc- 
ity is [~,~/4flv, ' . j~;~; this is about .5 m sec-'. (We have again taken K - 2v,/R). 

Dropping primes and taking a' = 1 for simpiicity the steady state version of 
(1.1) is 



v,.* f v,' = O , (1 .3~ )  

The meridional sections of the layer depth that we calcularz (Fig. 10) agree 
qualitatively with the bowing of isotherms which is usually r ' served beneath thr 
undercurrent (e.g., Knauss, 1956). Eq. (1.3d) requires that the pressure gradient be 
in geostrophic balance with the lower :ayer zonal velocity. This accounts for the 
meridional profile of the pressure gradient. For example, at the center of :he basin 
at .3N the tenns fu and g'h, balance to w i t h  !O%. At 3N the balance is within 
15%. 

c. Longitudinal variations. By considering Eqs. ( 4 . 3  at the equator wc ,nay easily 
see that terms neglected in those equations must enter the momentum balance. 
Since symmetry dictates that v1 = V' = 0 ,  (4.3a) says ;hat the vertical advection 
term balances the wind stress while (4 .3~ )  demands that the same term balance the 
zoaa! pressure gradient (--(*'). Since the surface stress and the pressure gradient 
are of opposite sign this i: l o t  poss~ble. This argument is not an artif3.ct of our two- 
level model: it applies to a continuous ;:can from the surface down to the undtr- 
current velocity mainurn,  a region where w is positive and u, negative. 

It is Eq. (4.313 that must break down. Two types of terms have been neglected 
there: those due to vertical fiction and those that srise from longitudiaal variations. 
Vertical viscosity is already essentid in (1.3) because of its role in the surface 5ic- 
tional Ekrnan layer; what is at issue here is ,ts direct role in limiting the growth 
of tonal momenam in the undercurrent. Vertical friction terms enter (4.3) at 
0 (el-l/syA/a) - about an order ot magnitude s m d c r  than the retained terms for 
the parameter values we use. Charney and Spiegml's (1971) model fixes the value of 
the zonal pressure gradient a d  excludes o a e r  zonal variations a priori so that 
vertical visco @; forces offer the only possible balance in a steady state undercdrrent. 
In this context we note that their calculations failed to converge when tbe eddy vis- 
cosity was reduced to 13 cm:s-', leaving only thc acceleration ,:m to balance the 
pnssurc force. 

In our model longitudinal variations are permitted r sd  t f i ~  zonal pressure gradient 
is free to seek its own value. The usual argument for neglecting longitudinal varia- 
tions (e.g. C h m e y  and Spiegel, 1971) is that the inenidy determined cross s:i;. :.r 
scale e,"' is so much smaller than the downstream scple L,. However, ii ' *  ; r i n p  

propriate to ,.inply compare length scales because the subsurfac.2 velocity :-s 
ponenu have different scales. 



13. Evolution of energies in the equatorial zegioa for the nonlinear r e s p o ~  to a west- 
erly wind. Like Fig. 3. 

In (4.5~; terms involving zonai variation (i.e., ulu,z and p,) will enter before the 
Weal viscous terms as I mg as the zc-lal length scale L, is less than 7 - I  e2/' = 
10. km (for our parameter values). Hence h 3 e  terms a n  more important than tt 
Fctional ones. The most stringent condition for neglecting zonal variations alto- 
gether in (4.3) is that L,>>y-l/=r8 = 130@ km. This is large enough so that we 
should expect zonal variations to be dynamically sipticant, an expectation borne 
out by our nurctrical experiment. [It is the downstream acceleration ulu,' that bal- 
anas the pmsurc gradient in (4.34.1 

We now consider the nonlinear response to a uniform westerly wind stms. ?he 
ody parameter changed from the previous section is the v h d  dinction. The re- 
sponses in the two nonlinear case arc quite ditrercrt because the beta effect causes 
eat-west asymmetries m the ocean dynamics. On the other hand, the linear re- 
,.pnws arc very much the w e .  The east wind response (Sec. 3) becomes the we: 
wind response simply by changing the s i p  of all variables (h into -h, tP into -P, 
etc.); the purrem of the response is unaltered. 

' X I *  energ plot for this crue (Fig. 13) restznbles that for the linear east wind 
fig. 3) more than the nonlinear one (Fig. 8). The potential energy m e  for the 
pnsent case is h o s t  identical to that for the linear case: the amplitudes m ap- 
proximately the same and the oscillations have the same periods. In Sec. 3 these 
oscillaticu wen shown to resuit from the reflections of Rossby and Kelvin waves 
at the meridionai boundaries and the same explanation applies here. Unlike the cast 
wind nonlinear case, the undermnrnt does not become strong enough to sigxuficmtly 
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Filura 14. Nonlinear response to a watcrly wind u day 398. Like Fig. 7 (3) u' (b) 3 (c) h. 
c0ntp.u ioternl ia 5 aL 

intcdere with the Rouby wave reflections at the easttrn side. The layer depth 
CVO~VCS much as it did in the linear case. In contrast to the east wind aonlinzar case 
(and like the linear one) the find zonal pressure gradient very nearly balances the 
wind satss. The inclusioa of vertical advection of momentum makes the distribution 
of kinetic energy ditrerent from the linear case, with the ~u face  layer being less, and 
the lower layer more, energetic. In this it is like the other nonlinear case but the 
Iowa layer kinetic energy is much smaller here. 

At the equator the v e m d y  integrated zonal transport ii becomes close to its 
final interior value within 8 days though then is some d a t i o n  aborlt this h d  
value (of about 75 ma sec-l) until about day 160. The nodincar east wind case 
takes about 24 days to reach a value of 75 ma sec-a and b u t  80 days to approxi- 
mate its Bnrl value of 140 ma see-'. In both the cast and we2 wind cases the steady 
state requires westward cumnts off the equator to rehlrn the water that has travelled 
to tha eastern side at the equator. In the west wind case these Iowa layer currents, 
centered at ?? and 2N, take longer to become established. They are absent before 
day 40 ana t7.e 80 days to approach their ha1 value, so tte early evolution sup  
plia the net eastward tmsporc of water needed to set up a zonal pressure gradient 
oppaeite to the wind. W h a  the wind is from the east the westward flowing currents 
am set up before the mmard dowing rmdement.  



F i  15. Linear mpome to a southcrl:. wind at day 40. Like Fig. 6 tat only the equatcrial 
region (5.65 to 5.6N) is shown. (a) u' @) h. Contour interva! h 2 m. 



Figure 16. Evolution of energies in equatorial region for the nonlinear mpome to a southerly 
wind. Like Fig. 3. Initial time is 5 days. 

meat proceeding from east to west and from the equator poleward. No Kelvin waves 
arc excited so the adjustment is effected entirely by long wave Rassby modes. Be- 
cause of the absence of Kelvin waves there is nothing like the oscillation shown by 
the linear response to an east wind. Since bottom friction is pment the steady state 
has an equatorial boundary layer with nonzero transports. The characteristics of 
this layer a c  in detailed agreement with the analytic results of I. By far *LC largest 
part of the occan's energy in the equatoiial region is in the surface layer motions. 
As in the p -  e\ ious linear case there is little kinetic energy in the lower layer. Since 
h S yr(" for all time there is little potcntial energy near the equator where y is small. 

Figure 1Sb shows the iayer depth at 40 days. The northward tilt is clearly evi- 
dent at the eastern side. The lower layer currents are in geostmphic balance (except 
fot h e  area along the equator where the pressure force is frictionally balanced by 
southward flow). At the western side h has strong gndients to balance the ~eridional  
boundary currents evident in both layers. The soutlward current east of the bound- 
ary current is required by conservation of potential vorticity. Mathematically, it re- 
sults from the Bessel hnction behavior of the western 501.?dsry layer solution (cf. 
csn, ~ i g .  2). 

7. Noniiwrr nsponsc to a uniform southerly wind 

An overview of the spin up process is given by Figun: 16, which depicts the 
energy in the equatorial region. As in the linear case, the surface layer kinetic 
energy quicUy (order 8 days) rises to within e-' (sf its hal value as .he wind stress 
transfers energy to the ocean. Thereafter, the increase in surface energy and poten- 
tial energy conhue unul about day 150. The lower layer kinetic energy becomes 
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Figure 17. Contoun of lower layer zonal velocity, uL, dong the equator as a function of time 
for the nodincar m p o w  to a southerly wind. Contour interval u 10 cm SCC-'. Note the 
regular westward phase progression. 

almost an order of magnitude larger thchaa in the linear case indicating the importance 
of vertical advection as a mechanism for transferring momentum to the lower layer. 

&ginaing at about day 100 an oscillation with a period of 29 days may be ob- 
served in the surface kinetic energy. At about 150 days, an oscillation in the poten- 
tial energy sets in approximately in phase with his. The lower layer kinetic energy 
starts to decrease, eventuaIIy IeveIing off to oscillate about a steady vaIue, the oscilla- 
tions being out of phase with those in the other quantities. This suggests an instability 
which draws its energy primarily from the kinetic energy of the flow. Figure 17 
shows a plot of phase linw of the lower layer zonal velocity at the equator-the 
abscissa is distance along the equator, the ordinate is time. Beginning near the west- 
ern side at about day 100 and appearing later at the eastern side, a very regular 
progression of phase from east to west may be observed. (Similar plots of the other 
variables give wentially the same picrue.) These waves have a period of 29 days 
and a phase speed of 32.5 km/day, giving a wavelength of 950 km. 





Figwe 18. Nonlinear response to a southerly wind at day 40. Like Fig. 15. (a) u' (b) u1 (c) h. 
Contour interval is 5 m. 

a Evolution of the flow. In the early stages many of the features of the flow patte.? 
can be understood by considering the kinematic effects of the vertical and meridional 
advections on the linear response. At 8 days the circulation pattern in both layen is 
similar to the Iinear response at the same time, but some departures from the linear 
symmetries are already apparent In the surface layer the maximum meridional 
velocity occurs at approximately IN, rather than on the equator as in the linear 
response. This Mereace is due to the self-advection of northward momentum by 
the surface cumnts near the equator. A similar advective effect is observable in the 
zonal component of the surface current. Westward momentum has been advectcd 
northward across the quator so that the surface flow is westward to 1.2N. The 
eastward momentum in the surface layer north of the equator has also been ad- 
wttd northward--but not beyond 3N, where the meridional velocity ~ o c s  to zero. 
The &ect is to compress the eastward flow into a narrower, more intense jet. The 
casmard flow at 2.SN is at speeds of .9 m r l ,  compared to the linear maximum of 
.6 ms-I at 1.2N. I h e  trend is thus toward the development of an eastward jet at 
2.94 with a broader, slower westward flow at the equator. At this time, venicd 
velocities are negligible eveqwhen in the interior and currents in the lower layer are 
sman. 



The nsull~ of this development an evident at day 40, Figure 18 (cf. the linear 
w e  Rg. 15). The eastward jet is now centered at 3N. There is a considerable hori- 
zontal convergence into the jet, resulting in substantial downwelling; elsewhere in 
the interior the vertical velocity is negligible. This downwelling advccts eastward 
momentum into the lower layer so that the flow there is also eastward (Fig. 18b). 
The result is a large vertically integrated transport to the east-a factor of 5 larger 
than in the linear care. 

b. The x, t independent flow. The features of the flow evident at day 40 were sub- 
stantially established within 16 days. The pattern persists with little qualitative 
change beyond day 100. We note that the interior flow is approximately steady and 
independent of longitude. m e  primary exception to this is the layer depth w~g. 18c) 
which shows a more uniform tilt to the north at the eastern side, similar to the linear 
case. It also shows a suggestion of a wavelength structure at about 4N.l The part of 
the interior field that is independent of x and r has four dynamically distinct regions: 

(i) South of about 2.5s the response is essentially linear, like that discussed in 
the previous section. The dominant feature is the surface wind drift current to the 
left of the wind. 

(i) From 2.5s to about 2.5N the surface flow turns from northwestward to 
cortheastward to due east. Vertical velocities are everywhere upward and small 
[0(10-' m sec-I)], with most of the upwelling south of the equator. South of 1N 
u1 is westward, while north of 1N it is eastward, with a magnitude comparable to 3 
near &e quator. The meridional component is southward everywhere. 

(i) From 2.5N to 5N there is an eastward z ~ n a l  jet in both layers: ,t 3N 14* 

i3 as high as 1.2 m sec-'; u1 is over .1 m sec-l. mere  is strong surface convergence 
into the jet with iarge downsrelling at its core (w = 3 x lo-' m sec-I). 

(iv) North of about 5N the model response a- becomes wind drift domi- 
nated and essentially linear. 

This description is in close agreement with the x-independent. steady state cal- 
a t i o n  of Charney and Spiegel (1971). (See their Figs. l l and 12.) The only 
notable disagreements an that their surface velocity in the jet is smaller (less than 
1 m sec-I), their downwelling region is broader, and their upwelling region narrower 
than o m .  We now seek a simple model (independent of x and t )  to elucidate the 
physics of this flow. 

Regicns (i) and (iv) are explicable in tenns of linear dynamics. Now consider 
the surface flow in region (ii). A parcel in the vicinity of the equator wul acquire a 
northward velocity component (frictional forces give it a component in the direc- 
tioa of 5, ' v ' ,  4). As it moves northward, it acquires cyclonic planetary vorticity. 
Sinn it cr-y~xzately) conserves its total -;.orticity, it must acquire anti-cyclonic 



relative vorticity. The esect is to turn tne parcel clwkwi-o toward the at. As lozrg 
as the parcel moves northward, it is able to acquire energy from the w i d  atresa. At 
some latitude the parcel's northward momeni.ia is being convexted into eastward 
mcmentum more rapidly than it is replenished by the wind. EveoWy, tho pard 
will be travelling due east, still c a n y i q  the approximrttly zero ioid vortidty it had 
near the equator. To the nor& of this, the flow is in tha wind dritt ngimo where the 
vorticity of surface parcels is approximately the local plrnetuy vortidty..l'be tnnb- 
tion between the two flow regimes demands a shear layer in which the surface eut- 
ward velocity is reduced to the north, thus adding enc rgh pcsi th  vortidty to the 
Bow to match it to the planetary vorticity. This accomplished by the downwelling 
in the jet which transporn thc eastward momentum downwads 

may formulate a simple mdel  for the surface flow in region (iu9 in order to 
ohtain some quantitative checks to accompany this qualitative description. Neglect- 
ing friction the approximate governing equations are 

Since the flow varies little with t or x, d/dt m vb/by and w / q  r vr8. Since v'u; 
>> r.,-.P the vertical advcction term is neglected in (7.1). 

An energy equatioc (which allows for some loss to the lower layer) may be formed 
from (7.1) and (72): 

By making use of the debition dy/dt r v, this may be inaptad to yieid 

Eq. (7. l), which expresses the conservation of vorticity, integrates to 

I('O=+@yS+U'(0). 

We may now simplify things further by assuing that U' = Y' 0 f: the equator 
and so obtain 

The position of the jet is at latitude y, where V' - 0: 





Figure 19. Nonlinear response to ;I southctly wind at dry 398. Like Fig. 18 (a) a' @) o' (c) h. 

At this latitude u, = ) P y,' a 1.2 m sec-I. Thew values are in excellent agree- 
ment with the numerical calculation. We may also obtain a scale for the other veloc- 
ity component by considering the latitude .v, where 3 is a maxin~rlm. We obtain 
yo - 2' and v,,, I V ,  (y-) - .7 m sec-I, again in good agreement with the numeri. 
cal calculation. 

Turning now to the jet itset[, the requirement that the vomcity of the flow be 
brought up to the local planetary vorticity in order to match onto the linear re-e 
gives a scale for the width Y of the shear zoile: 

This is the right order but sl.ightly too wide (the model resulu show = . 8 O ) .  One 
feature of this description which agrees well with the numerical calculaticm and that 
of Charney aud Spiegel (la. cit.) is that the zonal velocity of the jet falls off mmc 
rapidly to the north than to the south. 

me Buid which descends in the jet arrives in !he Iclver layer with considerable 
eastward momentum and negative relative vomcity. In region (ii) continuity requires 
that v1 be southward. Parcels will approsimately conserve their total vorticity be. 
cause verticd exchanges uc small and becaust both f and variations in the layer 
depth are smzU (so that the variation of potential vorticity is ijven by *e varir~tion 



Figure 20. Evolution of energies in the equatorial region for h e  mponse to a southeasterly 
wind. (At t = 0 the flow is adjusted to an easterly wind. A southerly component is added v 
that the wind h then from the southeast.) Like Fig. 3. 

of vorticity). As a parcel travels southward, its p1ax:etary vorticity decreases so its 
relative vorticity { must become less negative a:.d may even become positive. Io ou- 
calculation uV1 = 0 at about .3N. North of this point the flow impinging on the west- 
ern boundary t u n s  clockwise to the north ({ < 0), while scuth of it the flow turls 
~ounterclockwise to the south (g > 0). 
c. Stability. The foregoing analysis has implications for the sus, eptibility of the flow 
to shear instability. For nondivergcnt inviscid daw a necessiuy (but not sufficient) 
condition for instability is that the vorticity-1-u, in our case-have an extremum. 
Tnough our situation is more complicated, this simple criterion ill serves as a use- 
ful guide (see below). This condition is usually not met by geophysical flows because 
the gradient of planetary vorticity, P-u,, is always positive. In region (ii) the flow 
in each layer is characterized by t5e conservation of total vorticity, thereby neuualiz- 
ing the stabtliziag effect of beta. The flow is thus marginally unstable; aad, in fact, 
the model cd~vlation does e.shibit numerous e..trema in the profile of 1-u,. 

At day 120, a time wtien the euergy curves (Fig. 16) shou some evidence of in- 
stability, the waviness suggested at day 40 (Fig. 18) at 4N is marked, with 3 similar 
wavy pattern developing at 4.S ;s well. At 160 days, when the lower laycr kinetic 
energy reaches a peak, -tho pattern is no longer contined to the western side, but 
is present in equal amplitude acrass the width of the basin. By about day 200, the 
flow sen l~s  *to a repeated pattern with wavelike disturbances propagating (in the 
phase sense) across Lhe basin from east to west (see Fig. 17), though the zonally 
avenged mem flu:: is std l  similar to that at day 40. Fig.re 19 shows the fields dur- 
ing this h a 1  period of the flow's evolution. The variations in i' 5 layer LTtpth (Fig. 
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F i  21. Contoun of ux dong the equator for the nonlinear response to 2 wohe~terly  wind. 
Like Fig. 17. 

19c) are dominated by this instabili:~ kom 7s to 7Y, wUe pokward of these lati- 
tudes it exhibits a general south to north tilt similar to ;he linear case. 

It is of interest to compare our mults with the rrsults the stability of equa- 
torial cumnu given by PUander (1976). On the basis of the verticdly averaged 
zonal veiocity we can crddely fit the model currents to a sr:hf proble, viz. U r U, 
techs y / L  + U,, by t h g  U , r  -.7 ms-I, U, = t . 4  ms-I and L a 100 - 200 km. 
Then & = gHC,-2 m 8 and R, = U, (PL.')-l - -1 to -1. Fror~ Figure 3 of 
Philander (loc. at.) the wavelength of thf: fstest gro'dj?g wave for rhese parameter 
values is approximately 2srL-between 6W and 1,100 km :n O1ir case. This ic con- 
sistent with rhe model mu1:s. 

8. Nooliatar response to a d o r m  sootbcutcdy rriDd 

In this case the initial state is taken to be the steady state response tc n unxonn 
easteriy wind described in St;. 4. (To be precise, the initial state is takrs s the 





f i i  22. Nonlineu rclpomc to a uwrthesterly wind at day 40. Like Fig. I8 (a) U' (b) a' (c) 
h. Contour inter~ll is 10 m. 

state which resulted after 384 days; it is barely disthguishable from the one at day 
398 depicted in Fig. 12.) At t = 0 a southaly wind component is added to the prc- 
niling easterly component so that each wind component is .465 dynes cm-'. This 
b intcaded to be a very crude analog of the southeast monsoon that occurs in the 
Atlantic in the latc Spring. The linear response to a southeast wind is simply a 
supaptxition of the linear responses to a south wind and to an east wind but the 
nonlinear rrspoase is more cornple.~. 

The evolutioa of model energies, Figure 20, shows that after 400 days the model 
ocean still has not reached a mdy steady state, even in the equatoria! region. me 
ccmtinusi increase in PE and KE, appears to be due to a strengthening of the cur- 
rmr at 4.m. See Figure 22.) After d?y 80 the potential and uppec layer kinetic 
mergy do not vary greatly. The lower layer kinetic energy takes about twice as long 
to become approximately constant la the quatorial =@on only the upper ;ayer 
kinetic energy is substantially Merent from its valce at r = 0. 

Figure 21 is a plot of contours of u1 at the quator with time as the crdinate. It is 
similar to Figure 17, which showed a regular progression of phase for the wave-like 
inrtabdity that arose in that south wind case. In the present case, in the time period 
frcm about day 25 to about day 175 there is some apparent phase propagation to 



the west. However, none of the lines of comt3~lt amplitude cross the basin, and 
after day 175 all such east to west movement ceases. The tattern of evolution re- 
sembles the way in which the mixed mode in the linear south wind case matracts 
toward the westan boundary with time (due to its B a e l  function behavior; cf. 
CSII). We will rctuxn to this poiat after considering the early evolution of the flow. 
The two most prominent developments in the &st 40 days (set Fig. 22) ue the 

routhwatd shift d the undercurrent and the development of aa castward current 
ktwter! 3N and SN. The latter resembles the south wind response, Sec. 7. The 
southward shifting of the undefiurrrnt is already evident at 8 days. At the same time 
the surface currents near the quator have become westwarci. This upwind shifting 
of the mdmunmt  in the presence of meridional winds has been found in earlier 
theontical investigations (Robi in ,  1966; Charney and Spicgel, 1971) and has 
been obsmed in the world's oceans (e.8.. TaEt and Knauss, 1967). 

The surface Bow (Fig. 22a) strongly resembles the south wind response (Fig. 18a). 
The e a t  wind influence shows most dearly in the poleward wind drift currents south 
d 1s. The lower layer currents fig. 22b) show dectf from both the south wind 
(d., Fig. 18b) and the east wind (cf., Fig. 12b displaced south). The region of east- 
ward flow centered at about 1s is broader than is the case with either of the simpler 
wind systems. The eastward currents at 4N induced by the southerly wind com- 
ponent appeared first at the western side of the basin and gradually extended to the 
east. The laya depth still resembles its initial state Fig. 12c) far more than the 
south wind mpoasc (Fig. 1 Sc). 

Between day 8 and day 40 the most important feature to appear in the lower 
layer is th;e wavy pattern which causes the undercurrent to meander about its mean 
latitude of about 0.6s. These meanders pm&t thereafter though their form changes. 
The disrxbance propagates from west to cast in the sense that it appean eariier at 
the western side. Figure 21 showed that aay phase propagation is westward, but to 
speak of phase propagation is misleading. The meander pattern migrates westward 
o m  the 6rst 175 days and then remains stationary. The result might be described 
ru a standing wave of zero 6rquency. The savcturc of these meanders is most 
dearly revealed by the contoun of the zonal and meridiod transports at day 398 
shown in Figure 23. They have their largest amplitude betwnn 0 and 2s; with the 
amplitude dccrtasing from west to east. The wavelength of the meanders is about 
650 km and shows a slight increase from west to east. We offer the interpretation 
that these meanders are due to a mode generated at the western boundary in n- 
spouse to the south wind. Such a mode is the nonlinear analog of the mixed mode 
that is generated when the initial state h a resting one. It plays the role of 3 bare 
tropic instability in the sense of acting to reduce the horizoatal shear of the zonal 
currents. 

In additica to these meanders. the other prominent features of the flow in the 
equatorial regon at day 398 arc the eastward jet in both laym centered at 4N and 



Fiaura 23. Coatoun of rhr n n i d y  integrated troluponr in the aonliwu mpome to r routh- 
W r l y  wind at dry 398. Contour intenal ir 20 ma wc4 (8) Zonal trampan, a. (b) Meridi- 
oorl mnQmt, 0. 



the undcrcwmt with a mean positioo at about 0.7s. Elsewhere between *So the 
lower layer currents are generally westward. Except that the jet is slightly M e r  
north and its total transport less than in the south wind case, the mean flow between 
the quator and about 5N is very similar in the two cases. The dynamical arguments 
presented in Sec. 7 apply here as well. South d the equator the two cases are quite 
Merent due to the presence ot the undetcumnt at about IS and an additional re- 
gion of westward transport to the south d it. The flow pattern between 3s and 3N 
that we &id at day 398 resembles the s i i a r  calculation made by Chamey and 
Spiegcl(l971). (See their Figs. 9 and 10; they d y  show the regha from 3s to 3N.) 
Row in the meridional plane is similar in the two calculations, with the division ba- 
twcxu northward and southatad surface Bow occurriug at the latitude of the under- 
current. Of course, since their model has no zonal variation, the meanders am 
absent. 

Timedcolcs. The analysis in I showed that them are two timescales governing the 
flow. The h t  of these is the time for the transfer of wind energy to the upper fric- 
tional (Ekman) layer; this is 0 (20 days) in all cases. The second is the time for the 
sea d a c e  to set up and establish the basin-wide pressure gradients. Away from 
the quator this setup time is that given by the linear analysis because the extra- 
equatorial dynamics arc linear. (From our viewpoint the nonlinearitics of tke west- 
ern boundary current region are a local effect that does not iafluence the large scde 
adjustment.) The setup time [0(1 year) at lo0] decreases toward low latitudes with 
the equatorial time varying greatly from case to case. Noalincar effects may either 
lengthea or shorten the comsponding linear response time, with the result that the 
nodinear time varies between 150 and 300 days. 'this setup time varies linearly 
with the longitudinal extent of the basin (for zonal winds, see below). The overall 
setup time for each of the wodd's equatorial oceans is thus longer than or compar- 
able to the characteristic timc for the major wind stress variatioas associated with 
the seasonal cycle. The xeans do not have ensugh time to adjust to be in quilib- 
rium with the winds (tg. Sverdrup balance). 

On the other hand, importan! features of the quatorial circulation are qudita- 
tively present quite early. In all the zonal wind cases there is a significant zonal 
pressure gradient everywhere on the quator at 15 days, the time whea the effects 
ot the meridional boundaries are &st felt at all longitudes. This occurs whea the 
initid Kelvin and n = 1 Rossby modes meet. Noadimensionally tbis time is 3/4T 
whets T is tbe time for a Kelvin wave to cross the basin. For the Indian and Atlantic 
Occans the time T is approximately one moath while for the PacBc it is thne 
months, so boundary rcspows to seasons1 variations have timc to extend across 
each ocean. Another important milestone occurs 11 a time 4T (SO days in the experi- 



ments) when the k t  reflections (i.e., the n = 1 Rossby reflection of the initial Kelvin 
mode and the Kelvin reflection of the initial n = 1 Rossby mode) moss the basin. 
By this time enou* of the zonal rearrangement of mass has beelr accomplished so 
that the circulation qualitatively resembles the steady state. If anything, the time 4T 
b mots siOnificant in the nonlinear cases because the noaliearities tend to damp 
subsequent oscillations, especially with easterly winds. To the extent that the flow 
at this time is in equilibrium with the winds the Atlantic and Indian Oceaus will be 
in equilibrium with the annual component of the winds and the Pacific wi l l  not. 

Nonlinem'ty and wmes. In all cases it is the surface flow on (and near) the quator 
that &st becomes nonlinear; this occurs within three or four days (using a local 
Rossby number as a measure). W~thim two weeks nonlinear distortions of the 0ow 
kid are evident in both layers. Vertical velocities arc large and vertical advections 
play an important role in the lower layer circulation. 

While the mponse to zonal winds involves both wave dynamics and nonlinear 
currents, the southerly wind response (with both resting and east wind initial states) 
is fundamentally nonlinear and wave concepts are inapplicable. It beus little re- 
semblance to its Smear counterpart and the setup time is unrela~ed to that given by 
linear theory. Adjustment occurs primarily in the meridional plane so the setup time 
is largely independent of the longitudinal extent of the ocean. Our mults show that 
in the k t  rnoath the ocean rapidly approaches its equilibrium value, changing only 
padually thereafter (at least until the onset of instability). Since the real oceans arc 
not initially at m t  their response times to seasonal variations may differ somewhat 
from thosc given above. However, the setup time for a southerly wind was about the 
same for an initial state with an undercurrent and one at rest. 

Underwent  dynamics: eostcrlies and westerlies. We have seen that the model's re- 
sponse to easterlies (the prevailing winds in the equatorial Atlantic and Pacific) is 
rather Merent than its response to westerlies (as arc pment in the Indian Ocean 
with the onset of the southwest monsoon; see Wyrth, 1973 and Knox, 1976). In the 
case of easterlies the undercurrent requires an eastwsud pressurc gradient, not only 
as a direct driving, but also to product equatcrward flow. This undercurrent is noa- 
local in character. It becomes established at a given longitude only when the rneridi- 
onal boundaries arc felt there. 

By contrast, the eastward flow st depth in response to westerlies is locally deter- 
mined. The dynamics are frictional and inertial, relying upon frictionally induced 
surface convergence and associated dowowelling to produce eastward momentum at 
depth. Because the response is local it is also quite rapid: within s week the under- 
current is neou1.j at full strength. The data collected by Knox (1976) at Gan is strong 
evidence for tile rapid gcneration of an undercurrent after the onset of westerlies. 

These observations also show that the currents reverse when the winds slacken or 
become meridiond. Knox attributed this to westward flow driven by the pile up of 



water at the eastern side, as in O'Brien and Hurlburt's (1974) numerical calculation. 
The same feature is prtsrlt in our lineur zonal wind response (cf. Sec. 3 a d  Fig 4) 
and was attributed to the eastern boundory Rossby waves overbalancing the wind 
stress. Howtver, the transit time from the eastern boundary to Gan for such waves 
is not consistent with the observations [at least for the k t  baroctiaic mode; bur cf. 
Philander (1978b)l. Such a current reversal is not present in our nonlineur calcula- 
tioa where the pressure gradient slows the inertial eastward flow but is not strong 
cnou&h to reverse it. Our model results suggest another explanation. Since the sub- 
surface eastward flow is driven by local winds, the cessation oZ the wind eliminates 
the source of eastward momentum and the undercurrent can diqappear as rapidly as 
it appeared. The basin-wide westward pressure gradient previously set up by the 
westerlies led to subsurface poleward flow which can now act to carry eastward 
momentum away from the equator. At the same time right on the quator it will 
drive a down gradient flow to the wet. In addition, the calculation of Sec. 7 sug- 
gests that fiow at the equator will be westward in the presence of meridional winds. 

is true whether the winds =e clortherly or southerly). Knox's observations are 
not inconsistent with this, but since the dynamics involve the equatorward advec- 
tions of both suriacc and subsurface currents some howledgc of the currents off the 
quator is needed to decide whether this applies. 

Duwnrtrem variationr in the undercurrent. Our undercurrent calculation resembles 
the observed undercurrent in many important respects. It also shares many features 
with the x-independent model of Charney and Spiesel (1971). but pe.mitting zonal 
variatiots and not constraining the pressure force to balance the zonal wind stress 
makes for some important Uem~ces .  The pressure gradient was larger in our 
model, making it more in line with obmt iona l  evidence (Montgomery and Palmen, 
1940; also see Charney, 1960, p. 305). The terms uu, and vu ,  are of comparable 
magnitude. Previous theoretical studies of the undercurrent in homogeneous oceans 
have neglected the former tenn by arguing that the zonal lengtli scale is much greater 
than the meridional one. However, in the undercurrent u>>v, so thii argument 
breaks down. We have shown that either zonal variations or friction ter~m must 
enter the undercurrent momentum balance. For reasonable values of the coefficients 
of eddy viscosity and realistic basin sizes, zonai variations will enter before addi- 
tional friction terms. (Observational accounts of the momentum balance in the un- 
dercurrent m a u s ,  1966; Taft, et (a!., 1974) have also neglected downstream ad- 
vcctioas, but this is due primarily to a lack of data.] 

The model results show an increase in transport downstream. Such behavior is 
obrmed in the western Pacific where the depth of the thermocline shows little r da -  
tion (as is the case with the model's thermocline). In the eastern Atlantic and Pacific, 
where the thermocline becomes wry shallow, undercurrent transports appear to de- 
crew downstream. To reproduce this feanue it appean to be necessary to include 



some physical mechanism which allows the pressure gradient f o m  to be uacoupled 
from the vertical extent of the undercurrent. One such possibility is the quatorial 
effect of the thennohalie circulation philander, 1973), though it may be enougb 
for the model to allow downwelling beneath the undercurrent con. Obsemtiond 
evidence dots not enable one to determine wiJ certainty if tha loss of fluid from the 
undercumnt occurs in the meridional or the vertical plane. 

Countercwent dynamics. Sverdrup's (1947) explmation of the relationship between 
the North Equatorial ~o&!ercurrent and the curl of the wind stress is one of the 
great triumphs of dynamical oceanography. Studies based on more recent observa- 
tionai data (Kendall, 1970) have shown some discrepancies from the Sverdrup 
balance. The model results in the southerly and southeastcly wind cases suggest a 
possible cause for these discrepancies. 12 both of these cases a strong eastward jet 
developed in both model layers as 3 response to the southerly wind component. In 
the pure south wind cue this jet is centered at 3N; with southeasterlio it is at 4N. 
In both cases it extends to 5N and so would overlap the wind stress curl driven 
countercurrent at its southern edge The evolution of this countemurent was ex- 
plained in terms of the kinematic effects of advection on the linear response in the 
frictional surface iayer. A simple argument based on conservation of vorticity and 
energy was given to explain the steady state flow pattern. This analysis shows that 
the velocity of the eastward jet varies as rYf8 (T is the meridional wiad stress), and 
that its latitude varies as and so is relatively insensitive to the wind speed. 

While we believe the dyaamics discussed above are important to a thorough de- 
scription of the countercurrents in the Atlantic and Pacific Oceans, they appear to 
play a more fundamental role in eqlaining the fiow pattern observed in the qua-  
torial Indian Ocean. Observations in t5t western Indian Ocean during the southwest 
monsoon (Taft and Knauss, 1967, N:-r *rlmds Meteoroicgixh Instituut, 1952) have 
shown weak eastward flow extending r,t-+il of the equator aad then giving way to 
westward currents that have a maximitr : . ~ t  5:: (cf. is). During the northerly 
wind regime (i.e. the northwest monsoo.c/ the reverse pattern is observed over the 
central Indian Ocean, with westward currents south of the equator. 

Stobilily. The zonal wind cases showed no evidence of instability (e.g., meanders of 
the undercurrent) whatsoever. The current system associated with a south wind was 
seen to be barntropically unstable, the instability having a regular wavelike form in 
the zonal direction with a wavelength of 950 km and a period of 29 days. The inter- 
pretation of the standing wave pattern which arises in the southeast wind case is less 
straighdomyd. It appears that by absorbing energy from the mean flow the initial 
western boundary reflection maintains its amplitude at al l  longitudes. This contrasts 
with the linear response, in which this Bessel function shaped mode coUapses toward 
the western side. 



These results are in agreement with the finding of Philanders's (1976, 1978a) 
stabiity studies: the undercurrent itself is stable but the entire equatorial current- 
countercurrent system may be unstable-in particular, because of the large shears 
between the westward flow near the equator and the eastward flow in the North 
Equatorial Countercurrent. This instability is the probable source of the waves ob- 
served on the front between the Countercurrent and the South Equatorial Current 
in the Pacific (Legeckis, 1977). Those waves have a wavelength of about 1000 kin 
and 25 day period. 

The southeast case has an undercurrent which meanders in space but is steady in 
time. In the course of reaching this steady state, the undercurrent exhibited time 
variations not unlike those observed during GATE (Duing et a t ,  1975). Rather 
than being an instability, it is possible that the observed meanders are part of the 
ocean's adjustment to changes in the wind (cf Hallock, 1977), though the data 
record is too short to be conclilsive. 
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Forced baroclinic ocean motions, 111: The linear 
quatorial basin cast 

ABSTRACT 
Pnviour work on tho l i ne r  spin-up of m equatorial octm ic utonded to include the 

decu of the aorth-south extent d the basin, thuc allowing a detailed compuiron of rndytic 
rpin-t.~ thory with numerical ulculrtions. 

Nod-routb modes in 8 bplrae quatorial buia ore solved for both numeridy rad d y d -  
d y .  Simple rpproximrtiolu m developed a d  tho rnodu am cluriaod by the locrtioa of tho 
tudng poinu relative to the zonal walls. The moda am illustrated for three cues: A: a sym- 
metric buin wkose zonal walls arc diuvlt from the equator (compnrcd to the quatorid radiuc 
of Wonnation); B: r symmetric buin whose won1 wails ce clorr to tbr equnto~, and C: r a  
asymmetric basin, one wall of which u dooc to rho qur to r  m d  on8 fu .  

Spin-up in rrrponre to x-iodependent winds in tach of these basins it than calcufattd in term 
of four elements: the r-independent response to the wind; tbe cutern boundary mporw con- 
lktinl of Roarby and Rmty-Kelvin modes needed to bring the u h l d  to uro; the western 
bouaduy raspow consirring ot Kelvin waver waded to bring dw u Aald to tam; MCI the wat- 
M bouaduy layer coaautin~ of trapped shon Rmby wava oe tdd  to bring u to zero and 
meridioodly rediauibute mut. Thew rlcmcnb ur combined to describe bow tho Wrdy (Svrr- 
drup) aotutionr ur rpprorbod Specid rtuation is prid to tbc f u t  phaetary r r t p o f u c  b e  
equatorir~ly condaed Kelvin mode, the ctpooentid anti-Kelvin mod with muimum rmputude 
oa the Zonal walls, md the Rouby-Kelvin mode, tbe latter two baing modes not prclcnt oa r 
mridion8lly o p a  k i n .  

Finrlly, r numerical modal is run to iilwtnte spin-up for vrriour win& in each of the bash,  
k , B L O d C .  

Thir paper is the third of a series describing the linear response to simple wind 
stFcu patterns of an quatorial ocean described by the baroclinic shallow water 
equations. 
h the first paper (Cane and SPrschik, 1976, henceforth called I), we described 

1. Labomtow for 1Umorghaic Scimca. NASA Goddud Spra Flight Cmur. Gmnkl t ,  Mary- 
h d .  20770. USA 

2. Cater for Ear& wl Pl8nrtw Phrria, Hu*ud Uaivmiy, Clmbridw. Mnmchrurtu. 02130, 
USA. 



the response of an unbounded quotorial acean to zonal and meridional wind stresses 
switched on in time and space. The dirpenive properties of these forced wave m e  
tions were clariaed by investiptiug the dispersive properties of a :.xcly ondopus 
system: the barotropic vorticity quation forced by a switched on wind strev curl. 
It w u  found that the asymptotic wcstwrrd response occurred behind fronts propa- 
gating with tho long Roubp nondbpmivo wave speed; md that asymptotic cut- 
ward motions occurred ollly at fotcin~ discontinuities or western bound8riu a ~ d  
consisted of short Rouby waver in the form of Bcucl function "Gulf Streamsn 
npidty thinning with time. These results extend d i t l y  to the planetary wave part 
of the br&c case, this w being completed by the addition of eastward re- 
apoaser behind fronts rravellin8 with the Kelvin wave speed. A method, b d  on 
the one of Mauamo (1966), was then introduced for calcularing the unbounded 
buoclinic response, and this unbounded response w u  calculated for s e v d  un- 
bounded z o d  md meridionat wind s m .  It was found that, in general. zonal 
win& excite a I o d  resorunt response that has the u and h belch growing linearly 
with time md the v Beld coastant with time. By contrast, a meridional wind excites 
104 u and h adds constant in time with no steady v field at all. The rde of the 
equatorial inertia-gravity waves in setting up these unbounded responses was eIu- 
cidated. 

In th: second paper (Cane and Sarachik, 1977, henceforth called XI), we con- 
sidend the effects of rneridional boundaries at x = 0 and x = XB and descnied the 
spin-up af this zonally bounded but meridionally unbounded quatorial ocean. The 
method consisted of three basic steps: (i) the calculation of the fully unbounded 
response, as given in I; (i) the calculation of the boundary rapoases needed to 
bring the zonal velocity of the unbounded mpow to zero on the boundaries; and 
(iii) the calculation of the boundary reflections necessary to bring to zero the zonal 
velocities of my ot the wave nspoara calculated in step (ii) and any of thei;. sub- 
sequent reilections. These boundary reflections in steps (ii) and (i) wen calculated 
by r method due to Moon (Moore and Philander, 1077). .'he method depends ia 
m essential way on the detailed properties of the Hennite functions, which ate the 
coma functianr to use only whea the basin is meridionally unbounded. The mc>- 
doas excited by switched on wind strtues were followed in time and the prech 
manner in which the wave motions conspired to produce the steady (Sverdrup) 
solution was studied. It was found that the approach to the steady sotution is hg- 
nidclntly impeded whea Kelvin waves arc excited, for these Kelvin waves induce 
r sloshing of mur back and forth across the basin with oaly slowly decreasing 
amplitude. It was argued in this paper that despite the unrealistic unboundedness 
of the barin in the lneridimal direction, the results obtained diould be valid in the 
vicinity of the quator. 

It is the purp ne of this paper to explicitly inciude the boundedness of the basin 
in the meridiond direction in the dacrik0ion of the spin-up process and in so doing 



to decide if any essential features are introduced by there boundaries at the north 
and south. Thus we win solve the nondiicnsional shallow water quatiom 

vc+yu+ i r ,=GH( t )  

h,+u,+v,=Q :c) 
subject to the boundary conditions 

whae in general Ya will be taken to k south of the equator and I'M will be taka 
to be north. 

'ihe imposition of meridional boundedues in condition (2b) means that ~e 
meridionat eigenmodes will no longer simply be related to the Hermite functions. 
Hickie (1979) solved for the eigcnvalua and eipnfunctions of a basin bounded in 
one meridioaal dittction and found that the deviation from the Hermitc-like be- 
havior increased as the boundary approached the equator. As we will set, Hickie's 
assumption of unboundedness in one dinctior pliminates some important solutions 
(we will can them anti-Kelvin waves) that wet:: r~eviously noted bj Moore (1968) 
and Mofjeld and Rattray (1971) in their discussions of free modes ot an quatorial 
basin. 

In what follows, the basic method of calculating the time dependent response is 
essentially the same as the method of XI and can be nummizd by noting h e  
equivalent 3-step proces: (i) the zonally unboulfCd, but meridionally bounded, 
rcqxmse is catculatcd; (ii) the eutcrn and western boundary response needed to 
bred to zero the zonal velocity Beld ci the zoually unbounded response of step (i) 
is calculated; ( i i  the eastern and western boundary r q m s c  needed to bring to 
zero the zonal velocity fields of my boundary responses emitted subrequcntly as 
put of step (ii) is calculated. It should be ~o ted  that the inclusion of northern and 
ro\~thern boundaries complicates the analytic probleu\ sipificantly, yet resolution 
of this complication is essential before analytic results can be compared to, say, 
numerical simdatious. 

The plan ot this paper is as follows: the second section will descri'be the eigen- 
W u a  and eigePfunctions of the v equation in a meridionally bounded domain. 
Analytic approximations are compared in detail with numerically gezsrated m l b .  
Special emphasis is placed on moda not present iu ths maidioaally unbounded 
case, in particular the westward propagating Rossby-Kelvin, anti-ECtivin and inmia- 
Kelvin mod* all of which have large amplitude at the zonal boundaries. 

The third section m.iews notation for the vector e i ~ c t i o n s ,  describes their 
complctentst and orthogonality properties, and uw them to imp!ernent step (i), 



F i  1. The dispersion retarion (Eq. (5)) dram for tbc cigcnnlues of the [-3.1.7 w. Tbc 
r=Olowfrrqucay bnnchisthe Kelvin-Roubymodc, h n = O  highfrrpuewybnnch is 
tb inatia?Krlvin mode. 

the calculation of the meridionally bounded but zonally unbounded response. The 
fourth section shows how to calculate the eastern and watern boundary response 
and thus how to implement steps (ii) and ( i )  described above. 

Section 5 will dcsaibc in some detail the timt dependent response of thrte equa- 
torial basins to F = l and S = l wind stresses. This will be done by presenting a 
linear numvical h d a t i o n  of the spin-up process and comparing with the linear 
analytic theory developed in the earlier sections. Fmally, the applicability and limits 
ot this work to the baroclinic response of real equatorial oceans wiU be discused in 
tbc last d o n ,  and our conclusions will be given. 

2 Ib,l!memodadthemuidbdvtlocit).egrnoion 
The homogeneous set of quatiom (I) with F = G = Q = 0 and dependence 

u, v,  h - r""*) can be reduced to a single qdation for v :  

subject to the conditions at the northern and southern boundvies 

v=Oat  Yj, Ys. (4) 

In tams of thc eipnvalues b, the noadimensiond dispmion relation is 



nert are two rinedy independent sotutioas to (3) so that the general solution of 
(3) may be written, in the notation of Abnmowia and Sttgun (1965): 

wherc U(V) is the puabolic cyhdcr hmction that decays (blows up) exponeatiany 
uy++-. 

We will take Ys tobeeorthofthee~urtormd Ys to beuwthsothatapplying 
the boundary condition (4) at the northern boundary yields 

Applying the boundary condition at the tbetouthern boundary yields an eipvalue 
equatioa for the sequence of eigennlucs p.: 

Sia Equation (3) with boundary conditions (4) is of standard Sturm-Liouiville 
fonn, we nlgy immediately condude that the dgcnvdues form a nonnegative in- 
a w i n g  sequence and that the eigenfunctiom are complete and orthogonal on the 
interval [Yd,YY]. 

Equations (6). (7a) and (7b) give the general solution to the problem, but since 
the coateat of these equations is at best opaque we will examine various approxima- 
tiau to the rdutions with a view toward deriving analytic approximations for the 
eimvalues and eigeahmctiant and thus understanding them in simpler terms. 

To begin with, an must recophe that the solutiops U and V have Stokes lies 
in the complex p&ac so chat analytic continuation across these lines changes the 
form of !he representation. Since we will need only the representation of the solu- 
tion for real positive and negative valuer of y, we will need only the auxiliary rda- 
tiom (Abramowiu and Stq~m, 1965) 

both valid for y > 0. Using thzse relatiom in (7b). the eipnvoiue equation can be 
written in terms of UCV) and VCV) with positive argument only: 



where 6, is given by (7a) when p takes on one of the eigenvalucs b. Simplifying 
using the standard relation 

r(-p) T(CC + 1) sin trp = - (9: 

yields 

cot trp" U(-r.  -112, VT I &ti ) ] = 0 . 
+ bm [r(h t. 1) v ( - ~  -1n, V.Z 1 ~ ~ 1 )  

(101 

In the Limit that Yy P, b. 4 0, and using (Sa), the eigenvaiue equation re- 
duces to that of Hidcie (1979) : 

rrcalling that Ys is negative. In the opposite limit that Y8 -, -*, (10) reduces to 
b, + T@. + 1) tan rp,, = 0, or, again using (8a) 

In the limit that both Yx + +a and Ys -, --, (10) reduces to rOs, + 1) tan air, 

= 0, i .~ . ,  p,, = n where n is a nonnegative integer. This limit represents h e  merid- 
ionally unbounded case treated in P a p  I and XI: the functions V never appear aad 
U(-n -1/2, d;i y) are simpIy the Hermite functions H,(y) cxp [-ya/21 mated 
previously. 

For the meridionally bounded case, (10) represents the general eigenvalue equa- 
tion and can be solved in various analytic approximations. These approximations 
can be classified by the location with respect to the northern and southern boundaries - 
of the turning points of the nth eigenfunction at y = * dZp,,+ 1 . 

Then are four cases of interest: 
(i) Both turning points lie well within the basin, i.e., 2 6  4, 1 << YY and Y y a .  

Using the asymptotic forms valid for y2 >> 2p + 1, 
U(-p -1 /2. y )  -, y s  esp [-y",'J] 



gives 

and the approximate eigenvaIue equation 

Since the right-hand side of (14) is small, the eigenvalua arc approximately integer 
and Eq. (14) a be solved approximately to yield 

The eigehctions are oscillatory between the turning points and decaying beyond. 
(ii) ?'be northem huning point lies well within the basin but the southern one lies 

well outside the basin, i.e., Ya2 << 2 f i  + 1 << YyS. 
'Ihe asymptotic relations (12) are again used to give the same 6, as in (13). But 

forP<<2*+ 1 

Y) + r(& + 1) cot 0°C.) 
V(-k -1/2, Y) 

where, to third order in y(2& + I)-'/*, 

The eigenvdue Eq. (10) becomes, approximately, 

tan np. = cot @a (VZ IYal) 

- (,/T yy)2P.+l e-Ya* 

+vw/2 r b  + 1) 
[tan I:& cot 4, (\/? fYsl) -t 11 . 

(17) 
An explicit solution to (1 7) is reached by first solving 

t, T ~ ( O )  = cot [(2hI0) + l)l/r IY4-(=/2) k ' O '  

for h"). (Note that p , , ( O '  is the eigenvalue when Ys -+ + -.) 
The approximate solutions to (17) an then 



The eigenfunctioas are oscillatory from Ya to the turning point and decaying further 
northward. 
(iii) The southern tumiq poiat lies well within the basin but the northern one lies 

well outside the basin, i.e., YFa << 2p,, t 1 << YIa. 
Now 

6, = - I'k + 1) cot 4, (dF Ys) , 
while 

tan n~c. = cot @(fl Yx) 

-(,,fT IYS()*+~ c-Y.' 
+d='2 r h  + 1) [taa np" cot @.(,/T Ys) + 11 . 

Again the quatioa 

is sdved and thc approximate eigenvalua are 

The eigcahractions are decaying south of the turning point and oscillatory from the 
turning point to Yx. 
(iv) Both turning points lie well outside the basin, i.e., YJ' and YX5 << 2p" + 1. 
Only the rumptotic relation (16) need be used for this case. We 6nd 

b. = - r~c,  + 1) cot (0. (vtZ Y.,.) (21) 

aad r~ s cigenvalue Eq. (10) reduces simply to 

sia [(2& + I)'/= (1 raI + YJ) - ( i /6)  ( 2 k  + I)-'/* 

(lY,(' + Y,')] = 0 

with solution, valid to 0(1 /na) , 



The solution (22) and (23), to order nt, is identical to the solution of the equa- 
tion? of motions without any coriolis force at all in a meridiondy bounded basin; 
the corrrsponding eigenfunctiom are just sines. Thc additional terms to O(1) and 
O(l/n') are significant corrections for the low order modes but lose their importance 
for the higher modes. 
Finally, we note that for 2 ~ 4 ,  + 1 large (it need be no smaller than lo), there is a 

uniform approximation for the solutions of (3) (Abramowitz and Stegun, 1965) 

and 

whuc 

and 

- 
9, = (1/4) arc cos f - (1/4) 6 dl - P 

- 
0% = (1 /4) 5 Vp - 1 - (1/4) arc cosh f . 

(7a) and (10) then become 

It w be checked, by usigg the appropriate asymptotics of the Airy functions, that 
cases (i), (ii), (iii) and (iv) can be derived as the appropriate low order limits of (25) 
and (26). 
We wiil illustrate these resuits by comparing these d y t i c  appro.ximations with 



Wrs 2. QcftE Normahod eiOtnmodcr of the v equation (3) for r 1-3.31 basin. (a) Moda 
n=Oto3;@)M&n=4to7. 

Ptrur 3. (riW2 Nonnalizcd eizenmodcs of tho v equation (3) for m uymmctric [-S.l.A 
krin(r)M0darn=Oto3;(b)MoQn=4to7. 

results obtained by solving (3) and (4) by direct numerical means. We will con- 
sider three separate bash, one basin symmetric about the equator whose walls are 
relatively far from the quator, [-3,3], one asymmetric basin whose northern wall 
h relatively close to b e  equator at approximately the same position as the Gulf of 
Guinea, [-5,1.7], and a symmetric basin both ot whose walls are close to the 
equator, [-1.7,l .f]. 

- 
The 5rst eight e i m c ~ o n s  are shown in Figure 2. The k t  four have d 2 p  + 1 

< 3 so thcu turning points are inside the basin. In each of these 6rst four eigenfuc- 
t i w  we see ev;dence of decay toward the northern and southern boundaries with 
osdlatory behavior equatorward of this decay. Starting with the 6fth eigenhmction, 
tho turning points are oufside the basin and no evidence of decay toward the walls 
is sew. In accordance with the properties of the Airy and Bairy functions in (24), 
we notice that the anvclope of the oscillatory part of the eigcnfunctions decays 
t...oard the equator. 

Wc . a ~  compare the numerically obtained eigenvaiue with the two approxima- 
tiom rclevlat to this case+) and (iv). 

The approximation (15) tor the lowest two eigcnvalues is quite good because the 
exponentid decay of the eigcnfunction toward the walls is quite rapid. The approxi- 
mation (23) is  less good because, while the turning points are rcasoaably far outside 



.60042 
1.008 
2.068 
3.406 

ind id  
invalid 
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invalid 

the basin, the dgcnvrlw is not yet very large compared to unity. The approximations 
mlcutgoodwben tbeavningpointkn#rthet#an. 

b. Badn [-5,1.7] 
The ftnt eight ugenhurctioru are shown in Figure 3. In this case, only the lowest 

eigahmction has both turning points inside the basin. E i ~ c t i o n s  1 through 7 
have the northern tuning point outside the basin and the southern one inside the 
k i n .  Eigcafuztctioa 8 (not shown) bu ita southan tuning point right at the 
bounduy, md dOeaiupd01u 9 md .bow have both their turning points outside 
thebuin. 

~~ Eq. (20r) Eq. (20b) Eq. (13 Eq. (23) 
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10.121 
1 1.749 
invalid 
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2.542 
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invalid 
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invalid 
invalid 
invalid 
invalid 
invrlid 
invalid 
invalid 
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invalid 
invalid 
invaIid 
indid 
invalM 
inw'id 
invalid 
invalid 
1 1.343 
13.487 

We roa that in all cwr ths cigenvdua uo reasonably appm~hatcd (to no wow 
thaa r few p t )  by the sxpmsdoa (201, (15) or (23) in the appropriate ~ ~ O I U  

d wlidity. The one exception is the eigenvrlue whose eigcnfunction has a turning 
point at the wall md this oae u approximated to 10%. 

c. Badn [-1.7,1.7] 
Ody the lowat eipduction in this small barin use has both turning points in- 

dQ the boria, aIl others having both turning points outside the basin. The lowest 



eigenEunction looks gaussian, all higher ones a n  indistinguishable from sines and 
cosines. 

Numerical Eq. (15) Eq- (23) 

,107 
invalid 
invalid 
invalid 
invalid 
invalid 
invalid 
invalid 
invalid 

invalid 
1.655 
3.808 
6.803 
10.648 
15.346 
20.896 
27.300 
34.558 

The approximations for the lowest eigenvalue given by (15) i s  quite good, while 
tbe approximation (23), valid wheh both turning points arc outside tho basin, is 
essentially exs t  for the higher eipndues. 
We can summarize the solutions to the v equation by noting simply that those 

low order modes whose turning points both lie within the basin resemble the un- 
bounded solutions in the sense that the eigenvalues arc exponentially close to in- 
tegen and the eigenfunctions arc very close to the unbounded solutions (Hermite 
functions) except that they are brought to zero within a locd Rossby radius of de- 
formation of the boundaries. Those high order modes whose turning poinu both 
lie outside the basin are oscillatory in structure, being quantized by the north and 
south walls, and to lowest order (n3  resemble modes in a non-rotating system, the 
dtctr of @ entering d y  to order 1. 

While the low order v modes resemble their unbounded counterparts, the enforced 
vanishing at the boundaries lads to interesting behavior of the wsociated zonal 
velocity md height fields. 

Comspoading to each eigenfunction 

v,, = U(-p,, -l/2, ~7 y) + b,, V(-/A,, -1 i'2, ~ ' 2  Y) 

an u and h fields given by 

h. = i 
o.2 - k' Ik Y VM - Q) ~ ~ ' 1  i27) 

when o. satisfies the dispersion =lation (5). 
Becsw the derivative of 3 reria asymptotic to v.Cv) need not be ~ymp:otic to 

A, it prom convenient to rc-cxprcss (27)  in t e r n  of U and V only. This can 
dy 



be done using 

(~bramowia and ~ t e g k ,  1965). 
This yields 

u . 0  = i(o,: - k2)-I [(om + k)y v.O - \/z k p,, 

where om and k must satisfy the dispersion relation (5). 
We can illustrate the use of (29) by examining the behavior of the u and h ficlds 

corresponding to the lowest eigenvaIue p,, << 1. Consider, for convenience, a sym- 
metric basin extending from YS = -L to Yy = L where L 1. Then 

~ r , ; r2n -~ /~Lcxp[ -L ' ]  (usingEq.!?~)) 
and 

b - (1 2 (using Eq. (1 3)) 
and 

k w..* - k2 - - = 1 + 2 6  (see Fig. 1). 
0 0  

Consider the region near o,  k - 0, when o, - -k(lp,, + I)-', so that we are on 
the "Rossby-Kelvin" part of the dispersion c w e  (the reason for this nomenclature 
will soon be apparent). The p,, and h, fields can thus be written 

As y gctl large compared to one, the V term dominates and 
(30b) 

P 
t.. -..* , 



F m  4. u, v ,  and h Btldr tor the n = 0 Resby-Kelvin wave. (a) In a basin [-3,3]. o = + .S, 
k = -301: (b) In a buin [-J.1.71, = J, k = -.603. 

For y large and negstive, use of (8) with - 0 gives 

We see that the u and h field corresponding to the lowest eigenfunction cone. 
spond to a westward propagating anti-symmetric Kelvin wave on the northern and 
southern wall. F~gure 4a shows the uo and h, field that belongs to the lowest eigen- 
function in a [-3,3] basin. The amplitude of uo and tr, is O(l/o) with respect to 
vo and so is increasingly dominant at low frequency. 
Using the same son of reasoning, we can easily show that even when the fre- 

quency and wave number are not small, those parts of the n = 0 dispersion curve, 
both Rossby-Kelvin and inertia-Kelvin, that lie near cr, + k = 0 have their u and h 
be16 decay exponentially away from the walls and are thus "Kelvin-like." 
As we go to higher mode numbers n, b, in (29) stays exponentislly small while 

& increases at least as n (and ultimately as n:) so that whi!e neither u nor h gcxs 
to zero on the boundaries, the V tenn no longer dominates and the behavior is not 
Kelvin-like near the boundaries. Fig. 5 shows the n = 1 long Rosby mode in a 
symmetric basin.) 

The two solutions left out of our catalog are those with v r 0 and these cone- 
spoad to: 
(a) An eastward pmpagating symmetric quatorial Kelvin wave 

ur- = hr-  - exp [ -ya/2] ,  o = k 
with maximum amplitude on the equator. 



Figure 5. u. v,  and h W&fw &a n = 1 Kouby mode, in r buin f-3.31 o + .2, k -.690. 

Because the basin is bounded, another solution exists, namely, 
(b) A westward propagating symmetric "anti-"Kelvin w m  

U r +  = hrt+ - exp (ya/21, = -k 

with maximum amplitude at the northern and/or southern boundary. 
As Moore (1968) has pointed out, the dimensional form of (32) near zhe northern 

boundary, say, can be written 

1 (Yr-r)IS k] = e v  [ BY*' 2c ] exP [-r)/L.l [ 2tE 2c ] (33) 
C when is the distance from the northern wall and LB = - 

PYX 
is the Rossby radius 

of deformation characte~Mc to the northern wall. Sice  << 1, (33) shows 

that the function exp ly1/2] docs indeed behave, approximately, like our usual con- 
cept of a coastal Kelvin wave, decaying exponentially away from the boundary with 
scale Ln. 
Sums and diercncts of the (anti-symmetric) Rossby-Kelvin wave (Eq. (3 1)) and 

the (symmetric) anti-Kelvin wave (Eq. (32)) can be taken to produce isolated coastal 
Kelvin waves on either the northern or the southern boundaries in this symmetric 
Case. 

The situation is slightly dilTerent in the asymmetric case. If, say, the southern wall 
is much htrtber from the equator than the northern wall, i.e., IY,I >> YX > 1, then 
the relation be- be and changes to ha = -nb. The northern wail behavior 
in (30) is still dominated by the V term yielding 



Now, however, analysis of (30) for y < 0, using (S), gives a cancellation in which V 
no longer enten and the u, and llo fields south of the equator decay exponentidly to 
the southern wall. ('his behavior is illustrated in F i r m  4b for a [-5.1.71 basin.) 

Isolated northern wall-trapped Kelvin waves can thus, in this asymmetxic casc, 
be constructed out of the n = 0 Rouby-Kelvin mode alone. Isolated Kelvin waves 
tr~m t9 the southem boundary can be constructed out ot an anti-Kc.'vin wave 
(32), with the northern branch subtracted away by an equal amount of 11 = 0 
Rouby-Kelvin mode. 

3. Re* d wt8tion 

a Free modes 
In the last section we have conhidered the eigenfunctions of the v equauon (3) 

subject to zero boundary conditions on the north and south boundaries. If we deFae 
the normalized version ot these eigenfunctions as 

then the normalized vector ot the For;.ier components of the free solutions to (1) 
subject to the boundary conditions (2a) (but not (2b)) can be written 

[u,v,h] = @ s , ; ( k . ~ )  e i(kx-ah, ,(k)t) (34) 
where n labels the mode number 0, 1 . . . . = and j represents one of the 3 solutions 
to the dispersion relation (5). 

Let us introduce the auxiliary vectors, as in I and 11; 

and 

Mmb) = (-Gm'lY), 0, ~$*01 ) )  
and the vmor product 

in ten= of which it u easy to derive the tollowing properties of the auxiliary func- 
tions directly from the defhing Eq. (3): 

[W,,w*l ( 2 ~  + 1) 8,. IW,,*W] = 8,. 

~W&l= ( 2 6  + 1) 8-a Pt,,vm] 9 

PnvVni 8nm [Wn*Vm]= 0 . 



me free s o l u t i ~ ~ ~  (34) then bee- me 

for n = O , 1  . . . md 1 = 1,2,3, where the no&ation factor ZYnJ is given by 

Thew functions are complete, as shown in the Appendix, and have the ortho- 
no=w' ProPerry 

In addition, it proves useful to introduce a vector which has v = 0 aud whose u 
and h components are proportional to the Rouby (a - -k(2p,, + l)-*l) limits of 
(37): 

which has the followiag properties: 

The v n 0 modes d i i  in Section 2 are written: 

b nonnalbd by oa = [J'&~ [* ya/dy] - ' la .  The ME* a* nomalhtd Jnd mu- 
r. 

tu8lly orthogod. The '&I&" solution 3 the equatorial Kelvin wave while the 
'plus" wlutio'k the symmetric anti-Kelvin wave with maximum amplitude along 
the northern and southern boundaries. 

It is tu i ly  vtrified that mz,Wa] [Mr',MJ =: 0 SO that FII*,R.] 0. 
If tither Y, or Ys recedes to infinity the anti-Kelvin wave i* no longer a solution. 

If both Y, md Yr recede to infinity then the mti-Kelvin mode @r,+r, the Rozuby- 
a v i n  mode es,,, and ihe gravity Kelvin mode Qo,, are no longer soIutions. The 
short wave put  of 6 0 . ~  and eo,, then merge to produce the "mixed" mode (d. 
Mauuno, 1966). 

b. The x-independent fo:*ced response 
The forced response to a vector of x-independent forcings F = (F,G,Q) switched 

oa at t = 0 is, by the methods of I: 



where m = ( 2 6  + 
The IUPOUSC ( ~ ( ' 1  t, ~ ( ' 8 ,  h(l)t)  is due to z o d  wind aad tliur torcings-with 

where the noutim (A),, r J A+,, dy. .-J 

Y8 

The rrsponre (uc2), 0, hca) is d . o & d i d  wind torcinp, where g, = (G),. 



'Ib ruponse m, is tbs initial intatid gravity respaase needed to set up the x-in&- 
peedcPt del& (see I md I1 for a thorough dissussion). 

By applying the operator L - (-& - ya ) with zero boundary conditions at 

YI d Yt, it is easy to ret from (44) and (3) that 

Figure 6 shorn tbe results of solving (46) numerically in the three buins of interest 
f a G =  1. 

S i y ,  applying L to the v(') part of (43) gives 

L(v(')) = yF 
8ad in tams of this solution 

h(1b = -vuN) 

R p  7 rho(rrr the results of solving (47a, b, c) in the three basins of interest for 
F =  1. 

c. Examples 
Tbr modal decornpocitio~u of u(') and ~ ( ~ 1  are given, for five different north-south 

buind, in Tabla 1 md 2 tor the cases F = 1 and G = 1, respectively. 



Table 1. Tlw mod.l decomposition ot the maally unbouadcd rum u"' to F - 1 rod its m- 
dcction # the rutern boundary. Tbu third column lists the coefkieatt entering tba suulrrly 
growing pn of (42) and (431, and thr fourth cduran lists the coc6cients of the steady put 
of thia nsporuc. The LUrh column lists the meridionally integrated toad mur flux for each 
moda antaring mw, the sum of all moda summing up to tha toul in the eighth column. 'Ilia 
sixth column gives the d c i e n u  of tha eutern boundary dection of ow in Eq. (54) and 
tha seventh the zonal maas flux of each component of the rekction. 

Basin Mode 



Tablr 2 The modal decomposition of the zo&y unbounded raponso urn to G 1 and its rellec- 
tioa at the eastern bouadary. The third column litu the coemcierrtr 2. = (1). in Eq. (44). the 
dhh column lisu the meridioallly integrated zonal mpu 8ux for each mode. The h c t h  col- 
umn litu the coefiients of the eastern bouaduy reflection in Eq. (55). while tb sixth gives 
the reflected mas  compoading to it. The last column giva the constrat h in Eq. ( 5 3 .  

Basin Mode p. c u,(a p t t  $ysP, L 
r8 



For the G = 1 case, g, = (1)". so that in basins symmetric with respect to the 
equator, d y  even (symmetric) modes enter, while in the [-5,l.n basin, all modes 
enter. Since they are orthogonal to the f o e  (O,G,O), note that neither the Kelvin 
nor the anti-Kelvin waves can enter the sum for ~ ( 8 ) .  The meridionally inttg~arcci 
zonal maes Eu?r is defined for each mode u,,t2) of (44) as 

where (44) and the definitions .(35) have been ued. Ody in the asymmetric basin 
[-5,l.n does U(') have any meridionally integrated zonal mass flux-in the sym- 
metric basins (I)&), = 0 for each mode by symmetry cwsidaiatiom; Figure 6 
makes this dear. 

For the F = 1 case, the coefficients of the part of (43) that varies as r are d ~ -  
= 2-'/'(l)r-, dx+ = 2-1/2(l)r+, and r, = -(2p,, +I)-I (y). and are listed in the 
third column of Table 1. The meridionally integrated zonal mass flux co~spond-  
ing to these mode are Ur- = 2-I [(l)r']', UK+ = 2-' [(l)r+]t, and U, = [O,]' 
[4hOL, + 1) ( 2 h  + l)]-I and these fluxes an shown in the fifth c01umn.~ 

It is of special interest to note that for those basins symmetric about :be quator, 
the anti-Kelvin part of u(l) carries more mass flux as the basin gets smaller. a(') in 
the infinite basin has no anti-Kelvin part (by the requirement of boundednes). As 
we go to the 1-5,5] basin, the lowest few modes are essentially unchanged from the 
unbounded case because their turning poinu arc still wen within the basin. Essen- 
tially the only difference between the unbounded case and the [-5,5] case is the 
anti-Kelvin contribution, as can be seen graphically in Hgute fa. Ps the basin gets 
smaler, the anti-Kelvin mode increases in importance until we get to the [-1.7,1.7] 
basin where we see that essentially all the zonal mass flux in at1' can be accounted 
for sdely by the Kelvin anc anti-Kelvin modes. 

Our method, as in Papen I and XI ,  cox~~isu of calculating the zonally unbounded 
response and then &ding the rapoarre at the meridional boundaries x = 0 and Xa 
needed to bring the zonal velocity to zero. T b w  boundary responses eventually 
reach the other boundary where they generate a d d i t i d  boundary responses, again 
those needad to bring the zonal velocity to zero. The d e h e d  sequences of evenu 
leading to spin-up will be described in the next section. 73ii section will show how 
to calculate all the needed boundary responses for use in the following seaion. 

We should, at outset, make clear the relation between the method used in the 

3. Note tbrt rhe total muc dux in the tonally unboundrd solution ltisd in the eiafh column of 
Table 1 and the m t b  of Tabk 2 ia ntcbed by numtricUy inugradn8 urn and ucU, respectively. 
Tha CaiIum of rhs modal sums to add to fha total in the b u i n  cam u r rncuum of the tou l  incurred 
m r  and nowhere u c a b  half i percent 



meridionally unbounded case in I?( (Moore's algorithm; Moon and Philander, 1977) 
and the method used here. Moore's algorithm depends on the detailed propaties of 
the Hermite functions whereby the and h, 6eld corresponding to meridional ve- 
locity v, have components only involving Hermite functions n + 1 and n - 1. Thus 
at each boundary u, is cancelled only by contributions from &+, and k,, and 
Mmrc's algorithm results. In she meridionally bounded case, however, the eigen- 
values do not Wer  by integers so that while u, can be expressed as parabolic cylin- 
der functions of order ~ 1 ,  * 1, these same cylinder functions are not also parts of 
y =, : Moore's algorithm fails. The method we used instead is one of projections. kr 
the meridionally unbounded case, we have already demonstrated a unique corn- 
spondencc between projection coefficients and the coefficients of Moore's algorithm 
(Eq. (17) of Il). In the meridionally bounded case only the projection method 
survives. 

a Western boundary response 
The zonally unbounded solution (Eq. (42)) has planetary wave partl varying only 

as P (s  = 0 or 1). The western boundary response must consist of a &lvin wave 
plus a sum of terms composed of short wavelength Rossby waves: these are the only 
planetary modes with group velocity to the east. This response may be written, as 
in n: 

aw(x,y,t) = bKH ( t  - x )  ( t  - x)' WK-(y) + u"(x,y,t) (48) 

where, to the lowest order in t/x, uB is nondivergent with its meridiod velocity 
component in geostroptic balance with the height field: 

with 
XW = xbm$a69 . 

Yr 
Because x = 0 at Y3 and Yy it is clear that 1 u. (x,y.r) dy = 0. nus, since uw + 

Y' - - 
u0)P = 0 at x = 0, we can integrate to yield- 

where 

is simply tbe projection of 1 on the Kelvin mode, and is known for each basin. 
T&us, as in II, the Ketvsn amplitude is determined by noting that all the incident 

zonal mass flux onto the western boundary is nnuned by the Kelvin wave. An ob- 



v i m  corollary that will prove useful in what follows is that no Kelvin wave is ex- 
cited off the western boundary when the incident htegrated zonal mass flux vanishes. 

With br h o r n ,  

and the 6,'s can be obtained by projection &om the now known function x@). 
Any Rossby, Rossby-Kelvin, or anti-Kelvin modes emitted as part of the eastern 

boundary response (described below) produce a western boundary response that can 
be calculated exactly as described above. In particular, all the meridionally integrated 
zonal m w  flux is nhuned by the Kelvin wave. 

b. Eastern botcndary response 
We have to calculate the caster?. boundary response needed to bring the un- 

bounded zonal velacity to zero and to reflect my Kelvin waves emitted by the east- 
em boundary. 
As in 11, we can use (lb) and (2a) to conclude that, asymptotically, the effect of 

the incident Kelvin mode and its reflections in the anti-Kelvin and Rossby nodes 
is simply to raise the height uniformly (in y) at the eastern boundary by an amount 
A : 

Taking projectioas successively with MK-, ME+ and R, yields 

We can dso see from (52) and (53) that the meridionally integrated mass flux 
associated with the reflected anti-Kelvin wave is in the opposite direction to the 
meridionally integrated mass flux associated with the incident Kelvin-wave. The 
Rossby waves (including the n = 0 Rossby-Kelvin wave) must carry off the differ- 
ence of the mass flues due to the Kelvin and anti-Kelvin waves. 

The eastern boundary response needed to bring the zonally unbounded rcs?onse 
to a zonal current in (43) and {a), d form u(y)P to zero will have the general form 

when 
t =  ' + (2* t 1) ( x - X ~  



and 
t = t + x - X s .  

The respnse to the Rossby and anti-Kelvin mode in (43), for example, is the 
corresponding free mode with the same structure. Thus t rn R,, generates an eastern 
boundary response -r, t H ( t ) R ,  and tdr+ M.+ generates an eastern boundary 
response - d ~ +  k H ( b ) M L + .  The eastern boundary response to the Kelvin part of 
(42) is found in an obvious way using Eq. (53) to find the reflected coefficients. 

The eastern boundary response to the unbounded response benerated by a 
meridimal wind, (a), is a bit different. The bondary condition at x = Xs is that 
u'') + ~8 = 0. Since 4') = 0 and s = 0 in (51) we have that v'" + vs = 0 and it 
then follows from (2b) that h, = G. A concise statement of the preceding argument 
is that, at x = XR, 

where h, is as yet an unknown ccustant. This constant can be determined by noting 
that the Kelvin mode ML- is orthogonal to each term on the left-hand sir'. c: (55). 

Projecting MK- onto (55) and using the notation I(y;G) = J: ~ ~ ) d y '  gives 

ho = -(o~-/(l)K- . 
Once ho is known, the c's can be found by projecting b l ~ +  and R,, onto (55): 

and 

It should be emphasized that the results (48), (52) and (55) are asymptotic results 
and cannot be expected to hold at all times. Thus, for example, if an anti-Kelvin 
wave should hit' the westem boundary and reflect as boundary trapped modes aB 
plus a Kelvin wave according to (48). it will take time for the Kelvin wave, whose 
amplitude is locaked about the equator, to be produced by the anti-Kelvin wave, 
whose amplitude is localized near the (possibly distant) northern and southern 
boundaries. The necessary communication cannot be accomplished at a speed faster 
t h b  the fastest wave in the problem, namely, unity. It in fact does seem to take 
place at speed unity by northward and southward propagating waves; these may be 
thought of as wall-Kelvin waves. Similarly, when a Kelvin wave hits the eastern 
boundary, the heigrit field is raised 6rst at the equator and then, with speed unity, 
to the north and south of the quator until the height is uniformly raised at the cast- 
ern boudiuy. The asymptotics of this process is analyzed in some detail by Ander- 
son and Rowlands (1976). 



Tabh 3. T& mtom bomdary nhctioa of Mav. 'Lhr fourth column Ilro th c#mdenu .p 
pruhlia Eq. (32), tbr dhhw tha amount or nnocted mrridiody imyntrd w ma8 
doxfauchmods,mdthrixthliwthopurs?ityA iaEq.(32). 

[-1.7,1.7] .I18 
K(+) 0.96 1 -.92? 
1 1.603 1.122 -.Of3 
3 6.797 .618 -.002 
3 15.344 J98 -2 X 10- 
7 27.299 293 -3 x I F  

c. Eurmplrr 
In this subsection we will examine the ew*tm boundary mponse to pn incident 

Kelvin wave in five buim of intmst, and the boundary response to the unbounded 
rolutioarforadbyG=l audF=l inthuesametlwbasins. 

Table 3 lira the low order terms in Eq. (52) for the response of a Kelvin mode of 



unit amplitude, Mr-, striking the eastern boundary ot five barins ot didemt north- 
south extent. In the unbounded buin, the Kelvin wave reflects only in the odd n 
modes (whore zonal velocity ia symmetric) with halt of the incident meridionally 
integrated zonal mass flux, Or- =: 2-'/' ( 1 ) ~ ~ .  being nflccted in the n = 1 mode, 
cmd slowly decreasing amounts in the higher modes. Since in the unbounded crre 

we can use the summation formula given in the Appendix of 11 to verify that 
m 

U, = -Vg-. We see from Table 3 that 27% of the toad mass dux is rrtutned 
d 

1 

in modes n = 9 and higher. Again, wing the summaticin tonnula in the Appendix 
of 11, we verify that 

so that 

When we move to the [-53) basin, we sea that 24% of the incident Kelvin wave 
toall mas flux is now returned by the anti-Kelvin wave while the amount retPrned 
by the 6rst few Rouby waves M y  changer. In tact, we cur w i l y  verify that the 
anti-Kclvin mode in a basin (-LL) for L >> 1 reflects m unaunt ot mur dux 

which in turn is quol to the sum of the mpu flues that would hove bcrn returned 
b y  ail the unbounded modu wharr turning point lirt bey& L4. Thua in a bounded 
basin [-LJ], only the modes whose tuxning points lie witbin the buin, 215, + 1 
< L" dcc t  any mass fluS while the p w l y  oscillatory modes for which 215, + 1 
> La ndect none. Thw, tot the narrow basin case, f-1.7,1.7], almost all the inci- 
d*nt Kelvin mass dux is nff~ltcd by the anti-Kelvin mode. 

The wesrcin boundary response to the unbounded solution o(', and o(*), In re- 
rpoa* to F = 1 and G = 1, rrspectively, contains a Kelvin wave whose amplitude 
is such as to reflect all the mw flux, according to Eq. (SO). The total tonal mass 
fluxa arc listed in Tables 1 and 2; the bt's are then gotten from (50). 
The eastern boundw respow to the unbouaded soiu5oa ocL, and F = 1 is 

given in Table 1, and to the unbounded solution u ( ~ '  for G = 1 in Table 2. 

4. The dnt put of rhir d t  b obt& by uymgtoticrlly upndfn8 rbr in- in C'.'; Vc' in 
L r b J I I h r r c o o d p r r t L o b u i n r d b ~ u r i n l ( J 7 ) ~ ~ V + + - L ~ r o d u r i a l S u f i i n l ' c f ~ t o  
expand lor lup N. 



In order to illustrate and make concrete the analytical results presented thus far, 
we will in thb section present numerical results for the lineor timedependent re- 
rpow of three quatorid basins to the simple wind stress pattern F = 1 a d  G = 
1. The drrt bash has its northern and southern boundaries relatively far from the 
quator at 2 5 ;  the second is relatively narrow and extends from -1.7 to C1.7; thc 
third it asymmetrical with its northern boundary at +1.7 and its southern boundary 
at -5. AU three basins will be taken to be 10 units long in the zonal ditection with 
the western boundary at x = 0 and the eastern boundary at x = 10. Since neither 
of the simple wind stresses we have chosen has curl, the steady state to which each 
basin will tend is simply the one in which the height Beld gradient balances the im- 
p o d  wind stress. Thus in the F = 1 case, the height field in all thee basins wiIl be 
tilted from -5 to 5 with longitude; in the G = 1 case the height field will tilt uni- 
formly with latitude from -5 to 5, -1.7 to 1.7, and -3.35 to 3.35 in the wide, 
narrow and asymmetric basins, respectively. 

The numerical model used to simulate these ocean responses has been described 
elsewhen (Cane 1975, 1979). Because we ran three basins for each wind stress and 
each unit of nondiaensional time required 60 computer time steps, practical con- 
siderations limited the total number of computer time steps tc 3840 (64 nondimen- 
siond time units) for each of the six cases. 

a. ThcF=lCase  
We will begin discussion of the F = 1 case by reviewing the meridionally un- 

bounded situation as discussed in XI. As soon as the wind begins to blow, inertia- 
gravity waves are excited in such a way that by one or two units of nondimen- 
sional time, the unbounded solution (ucl't, v c " ,  h'l't) has been fully developed. Also 
at t = 0 a full set of Rossby modes, n = 1, 3, 5, . . . . , begin propagating into the 
basin from the eastern boundary, and a Kelvin mode carrying the meridionally in- 

tegrated zonal mass flux I g u ( L b r  dy propagates into the basin from the western 
-0 

boundary. The initial solution is therefore: 

where the ccdcient of the propagating Rossby modes is partly .he direct eastern 



boundary resporue to the Rouby pan of dl) and partly the eastern boundary re- 
rponse to the Kelvin part of ucl). I! we note that blc = - ~ r - l / ~  (T"~ + UR), where 
al/* md UI are the total meridionally integrated zonal mass fluxes in the Kelvin and 
Rouby parb of u ( ~ )  (Un = +.350 in the unbounded case according to Table 11, and 
it we auume that enough time has gone by for dl the Rouby modes to reach the 
point r ,  then (5 8) becomes, wing (52) : 

The (0,Op) part of (59) has the correct slope but not k c  correct level to be the ha1 
steady state. The additional terms are those due to the initial Kelvin mode. The 
second tenn in particular does not stay around longer than t = l&it then hits the 
eastern boundary producing z new series of Roseby modes. The Rossby modes, 
when they hit the western boundary, produce new Kelvin modes. We see therefore 
that while the kitial solution contains enough Rossby modes to bring the height 
field to its correct tilt, it also initiates motions which continue to slosh miss back 
and forth across the bash (see II tor a more complete discussion). 

The initial series of re0ect'ons for the unbounded case can be described v fol- 
lows. At t = 0 a Kelvin mode of negative amplitude carrying negative mass flux 
leaves the western boundary while a Rossby mode leaves the eastern boundary. The 
effect of these modes can be easily seen on the height field section across the equator 
in Figun 8. (Since the meridionally unbounded case cannot be simulated numeri- 
cally, these figures were generated by summing modes.) The initial Kelvin mode, 
urrying negative mass flux, lowers the height field while the initial Rossby wave, 
also carrying negative mass flux, raises it. I h e  flat part of the height field at t = 4 is 
simply the secularly growing part h("t--it grows as if zonally unbounded because 
the decu of the boundaries have not yet reached it. At t = 7.5 the initial Kelvin 
and first Rossby modes meet and no secularly growing flat part cf the height field 
remains. ,',t t = 10 the initial Kelvin mode hits the rastern boundary and reflects as 
a Rossby mode of positive mass flux: this mo;e lowt. s the height ficld to its a t  a 
it propagates westward with sped  1/3. Thus the height field at the eastern boundary 
decreases uniformly with time until r = 40 when the Kelvin mode, due to the n0ec- 
tion of the &st Rossby mode, hits and starts increasing the height field uniformly 
with time. At the western boundary the height field decreases uniformly during 
timu 0 to 30 whereupon the second Rossby mode amves producing a Kelvin mode 
of negative mass flux; at t = 40 the height field again begins to fall at the west. 

The situation in the meridionally bounded basin is very different. Figure 9 shows 
the reflection diagram for the [-5.51 basin, keeping track of only the Kelvin, anti- 
Kelvin and n = 1 Rosby modes. The initial unbounded solution iua:r, v r  :', hl l ' t )  



Filum 8. Aa equatorial sectiw for x 0 to 10 ot the heifit &Id m the 
bounded F 1 m e .  (a) Tima t = 4 to 24; ( ' 1  Ties r = 28 to 48. 



F i i  9. L M o n  d i m  for [-5.n buio bounded zonally at r = 0 and 1U rubjst to uni- 
f m  wind stress F 1. Kelvin m o d e  (K-) leave the watcrn boundrry; oaly the n t I 
Rooby ( I )  is kept track of leaving tha eastern b o u n m  .od the anti-Kelvin mode (I+) u 
rto emitted at :he e m .  The anlpiitudes u e  written next to the mode 4migndon. 

contains an anti-Kelvin mode of amplitude ,655. (Note from Table 1 that the coes- 
dm& of the Kelvin and the first four Rouby modes are essentially the same as they 
am i. the meridionally unbounded cw-t!x major di8erence between the cases is 
the presence of the anti-Kel-An mode.) At the western boundary 3 Kelvin mode re- 
flecting the mass f!sx of the Kelvi~ and Rouby parts of u"' is e i n e d   immediate!^ 
while the Kelvin ricde, which h tu reflect !he mass flux of rhe anti-Kelvin part of 
0(1), cannot be emitted until the initial anti-Kelvin mode has communicated with 
the equator. As discussed in Section 4, this communication c m  be thought of as 



F i i  10. Contour plot ot height drld rt t = 2 for F = 1 forcing in a [-SJ] buin bounded 
t o a r l l y u x = O m d x =  10. 

talcin3 p b  by means of quatorwvd rnvelling wall-Kelvin waves which do not 
mcb the vicinity of the equator ustil t a 5- is indicated in Figure 9 by an 
a m w  on the western bouadary leading to the emissios of a Kelvin mode at t = 5. 
S i y ,  u the &tern boundary, the Rossby and anti-Kelvin response to the 
Romby and anti-Kelvin parts of o(') arc emitted almost immediately while the anti- 
Kelvin rmpomc to the Kelvin pu t  of d l )  takes approximately 5 time units to de- 
velop while wall-Kelvin waves travel toward the mcridional boundaries to make the 
connection. At later times, every anti-Kelvin mode hittihg the western boundary 
prodpccs a wall-&lvin wave that mvek to the equator before producing the re- 
flected Kelvin mode and m r y  Kelvin mode hitting the eastern boundary produces a 
wall-Kelvin wave thu avels  to the northan and southern boundaries before p m  
dudrig the reflected an5-Kelvin mode. The amplitudes for the various modes and 
rtdectionr ate given in Figure 9 until t = 70. 
Figure 10 illustrates t h e  initial featrua: it shows the height contours throughout 

the basin at t = 2. The unbounded d l )  solution (compare to Fig. 7a) is clearly 
vin'le in the center of the buin when neither the Kelvin nor the 6mt Rossby have 
yet arrived. On the wetera boundary, the deepening effect of the &st Kelvin wave 
extending to x = 2 is  en, and near the northern and southern boundaies the anti- 
Kelvin part of n d a g  the corner as a wwalf-Kelvin is seen. At the a t e m  
boundary the Rosrby mode should e . w d  2/'3 of a unit into the basin but inevitably 



FiSm 11. An equatorial rectioa from x = 0 to 10 of t8c hciyht tleld in che [-5.51 F = 1 me. 
( . ) T 1 1 1 # ~ = 4 t o 2 4 ; ( b ) T ~ 1 = 2 8  t048. 

precursors travelling as fast as speed unity prodr?cc wiggles that extend a full 2 units 
into tk basin (see Section 3 of Paper I for a discussion of precursors and the disper- 
sive modification of propagating Rossby fronts). T5e initial anti-Kelvin mode of 
negative amplitude (therefore positive height field) is sun  propagating westward aad 
canding the negative height (growing with t )  anti-Kelvin mode of the unbounded 
solution. Fmally, the wall-Kelvin (of positive height) is seen propagating toward the 
northern and southern boundaries. A similar contour plot 2 time units later would 
show these trends continuing--the unbounded soIution u"' continuing to grow as t, 
the initial Kelvin mode continuing to lower the height field behind it as it propagates 
erutward, and the initial Rassby mode continuing to nise the height field behind it 
as it propagates westward, while the wall-Kelvin waves continue their journey along 
the eastern and western boundaries. 

We can follow the progress of the system in time by examining Figure 1 la ,  an 
equatoriaI slice of the height fieid from the eastern to western boundary. The deep- 
enin; at the western boundary behind the initial Kelvin front proceeds faster than 
the comparable meridionally unbounded case in Figure 8a between times 4 and 16 
because of the additional ;*ion of the Kelvin mode of negative amplitude at t 
= 5 due to the reflection of the anti-Kelvin part of a") in the basin case.' This more 
rapid deepening continues until t = 15 when the emission of a Kelvin mode of posi- 
ti% ~nptitude slows the deepening rate back to what it was in the meridionally un- 
bounded case. At t = 20 another Kelvin mode of positive amplitude is emitted and 
the deepening slows even more. At the eastern boundary, the raising of the height 
field behind the initid Rossby m d c  emitted at t = 10 proceeds as in the meridionally 
unbounded c w  until t = 15 when a Kelvin mode of negative amplitude arrives and 
is reflected as a set of Rossby modes of negative amplitude. The lowering of the 

5. The Wght field at t = 4 at the west is not or deep u in tb ddionaily unbounded Firam llo 
kaurr rha wind $par had to k tuned on gndurlly over the Bnt tima Mod for numerical r w n s .  



Piaura 1 2  A m e r i d i d  sation of the height field at x = 1 from [-531 for the F = 1 case, 
(8) Tima t 4 to 24; (b) Thna t = 28 to 4% (c) l"~rncs t m 52 to 64. 

height field between r = 10 and t = 25 therefore p roaeb  faster than in the merid- 
ionally unbounded case. Note in Figure 1 la that despite the fact that the fronts 
have been smcathed by dispersion relative to Figure 8a, it is stilt p d b k  to trace 
the Kelvin and the larger Rossby fronts across the basin. 

At t = 30 the h t  n = 1 Rossby mode bits the western bouadary emitting a posi- 
tive amplitude Kclvia mode and at t = 40 the second negative amplitude Rossby 
mode hits the boundary emitting a negative Kelvin mode. The height field at the 
western boundary should then begin to increase at t = 30 and decrease at t = 40. 
F m  l lb ,  however, Bows &at the height Beld increases very slowly from r = 32 
to 40 and continua to increase from t = 40 to t = 48 (it stam decreasing rapidly 
only after t = 48). What is happening is that wall-Kdvin waves hanging around from 
previous retlections are contaminating the results at the equator. 

We can remove this contamination and see more cleariy the progress of the n- 
spouse by examioing a meridional dice of the height field at x = 1 (Tig. 12). As we 
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Figure 13. SMI u Figurn 10 but at r = 64. 

have seen, the deepening proceeds rapidly from t = 4 to 20 fig. 12a). The slowing 
of the deepening at t = 20 and 24 due to the emission of the Kelvin modes at the 
western boundary at t = 15 and 20 is clearly seen as is the arrival of the anti-Kelvin 
modes at t = 9 and I4 which reverse the anti-Kelvin amplitude. The k t  Rostby 
hits x = 1 at t = 29.7 and by t = 36 12b) the characraistic n = 1 Rowby 
structure (compare to Fig. 5) has grown strong enough to be seu! in the height field. 
The arrival of the strong anti-Kelvin at t = 24 begins to lower the anti-Kelvin ampli- 
tude as is clw in Figure 12b. The arrival of the second Rossby at t = 39.7 and its 
nflccted negative amplitude Kelvin at r = 41 is most clear in the height dcld for 
r = 52 (Fig. 12c) whm the large R d y  amplitude from the &st (pasitiw) Rossby 
mode has been effectively cancelled by tho anrival ot the second (negative) Rossby 
m o d d y  a remnant b left by t = 52. The arrival of the positive Rossbp at r = 
59.7 is slightly evident in the t = 64 curve. 

A contour plot (Fig. 13) of the height Beld at t = 64 (the last time computed) 
shows that the haght dcld is datively well set up dong the quatorial regions, less 
wdl set up away from the quator, and still leu wen set up away from the equuor 
toward the wet. This is understandable 9 tams of the large number of initiaI 
Rossby modes, n = 1, 3, 5, etc., tbrt have reached longitudes close to the eastan 
boundary--at the &er end of the basin, however, the n = 3 Rossby mode has not 
yet reached the western boundary by t = 64. 

The gross energetics of the spin-up proms arc summarirtd by Figure 149 which 
shows potential and kinetic energy as a fun\ J of time. The kinetic energy is in- 
creasing rapidly witb time until t = 7.5 when the initial Kelvin and Rossby modes 
meet aad the initial rapid acceleration stops. The potential energy continues to in- 
crease as the initid Kelvin mode lowen the height at the west and the initial Rossby 
raises it at the east. It reaches a peak (i.e., the height k l d  is maximally tilted) be- 
meen t = 16 to 20 and then begins to dedino u tho emitted Kelvin modes in the 



F i  14. Energy venw time for the F = 1 asc. (8) BYin [-SJI; (b) Buin [-1.7,1.7]; (c) 
Buin [-S,l.fl, Uaia ubimry. 

west and the second Rossby mode in the east act to reduce the overall east-west 
tilt. The subsequent periodicity is approximately 40 time units-the roundtrip time 
ot r Kelvin-Rossby mode transit. 

Tho Rossby modes lose their importance in the [-1.7.1.71 case as can be seen 
from Tables 2 and 3. We may thus understand this case almost entirely in terms of 
the Kelvin and anti-Kclvin modes (since the northern and southern boundaries are 
so close to the quator there is considerable overlap between the Kelvin and anti- 
Kelvin modes and the delay due.to the travel of the wall-Kelvin is substantially 
absent). The initial Kelvin mode emitted from the east at t = 0 has an amplitude 
of -2.36, canies all the mass flux of the meridionally unbounded solution (-2.88), 
and lowers the height field behind it as it propagates toward the east. The initial 
anti-Kelvin emitted from the east has amplitude -2.35, carries mass flux -2.76, 
and r&u the height field as it propagata westward. Since both the Kelvin and anti- 
Kelvin work to increase the east-west tilt, the potential energy will increase mono- 
tonically until t = 10 when the Kelvin mode hits the western boundary. Since the 
anti-Kelvin mode carried almost all the mass flux, it reflects Y a Kelvin mode of 



F i  15. Sun? u F i m  10 bct for r f-5,l.q bash. (a) t = 2; (b) t = 64. 

amplitude +2.26 which tends to raise ihe height field behind it. Similarly, the Kelvin 
mode reflects at the eastern boudary as an anti-Kelvin mode of amplitude +2.27, 
which now tends to 10~:r the height field behind i t  By t = 20 almost all the tilt 
induced by the initial Kelvin-anti-Kelvin pair is wiped out by the reflected anti- 
Kelvin-Kelvin pair: the height field becomes almost flat. The potential energy then- 
fore has a periodicity of 20 time units md it almost reaches zero at its minimum; 
Figure 14b. The kinetic energy is largest when the height deld is changing most 
rapidly and so hns a periodicity half that of the potentid energy. 

The asymmetric basin [-S,1.7] provides an intermediate case, containiag some 
feanves of both the wide basin and narrow basin case, as well as some features 
uniquely its own. Becs;.ce of the lack of symmetry with respect to the equator, dl 
modes will be exated. Tables 2 and 3 show that the n = 0 Rossby-Kelvin mode 
(Fig. 4b) is especially important in this asymmetric basin. Figure 1Sa shows the 
height field at t = 2. Now tho amplitude on the northern wall is mostly Rouby- 
Kelvin while the amplitude on the southern wall is pdominatdy and-Kelvin. The 
dominant periodicity u now t = 20, the Rouby-Kelvin-Kelvin roundtrip transit 
time but, as can be seen in Figure 14c, the successive peaks am delayed because of 
the &t time of the wall-Kelvius needed to communic1to between the Kelvin and 
anti-Kelvin modes. The state iu the end ot 64 time units, Rg. 1 Sb, shows the height 
field evenly tilted in the northern part of the basin but again less well spun up in 
those parts of the southern region wbcrs the higher Rostby modes have yet to 
reach. Even in the northern regions, however, the height deld continues to undergo 
d a t i o l u  as tbe Kelvin mode sloshes mass across the basin. 

b. ThaG= I case 
In the muidionally unbounded situation ( d i s c d  in Paper 4, the G = 1 forc- 

ing cxates no Kelvin or anti-Kelvin modes; only wen n Rossby modes. By sym- 



Figure 16. Energy versus time for the G = 1 we. (a) Basin [-5.51; (b) Basin [-1.7.1.71; (c) 
Basin [-$1.71. 

me@ considerations, none of these modes contains any net meridionally integrated 
zonal mass flux, so that upon reaching the westem boundary no Kelvin waves will 
ever be excited. According to Eq. (55), the zznally unbounded solution plus all its 
reflections sum simply to (O,O,y), the 6nal steady state. The r#ponse therefore pro- 
ceeds relatively straightforwardly: the mom Rossby waves emitted from the eastern 
boundary at t = 0 that reach a given point, the closer is the height field at the point 
to the final state. Thus points closer to the quator and to the eastern boundary spin 
up faster. The spin-up is monotonic with time-no Kelvin waves exist to slosh mass 
across the basin. 

The response in the [-5,5] basin is very much the same as in the meridionally 
unbounded case except that the lowest planetary mode excited at the eastern bound- 
ary is now the n = 0 Rosby-Kelvin mode which does not exist in the meridionally 
unbounded case. 16a shows the energy diagram for the [-5,5] basin. The 
wiggles, of period about 2n, are the initial n = 0 inertia-gravity waves (at k = 0, 
o r 1 in Fig. 1) which are excited initially to produce the zonally unbounded solu- 
tion (ucZ', 0, h(? ) )  in Fig. 6a. Because the zonally unbounded state has 3 height field 



which is tilted near the quator some moderate fraction of the h a 1  height field tilt 
and because this zonally unbounded state does not grow with time, the magnitude of 
the intcrtia-gravity oscillations are moderate and remaia of constant amplitude. The 
initial k = 0, cu m 1 has a group velocity to the east and reflects as a k = -1, 
o m 1 inertia-Kelvin wave-these reflections continue forever superimposed on the 
rnonotwically spinning-up height field. 

Meridional sections of the height field in the [-5,5] case taken toward the end of 
the simulation (t = 64) indicate that the eastern part of the basin is almost corn- 
pletely spun up, as we expect, while the degree of spin-up at t = 64 decreases as 
we move westward across the basin. Because the n = 0 mode has its largest ampli- 
tude at the northern and southern walls (Fig. 4a) and travels with speed near unity, 
the regions near these walls are spun-up even at the west while substantial parts of 
the region between these walls and the equator have not yet felt the influence of any 
Rossby modes from the east and so are far from spun-up. 

The energetics of the response in the [-1.7,1.7] case are shown in Figure 16b. 
In this case the inertia-gravity waves needed to set up the zonally unbounded solu- 
tion have extremely large amplitude because the height field of this zonally un- 
bounded solution (Fig. 6c) has a very substantial part of the tilt of the h a 1  spun-up 
height field. The envelope of the potential energy is modulated by the n = 0 inertia- 
gravity wave roundtrip transit time (cakulated from the group velocities) which in 
the [-1.7,1.7] case is about 40 time units. 

The asymmetric basin case, [-5,1.7], is completely diflercnt from the symmetric 
case in that the asymmetry of the basin modes now implies that dl the modes wry 
net meridionally integrated zonal mass flux. Thus, in accordance with our d i d o n  
of western boundary response, Kelvin waves will be generated when any of the west- 
ward propagating modes reach the western boundary. Examining Table 2, we see 
that the zonally unbounded solution ( ~ ( ' 1 ,  0, h")) plus the reflections at the eastan 
boundary lead to a height 0eld h = y + .0986 at the eastern boundary (by Eq. (55)), 
and by extension, to any point in the interior to which all the Rossby modes pro- 
duced by this re0ection have reached. The b a l  steady state height field, however, 
is h = y + 1.65 so that even after all the Rossby modes due to the first reflection 
have reached all points, the tilt would be correct but there would still be a height 
deficit of 1.55 units throughout the basin. The additional mass, of course, is carried 
by the Kelvin wave which must reflect the total mass flux of the unbounded solution, 
-1 596. This Kelvin wave, of amplitude bc = 1.250, thus carries a mass flux +1.596 
and when at t = 10 (plus the wall-Kelvin travel time) this Kelvin mode hits the 
eastern boundary, it, plus its reflections, uniformly :aises the height everywhere along 
the eastern boundary by an amount .979 according to Eq. (52) and Table 3. The 
initial Kelvin wave alone thus 6lls two-thirds of the height deficit. The initial anti- 
Kelvin, however, upon reflection at the western boundary, products a Kelvin of 
negative amplitude -.786 which, when it hits the eastern boundary, lowers the 



height field uniformly at the east by tin amount ,616, undoing some of the good 
works of the h t  Kelvin. From this point on, most of the mass ffux in the succeed- 
ing reflections k sloshed around by the Kelvin mode reflecting into a Rouby- 
Kelvin mode and vice versa with a periodicity of 20 time units. Figure l6c shows 
the energy diagram for this case and we see that a plateau exists from t = 20 to 40 
but that the inertia-gravity waves tend to mask the effect. 

In order to filter out these inertia-gravity waves, we reran the G = 1, [-$1.71 
case starting, not from a flat ocean at rest, but rather from a sate from which the 
inertia-gravity waves had already been removed, namely, the (dab, 0, hca)) state. 
This atering was largely successful and a comparable energy diagram shows that 
the 20 unit Rossby-Kelvin-Kelvin periodicity is clearly apparent. As time goes on, 
the height field would tilt closer to its h a 1  state, but contrary to the symmetric basin 
G = 1 cases, mass would continue to be sloshed across the basin. 

This paper has presented a straightforward analytic approach to the calculation 
of the timedependent response of equatorial basins to wind stresses varying slowly 
in the zonal direction and in tirne.O This allows (to our knowledge, for the lint time) 
o rather detailed comparison of analytic theory with linear simulations, or equiva- 
lently, with the early (hear) stages of nonlinear simulations. The method involves 
first approximating and describing the free modes of a meridionally bounded basin; 
next calculating the meridionally bounded but zonally unbounded solution which 
p t s  set up by the emission of inertia-gravity waves within 3 single inertial period; 
then calculating the eastern and western boundary mponses to this zonally un- 
bounded solution and to any subsequent mponses; and findy, foUowing in time the 
series of refleaions and responses that leads, or does not lead, to the steady state 
solution. The power of the method to accurately describe linear spa-up was illus- 
trated by a series of numerical simulations of the responses of three separate ocean 
basins, (-5.51, [-5,l.n and [-1.7,1.7], all 10 units long in the zonal diiectioa, to 
the simple wind stress forcings F = 1 and G = 1, and following the response out to 
64 nondimensional time units for each case. 

Compared to the meridionally unbounded case treated in Paper II, we saw that 
the introduction of the northern and southern boundaries has in some ways simplified 
the consideration of spin-up and in some ways complicated i t  For example, the 
problem is simpler in the F = 1 symmetric basin cases compared to the meridiomUy 
unbounded case in that only those modes whose turning points lie withia the basin 
carry any meridionally integrated zonal mass flux, aad all those modes whose turn- 
ing points would have lain outside the basin in the meridionally unbounded case 
and which would have been needed to account for the rearrangempat of mass dur- 

6. Only wiada iadepandeat of x rwi switched oa in t w m  cilculrtrd explicitly but the extenrioa to 
rind, slowly vuyim in x urd t m mu&cforrud uriw tho mrlods of Paper i. 



ing spin-up ate, in the symmetric basin case, replaced by a single anti-Kelvin mode. 
On the other hand, the problem is more complicated in these same cases in that the 
additional reflections induced by this same anti-Kelvin mode lead to a much more 
intricate reflection diagram (see Fig. 9). In the narrow basin case, 1-1.7,1.71, the 
description becomes simpler still: since all Rossby modes higher than n = 1 have 
their turning pints outside the basin, the complete systern can be described by only 
three modes-the Kelvin, the anti-Kelvin and the n = 1 Rwby mode. 

The results of the theory presented in Sections 2, 3, and 4, and of the simulstiom 
U y z c d  in Seaion 5, POW allow us to address a quation raised in the Introduction: 
to what extent does the imposition of the northern and southern boundaries d e c t  
the progms of the timedependent mponse in the vicinity of the quator? The 
answer, as we saw, varies from case to case. The case in which the boundaries pr+ 
duced the least effect was the G = 1, [-5,5], case. Here the spin-up in the region 
of the quator was precisely the same as in the meridionally unbounded case. Ihe 
only Merence was that the fast n = 0 Rossby-Kelvin mode, with 1a:ge amplitude 
at the northern and southern boundants, spun up the regions near these boundaries 
rapidly, whe~tas this mode is totally absent in the unbounded case. In the G = 1, 
[-1.7,1,7], case, the boundaries are so close to the equator that the Rouby-Kelvin 
mode has considerable amplitude ewn at B e  equator. The entire basin would there- 
fore spin-up relatively completely after only 10 time units (one Rossby-Kelvin mode 
traversal time) were it not for the large amplitude inertia-gravity waves set up during 
the initial unit of time. We can conclu~e that for G = 1, in basins symmetric with 
respect to the equator, the time-dependent response near the equator will proceed 
essentially unaffected by the northern and southern bound~ies as long as these 
boundaries lie at least a few equatorial radii of deformation from the equator. For 
the G = 1 case, in basins asymmetric with respect to the equator, or for the F = 1 
case in any of the bash,  the extra Kelvin modes induced by t!!e western boundary 
reflections of either anti-Kelvin or Rossby-Kelvin modes will change the details of 
the timedependent response near the quator-the closer a boundary is to the 
quator the larger will be the change. 

The role of the Kelvin mode in the spin-up process b a n  repeated comment. The 
initial Kelvin mode, in all those cases in which it exists (G = 1, asymmetric basin, 
and F = 1, 311 basins) helps to bring the height field closer to its spun-up (steady) 
value. On the other hand, repeated production of Kelvin modes by reflection of any 
of the westward propagating modes induces a sloshing of mass back and forth across 
the basin which inhibits the attainment a: the h a l  spun-up state. In the absence of 
friction, this sloshing would continue forever. Only in those cases in which the 
Kelvin mode never appears (G = 1. symmetric basins) docs the timedependent re- 
sponse t d y  proceed to a steady state. 

It is clear that the method and results of thk paper (and Papers I and KQ x e  
directly useful in analyzing numerical simulations of timedependent response. But 



in application to the real ocean we must offer a major cuvsat. We have wumed the 
&drtmce of a single baroctinic mode. While there is evidence that standing vertical 
Idodes do exist (Wunsch rnri Gill, 1976), the quation has recently betn raised 
(Phiiander, 1978) of whether or not standing vertical modes a n  rcflarly excited 
by atmospheric forcing. Since the dynamics of baroclinic mode excitation is not at 
all well understood. we would urge the greatest caution in applying this, or any 
theory based on a single standing vertical mode, to the behavior of real oceans. 
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APPENDIX: Orthogonality and u,mpleteneu of the eigenhmctioos 
Fauirr pplll)tonning tho unforced (F = G * Q o 0) Eqr. (1) from x to k and denoting trans- 

pow by rupmaipt T we m y  write (d. I 06)b): 

d ,, (u.vJV + i A(u,v,hY = 0 
rhnr 

0 ir 

A m  [; .+I 
I -  

tboa A Q,,, = w.; &,, rod thr fo-g $W l e w  follow d y :  
bmma 1 A = A* [Rudily rborn by direct dculrtion; 
bamr 2 All tbr @*a ur d [pdlm frvm tho self-djoinmcu of A, that is, from Lemma 1.1 
L.mrm 3 For dl R, r. > 0 [Slaa ( I )  d (2) form r standud S t r u m - L i d l o  problem] 
Lemma 4 The u's m dtdnc+ (Follm from Lemma 3, b e  diapanion relatim and r coa- 

M o u  of t& IColvin roots r = t & . ]  
Lemma S Tba (A,) h ortboloorl. Follows from Lemma 4 in the usual way, i.e. 

O I . ~  (&.I. @..I] '[O-IA @m.rl "[A @..I, %.'I '~k., [@-.lr @-,I] 
witb tbr wcond equality r coawqucoco of Lcmmr 1. Since the o's distinct. the 
us am orrh-1 

'Ib#mm: {e..,) t complctc 

M: 
rep&ua tho quutioa of completeosrr u follows. Let R (@,,in 3 01, i.e., all the 

abmctom oxcapc tho Kelvin r r v a  h.,. We wish to show that it 

[(U, - iVJFl*, A,,] = 0 for all e.., (: R 

V = O :  yHL U'=O;mdyULH'~O.  

h tho only rolutioaa to (A.1) ur (multiple8 00 @r.a the thronrn wiU follow. 



It ia rmishtfonwd to &or from thr da5nilion (37) d &.I that 

[(u, - ivm', @*.,lr Nh14 [A*/# $.1 
*rhur 

A ~ , = - I Q U + C P ) + ~ ( ~ H + U ~ + ( * ? - ) ~ V *  
Now by ruumption 

0 0 [A.. ir  &I for 4 I, > 0 W.2) 
Henca 

0 [A*.) - A".:, &I (&.I -u..lfiU + IT + (at.., + *.I) V, $4 
dnca 

w.1 + ~ c r f o r I + I  
(n.3) 

~ U + ~ F + [ Q * . I + * . I I V , $ . ) * O ~ O ~ ~ ~ > ~ , ~ + ~ ~  

S h  the $.'a ue campltr. V = 0. fhrn (A.3) i m p h  that yV + R = 0 md, W y ,  (A.2) 
yidda yH + Ir = 0, complrtin~ tIn proot 
In the body of this paper we make puticulu uaa of the completeactc when k a 0. In thh 

case tIn proof must k modifkd slightly. It is uncbagtd through (A.4) after which we man 
Dca 

t(U,ivJr)*, &a] = -& + l F  (ru + JY') + bif + U3 
to eJubliah that 

yH+LP=0. 
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1:r cooparing various #tho& for the assimilation of remote rounding infomation 
in to  nwiaricrl  weather prediction (NwP) models, the problem of model dependance for  
the dLffemnt resul ts  obtrinod is clearly important. Most assimilation experinunts 
ham not addressed t h i s  ,xoblem d i rec t ly ,  every research md developwnt group 
working essent ial ly  wit!! one n m r i c a l  model. 

M ham s ta r ted  t o  inmstigata  two aspacts of the modal dependence question: 1 1  
the e f f ec t  of i n c n u i n g  horizontal resolution within a gimn modal on tho a s r i d -  
la t ion of rounding kt., and 2 )  the effect  of using tvo entire12 di2ferent models 
with the 8- u s in r ih t i on  mthod and sounding kt.. In order t o  study tne f i r s t  
a s p c t ,  m have applird our four-dimensional (4-3) time-continuous s t a t i s t i c a l  
asoicsilation mathod (SAM: [1,:,3,41) t o  the u r i a l a t i o n  of sounding b t a  from the 
Data Systams Test (DST) period DST-6 (February 1976) into the Coddard Laboratory 
for Atmospheric Sciences ( G U S )  general circulatioa ~ d e i  (MX) vith a coarse reso- 
lution (&*lrt.xS*long.) and vi th  r f ine resolution (2.5*lat.xPlo1g.). To study 
the second aspect of wdel  depradr:lcr, we have applied an asynoptic, time-conClnuous 
succes~ivr  correction W C ~ O ~  (SCX: [2,3,5])  to the global, r.ine-level, primitive- 
equc ioa  w d e l  of the U.S . SationaL Xacrorolo~icr l  Center (WC: [ 6 1 ) .  L ~ s u l t r  of 
SCM assimilacions v i t h  the l a t t e r  model a re  comparrd vich those of previous S O I  
experimncs with DST-6 d t ta  u i n g  t+e G U S  coarse-mesh model. 

DEPmU4U ON WDU RESOLUTION 

m U a F n u y  n s d t s  of C ~ Q O U ~ S M S  k M o n  Un assimilations v i th  the coarse-awsh 
.ad the fine-msh C W  mode1 show tha t  i l c r e u e d  arod.1 rrrolution doas not a f fec t  
th. ef fec t  of 8rtrlLLta data 8n mather  forecasts in  my negative way: the e f fec t s  
of i nc r eu rd  n so lu t i oa  urd of sato1Ute data uuirailation are cumulative: they 
both tend t o  *row f o n c u t i n q  accuracy by a s taa t lu  fract ional  w.urt .  This 
fact  i 8  reflected in the usual numrieal  a w u w s  of f o r n c u t  accuracy, viz . ,  RHS 
a m  urd Sl aWl l  scorer. It is a l so  reflected in synoptic case studies of the 

lupr -sca le  forecast f ie ld. .  



H. Ghil ,  M. Halen and R. Atlas  

Ef fec t  on Numerical Measures o f  Forecast  Accuracl 

U s h i l a t i o n  cyc les  were run using d a t a  from 29 January till 21  February 1976 with 
both t \ e  coura and t h e  f i n e  G U S  models. For each model r e s o l u t i o n ,  one c y c l e  
w a s  run including a11 d a t a  a v a i l a b l e  during t h e  DST-6 p e r i o d ,  i n  p a r t i c u l a r  temper- 
a t u r r  sounding data f r o a  t h e  NOAA-4 and Nimbus-6 s a t e l L i t e s ,  and another  one was 
run with t h e  rune d a t a ,  bu t  excluding t h e  temperature sounding information: they 
rrr r e f e r r e d  t o  respec t ive ly  a s  b ie  21AT and t h e  NOSAT cyc le .  For  each one of  
these  four  e x p o r i m t s ,  72h f o r e c a s t s  vere  performed f r a n  t h e  ana lyses  produced by 
t h e  corresponding a s s i m i l a t i o n  cyc le  a t  48h i n t e r v a l s ,  s t a r t i n g  on 1 February. The 
f o r e c u t s  velr v e r i f i e d  a t  48h and a t  72h a g a i n s t  EMC o p e r a t i o n a l  analyses.  The 
q u a n t i t i e s  v e r i f i e d  and regions of  v e r i f i c a t i m  a r e  t h e  same a s  i n  [1,2.3.4.5]. 

The r e s u l t s  are s-rited i n  Table i, according t o  t h e  a r thods  out l i n e d  i n  [1.2.3, 
4.51. It is seen th:" t h e  e f f e c t  of  model improvement. s p e c i f i c a l l y  o f  increased 
reso lu t ion  on t h e  one hand, and of u t i l i z a t i c n  of s a t e l l i t e  d a t a  on t h e  o t h e r ,  a c t  
botii in t h e  d i r e c t i o n  o f  improving t h e  f o r e c a s t  accuracy. In f a c t ,  t h e  two e f f e c t s  
appear t o  b. near ly  a d d i t i v e ,  a s  i n d i c a t e d  by a comparison of t h e  r e s u l t s  i n  t h e  
h a t  t i r e e  rcus of  t h e  t a b l e .  Note a l s o  t h a t  t h e  2SAT experiment 2F. with t h e  f i n e  
model, c o n s i s t e n t l y  g ives  impacts which a r e  s i g n i f i c a n t l y  h igher  than tt..ose of t h e  
cort.spon&.g experimant wit!! t h e  coarse zdel,ZC, when neasured a g a i n s t  t h e  conmon 
s t m d a r d  of  the  coarse NOSAT experinmat CC ( v i z .  the  second and the l a s t  row of the  
t a b l e  1 . 
TABLE 1 Summry of Resul ts  f o r  :.lode1 Cependence Zxperimeats 

E x p e r i -  Comparison I spac t ,  b s t a t i s t i c a l  S ign i f icance  
m ~ . t  NO. Code RMS (averaqe/standard e r r o r )  'i 

s1 
X!  s 

OC OC 0 0 - - 
2C 2CC 4.46 12.41 1.85 2.59 

OF OF 0 0 - - 
OFC 5.86 7.30 1.62 1.35 

2F 2FF 4.49 7.98 1-40  1.71 

2FC 10.91 14.47 2.67 2.47 

The symbol 0 stm& f o r  a NOSAT e x p 8 r i w n t .  2 s t a n d s  f o r  a 2SAT experrmrnt: the  
symbol C s tands  ?or  an e x p e r i n m t  with the  caarse aode l ,  r' f o r  one wl+-h t k e  f i n e  
model. The r e s u l t s  of t!!e 2 S T  e-rimrnt v i t h  t h e  f i n e  =mi. ZF, -*ere compared 
both . r i th  those of t h e  coarse NOST experiment 3C. and with those o f  t h e  f i n e  NOSA? 
e x p e r h n t  3Fr these  comparisons a r e  denoted by 2?C and by 2FP. respec t ive ly .  The 
WSAT exp.rimrnt OF 8 p p . u ~  both a s  a c o n t r o l  f o r  2F, v i z . ,  as OF, and i n  a c m -  
p u i s o n  vmrsw -,he coarse NOSAT OC, v i z . ,  a s  OFC. 1 

Effect  on Svnooricallv Signrf icanc Forecast Inorovenents - 
I t  is v e l l  known chat moderate improvements o i  fo recas t  accu racy ,  as neasured by  
3MS er ror*  and by  SL s k i l l  scores .  a r e  not ions i s tenr l . ;  r e f ieccea  rn the  lrnpraved 
?rogr:sis af major synoptic  f e a t u r e s .  Xichin a c e r t a i n  number of f ~ r e c a s t s  vnicn 



E f f e c t s  on Weather F o r e c a s t i n g  

show a s l i g h t  improvement i n  t h e i r  s t a t i s t i c s .  only a  smal l  f r a c t i o n  v i l ;  shov 
a c t u a l  changes f o r  the b e t t e r  which a r e  n o t i c e a b l e  s y n o p t i c a l l y .  T h i s  v a s  observ-  
ed a l s o  i n  t h e  experiments  r e p o r t e d  h e r e i n .  

A p re l iminary  e ~ a m i n a t i o n  of t h e  numerical ly  p red ic ted  flow p a t t e r n s  shoved no 
a u j o r  ct.8ng.s f o r  t h e  worse i n  any 2SAT f o r e c a s t  v i t h  t h e  f i n e  model, a s  compared 
v i t h  t h e  corresponding XOSAT f o r e c a s t ,  minor changes f o r  t h e  b e t t e r  whish s l i g h t l y  
outweigh those  f o r  the  worse, and a t  l e a s t  one major improvement. This  n o t i c e a b l e  
1mprov.ment a t t r i b u t a b l e  t o  proper  u t i l i z a t i o n  of s a t e l l i t e  d a t a  occur red  i n  t h e  
72h f o r e c a s t  from O O O O G M  19 February 1976. 

A t  tho  i n i t i a l  t ime of tha  f o r e c a s t .  t h e  a n a l y s i s  showed a moderately i n t e n s e  lov- 
p r e s s u r e  system loca ted  o f f  t h e  northwest  c o a s t  of the  United S t a t e s .  A) t h i s  svs -  
tern movrd inland.  a  new low developed a long  a n  a l r e a d y  e x i s t i n g  s t a t i o n a r y  f r o n t  
and became t h e  dominant f e a t u r r .  During t h e  f i r s t  A8 hours  of t h e  model f ~ r e c a s r  
on ly  s l i g h t  d i f f e r e n c e s  e x i s t  between t h e  ZSA? and NOSAT s e a - l e v e l  prognoses a s  
bo th  corrac:lv p r e d i c t  t h e  i n t e n s i f i c a t i o n  and southuascvard d i sp lacement  of t h i s  
low. A f t e r  48 hours  however a  r a d i c a l l !  d i f f e r e n t  p a t t e r n  emerges: t h e  :SAT 
f o r e c a s t  p r e d i c t s  the  lw t o  recurve  and a c c e l e r a t e  t a  t h e  n o r t h e a s t .  v h ~ l e  the 
NOSAT f o r e c a s t  f a i l s  t~ move t h e  l o v  c e n t e r .  The SMC o p r r a t i o n r l  PE hemispheric  
f o r r c a s t  modal a l s o  f a i l e d  to  move t h e  low n o r t h e a s t v a r d .  This  l o v  was a s s ~ c i a t e d  
v i c h  both heavy snow and s e v e r e  l o ~ a l  s torms durinp, i t s  d i sp lacement .  and s i g n i f i -  
c a n t l y  d i f f e r e n t  l o c a l  v e a t h e r  f o r e c a s t s  of  those major e v e n t s  vc111d h a ~ e  r e s u l t e d  
from t h e  d i f f e r i n g  prognoses. 

F igures  l a  and l b  d e p i c t  t h e  7?h sea-level  p r e s s u r e  proqnoses frpm i J  February f o r  
t h e  :SAT and SOSAT c a s e s  r e s p e c c i v e l v .  w h i l e  t h e  ce r responding  analysis is  d e p i ~ * -  
t ad  i n  F ig .  l e .  F igure  ld  shows t h e  W C  o p e r a t i o n a l  ':h f o r e c a s t .  A ?omparison 
of t h e s e  c h a r t s  r a v e c i s  t h e  very s i ~ n i f i c a n c  improvemrnt i n  t h e  displacemenc o f  t h e  
10s-pressure system chat  r e s u l t e d  from the  i n c l u s i a n  c-f s a t e l l !  -a  d a t a  Slrbsran- 
c i a 1  improvements i n  :ha displacement  of t h e  assoc i rced  upper-l.evel t r o l ~ ~ h  an3 
v o r t i c i t y  nuximum ( c h a r t s  nor shovn) v e r e  a l s o  obsr.rved. 

LSTER-MODEL DEPENDESCE 

P r e v i o w  r e s u l t s  v i t h  t h e  b A S  coarse-mesh model [1 .2 .3 ,&,5]  i n d i c a r t d  rhar  by u s -  
ing a  time-continuous A-D method w i t h  s t a t i s r i c a i  f e a t u r e s  (SAY o r  SCX) rhe assim- 
i l a t i o n  of remote sounding temperature d a t a  can lead ro nu i i r r i ca l  f a r e c a s t s  u n i c h  
show a modest. but  s t a t i s t i c a l l y  significant improvement dver  f o r e c a s t s  s t a r t e d  
from analyzed f i e l d s  not  c o n t a i n i n g  t h e  remote soundtng Information.  To d e t e r a i n r  
vhecher t h e  t r a n s l a t i o n  of our methods i n t o  a p e r a ~ i ~ n a l  p r a c t i c e  I s  f r a s i b l c ,  v r  
decided co apply them t o  t h e  model used by WC to  pradura t h e i r  o p e r a r i c n a l  a n a l -  
yses  : 6 ] .  which s h a l l  be c a l l e d  i n  the  s e q ~ i e l  the  3LC ( n l n c - l e v e l  p l o b a l )  a o d a l .  

A s  a  f i r s t  s t e p .  S O i  vas  adapted r e  and rrprogrammed f j r  t h e  9LC modrl. Numerous 
problems a r o s e  i n  t h e  a d a p t a t i o n .  due to  d i f f e r e n c e s  bervcen rhc a o d e l s  and some 
of these  problems a c a i r  b e t t e r  s o l u t i o n s  than t h e  ones g iven  t o  them a t  rhe pre- 
s e n t .  A NOSAT and a  :SAT a s s i m i l a t i o n  c y c l e  were s t a r r e d  and c a r r i e d  our from 1 
February t i l l  7 February 1916. us ing  rhe  same d a t a  s e t s  a s  f o r  t h e  corresponding 
G U S  model c y c l e s .  Forecases v e r e  c a r r i e d  s u r  from t h e  a r u l v r e d  f i e l d s  generared 
on 3 .  5 and 7 February.  Thtse  e*per iments  a r e  beinn :ont invrJ  and v i l l  bc d i s -  
cussed more i o m p l e t r l y  :t a f x t u r o  p u b l i c a t i o n .  

At t h i s  p o i n t ,  a iomparison of r e s u l r s  w i t h  chose of SCX experiments  ? e r f o r a r d  en 
t h e  GUS m d e l  [ 2 . 3 . i , 5 ]  shows t h a t  t h e  d i f f e r t n c r s  b r r v r r n  ana ly ted  f i e l d s  from 
t h e  NOSAT and :SAT cvc:er do not  seem to depend on the  3ode l :  t h e  d t f f r r e n t e $  
produced b:; our u t i i i t a c i o n  raethod of s a t e l l i c e  d a t a  a r e  s t  s i n l i a r  magcitude f o r  
t h e  3LC m d e i  a s  they were t o r  the  3LAS ;''xSO s o d e l ,  These d i f t e r r n c r s  r a n s r  u p  

/ 
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Effec t s  on Weather Forecasting 

t o  100 m i n  the 500 mb g e o p o t m t i a l  he ight  f i e l d .  especia l ly  over the  North Paci- 
f i c ,  where conventional d a t a  coverage i s  r e l a t t v e l y  poor. These i n i t i a l  s t a t e  
d i f f e rences  lead a l s o  t o  correspondingly l a r g e  d i f f e rences  i n  18h and 72h fore- 
c a s t s .  We intend t o  examine f u r t h e r  the  ques t ion  vhether these d i f f e rences  a r e  
due so le ly  to the  assimilation of s a t e l l i t e  da t a .  

Cur e x p e r k e n t s  on model dependence of sounding temperature a s s imi l a t ion  suggest 
the  fo l loving t e n t a t i v e  conclusions: F i r s t .  t h a t  model fmprovemcnt. a s  e x m p l i -  
€id by increased r e so lu t ion ,  can a c t  i n  the  same d i r e c t i o n  a s  juidiciot~s 6-D as-  
8 imi la t ion  of rrmote sounding information. to  improve 2-3 day numerical weather 
fo recas t s .  The e f f e c t  of model improvements and the e f f e c t  of m observat ional  
d a t a  base augmented by the  proper inc lus ion  of soundins temperatures. when rom- 
b i n d ,  can lead t o  n m e r i c a l  prognoses vhich achieve improvrmznts of synopt ica l  
s ign i f i cance  more e a s i l y  than e i t h e r  e f f e c t  sep8ra te ly .  Second. char t he  rime- 
continuous 4-D methods developed a t  G U S  have s imi l a r  bene f i c i a l  e f f e c t s  vhen used 
i n  the  a s s imi l a t ion  of remote sounding information i n t o  W models with very d i f -  
f e r e n t  n m e r i c a l  and physical  c h a r a c t e r i s t i c s .  This suggests  the  p o s s i b i l i t y  of 
t he  eventual  implemencatio? of these time-continuous methods i n  an opera t ional  en- 
vironment. i n  vhich they might con t r ibu te  to  no t i ccab le  improvemenr i n  rorltine 
veather forecas t ing .  
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Time-Continuous Assimilation of Remote-Sounding Data 
and Its Effect on Weather Forecasting 

M. G H I L ~ ,  M. HALEM A N D  R. ATLAS 
lab om to^ for Atmospheric Scirncrs. NASA Goddani Space Flight Center. Gnmbr l r .  .HD 2031 

(Mmureript received 7 April 1978. in Rnal form 6 October 193) 

ABSTRACT 

Methods am daived for the timccontinuow fourd imemid  ouinril.tion dw.teilite souding tempmatures. 
Tbe methods pwsented inch& timccontinuouc veniau of direct insertion. succcdve comction a d  statistid 
k regresson. They uc app&d to tempcnnue uwuding data obtained from ndiance measummcnts taken by 
insvuments aboard the polarorbiting satellites NOAA 4 and N~mbus 6. The d m  were coUected durins 
the U.S. Dua System Test in  Jmuuy-March 1976. 

A comprehensive wries of experiments was performed to study the effects of using various amounts of 
satellite dam and differing methods of assimilation. The experiments included the assimilation of d m  
from tbe NOAA 4 satellite only. from Nimbus 6 only. and of dau from both satellites combined. Other 
experiments involved vviuions in the application of our timecontinuous suthticrl assimilation 
methods and o f  uynoptic successive comction methods. Intermittent assimilation o f  the sounding 
dun w u  also tested. and its rnulu compared with those of timetontinuour asumihtion. 

Atmospheric states determined in  the assimilation experiments ser. ed u initial states for a sequence 
of evenly spaced 3-d.y aumencal weather forecasts corresponding to each experiment. The effects 
of the satellite dua were evaluated according to the following criteria: 1) differences between the initial 
states produced with m d  without utilization of satellite data. 2) differences between numerical predictions 
m d e  from these initial sutes, and 3) difirences in local wnther forecasts multing from the large- 
scale numend predictions. 

Initial-state diaerences were evalwud in tenns of magnitude and location o f  large-scale differ- 
ences between meteorological Reldr. Numerical prcdictlon differences were evaluated in tenns 
of S, sku scores and nns erron. u well as by synoptlc c u e  studies. An automated forecast~ng 
model (AFM) based on quasi-#tostrophic theory a d  on Subjective forecasting principles was de- 
veloped to facilitate the objective evaluation of differences produced In local weather forecasts. 
especully precipitation forecasts. 

These studies suggest the following conclusions: 1) satellite-derived tempnture data can have a 
modat. but ruustically smilicant posiuve impact on numerical weather prediction in the 1-3 day 
mnpei 2) the Impact is tughiy sensitive to the qurntity of dam avulrble. and Increases w~rh data 
qmuty :  and 3) the method used to us~mi lue  the satellite dau can influence appreciably the 
magnitude of  the Impact obuined for the same dam. 
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One of the main reasons we cannot tell the weather 
tomorrow is that we do not know the weather today. 
Numerical weather prediction (NWP) models re- 
quire the complete specification of all the initial 
state variables of the atmosphere. yet only a frac- 
tion of the required initial data arc available at any 
given time. The required data consist of the three- 
dimensional fields of temperature. humidity and 
horizontal veloclty at locations comparable in nurn- 
ber and spatial distribution with the number of grid 
points of the models used for NWP. By long-stand- 
ing convention. such data are furnished at the so- 
called syr~optic times, 0000 and 1200 GMT. and 
numerical forecasts are performed every day start- 
ing with data at these initial times. 

The data available at synoptic times fall far shon 
of being sufficient in number: also. in contradis- 
tlnction to the regular spacing of model gnd points. 
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they we very unevenly distributed. Much of the data 
are found to be concenmed over the continents of 
the Northern Hemisphere, while the oceans and the 
Southern Hemisphere are regions where the data 
covemgc is very sparse. 
The advent of meteorological satellites in the late 

1960's seemed to offer an effective way to supple- 
ment ;he conventional synoptic data network. Satel- 
lites carryiq infrcmd and microwave scam@ 
sounders offered the possibility of obtaining verti- 
cal temperature profiles with global covewe by re- 
mote-sounding techniques. 

Satellite-sounding data, though promising, pro- 
vide only one of the basic variables, viz., tempera- 
ture. Moreover. while the conventional data sets are 
available simultaneously over the entire globe, 
temperature sounding data arc obtained only in 
asynoptic, time-continuous fashion. In one of the 
earliest efforts at using remote-sounding tempera- 
tuns for NWP. Charney er r.. (1969) put forward 
the conjecture that a complete knowledge of the 
continuous temperature history of the atmosphere 
will determine other initial state variables, in particu- 
lar the winds. A great number of numerical experi- 
ments with general circulation models were carried 
out based on this conjecture. Useful reviews of 
these experiments can be found in Bengtsson ( 1975;, 
Jastrow and Halem (1973). Kasahara (1972) and 
McPhenon (1975). 

Recently. Ghil er al. (1977a) have @van a precisc 
formulation to the Charney conjecture for certain 
simple atmospheric models; they proved it analyti- 
cally to be comct for these models within the 
formulation given. However, in practice. numerous 
problems with real data and with complexities of 
cumnt NWP models an not completely covered 
by their rigorous theory.  heref fore. it seems 
doubtful whether a consuuctive method can be de- 
vised, which from the continuous history of the 
temperature field alone will yield initial states of 
arbitrary accuracy. 

TIe use of temperature history to obtain initial 
states has become known in the literature as four- 
dimensional (4D) assimilation of temperatures. In 
the present article we compare a number of methods 
of 4D assimilation of rtmote-sounding temperatures 
and their effect on the accuracy of the initial states 
obtained. as well as on the resulting forecasts gener- 
ated from these initial states. 

The methods considered herein are mostly time- 
continuous; one assimilation experiment using inter- 
mittent assimilation of asynoptic data at synoptic 
times was camed out for the purpose of compar- 
ing the present methods with more conventional data 
analysis techniques. The methods presented include 
direct insettion (DIM). successive corrections 
(SCW and a statistical ass~milation method (S.4.M). 

In  addition to the methods mentioned above. a 

number of other methods, whose development or 
testing is not complete at present, arc reported in 
Halem er al. (1978). These include an asynoptic 
vmiationll method using a direct minimization 
technique (Ghil and Mosebach, 1978) and assimila- 
tion using a set of filtered equations (Peng and 
Shkoller, 1978). 

Assessment of the effect that sounding data and 
methods for their assimilation have on weather 
fortcasting is complicated by the verification prob- 
lem. This problem has to do with a lack of con- 
sensus on adequate measures for the accuracy and 
utility of a 1-e-scale numerical forecast. In the 
present study a new verification criterion is in- 
duced based on the accuracy of local precipitation 
forecasts derived from large-scale numerical model 
forecasts. An automated forecasting model (AFM) 
is formulated to allow for the rapid computation 
of large numbers of local wearher forecasts. The 
AFM is then applied to the evaluation of our experi- 
ments, dong with the usual S, and rms error meas- 
ures, and with a number of subjective case studies. 

All the experiments described herein were per- 
formed on a standard set of data: those provided by 
the National Meteorological Center (NMC) and by 
the National Environment Satellite Service (NESS) 
during the Data System Test period DSTd (Janu- 
ary- March 1976). Experiments were camed out to 
study the effect of data quantity, as well as the role 
of assimilation method. 

The assimilation and verification methodology is 
developed in Section 2. The numerical experiments 
are described in Section 3. Their results are pre- 
sented and discussed in Section 4. Conclusions fol- 
low in Section 5. 

2. Description of the methods 

The main contribution of this article consists in 
the way data are assimilated and in some of the cri- 
teria used for assessing the impast. The .imila- 
tion methods considered fall into the bros cate- 
gory of time-continuous methods. Time-con6 wous 
methods art particularly appropriate for the assimila- 
tion of remote-sounding temperature data because of 
the asynoptic nature of these data. In the following 
we shall present a number of time-continuous 
versions of direct insenion, of successive correc- 
tion techniques and of statistical assimilation 
methods. Tht latter methods are currently gaining 
greater ncognitinn and wider acceptance for the 
purpose of assimilating different types of observa- 
tional data in the process of determining the initial 
states from which numerical forecasts art made 
c Phil;ips. 19761. 

.Mi the nethods described *%ere a ~ ~ l i c d  to assimi- 
!ation cycles pert'crmed *vith the Gct .x rd  Labon- . . 
TO$' for .\imospheri~ Sc:cnces Ci, -., . ?enera1 
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circulation model (Somerville er a l . ,  1974; Stone 
rt 41.. 1977). The same model was also used in the 
forecasting experiments. 

The model is a global, primitive-equation (PE) 
model, discretized in finite-difference form. Hori- 
zontal coordinates are longitude and latitude, the 
grid spacing being 4' latitude x 5' longitude. The 
vertical cwrdinate a - (p - p,)l(p, - pt) is modi- 
fied pressure, where p is pressure, p, surface pres- 
sure, andp, = 10 mb. The model has nine uniformly 
spaced levels in the vertical direction. 

The horizontal space differencing is performed on 
a staggered grid, with quasi-conservation of mass, 
kinetic energ-] and ensuophy. Time differencing 
is performed following the space-centered Euler- 
backward (Matsuno) scheme (Arakawa and Lamb, 
1m. 

The model differs from that described in Somer- 
ville et al. (1974) and in Stone et al. (1977) by the 
introduction of a split grid, which at high latitudes. 
doubles the longitudinal mesh size from 5" to 10' 
at 66". and from 10" to 20" at 78" (M. Halem and G. 
Russell, personal communication). This modi- 
fication is discussed in Herman and Johnson (1978). 
Its main effect is to allow an increase in the 
model time step from the previously reported 5 
min to the current 10 min. 

No explicit horizontal diffusion is added. Due to 
a number of features of the difference scheme, such 
as the averaging required by the staggering of 
variables and the additional smoothing at high lati- 
tudes. the scheme is in fact strongly dissipative. 
As a result, spurious high-frequency oscillations 
generated at the beginning of a forecast decay very 
rapidly, and reach a level comparable to that ob- 
served in the atmosphere after at most 6 h of simu- 
lated time. Hence. no special time-filtering or 
initialization procedure was used in either the as- 
similation experiments or in the associated forecast 
experiments. 

a .  The assimilation merhods 

The methods presented herein were designed to 
deal with temperature sounding data from polar- 
orbiting satellites. They can be extended, however, 
to other asynoptic meteorological data, such as 
cloud-track wind data from geostationary satellites. 
and aircraft, balloon and surface ship data. An 
application to Seasat-A marine wind data was 
given by Cane er a / .  (1978). The description 
will be restricted here to the sounding temperature 

10 min interval is shown in Fig, 1. The choice of 
time interval corresponds to the length of the model 
time step. In what follows we shall refer to satellite- 
derived temperatures as obseneed temperatures. 

All our methods carry out a correction of fore- 
cast temperatures at model grid points sitwted in 
the neighborhood of a group or "patch" of ob- 
served temperatures. This correction is applied to 
the forecast value at the model time step closest to 
observation time. It is based on interpolation of 
the observed-minus-forecast temperature field. 
The difference between methods consists in the way 
in which the interpolation coeflicients are deter- 
mined. In the present implementation of the methods, 
only information at the same mandatory pressure 
level is used, i.e.. the interpolation is two-dimcn- 
sional. 

The general interpolation procedure is as follows. 
Let k be an observation point (on a fixed manda- 
tory pressure level), T;: the observed temperature, 
and T( the (interpolated) model temperature at the 
observation point k. We use a single subscript to 
indicate location, thus: k = ( i  j), where i stands for 
discretized longitude and j for discretized latitude. 

Let yk = Tp - T{ be the difference between the ob- 
served and the forecast temperatures at k. We wish 
to compute corrections 4 to forecast values at grid 
points I = (m.n)  near the observation points k, 
where k ranges over a group or "patch" of observa- 
tions such as the one shown in Fig. 1. In the figure. 
grid points closest to observation points k are 
marked by T's; additional grid points I which arc 
affected by the observations after corrections are 
made appear as +'s. After applying the corrections 
calculated by interpolation. the temperature at + 
points as well as at T points will be different from 
the forecast value. 

The corrections 6, = Tf - Ti, with the cor- 
rected temperature at grid point I. are computed by 
the linear formula 

where here and in the following we drop the vector 
notation for k and I, the multi-index character of 
k and 1 being tacitly understood. The coefficients 
af in (1) are the coemcients of interpolation, or 
the "weights" which observations made at points 
k have in conecting the forecast value at point I .  The 
difference between the assim~lation methods stems 
from the different techniques used in determining 
the weights 4. 

application. 
The vertical temperature profiles obtained from 1) THE DIRECT INSERTION METHOD ( D I M )  

satellite-based radiance measurements are grouped In this method af is different from zero only when 
by 10 min time intervals; the intervals are centered the spherical distance s k ,  between observation ,mint 
in time around a forecast model time step. A plot k and correction point 1 is less than one model mesh 
of a typical group of temperature data obtained in a width in either coordinate direction ccf. Bengtsson. 
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I 1 1 1 I I I 1 1  I I I I I I l l l  

FIG. 1. l%e Gismbutlon of tempenlure sounding data avoliable over a 10 mm time tntervd. and of the 
*ode1 gnd points at whlch our s tat~st~cd u$~rnilat~on method will modify forecut tempentures using these 
dam. Tte T's stand for pnd polnts in the immediate nclghborhood of satellite retrievals, the +'I for the 
other points alTected by the retnevais ~n SAM. The tad dornun of tnfluence of the ntnevds ,  consisting 
of T polnts and + points. hu a tadlus of 2000-3000 km. 

1975, F. 24). The weights are calculated here as 
follows: within a model mesh rectangle givr7i by its 
cornersl, = ( i , j ) . l l  = ( i  + l , j ) , 1 2  = (I' + 1.1 + 1). 
I ,  = ( i .  j + 1). an observation point k defines four 
smaller rectangles. of areas A,. A , .  Al, A,; the rec- 
tangle of area ,.rO is adjacent to comer I,,, A ,  to 1,. 
A, to I ,  and A, to I,. The areas A,. A , .  A: and .4, 
add up to the m a . 4  of the 4" latitude x 5' longitude 
mesh rectangle. The weight af, is now simply set 
equal to 

Here V, is the total number of observations within 
the four mesh rectangles adjacent to the point lo. 
Thus in particular 0 s z k  de s 1. The formula for 
the rectangle comer I ,  is 4, = ( I i N , ) ( A , , A )  etc. 
Further detals on DIM appear in Ghll and Dllling 
(1978. pp. 3.4-3.10). 

Here the coefficients af are computed by an 
iterative procedure. The interpolation is carned out 

in a number of ,M sllccessive scans. At each scan p ,  
the interpolation extends to all observations within 
a radius R,  of the grid point I ;  R, is the same for all 
grid points. The coefficients & , a t  scanp are given by 

0, if ski R,. 

Here s, is the spherical distance between the 
points k and I. and :V, is the total number of observa- 
tions within the circle with radius R, centered at I .  

We used .U = 4 and R ,  = 700 km. R, = 600 km. 
R, = 500 km and R, = 400 km. As a result, for a 
given observation patch. the patch of corrected gnd 
values will extena further out than in DIM. Morc- 
over. due to the dependence of the weights 4 on 
distance. the corrected values will blend smoothly 
inlo the forecast field. 

This method was implemented at NMC for the 
purpose of operational synoptic objective and ysls 
by Cressman ( 1939). Further details on :he asynoptic 
fonnuiation used in this study appear in Ghd and 
Dilling (1978. pp. 3.23-3.32). 
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In this method, the coefficients, or weights. 
c$ are determined by making explicit use of the error 
structure of the fields which we wish to interpolate. 
The knowledge of this error structure is incorporated 
into the correlation function 4 s ) .  This function 
models the correlation between observed-minus- 
forecast temperature values at different locations. 

(i) The correlation fitnction. We have assumed 
that the error structure is isotropic, i.e., that 4 de- 
pends on the distance s k ~  between points k and I ,  
but not on the direction of the position vector 
r ~ .  It is known that this assumption is not rigorously 
correct (Thiebaux, 1977) but it was convenient to 
make it at the outset in developing the current 
formulation of SAM [see Eq. (8) below and r?%r- 
ences following it]. 

The function Ns)  was computed first for discrete 
values of s. s ,  = 100 krn. s, = 300 km. . . . , s, 
= (2p - 1) x 100 krn, . . . . directly from the differ- 
ence between satellite data and model forecast 
temperatures available during the DST-6 period. 
T'he continuous function d(s) was then obtained by 
fitting an analytic function & = 4 s ;  so,c), depend- 
ing on the parameters Sn and c ,  to the values &, 
= cMs,), by a least-squares fit. In other words, we 
obtained the values ofs, and ofc for which &s: s o x )  
satisfied 

differences yk are uncorrelated over large distances, 
i.e., that 

lim (yr - YI~Y I . .  - Y) = 0 (6a) 
en.- 

or that - 
YkYk1 - Y? > @ (6b) 

as skk, + X. This argument suggests that c - y'. 
For most of the data sets used in our experiments 

(see Table 1 below) the values ofc given by the best 
two-parameter least-squares fit were positive and 
small. A negative value of c was obtained for one of 
the sets of data considered here. The meaning of a 
negative c in this context is not entirely clear; in- 
deed. y < 0 would still give a positive c = y?. How- 
ever, it is well known that negative values of @!s) 
at large distances obtain for certain meteorological 
fields; they are associated with the statistical 
sampling of very long waves in the atmosphere (e.g.. 
Gandin. 1963, Figs. 10 and 14; Phillips, 1976, Figs. 
5 and 7; Schlatterer al.. 1977, and references therein). 
A more careful study of the effect of long waves on 
the statistical structure of meteorological fields re- 
mains to be done (e.g.. Thiebalix, 1977 and rcfer- 
ences therein). At this stage a function d ( s ;  s,.c) 
withc < 0 was used only for reasons of consistency. 

In any case, these considerations show that an 
attempt to remove the observational bias requires 
modifying &(s; so,c) so that c = 0. Hence the value 
of so obtained in Eqs. (4) and (5) was kept. but c 
set to zero, i.e., 

[&s,; so,c) - &,]' = minimum. (4) 
P +(s; so) 1 &(s; ~0.0) e-'"" (5') 

The form of & used in the experiments reported 
on here was exponential. i.e.. 

Least-squares fits using a normal orGaussian func- 
tion with exp!-s2!so2) instead of exp(-sls,) gave 
residuals typically larger by an order of magnitude 
than those attained with (5). The distribution of 4, 
did not seem to wamnt the use of a series of Bcssel 
functions J ,  (Rutherford. 1972) or of a damped cncit~e 
function (Schlatter er al.. 1977). Our experiments 
lead us to believe tha: results would not be particu- 
larly sensitive to the exact form of d(s), or to the 
choice of parameters values. 

The function d(s; s,,.c) obtained in Eqs. (4) and 
( 5 )  was not actually used in this form to calculate 
the weights c$. It was modified in two ways: 1) to 
account for the known b~as of remote-sounding 
temperatures; -.nd 2 )  to account for the strong 
inhomogeneity of the error structure. 

A positive value of c in (5) can be interpreted 
as being the result of a systematic bias in the differ- 
ences yk = 71. - TC. Indeed. let the mean );[; of 
the random variable yk be f k  = y + 0. It is reason- 
able to assume that devialions from the mean of the 

was used instead of &s; s,.c). 
The spatial inhomogeneity of the error struciure be- 

came apparent when computing stratified correlation 
values 4 = din'(s,), Here n denotes a 10" wide latitude 
band within which pain of differences were chosen. 
withn going from 1 to 18. The different curves &s:s4"') 
= d"Ys) showed a remarkably strong and systematic 
effect of latitude on the correlations I Fig. 2). the curves 
at higher latitudes had much narrower peaks. i.e.. 
smaller s'" than those at lower latitudes. This is in 
agreement with the well-known influence of latitude 
on the Rossby radius of deformation and on the 
mechanism of geostrophic adjustment. Indeed. 
the value of the radius of deformation affects the 
characteristic scale of both the forecast and the ob- 
served temperature fields and hence the spread of 
4'"'. No sizeable or systematic dependence on height 
of the correlations was observed when stratifying 
computations by pressure levels. 

Rather than base the correlation curve b""(s) 
used within each latitude band on the relatively 
small amount of data available w~thin that band. 
we decided to model the effect of latitude in !he 
fallowing manner: A single corre1at;on function 
a = 6cs: sn.c) was computed as rndicated before horn 
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FIG. 2. The corrclrtron hnct~on & J )  for different latitude bands. uslnp data at all the mandatory pressure levels. Clearly, the hnct~on 
ha? 3 narrower peak for hlgher latitudes. (a) IPS-cquaror. (b) UTS-303. I C )  WN-5O.N. (d) 70.N-80*W. 

Eqs. {J) and ( 5 ) .  and modified by sening c = 0 to 
account for the bias [cf. Eq. ( S t ) ] .  The function 
& s ;  so)  = & s '  . s,.l)) was then modified further in 
order to allow for the latitude effect, so that 
finally the function actually used for a given ob- 
servation patch was 

whtre 4 IS the mean latitude angle of the observa- 

tion patch. The use of such a latitude-scaled correla- 
tion function has the added advantage that polar 
regions, over which the earth-orbiting satellites 
pass frequently, are not completely "swamped" 
by the sounding data which have lower accuracy 
there: such "swamping" could cancel the stabilizing 
influence of model forecast values and affect ad- 
versely the assimilation process. 

! ii) The lineor regression equarions . Having ob- 
tained & s )  in Eqs. (4)-17). the weights a: in (  1) aredc- 
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Aned for this method as the solution of the system 
of linear equations 

AIQI I 81; (8) 

here a, = (4,. . . , qqT, N is the number of 
observation points in the patch and ( )f denotes the 
transpose of a vector or of a matrix. System (8) is 
the nonnal system which arises in dl statistical 
applications using linear regression. Derivations of 
(8) can be found in the meteorological literature for 
instance in Bengtsson and Gustavsson (1971, 1972). 
Gandin (1963) and Rutherford (1972, 1973). It is 
based on minimizing the expected value of inter- 
polation error squared with respect to the values of 
the weights 4. 

The statistical information accumulated on ob- 
servations and on forecasts is incorporated into the 
entries aftr of the matrix A and into the components 
8: of the right-hand side vector PI. These are 
given by 

a h  = ask&), BP = #ski). I * -  
\ >) 

Here s,, is the spherical distance between the two 
7bservation points k and k t ,  and is the distance 
between the observation point k and the grid point 
I ,  at which we wish to make the correction. Notice 
that A is determined, exclusively by the geometry 
of the observation patch. and we can drop the sub- 
script I ,  while 8, depends on both observation 
points and the correction point we consider. 

The assumption of an isotropic correlation 
function d, = 44s) leads to considerable simplifica- 
tion of the matrix A and to a much more reliable 
estimation of its entries a,,, from the available 
data. Hence it is quite customlrry to make this as- 
sumption (see references above and discussion of 
ill conditioning funher below). 

(iii) Matrix inversion method. The weights a, 
depend on the correction point I, because PI in 
Eq. (8) does. This would seem to imply that for 
every correction point I we need to solve (8) for 
the weights a,; such an approach would be computa- 
tionally rather expensive. The number N of ob- 
servation points in a patch is typically 50, so that a 
few thousand algebraic operations might be involved 
in making the correction at just one point. Fortu- 
nately, it is rather easy to circumvent this d icul ty .  

Let y = ( y , ,  . . . , y.")" stand for the vector of 
differences yk. Combining Eqs. ( I )  and (8). the cor- 
rection 6, is given by 

Here xTy is the inner or scalar product of the column 
vectors x and y, and A-I is the inverse of the matrix 
A. Since A is symmetric, we can write 

here we used the mles for the transpose of a product 

and of an inverse. and introduced the vector s) - A-Iy. 
Eq. (11) makes it eviderrt that we only need to 

compute the solution of system 

for an observation patch once; all the corrections 
8, are then computed as inner products P:q. Thus. 
the total number of operations per patch is reduced 
to a few thousand. rather than a hundred times as 
much. 

It is worthwhile noticing at this point that the 
device described in Eqs. (10) to (12) is useful in 
reducing the computational effort for any statistical 
assimilation method, whether time-continusuo or 
intermittent. Indeed, consider in p*z.tai rV observa- 
tion points k ,  and ,U pn;:;~ r at which corrections 
have to be m ~ k ,  based on the N observations; 
usuallv .': z N. Then the device reduces the num- 
kcr of operations to one linear system solution (12). 
plus M inner products (1 1). On the other hand, any 
method of matrix inversion is equivalent to N sys- 
tem solutions. e.g.. O(W) multiplications for a 
full matrix. The number of inner products (10) is 
still the same as in (1  1). The net gain is thus con- 
siderable and increases as M and N increase. 

In the current version of the method, a general- 
purpose linear equation solver is used to solve the 
system (12); the solver is based on Gaussian elimina- 
tion with partial pivoting. In the future we intend 
to exploit the approximately banded stmcture of 
A in order to reduce the number of operations even 
further. 

A well-known difficulty in solving system (8) or 
system (12) arises from the fact that such systems 
appearing in statistical computations are typically 
ill conditioned. In other words, as the number N of 
cbservations y , .  . . . . y, increases, the "weighted 
corrections" q become more and more sensitive to 
errors in the data, i.e.. to errors in A and in y .  

Because of the ill-conditioning of this system, as 
well as in order to prcsmooth observational errors. 
the temperature sounding data wen first averaged 
to the forecast model grid points. This averaging 
had the additional advantage of funher reducing 
computation time. In the future we plan to use for 
this purpose a more elaborate form of smoothing, as 
described in Ghil and DilIing ( 1978, pp. 3.18- 3 .?3), 
instead of straightforward averaging. 

(iv) Treatment of the sounding temptratirre bias. 
We have already referred to the problem of sys- 
tematic differences between the temperature fields 
obtained from satellite observations and those ob- 
tained from the analysis of conventional data; these 
differences appear whether climatology 01  model 
forecasts are used as a background Aeld ("first 
guess"). This mean ddference, or bias, should be 
accounted for in trying to extract the maximurr 
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mount of usehl information from satellite data. We 
have attempted to do so in two different ways. 

Fint, the correlation hnction #s) was modified 
as described in Eq. (3'). Second, there w u  an at- 
tempt to take into account the effect of the b iu  on 
the temperature corrections themselves. One a p  
p m h  in this attempt consisted in computing 
the average diffcnnce between observations and 
interpolated forecast values over a satellitedata 
w c h  

= Z ydtYN,. 
N < W U  

(13a) 

The summation hen extends over a time interval 
At = 10 min and N, is the number of observations 
within this time interval. The corrections 8, are then 
made using the modified difirences 

Thus p = 0 means no modification of the basic 
procedure described above. while p = 1 means that 
y' - 0. In practice only p = 0, p = I were used, 
and no experiments with intermediate values were 
carried out. An experiment with p = 1 is marked 
as "bias removed at observation point" in Table 1. 

Another approach in our attempt to remove the 
effect of the satellite-temperature bias was to "re- 
move the bias at grid points". In this approach. the 
actual correction made at grid point I is 

with 6 defined as 

z 811 

here a'" is the sum of the weights at correction 
point I". 

v. 

while the weights af. are given by (8). Notice that 
the modified corrections Si sum to zero, i.e., 

but the modifications are not uniform over the 
whole domain of gnd points influenced by a patch 
of observations. They are proportional to a'" and 
thus tend to be large toward thc middle of the patch 
and small away from the patch. 

This completes the description of the time-con- 
tinuous SAM. as implemented in the experiments 
described in Section 3. It has already been pre- 
sented in Ghil er al. (1977b): further dctails can 
be found in Ghil and Dillin8 ( 1978. p. 3.89 ff.). 

(v )  Geostrophic wind correcrions. After the tem- 
perature corrections were cmied out by either 
~nterpolation method (DIM. SCbl or SAM). a local 

geostrophic wind correction w u  also performed. 
Such a correction was considend dn t  by Hayden 
(1973); it is discussed by Bengtsson (1975, pp. 
29-30) and by Kistler and McPhenon (1975). In 
the model's u coordinates it is given by 

when V is the horizontal velocity vector, f the 
Coriolis parameter, k the vertical unit vector, V, 
the p d i e n t  operotor parallel to u surfaces at 
point I ,  and 4 the geopotcntial. Superscripts ( IC 
and ( )f stand for corrected and forecast values, 
respectively. 

In the model. both t$r and +' arc computed from 
the hydrostatic equation 

where p is density and n = p, - pr, with p, the 
local surface pressure and pt = 10 mb. Corrected 
values of p, i.e., pc. are computed from the equation 
of state, p = pIRT, using comcted temperature values 
P and model forecast pressures pf.  

No observations ofp, are available in general near 
the sounding-temperature "patches". Hence no 
corrections were made to the surface-pressure gradi- 
ent term (ulp)Va in evaluating our geostrophic 
wind corrections. 

The effect of assimilating satellite data on weather 
forecasting was evaluated using the following three 
criteria: I) differences between initial states pro- 
duced by analyses benefiting from the use of satellite 
data. referred to as SAT initial conditions. and 
those produced without such data, vi:.,  NOSAT 
initial conditions; 2) differences in the numerical 
predictions made from these initial conditions, re- 
ferred to as the SAT and NOSAT prognostic fields. 
respectively: and 3) differences in the actual weather 
forecasts which a local forecaster would produce 
based on acceptance of the information given by 
the SAT or NOSAT numerical prognostic fields. 
Differences in the prognostic fields were measured 
objectively by the standard numerical criteria of 
S, skill scores and rms errors, as well as by subjec- 
tive comparisons based on synoptic criteria. 

The qualitative and semi-quantitative comparisons 
~nvolved in evaluating initial state differences, as 
well as the synoptic case studies made of prog- 
nostic fields. need no further elaboration at this 
point. Their use in Sect~on 4 wlll be self-explanatory. 
We shall only describe here the analysis of S, and 
rms results for the numerical forecasts. and the auto- 
mated forecasting method I AFM) used to produce 
local weather forecasts from the large-scale prog- 
nostic fields. 
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1) NUMERICAL EVALUATION OF FORECAST Dlf -  
FERENCES 

The numerical measures of forecast accuracy 
used wen S ,  skill scorer. and rwt-mean-square 
(rms) differences. The meteorological fields to which 
they wen applied an the sea level pressure p, and 
the height d of the 500 mb geopotential surface. 
First the differences between values of the field 
produced by a model forecast and the field values of 
the NMC objective analysis a! the same synoptic time 
were computed. These differences were computed 
for the synoptic time 48 and 72 11 after initial time. 

The next step was to compute the nns value of the 
diderence field. The actual impact meruure consisted 
in subtracting the nns diPference for the expcri- 
ment forecast &om the rms diEennce for the NOSAT 
forecast. A positive value of this difference then means 
beneficial impact of, or improvement due to, satellite 
data for the given experiment and quantity, while a 
negative value means negative impact. The compu- 
tations for skill score impacts wen done in d o g o u s  
fashion. The verification regions over which the im- 
pact was measured were North America (30- 7VN. 
75- 1300W) and Europe (30-86'N, lPW-WE). 

The computed values ofS, impacts from the differ- 
ent experiments art given in Table 2, for the 
500 mb height field 4 verified at 48 h owl- Nonh 
America. Similar tables were computed for S ,  skill 
scores and nns errors of the 4 and p, Relds verified 
at 48 and 72 h over Nonh America, as well as over 
Europe, i.e., 16 tables in all; they appear in Ghil 
and Dillin8 (1978, pp. 3.142-3.157) and will not be 
reproduced here in order to save space. 

Considering the results from each experiment, 
one notices great variations in the daily values of 
forecast skill scores for all quantities, it.. for 
both p, and 4 over both verification regions and sf 
both verification times; negative as well u positive 
impacts occur, and they art of varying magnitude. 
These variations can be attributed to a number of 
facton; the quantity and quality of the satellite data 
during the 48 h preceding the given day figures prom- 
inently among these facton, along with the synoptic 
situation at the initial forecast time itself. Other 
factors can be simply usumed to generate random 
ditIerences in the impacts. 

Proceeding fiom Table 2, we sh.U now outline 
how the overview of results in Table 3 w u  u- 
rived at. This is more a procedure for the concise 
presentation of a luge quantity of results than a 
real ru t i s t i4  rnriysis model. In formuluiq a 
scatistical model, one should separate hnt  de- 
tenninistic Erom random effects. The model should 
then account for the existing linear dependencies 
among the mndom effects. Such a model is currently 
under investigalion. 

For instance, when considering the random com- 
ponent in the outcome of our experimenu. it is 

nasonable to assume the* the results of one fore- 
cast are only weakly correlated with those of another, 
their initial times beiq separated by 48 h. It is also 
n a m a b l e  to assume i r  general only wenk correla- 
tions between the outcomz r.: verifications over 
Europe and those over Fioni. .;merica, the separa- 
tion being sufficiently large in space and hence it? 
synoptic situatians. But the rescllts for d on the one 
hand and forp, on the other we strongly correlated, 
and so are results for the same quantity verified 
at 48 h and 72 h. The same is true of rms and S ,  
error measures. 

The synopses of results fo~. n s  crrors and fcr 
S ,  skill scores have becn compiled separately. They 
show strong correlation. and thus suppon our 
simplified analysis model of the detailed results. 

In Tabie 2. let the entries in rhe columns labeled 
21 through 321 be denoted by s,,. with i the row 
number, 0 s i s :W, M = 16, andj the column num- 
ber, 1 6 j s N, N - 11. Thus the actual skill 
scores for the NOSAT experiment NO art x,, 1 
G j c Y, whle the skill score impacts f?r all the 
other experiments are nu, 1 S i < .U; tne same 
holds for rms errors. 

The results in the three columns with the heading 
"Actual value" represent an overview of skill 
scores themselves, i.e., of r, for the first row. 
i = 0,  and of .vu = x ,  + xu for the 0 t h ~ .  rows. 
i # 0. The column headcd "Ave" cont.5; I . ,  the 
avenges 

S .s 
i, a .r,iN and 9 ,  = 1 y,,/,V, i # 0. 

1- I 1-1 

respectively; the column headcd SD contains the 
standard deviations 8, of xo or y,, defined by 

and similarly for bo. The column headed SE csn- 
tains the so-called standard crrors 8, in estimating 
the means .P and fl+i 0, respectively: it is 
computed as 1, - 8,IVN. 

The csults in the three columas headed "Differ- 
ence from NO" represent an overview of the im- 
pacts xu, 0 G i G M. The entries in the first row 
are therefore clearly zero. The columr~ headed 
"Ave" contains R, = r&, x j N .  column SD con- 
tains u,,srs = z& ( x u  - R,)=l,V, and finally SE 
conuins a, - v i h .  

Because of the random influences on the detuled 
results we discuss, there were still great differences 
between the msults in the lwt three columns of 
Table 2 and those of the similar tables for the other 
quanuties. veriAcarion areas and verification times 
(Ghil and Dilling. i978. pp. 3.14?-3.157). The 
results in the different tables were funher sum- 
marized as follows. 

The average impact .to of a given txperimcnt was 
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computed from the values .rdk in the eight different 
tables with skill score results (Tables 39a-39h. 
loc cit.), .ti* = (fa - Lou)l.iar. 1 6 k G 8. We sim- 
ply set 1, = xf,, .i,,;8, and will refer in the 
sequel to .ti for convenience as x,. We shall use 
this average x ,  as a measure of overall impact for 
experiment i ,  together with the corresponding 
rrns impact. 

Computing the statistical significance cf the mean 
impact or estimating its variance is a delicate matter. 
Here the assumptions about the population out of 
which the table entries are considered to be a sample 
play a critical role. 

We define the measure of statistical significance, 
or confidence in our results, in the following opera- 
tional way. In each cne of the eight ' Yes with S, 
results, we compute ilk = 1 C i s .Cl, 
1 s k c 8. The total measure of significance of any 
given expe?menti is!hen given by :;.aeIe averaging. 
as for .TI, (( Zf-, ilkr'8. The values ;, are related 
to a standardized score or : score for the mean of 
the impacts, in terms of a probability cistribution 
with zero mean and unit standard debiation. In this 
treatment we b,ave neglected the uncenainty in 
estimating the standard deviation of the mean im- 
pact: tnis uncertainty wolild be taken into account 
in the careful app!ication of a Student's t test to :he 
confidence limits of the mean. At :his point suffice it 
to say that for a number of degrees of freedom v. or 
sample size 3'. v = .Y - I = 10. the r distribution is 
practically undistinguishablc from a standardized 
normal distribution: the remark is valid a forriori 
if we are willlng to grant that verification results 
over Europe are independent of those over North 
America. and hence v = .V - 1 = 21.  

.%her these remarks, we shall limit ourselves to 
stattng that He have very little corrfidence in the 
results of a gi\:n experiment : .f ' :$: s 0.5. reason- 
able confidence if 0.5 < {, s 2 .  and very high 
coqfidcnce if 2 c ,it 1 .  The values 0.5, 1 and ': of : 
= i, carrespond to t h t  following values of :he 
cumulative distribut~on function F(:) of a normal 
distribution with zero mean ar.J with standard de- 
viation unity: 

In the following, ;, will be referred to as i,, for 
notational c~nvenience. 

Ihis  completes the description of the ~rocedure 
for ,dmrnarizing the S: and rms results of our fore- 
cast ex2enments. 

2) f HE +UTOMA'TED FCREC.ALTIbG METHOD ( 4FM) 

The prae:~cai usefuiness of K i V P  de;ends to a 
large exteot on I I C  ~b i i i t !  'o ?roJuce ~ . r  help In pro- 
ducing I O C ~  \ cathcr fore.:.;j:s. e s ~ c r : ~ i : : ~  ?rec;plta. 
tion forecasts. '.':n:cal 3 t . i  c.,l ir.2 .$!a:,% , 5un:dit: . . 

2 <7ii~:21 .3:< . 2  ,. ,:> 'C<Ld !~ : :2 . l> i j  - 2 -  

fonunately, the l a c - sca l e  fields of these quantities 
are not predicted with sufRcient accuracy by 
current NWP models. 

Quasi-geostrophic theory provides a way of com- 
puting the venicd motion field with satisfactory 
accuracy from a knowlcdqe of the three-d!mensiond 
geopotential field, using the o equation. This equa- 
tion, together with the geopcrr.t,;id tendency equa- 
tion, are the c1as:l:al tools for tht. diagnostic analysis 
of synoptic-scale midlatitude clisturbances (e.g., 
Holton, 1972, Chap. 7). 

The bu i c  idea of the AFM is to apply these tools 
to the diagnostic analysis of the humerical modeFs 
forecast fields. The geopotential field and the wind 
field are among  he R-Ids most accurately predicted 
by the NWP model: the 1a:ter also yields reaiistic 
estimates of actual vonicity. Hence oa t  can expect 
more accurate estimates of venical motion from 
this procedure than those provided directly by the 
model. Such a procedure also conforms to subjective 
forecasting practices which are widely used in local 
weather prediction. 

The development of the Automated Forecasting 
Method is an atter.,pt to quantify the usefulness 
of large-scale numc %a1 forecasts in local weather 
forecasting. +^ne AFM was designed to simulate 
the subjectibe interpretation of a set of prognostic 
chans under the restrictive condition !hat no rnodi- 
fication of the prognostic !low patterns. as fore- 
cast by the numerical model. can take place. It has 
two main advantages for objective evaluation: 1) 
local preci~itation forecasts can be generated and 
analyzed fcr a large number of locations in a veiy 
short !!me. and 2 )  the procediires that are applied 
to each set of prognostics w~ll be uniform. 

The major quantities forecast by the AFM are 
precipitation occurrence. t)pe of precipitation and 
24 h surface tenperaturt change. We shall reswc: 
ou-selves he:,: to a description of the AFSI pre- 
c:pitation scheme, which was actually used In tvalu- 
ating results from some of the DST-6 experirnen~.; 
camed out. 

The first step in the method is to compute several 
forecast parameters needed for ever). location at 
which a local forecast is to be made. The forecast 
parameter; used by ,he method are ~bsolute 
vorricity advection :VA) at 300 mb, temperature 
advection tTA) at 850 mb. dvection of the 1000- 
0 0  mb thickness (THA). moisturc advection I 51.4, 
3t 850 nib, dew-point Jeprescion tDD) at 850 mb. 
wind direction t WD) compute,l geostrophtcally at 
sea. level. venical wind shear i VWS) from sea 
level to 350 mb and frcm 850 to -00 mb. and 850 mb 
t e m p e n t u  1T8!O).,Thjs list includes most of :he 
quan:itlcs ssed by ape:aticnal forecasters to pre- 
iic:  rea as cf larpe-scale nrecipitaticn Houghtcn 
.ind !;vine. ;S"St .  For .;..s!ance, r.cr;;c;t> . ~ c t ~ e s .  
:ion ..: 5CC ; ~ . b  1s a re3..~nacle rpp:c\,n;~t~or -d 
:he ,.?ere-!!lai ' , G F i C : i :  Lc~cc:lor. : c ry  In :?.e 
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o equation, since vorticity advection at &he surface 
is very small. 

Local quantities, such as T850. arc computed by 
Linear interpolation from the corresponding grid 
point quantities. Advec:ion ofa quantity Q is defined 
as (V.F)Q. where V is the horizontal velocity vector 
in pressure coordinates and V the comspnnding 
hori;.ontal gradient operator. 

The numerical calculations involved in computing 
(V-V) Q, such as averaging and differencing, were 
all based on the four grid points adjacent to the de- 
sired location; since absolute vonicity q is not com- 
puted directly by tt e model, 12 points. rather than 4, 
were used in the calculations for (V.V)q. The use 
of actual wind and actual votticity in this term. 
rather than of their gcostrophic values, was deemed 
more compatible with the PE model; it should lead 
to better estimates of vertical motion even within 
the hmework of applyin? quasi-geostrophic rela- 
tionships to the diagnosis of the model forecast 
results. 

The next step is to determine whether there is 
sufficient moisture at  he given locati~n for precipita- 
tion to occur there. If this criterion is met, the 
vorticity advection field is tested. Positive vorticity 
advection (PVA) is an indicator of upward vertical 
motion. whereas negative vonicity advection (NVA) 
is an indicator of downward vertical motion. 
Generally, strong PVA in the presence of sufficient 
moisture will result in precipitation. The effects of 
thermal advection . -- coupled with those of vorticity 
advection in the o L duation and strong cold advec- 
tion can negate the effect of PVA, whereas warm 
advection vrill enhance it. The manner in which the 
AFM combines these quantities is illustrated in the 
Appendix (Fig. Al!. 

Once the above precipitation calculation is com- 
pleted, two ddi t i~nal  tests for precipitation are 
performed. These include a test for cold frontal 

2 x 29 x I1 = 638 forecasts in ali, from the NMC 
analysis valid at the corresponding synoptic time. 
The statistics verified were 1) relative frequency of 
correctly forecasting whether or not precipitation 
would occur, 2) post-agreement. i.e.. the relalive 
irequency of cases in which precipitation actually 
occurred when forecast by the AFM. snd 3) pre- 
figtcrance, i.e.. the relative frequency of casts in 
which an 0bservc.d precipitation event was fore- 
cast by the AFM. Post-agreement can be defined 
as (area comct)/(area forecast) and prefigurance 
as (area correct)i(area observed) (Tracton and Stack- 
pole: in Murphy and Williamson, 1976, p. 736). 
Clearly, a precipitation event is labeled "correct" 
in this context if it is both forecast and observed. 
For the 638 cases tested. the AFM had a 76% veri- 
fication in prefigurance. as well as in post-agree- 
ment. and a 93% verification in forecasting both 
positive aad negative precipitation events: the latter 
score is obviously higher since absence of precipita- 
tion is more often forecast correctly. 

The agreement with subjective precipitation fore- 
casts was tested for pan of the same period, using 
ten 72 h numerical forecasts and three forecasters 
working independently. The numerical prognostic 
fields from the 10 forecasts were used to make 
precipitation forecasts at five cities every 12 h, i.e.. 
5 x 10 x 6 = 300 forecasts. The agreement between 
the AFM and the subjective forecasts was 94% on 
the average. for all three forecasters; it was com- 
parable to the agreement between one forecaster 
and another. We concluded from these tests that the 
AFM was quite comparable in performance to the 
average skilled weather forecaster. and decided to 
use it in evaluating the numerical forecasts made in 
our DST-6 experiments. 

Further details on the AFM can be found in Atlas 
and Sakd ( 1978) and in the Appendix. 

precipitation (Fig. A?). and a gross check for the po- 
tential for showers (Fig. A3). Finally, a test for the 
type of precipitation is made as illustrated in Fig. 
A4. A sample of the AFM's output is presented in 
Fig. AS. 

The AFM cannot perfom pattern recognition in 
the same manner as a human forecaster. It does 
take into account. however, most patterns in terms 
of the computed advection of certain quantities; this 
process is somewhat analogous to that nf graphic 
differentiation of the relevant prognostic 'Is. 

Prior to its application to the e~,aluatb;n - *ellite 
data impact, the AFM was tested fror: : A  ctand- 
points: its accuracy when applied to a perfect 
prognosis, i.e.. to an analysis. and its agrcement 
with subjective forecasts. 

Comparisons with observed precipitation events 
were made for the month of February 1976, making 
precipitation forecasts twice a day at 11 cities, i.e.. 

3. Description of experiments 

The purpose of our experiments was to study the 
effect of satellite data on the accuracy of initial states 
cbtained with the aid of such data. and on the 
qccuracy of forecasts starting from these initial 
states. Specificall./. we studied the effect of the 
quantity and accuracy of the satellite data them- 
selves, on the one hand, and of the assimilation 
methods used t -  extract the information from the 
data. on the othrl 

All the experiments consisted of a continuous 
assimilat~on run, evending over the entire period 
for svh~ch data were available. and of a number of 
forecasts staned from selected ~nitlal states pro- 
duced by :he assimilat~on run. The experiments 
differed from each other by the sounding data which 
were assimilated. and by the method which was 
used to carry out the ass~milat~on. The asslmrla- 
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tion methods used for the satellite daia were time- 
continuous direct insertion (DIM). asynoptic suc. 
cessive com;tion (SCM) and time-continuous local 
statistical assimilation (SAM); in aadrtion. an experi- 
ment with intermittent insertion at synoptic times 
only was also performed. 

a .  The data 

The methods were applied to data from the DST-6 
(January-March 1976) period. A complete assinlila- 
tion cycle was carried out for all experiments 
from 0000 GMT 29 January to 0300 GMT 21 
February 196 ;  for some of the experiments. the 
assimilation was continued to the end of the PST 
period. i t . .  to G300 GMT 4 March 1976. Eleven 
forecasts were carried out for all experiments. 
staningat 0300GMTon 1.3.5. . . . . 2 1  February; 
for the extended experiments. six additional fore- 
casts were performed. starting on 23.25.17 and 29 
February, and on 2 and 4 March. The reason for 
starting the forecasts on 0300 GMT and not at.0000 
GMT was to achieve as close a parallel as possible 
with current operdtional practice at the National 
Meteorological Center (NMC) because NMC uses 
intermittent assimilation with a 2 3  h "wiadow" for 
satellite data. Thus, an operational NMC forecast 
started at 0000 GMT uses ail asynoptic information 
up to 0300 GMT; so do our experimental runs 
started at 0300 GMT as we rely on time-c~ntinuous 
assimilation. Starting 3 h after the inse~ion  of syn- 
optic data also has the effect of letting the model 
smooth out the initialization shock occurring at 
synoptic time {see Section 2:  also Ghil, 1975. and 
Ghil rr al. .  1977a). 

The temperature sounding data wen supplied by the 
National Environmental Satellite Service (NESS). 
They had been obtained by operational retrieval meth- 
&is (Smith and Wwlf. 1T6: Werbowetzki. 197.9 Erom 
the ndiance measurements performed daring DST-6 
by the VTPR instrument aboard the NOAA 4 
satellite and by the HIRS and SCAMS instruments 
aboard Nimbus 6. Different retrieval methods have 
been under development at the Goddard Space 
Flight Center as well (Susskind and Edelmann, 
1978). but their results will not be discussed here. 

The correlation panmeters s, and c of Section 2 
[Eqs. (4) and ( 9 1  were computed separately for data 
from the two satellites. and the two pa l s  of the 
DSTd period we considered. 30 January - 10 February 
and 21 February 4 March Then thelr va l~es  were 
also computed for the data from both 5atellites and 
from the errtire period. The value of s,, for data ob- 
tained w~th  the VTPR Instrument is almost twice as 
large as that for the HIRS instrument 1294(! km vs 
1781 krn. for data from the cntlre :?nod' 93: :.dues 
for data from either satelli~c dift'er ~r.1) .;?i: siightl; 
from one pan or the p t r l ~ d  :he .\r?,e!. e y.. 

from 1853 km in the first part to 1686 km in the 
second pan for Nimbus 6. The values of s, and c 
actually used in the experiments are given in Table 1. 

The sounding data from the first and second part 
of the DSTd period do differ, however, in other 
reppects. This is due to a change in the observa- 
tional properties of the VTPR instrument aboard 
NOAA 4 during :he period (H. Bowman, private 
communication). Also some aspects of the opera- 
tional processing of Nimbus 6 data by NESS were 
changed (C. M. Hayden. personal communication). 

The conventional data and experimental data 
other than temperature soundings were provided by 
NMC. in accordacce with the data formats de- 
scribed in Automation Division Statf(1973). The data 
categories used were surface reports from lard and 
ocean stations. including fixed and moving ships; 
upper air reports from land and ocean stations. as 
for surface reports. and in addition from conventional 
and special aircraft. From the Tropical Wind Energy 
Conversion Reference Level Experiment (TWERLE). 
and cloud-track winds obtained by NESS from the 
Synchronous bieteorological Satellite (SMS). Data 
categories not used were those from reconaissance 
aircraft. manual mnnitoring bogus data produced by 
NMC based on cloud pictures. and satellite winds 
obtained from SMS by the Space Science and 
Enginecling Center at the University of Wisconsin. 
using cloud-picture processing procedures differ- 
ent from those of NESS. 

Surface data used were all those within 3 h of 
synoptic times (from 2100 to 0300 GhlT &.~d from 
M@O to 1300 GMT). The upper air data used were 
also restricted to these two 6 h "windows", and 
funhermore to latitudes lower than 85" in both hemi- 
spheres. All these data were assimilated at the syn- 
optic times by direct insemon :DIhll. 

b. The methods 

A summary of the cxperimmts is given In T,il?ie 1. 
The null eKpenment. in which only synopilc dsta 
and no sounding temperatures were ~nserted. is  Je- 
noted by NOSAT. It was performed at the Oeg~nning 
of this study r Experiment NO). Because of di!XcuIt~es 
in the maintenance of 3 data base and of a program 
having the ~ i z e  involved in these esperiments. !he 
null e.tpenment was repeated at the end of !he :e.t- 
lng penod reponed on :c Ha!em z: cii ( 19'8,: :hi> 
rcnn of the SOSAT case IS Espenmcnt Nor. 

E~periment CNc was set up 3s a control etpcri -  
ment to check !he informat:on so-~t tc t  ot st;lfr'ilii;l 
daia: it should show whether the snourh~ng c f f e ~ i  
af SCM or S A M  on :he tieid value5 produzcd 5! 
~ss~miiatlon ?ins >as an 1n;ait comparable -,: t L t  ,?i 
3 )  steclatic differen;es t.e:v~e?n o c s e r i  3 i : ~ 3 r >  .,L! 
5rt:asts i: :or In 15:s frpe::menr :he : - ~ ? . r - , .  
:ure !at; u?cd 2s ".-:.:r.:~?:cn.; ' :verc rp.,,~?' 
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T ~ B L L  1. Summar) description of lmpact cxpenrnents. The use 
~f data from the VPTR instrument on board the SOAA 4 satellite 
is denoted by VFTR. the use of data from the HIRS and 
SCAMS instruments on board the Nimbus 6 satellite by NIMB. 
The method b! which the data have been asslm~lated IS Indicated 
by tke acron}mr DIM. SCM or SAM. The experiments In 
which only convent~onal sbnoptlc data, m d  no satellite data at all 
%ere used appears u NOSAT The first chmctcr of the code 
number IS a csp~tal letter nnd refers to the method. DIM = D. 
SCM - C and SAM = S, the second character refcn to data 
ruurcc VTPR = V. NISI8 - N ~ $ 1  %TPR r NISIB - I (for 
S I T ) ;  the thlrd character. a louer case Latin or Creek letter. 
refers to silght kxnrtcons In the method. Additional expimat~ons 
concerning the methods are @%en In 'he text 

c-ion 
Aammth- h u  pUrm8lWl 

Expm-  IN^ 

mmnr rnnhul VrPR >tYB 8. tkml 

NO 
Lor 
D% 
C>F 
C N  
n! 
'2 
CI 
CVd 

sv 
Sh. 
5: 
s:r 
S:b 
S2.A 
S2r 

YOS4T 
YOS4T' 
DIW 
SCH' 
SCU 
SCM' 
SCY 
SCY' 
SCW' 
SAY 
SAY. 
SAW 
SAWa 
SA U' 
j4Y '  
SA ,U+ 

' Rtlun rn r m w t  a( E t p n m n r  LO 
Smcmi r r p r l m c n l  nrth 18rnuuml \ombur 5 data. b.- .w hC7SAT ihOI 1.' n 

r 0 e C . u  

Yo tn¶Wwn d \Prllrlr b r a  JIrr d.u-.).n.c IbcJ m r  
:nlmmtrfrnt .nnn!on u >rnupr t l m n  ddi dao 

mgad 41un.rl1 wnnnnt ndu 
' B u  mnP u - .cm~~ p n t  
B m n m o t . 6 Y I n J p n m  
" Wr#mtn# J( fumw ud Jbrmvmr~ca .Uwt r r u d m (  s t u ~ ~ l ; u l  ton- 

h c * .  :he d ~ f f m n c *  mmn * md . ta erp(un8d ,n ;h. Imrt 

values produced from a NO (see Table I )  1 h fore- 
cast. to whtch s~mulateit observed-mtnus-foremst 
differences had been added These simulated differ- 
ences were computed dt  the !rue Nimbus 6 obsena- 
tion locations. b! using a random-number generator 
functton w~th  statistical properties determined from 
dctual data. 

The question of the relative reliabrlity of satellite 
observations versus that of forecast values was 
specifically addressed in Experiments S2p and S2v. 
Given the v~lues  of the temperature corrections 
5, as iumputeu in Section 2 (Eqs. (a)-( 12)]. the cor- 
rected values 1;' of temperature at grid point 1 can 
be expressed 3s 

Tr = f l  - rS,. ( 16a) 

In dl other S A M  expenrnents + = 1 .  In these two 

cally measured confidence in these values. The 
variances u, and a,, Here cumputed separately for 
12 latitude b u d s  and for 1 1  mandatory pressure 
levels. using colocated radiosonde measurements 
for the "!rue" value of the temperature tield. In re- 
gions where 3 sufficient number of values Here lack. 
ing for a relinblc estimate of bariance to be made, 
certain default options Here introduced. One such 
default option uas to use o,, computed for a larger 
region. in which sutlicientl many observations were 
available. and which included the given region. 

The difference between Experiments S 2 r  and S ~ P  
is in the wa) tn which the presence within one up- 
dating intcval of temperature retrievals from both 
satellites. NO.4.4 4 and Simbus 6 .  is accounted for. 
The variances cr,, are computed jcparatcly for either 
satellite. In Experiment S&. .LL for a "r~ixed patch" 
was computed as a weighted avenge of the g kalues 
for the two satellites. In Experiment S3v. a ueighted 
avenge of c:,, for the two satellites was computed ir. 
a "mixed patch" and g computed from ( 16) with 
this averaged value of u,,. 

The time-continuous approach to 4D assimilation 
of temperature sounding data uas used in all the 
experiments descnbed heretofore. In order to verify 
the valldit) of this approach. Experiment C2i was 
carried out. In it. the sounding data. as well as all 
the other data. were inserted intermittently at sgn- 
optic times; a successive correction method was 
used for both conventional and sounding data. The 
sounding data were grouped in 12 h windows and 
weighted according to their spaual distance and time 
separation from radiosonde observations. receiv' ~g 
less weight when close to the latte. and more when 
far from them. A detailed report descr~bing variance 
data for Experiments S2 r  and Slv. and the weighting 
procedure for Experiment C2i is in preparation: 
the temporal weight factor used is sim~lar to the one 
in Ghil and Dilling ( 1978, p. 3.7). 

The SCM experiments C2i and C2t used the scan- 
nlng radit and computatton of ~ e l g h t s  described ~ r !  

Section 2. the weights in these two expenments can 
be considered ilose to optimal. due to adequate 
tuning. In the other SCXf experiments. CN, CNI and 
C2. an error i: the programming for Eq. (3) led 
to weights which were found to be still ;easonable. 
but far from optimal. The difference in results 
between C2 ar,d C2t will be discussed in Section 4. 

Our tlmlng estimates for the different assirn~la- 
tion methods show that the computational cost of 
impleme~~ting more soph~sticated assimilation 
methods IS not exaggerated. For example, a 24 h 
forecast takes 40 min of CPt' t i~ne: a 24 h NOSAT 
assimllat~on runs in 48 mrn: a 24 h tlme-sontrnuous 
SCM ~ssimilatlon runs In 59 min: and a 24 h S A M  
runs in % min [cf. Ghil and Dllllny ( 1Y09). where de- 

whlch cvrrcsponds to a weightrng of forecast and tails are prov~dedj. These estimates all refer ro the 
observation values rn accordance \vtth a statisti- present version of the GL..\S GChI runnlng on an 
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Amdahl470lV6 computer with a core memory of 2 
megabytes. In fact. the computational cost of SAM 
can be considerably reduced by using more efticient 
numerical methods an3 programming techniques. 

4. Discussion nf results 

The experiments described in Section 3 will now 
be discussed according to the criteria of Section Zb. 

a .  Initial state diffprences 

In the present context, the utilization of satellite 
data only affects the forecasts as a result of differ- 
ences between the initial states computed with (S.477 
and without (SOSAT) the aid of these data. Ddfer- 
ent initial states lead then to different forecasts. 
Therefore. we sVan by considering the differences 
in initial states produced b) the use of satellite data. 
Initial state differences are presented between Ex- 
periment S7,s and the NOSAT Experiment NO. We 
recall that in Experiment S2a data from both the 
NOAA 4 and Nimbus 6 satellites were assimilated 
by SAM: S4-s is taken as representative of all the 
SAX1 experiments using data from both satellites 
{see alco Section 4b below\. 

Figs. ;a ar,d 36 shoa :he 500 mb geopotential 
height difference ticids far the two assimilation 
cycleh. one including ail ihc sounding data from 
both sateilites ccalled 2S.4TI and the other with- 
holding sll sateiiite soundings [called NOSAT). The 
difference fields are given at the initial time of each 
one of the forecasts which were carried o ~ i t  for 
every experiment. .4 look at the fields indicates 
that large \xiations occur in the magnitude of 
initid rta:e differences from one day :o ;nother. 

The magnitudes of the differences vary as a re- 
sult of varistions in data coverage and quality. 
as well as o i  the natural vanability of the armos- 
phere. It is clear from the difference plots that day 
after Jay, differences of the order of 30- 120 m are 
produced ir. data-sparse regions of both the Pacific 
and Atlantic Ocranc Gcopotential height differences 
of this magnitude correspond to 1.5-6'C tempcra- 
ture differences in the 1000-500 mb thickness. The 
variations are of both s i~ns .  although there seems 
to be a systematic tendency for warmer tempera- 
tures in the SAT cycle over most of this assimtlat~on 
test. 

Superimposing the satellite tracks (Fig. J\ on the 
difference charts. we notice that the iargest differ- 
ences occur mainly in the data-sparse areas .dong 
ihe tracks where sounding data have been in- 
serted recently. i.e.. in the 6 h preceding synoptic 
time. It was dlso observed that In cases where the 
inltial state differences are smaller. the forecast irn- 
pact in terms ~i S: skill scores and rms t r ron  is 
genedl) also sn?aller. lVe intend to substantiate 

these qualitative observations by funher quantita- 
tive studies. 

We present in addition initial state differences be- 
tween the 2SAT SCM Experiment C2t and NO, for 
comparison purposes (Fig. 5). It is clear that. day by 
day, the differences tend to be somewhat smalier 
than those between S2a and NO. This is probably 
due to the difference between the methods. The 
warm bias is still apparent and would thus seem to 
be due to the data themselves, rather than to the 
met hod. 
From the nature of the initial state differences, 

one cannot say a priori whether the utilization of 
satellite data in a given case would produce bene- 
ficial impacts. It seems reasonable to assert at this 
point, however, that the magnitude of these differ- 
ences. in the case of SAM and of correctly tuned 
SCM assimilation. is sufficiently large so that one 
would expect them to pr-Luce a certain number of 
significantly distinct forecasts. 

5. .Vtrmuricnl evalrration of forccasr differences 

Numerical measures of forecast accuracy for our 
experiments art  summar;zed in Table 3.  Before 
discussing these results. it is imponant to remember 
that Experiment CNc is a control experiment. as 
Jescnbed in Section 3. and that all the results have 
to 3e gauged against those of Experimert CYc. 
The mean percentual impacts for CNc were 0.97 
in S ,  scores and 1.5 1 in nns errors: the statistical 
significance was marginal. i.e.. cl?se to 1 for both 
S, and rms results. 

1) IMPACT OF D A T A  

The influence of dat? qcantity can be assessed 
by comparing the result experiments using the 
same assimilation meth~ ..sh a series of experi- 
ments is SV. SNa and 5 .  :. In which SAM was 
used to assimilate data from the N O A A  4 satellite 
only tSVi. from the Nimbus 6 satellite o ~ i y  I S N ~ ) .  
and combined data from both satellites tS2, S2a 
and SZb), The ShXi experiments S2. S2a and S2b 
gave very slmilar results (see discussion further 
below) and these were averaged into results repre- 
sentative of all three. denoted by S?m. 

The sequence of S, mean percentual impacts is 
r,, = 1.20. .t,,, = 3.1 1. .r,,, = 4.66. These are 
roughly proportional to the quantity of satellite data 
used in each experiment, and .Y,V - r,,, .rsIm. A 
sim~lar statement holds for rms mean percentual 
lmp,lcts. The statistical significance for all these re- 
sults was high. u:th the exception of SV.  where it 
was marginal. 

pair of comparable SCM expenments are CY 
-. C2. \$itt~ Nimhus 6 data and data from both satei- 
litcs. respectlvei). The results for :his pair are not 
qillte ;onc!us~ve. The S :  Impacts are r,, a 1.83 
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b 

FIG 4 Satellite tracks for the temperature sounding data 
vs~m~lated from 1800 GMT 31 Januarv unrll 0000 GMT I 
February 1976 The locat~ons at whlch VTPR retnevals were ob- 
tatned u e  marked by a V.  the locatlon~ at wh~ch retnevals 
from the N~mbus 6 instruments were obtruned a- marked by N (a) 
The Nlmbus 6 tncks dunnp the 6 h presynoptlc wtndow; tb) 
the NOAA 4 tracks dunng rhe same penod: 1s) the comblned 
tracks of both satellites for the pcnod. 

and .r,, = 2.75. i.e., a 50% improvement in mean 
percentuai impact. However. rms results ECC not 
entirely consistent with 5 :  results. 

In any case, we &re led to conclude that indc- 
pendent of assim~lntion method. the quantity of 
satellite data used affects the numericd measures 
of impact on forecasting accuracy. The impact 
seems to increase with data quantity: this increase IS 

even more pronounced when the satellite data are 
ius~mllated by a method which explicitly takes into 
account their error structure (SAM). 

The results discussed above. and all the results In 
Table 3, refer to forecasts from the Rrst pan of the 

DST-6 period. 1-21 February 1976. Experiments 
NO. Nor.  S2a. S2w and S2v were extended to the 
end of the DST period. 4 March 1976. The results 
of the extended SAM experimen:~. S?a. S2cc. and 
S2v are pven in Table 4. The correlation parameters 
used for the second pan were the same as for the 
first pan c see Table 1) .  

In Table 4 a comparison IS made between results 
for the first part of the penod. the second part 
and the entlle period. I t  is clear that the results for 
the second pan are considerabiv worse than for the 
first pan. We beliebe that this is due to the changes 
in data acqu~s~t!or, and processing procedures. and 
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not to the change in the statistical error structure. 
which was small (cf. Section 3). 

The deterioration of results during the second part 
of DST-6 seems to stress the importance of data 
quality. as well as data quantity. A method, even 
though it takes into account explicitly error struc- 
ture (S?a. S2w and SZv), cannot entirely compensate 
for presence of error in the data. 

?) IMPACT OF METHODS 

The methods used for assimilation can be classified 
as intermittent, for experiment C?i. and time- 
continuous, for all the other experiments. Among the 
timecontinuocs experiments the distinctions are 
given by the way interpolation coefficients are 
computed (Section la);  the main differences are 
between direct insertion (DIM). asymptotic succes- 
sive corrections (SCM) and local statistical assimila- 
tion (SAM). Within each method, further differences 
arise and will be discuzsed. 

Experiment Czi, based on intermittent assimila- 
tion, is in all other respects closely comparable 
to the time-continuous SChI experiment CZt: it 
uses data from both satellites and properly tuned 
weighting coefficients. For S, scores. the mean 
percentual Impacts were x,,, = 2.79 and xLl, = 5.01. 
The corresponding numbers for rms errors are 
.r,,, = 3.28 and x,,, = 9.3 1. an even larger increase 
of impact due to the time-continuous approach. 
Statist~cal significance of all these results was good. 
i.e., larger than 1.33 for C?i and larger than 2.10 
for C?t. 

The results of such a comparison depend on the 
length of the upcfatlng interval r :  clearly. r ,  = At 
= 10 mill for C2t and r, = 12 h for CZi are extreme. 
It is possible that an optimal interval r, lies in be- 
tween, t, < r, < r, (e.g.. Morel and Talagrand, 
1974). If so. i t  would seem that it might be closer to 
t, than to r2. e.g., TO = 3 h. mther than the sub- 
synoptlc interval of 6 h presently being considered 
by some operational groups. further study of this 
question is warranted. A theoretical investigation 
dong the lines of estimation theory is currenely 
being undertaken (hi .  Ghil and J. Tavantzis. per- 
sonal commun~cation). 

Of the experiments with time-continuous as- 
s~rn~lat~on,  DN gave a practically rill impact: .to, 

0.21 in S, score. compared to xch, - 0.97 for 
the control. The statistical s~gnlficance of experi- 
ment DK was also much lower than the threshold of 
1; t h ~ s  threshold. we recall, was actually attained 
by CNc. The corresponding result for CN, which 
uses the same data. but SCM assimilation rather 
than DIM. IS r,, = 1.83. In fact, DN gave results 
slmllar to those of the reproduc~bility experiment 
Nor. We conclude that DIM does not properly use 
the data. since the same data ifrom Yimbus 6 )  

can be assimilated to give a noticeable impact with a 
better method (SCM). 

All time-continuous SCM experiments (CN. CNI. 
C2 and CZt) gave results which were at least mar- 
ginally significant. 0.94 < i r 2.34. for both S,  
scores and rms errors. For the same quan:ity of 
data. CNI gave better r e s~~ l t s  than CN, since it took 
into account the higher accuracy of the conventional 
data available over land areas. Also CZt gave Im- 
pacts almost twice as high as those of C?. due to 
better tuning of interpolation coefficients. On the 
whole, the use of SCM gave quite satisfactory 
results, especially with data from both satellites 
and with properly tuned coefficients. 

The effect of data quantity on the SAM se- 
quence SV through S?b was already discussed. 
For the same data quantity. SNa gave results which 
were better than those of CN and comparable to 
those of CNI. 

Experiments SZ. S2a and S?b gave \cry similar 
results. This shows that present attempts at eliminat- 
ing the effect of the warm bias of sounding tempen- 
tures (S2a and S2b) were not successful. Tht 
ari~hmetic average of the results for these three 
experiments appears in Table 3 on the row denoted 
S'lm. The representative results S?m for a ?SAT 
SAM experiment are approximately twice as high as 
those for CZ, and practically indistinguishable from 
those of C2t. 

We conclude that for the same data. the ass~mila- 
tion method can make all the difference hetween 
obtaining negligible results (DIMI, appreciable re- 
sults (non-tuned SCM) or very good results (SAM 
or tuned SCM). It appears that both Clt and S2m 
give results which are at the level of a 5% improke- 
ment in mean impact for S ,  scores and of 10% in rms 
errors. It is known that bCM corresponds to a SAM 
in which the matrix .4 of Section ? is diagonal (Ruther- 
ford, 1971,); such diagonal approximations of banded 
matrices can at times yield satisfactory results. 

The practical advantage of SAM is essentially 
that it is self-tuning. SAM can also be more easily 
generalized to three-dimensional and to anisotropic 
formulations. Such generalization is also conceiv- 
able for SCM, but the task of tuning becomes 
much more arduous than in an isotropic, two- 
dimensional version. Moreover, synoptic evaluation 
of forecast fields for Clt and S2a (see Section 4c) 
indicates that SAM is still superior to SCh1. 

Experiments S2w and S?v. which were simliar In 
all oth;r respects to S?a, addressed the question of 
relative accuracy of satellite data versus forecast 
values. Sounding data and forecast values were 
weighted in accordance with their computed van- 
ance: the forecast values also c a m  all the Informa- 
tion from the other types of data, as described in 
Sectlon 3. The outcome of these expenments was 
quite comparable to that of the other 'SAT SAM 
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TABLE 2. Sl skill scow impact in the MO mb hri#ht Reld vrrillrd u 4 b over North Ammca. The columns labeled 31-2/21 
contain I t~e  results for the foncuts surted at OW GMT on the cornspondinl: days. The Rnt row contains the uturl skin scon 
values for the NOSAT Experiment NO: the other rows contain tbr impacts determined by the differencing process described in the 
text. In the next six columns m overview of the mults in tbt prrcedint colurnnr appears. The procedure for derivint this overview 
is described in the text. 

NO 11.9 XI 41.1 0 . 2  I .  314 (0.9 (0.1 2 . 7  u .7  a . 6  J 4 .  I .  0.0 0.0 0.0 0.0 0.0 
N a  -0.4 0.3 0.6 -1.0 -0.6 0.7 1.0 0.0 0.2 -0.9 0.6 I 4 .  I .  0 .a  0.69 0.21 0 0.0) 
DW -LJ 1.2 3.1 7 I .  0.1 3.0 0.6 -2.1 -3.3 -0.3 I 4 I .  0.9 2.61 o.n 0.12 0.a) 
CNC -1.4 -0.6 1.7 0.9 0.1 0.1 7 - 2  0.9 I .  - 3  1971 4.79 1.44 -0.13 I.JJ 041 -0.11 -0.12 
CN 1.1 2.6 1.1 4 4  1.7 1.1 4.7 I 1 . 4  - 1  0.9 l I W 4 . 4 1  I .  1.Y 2.3 0.69 ?.A 4.00 
CNI 0.J 2.6 -0.9 4.9 I 0 6.1 1.2 1.1 -4.3 -0.9 U.3 3.11 I.% 1 .S  2.M 0.W 1.35 1.. 
C? 9 4 4  -04 4.1 9.6 1.1 3.4 9 I 9 2.0 M.O? 9.n 1 . c  1 .~3  1 . n  1.1, I .  1 . n  
01 0.3 1.9 0.1 6.0 5.7 1.2 6 .  4.1 -0.1 -4.5 0.1 17.W 3.01 1.11 2.3 I I6 101 ?.I7 . %  
CI I 1.77 J 0 1.4 4.06 2.92 6 . n  -1.13 -1.12 I U  J7.W 1C l M  1.61 3.U 0.71 2.3 4.M 
'SV 0.7 -0.J 0.2 -0.1 2.6 -1.6 3.3 1.6 -2.1 ' 0.1 U.bO 4.07 1.29 6 7  0 OW 1.69 
SN. I.: I .  0.1 4.0 J: -0.6 *J 1.7 -2.6 -6.9 :.I J I . ~  r u  I *  1.14 361 19) I :.n 
52 I J  1.1 - I 9  1 3  3 :  I 9  T.? 3 1  - 4  I 2 1  17.Y $09 1 . 9  9 3  I 1.Q 4W 
U1 0 6  I f  4 . 0  11 5 1  1 9  I . 6 - 3  I.' a ! I 191 1.61 I O Q  1.74 rn  
SZb I 9  I I I 2.9 9.0 1.6 ? J 3.f -1.6 -I : :.a I 1 I I 7 3 41 1.03 1.2 b a* 
S b  : a  6 0 1  0 6  1.1 1.4 6.7 I 0 0 OJ 3 7 6  7 1 . '  I): ' U  0'3 . 4.61 
S S  6 I 0.1 I 6  I .  22 1.0 :.6 -1.1 -11 0.J 3101 483 I.& I!d l W  060 :?7 3IL 

T w  nrOilymor: s-aq m u k s b r  SV m c o m p a ~ o n n m ~ c k ~ . l w  %r 119 

experiments, SZ. S2a and SZb. The detailed numeri- 
cal results show an improvement in forecasts at 11 
and 14 hover the iatter, since the initial conflict over 
data-dense areas between sounding information 
and conventional information is eliminated. At 
later times synoptic analysis shows that the impact 
of the sounding temperatures is somewhat di- 
minished. slnce they are given less weight than in 
the preceding experiments. 

To evaluate the potential significance for XWP 

TABLE 3 .  Summary of nsults for the numerical 
measures of impact. 

- - - 

Sul ist id  
siquficrnce 

Percent I A v e w  
impact suadud error) 

Experi- 
ment 5 ,  rms S I m s  

NO 
N o r  
DN 
CNc 
CN 
CNI 
C? 
C2t 
Cti 2.79 3.21 1.75 1.33 
SV 1 .?O 3.66 0.66 1.19 
SNa 3.11 5.97 1.39 1.37 
sz 4.74 9.57 I .Y :. 14 
S h  4.44 12.41 1.65 2.59 
S2b 4.3 10.32 Z.05 2.49 
SZm 4.66 10.67 1.95 2.41'' 
S:r 4 09 11.09 1.99 4 08 
S2r 326 i0.52 1 83 3 . 2  

" 52m gives the mon reruirs !'or expcnmenrs 5:. S:a. S:b. 

of a 5% S, impact and 3 105 rms impact. the results 
in Table 5 are shoan. !n the table. actual 5 ,  and 
rms values are jven. 5: eraged over the I! forecasts 
made from I Fcbruar?, through 2 !  February 1976. 
for the NOSAT experiment NO. verified against 
the YhiC opentianal analysis. Tlie table shows 
that the S, skill score deterioration between 48 and 
72 h is about 10- 16'2: the corresponding figure for 
rms e n o n  is about 13-24?. 

We conclude that for the GLAS model and the 
given time of the year (Northern Hemisphere 
winter). the impact of the available temperature 
soundin# data assimilated by the best methods tested 
was equivalent to an extension of useful numeri- 
cal prediction by -8-16 h. In other words. a 60 h 
forecast could be made with the accuracy of today's 
48 h forecast. 

It appears in general that differences in initial 
states correlate reasonably well with impact on fore- 
casts from those initial states (see Section ?a,. 
Our numerical ineasures of impact also seem to 
correlate positively with improvements in the capa- 
bility of predicting local weather when using the 
large-scale numerically predicted fields for guidanc? 
(see Section 4d). 

It is considerably more difficult to c m y  out a sub- 
jective comparison of prognostic fields based on syn- 
optic criteria than to sompuie a numerical measure 
of the difference between such fields. Therefore we 
have to limit ourseives st ;his point to the presenta- 
tion of a comparison oi the results for the 'SAT 
SAM experimer~r S2a *.lith those for the Y\;OS..\T 
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TADLI 4. Summary of numerical results for experiments extended to the entire DSTd penod. 

Percent impact Stuisticrl a~ idcancs :  Ave!SE 
(S,irmsl t S ,!nnr) 

Experi- 
ment 31-221 223-314 21-314 Dl-821  2123-3i4 21-314 

experiment NO. In this and the next subsection we 
shall again refer to Experiment S2a simply as ZSAT. 

The synoptic evaluation of forecasting impact for 
the satellite sounding data was performed by com- 
paring the prognostic charts generated from 2SAT 
and NOSAT initial conditions with each other, and 
with the corresponding NMC analyses for verifica- 
tion. Comparisons were made every 12 h for a 
variety of prounostic fields. The results of our 
comparisons for the sea-level pressure and SO0 mb 
height fields venfied ovcr Nonh America at the 
end of each 72 h forecast are presented in Table 6. 

The table gives the consensus of three experienced 

forecasters in their subjective assessment of the 
prognostic chans. During this phase of the evalua- 
tion, the forecasters had no knowledge of which 
prognostic chans were based on ?SAT initial 
conditions. Following Atkins and Jones ( 1973, 
each forecast has been classified according to the 
following scale: 

A 2SAT significantly better than NOSAT 
B ZSAT better than NOSAT 
C 2SAT and NOSAT of equal quality 
D 2SAT worse than NOSAT 
E 2SAT significantly worse than NOSAT. 

TADLP 5. Numerid mcuuro of accuracy for the NOSAT cxpenment NO ovcr the period 1-21 Februuy 1976. The Rnt column 
for ch.4 heading gives the correspond~ng mcuurc of accuracy (S, or n s )  at time r :  the next column gives ditTennces occumng 
over I i  h. c.8.. S l ( t  + I2 h) - S,(r). and so on; the third column gives the diirercr.ces occurring from 24-46 h and from 48-72 h. 
The lut (boxed) envy Over ellher the q u ~ o t y  {S,172 h) - Sl(Ul h))(S,(72 h) or the comcspond~ng nns quantlty 

North Amelia Europe 
Time 
(h) SI AlasI  &,SI nnr A,,nnr &,fln~ 31 AlrSI & nnS Al,ms & , m  

P, (mb) 

12 45.76 3.74 38.82 3.57 
11.30 1.39 10 39 ! .36 

24 57.06 5.13 49.21 4.93 
7.78 1 .U 4.68 1.46 

36 6467 15.11 6.56 2 . 2  53.89 11.33 6.41 2.89 
7.30 1.29 6.65 1.41 

a n . 1 7  7.83 60.54 7.62 
4.99 0.89 5.44 0.64 

60 77.16 8.01 8.74 1.19 65.98 11.09 8.46 2.30 
3.02 0.30 5.65 1.60 

72 80.18 9.04 71.63 10.12 

Tbr n-nr of vendcruon 8nd qurntluer vended ur defined In the text. 
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T ~ L I  6. Svnoprir of subkclive assersment of foncuu lrom A preliminary evaluation of C2t prognostic chms  
Ihr ZSATISAM Experimm~ S b  compared yrina NO. showed a considerable reduction of the beneficial 

a. Sea-level pnssun impaci due to satellite data for the forecast from 
19 February 1976, by comparison to S2a. A number 

Cat*. of other po-sitive impacts in S?a also were reduced 
l 2  *' * slightly in C2t. This seems to suggest that the use 

A 0 0 o o o o  0  of SAM is still preferable to the use of SCM, even 
8 o I I 4  3  4 13 though their numerical measures of forecast ac- 
C 8 8 7 J 6 J 39 curacy were quite close. 
D 3 2 3 2 2 2  I4 
E  0 0 0 0 0 0  U - 

b. SO0 mb popotentirl heifit 

Catr- 
p r y  12h 24h 3 6 h  4 8 h  6 0 h  7 2 h  Toul 

This classification system is designed to represent 
the relative utility of the prognostic chans generated 
from 2SAT and NOSAT initial conditions. The 
term significant in categories -4 and E im?lies that 
mqior prognostic differences have occurred. Cate- 
gories B and Dimply that there has been only a slight 
alteraticn of the prognostic pattern. 

From the table it can be seen that at sea level none 
of the prognostic chans has been classified as A or 
E and that an almost equal number of B and D marks 
have been assigned. Although no significant impact 
has occurred at this atmospheric level. a tendency 
for more beneficial than negative impacts at 48. 60 
and 72 h is evident. 

At 500 mb, two 72 h prognostic charts have 
been classified as A and then were no E marks. 
In addition more than three times as many B as 3 
marks have been assigned. Impacts at this level an 
most consistently beneficial at 60 and 72 h. 

One example of a beneficia; forecasting impact 
over North America is presccltt~i in Fig. 6. Figs. 
6a and 6b depict the 72 h ? o  :nb prognostic 
charts from 19 February 1976 fdr the NOSAT and 
the 2SAT case. respectively. The corresponding 
NMC analysis is depicted in Fig. 6c. A compari- 
son of these three charts revta!s that the NOSAT 
prognosis is noticeably slow in its movement of a 
trough into the Midwest of the United States and 
of a ndge off the East Coa:t. Both of these rystems 
are displaced further cast by the ',SAT ~rognosis. 
in 'better agreement w~th the analysis. A detailed 
synoptic study of the "1 h prognostic fields over 
North America was also iamed ol~t for the fore- 
cast started on 0300 GMT 9 Fct,ruary 1376 (.4tlas 
and Sakal. 1978). I t  showed consrcienkle improve- 
ment in the stterinj oi wexhcr syszems b) the 
:SAT forecast. 

d. Diflerrnces in local precipitation forecasts 

AFM local precipitation forecasts were generated 
for 1 l numerical forecasts. 1 February-21 February 
1376, from both the ?SAT and the NOSAT prog- 
nostic fields. They were generated at 24, 48 snd 
72 h after initial time for 128 cities uniformly dis- 
tributed over the United States. Thus a total of 2 
x 3 x 11 x 128 = 8448 local precipitation fore- 
casts was made f ~ r  the comparison discussed in 
the sequel. 

Comparisons of city precipitation forecasts for 
these I28 cities are presented in Table 7. The num- 
ber of correct precipitation forecasts for the 2SAT 
and NCSAT systems are showc only for those lses 
in which the two systems gave rise to different fore- 
casts. The systems actually differed in tbout 10% of 
the total number of forecasts and the results given 
cover the cases when one system forecasrs a 
precipitation event, while the other one forecasts 
no precipitation. The number of different forecasts 
for each day is shown for all the 128 cities considered 
together in the lower horizontal row. At $14 and h 
the mu*n of superiority of the 2SAT system over 
NOSAT was 12% of the total number of cases for 
which they gave a different result. At 72 h this 
margin was 19%. We examine in the upper iow a 
sepmte list of 17 cities In the Midwest. selected 
because they are less influenced by coastal effects. 
mountains or the warmer Gulf convective systems: 
the AFM has difficulty accounting for such efiects 
in its present form. In the case ofthese cities we see a 
margin of superiority of ZSAI' over NOSAT of 
better than 2: 1 in forecasting for 24 and 72 h and an 
even larger margin for 48 h. 

To exhibit the correlation between -umerical 
impact measures rSection Jb) and the impact on 
local weather forecasts we present Tables 8 and 9. 
Table 8 gives S, s)ull score impacts verified at 71, h 
over North .4mcnca for each forecast separately 
and Table 9 gives the corresponding preclplta- 
tlon forecast impacts. In both tables the results 
are given for the control experiment CSc. as well 
as for S2a. 

We observe large numerical impacts in both h 
3nd3, forthe forecasts from 3.9. i I and 13 February: 
rhey are all posi~ive. and large when compared to 
those ofthe control experiment CS;. The precipita- 
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FIG. 6. Synoptic differences between numencll predictions 
bom an ~nrti.l state containing rempcnture soundins infonna- 
uon rad from one not conwnlng such information. The case 
shown is the %! h forecur fmm 0300 GMT 19 Februuy 1976 
for the ZSAT Expnmcnt S L  (Fig. 6b) and the NOSAT E..pcri- 
ment NO (Fis. 6r). The fields shown tre the 500 mb p o p  
tcnt1.l heifit il:!4s over Nonh Amenc?. '- ,r ccrmpuison. 
Fig. 6c glves the opcntlonll analysis c ,,aC at 0000 GMT 
T? Febnury 1976. Clearly. the 2SAT forecast is closer to the 
uulysis than the NOSAT forecut. 

tion forecast impacts at 72 h are large when com- 
p a d  to the NOSAT experiment for 9 and 11 
February, and moderate but still positive for 3 and 1~ 
February. A large positive impact on precipitation 
forecasts also occurs on 19 Febnnry; while the 
numericai measures did not show a strong impact 
of sounding data for *hrs large-scale prognosis. the 
synoptic comparison (Section 4c) did show a signifi- 
curl improvement in the ?SAT prognostic fields. 

. , large. negative impact on precipitation forecasting 
at h occurs for 15 February when tt.: nume+ 
cal measures show little impact if at all. The con- 
trol experiment CYc produced negative impacts on 

TABLE I. Duly S,  skill score Impacts verified over Nc.'rh 
Amcnca at t! h. At thc bottom of each column Ithe mean 5 
impact) r (the cornspondins standud dcv~rtlon) IS 6,. :n. 

10 me k.@# k k v d  # m u m  

S A T  C u r o l  S A T  Cmcror T ~ B L C  7. Summuy of results for l a d  preciplution forecasting ,,,,, I ~ C I  1mc: 
la cues where use of ?SAT tS:a) and NOSAT (NO) pnxnostrc - 
Leldr produced diIIerent forecasts. "?SAT better" G s  that 
tbe AFM prodllced r correct prec~$iwron forecast from 2SAT 
m u c  fields, and an tncomct one from NOSAT fields: 
"NOSAT better" mems the opposite was the cue. 

3 A T  Y O U T  T A T  *OlAT 3d.r Y O U T  
mer krrn htw )mn bw.r  
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TABLE 9. h i y  mulu of 1 4  precipitation f o m t i n g  for 
cucr of different forecasts being produced by the two systems. 
The mulu refer to 128 U.S. arias md uc veridcd at 72 h. 

2SAT NOSAT CONTROL NOSAT 
DpCC better better better kner 

the averaga in both the 9rognosnc fields and the 
AFM score; tiis reinforces orar confidence in the 
significance of the positive :-? !or Sh. 

From these comparisons w - ;. ~clude that there 
is a need for much more study of the inrerrela- 
tionship between initial state differences and differ- 
ent forecast impact measures. The plc!~frinary 
evidence is incomplete; it seems to point. however. 
in the direct~on of positive correlation between laqe 
impacts cn initial-state determination in data-sparse 
areas, on the one hand. acd large impacts on ;he 
different quandties measuring the accuracy of :,?re- 
ca\.s at 43 md'2 hover data-rich areas. on the oth:r. 

5. Concluding remarks 

Methods werc developed for the time-continuous 
assimilation of tempenare sounding data: direct 
insertion (DIM), asynoptic successive correction 
(SCM) and local linear regression (SAM). These 
methods were applied to DST-6 data from the open- 
tional and experimental temperature sounders 
aboard the NOAA 4 and Simbus 6 satellites. 

An extensive series of experiments was per- 
fumed in which the satellite data were assimilated 
to produce initial states for numerical forecasts. 
For each assimilation experiment, an evenly spaced 
sequenc- of initial states was selected. from which 3 
day forecasts were carried out. The experiments 
differ d born each other by the use of various 
amounts of data and by the assimilation method 
they utilized. The effecrs of the satellite data were 
evaluated accord~ng to the following criteria: 1) 
differences between the initial states produced 
with and without utilization of satellite data. 21 
differencts between numerical predictions made 
from these initial states. and f: d!tTerences in iocal 
weather forecasts re~uliing from the large-scale 
ns.nsric7 1 predictions 

Initiai state differences were evaluated in terms of 
magnitude and location of large-scale differences 
between merc~rological fields. Numerical prediction 
differences wen evaluated in terms of S, skill 
scores and rms errors, as well as by synoptic 
case studies. An automated forecasting model (AFM) 
based on quasi-geostrophic theory snd on subjective 
forecasting principles was deveioped to facilitate 
the objective evaluation of differences produced 
in local weather forecasts, especially precipitation 
forecasts. 

The results of our experiments suggest a number 
of conciusions: 

1) Satellite-derived temperaiure data can h ~ v e  a 
modest, but statisticaliy significant positive impact 
on numerical weather forecasts. as verified over the 
continents of the Northern Hemisphere. 

21 This impact is highly sensitive to the quantity 
of the data available-the impact of a two-satellite 
system is larger than that of one satellite by an 
amount roughly proportional to the quantity of 
cinta provided. 

3) The assimilation method piays a major role in 
the magnitude of the impact for the same data- 
direct insertion 'lad a practically nul: impact. while 
SCM and SAM provided an appreciable Impact. 

Experimtnts showed tha: lime-continuous as- 
similation of remote-sounding rempentures is 
superior to their intermittent assimilat~on. The 
impact for the best method tested and for :ha full 
amount of data available was a a t  5 5  iin ; 11 
score and 12% in rms errors: these results tori-c- 
spond to the possibi!ity ofextending b~ about 8- 16 h 
the usefulness of numerical weather predicrion 
{YWP! in the range between 48 and 72 h. There 
are indications that local wea:her forecasts using 
large-scale SWP results as guidance can be similarly 
imprsved. 

We are in the process of funher refining our 
statistical assimilation method for sounding data 
and of making it more efficient. We Intend also to 
adapt SCJ1 and SAM to the assimilation of :loud- 
track wind data from geostationalv ;atellites. ar,d 
we expect eventua!ly io apply both methods to 
FGGE (First Global GARP Experiment) data. 

Based on the experience from this study. we 
believe that there are t1r.o major areas in which 
improvements can bring about larger Impacts of 
satellite-borne sounding systems. First, instrument 
development to improve the accuracy a ~ d  vertical 
resolution of the sounder :empermre profiles rhem- 
selves. At present. ver:ical temperature ~rofiles 
derivz.: from satellite sounding radiance data nave -. 2-2.2-C rms errors wnen compare:! with colocated 
radiosonde profiles .+!thouah :his acsaiac:. i'allr 
chon sf mec!i;lg GAR? requ1renen:r. ive 5aq.e 
snoun ' h i  :he data are si!il ,a?a>lr ai  produany 
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modest impacts when properly utilized. However. 
b e  deficiencies in the quality of the data can only 
pmtially be comper,,ated for by special retrieval 
and assimilation methods. 

There is certeinly a need for continuous data 
monitoring and for continued development of re- 
trieval and of assimilation methods. Moreover. 
cbse interaction between retrieval and assimila- 
tion methads seems to hold great promise. But the 
most important iequircment is still that of instru- 
rent packages with greater accu acy and resolu- 
tion. capable of providing reliable soundings under 
all atmospheric conditions. 

Second. numerical prediction models themselves 
must be improved to make better use of the sounding 
data. In order w successfully assimilate asynoptic 
data and have them contribute to more accurate 
forecasts. it is necessary that the model be able 
to convey information accurately over extended 
distances and periods of time from one region of the 
globe to another. Improvement in forecasting models 
can only proceed by a judicious combination of 
higher grid resolutions. more accurate numerical 
discretization methods, and better representations 
of atmospheric processes in the model. 

We hope that a concerted effort in designing 
better observing mstruments and systems. refining 
the methods for processing and assimilating their 
observations. and developing better numerical 
models will lead to considerable improvements in 
numerical weather prediction and to a better under- 
standing of the atmospheric circulation: these cue 
the goals of the Global Atmospheric Research 
Rogram. 
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TABLE Al .  Forecut -ten a d  their units. 

Vort~city dvecmon (absolutel 
uSOOmb V A I W s - '  

Tempemure edvwtion at 830 mb TA lo-' T s-I 
Thickness ( 1000 mb-SOU mb) 

dveccion THA 10" ma s-a 
Moisture dvection u 850 mmu MA lO-'s g-I s-' 
Dew-point depmsiob at llSO mb DD 't 
Tempnuwe at 850 mb m 'C 
Wind dimuon at $c8 level 

~8elstnrphic) WD deg 
Vertk d wind sbt.r from K. level to 

850 mb .rd from 850 to 730 mb VWS qualitative 

Note: The Iw pammter is not urcd in the cumnr veruon 
of tbt A m :  it will be used in utemping to account for low- 
level w u m  frontal pmciprtrtron. 

C. Fonner. S. Mathis. D. Rosen. L. Rosen and C. 
Ullrich. 

E. Rivas and J. Shukla read the manuscript 
carefully and made thoughtful comments. The 
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APPENDIX 

AF3-I Flow Diagruns 

The Automated Forecasting Method (AFM) is 
based on most of those criteria used in subjective 
forecasts which can be easily quantified. These 
empirical criteria are grounded theoretically in basic 
quasi-geostrophic relationships (Houghton and 
irvine, 1976). The forecast parameters the AFM 
uses are given in Table Al, together with the a p  
propriate units. 

In the following figures. the logical structure of 
the AFM is described using a flow diagram gresenta- 
tion. Fig. A1 gives the flow diagram for determining 
large-scale precipitation. Fig. A2 c -ntaiqs the flow 
diagram used in deciding whether cdd frontal 
pre:ipitation will occur. Fig. A3 represents the flow 
d i m  for forecasting the occurrence of local 
showers. The AFM will issue a precipitation fore- 
cast if either one of these types of precipitation 
is predicted to occur. 

Fig. A4 shows the test cwried out in order to 
determine the type of precipitation. given that 
precipitation does occur. Fig. .45 contains a sample 
computer output of the current version of the AFM 
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SEN FROM 1711 

F.G. A2. Row diagram f o r  [he occurrence of cold frontal precipltatron 
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Flo. A3. Row d- of the procedure used to forecat u.8 occurrence of local showen. 
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FIG. A4. Flow diagram of the procedure used to detemne the type of precipitation. 

1 0 2  DDI 8 . 1 1  - 0 3  TA- 0 . 6 1  HA- 1 .96  TB19VI 5 . 0 8  MRT- 1 0 . 4 9  T15O- 0 . 1 1  0- 1 3 . 1 4  
2  41 DO- 4 . 2 2  VA- -0 .07  TA- 0 .37  NA- 1 .98  TIWV- 1 . 2 6  MRT- 9 . 9 3  n s o -  0 . 0 8  e 1 4 . 8 1  
1 a t  OD. 1 .22  VA- 0 . 3 1  TA- 0 . 0 9  NA- 1 . 4 1  TIIADV- - 3 . 2 3  MRT- 9 . 6 6  T850- - 0 . 3 0  U- 1 2 . 1 1  
1 DO- 1 . 1 8  VA- 0 . 9 9  TA- -0 .24  HA- 0.33 TMADVI -4 .18  MRT- 9.69  T850- - 0 . 7 6  U- 6 . 4 3  
1111 0 0 - 0 . 3 1  VA- 1 . 1 8  - 0 6 2  - 1 . 0  W V I - 9 . 7 8  M R T - 1 0 . 1 4  T 1 5 0 - - 1 . 5 2  U- 4 . 5 6  
2 2 0 2  03. 0 .17  VA- 1 . 0 4  TA- - 0 . 8 8  M- - 2 . 5 1  THADV--21.52 mRT- 1 1 . 0 1  T850- -2 .25  U- 5 - 7 1  

11-HOUR PMCIPITATION W l l L M T  

F~G. u. kmple computer output of the automated local preclpluuon forecut~ng method. 
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lOME ASPECTS OF HVDROLOOV IN THE OLAS GCM 

'Ihc reapme of hydrology in the CXAS 031 hs been 
evaluated. The results drw mt the d i s t r i h u t h  
of precipitation qrrcs fairly vcll with obeentrtiaw 
arid that the d l  thnds to nuintain tJm hydrolagid 
balwcc. 



E X P I R I ~ ~ S  ON THE rrmm OF M n m  SOONDING 

TXCOtMTUUS UPON WUTmR mMCASTING 

n. m l u ,  H. Ghil* and R. Atlas*. 
Laboratory for Atnorpheric Scionce, Goddard Space ?light Center 
Grwnbolt, Maryland 20771, USA 

ABSTRACT 
We present a time-continuour r t a t i r t i c a l  method for the four- 

dimensional arrimilation of remote rounding temperatures based on 
radiance nuarurenunts from polar-orbiting r a t e l l i t e r .  This method 
is applrod to DST-6 data from the NOM-4 and Nimbus-6 r a t e l l i t e r .  

We report on expariraentr i n  which the s ta te  of the atmosphere 
throughout the t a r t  period w u  determind using a varying mount of 
r a t e l l i t e  data &nd in which diffaront method8 were u r d  for their' 
aarimilation. Data from the NOM-4 r a t e l l i t e  only, from Nimbur-6 
only, md from both r a t e l l i t e r  together ware u8.d; the methods 
tertod include d i f f u o n t  variation8 of our r t r t i s t i c a l  method, a8 
wall 88 more t r a d i t i o ~ l  mothodr. 

Urinq ruao of the atlaorpheric r ta tes  t h u s  determined as i n i t i a l  
r ta te r ,  a number of elevon 72-hour fo rua re r  war carried out for 
each axpothurt. The e f f w t  of the r a t e l l i t e  data war rtudied uring 
the following cr i ter ia :  (i) difference8 betweon the i n i t i a l  s ta te r  
groducod with and without util ization of r a t e l l i t e  data, thef t  aug- 
nitude md location, Lit) differoncer in the nma.rical p rd ic t ionr  
made from there i n i t i a l  s ta te r ,  evaluated nttanrically, by Sl s k i l l  
rooror and W errors, a8 wall a8 rynopticrlly, uid (iii) differences 
in local praeipiut ioa forocartr rerultfng from the largo-rcale 
n m u i c a l  prd ic t ionr .  To f ac i l i t a t e  the ev8lrution of local weather 
forecame d i f fuurcer ,  we developed a conryuterirod forrcarting male1 
for  prwipitation. 

Our conclurionr from the study are that: (1) ratellifr-deriv-d 
tmporature data can hrve a modert, but r t r t i r t i c a l l y  rignificrnt 
poritivo ispaat on nuaorical uoather prediction in  *he two-to-three 

*?emanent Affiliationr Courant Tnrtitute of Yrthemtical Seiencer, 
Now York Univerrity, New York, N. Y. 10012 

**Permanent Affiliation: Deprrumnt of .U.chan~saL &nqineering, State 
Qnivorrity of New York a t  Stony Brsok, Stony Brook, 3. Y .  1 1 7 9 4 .  



day range; ( 2 )  t h i s  impact i s  highly s e n s i t i v e  t o  t he  quan t i t y  of 

da t a  ava i lab le ;  and ( 3 )  t he  a s s imi l a t i on  method p lays  a major r o l e  
i n  the  magnitude of t he  impact f o r  t he  rune da ta .  Our r e s u l t s  rug- 

gea t  t h a t  l a rge r  impacts of s a t e l l i t e -bo rne  sounding systems on 
weather forecas t ing  could be brought about by hprovementa i n  two 
major a reas :  i a )  improved accuracy and v e r t i c a l  reso lu t ion  of sounder 
temperature p r o f i l e s ,  and (b) improved numerical models f o r  aaaimi- 
l a t i o n  and for rcas t ing .  

INTRODUCTION 

Temperature da t a  obtained from atmospheric remote sounding by 

s a t e l l i t e s  have been i n  opexat ional  use f o r  weather forecas t ing  s ince  
December 1912. A t  t h a t  time t he  U.S. National Meteorological Center 
(NMC) began ?sing i n  i t s  d a i l y  weathe: m r l y s r s  and fo r ecas t s  t h e  
sounding temperature p r o f i l e s  obtained from radiaqce measurements 
nude b;. t he  Ve r t i c a l  Temperature P r o f i l e  Radiometer (VTPR) aboard 
t he  NOM-2 polar -orb i t ing  s a t e l l i t e .  Slnce  the^ s i g n i f i c a n t  improve- 
ments have bean made i n  t he  technological  c a p a b i l i t i e s  of instruments  
and i n  t he  methods f o r  der iv ing ,  o r  r e t r i ev ing ,  temperature p r o f i l e s  
from radiancr  measurements: a number of s t ud i e s  have a l s o  been made 
on t he  methods f o r  u t i l i z i n g  these  derived temperatures i n  numerical 
weather pred ic t ion  (W). 

Sta r t i ng  with the  pioneering works of Charney e t  a l .  (1969) and 
Smagorrnskr st aL. (1970),  a continuing program for  assessrng t he  
e f f e c t  of using renote  sounding tempeKatures upon NWP has been 3ur- 
sued a t  a number of research cen t e r s  (Atkins and Joned, 1975: Hayden, 
1973). The f indings of d i f f e r e n t  i nves t i ga to r s  cancernlng t b i s  e t -  
f e c t ,  ~ t s  nature and magnitude, have e l i c i t e d  a c e r t a i n  amount of 
controv+rsy m t h e  meteorological comuni ty  and a d e f i n i t i v e  assess-  
m a t  is  s t i l l  t o  be made. This s t a t e  of a f f a r r s  can be a t t r i b u t e d  
t a  a number of f a c t o r s ,  Mong which t he  rapj.2 development during t he  
intervening period i n  a l l  t he  elements of t he  problem: measurement 
c h a r a c t e r i s t i c s ,  tmpera ture  r e t r r e v a l  methods, and u t i l -  I t i o n  methoEi 
of t h e  re t r ieved  t m p e r a t u r e s  f o r  NWP. noreover, t he  numerical ex- 
periments s e t  up t o  determine t he  fo r ecas t  impact of sounding tempera- 
t u r e s  var ied widely i n  t h e i r  aasumpt&ons, t h e r r  da t a  and t h e i r  - r r -  
t e r i a  of assessment. 

A t  p resen t ,  a c e r t a i n  m a t u r i z a t i o  has occurred i n  t h e  f i e ? d  

af runote sounding, a s  wel l  as  i n  t h a t  of mpac t  s t ud i e s ,  and t he  
p c s s i b i l i t y  of a ; a r t l a1  consensus seems t o  be c lo se r .  We do 3ot 
c l a m  t o  be able  t o  present  such a consensus a t  t h i s  point:  we hope, 



however, t h a t  t h e  impact  s t u d y  we p r e s e n t  i b  a s t e p  i n  t h e  r i g h t  
d i r e c t i o n .  

The m e t e o r o l o c i c a l  group a t  Goddard I n s t i t u t e  f o r  Space  S t u d i e s  
(GISS) has  been invo lved  f o r  a number o f  y e a r s  i n  t h e  u t i l i z a t i o n  of 

sounding t m p e r a t u r e s  f o r  NWP. Most r e c e n t l y ,  d u r i n g  t h e  p e r i o d  
A p r i l  1976 - A p r i l  1977 a n  i n t e n s i v e  fmpact s t u d y  h a s  been c a r r i e d  
o u t  by t h e  group (Halem e t  a l . ,  1 9 7 7 ) ;  we s h a l l  r e p o f t  h e r e  on  t h e  
r e s u l t s  o f  t h i s  st t idy.  

The t m p e r a t u r e  d a t a  used  i n  t h e  s t u d y  a r e  i n  a s a n s e  s t a n d a r d :  
t h e y  were p rov ided  by t h e  U.S. S a t i o n a l  Environmenta l  S a t e l l i t e  S e r v i c e  
(NESS). '=he d a t a  had been o b t a i n e d  by t h e  o p e r a t i o n a l  r e t r i e v a l  meth- 
o d s  socumented by NESS ( . C ~ i t h  and Woolf, 1976: Werbowetrki, ?975) from 
t h e  r a d i a n c e  measurement performed by t h e  VTPR i n s t r u m e n t  aboard  
NOM-4 and t h e  HIRS and SCA% i n s t r u m e n t s  aboard  Nimbus-6, d u r i n g  
the Data System T e s t  (EST) p e r i o d  EST-6 ( Janua ry  - March 1 9 7 6 ) .  
D i f f e r e n t  r e t r i e v a l  n?ethods have been under development a t  GISS a s  
w e l l  (Susskind and Edelmann, 19771, bu t  t h e i r  r e s u l t s  w i l l  n o t  be 
d i s c u s s e d  h e r e .  

The me thodo log ica l  c o n t r i b u t i o n  o f  t h i s  s t u d y  c o n s i s t s  i n  
the way w e  u t i l i z e  t h e  d a t a  and i n  some o f  t h e  c r i t e r i a  we u s e  
For a s s e s s i n g  t h e  impact .  The u t i l i z a t r o n  ne thod  w e  p ropose  f a l l s  
i n  t h e  broad c a t e g o r y  o f  s t a t r s t r c a l  methods; t h e s e  methods a r e  cu r -  
r e n t l y  g a i n l n g  g r e a t e r  r e c o g n i t i o n  u.d wider  accep tance  i n  NWP f o r  
t h e  purpose  of  i n c o r p o r ~ . t r n g ,  o r  a s s i m i l a t i n g ,  d i f f e r e n t  type* o f  
o b s e r v a t i o n a l  d a t a  i n t o  t h e  d e t e n n ~ n a t r o n ,  o r  . naLys r s ,  o f  t h e  m r t i a l  
s t a t e s ,  from which numerrsa l  f o r e c a s t s  a r c  nude. Our method C r f f e r s ,  
however, from t h o s e  i n  use  o r  be ing develcped a t  o ' .her c e n t e r s :  w e  
b e l i e v e  it is  e s p e c i a l l y  u s e f u l  f o r  t h e  a s s l m l l a t i o n  o f  r u n o t e  
s o u n d ~ n g  d a t a .  

The impact  of  t h e  sounding d a t a  was a s s e s s e d  ay some s t a n d a r d  
numer ica l  c r i t e r i a  i n  u s e ,  such rr RMS e r r o r s  and S1 s k i l l  s c o r e s  of 
the f o r e c a s t s  o v e r  c e r t a i n  Large ,  da ta-dense  r e g i o n s .  I n  a d d i t i o n ,  
c r i t e r i a  which have d i r e c t  b e a r i n g  on t h e  p r a c t i c a l  u s e f u l n e s s  o f  
t h e  f o r e c a s % s  were develo?ed artd a p p l i e d .  

The a s s i m i l a t i o n  method i s  s u r c i n c t l y  Ceveloped i n  S e c t i o n  2 .  

humerrcal  e x p e r i m e ~ t s  completed dur:ng t h e  i z p a c t  s t u d y  a r e  Cescr:Sed 
i n  S e c t i o n  3 .  The r e s u l t s  o f  t h e  exper iments  a r e  p r e s e n t e d  and C i s -  

cussed  i n  S e c t i o n  4 .  Cur conc lua rons  fo l low rn  SectLon 5 .  



THE ABSIhIILATION MtTHOD 

Introduction 
A m:or effort is now under way at a number of research can.. 

tars in numerical weather prediction to apply statistical method8 to 

the four-dimensional (4 -Dl  assfmilation of temperature data obtained 
from radiomt.ric satellite observations. The use of statistical 

methods is strongly suggested by the large quantity and poor quality 

of the data. 
At Goddard Institute for Space Studies (GISS), we have devalopad 

a statistical assimilation method (SAM) which operates in a *- 
continuous manner, along.. sub-sr:ellite track. This time-continuous, -- 
fully foux-dimensional approach is the sin feature which distinguishes 

our method from other attempts, which group all satellite data in 6 
to 12 h "vLndows", and then apply the statistical techniques to the 
satellite data, as wall as to conventional data, in synoptic fashion. 

The use of cumulative statistical information on observati~& 

errors in order to compensate for the deficiencias in the amount ~d 

accuracy of the observations has led to the rpplicatAon of statistical 
methods in the objective ural.yris of conventional synoptic data 

(Elfassen, 1954; Gsndin, 1963). This applj..rrtion becam known in the 

meteorological literature as 'optimal interpolation". The inclusion 

of forecast infornution into the specificat.ion 3f an initial state 
by statistical methods lead to "optimal interpolatior." of the dif- 

forences between observations and forecast values, rather than of the 
synoptic observations themselves. This approach hrs beon advocatad 

and kap1.ment.d by Rutherford (1972, 1973). 
Application of statistical methods not onLy yo the objective 

analysis of conventional synoptic r,?servations, but also to the tlme- 
continuour assimtlatron of asynoptrt: s&~;~llite-derived aata, has been 
curled out for r non-d~vergent barotrop:.~ model by Burgtsson and 
Gustavsson (1971, 1972). The combination of a:l the ideas above led 

us to study the blandinq of satellite data in a time-continuous manner 
into assimiLation runs of the GISS General C:.roulrtion Model (Gat, 
Somarvilla -I., 1970, by the procedure of local 'optimal inter- 

polation" of observed-minus-foracut v~;uer: the utatlstically deter- 

mined corrrctions are then bddwi at each model time 5x.p o C  the ar- 
similation cyclr to the forecast values. 

This statistical methcd war c m a r e d  in soma o!? oar experiments 
with other methods, of A sorr traditional nature, to wit: direct 

insertion (Benqtsson, 1975, p. 241, and successive correcti~n 



(Cressman, 19591. The deta i led  asynoptic implementation of those 
methods i n  our experiments is de8crib.d i n  Ghll and Dill ing (1977). 
Description of the S t  ~ t i s t i c a l  tUtM 

Vertical  t e m p r a t u n  pro.files obtained from satel l i te-bared 
radiance measurements a r e  grouped by 10-minute tim i n t e r n l a .  A 

plo t  of  a typical  group of temperature data  obtain.d i n  a 10-minute 
i n t e ~ a l  is shown in Figure 1. In t h e  sequel we s h a l l  r e f e r  f o r  th? 
sake of brevity t o  satellite-derived tmperatures  8s 0bsero.d tempera- 
tures. IF L.e present iap!.ementation of the  awthod, only iaforaution 
q t  the szar mandatory presaure l eve l  is used, i.e.. t he  'opt-1 
i ~ t e r p o l a t i o n '  is two-dimensional. 

To simplify notation. m w e  a s ingle  subscript  t o  indicate 
location, thus: k = ( i . j ) .  where i stands f o r  discretixed longitude - 
and j fo r  d iscre t i red  la t i tude .  L e t  k be an observation point (on 

0 - a fixed mandatory pressure level )  . Tk the  o b s e r d  temperature. and 
.- 

f 
- 

Tk the ( intr tpoiated) aodel temperature a t  the observation point 5. - 
L e t  yk be the difference between the  observed and the f o r e c u t  tunpera- - 0 = tures a t  5 ,  yk = Tk - T i  . We wish t o  compute corrections 6 &  t o  

-. - - - 
forecast  values a t  gr id  points = (men) near the observation points 
k ,  where k ranges over a group. o r  "patch", of observations such a s  - - 
the  one shovn in  Figure 1. In the  figure. obsarvation points a re  
na rked  by T a r ;  gr id  points 5 which a r e  affected by the  observations 
a f t e r  corrections a re  made appear a s  +*s. More precisely. a f t u  
applying the corrections provided by our method. the  temperature a t  
*+*-points, as w e l l  as a t  'T'-points, w i l l  be d i f ferent  from the 

forecast  value. 
The corrections b y  a r e  computed by a l inea r  formula, - 

here and in  the sequel we drop the vector notation fo r  k - and !, the  
multi-index character of k and t being t a c i t l y  understood. The co- 
e f f i c i en t s  a: in t!!e Equation (1) a r e  defined a s  the solution o t  the  
system of l inear equations 



F i u r e  1. 
The d i s t r i b u t i o n  of temperature sounding d a t a  ava i l -  

l over a 10 tainute time in t e rva l ,  and of t h e  model g r i d  
poin ts  a t  which our  statistical ass imi la t ion  method w i l l  aodi- 
Zy fo recas t  tmnperatures using these  data. The 'TI-. s tand 
f o r  g r i d  poin ts  i n  the i a m d i a t e  neighborhood of  s a t e l l i t e  
r e t r i e v a l s ,  t he  '+'-a f o r  t h e  o t h e r  poin ts  a f f ec t ed  by t h e  re- 
t r i e n l s  in SAM. The total domain of i n f luu i ce  o f  the re- 
t r i e v a l s ,  cons is t ing  of 'T1-points and of  '+'-points, has a 
rad ius  of 2000-3000 kat. 

1 N where 3t - (a t , .  . . , a t ) ,  and N is t h e  number of  observat ion poin ts  i n  
the patch. System ( 2 )  is t h e  f ami l i a r  normal syst.m which arises i n  
a11 s t b t r s t i c a l  applications based on l i n e a r  regi-ession. 

S t a t i s t i c a l  ifitornution accumulated on observat ions end fore- 
c a s t s  is mcorporated in to  the  e n t r i e s  a' o f  t h e  matrix A and i n t o  

kk' - 
the components 3: of t h e  r l g h t - h a d  s l d e  vector  !L. ~ h e s e ' a r e  
given by 



k 
a' - 0 1 0 SL - 1 
kk' kk' 

( 3 )  

h u e  a is tho (spherical)  d i r t a n t e  botw.ur t ho  two o b r u v a t i o n  
kk' 

poin ts  k and k', while skL is  the  d is tance  k t m n  tho  observation 
point  k md t h e  g r i d  point  1, a t  vhich ve v i sh  t o  make t h e  cotroct ion.  
Notice that 5 depends on observation poin ts  only, and we cur drop t h e  - 
subscr ip t  L. while EL dep.nds on both o b s u v a t i o n  poin ts  md t h e  cor- 
roc t ion  poin t  wm consider. 

( ( a )  is a co r re l a t ion  function. The f a c t  t h a t  it deponds 
only on the dis tance  s r e f l o c t s  t he  assumptions of hoamgeneity 
urd of  i so t ropy ve  made a t  t he  ou t se t  concuning  t h e  error s t ruc ture .  
The function +(s) was computed fo r  d i s c r e t e  values of  s,sl - l0Okn1, 
sZ = 300kn,..., a - (2p-1)xlOOkm. Tha continuous function +(s)  wed 

P 
in ( 3 )  was obtained by f i t t i n g  an ana ly t i c  function $ = $(S;S0rc).  

depmding on t h e  parameters so and c ,  t o  the values O p  - $(ap) , by 
a l e a s t - s q u r e s  f i t .  In  o the r  wrds, w* obtained the  values of so 
md of c f o r  which Q ( s : s ~ ~ c )  ~ a t i ~ f i . d  

Tha ac tua l  t o m  of 6 rued i n  t h e  experiments wa r epor t  on here 
w a s  expor.entia1, 

The method has already beon presented in  Chi1 e t  a1. (1977b). For 
awre de t a i l ed  descr ip t ion  we have t o  r e f e r  t o  Ghii m d  Di l l ing  (1977). 

DESCRIPTION 01 TEE EXPERIMENTS 
Our  purgose was t o  study the e f f e c t  of s a t e l l i t e  da ta  on 

the qua l i t y  of i n i t i a l  s t a t e s  obtained with the  a id  of such 
data,  and an the accuracy of fo recas t s  s t a r t i n g  from such i n i t i a l  
stitas. Speci f ica l ly  we studied the e f f e c t  of the quant i ty  and 



accuracy of the r a t e l l i t e  thunrelvmr on the one hand, and of the 
arrimilation methods used t o  mxtract the information from she data, 
on the other. 

A l l  experinmntr con8irt.d barically of continuous arrimilation 
runs, axtending over the ent i re  period for which data t m t .  available, 
and of forecartr 8tut.d from 8eloct.d i n i t i a l  r ta te r  produced by the 
arrkailatton M. The .xp.rFaa.nts differ& from each other by the 
rounding data which wete arrimilatod, and by the method which war 
used t o  catty out the a r rb i l a t i on .  The arrimilation amthodr used 
for the r a to l l i t e  &ta were direct  inrertion (DfX), arynoptic ruccer- 
rive corrwtion (SQI), and th-cont inuour local r t a t i r t i c a l  a r e h i l a -  
tion (SAM). 

The methods ware applied t o  tamperature 86dnding from the 
NOM-4 and Nilabur-6 r a t e l l i t e r  during the DST-6 (January-March 1976) 
period. A eolaplete arsimilation cycle war carried out from 0091 

Jan. 29 t o  033 Feb. 21, 1976. The tanperature data were supplied Sy 

the National Environmental Sa te l l i t e  Se--ice (NESS).. Elnvm fore- 
cart8 u u e  c a r r i d  out, r tar t ing a t  032 on F a .  3 S , . . . , 2 1 .  The 
rearon t o  s t a r t  the forecartr a t  032 and not a t  002 war to achiem 
a8 clore a paral le l  a8 porrible with opetational practice a t  the 
National P(.twrological Center (NMC) becauae NMC urer intermittent 
arrimilation w i t h  a r3h "windoww for r a t e l l i t e  data. Thus, an opera- 
t ional NMC fotecart  started a t  002 urer a11 aaynoptic inforantitin up 
t o  032; 80 do our wperinwntal runs started a t  032 ar  we rely on 
time-continuour asrimitation. Starting 3h a f t e r  the inrertion a t  
rynoptic data also has the effect of le t t ing the model smooth out 
the ini t ia l isat ion rhock occurring a t  synoptic t iau (8.. Ghil, 1975; 
and Chi1 e t  a l . ,  1977a). 

A summary description of experiments i s  given in  Table I. A 

la t i tude-scald correlation function (cf. Chi1 and Dilling, 1977), 
the avuaging of SESS data to  GISS grid points (id.) , and gwrtrophic 
wind correc:ionr (ibid.  ) wmre urod in a11 SAM oxperimontr. Ceo- 
rtrophic wind correction war u8.d in the D I M  urd SCH exparimentr 
(8240 through 8447) a8 well. 

KxperFnwnt 8409 war r e t  up a8 a control exp.rinunt to check the 
information c o n t a t  of r a t e l l i t e  data, and to  rtudy thm porrible 
nnroofhing affect of SCX and SAM on the f ie ld va1u.r produced by am- 
sirnllation -8. In it the tmperature data wad a8 "obrervationrw 
were model valuer producd from a NOSAT (a*. Table I) 12h fotecart, 
t o  which 8iInulat.d obrervd-minur-forrc.rt difference8 wete added; 
there differancer were coragutod a t  the true Ninrbur-6 obrarvation 



T&la I. Surmury dercr ip t ion  of matt urpe r iwn t r .  
'Ph. of da ta  frem t he  VTPA i n r t ~ m o n t  on board t he  
NOM-4 ratel l i te is  danotad by VTPA. t h e  we of the 
data from t h e  HIRS and SCMIS inr trumrntr  on board t h e  
liabuu-6 satell i te by NIlUl. Thm moth02 by which t h e  
da t a  h&ve beur ar8fiPflat.d i r  i n d i c a t e  by the  acronym 
DIN* SCM o r  SAM. The e%parinunt i n  which only convur- 
t i o n a l  rynoptic data, and no r a t e l l i t e  da t a  a t  a11 wore 
u8.d appears as NOSAT. The f i r r t  d i g i t  of t he  code 
number r e fe r8  t o  the  methods DIM - l r  SCN 2, and 
SAM = 3; t h e  second d i g i t  r e f e r s  to d a t a  aourcer 
vToR = 1, NIm - 2, and VTPR + Nfm - 3. Additional 
explmat ionr  concerning the  mthod  u e  givon in  t h e  tut 
and i n  Ghil and Di l l ing  (1977). 

Exparhmnr. Code Asrimilation Data Correlat ion Parurieterr 
NO. Fbthob VTPR NIm 80(km) C 

7578 0 0 NOS AT 0 0 
8240 12 DIM X 

8405 22C SCM* X 

0352 2 2 SCM X 

8310 23 SCW X X 

8447 2 2N SCM** X X 

8574 31 S An X 2293 -. 124 

8472 32 sAMa X 1831 .018 

8545 33 SAM X X 1842 .015 

8566 3 3. SAM. X X 1842 .015 

8593 33b S& X X 1842 .OlS 

Control oxperimont with sfmulatad Nimbw-6 da ta ,  based on NOSAT 
12h forecaat  . 

** No inse r t ion  of r a t e l l i t e  data over d a t a d a n s e  land area.. 
l Bias r.movad a t  observation point.  
b Bias nmoved a t  g r i d  point.  

locat ions,  by using a random numkr generator function with S t a t i s t i c 4 1  

p m p a n i e a  deun6in .d  from ac tua l  data. 
Timing e r t i n u t e s  fo r  d i f f e r e n t  a r r imi l a t ion  methodr show t h a t  

t he  comgutational cost of  huplunontinq mre S0phi8tiC.t.d a r s lml f r t i on  

wthodr  is not  prohibi t ive.  ?or e ~ l e ,  a 24h fo reca r t  taker  40 
minutes of CRU tima; a 24h NOSAT ars imi la t ion  tuns i n  48 minutest a 

24h SCM assfarL1ation run8 in $9 minutest and a 24h SAM runs in 96 

minuter (c f .  Ghif m d  o i l l i n g ,  1977, where d e t a i l 8  are pmvid.6) .  
These e r t i z u t e r  a l l  r e f e r  t o  t he  prerant  varsion of tho GISS GCN run- 
ning on an W r h l  47OiV6 computer with r core ammry of 2 ~argabyter .  

The computational c o s t  cm a l s o  be fu r the r  r0duc.d by uring more e f -  

f i c i a n t  nunmrical methodr and programing techniquer. 



DISCUSSION OF RESULTS 
The impact of s a t e l l i t e  sounding da ta  on weather fo recas t  has 

t r a d i t i o n a l l y  been ucpressed i n  terms of s tandard numerical measures 
such a s  t h e  S1 s k i l l  score and RHS er ror .  However i n  recent  years  
a l a rge  number of  metrorologists  have commented on t h e  need f o r  eval- 

uat ing numerical fo recas t s  i n  terms of  t h e  various dynunical q u a n t i t i e  

which a t e  used by loca l  weather fo recas t e r s  t o  a r r i v e  a t  a c tua l  weathe 

forecas ts  (Murphy and Williamson, 1976, pp. 698-900). In  response 
t o  t h i s  need we att-ted t o  devriop a program which eva lua tes  the  

impact of s a t e l l i t e  da t a  on short-  and mediur,~-range weather fo recas t s  

i n  the context  of opera t iona l  forecas t ing  requirements. In t h i s  re- 

gard, unphasis has been placed on the  p r a c t i c a l  u t i l i t y  of t he  s a t e l -  
t i t o  da t a ,  s p e c i f i c a l l y  its usefulness t o  the  l oca l  weather fo recas t e r  

We have evaluated the impact of s a t e l l i t e  da ta  with t he  
following three  c r i t e r i a :  (1) i n i t i a l  s t a t e  d i f fe rences  between 

analyses produced with and without t he  u t i l i z a t i o n  of s a t e l l i t e  da t a ,  

re fer red  t o  a s  the  SAT and NOSAT i n i t i a l  condit ions,  respec t ive ly ,  
( 2 )  di f fe rences  i n  t he  numerical p r e d i c t ~ o n s  made from these  l n i t l a l  
condit ions,  r e f e r r ed  t o  as  t he  SAT and NOSAT prognostic f i e l d s ,  and 

( 3 )  di f fe rences  i n  t he  ac tua l  weather forecas ts  which a l oca l  fore-  

c a s t e r  would produce based on acceptance of t he  information given 

by the  SAT o r  NOSAT prognostic f i e l d s .  Differences i n  t he  prognost ic  
f i e l d s  were measured by the  standard numerical c r i t e r i a  of S1 s k i l l  

scores and RMS e r r o r s ,  a s  well  a s  by subjec t ive  compar iso~s  based on 

synoptic c r i t e r i a .  
I n i t i a l  S t a t e  Differrncep 

In the present  context ,  u t i l i z a t i o n  of s a t e l l i t e  da ta  only a f -  
f e c t s  the  forecas ts  a s  a r e s u l t  of d i f fe rences  between the  r n r t l a l  

s t a t e s  computed with (SAT) and without (NOSAT) the  a i d  of these da ta .  
Different  m i t i a l  s t a t e s  lead then t o  d i f f e r e n t  fo recas t s .  We s t a r t  

t he r r fo re  by considerrng the  d i f fe rences  i n  i n i t i a l  s t a t e s  produced 
by the  use of s a t e l l i t e  data .  I n i t i a l  s t a t e  d ~ f f e r e n c e s  a r e  presentee 

between experiment ti566 and the NOSAT experiment 7576.  Ne r e c a l l  
t h a t  i n  axperiment 8566 data  from both the  NOAA-4 and Nimbus-6 s a t e l -  

l i t e s  were assimilated by SAY (code 33a rn Table I). 
Figuros 2a and 2b show the 500-mb geopotent ial  h e l j h t  d i f f e r enc  

f i e l d s  f o r  t he  two ass imi la t ion  cyc les ,  one rncludlng a l l  the  soundina 
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data from both s a t e l l i t e s  (ca l led  2SAT) and the o ther  withholdin- 
a11 s a t e l l i t e  soundings (called NOSAT). The difference f i e l d s  are  

givon a t  the i n i t i a l  time of each one of the forecasts  which were 
carried out  fo r  every axparimant. A look a t  the f i e l d s  indicates 

tha t  large  variat ions occ.lr in the magnitude of i n i t i a l  s t a t e  d i f -  

ferences from one day to  mother.  The magnitudes of the differences 

vary a8 a r e su l t  of variation8 in  data coverage and qual i ty ,  as  well 

a s  of the natural  va r i ab i l i ty  of the atmosphere. I t  i s  c l ea r  from 
the difference plots  tha t  day a f t e r  day, differencas of the order of 

30-120 meters a re  produced i n  data-sparse regions of both the Pacific 

and Atlantic Oceans. Ceopotantial height differencas of t h i s  magni- 

tude correspond t o  1.5' t o  6 ' ~  tunparature differences i n  the 1000 mb- 

t o  -500 mb thickness. The variat ions a re  of both signs, although 

there r a m s  t o  be a sys tematx tendency for  warmer temperatures in  
the SAT cycle over most of t h i s  assimilation t e s t .  Superimposing 

the s a t e l l i t e  tracks (not shown) on the difference charts ,  we noticed 

tha t  the larges t  differencas occur mainly in  the data-sparse areas 
along the tracks where sounding data have recently been ~ n r e r t e d .  

I t  was a lso  observed t h a t  in cases where the i n i t i a l  s t a t e  differences 
are  smaller, the forecast impact in terms of S1 s k i l l  scores and RYS 

scores i s  generally a lso  smaller. Ne intend t o  substant ia te  these 
qual i ta t ive  observati?ns by further quanti tat ive studies.  

From the nature of the i n i t i a l  s t a t e  differences,  one cannot 

say, a p r io r i ,  whether the u t i l i za t ion  of s a t e l l i t e  data in a glven 

case would produce beneficial  impacts. I t  seams reasonable to  a sse r t  
a t  t h i s  point ,  however, tha t  the augnitude of these differences i s  

suff ic ient ly  large so tha t  one would expect than to  produce a cer ta in  

number of s ignif icant ly  d i s t i n c t  forecasts. 

Numerical Evaluation of Forecast 0 i f f r ranc . r  

The numerical measures of impact we used were Sl s k i l l  scores 
and RHS differences. The meteorological f i e l d s  we studied i n  par- 

t i cu la r  were the sea-Level pressure ps and the height $ of the 
500 mb geopotential surface. F l r s t  the difference between y.lues of 

the f i e l d  produced by a model forecast and the f i e ld  values of the 
NMC objective analysis  a t  the same synoptic time were computed. These 
differences wcre computad for the synoptic time 48h and 72h a f t e r  

i n i t i a l  time. 



The nex t  s t e p  war to  compute t h e  RMS value o f  t h e  d i f f e r e n c e .  

The a c t u a l  impact measure cons i s ted  i n  s u b t r a c t i n g  t h e  RnS d i f f e r e n c e  

f o r  t h e  a p e r i m a n t  f o r e c a s t  from t h e  RMS d i f f e r e n c e  f o r  t h e  NOSAT 

f o r e c a s t .  A p o s i t i v e  va lue  o f  t h i s  d i f f e r e n c e  than  means p o s i t i v e  

impact o f ,  or improvement due t o  sa te l l i te  d a t a  f o r  t h e  given exper i -  

m a t  and q u a n t i t y ,  whi le  a nega t ive  va lue  means nega t ive  impact. Tha 

computations f o r  s k i l l  s c o r e  impacts were done i n  analogous fash ion .  

The v e r i f i c a t i o n  reg ions  over which t h e  impact war measured were 

North A I M ~ ~ C .  and ~ u r o p e .  
Brcaua, of random inf luences  on t h e  r e s u l t s  we d i s c u s s ,  

t h e r e  results had t o  be sunnurized i n  a way which would a l low d e f i n i t e  

soncluaiona t o  be drawn. Such a summary is presented i n  Table  I f .  

For d e t a i l s  we have again t o  r e f e r  t o  Ghi l  and D i l l i n q  (1977).  

Table 11. Summary of  r e s u l t s  f o r  t h e  numerical measures 
o f  impact. 

S t a t i s t i c a l  S i g n i f i c a n c e  
Experiment Code Impact, a (averape/s tandard e r r o r )  

NO. S1 WS S1 RMS 

7578 0 0 0 0 

8240 12 0.21 2.43 0.13 0.94 

8405 22C 0.97 1.51 1.07 1.23 

8352 22 1.83 6.31 1.01 1.82 

8310 23 2.75 5.13 0.94 1.11 
8447 22N 2.98 7.36 1.36 1.24 

8574 31 1 - 2 0  3.66 0.66 1.19 

8472 32 3.11 9.97 1.39 1.37 

8345 33 4.74 9.57 1.94 2,26 

8566 33. 4.46 12.41 1.85 i .77 

8593 33b 4.79 10.02 2.05 2.49 

The maan percen tua l  impacts f o r  each e x p r i m e n t  w i l l  be denoted 

i n  t h e  fol lowing d i a c w a i o n  by x t h e  subacr rp t  j r e f e r s  t o  t h e  code 1; 
number of t h e  u g e r i m e n t .  We s h a l l  Canote t h e  measure of s t a t i s t i c a l  

s i g n i f i c a n c e  f o r  t h e  r e s u l t s  by c This  measure is so def ined  (Ghi l  
j '  

and D i l l i n g ,  1977) t h a t  ve  cons ider  an experiment j t o  have y ie lded  

s i g n i f i c a n t  r e r u l t s ,  rouqhly speaking,  i f  c j  L 1: w e  have no conf i -  

d a c e  a t  a11 in t h e  r e s u l t s  i f  ' < 0.5, and h ~ g h  confidence i f  *I - 
C, 2 2. 

Before d i scuss inq  t h e  r e s u l t s ,  it is important t o  remember t h a t  

Experamant 8405 (code 2 2 C )  r s  a c o n t r o l  expermant, a s  described 13 



Sec t ion  3, and t h a t  a11 t h e  r e s u l t s  have t o  be gauged a g a i n s t  t h o r e  

of Experimont 840s. We d i s c u s s  t h e  r e s u l t s  f o r  s k i l l  scores f i r s t .  

I n  Table I1 we n o t i c e  t h a t  t h e  measure of  s t a t i s t i ca l  
s i g n i f i c a n c e  f o r  Experiment 8405 is - 1.07. Hance t h e  r e s u l t s  

of t h e  DIM e x p a r i m a t  8240, w i t h  c12 - 0.13, have no confidence what- 
ever a t t a c h e d  t o  t h a n  (also c12 < O.5), whi le  t h o s e  o f  t h e  SCM ex- 

porimclnts 8352, 8310, and 8447, wi th  C Z 2  - 1-01,  cq3  - 0.94, and 

cZlN - 1.36 r e s p e c t i v e l y ,  can b e  considerad as m r p i n a l l y  s i g n i f i c a n t .  

The corresponding mean percen tua l  impacts from Table 11 are x~~~ - 
0.97 f o r  t h e  c o n t r o l  experiment 8405, and x12 - 0.21 f o r  t h e  DIM a- 
p u i m a t  8240, which is p r a c t i c a l l y  nog l ip ib le :  they  a r e  xi2 - 1.83, 

xZ3 - 2.75, and x~~~ - 2.98 f o r  t h e  SCM experiments 8352, 8310, and 

8447 r e s p e c t i v e l y ,  w i t h  x~~~ 3 xt3 ~ . S X ~ ~ ,  X Z 2  2x22C. We al'e8dy 

n o t i c e  a s t r o n g  c o r r e l a t i o n  between measure of impact and measure o f  

ronfidonce. Horoover, t h e  c o n t r o l  experiment 8405 shows that t h e  

DM oxpetiment t o t a l l y  f a i l e d  t o  produce favorab le  impacts,  whi le  

t h e  SCN rxperiments produced r e s u l t s  considerably b e t t e r  than  t h e  

performance l e v e l  s e t  by thu c o n t r o l  experiment,  i n  f a c t  twice  as 
good, a t  l e a s t .  Also Experiment 8310, which used a l a r g e  m o u n t  of 

d a t a ,  obtained from two s a t e l l i t e s ,  produced r e s u l t s  which were SO 

percant  b e t t e r  i n  mean percen tua l  impact than t h o s e  of Experiment 8352, 

u t i l i z i n g  t h e  rune a s s i m i l a t i o n  method (SCM) b u t  d a t a  from Nfmbus-6 

only.  Furthermore, Experiment 8447, i n  which no s a t e l l i t e  d a t a  were in- 

s e r t e d  over  land,  r e f l e c t i n g  h igher  r o l i ~ n c e  on convent iona l  d a t a  t h e r e ,  

produced r e s u l t s  comparable t o  and even b e t t e r  t h m  those  of f x p e r i -  

m e n t  8310, whi le  us ing  only d a t a  from one s a t e l l i t e  (Nimbus-6). 

We d i s c u s s  now t h e  S M  experiments,  8574 through 8593. 

The comparison of s k i l l  s c o r e  r e s u l t s ,  i n  both impact and s i g n i f i c a n c e ,  

of Expqrbnmt 8574, which usod only NOAA-4 d a t a ,  Experimont 8472 
which used t h e  more abundant Nimbus-6 d a t a ,  and t h e  remaining S k i  

experiments, 8545, 8566, 8593, which used d a t a  from both s a t e l l i t e s ,  

confirms t h o  importance of d a t a  q u a n t i t y ,  i n d e p m d m t l y  of t h e  a s s h i -  

l a t i o n  method. Wa have i n  f a c t  :31 - 0.66 < C j 2  - 1.39 < C , ,  j - 33, 

33a, 33b, wi th  C, 2; s i m i l a r l y  xj l  - 1.20 c xj2 - 3.11 < x ; 4.65. 1 
Thus Experimont 8472 is  comparable t o  t h e  b e s t  SC1 experiments,  8310 

land 8447, whi le  Experiment 8574 produces somwhrt  WorBr r e s u l t s .  

Resu l t s  of t h t  t h r e e  SAw experiments which x t i l i z e d  f u l l y  t h e  

a v a i l a b l ,  d a t a ,  8545, 8566, and 8593, a r e  ranarkably szmi la r .  We 

have c j 3  - 1.94, c j j a  L.8S1 m d  :33b - 2.05; those  g i v e  us a l l  high 

s t a t i s t i c a l  confidonca i n  t h e  mew impacts,  being very c l o s e  t o  and 

mvur l a r g e r  t h m  2. The mean impacts a r e  xj3 = 4.74, x3), 4.46, 



and xajb - 4.79, t h a t  i r  c l o r e  t o  S percent. This i r  c e r t a i n l y  not 
a mry l a rge  impact, but i r  q u i t e  comparable t o  improvmantr i n  numati- 
c a l  weather pred ic t ion  which have been conriderod a8 important over 
t h e  l a r t  decade1 it correrpondr approximately t o  t he  a b i l i t y  of making 
a 6Oh fo reca r t  of accuracy which aqua18 t h a t  of today's  opera t iona l  
40h forecar t .  

We ramark i n  par r ing  t h a t  a t t m p t r  a t  removing b i a r ,  ( c f .  
Ghil and Di l l ing ,  1977) of r a t e l l i t e -de r ived  tmnperaturer,  e i t h e r  a t  
obrervat ion point8 (OS661, o r  a t  the  cor rec t ion  point  (1S931, d id  
not  make much d i f f e ru rce  i n  the r e r u l t r .  The use of  SNI  i t r e l f ,  how- 
ever ,  c e r t a i n l y  d id  make a d i f fe rence .  I t  i s  very i n t e r e s t i n g  t o  
consider  t he  SCM experiinant which i r  r imi l a r  i n  o the r  r e rpec t r  t o  
the  t h r e e  SAM experfmentr we a r e  i n  the  procerr of d i r cu r r ing ,  n m l y  
Ecperiment 8310; we inunodiataly not ice  t h a t  t he  two q u a n t i t i e s  mea- 
suring r a r u l t ,  f13 and xZj, have a value which i r  a b o r t  ucact ly ha l f  
t he  corresponding r rp re ren t a t i ve  value f o r  SAM, :23 - 0.94, ver rur  2, 
and x13 - 2.75, ver rur  S. 

Valuer of C12 and x12 fo r  D I M  experiment 8240 can be considered 
zero f o r  a l l  p r a c t i c a l  i n t e n t s  urd purporar of L9ir d i rcur r ion .  We 
observe a t  t h i r  point  t h a t ,  i n  a c e r t a i n  aonse, SCY i s  a low-order 
approximation t o  SAM, i n  which the  matrix 5 of Sect ion 2 i s  approxi- - 
mated by a diagonal matrix (compare Rutherford, 1972). 

Rerul tr  f o r  RMS e r r o r s  r t rongly  support thore presented here 
f o r  s k i l l  rcorer ;  they a r e  glvur  i n  the  fourth ar. ' i i x t h  columns 
of Table 11. The r t a t i r t i c a l  rignificancm of the  RMS r e s u l t 8  is  in- 
f luurc.6 by data  quant i ty  and a r r imi l a t i on  mathod i n  t h r  rune way a s  
t he  S1 r e r u l t r ,  and 80 a r e  t he  mean impacts: t he  values of RMS mean 
impact8 a r e  of the  order  of 1 0  t o  1 2  percent f o r  tho bes t  SAM exper.+.- 
murtr,  and S t o  7 percur t  f o r  the SCY experimontr. 

I t  appear8 in  general  t h a t  d i f f e r enc i s  i n  i n i t i a l  r t a t e a  cor re-  
l a t e  reasonably w e l l  with impact on fo reca r t r  from t b  r e  i r i i t i a l  r t a t e a  
(v. Subrection 4.1. Our numerical mearurer of impact a l s o  reua t o  
co r r e l a t e  po r i t i ve ly  with improvunentr i n  tho  capab r l i t y  of pred ic t ing  
loca l  weather when uring the  large-scale  numerically predicted f i e l d 8  
f o r  guidance (v .  Subrection 4d) . 



*optic Evaluation of Forecart  Difference8 
It i r  much amre d i f f i c u l t  t o  car ry  out  a rubjec t ive  com- 

pariron of prognort ic  f i e l d r  bared on rynoptic  c r i t e r i a  than t o  com- 
pute a numerical mearure of t h e  d i f f e r ence  between ruch f i e l d r .  Therr- 
fo re  we have t o  L i m i t  our re lver  a t  t h i r  po in t  t o  t he  preren ta t ion  of 
r con\parison of t he  r e r u l t r  f o r  experimmt 8566 (code 33.1 with those 

f o r  t h e  NOSAT experimmt 7578. In  t h i r  and tha  next rubrect ion we 

r h r l l  again r e f e r  t o  experiment 8566 rimply a8 2SAT. 
Tho rynoptic evaluat ion of forecar t ing  impact fo r  the  r a t a l l i t e  

rounding da t a  war p e r f o n &  by d i r e c t l y  compar:.9 t h e  prognort ic  

cha r t s  qanerat?i  from 2SAT m d  NOSAT i n i t i a l  condition8 with each 

o the r  and with t h e  correrponding NNC analyrer  f o r  ve r i f i ca t i on .  Com- 

parironr  were rade every 12 hours f o r  a va r i e ty  of propnort ic  f i e l d r .  
The r e r u l t r  of our  comparirons f o r  the  r e r - l eve l  prer rure  and 

500 mb height  f i e l d r  v e r i f i e d  over North America a t  t h e  end of each 

72-hour f o r e c r r t  a r e  prerentad i n  Tabla 111. The d i f f e r ence  p l o t s  

on which the re  r e r u l t r  a r e  bared a r e  given i n  Atlar  and Sakal (1977). 

Tha t a b l e  var  prepared by f i r s t  noting t h e  repLonr of moderate t o  

l r t ~ e  d i f fe tencer  between the  ZSAT and NOSAT prognort ic  f i e l d r  and 
than comparing the  ac tua l  e r ror8  of each ryrtem i n  t he re  regionr. 

/ 

Table Yf1. Sumaury of regional  72:) t o r e c a r t  synoptic  
Impacts over North Ametica. Only impact* of 8mb o r  
l a rge r  i n  saa-level  p r r r ru re  and of 96 - e t e r r  O r  l a rge r  
i n  S O W  geopotentraL have been included. 

A. Sea-Level Pressure 
Forecart  from Benef r c ~ a i  Negative 

Impact8 Impact8 
(i;l mb) ( i n  mb) 

P e b .  1 +12 - 
3 + 8 
3 +16 
5 - 8 
7 + 1 6  -16 
9 +16 
9 + 8 

11 +12 
13 + 8 
19 + 8 



B. 500mb Geopotential 
Forecast from Be le f i c i a l  Negative 

Impacts impacts 
( i n  meters) ( i n  meters) - 

Feb. 1 - 

The t ab l e  shows t h a t  moderate t o  l a rge  forecas t ing  impacts 

occur i n  nine of the  eleven cases and t h a t  more than two 

rLirds of these  impacts c r e  bene f i c i a l .  A s  a r e s u l t ,  t he re  a r e  

40-751 reductions of s p e c i f i c  forecas t ing  e r r o r s  a t  500mb and 40-1001 

reductions of s p e c i f i c  e r r o r s  i n  thc' sea-level  pressure forecas t .  

One example of a bene f i c i a l  forecas t ing  impact over North 

America is presented i n  Figure 3. Figures 3a and 3b dep ic t  t h e  72-hour 

500mb prognostic cha r t s  f ron  February 19 f o r  t he  NOSAT and t h e  2SAT 

ca re  respect ively.  The corresponding !WC ana lys i s  is depicted i n  

Figure 3c. A comparison of these  t h r ee  cha r t s  revea ls  t h a t  t h e  NOSAT 

prognosis is considerably slow i n  i ts movement of a trough i n t o  t he  

Midwest of t he  tinited S t a t e s  and of a r idge off  t he  East  Coast. Bot!? 

of these  systems a r e  displaced fu r the r  e a s t ,  i n  b e t t e r  agreement v r t h  

tka  ana lys is ,  by the  2SAT prognosis. A d e t a i l e d  s y n o p t x  study of 

t . ~ e  72-hour proqnostic f i e l d s  over North America was a l s o  ca r r i ed  

out  f o r  t he  forecas t  s t a r t e d  on 032 Feb. 9 (Atlas  a26 Sakal,  19771. 

I t  showed considerable improvement i n  t he  steeri.?g of weather systems 
by the  2SAT forecast .  

Differences ia Local P rec ip i t a t i on  Forecasts 

The ul t imate objec t ive  i n  evaluat ion of s a t e i 2 i t e  da ta  Lnpact i s  
t o  determine what the impact means i n  terms of the accuracy of 

ac tua l  weather predict ions t h a t  might be issued by a l oca l  weather 

forecas te r .  I n  order  t o  assess  t h i s  impact, we de-reloped a computer- 

ized  forecast ing model (CFM) which s inu l a t e s  a human f o r e c a s t e r ' s  

i n t e rp re t a t i on  of a set of prognostic char t s  under t h e  res:rictive 

condit ion t h a t  no nodif icatson t o  t5s nunerlcal ?roqnostr= ou=?ut '3 

t o  be made. The CFX was found q u i t e  s a t i s f ac to ry  when applieC t o  

pe r f ac t  prognostic f i e l d s ,  i . e . ,  t o  analyzed observed f ~ e l d s ,  and 



NO SAT. 

' , , i : t  1 .  , . L - - - - - - - m *  
2 SAT 

ANALYSIS 

Pipurr 3. Synoptic dlfforancos b m d n  n r u r i c d  p r d i c u o ~  fmm m i n i t i a l  
s t a t 0  con tdn ing  tomporaeuro sounding infomation and from on. not mnt r in -  
ing such ~nfocru t ion .  tho  c u e  shwn is tho f2h f o r o c u t  from 532 Februlry 
19 for  tho ZSAT oxp.r-t 0566 ( t i q .  3b) ud t!to NOSAT oxpsrraont 7518 
 FA^. 3.1. Tho f ie lds  shovn u o  tho 500 tab goopotontill. h o ~ q h t  fio1Cs o Vr 
North Awrzca. For cosp.rrson. Fig. 3c q z w s  G!O operational analysis  of 
M C  a t  002 rabnruy 22. Clearly tho 2SAT forocrst  r s  c loser  t o  tho analysis  
than the NCUt f o r o c u t  . 



ve r i f i ed  aga ins t  observed p rec ip i t a t i on :  it a l s o  agreed q u i t e  wel l  

with predic t ions  made by qua l i f i ed  human fo recas t e r s  using t h e  same 
model prognostic f i e l d s .  The CFH is described and fu r the r  d e t a i l s  

a r e  given in  Atlas and Sakal (1977). 

CFW l oca l  p r ec ip i t a t i on  forecas ts  were generated f o r  t he  11 
test cases  from both t he  2SAT and t h e  NOSAT prognostic f i e l d s :  they 

were generated a t  24h, 48h and 72h a f t e r  i n i t i a l  time f o r  128 c i t i e s  

uniformly d i s t r i b u t e d  over t h e  United S ta tes .  Thus a t o t a l  of 

2r3~11r128 = 8,448 l o c a l  p r ec ip i t a t i on  fo recas t s  was made f o r  t he  

carcparison w e  drscuss. 

tomparisons o f - p r e c i p i t a t i o n  fo recas t s  f o r  these 128 c i t i e s  

a r e  presented i n  Table I V .  The number of co r r ec t  p r ec ip i t a t i on  fore- 

c a s t s  f o r  t he  2SAT and NOSAT systems a r e  shovn only f o r  those cases 

in which the  two systems gave r i s e  t o  d i f f e r e n t  forecas ts .  The 

systems ac tua l ly  d i f f e r ed  f 3 r  about 10 percent of a l l  fore- 

c a s t s  and the  r e s u l t s  given :over t he  cases when one system fo recas t s  

a p rec ip i t a t i on  event  while t he  o ther  one fo recas t s  no p rec ip i t a t i on .  

The number of d i f f e r e - ~ t  forecas ts  fo r  each day i s  shoun f o r  a l l  t he  

128 c i t i e s  considered together  i n  t he  lover  hor izonta l  row. A t  24 

and 48 hours t he re  is a 12 percent improvement i n  t h e  2SAT system, 

while a t  72 hours t h e  fo recas t  improvement was 19 percent; t he  per- 

centual  improvement r s  computed with respect  t o  the  t o t a l  number of 

d i f f e r e n t  forecas ts .  We examine i n  t h e  upper row a separa te  l r s t  

of 17 c i t i e s  i n  the  M~dwest, se lec ted  because they a r e  l e s s  influenced 

by coas t a l  e f f e c t s ,  mountains, o r  t he  wanner Gulf convective systems, 

whrch the  CFM has d i f f i c u l t y  accounting f o r  i n  i ts present  form. 

In t he  case of these  c r t i e s  ve see an improvement of b e t t e r  than two 

t o  one i n  forecas t ing  f o r  24 and 72 hours and an even l a r g e r  improve- 

aen t  for  48 hours. 

Table I V .  Summary of r e s u l t s  f o r  l oca l  p r ec ip i t a t i on  
m r n g  in cases where use of 2SAT and NOSAT prog- 
nos t i c  f i e l d s  produced d i f f e r e n t  forecas ts .  "2EAT bet- 
t e r "  means t h a t  the  CFM produced a co r r ec t  prec ip i ta -  
t i on  forecas t  from 2SAT prognostic f i e l d s ,  and an in-  
cor rec t  one from NOSAT f i e l d s ;  "NOSAT b e t t e r "  means 
the  opposi te  was t he  case. 

2 4  h 48 h 72 h 
2SAT NOSAT 2SAT NOSAT 2SAT NOSAT 

3 a t t e r  Bat te r  Bet te r  Bet te r  Bet te r  Bet ter  
Nidwest ( 1 7 )  11 4 11 1 7 3 
A l l  US c a t r e s  (128) 82 64  6 8 53 8 5 58 



To e x h i b i t  t h e  c o r r e l a t i o n  between numer ica l  impact  measures  

and impact  on  l o c a l  wea the r  f o r e c a s t s  we p r e s e n t  Tab le s  V and VI. 

I n  Tab le  V we g i w  S 1  s k i l l  s c o r e  impac t s  v e r i f i e d  a t  72 hour s  

o v e r  North America f o r  aach  f o r e c a s t  s e p a r a t e l y .  In Tab le  VI 

we g r v e  t h e  co r re spond ing  p r e c i p r t a t i o n  f o r e c a s t  rmpacts.  W e  o b s e r v e  

l u g e  numer i ca l  impacts  i n  b o t h  3 and ps f o r  t h e  f o r e c a s t s  from 

F d r u a r y  3,  9 ,  11 and 13; t h e y  a r e  a11 p o s i t i v e ,  and l a r g e  when com- 

pared  t o  t h o s e  o f  t h e  c o n t r o l  expe r imen t  8405. The p r e c i p i t a t i o n  

f o r e c a s t  impacts  a t  72 hour s  a r e  l a r q e  when compared t o  t h e  NOSAT 

exper iment  f o r  February  9 and 11, and modera te ,  b u t  st111 p o s l t i v e  

f o r  February  3 and 13.  A l a r q e  p o s l t l v e  impact  a l s o  o c c u r s  ort 

F d r u a r y  19:  w h i l e  t h e  numerrca l  measures d i d  n o t  show a s t r o n g  

impact  o f  sounding d a t a  f o r  t h r s  f o r e c a s t ,  t h e  synoptLc comparison 

(Subsec t ion  4c)  d i d  show a s i g n i f ~ c a n t  improvement rn t h e  2SAT prog- 

n o s t i c  f i e l d s .  A l a r q e .  n e q a t l v e  impact  on p r e c r p r t a t i o n  f o r e c a s t  

a t  72 hour s  o c c u r s  f o r  February  15 ,  when t h e  numer i ca l  measures  show 

l i t t l e  impact ,  i f  a t  a l l .  

Tab le  V. Dai ly  s k l l l  s c o r e  &%pacts v e r r f i e d  o v e r  
North Amer:ca st 72 hour?.  

500 mb Heigh t s  Sea-Level P r e s s u r e  
2SAT C o n t r o l  Ex- 2SAT Con t ro l  Ex- 

Date (8566) pe runen t  (8405) (8566) p t i ~ m e n t  (8405) 
eb. 1 1.8  - - - 

3 9.4 3.4 8.4 4.7 
5 -2.2 0.8 -0.3 -2.8 
7 0.7 -1.1 10.2 0.3 
9 7.8 1.2 13 .5  1 . 4  

11 5 . 9  -2.1 16.4 -1.2 
1 3  6.8 1.1 10.5  5.2 
1 5  1 .9  -3.3 1.5 -3.7 
1 7  - 4 . 5  -1.8 -5.7 -4.5 
1 9  4.7 3.9 -2.8 5.8 
2 1 5.4 -0 .9  5.2 -4 .3  

JTaSElT -o.?o:o. $ a.73'2.3 - 

From t h e s e  compar isons  w e  concludm t o  t h e  need f o r  much more 
Study o f  t h e  i n t e r r e l a t i o n s h i p  between i n i t i a l  s t a t e  d r f f e r e n c e s  

and d i t f a r e n t  f o r e c a s t  impact  measures.  The p r e l i m r n a r y  e v i d e n c e ,  

a l though  incompletm, seems t o  p o i n t  sn t h e  d r r e c t i o n  of p o s l t l v e  

c o r r e l a t . 2 n  between l a r g e  unpacts  on  r n l t i s l  s t a t e  d e t e m r n a t l o n  i n  

d a t a - s p a r s e  a r e a s ,  on  t h e  one  hand,  and l a r g e  rmpacts on t h e  d r f -  

f e r e n t  q u a n t r t l e s  measurrng t h e  accu racy  o f  f o r e c a s t s  a t  0 8  and 72 

hours  ove r  da t a - rxch  a r e a s ,  on t h e  o t h e r .  



Table V I .  Daily results of local precipitation fore- 
carting for cases of different forecasts. The rerults 
refer to 128 U.S. cities and are verified at 72 hours. 

2SAT NOS AT 
Date Better Better 

Feb. 1 3 6 

2 1 1 3 r 7B Totals 

CONCLUDI?I(; REMARKS 

We carried out a study to assess the effects of temperature 

sounding data from satellite-borne instruments on short-range (1- to 3-  

day) weather forecasting. The instruments providing the data were 

operational, and experimental temperature sounders aboard the NOAA-4 

and Nimbus-6 satellites. 

We performed a number of experiments in which satellite data 
were assrmilated to produce initial states for numerical forecasts 

by a number of different methods. The experiments used data from 

the DST- 1 period. The methods consrdered were direct insertion ( D I H ) ,  

asynoptic successive corrections (SCY) and trme-contznuous statrstrcal 

assimilation (SAM) . 
Results of our experiments allow us to draw a number of con- 

clusrons: (il satellate-derlved temperature data can have a modest, 

but statrstically srgnificant posrtLve unpact on numerical weather 

forecasts, as verified over the contrnents of the Northern Hemrsphere; 

:ii) thi: i-.pact is highly sensrtive to the quantrty of the data- 

the inpac~ of a tvo-satellite system is larger than that of one 

satel-.te by an mount roughly proportional to thm quantrty of data 
pr~brded; (iii) the asszrnrlatron method plays a major role in the 

magnitude of the unpact for the same drta4irrct rnsertron had a 

practrcally null Impact, while S C X  provided about haif the iapact 

obtazned with SAM. 

The impact for the best method tested and the full amou~t of 

data ava7:able was about 5 percent rn Sl skrll score and 12 percent 



i n  RMS e r ro r s ;  these  correspond t o  the  p o s s i b i l i t y  of an extension 

of about 8-12h in  t he  usefulness of numatical weather pred ic t ion  I W P )  

i n  the range between 48h and 72h. There a r e  ind ica t ions  t h a t  l o c a l  

weather . o r e c a s t s  using large-scale  NWP r e s u l t s  a s  guidance can be 

s irpi lar ly improved. 
We a r e  present ly fu r the r  r e f in ing  our s t a t i s t i c a l  assimila-  

t i o n  method of t h e  sounding da ta  and of applying it t o  da t a  from t h e  

e n t i r e  DST-6 period. We intend a l s o  t o  adapt SAY t o  t he  ass imi la t ion  
of cloud-track wind data from geostat ionary s a t e l l i t e s ,  a ~ ~ d  wm expect 

eventual ly t o  apply it t o  FGGE ( F i r s t  Global GARP Experiment) da ta .  

Our r e s u l t s  po in t  t o  two major a reas  i n  which improvements 

can bring about l a rge r  impacts of s a t e l l r t e -bo rne  rounding systems. 

F i r s t ,  instrument development t o  unprove the  accuracy and v e r t i c a l  - 
reaolut ion of t he  sounder temperature p r o f i l e s  themselves. A t  p resent ,  

v e r t i c a l  temperature p r o f i l e s  derived from s a t e l l i t e  sounding radiance 
da ta  have 2 - 2 . 5 ' ~  RIG e r r o r s  when compared with co-located radiosonde 

p ro f i l e s .  Although t h i s  accuracy f a l l s  sho r t  of meeting GARP (Global 

Atmospheric Research Program) requirements, we have shown t h a t  the  

da ta  a r e  s t i l l  capable of producing rodes t  impacts when proper t ly  
u t i l i z ed .  However, the  def ic renc ies  i n  t he  qua l i t y  of t he  da t a  can 

only p a r t i a l l y  be compensated for  by spec i a l  r e t r i e v a l  and assimrla- 

t i on  methods. There 1s ce r t a in ly  a  need for  continsous da ta  monitor- 

ing and f o r  continued development of r e t r r e v a l  and of ass imi la t ron  

methods. Moreover, c lose i n t e r ac t ion  between r e t r i e v a l  and assimila-  

t i on  methods seems t o  hold g rea t  promise. But the  c o s t  important re- 

quirement i s  s t i l l  t h a t  of instrument packages with g rea t e r  accuracy 
and resolutxon, capable of provrding r e l i a b l e  soundings under a l l  

aw.ospheric conditions. 

Second, numerical predict ion models themselves must be improved 
t o  make b e t t e r  use of the soundrng da ta .  In orCer t o  successfu l ly  
ass imi la te  asynoptrc data  and have them cont r ibute  t o  more accurate  

fo recas t s ,  l t  1s necessary t h a t  t he  nodel be ab le  t o  convey ~ n f o r n a -  

t ron  accurately over extended drstances and p e r ~ o d s  of time from one 
regron of the  globe t o  another.  Improvement i n  forecas t ing  models 
can only proceed by a judrc:.ous c-ombrnat1o;r of higher g r id  r e so lu t ions ,  

more accurate  numerical d i s c r e t i z a t i o n  methods, and b e t t e r  representa-  

t i ons  of atnospherzc processes zn the nodel. 
We hope t h a t  a  concerted e f f o r t  i n  desrgnzng b e t t e r  observing 

instruments and systems, ref inrng the methods fo r  processlnq and as-  

s lmi la t ing  t h e i r  o b s e r v a t ~ o n s ,  and developing b e t t e r  numer~cal  nodels 



will lead to considerable improvements in numerical weather prediction 

and to better understanding of the rtaorrpheric circulation; these 

are the goals of the Global Atmospheric Research Program. 

ACXllOWLEDGEHENTS 

Xt is a pleasure to acknowledge all the contributors to the GIs: 

Sounding Temperature -act Test 1976. 

REFERENCES 

Atkins, M.J., and M.V. Jones (1975). An experiment to determine the 
value of satellite infrared spectrometer (SIRS) data in numerical 
forecasting. Meteor. Mag., 104, 125-142. 

Atlas, R., and D. Sakal (1977). Evaluation and verification tests. 
Chapter 5 of Balun et al. (19771, pp. 5.1 - 5.81. 

Bengtsson, L. (1975). Pour-Dimensional Data Assimilation of Meteoro- 
logical Ob8ervations. CARP Publ. Ser., No. 151 WMO/ICSU, Geneva, 
Qwitzerlmd, 76 pp. 

, and N. Gustavsson (1971). An experiment in the assmilation 
d r d a t a  in dynunical analysis. Tellus, 23, 328-336. 

(1972). Assimilation of nonsynoptic ob- 
servations. Tellus, 10, 383-399. 

Charney, J., M. Halem and R. Jastrow (1969) . Use of incomplete 
historical data ^o infar the present state of the atmosphere. 
J. Atmos. Sci., 6, 1160-1163. 

Cressman, G.P. (1959). An operational objective analysis system. 
Mon. Wea. Rev., 85, 367-374. 

E l a s s ,  A. (1954). Provisional report on calculation of spatial 
covariance and butocorrelatioh of the pressure field. Report No. 5 1  
Inst. Weather and Climate Res., Acad. Sci., Oslo, 11 pp. 

Gandin, L.S. (1963). Objective Analysis of Meteorological Fields. 
Gi&omet.orologisch.rkoe I zdatel 'stvo (GIM 2 )  , Leningrad. Ulglish 
translation by Israel Program for Scientific Translations, Jerusalem 
1965 [availbble from NTIS], 242 gp. 

Ghil, M. (1975). Initialization by compatrble balancing. Regort 
75-16, Inst. Comp. Appl. Sci. Eng., NASA Langley Research Center, - 
Hunpton, VA 23665, 38 pp. 

, m d  R. Dilling (1977). Analysis and assimilation. Chapter 3 
T ~ a l u n  et a1. (1977) ; pp. 3.1 - 3.150. 

, b. Shkoller m d  V. Ymgarber (1977a). A balanced diagnostic 
syrtun compatible with l barotropic prognostic model. Mon. Wea. Rev. 
195, 1223-1238. - 

R. Dillinq and H. Carus (1977b). A statistical method for 
-'time-continuous assimilation of satellite-derived temperatures , 

Proc. 5th Conf. Probability Statistics Atmos. Sci., Amer. Meteor. 



Soc., Borton, 320-324. 

Halam, n., M. Ghi l ,  R. A t l a s ,  J. Sur rk ind  and W . J .  Q u i r k ,  adr., (1977) .  
Tha GISS Soundinq Tunparatura  Impact T a r t .  NASA I n s t i t u t a  f o r  S p c a  

L.8, a York, NY 10025, 328 + 
x i 0  pp. 

Saydon, C.M. (1973).  txpmrimantr i n  t h a  four-dimanrional arrimila- 
t i o n  o f  Nimbus 4 SIRS d a t a .  J. ~ p p l .  ~ a t a o r . ,  1, 425-436. 

Murphy, A., and D. W i l l i m u o n ,  Coordinators  (1976):  Waathrr Fore- 
c a r t i n g  and Weather F o r a c a r t r :  Modalr, Syr tuur  and Urarr. Notar 
Frola a ~ o l ~ o q u i u m  bald a t  t h a  Nat ional  Canter  f o r  Atmo8phariC ~ a -  
roarch,  S u m o r  1976, NWCQ-5+1976-ASP, volumor I and 11, 900 pp. 

Ruthorford,  I .D.  (1972).  D. ta  a r r i m i l a t i o n  by s ta t i s t ica l  i n t a r -  
p o l a t i o n  of  f o r e c a s t  a r r o r  f i e l d s ,  J. Atmor. S c i . ,  29, 809-815. 

- (1973).  Exparimentr i n  t h a  updat ing of  P.E. fo rmcar t s  w i t h  
real wind and g w p o t a n t i a l  d a t a .  Proc. 3rd Conf. P r o b a b i l i t y  Sta-  
t i r t icr  Atmor. S c i . ,  Amor .  Matwr. Soc., Borton, 198-201. 

Snugorinski ,  J., K. Miyakoda and R.F. S t r i c k l a r  (1970) .  Tha r a l a t i v e  
i m p o r t ~ c e  of v a r i a b l r r  i n  i n i t i a l  c o n d i t i o n s  f o r  dynunical  weather 
p r e d i c t i o n .  T a l l u r ,  21, 141-157. 

Smith,  W.L., and K.M. Woolf (1976) .  Tha u ra  of  a iganvac to r r  of  rta- 
t i r t ical  covar iu rca  m t r i c a r  f o r  i n t e r p r a t i n g  r a t a l l i t a  rounding 
radiomatar  obranra t ionr .  J. Atmor. S c i . ,  3, 1127-1140. 

S o w r v i l l a ,  R.C.J . ,  P.M. S tona ,  X. Kalam, J.L. Hanran, J .S.  Hogan, 
L.M. DruYM. G. R u r r a l l .  A.S. Lacis. W . J .  Quirk and J. Tananbaum 
(1974) . - ~ h .  GISS modal. of t h e  g1ob.l atmoiphara.  J. Atmor. S c i .  , 
31, 84-117. - 

Surrkind,  J a r  and D. E d a h n n  (1977) .  Sounding t u n p a r a t u r e  s t u d i a r .  
Chaptar 2 o f  8al .m e t  a1. (1977) ,  pp. 2.1 - 2.82. 

warbowotzki, A. (1975) .  I n d i r e c t  rounding of  t h a  atmorphare from 
NOM r p a c a c r a f t  - Ragrarr ion a f t e r  c a t a q o r i z a t i o n ,  method and re- 
8ultr.- Proc. 4 th  ~ o n f .  P r o b a b i l i t y  s t a t i s t i c s  Atmor. S c i . ,  Amar. 
M8taor. Soc.,  Borton, 165-170. 



Paper 14 

NASA Technical Memorandum 80608 December 1979 

October 1979 

Band Fourth Order Model Preliml~ary Documentation 

Eugenia Kalnay-Rivas; David Hoitsma 

Abstract 
A preliminary documentation of the Band Fourth Order Global Atmospheric 
Model has been compiled. It contains the dynamic equations for atmospheric 
motion, finite difference equations, a discussion of the structure and flow 
chart of the program code, a copy of the code and three relevant papers. 
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Numerical Simulation of Ozone Production, Transport and Distribution 
with a Global Atmospheric General Circulation Model 
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ABSTRACT 

The production, uanspon and drstribution of ozone arc simulated for a January with a global atmospheric 
general circulation model. I n  this model the ozone influences the mdiat~onal heating as well u the 
photochemical ozone production and destruction, the radiational heatrng influences the atmospheric 
circulation. and the circulation redistributes the ozone. 
The model has fairly succeufully stmulated the synoptic and time-avenged observed luge-scale 

fields of temperature. m a .  and velocity in the troposphere and 3tntosphere. although there are 
some deficiencies. In prrucular. the simulated temoentures arc too cold in the lower and mrddle stnto- 
sphere in the polar reoons. the sea level pressure IS too hrgh in the Arctrc and in the Antarctic c~rcumpolu 
trougb, and the flow Aeld in the mrddle-latitude troposphere does not show the observed wave- 
number 3. 

Despite these shoncomrngs. the model has srmulated the observed high correlation of synoptic 
and tune-avenged total ozone wth the tropospheric height field in mrddle Iatrtudes. with the ozone 
maxima and mrnima. respectively, located at the troughs and ndges of the tropospheric waves. The 
deficiencies which am seen rn the trme-avenged 0, distributron are attnbuublr to recognized deflc~cncies 
of the general circulation model. 

In  the troprcs there is a venrcally integrated tnnspon of 0, from the summer to the wrnter 
bemisphere whrch rs almost entrrely produced by the mean-meridiond circulatron. In  the mrddle 
latitudes, in both hemrspheres. 4 is tnnsponed toward the equator by the mean-meridiond circula- 
tion and toward the poles by the zonal eddies; but the eddy transpon dominates. so that the net 0, tnns- 
pon is poleward. In the hgh latrtudes In both hemispheres, thew is a reversal in the dirtct~ons of the 
two components o l  the 0, transpon: but here the transport by the mean-meridional crrculatron 
dormnates, so that the net transport contrnues to be poleward. 

In t i  individual latitudes. the zonally rntegrated vertical tmspon  of ozone 1s dominated by the 
transport by the mean-mendional crrculatron: but ~ntegnted over the globe. the vertical O1 transport 
is dormnoted by the eddy tnnspon. Betwccn 20 and 31 km elevation. the globally rntegmted venical 
0, transport 1s a countergdient tnnsport w t h  respect to the globally integrated O1 mixing nt io. 

The divergence or the 0, transport muntains the ozone below its photochem~crl qu~l ibr ium con- 
centration in the tropics and subtrop~cs. and thr convergence of the 0, transport maintains the 
ozone above rts photochemtcal qurl~brium concenmtion in the middle and hgh Iautudes of both 
hemispheres. In  this way, botb the atmospheric motlons and thc 0, photochemistry determine the 
4 sources and srnks. 

The globally rntegnfed photochemical production of ozone exh~bits vanations wtth periods of a day 
and leu. Thew h~gh-kquency osciIlauons are due to the quul-stationuy lonpltudind vanauon tn 
the ozonc that rs produced by the O1 trmspons. 

1. Introduction atomic oxygen combines with molecular oxygen to 
produce ozone. The ozone is also photodissociated Photochemical theory explains the existence d by solar UV mdirtion in addition, is destroyed 

Ozone in the emh's 3tm0s~here* but its Ob- by recombination with (the Chapman served distribution in space and time. According mechanism) Recent findings have shown that O3 
lo photochcmicd lheory by drstaction by the Chapman mecharusm is responsi- 
(1930a.b.c). solar ultr~violet (CV) radiation photo- ale for only abet, 20% of the total destruction dissociates molecular oxygen. and the resulting which is i, balance the dobal 03 

tion (~ohnstbn and Whitten. 1973L several possible 
' l+esnt Pfflutlon Dc~mment  of A t m ~ h r n c  Sclenca and chemical destruction mechanisms have been con- 

Climatrc Re~carch Instrtute. Oregon Slue Utuvenlty. Corvd- sidered, but i t  now [hat the oxides of Iis 91331. 
L mt wary for Sclecn, ,-ole yen and hydrogen are the predominant O3 destroy- 

91 1. NASA Goddud Space Flight Center. Greenbelt. MD 2077 1 ing agents. 
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Photochemical theory predicts a decrease of total 
Oa from the equator toward higher latitudes and a 
summer maximum and winter minimum of total 0,. 
However, observations show that the total OJ in- 
creases from the equator toward higher latitudes 
and has a winter-spring maximum and summer-fall 
minimum (Diitsch. 1969). It has been proposed that 
this would be the result of a net poleward transport 
of ozone by the mean-meridional circulation if the air 
moves poleward at high altitudes, where the 0, 
mixing ratio is large, and equatorward at low alti- 
tudes. where the OJ mixing ratio is small (Dobson 
et al.. 1929; Brewer. 1949; Dobson. 1956. 1973). 
It has also been proposed that zonal eddies in the 
atmospheric motion field would produce a net pole- 
ward OJ transport if, in the stratosphere, the pole- 
ward moving and descending air parcels contain 
more OJ than the equatarward moving and ascending 
air parcels (Newell 1961. 1963a.b. 1Wa.b; Newell 
er 01.. 1966. 1973). 

To determine the 0, transports. one must know 
the O3 concentration and the horizontal and verti- 
cal velocity components as functions of space and 
time. At present. our knowledge of these is not 
sumciently accurate to calculate the O3 transports 
from the observations. 

A number of simulation studies have been made of 
0, production. transport and distribution with two- 
dimensional (i.e.. zonal1 y averaged) atmospheric 
models. A recent study of this kind is the one by 
Harwood and Pyle (1977). But these models have 
two shoncomings. The first is that the horizontal and 
vertical transports of momentum. heat and ozone by 
large-scale atmospheric eddies (which play a critical 
role in determining the sources, sinks and distnou- 
tions of these variables) must be parameterized 
as functions of the zonally averaged variables; but 
there is no general agreement as to how this can be 
correctly done. Tf,e second shortcoming is that these 
models tell us nothing about the zonal variations o i  
the OJ distribution nor about the processes which 
produce those east-west variations. 

We can avoid these shortcomings by simulating 
the Oa production, transport and d~stribution with a 
three-dimensional general circulation model in 
which the large-scale atmospheric eddies are ex- 
plicitly resolved. Studies of this kind have been 
made by Hunt and Manabe (1968). Hunt (1%9\. 
Clark (19701, Mahlman (1972). London and Park 
(1973, 1974). Newson (1974) and Cunnold et al. 
(1975). In all of those studies. however, some of 
the interactive processes which determrne the 0, 
distnbution were e~ther  ignored or were h~ghiy 
constrained. Hunt and Manabe ( 1968). Mahlman 
( 1971,). London and Park r 1973) and Newson ( 1974) 
calculated the three-dimensronal O3 transports as a 
function of the s1mula:ed atmospheric motlons. but 

ignored the photochemical production and destruc- 
tion of ozone and the influence of !he predicted 
ozone on the radiational heat~ng and, consequently. 
its feedback on the atmospheric motions. Hunt 
(1969) and London and Park (197.0 included the 
OJ photochemistry as well 35  the transports, but 
did not use the predrcted ozone H hen calculat~ng the 
radiational heat~ng and the atmospheric motlons. 
Clark (1970) and Cunnold er 0 1 .  (1375) included 
the transport, the photochemistry and the rad~d- 
tional heating influence of the predicted ozone on 
the stratospheric circulation; but In their general 
circulation models, the tropospheric circvlation, to 
which the stratospheric circulatron is strongly 
coupled, was highly constrained by an empirically 
based Newtonian-type heating of the troposphere. 

In the present study we have sought to simu- 
late the global 0, production, [ransport and distribu- 
tion with a numerical general circulation model In 
which the 0, photoshemrstry, the rad~at~onal heat- 
ing and the O3 transpons are coupled and inter- 
active, and in which the tropospheric heating is 
realistically modeled. We have used a version of the 
atmospheric general circulation model that was de- 
veloped by the UCLA general crrculat~on research 
group for this and other purposes. and in which 
ozone is one of the prognostic variables. In this 
nndel, the ozone influences not only its photochem- 
ical productron and destruction, but also the at- 
mospheric radiational heating: this radraticnal heat- 
ing influences the a:mospheric circulat~on, and the 
circulation rcdistnbutes the ozone. 

2.  Description of the model 

A deta~led account of the design of the atmos- 
pheric general c~rculat~on model has been given b), 
Arakawa and Mintz (1974) and Ara~awa and Lamb 
(1977). What follows is a bncf descnption o i  the 
model. 

a. Prognostic ~ n d  d ~ d g n ~ ~ s r r c  vnrlu?~lus 

The principal prognostic vanables of the model 
are the horr:onrul I ~ ~ ~ o c - I ? , ~ ,  rrrnpcrorrrre and slrrfic-e 
pressure, governed. respectively. by the horizontal 
momentum equation, the thermod)namic energy 
equation and the surface pressure tendency equa- 
tion. With the rnass continuity equatron and rhe 
hydrostatic equ:itlon, and appropnate b o u n d v  
conditions. these equat~ons form a closed system 
for an adiabat~c and fnct~onless atmosphere. 

But the general c~rculatron of the atmosphere IS 

the large-scale. thermally ,irl\.cn field of motlon 
In wh~ch there are lnteractlons between the heat- 
Ing held and the motlon field. Therefore. several 
add~t~onai prognostic \ mables. w~th corresponding 
govenllng equatlonr ~ n d  appropnate boundary 
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conditions, must be added to simulate the heating. source and sink terms in the horizontal momentum 
Because the radiational heating of the stratosphere equation are a fhcclonal drag at the surface of the 
is strongly governed by ozone, which varies in earth. with a subgrid-scale vertical eddy flux o i  
space and time, ozone was made a prognostic horizontal momentum within the planetary boundary 
variable of the model, governed by an 0, continuity layer; and a subgrid-scale vertical eddy flux of 
equation with parameterized sources and sinks. horizontal momentum within the free atmosphere 
An even more imponant prognostic variable which which depends cn the parameterizec! cumulus 
influences the heating is water vapor, which is convection. 
governed by the water vapor continuity equation. For the temperature, the source and sink terms 
Because the source and sink terms in the water vapor in the thennodynamic energy equation are a solar 
continuity equation and in the thermodynamic and longwave radiational heating; a sensible heat 
energy equation depend on subgrid-scale cumulus flux across the earth's surface, with a subgrid- 
convection, the model has a parameterized penetra- scale vertical eddy flux of heat and a release of heat 
tive cumulus convection, based on the theory of of condensation within the Ylanetary boundary 
Arakawa and Schuben (1974). which interacts layer; a subgrid-scale vertical flux ,f -ensible heat 
with a parameterized planetary boundary layer. The and a release of heat of condensation by the param- 
boundary-layer deprh and the temperature dis- eterized cumulus convection: and a heating by 
continuity and moirture discontinuity at the top of large-scale condensation and cooling by evaporation 
the boundary iayer are also prognostic variables of of the failing raindrops. The solar and longwave 
the model (see Randall, 1976). radiation parametenzations are modified and ea- 

Because there can be ?, large diurnal heat storage tended versions of the methods developed by 
in the soil, because water stored in the soil can Katayama (1972) for the CCLA tropospheric 
be a significant source of water vapor for the general circulation models. For the solar radiation. 
atmosphere, and because snow lying on the ground the effects of water vapor and atone absorption. 
can have a large influence on the surface albedo molecular scattenng. and the scattering and ab- 
and also be a significant water vapor source, the sorption by clouds are included. For the longwave 
soil temperature. soil water storage and mass of radiation. up to the 30 km level. the emission 
snow on the ground are prognostic variables of and absorption by water vapor. carbon dioxide and 
the model, governed by energy, water and snow ozone are included: and the clouds are treated as 
budget equations for the ground. blackbodies if they are ~ a t e r  droplet clouds and as 

In addition to the prognostic variables, the grey bodies, with emissivity of one-half. if  they are 
model has many diagnostic variables (physical ice crystal clouds. But above 30 km. the longwave 
state parameters whose magnitudes, rather than radiational cooling is calculated using the approxi- 
whose time rates of change of magnitude, are de- mation of D~ckinson (1973). Schlesinger (1976a. 
termined by the governing equations). Among the Appendix A) has given a detailed descnpt~on of 
more important of these are the ditrerent types of the entire radiation calculation scheme in t h~s  
clouds which form with the release of latent heat. general circulation model. 
These clouds affect the solar and longwave radi- For the water vapor. the source and slnk terms in 
ational heating of the air. Any model layer below the water vapor continuity equation are an evapo- 
100 mb which is saturated is taken to be filled with transpiration at the earrh's surface. with a subgnd- 
cloud. In addition, if the top of the planetary scale vertical eddy flux of water vapor within the 
boundary layer is saturated it has a sublayer of planetary boundary layer: a subgnd-scale ven~cal 
stntus cloud. Funhermore, if the parameterized eddy flux of water vapor and condensation by 
cumul~s  canvection has penetrative cumulonimbi the parameterized cumulus convection: and large- 
which devain at levels higher than 400 mb. the scale condensation and evaporation of the falling 
layer in which the detminment takes place is taken raindrops. 
to be filled with cloud. Clouds colder than -WC or For the ozone. the source and slnk terms in the 
a t w e  400 mb are taken to be ice crystal clouds. 0, continuity equation are a h~ghly s~mpllfied photo- 
and clouds warmer than -4PC and below 400 mb chemistry above the 100 mb level. follow~ng Cun- 
arc taken to be watlr droplet clouds. nold et ai. ( 1979. in which 0, IS the only prognostic 

variable: and a subgrid-scale vert~cal eddy flux of 
0, withiri the planetary boundary layer w~th destruc- 

b. Physical processes tion by heterogeneous chemrcai reactions at the 
In addit~on to the threedimensional trai, 3ns eanh's suriace panmetenzed follow~ng Cunnold 

of the prognos;:c variables, the sources and sinks of t r  ai. (1979. 
the variables are calculated. T'he photochemical production and destmction of 

For the horizontal velocity. the dominating ozone is based on the Chapman reactions 
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surface albedo o i  the amount of water in the soil 
that we have porameterized the interactio~i of the 
atmospheric circulation and the surface vegetation. 

d. Vertical structure 

Fb. 1 shows the vertical suuciure of the model. 
Thr lower boundary follows the earth's surface ele- 
vation (the topography) which is prescribed. The 
upper boundary is the 1 mb pressure surface, which 
is the approximate pressure of the observed strato- 
pause. The model atmosphere is divided into 12 
layen and the boundaries of these layen follow the 
coordinate surfaces of a generalized u-coordinate. 
From 1 to 100 mb then arc seven layers. each of 
which has equal thickness in log p and is bounded 
by constant pressure drfaces. From 100 mb to the 
earth's surface the mass is divided into five layers in 
the ratios 1:2:2:2:2. The dashed lines in the figure 
show the levels at which the prognostic variables 
of horizontal velocity, temperature, ozone and water 
vapor are carried for each of the twelve layers. 

.These levels are centered in log p for the layers 
above 100 mb, and are centered in p for the layers 
below 100 mb. 

The uppermost layer of the model, called the 
"sponge layer", has a damping term designed to 
absorb upward propagating wave energy ana thus 
prevent a spurious reflection of wave energy at the 
upper boundary. 

e. Horizontal coordinates, grid size and rime step 

The horizontal cwrdicates arc longitude and lati- 
tude. The grid size is 5' of longitude and 4' of lati- 
tude, which makes the two grid distances equal at 
3 7  latitude. To avoid having to usc an extremely 
short time step because the meridians converge 
toward the poles, a longitudinal averaging is done 
of selected terms in the prognostic equations 
(Schlcsingcr, 1976b). The basic time step is 6 min. 
but the source and sink terms and the vertical trans- 
pons of water vapor and ozone use a time step 
of 30 min. 

Arakawa (1%. 1970) developed the principle 
that the statistical properties of the finite-difference 
solution of the govurning equations of atmospheric 
motion will approximate those of the continuous 
solution if the imponant i n t e a  constraints are 
maintained. The integral constraints which are 
mh~uined  in the present 'U'CLA general circulation 
model ( Amkawa and Lamb, 1977) are 1) conserva- 
tion of total mass; 2 )  conservation of total lunetic 
energy during inertial processes; 3) conservation 
of enstrophy (mean-square vonicity) during vonicity 
advection by the nondivergent porr of the horizon- 

FIG. 1. Vcniul rvucture of the model. Thc p ~ o r t i c  vui-  
abler of  bor~ronul velocity. tempcnture, water v.por and ozone 
ur c h e d  on the o-rurfrer shorn by the drrhed liner. 

tal velocity (on a plane); 4) the integral constraint 
on the pressure gradient force; 5) conservation of 
tom! energy during adiabatic and nondissipative 
processes; and 6) conservation of total entropy and 
total potential enthalpy during adiabatic p: Dceases. 

In the present model the variables are distributed 
over the horizontal grid points according to the 
scheme which best simulates inertia-gravity waves 
and the geostrophic aJjustment process (Arakawa 
and Lamb, 1973. Consequently, solutions with this 
scheme are free from the highly ageostrophic com- 
putational noise which commonly exists in solutions 
obtained with other schemes. 

The vertical difference scna:ne, when applied to 
levels equally spaced in log p. guarmtees that the 
venical wavenumber of a planetary wave. ior a given 
equivalent depth, is constant in height for an  so; 
thermal atmosphere, just as it is in the continuous 
c u e  (Arakawa and Mintz. 1974). This is one of the 
important properties of the model. namely, that 
then is little or no spurious internal reflection of 
vertically propagating wave energy due to the 
discretization. 

For the present s:udy, the prognostic variables 
of the model were in~tiaiized in the follow~ng way. 
For the u-surfaces below 100 mb. the horizontal 
velocity, temperature and water vapor mixing ratio 
wen initialized by venical interpoiat~on from a 
day at the begwining of December which was the 
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result of a long integration that had k e n  made 
witb an esrfier UCLA thm-level tropospheric gen- 
eral circulation model. The initial surface pres- 
sure, ground temperature, soil water storage and 
mass of snow on the ground were also taken from 
the three-level model results for that day. (The 
initial state for !he integration of the thnt-level 
model was one in which the temperature field was 
threedimensionally isothermal. the velocity was 
zero everywhere, the surface pressure was every- 
where equal to the global-mean surface pressure. 
and then was no water bapor in the air, no water 
stored in the soil and no snow on the ground.) 

For the cr-surfaces abc e 100 mb, the initial tem- 
perature for this study /as taken as varying only 
with pressure. using the Mid-Latitude SpringlFaU 
teinperature profile in the U. S. Standard Atr-as- 
phere Supplements (1966). The initial horizontal 
velocity above 100 mb was set equal to the geo- 
stmphic velocity. except at the equator, where it 
was set equal to the mean of the geostrophic veloci- 
ties at 4"N and 4's. The initial water vapor mixing 
ratio ~bove  100 mb was taken as zero. The OJ mix- 
ing ratio was initialized from the observed zonal- 
mean 0, number density for December, based on 
the Ozone Data for the World (1%0-72). and on 
the initial air density of the model. The initial sun 
declination and sun distance were taken for the 
beginning of December. The p r e x r k d  N G  profile 
was taken qua1 to the profile of McElroy er al. (1974). 

Several ti . ;s during the first 60 simulated days 
of integration. small programming and coding er- 
rors were detected and corrected. At these times 
the sun's declination and distance were set back 
some days (re-initialized), but no re-initialization 
was made of the prognostic variables. 

By Day 60, however. it was apparent that the 
originid formulation for the vertical ozone transport, 
which was the arithmetic-harmonic mean scheme, 
was producing a large, computationally false. 
downward transport of 0, (Schlesinger. 1976a). To 
correct this computational e m r .  the logarithmic- 
conserving scheme was intrMuced on Day 60, and 
the sun's declination and distance were set back. 
for the last *ime. to 20 December. The OJ number 
density was re-initialized to the observed zonal 
mean for December with a lower bound of 0.04 ~g 
g-' taken for the re-initialized C, mixing ratios for 
the u-levels below 400 mb. To make the simulated 
global photochemical 0, source closer to the ob- 
served nominal surface 0, sink given by Tiefenau 
sad Fabian (1972) (5 x 1Ol ton year'' or 15.85 ton 
s-'), the m m t u d e  of the prescribed NO, proAle 
was reduced by 43.5%. .4s noted by McElroy et al. 
(1974) and Cunnold er al. (19751, such a reduction 
brine the prcscnbcd NO, distribution into closer 
agreement with the observations of Ackerman and 

Muller (1!372) and Mureray et nl. (1974) in the dti- 
tude range between 15 and 30 km. 

The fint results of this final integration. coveria 
the period from 20 December to 5 January, were 
presented at the Zi. S. Deputment of Transporta- 
tion Founh Conference on the Climatic Impact 
Assessment Program (Minu and Schlesinger, 1973. 
Following that. the integration was continued until 
31 January. We arc showing the results for the last 
20 days of ianuary. even though the 0, distribution 
cannot reach its equilibrium state by the end of this 
period. For convenience. this period (12-31 January) 
will be referred to simply as January. 

3. Simuhttd pressure, ttmperrture, drcuhtlo~l .ad 
hating 

a .  Sea level pressure 

The average January sea level pressure simulated 
by the model is shown in Fig. 2, together with the 
observed climatological January sea level pressure. 
We see that the model has fairly successfully simu- 
lated the general position, shape and strength of the 
subtropical oceanic high-pressure centers near 30" 
latitude in both hemispheres. and also the equatorial 
low-pressure zone and the low-pressure centers over 
the Southern Hemisphere continents. The location 
and configuration of the Icelandic and Aleutian 
lows are also simulated fairly well, inasmuch as 
the differences that are seen here between the 
simulation for a single January and the observed 
long-period normal for January are not larger than 
the differences that arc observed from one January 
to another (see, e.g., Lamb 1972, pp. 426-427, and 
Bjerknes, 1973, p. 597). However. the central pres- 
sures in the simulated lows are lower than those 
observed, with the exception of some extreme 
years. The model has also produced a circumpolar 
low-pressure belt in the Southern Hemisphere, but 
its location near 55's is about 1(P of latitude too 
far from the pole and its pressure is about 10 mb too 
high Along the Antarctic coast, the simulation 
shows two hid -pressure centen, one over the Ross 
Sea and the other over the Weddell Sea, whicb arc 
not found in the observed normal field. A more 
prominent shortcoming of the simulation is the ex- 
cessively high pressure over the Arctic region, with 
a pnssure of 1028 mb at the North Pole compared 
with the observed normal of 1016 mb. This excessive 
sea level pressure over the Arctic is accompanied 
by the failure to properly simulate the observed 
Siberian high-pressure center; so that the pressure 
g 'ient and the geosvophic wind have the wrong 
&,;ction over northern Siberia, although the ?ms- 
sure gradients and the directions of the geostrophic 
wind are comct over eastern, southern and western 
Siberia. 
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Flo. 2. Sea level pressure (mb). Top: Simulwon. averaged for the last 20 dabs of the ~ntepntion (12-31 
January). B M m :  Obsewcd nonnd for January [fmm Crutcher and Meserve ( 1970) and T&PPrd rr ai. .  ( 1969). 
u summrnzcd by, Schuu and Gates (197111. 

The simulated January SO0 mb geopotential 
height distribution is shown in Fig. 3, together with 
the observed January normal. In the Nonhern 
Hemisphere, the model has correctly simulated the 
positions and intensities of the trough near Japan. 
the r i d s  near the west coast of Nonh America and 
the low center near Baffin Island. However, the 
mu* observed over the east coast oPNonh America 
and the r ide  over the eastern Nonh. Atlantic are 
found about W too far east in the simulation. and 
the weak trough that is observed over eastern 
Europe is nonexistent in the simulation. Thus. while 

extratropical planetary wavenumbers 1. 2 and 3 are 
evident in the observed field, only wavenumbers I 
and 2 are seen in the simulation. At the North Pole 
the simulated geopotential height is about 150 m too 
high. In the Southern Hemisphere, the observed 
geopotential pattern is fairly well s~rnulated, except 
that the circumpolar low-pressure trough near 60"s 
is about 10" of latitude too far from the pole and the 
geopotential height. in and south of the trough, is 
about 200 m too high. 

The simulated and observed distributions of Janu- 
ary 100 mb geopotential height are shown in Fig. 4. 
At this level, the Northern Hemisphere planetary 
wavenumber 3 is weakly developed in the observed 
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FIG. 3. 500 mb yeoptenrid herght (m). Top: Simulauon. r v e v d  for the last 20 drys of the lnteyarlon ( 12-3 1 
Jmrury). Bottom: Observed nonnd for J a n u y .  [ h m  Cmtcher and Meserve ( 1970) and Ttl~Plrd CI  d l . .  ( 1909)]. 

field; and it does not appear at all in the simulation. 
The simulated 100 mb geopotential heights are about 
600 m too low over the polar regions in both hemi- 
spheres. The simulated and the observed Southern 
Hemisphere circumpolar low-pressure troughs both 
show that the geostrophic winds are easterly over 
the South Pole at this level. as at 500 mb. 

The simulated global distribution of January SO 
mb geopotentlal height IS shown in Fig. 5, together 
with the observed January distribution for the 
Northern Hemisphere. .4t this level both the 
simulated and the observed fields show a wave- 
number 2 pattern in the Northern Hemisphere. 
The simulated geopotential height is too low tby 
about 900 m) in the Nonh Polar region. 

The simulated global distribution of January 10 
mb geopotential height is shown in Fig. 6, together 
with the observed January distribution for the 
Northern Hemisphere. The model reproduces the 
high-pressure center that is observed over the Nonh 
Pacific and shows the wavenumbers 1 and 2 of the 
observed field, but the simuiated geopotential height 
in the Nonh Polar region is about 2000 m too low. 

c . Zonaily averaged temperature 

Fig. 7 shows a meridional cross section of the 
srmulated zonally averaged January temperature, to- 
gether with the observed normal temperature for 
December-February. In the source that we have 
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FIG. 4 100 mh yeoporcntrd hcqht r rn). fop. Sirnuiatlt!r~, averaged for the lur 10 days of the  tntegrat~on (12-11 
Jsnuarv) Batto~n f>h. iened normal for J ~ci;?rv {from C ~ l c h e r  and Yewme ( 1910) and f d p u d r r  0 1 . .  ( I%9\1. 

used. !be ohsemed feld is shown only up to the 10 
mb I -? ,  krn) level. and this level is indicated In the 
simulatet' field by J th~n  horizontal line. 

Compa Ison of the slmulatcd and observed fields 
shows th,ct the zonal-mean tropospheric tempen- 
ture field is farly well reproduced by the model. 
.At the equator, the tropopause ~cmpcrature and the 
height of the tropopause (within thc v e n ~ c d  resolu- 
t~on  of the model) .ire well .i~mulated. In the tropl- 
id latltudrs, the tempenrures of the lower and 
middle stratosphere arc also ucll simulated The 
Northern Hcm13phere middle-isr:rudc temperature 
maximum at the tropupausc lev.'l. which ,s ob- 
served ~t ab~i i t  .(.CCN, I S  also sirnulared by the model. 
~lthough it is .ibout 10" of l~trtude too f ~ r  from rhe 

pole and about c"C too cold. In the Southern 
Hemisphere, the simulated temperature maxlmum 
at the tropopause level is about 2O" of latitude too 
far from the pole and is about 15°C too cold. A more 
important shortcoming of the simulation. ho%ever. 
is that in the polar regions of both hemispheres the 
simulated temperatures in the upper rroposphere 
and the lower and middle statosphcre are 15- 
3"rl  colder than the observed temperatures. This 
shoncomrng of the simulatic;n wab already seen in 
Figs. 4. 5 and 6. where we noted that the geopoten- 
t~a l  he~ghts of the 100. 50 and 10 mb pressure sur- 
faces were too low in the polar remons. The exces- 
slvely sold mr In the polar reglons of the upper 
troposphere and the louer and middle stratosphere. 
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FIG. 5. SO mb geopotentd he~ght (m) Top: S~rnulatlon. avenged for the l u t  20 Jays of the lntegratlon 
(12-31 January). Bottom: Observed January IZ.year mean (Rom CIAP. 1974). 

and the excessively high sea level pressure in the 
polar regions, seem to be common deficiencies of 
many atmospheric general circulation models whose 
upper boundary is higher than the tropopause level 
and in which the temperature field is not empirically 
constrained (Somerville er 01.. 1974, Manabe and 
hlahlman, 1976; Washington er of.. 1977). 

Although the simulated temperatures near the 
poles are too cold in the upper troposphere and 
lower and middle stratosphere, the pole-to-pole 
temperature ?:stnbution in the uppermost strato- 
sphere IS very close to what is observed. at this time 
of the year. In the pen& that precedes sudden 
warming, as shown by Rarnett (1974). 

Fig. 8 shows the \imulated zonally averaged 
zonal wind component for January, tc +er with the 
observed normal for December-Febi uary. In the 
troposphere, the nlodel correctly simuiates the posi- 
tions of the two subtropical west wind maxima. 
although their intensities 31-e too large by about 
20 in s-' The trop~cal easterlies are also fairly well 
simulated. including the fact that near the earth's 

surface the easterlies are stronger the winter side 
of the equator, whereas in the middle and upper 
troposphere and the stratosphere, they are stronger 
on the summcr side of the equator. In the polar 
regions of the troposphere and lower stratosphere. 
in both hemispheres. the simulation shows easterly 
zonal winds. In the south polar reglons, the ob- 
served geostrophic winds. as shown in Figs. 3 and 4. 
are also easterly. In the north polar region. almost 
all analyses show that in the middle and upper 
troposphere and the stratosphere the observed nor- 
mal January flow is westerly. 

In the stratosphere, the model produces a polar- 
night westerly jet and a summer hemisphere tropi- 
cal easterly jet. The simulated polar-n~ght jet is 
located about lCP of lati:. de too far from the pole 
and is much too strong cat the 10 mb level ~t IS aoout 
twice the speed of the observed jet). In ~ddrtion. 
the stntosphenc polar-night jet IS not well separated 
from the tropospheric subtrop~cal west wind maxi- 
mum. The simularcd stntosphenc easterly wlnds 
are very simllv to the observed ones. as shown by 
Murgatroyd 1969). but the simulated Southen 
Hemisphere west winds extend much too high Into 
the stratosphere. All of these deficiencies. of course. 
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FIG 6. 10 mt, yeoporentid h e q h t  ( m l  Top Simulat~on,  a \engcd  for the last 20 days of rhe Inregnllon 
t 12-11 January) Botrom 0bser;eJ January 9-vear mean (from CIAP. 1974) 

are geostrophicoll) related to the excess~vely cold 
simulated temperatures In the upper troposphere 
and lower and middle stntosphere, in the polar 
regions of both hemispheres. 

The simulated January mean-mend~onal mass 
circulation is shown In Fig. Q ,  together with the ob- 
served December-Fehruary circulation. The simu- 
lated and the observed tieids show the :ropospheric 
tropical Hadlev sells. u ~ t h  !he Northern Hem~sphere 
(winter) cell broader dnd more rntense and extei~d~ng 
across the equatcv. the tropospheric mlddlc ~atltude 
Ferrel cells. and the secondary drrect cel!s poleward 
of the Fcrrel cells. The sinlulat~on has an addltlonal 
Indirect cell In the norrh polar region. 

In the stntosphere. the dom~nan! c~rculatlon fea- 
ture in the wlnter hemisphere 1s the upward current 
whose axis crosses the 100 mb Ie,rel near 60°N and 
the 10 mb level near "OON. then turns equatorward 
and. merging w~th 3 current from the south. descends 
across the 10 md  ltXl rnb l e~e l s  dt about 4O"N. 
where ~t jolns the conkerglng upper bnnches of the 

tropospheric Hadley arid Ferrel cells and continues 
to the ground. This circulat~on feature resembles the 
one observed by Newell er al .  (1973) for a wlnter 
season. The axis of the descending current, at about 
4O"N latitude at the tropopause level. IS close :o the 
temperature maximum at the tropopause level 
shown In Fig. 7 .  

The boundary between the two Hadley cells is the 
mean intertropical convergence zone (ITCZ), which 
is about 5' of latltude too far south in the simulation. 
Pan of the upward current in the ITCZ, reinforced 
by part of the upward branch of the Southern Hemi- 
sphere Ferrel circulation. penetrates through the 
lower and middle stntosphere as 3 broad current 
and then crosses the equator In the upper ctrato- 
sphere to join the current from the north: the com- 
blned stream. as already ~ndlcated. then descends 
and returns to the troposphere near 40°N. 

Figs. 10. 11  and 12 show the simulated zonally 
avenged heating for January. The heat~ng rates are 
shown In terns of an equivalent tlme rate of change 
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LATITUDE 
FIG. 7. Zonally avenged tempenture ('0. Top Simulation. avenged for the lrut 20 days of the in- 

tegntion (12-31 January). Bottom: Observed normal for December-Febm~ry (from Newell t r  a1 , 
1972). 

of the temperature of the air. The solid line interval 
is O.SeC day-' and the reglons of cooling (negative 
heating) arc shaded. 

The top panel of Fig. 10 shows the heating by 
cumulus convection. which is the pal arneterized 
subgnd-scale release of latent heat and tts upward 
convective transfer. Most of this heating IS In the 
tropics, where tt reaches to the tropopduse level. 

The bottom panel of Fig. 10 shows the large-scale 
(i.e., grid-scale) condensation heating. Because 
this requires large-scale saturation, almost all of tt 
is in extratroptcal latitudes, where there 1s very 

little cllrnulus convection. Large-scale saturation 
cannot occur tn the presence of cumulus convec- 
tion. except at the uppermost detninment level. 
because the !arge-scale relat~ve hurnldity is kept be- 
low saturation by the subgrid-scale s~nking motlcns 
that surround the ccrnulus cloud towers. The large- 
scale condensation. moreover. 1s mainly contined 
to the lower troposphere because of the strong 
dependence of the satuntion vapor pressure on 
temperature. 

However, there is a small amount of large-scale 
tondensat~on in the troptcs (prctductng zonal-mean 
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FIG. 8. Z o d y  rvefued tond velocity (m s-9. Top: Simulation. avenged for the last 20 drys ofthe 

inregnuon (12-31 January). Bottom: Observed norrd for December-Feb~uy (from NewrU er a/. . 
1972). Euterl ia are shaded. 

heating of less than O . 3 C  day-'). A very small 
amount of this is in the upper troposphere. where 
large-scale saturation and condensation are pro- 
duced bv the detrainment of water vapor from the 
tops of the tall cumulus clouds and by the upward 
large-scale motion which reaches, and even pene- 
trates, the tropopause. It is the precipitation of 
this large-scale condensatlon, falling and evaporat- 
ing into the au below, where t+e large-scale rela- 
tlve humidity IS kept low by the cumulus convec- 
tion, that produces the reglon of small net evapora- 

tional cooling. shown by the shaded region in the 
bottom panel of Fig. 10. 

The top panel of Fig. I 1  shows the solar radia- 
tional heatlng. In the model this heating depends 
on O, absorption from the upper boundary down 
to the 200 mb level and on water vapor and water 
cloud and ice cloud absorption from the 100 mb level 
down to the earth's surface. The 0, absorption 
produces an increase of the heatin8 wlth heignt. The 
absorption by the water substances produces a gen- 
eral decrease of the heatma w~th height. 
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FIO. 9. Man-mrri&aul mu# dr*rluioa (lP s"). Top: Shuhrion. ram@ for the l u t  20 days d 

ch in tqdon (12-31 J-). Bottom: Obmrvod n o d  for December-Febfuuy (from Newell 
et a/ . ,  1!?72). 

The bot:om panel of Fig. 1 1 shows the longwaqre 
radiational heating. In the model, below 12 mb (30 
km), this heating depends on ozone, carbon dioxide 
and water vapor and. below 100 mb, oa water clouds 
knd ice clouds as well. Above 12 mb, the longwave 
radiational heating follows the cooling rate approxi- 
muion of Diclunson ( 19'73). The simulation shows a 
longwave radiational cooling which decreases with 
height in the troposphere and increases with height 
in the stratosphere. It is only at and immediately 
above the tropical vopoprus t that the carbon 
dioxide and ozone absorption bands, in that very 

cold air, have a large enough direct energy ex- 
change with the warm tropical ocean. and with the 
very warm midday tropical land surfaces. to result 
in a net longwave radiational heating of the air, as 
shown in the figure by the region which has no 
shading. 

The top panel of Fig. 12 shows the total zonal- 
mean radiational heating. which is the sum of the two 
fields shown in Fig. 11. Over most of the io- 
main, the toul radiationd heating is the small 
difference of two larw terms of opposite sign. 
Within the troposphere, the lines of constant zonal- 
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L A T I T  UOE 
FIG. 10. Z m d y  a v e m  heating mu ('C day-') a v m ( r d  for the last 20 drys of the in te rn  

uon (12-31 January). Top: Hutlo# by cumulus convutioa. Bonom: H w n g  by luy-scdr conden- 
w o n .  Ncgatlve hertlng (1.e.. cooling) IS shaded. Solid line contour lntervrl 1s 0 . X  day-'. 

mean radiat~onal heating are quasi-horizontal, so how these affect the stratospheric zonal available 
that the radiat~on, by itself. has very little influence potential energy we shall see presently. 
on the zonal available potential energy of the tropo- The bottom panel of Fig. 12 shows the total zonal- 
sphere. In the stratosphere, by contrast, there are mean heating of the atmosphere due to all diabatic 

i large horizontal gradients of the radiational heat~ng; processes: the solar and the lookwave radiational heat- 
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L A T I T U D E  
FIO. 11. Zonrlly rve-d md~attond hcatln~ rate ('C day-') rbenged for the !UI :O dabs of the 

ln lqnbon (12-31  Janum~,.  Top. Soiar r rd~at~ond heatlog Bottorn ionpwabc rad~attond heat~ng 
Nepuvr hculnc (1.c.. sool~nt) IS shaded Sold 11nc iontour ~ n t e w l i  IS 0 !'C b v - I  

ing shown in Fig. 1 1 ,  the cumulus convection and sphere. .Also shown In the :,mi he3tlng field. in the 
the large-scale condensation heating shown in Fig. uppennost stratosphere near the Yon:, Pole. is a 
10, and the parametenzed boundary-layer heating subgnd-scale. dry-sonvectlve heat tmnsfer from the 
(not shown in a separate panel) which produces the second h~ghesr ro r!!: highest model layer 
net heating of the lowest model layer In the sub- The numencd stmulat~on has prov~ded us with 
trop~cal and middle latitudes of the Northern Hemi- the data tor rndlng 3 complete analvs~s of the 

216 
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FIG. 1:. Zondv ~ v e n g c d  herttng rste ("C day-') averaged for the l u l  20 L v s  of the Inlegnuion 
t 1:-31 Januaryi Top. Total miloclonal heaung Bottom Told  heatlnv o i  the airnosphere due to all 
dlaballc processe~. Negat~ve hel:lng (1  e., cwIm$) IS shaded. Solid l ~ n e  contour intervd tr 0 S'C dav-' 

energetlcs of thls atmospheric g e n 4  i~rculatiun. First. d we compare the zonal-mean heat~ng ~ n d  
That energetics ~nvolvcs many rntcractlons between the zonal-mean temperature ( A S  by superposing the 
the zonal-mean fields and the zonai eddies. and its bottom panel of Fig. 12 on the top panel of Fig. 7 ) .  
analysis IS beyond the scope of thrs paper There- we see that in the tropoephere, except \wthln the 
fore. here we wlil an11 call Attention :o some rela- lowest model layer. there IS  3 generation of zonal 
tlons among the zonal-mean rields themselves. ~va lab ie  potent~al energy by !.+e heatlng of the alr 
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near the equator, wherc :he zonal-mean temperature 
is high, and cooling in all of the other latitudes. 
where the temperatures are lower. In the strato- 
sphere, and especially in the lower stratosphere, 
except for the winter polar region, the opposite is 
true: there is a negative correlation between the 
heating and the temperature, so iiat zonal avail- 
able potential energy is destroyed in tht stratosphere. 

Next, if we compare the zonal-mean temperature 
anti the mean-meridional mass circulation (by super- 
posing the top panel of Fig. 7 on the top panel of 
Fig. 91, we see that in :he tropical troposphere 
there is a net conve. ion of zonal-mean available 
potential energy i n t ~  zonal-mean kinetic energy due 
to the two Hadley cell circulations, in which the air 
that rises is warmer than the air that descends. In 
the stntosphere, by contrast, the ascending branches 
of the mean-meridional mass circulation are, on the 
whole, colder than the descending branches, so that 
zonal-mean kinetic energy is convened into ronal- 
mean arallable potential energy. 

Finally, we compare the mean-meridional mass 
circulation witn the zonal.mean heating field (by 
superposing the top panel of Fig. 9 on the bottom 
panel of Fig. 12). In the troposphere, the mean- 
meridional mass circulation has a positive feedback 
on t!ie zonal-mean hea:ing field in that the lower 
branches of the two Hadley cell circulations pro- 
duce a convergence of the water vapor transport 
within the plaEetary boundary layer, which main- 
tains the cumulus-convective heating (a  convective 
instability of the second kind). In the stratosphere, 
except for the winter polar region, there is 3 nega- 
tive feedback of the mean-mendional mass circula- 
tion on the heatlng field because the mean-meridioiial 
transport of ozone, in pan, is responsible for the 
ozone distribution which contributes to the net 
radiational destruct~on of the zonal av~ilable poten- 
rial energy. 

4. Simulated ozone distribution 

1) SYXOPTIC B E H A V I O R  

Fig. 13 shows the simulated global distrit?u- 
!ions of total ozone (0). 300 mb geopotential helght. 
and sea level pressure at OOOO GBff 22 January. A 
prornlnent chanctenstrc of the synoytlc fl distri- 
bution IS Its large zonal va~iation. especially In the 
middle latltudes. The differences between adjacent 
rnaxlma ~ n d  mlmma along 3 latitude circle are of the 
order of severid tens of Dubson units. 

The 500 mb geopotenr~al height and the sea level 
pressure tields chow the transient wave i)ilones. 
We see t h ~ !  the middle-latitude fl maxima and 
minima s o ~ ~ ~ i d e .  respect~vely, w~th  the trough and 
ndge lines oi the Y30 mb waves. For example. the 

f l  maximum west of France is located in the trough 
cf a 500 mb wave, whilc the f l  minimum north of 
the Caspian Sea is located on the ridge of a 500 
mb wave. 

Fig. 14 shows the distk -.,Jn of the total ozone 
at 30 h intervals to illustrate the general eastward 
movement of the fl maxima and minima. The top 
panel is the same as in the previous figure (0000 
GSlT 22 January) and the middle and bottom panels 
are for 0600 GMT 23 January, and 1200 GMT 24 
January. In the Nonhern Hemisphere, from 22 to 
24 Januzry the 5.rong fl maximum near Kamchatka 
moves eastward to almost the Aleutian Islands, the 
m~ximum near the Gulf of Alaska moves to the west 
coast of North America(and weakens), and the weak 
maximum over Alaska moves toward Victoria Island. 
Over Manchuria a new fl maximum forms on 23 
January (middle panel) and intensifies during the 
following day. From 22 to 24 January. th* R maxi- 
mum over Boston moves eastward to the central 
Atlantic, the maximum west of France moves sourh- 
eastward to the Aegean, and the minimum north of 
the Caspian Sea moves to the east of the Aral Sea. 
Similar eastward movements of the fl maxima 
and minima occur in the middle latitudes of the 
Southern Hernisp!~ere. 

Fig. 15 shows the sim~iated synoptic distribu- 
tions of total ozone. 500 mb geopotential height 
and sea level pressure 3t the last time shown on 
!he previous figure (1200 GMT ?4 January). Again 
we see that the middle latitude R ma,~ima and 
minima coincide. respective!y. with the trough and 
ridge lines of the 500 mb waves. For example, the 
new R maximum which developed over Man- 
churia on !he yeceding day coincides with the 
newly developed 500 mb trough northwest of Japan. 
and is to the west of the new surface low that devel- 
oped east of Japan. It is gratifying that both the 
ampiitllde of the zonal variation of total ozone and 
the phase relationship between the fl maxima 
and minima and the troughs and ndges of the extra- 
tropical tropospheric waves are precisely what 
have long been observed in 'he real atmosphere. 
as was shown most clearly, for example. by Normand 
(1953). This corrrlation was also found in  the 0, 
tncer  simulation study by Hunt and Manabe ( 1968). 

The ume-averaged dlstnkutron of total ozone for 
12-31 January of the s~mulat~cin IS shown In Fig. 
16. together wit11 the observe.1 January 10-)ear 
mean as Jenved from ground-based observations 
In the slmulatlon tnere are two fl maxima In 
the Northern Hemisphere m~ddle latitudes. a berv 
intense one located just nonh of Japan and a weaker 
one over the central N o ~ h  Atlant~c. In the Southern 
Hemrsphere middle latltudes there are also two fI 
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FIZ. 13 S t m S d  synoptic dtrtnbut~onr d t o u l  ozone. 500 mb scopotrnt~d height and sea level prer- 
sure. U 0000 GMT 22 Jmuuy of the Inugrulon. Top: Totu ozone, where the dashed contour lrne IS 180 
Dobron umtr md .he contour Intend IS 10 D U Middle: 500 mb hc~fit. where the h h c d  sonlour Lne :r 
5580 rn .Dd tbe contour lntervrl IS 60 rn. Bonom. Sea level pmsum,  when the dashed contour l~ne IS 

100( mb ud the contour ~ntervd IS 4 mb. 



J O U R N A L  O F  T H E  A T M O S P H E R I C  SCIENCES 

Fto. 14. Simulated synoptic dirmbuuona d total ozone u intervPrs oC30 h. Top: OOOO G W  22 January 
Middle: 0600 GMT 23 January. Bonom: 1-30 GMT 24 January. The h b e d  tontour line IS 280 Dobson 
uniu and the contour ~nterva tr 10 D.U. 

maxima. one located south of A6ica and another number 3 pattern. with the maxima positioned over 
south of Tasmania. In the Southern Hemisphere :he Indian, South Pacific and South Atlantic oceans. 
tropics the simulated total ozone shows a wave- The observed January-mean total ozone shows 
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Ftc. 15. As In Fit. 13. except 60 h later at 1200 GMT 24 January. 

three Il maxima in the Nonhern Hemisphere. one at about 1WE and 55"s; and in the tropics the total 
over Manchuria. one over Hudson's Bay and on2 ozone shows minima (and not maxima) over the 
over north-central Europe. In the Southern Hemi- three oceans. 
sphere. only a single high-latitude maximum is seen If we compare the upper panel of Fig. 16 with the 
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FIO. 16. Toul ozone (Dobron units). Top: Simuluioa, averaged for tbe Inst 20 days of tho ;*tcgrrbon (12-31 Jmu.ry). 
Bottom: Oblcnrd Jmuuy 10-year m a n  (from London er al. .  196). 

upper panel of Fig. 3.  and the lower panel of Fig. 16 
with the lower panel ,,sf Fig. 3, we see that the simu- 
lated January total fl distribution has about the 
same relationship to the simulated 500 mb height 
Aeld as the observed fl distribution has to the ob- 
served height fiela. That is, in both the simulated 
and observed fields the total fl maxima are longi- 
tudinally positioned at the trough lines of the waves 
in the 500 mb height field. Moreover, just as the cen- 
ten  of the cyclonic circulation (the centers of 
maximum relative vonici!y) are about lP of latitude 
too far from the poles in the s~mulation. so also are 

the simulated fl maxima about 1P of latitude too 
far from the poles. 

Fig. 17 shows the zonally averaged initial total 
ozone distribution. the simulated zonally averaged 
January-mean distribution and the observed January- 
mean distribution. In the course of the simulation. 
:he total ozone decreased in the high !atrtudes. 
especially i?l the Southern Hemisphere, and in- 
creased somewhat in the middle latitudes and the 
tropics, and the fi maxima moved fanher away 
from the poles. 

We have already noted that both the longitudinal 
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and latitudinal positions of the individual fl maxima 
h v e  the same relationship to the 500 mb height 
Beld as those observed. Hen  we see that the zonally 
rverrged total ozone is also properly related to the 
zonally averaged 300 mb geopotential height. In 
both hemispheres, the simulated zonally averaged 
500 mb heights have their subpolar minima located 
about 10. of latitude too far from the poles, and 
the maxima in the zonally averaged total ozone are 
also located about 10" of latitude too far from the 
poles. It seems, therefore, that the dynamical and 
photochemical processes which relate the total 
ozone to the tropospheric circulation arc operating 
correctly in the model, and that if the general cir- 
culation model can be made to produce a more 
nearly correct circulation field it would also produce 
a more nearly correct fl field. m~ 60 30 O -30 -60 -90 

LATITUDE 

FIO. 17. Simulated and observed Iatitudnal distributions 
3) CORRELATIONS WVH TROPOSPHERIC PRESSURE of total ozone. 

We have seen, in both the synoptic and time- 
averwd states, that the maxima and minima of total 
ozone approximately coincide wit5 the troughs and 
ridges of the 500 mb height field. Here we funher 
examine the negative correlation between total 
ozone and middle tropospheric pressure. 

Fi. 18 shows the January-mean total ozone and 
500 mb height at 5QN latitude. The upper panel 
shows the deviations of the total ozone and 500 mb 
height from their respective zonal means. with the 
total ozone plotted on an inverted scale. Here 
fie = fi - [n] and t ; ,  = 2,, - [t,,], where fl 
is the total ozone, Zw is the 500 mb geopotential 
h e s t ,  the overbar denotes the time mean, the 
bracket denotes the zonal mean, and the asterisk 
denotes the deviation from the zonal mean. The cor- 
relation between n* and Zf ,  is -0.724. These 
c w e s .  as well as the scatter didgram in the lower 
panel of the fi ure. show that the agreement be- 
tween fi and $ , is much better in the Eastern 
Hemisphere than in the Western Hemisphere. 

The top panel of Fig. 19 shows the relation 
between total ozone and 500 mb geopotential 
height at 5QN latiiude at 0600 GMT 23 January 
(cf. middle panel of Fig. 141, again with the scale 
for total ozone inverted. The correlation between 
fl* and Z& is -0.821, and the agreement is again 
better in the Eastern Hemisphere than in the 
Western Hemisphere. 

In the central panel of Fig. 19 we show the tran- 
sient eddy components, n'* = n* - fi* and 2;; 
= Z:, - t;,, where the prime denotes the devia- 
tion from the time mean. The correlation between 
n'* and Z& is -0.870. and the agreement in the 

b.  Vertical distriburion 

Fig. 20 shows meridional cross sections of the 
zonally averaged initial O3 mixing ratio, the simu- 
lated January distribution, and the observed dis- 
tribution for December- February. 

During the simulation the ozone maximum at 10 
mb became more intense and its center shifted 
from the winter to the summer side of the equator. 
near 100s. Although this is not the location of the 
observed maximum shown in the bottom panel of 
Fig. 20, both Diitsch ( 1969) and Kreuger et al. (1973) 
show the maximum on the summer side of the 
equator. In general. above the 10 mb level the 
simulated distribution shows good agreement with 
the observed field given by Krueger at al. ( 1973). 
The principal shortcoming of the simulation is that 
between about 25 and 200 mb the isopleths slope 
upward instead of downward from the middle lati- 
tudes toward the poles in both hemispheres. This 
is why the simulated total ozone is less than the 
observed total ozone in the polar regions. as was 
shown in Fig. 17. Within the troposphere, the 
simulated zonally averaged 0, mixing ratio shows a 
zsximum in each hemisphere. with the axes of the 
maxiina sloping downward toward the tropics. 
These ma 3. which are also present in the ob- 
served o z ~  distribution, are located near the sub- 
tropical descending branches of the mean-meridional 
mass circulation. shown in Fig. 9. However. the 
simulated 0, maximum in the Northern Hemi- 
sphere troposphere is locited about 200 fanher from 
the pole than is the observed maximum. 

~ c k s ~ h e e  is good in the Eutern 3. Siatu*N ozone murca, and lnnrpm 
Hemisohere. The m s  heiuht deviation from the 
linear ;egression line is 34.0 m. This is about half In the following. we show the simulated 0, 
of the contour interval that is routinely used to de- sources, sinks and transports, and discuss their rela- 
pict tbe 500 mb height field (as in Fig. 3). tive roles in the atmospheric O3 budget. The form 
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FIG. 18. Top: Deviation of total ozone and SO0 mb geopotent~al heigbt from thew respective zonal 
mums at S O W .  avemgcd for the last 2 O d . y ~  ofthe integnt~on (12-31 January). Bottom: Scatter diagram 
of toul ozone and 500geopotentid he~ght at 50%. averaged for the Iwt 20 day, of  the tntegration (12-3 1 
January). W u t m  Hemisphere (crosses); Eastern Hem~sphen (circles). 

in which the results are presented is described in the 
Appendix. 

a. Sources and sinks 

1) TIME-DEPENDENT BEHAVIOR 

Fig. 21 shows the globally integrated photo- 
chemical production rate of ozone. the globally in- 
tegrated surface destruction rate of ozone and the 
global-mean total ozone as functions of time. We see 
that, immediately following the ozone re-initializa- 
tion on 20 December, the photochemical production 
rate increased by an order of magnitude. It stayed 
hi@ for about a day and then gradually decreased 
toward a negative value near 10 January. During 
the remainder of the simulation the productlon rate 
slowly increased. 

In addition to the long-term variation. the produc- 
tion rate shows vanations which have periods of a 
day and less. To our knowledge this high-frequency 

variation in the global photochemical O3 production 
rate was not found in any of the other simulations 
that have been made. whether with purely photo- 
chemical models or with dynamical-photochemical 
models. Oscillations in the globally integrated 
photochemical O3 production rate with periods of 
a day and less can occur only if there are longitudinal 
variations in the O3 distribution. If the ozone did 
not vary with longitude, the global production rate 
distribution would simply travel around the earth 
with the sun, and the globally integrated produc- 
tion rate would be constant in time. As was shown 
in Fig. 16, the time-averaged global distribution of 
total ozone varies in the longitudinal direction as a 
consequence of the atmospheric circulation, and it is 
this longitudinal vanation, interacting with the 
photochemical productlon. which produces the 
diurnal and higher frequency variations in the total 
global photochemical production rate. 

The globally integrated surface destruction rate 
IS shown In Fig. 21.  with a scale that is 50 times larger 
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FIG. 19 Top: Dcvwlon of toul ozone and 500 mb geopotent~d he~ght from their respective zonal 
means at 50'N. a1 0600 GIMT 23 January. Middle: kvtatron of total ozone and 500 mb geopotentinl 
he~ght from rheu respccuve zond and January tlme means u .WN. at 0600 GMT 23 Jmruy. Bonom: 
S~atter d~ag?am of the data In the rnlddle panel. Western Henusphere (crosses): Easten* Henusphere 
Iclrcles). 

than the scale for the photochem~cal production 
rate. We see that the surface destruction rate de- 
creased slightly from :he time of 0, re-init~alization 
to 23 December. remained nearly constant for a few 
days. and then ~ncreased. A t  the end of the integra- 
tlon penod. the surface destruction rate is w~th~n 
the range of the estimates based on observations 
ICIAP, 1974). 

The global-mean total ozone as a function of time 
is shown in the bottom panel of Fig. 21. The high- 
frequency oscrllations. which are so evident in the 
photochemical pcoduction n te  curve, are not seen 
In the curve of global-mean total ozone because. 
taking 30 tons s-' as the mean amplitude of the 
diurnal production rate oscillation, only about 1V 
tons of ozone are created or destroyed during each 
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FIG. 20. Zonally avewed ozone mlxlpg mtlo I gg g-I). Top: Inlttrl ozone on 
20 December. Middle: Simulated ozone. averaged for the last 10 days of the in- 
tegraxlon 1 12-31 January). Bottom: Observed normal for December -Feb~w 
(from NeweU ct 01.. 1974). 

half of the diurnal cycle. This corresponds to a From the time of 0, re-~nit~alizat~on to 30 
change In total ozone of only 0.09 D.G., which is December. the global-mean total ozone ~ncreased 
tm small to be seen on the scale of Fig. 21. from 283.4 D.U. to a maxlmum of 291 .i D.L1. be- 
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FIG. 21. Global photochern~cal product~on rate of ozone (top). the global sur- 
face dotructure n t e  of ozone (middle). and the global-mean total ozone tbottom), 
u functions of ume. 

cause the photochemical production rate was larger 
than the surface destruction rate. After that, the 
total ozone decreaied. 

2) JANUARY MEAN 

Fig. 22 shows the simulated zonally integrated 
January photochemical 0, production rate. Above 
about 42 km. there IS photochemical production of 
ozone in almost all latitudes. with the principal 
maximum near 10"s and a secondary maximum near 
40"N. Between about 30 and 16 km, there is another 
large region of photochemical 0 3  production, with 
the main maximum at about 25 km and 20"s. A 
smaller maximum is located at about 30 km and 15'N 
in an O, production region which extends into the 
upper stratosphere. (No photochemical production 
of ozone was calculated for the model layers below 
100 mb.) There is a region of large photochemical 
destruction of ozone in the tropics, between about 
41 and 30 km. with its maximlrm at about 36 km and 
10aS. and another region of large O3 destruction 
rate in the horthern Hemisphere, north of about 
20" latitude, with its maximum at about 28 km and 
W N .  There is no photochemical production or 
des:rucuon 9f ozone in the latifudes of the polar night. 

Fig. 13 shows the latitudinal distnbution of the 
zonally and ven~cally integrated photochemical 
O3 production rate, together with the zonally in- 
tegrated surface O3 destruction rate. We see that 
for the atmospheric column which extends Rom the 

surface to the 1 mb level, the photochemical pro- 
duction is a source of ozone in the tropics and sub- 
tropics of the Southern Hemisphere and in the 
tropics of the Northern Hemisphere. and is a sink 
everywhere else (except in the polar-night lati- 
tudes). The ozone is destroyed at the earth's surface 
everywhere, but at a maximum rate in the tropics. 
We shall discuss the distributions of the 0, produc- 
tion and destruction rates that are shown in Figs. 
22 and 23 after we have presented the 0, transports. 

6 .  Transports 

In this section we present the transports of ozone 
by the atmospheric circulation: the time-averaged 
zonally integrated meridional 0 3  transport, the tlme- 
averaged zonally integrated vertical O3 transport 
and the convergence of these transports. As de- 
scribed in the Introduction, two different transport 
processes have been proposed to explan the dis- 
crepancies between the observed lat~tudinal and 
seasonal O3 distnbution and that which is predicted 
from photochemical theory. One is the 0, transport 
by the mean-rneridional mabs ilrculation, and the 
other is the .,, transport by the zonal atmosphenc 
waves or eddies. To determ~ne how these two trans- 
port processes operate In the model s~mulat~on. 
we separate the total transpons and the total trans- 
port convergences into mean-rnendlonai and zonal- 
eddy components c see .Appendix). 



J O U R N A L  O F  T H E  A T M O S P H E R I C  S C I E N C E S  

LATITUDE 

FIG. 22. Zonally intcgntcd s~mulated phorochem~csl ozone product~on mte [tons 
s- '  per 4' iautudc per km vertical he~ghtl, averaged for the last 20 days of the tntegn- 
uon (12-31 Januuy). Photochcm~cal oronc destrusuon 1s shaded. 

1) MERID~ONAL (NORTH-SOUTH) TRANSPORT ozone southward in the lower part of the tropo- 

Fig. 24 shows the simulated January rneridiond 
0, transports by the mean-meridional circulation 
and the zonal eddies, and the sum of the two trans- 
pons. The meridional O3 transpon by the mean- 
meridional circulation, shown in the top panel, 
agrees in sign with the meridional mass transport 
by the mean-meridionai circulation shown in Fig. 9. 
In the tropics, the Northern (winter) Hemisphere 
Hadley cell. which crosses the equator, transports 

sphere and northward in the upp& troposphere and 
stratosphere. The Southern (summer) Hemisphere 
Ifadley cell is narrower and more shallow, and 
transports ozone northward below about 6 km and 
southward between 6 and 20 km. In the Northern 
Hemisphere middle lac~tudes, the deep Fr-re1 cell 
transports ozone toward the pole in the lower 
troposphere. and toward the equator in the middle 
and upper troposphere and over the entire depth of 
the stratosphere. Corresponding transports are pro- 
duced by the Southern Hemisphiere Ferrel cell and 
by the tugher latitude circulat~on cells in both 
hemispheres. 

The meridional O, transpon by the zond eddies 
is shown in the middle panel of Fig. 24. In the tropo- 
sphere and lower stratosphere of both hemispheres. 
the tropical eddy transpon is toward the equator, 
the middle-latitude eddy transport is toward the 
poles, and the high-latitude eddy transport is toward 
the equator. In general. the eddy transports of ozone 
are larger in the Northern (winter) Hemisphere. 

Comparing the mendional 0, transports by the 
zonal eddies with the transports by the mean- 
meridional circulation. we see that they are of the 
same order of magnitude and that, above about 6 km. 
the two transports are gene: tly in the opposite 
directions. However, as shown ov the sum of the two 
transpons In the bottom panel of Fig. 24. the trans- 

FIG. 3. ZonaUv and ven~callv ~ n t q m e d  phorochem1cal0, pro. 
;md intepntcd destruct,on rate ports by the mcan-mendiofiaI circulation an l  by the 

itonr , - I  per 4. hutu&), rverued for the lash 10 QV, ,,f the atmospheric eddies do not canccl one another. One 
t t w o n  \ I : - j i  ianuap). or the other transport process dom~nates. and the 
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FIG. 24. Yendronrl m s p o m  of ozone [tons I - '  per km vemcd he~ght]. 
avenged for the lut ZO days of the Integrauon (12-31 Jmuuy). Top: Tronr- 
pof! by the mean-mendional cclrcuiauon. Mddlc: Transpon by the zonal ed- 
dies. Bonom: Total mendionrl !ranspon. Southward tmspon is s h i e d .  
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culation, shown in the top panel of Fig. 26, agrees 
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in sign with the mass transport by the mean-merid 
ional circulation, shown in Fig. 9. Within the tropo- 
sphere, the descending branches of the circulation 
cells carry more ozone than the ascending branches. 

The verticd transport of ozone by the zonal ed- 
dies. shown in the middle panel c Fig. 26, is down- 
ward almost everywhere in the troposphere and 
lower stratosphere, and upward over most of the 
middle and upper stratosphere. This shows that. 
with respect to the time and zonally averaged 0, 
mixing ratio (shown in the middle panel of Fig. 201, 
the venical eddy 0, transport is a downgradient 
transport over most of the atmosphere. but that 
from about 30 km down to as low as 10 km. the 
vehcal eddy transport of ozone is a countergradi- 
ent 'nnsport. 

LATITUDE Comparing the vertical eddy transport (the middle 
panel of Fig. 26) with the meridional eddy transpon 

F~G. 23. Venicdy i m e m t d  meridiod m S p O n 5  of Ozone. (the middle pnel  of Fig, 24) shows that in the mid- 
r v e w  for the 20 d.yr of the ~ n t m t i o n  (12-31 Jrnurry). dle latitudes of the lower stratosphere the eddies 

transport ozone downward and poleward. This is 

magnitude of the net transport is comparable to that 
of the two components. In general, the total merid- 
ional O3 transport has larger magnitudes in the 
Northern (winter) Hemisphere. 

Fig. 25 shows the vertically integrated meridional 
transports of ozone by the mean-meridional circula- 
tion. bv the zonal eddies and their sum. The trans- 
port by the mean-meridional circulation dominates 
in the tropics and carries ozone from the Southern 
(summer) Hemisphere into the Northern (winter) 
Hemisphere. In the tropics of the Northern Hemi- 
sphere, the eddies produce only a weak vertically 
integrated southward transport, which is the small 
difference between a large northward transport 
above about the 23 km level and large southward 
transpon below that level, as was shown in Fig. 24. 
In the middle latitudes of both hemispheres, the 
vertically integrated mean-meridional transport 
of ozone is away from the poles and the eddy trans- 
port is toward the poles. The two transports are 
of comparable magnitude in the middle latitudes and 
have their maxima at about 5WN and 45's; but the 
eddy transport dominates, so that in the middle lati- 
tudes the direction of the total meridiond O3 tmx- 
port is in the direction of the eddy transport. Pole- 
ward of about W N  latitude, both the vertically 
integmed mean-meridional aanspon and eddy trans- 
port have changed sign, but hen it is the mean- 
meridional uanspon which dominates and, there- 
fore. here also the net transpon is toward the poles. 

what we expect from the known wave motions in 
the lower stratosphere, where the poleward-moving 
warm (and ozone-rich) air sinks and the equator- 
ward-moving cold (and ozone-poor) air rises: In the 
troposphere, between about 35'N and WS, the ed- 
dies transport ozone downward and toward the 
equator. This is what we expect from the known 
wave motions in the troposphere, where the pole- 
ward-moving warm (and ozone-poor) air rises and 
the equatorward-moving cold (and ozone-rich) air 
rinks. However, in the middle latitudes. especially 
in the Northern Hemisphere, the eddies transport 
ozone downward and poleward. This is a change 
from the earlier results presented by Mintz and 
Schlesinger (1975) which showed that the eddy trans- 
pon was downward and equatorward in the tropo- 
spheric middle latitudes. Why this feature of the 
?&day average eddy transport differs from what we 
expect from baroclinic eddy theory is not under- 
stood &id is being investigated using the simula- 
tion data. 

As shown in the top and middle panels of Fig. 26, 
the vertical transport of ozone by the mean-merid- 
ional circulation has a structure which varies mainly 
in the meridional direction, and the vertical trans- 
port of 0, by the eddies has a structure which 
varies mainly in the vertical direction. i h ~ s  means 
that the two vertical transport processes will alter- 
nately be in phase and oot of phase in the north- 
south direction. But the venical 0, transport by the 
mean-meridiond circulation is aimost evervwhere 

2 )  VERTICAL TRANSPORT 
larger in magnitude than the venical transport by 
the eddies. Consequently. the total venical 0, 

rig. 26 shows the simulated January vertical 0, transport. shown in the bottom panel of Fig. 26. is 
transports by the mean-meridional circulation and very simdu in pattern to the vertical 0, transport 
the zonal eddies, and the sum of the two transports. by the mean-meridional circulation itself. In the mid- 
The vertical transport by the mean-meridiond cir- dle latitudes of both hemispheres, below about 27 
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FIG. 26. V M  ~uupom of ozone [trns s-' per 4' hutude], avcrycd 
fa Ibr l u t  20 days d thr intrquron (12-3 I Jmlury I. Top: Trrnrpon by the 
wra-mmdi arcuhlron. ~Widdle: Tnnrporr by thr ZOMI eddies. Bonom: 
Toul v a d u l  umrpon. Upwud uuupon u shaded. 
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TRANSPORT (tonr/$ec) 

FIG. 27. Zondy and lrtitudidly lntegnted vert~cal transpons 
of ozone. averaged for the last 20 days of the inteyat~on (12-31 
January). Posruve values are downwud ozone transports. The 
sol~d m o w  shows the downwud ozone transport ~nto  the lowest 
model layer. the dashed arrow shows the surface destruction nte.  

km, the vertical transpon by the eddies is in phase 
with the transport by the mean-meridional circula- 
tion. and this produces the pronounced downward 
total transport. with maxima that slope down- 
ward toward the equator. It is this cooperative 
downward transport which causes the 0, mixing 
ratio isopleths to dip d~wnward toward the equator 
in the middlc latitudes of the troposphere (as seen 
in the middle panel of Fig. 20). and which supports 
the surface destruction rate maxima in the tropics 
(shown in Fig. 23). This is in contrast to the up- 
ward transport by the mean-meridiond circulation. 
just south of the equator, which makes the lines of 
constant 0, mixing ratio bulge upward relative to 
their elevation in higher latitudes. 

Fig. 27 shows the zonally and latitudinally inte- 
grated vertical o3 transports. as obtaiced from the 
pole-to-pole i~~tegration of the transports shown in 
Fig. 26. The transpw by the mean-meridional cir- 
culation is downward in the troposphere and lower 
stratosphere. upward in the middle stratosphere. 
and almos: zero in the upper stratosphere. The 
transpon by the eddies has a similar distribution. 
Except near the tropopause. the venlcal transport 
by the eddies is several times larger than the 
transport by the mean-meridional circulation. This 
dominance by the eddies is due to the fact that the 
vertical transport by the mean-meridional circuia- 

tion changes sign with latitude, whereas the verti- 
c d  transpon by the eddies changes sign with alti- 
tude, as was shown in Fig. 26. Thus it is that in the 
global (i.e., one-dimensional) sense, the eddies are 
more important than the mean-meridional circula- 
tion in transporting ozone from one level of the 
atmosphere to another. In this one-dimensional 
sense, moreover. the upward eddy transport of 0, 
between 20arrd 31 km is a counwrgradient transport. 

Fig. 28 shows the meridional distribution of the 
conver'cnce of the 0, transport as simulated for 
January. The top panel shows the convergeice of 
the 0, transport by the mean-meridional circulation 
(the convergence of the meridionai transpon by the 
mean-meridionai circulation shown in the top 
panel of Fig. 24, plus the convergence of the verti- 
cal transport by the mean-meridional circulation 
shown in the top panel of Fig. 26). The middle panel 
shows the convergence af t:.e O3 transpon by the 
zonal eddies (the convergence of the meridional 
eddy transport shown in the middle panel of Fig. 24, 
plus the ccinvergence of the vertical eddy transpon 
shown in the middle panel 3f Fig. '76). The b;!tom 
panel shows the sum of all the 0, transpon 
convergences. 

We see that the convergences of the transports 
by the mean-meridional circulat~on and by the eddies 
are in large measure out of phase. They partially 
cancel orle another. but a wetl-organized residual 
field of somewhat smaller magnitude re, ,sins, as 
seen in the bottom panel of Fig. 28. 

If we compare the bottom panel of Fig. 28 with 
Fig. 22 and the dashed curve in Fig. 23. we see that 
in a general way there is a one-to-one correspond- 
ence between the 0, transpon divergence (con- 
vergence) and the O3 sources (s~nks).  The two large 
photochemical sinks, one centered at 4O0N and 28 
km elevation and the other centered at 10's and 36 
km elevation, are in regions of large 0, transport 
convergence; the large photochemical source, <en- 
tered at 2QS and 25 km elevation. is in a region of 
large 0, transport diverge~ce; and the large surface 
sink, with its maximum in the tropics, agrees with 
the transport convergence within the lowest model 
layer. 

The comparison of Fig. 22 and the bottom panel 
of Fig. 28 enables us to draw some conclusions about 
ihe influence of the O, transports on the 0, produc- 
tion. For example. the region of large O3 produs- 
tion. which is centered at 20"s and 23 km elevat~on, 
is one In which the divergence of the transport. due 
mainly to the ascending branch of the Hadlev clr- 
culation and the countergraditnt venlcal eddy 
transpon, mantains the 0, c31dcentration at less 
than its photochemical equllibnum value: whereas. 
~mrnediately above this level. these ven~cal trans- 
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L A T I T U D E  

FIO. 28. Converfrnce d the 0, m s p o r t  [tons s-' per 4' lurtude per km 
vertical hcl&t), rve- for [he l u t  20 days of the intqratlon I 12-31 
jrauuy). Top: Convmence of 0, lnnrpon by the mean-mtnd~ond 
cueultron. Middle: Convergence oi 0, tmpon  by the r o d  edLn Bot- 
tom: Convqmce d rh tot& 0, m w n .  bans of rnnspon Jlver- 
p#r .n s h d r d .  
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LATITUDE 

FIG. 3. Venicd intcgds of the convergence of the ozone 
trampon by the mem-meridiond circulanon and by the zonal 
eddies. avenged for the last 20 days of the integration (12-31 
Irnurry). 

port processes maintain the ozone concentration 
at a value greater than the photochemical equilib- 
rium value. Similarly. in the middle and higher lati- 
tudes, it is the poleward transports by both the ed- 
dies and the mean-meridional circulation which 
maintain the ozone concenhation at a value greater 
than its photochemical equilibrium value. 

Fig. 29 shows the vertical integrals of the con- 
vergences of the ozone transports by the mean- 
meridional circulation and by the zonal eddies, and 
the sum of the tvro vertically intcgrafed convergences. 
These curves correspond, of course, to the deriva- 
tives of the rdeward transports shown in Fig. 25. 
Again. A : see the high degree of compensation 
between the two processes. The heavy curve in Fig. 
29 is shown again in Fig. 30, together with the 
vertically integrated photochemical O3 produclion 
rate and the surface destruction rate (taken from 
Fig. 23) and the sum of these terms. As expected, 
in the tropics and middle latitudes of the Southern 
Hemisphere. ozone is being decreased by meridional 
transport divergence and increased by the photo- 
chemistry. Poleward of this region in both hemi- 
spheres. ozone is being increased by the meridional 
transpon convergence ar.d destroyed by the photo- 
chemistry. In most latitudes the magnitude oi the 
surfacd destruction is much smaller than the mag- 
nitudes of the transport convergence and photo- 
chemical production. 

6. Summary and discussion 

The phot~liemical production and destruction 
of ozone in the atmosphere is peatly dependent 
on the atmospheric motion field. In some regions. 

1 the 0, transport divergence mantains the local 
O, concentration below its photochemical equilib- 

rium value and this leads to photochemical OS 
production. In other regions, the 0, transpon con- 
vergence maintains the local 0, concentration above 
its photochemical equilibrium value and this leads ro 
photochemical 0, destruction. 
The motion field. in turn, depends on the atmos- 

pheric heating field and. in the stratosphere, the 
heating depends in large part on the O3 absorption 
of solar radiation. But the motions in the strato- 
sphere are not governed solely by the radiational 
heating of the stratosphere. To a large extent the 
stratospheric circulation is driven by a mechanical 
transfer of energy from the underlying troposphere. 
Thus it is that the distribution ofozone and its photo- 
chemical source? and sinks depend on the general 
circulation of the troposphere and stratosphere as 
a coupled system. 

Inasmuch as the 0, transports and transpon 
divergences in large measure depend on the vertical 
air velocities, and these vertical velocities cannot 
be directly determined from observations with the 
required accuracy and distribution in space and 
time. we must resort to the method of numeric3: 
simulation with an atmospheric general circulation 
model to learn how the global ozone is produced 
and transported. 

In the Introduction the question was posed: Is tb* 
net poleward ozone transport produced by the mean- 
meridional circulation or by the zonal eddies in the 
atmcspheric motion field? The answer is-they both 
contribute. In tropical and subtropical latitudes, 
and w ~ t h ~ n  the polar caps. the mean-meridional cir- 

FIG. 50 Vert~cally-~ntegrated photochermcaI 0, product~on 
nte.  surface del t~cU0n rate. convergence oi the 0, transpon. 
and the sum of Aese terms. averaged for (he last 20 drys of 
the Integnnon r 12-3 l Januuy) 
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culation transports ozone poleward and dominates; 
in the middle latitudes, the zonal eddies transport 
ozone poleward and dominate. This is in agreement 
with other general circulation model transport cal- 
culations such as that of Hunt (1969). 

We have found, furthermore. that the net vertical 
OS transport (the vansport averaged over all longi- 
tudes and latitudes) is dominated by the zonal 
eddies, and that over the atmospheric layer between 
20 and 31 km elevation, this transport is a counter- 
gradient transport. This result, however, may k due 
to the fact that the simulated ozone did not reach 
equilibrium or to the simplicity of the model's 
photochemistry. 

We have seen that the numerical simulation pro- 
duced a large negative cornlation between total 
ozone and middle-troposphere pressure, especially 
with respect :o the transient waves. This correla- 
tion has Ion8 been known from observations, but the 
reason for it has remained obscure. But, in the 
simulation, dl of the tenns in the ozone budget and 
all the components of ihe atmospheric motion, mass 
and heating fields arc recorded with high precision 
and resolution in space and time, sc ?.hat from these 
data it should be possible to find the reason for the 
high negative correlation. In fact, Schlesinger is 
undertaking that task with the data set generated 
in this simulation experiment. 

There is a possible practical application of the 
high negative correlatian Setween total ozone and 
pressure in the middle troposphere, namely, the 
detarmination of a reference height for numerical 
weather prediction initialization in data sparse re- 
gions. It we can obtain an accurate measure of the 
total ozone hy remote sensing from satellites. 
then, as we have seen, that measurement might be 
used to determine the 500 mb height to something 
like 35 m rms error. 

On the other hand, if we wish to determine the 
three-dimensional distribution of ozone from incorn- 
plete oxone observations, the best way may be to use 
an atmospheric general circulation model and the 
technique of four-dimensional data issimilation as, 
for example. was done by Miyakoda er 41. (19761 
to determine the three-dimensional distribution of 
the wind field from incomplete wind observations. 
In this technique. continuous insenion of incom- 
plete observationai data into an atmospheric gen- 
eral circulation model which cames the dependent 
variables forward in time, will use information ttat 
has a good resolution in time as a substitute for gaod 
resolution in space. The three-dimensional, synoptic 
ozone distributions which wiiI be obtained by such 
a dynamical analysis of the ozone observations 
should be superior to the conventional static forms 
of analysis of the ozone observations. 

Acknowledgments. We wish to thank especially 
Professors A. Arakawa and S. V. k enkateswaran 

who participated in the initial formulation of the 
research plan for this study and who closely fol- 
lowed and assisted in its execution. We also thank 
the other members of the research group who con- 
tributed to the design and construction of the UCLA 
atmospheric general circulation model: Drs. A. 
Katayama, J.-W. Kim, S. Lord, D. A. Randall, 
W. H. Schubert. T. Tokioka and W. Chao. And we 
thank Mrs. D. Hollingswonh and Mr. C. Kumh 
for their programming contributions. 

We express our appreciation to Mr. W. B. Kehl, 
Director of the UCLA Campus Computing Net- 
work; Professor W. J. Dixon, Director of the UCLA 
Health Sciences Computing Fjcility; and Dr. M. 
Halem of the NASA Goddard Institute for Space 
Studies, for providing the computing time fur 
this study. 

We thank Dr. J. D. Mahlman of the NOAA Geo- 
physical Fluid Dynamics Laboratory, Princeton, for 
his constructive review of the manuscript. 

The study was supported by the Global Atmos- 
pheric Research Program, Division of Atmospheric 
Sciences, National Science Foundation, under 
Grant GA-34308; by the  9. S. Department of Trans- 
portation, Climatic Impact Assessment hogran,  
under Grant GA-34306X; and by the National Aero- 
nautics and Space Administration. Goddard Space 
Flight Center. Institute for Space Studies, under 
Grant NGR 05-007-328. 

APPENDIX 

Ozone Continuity Equations 

In spherical and o-coordinates the ozone con- 
servation equation may be written in flux form s 

a 
+ - (a2 cos&&q) = aa cos@, (Al) a~ 

where r. A, 4 are time, longitude and latitude; o is 
the vertical coordinate defined by 

with p, = I mb, p ,  = 100 mb and p ,  the surface 
pressure, which varies with A, 6 and r :  q is the 
ozone mixing ratio; u . v , u are the zonal, meridional 
and venical velocity components; a is the earth's 
radius; and 0 is the ozone source (and sink) per 
unit mass of air. Letting k denote the vertical index 
in the modd (0 r; k a 24), with the even-numbered 
k denoting the interfaces of the 12 model layers. the 
vertical finite-difference analog of (Al) used by the 
model is 
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= as C O S ~ ~ ~ ,  k odd, (A4) 
whex 

L\at u k + ~  - ct-~t 

and 4 is the even-level O, mixing ratio given by the 
logarithmic-conserving verrical advection scheme 
(see Schlesinger. 1976a). Intraducing 

(with M = Y and A 4  = 4"). Eq. (-42) may be 
written as 

x [ ~ r + R n + t  - sr-IOt-11 m r & ,  !An 
wherex = NAA and y = &A&. Integrating the time- 
averaged form of (A7) aroand a latitude circle gives 

where w' = 3.14159 . . . , square brackets denote 
the zonal average and the overbars the time average. 

Because the mass-weighting term r ,  for m. g and 
J in (A8). is discontinuous across the 100 mb level. 
as shown by (A3). (An. and (A6). we normalize the 
resulw by multiplyiq (A8) by Aukl(lOg'Azk), where 
Azk is the nominal layer thickness shown in Fig. 1 
and g' is the acceleration of gravity. Thus (A8) may 
bc; writter, as - -  

where 

Eq. (A9) is the form in which the results are 
presented. It expresses the fact that the time-avcr- 
aged rate of change of ozone (in metric tons per 
second) within a latitudinal ring which is 4" wide and 
1 km deep) is due, respectively, to the convegence 
of the time-averaged meridional ozone transport 
through the vertical sides, the convergence of the 
time-averaged vertical ozone transport across the 
horizontal boundaries, and the time-averaged ozone 
production or destruction within the ring. For the 
lowest model layer. the last term in (A9) has an 
additional component which represents the time- 
averaged destruction of ozone at the earth's surface. 

REFERENCES 

Ackemun. M.. urd C. MuUer. I P n :  bmmphcr ic  nitrogen 
dioxide 6rom infnrrd spectn. Naturc, 240. 300-301. 

W w a .  A.. 1966: Computational deign for long-tenn numeri- 
cal intcgntion of the equations of fluid motion: Two dimen- 
s i o d  ~acompreuible now. Put 1. I .  Comput. Phys.. 1. 
119-143. -. 1310: Numencd simulation of largescale atmospheric 
mocm. Numtncal Sdurion of Fitld Ptvblrms in Con- 
tinuum Physics. Vd. 2. SIAM-AM5 Pracrcdirrgs. G. BirkhdI 
and S. V.rp. EQ. Amer. Muh. Sac.. 24-40. -. and Y. Mink 1974: Workshop notes on the UCLA 
atmospheric pmnl c i ~ u l u i o n  model (24 Much-4 Apnl 
1974). Dcpammnt of Mereodopy. Univenity of California. 
Lor Angeks. 10( pp. 

-, Md W. H. Schukrc, 1974: Interaction of cumulus c l o d  
mxmbic  with tk large-scale environment, Put 1. I .  Armos. 
Sci.. 31, 674-701. -. and V. R. Lunb. 1977: Computuiorul dorgn of the basic 
d y n w c r l  processes of the U C U  general circulat~on model. 
.Herhods in Computational Physics. Vd. 17. J .  C h ~ p .  Ed.. 
Aadenuc Rcu. 337 pp. 

Bunen. J. 1.. 1974: The me- meridional tempenturn behavior 
oftbe strrsaspherc from November 1970 to November 1971 
derived drom measurements by tbc selective cboppcr 
d iome te r  on Nimbus 4. Quart. I .  Roy. .Uttror. Soc.. 100. 
ms-330. 

Bjcrkncs. J.. 1975: Srlrcrtd Paptrs, M. G. Wurtele. Ed. 
Western R r i o d i d .  606 pp. 

Brewer. A. W.. 1P43: Evidence for a world ci~ul . t lon  p m  
nded by the marurcmenrs of helium and wuer vapor d's- 
tnburion m tbe surtosphern. Quarf. I .  Roy. Htrror Soc.. 
75. 351-363. 

CIAP. 1974: Thr Natural Strararphtrr of 1974. CIAP ,Uonogr. 
I .  A. J .  Gmkckcr.  Ed., Dcpt. of Tmnsporut~on Climatic 
Impact Assessment Prognm, Wrrhinpon. DC. 1199 pp: 

Chapman. S.. 1 9 3 0 ~  A theory of upper atmosphenc ozone. 
.Wrmo. Roy. Mrttor. Soc.. 3, 103-IU. -. 1 9 m  On the mnud  variation of upper-umorpbcric 
ozoll.. Phl. Mag.. 18. 343-352. - 193k: On ozone and a t o m  oxygen in the upper umor- 
plmr. Phil. Ma#.. 10. 369-383. 

Clark. J. H. E.. 19f0: A qum-gcortnpluc model of the winter 
macorphcnc circuhioa. .Won. Wra. Rtv . ,  W. 443-U6. 

Crutckr. H. L.. and J. M. Mesene, 1970: Srlrcrrd Levtl 
Htrghts, Temprmurcs and Dew Potnrs ,for the .Vonhrn 
Htmrsyhtn. NAVAIR Publ. 30-IC-52. Washmgton. D. C. 
[Avuhbk &om U. S. Govt. Pnnting Ofice.] 

Cunnold. D.. F. Alyn. N. PluUip and R. Prim. 1975: A three- 
dimmatonal dynrmicrl c h e m d  model of atmosphenc 
ozoac. J .  Atmos. SCI.. 32. 170- 1%. 

R c i u n m .  R. E.. 1913: Method of puumtenzauon for ~nfnred 
stmltng between tbe alt~tudes of 30 a d  70 kilometen. J 
Geophys. Rrs.. 78. 441-4457 

Dobron. G. M. B. .  1956: Onan and dbtnbutron of tho poly- 



M I C H A E L  E .  S C H L E S I N  G E R  A N D  Y A L E  M l N T Z  

uomic mohculrr in the atmorphm. Proc. Roy. Soc.. 
h d m .  AZM, 187- 192. -. IW3: Atmospheric ozone md the movement o f  u'r in the 
suuosphon. Pvrr Appl. Grophys.. 106-101. 1320- 1530. 

-, D. N. Hurirrm rad J. Lawrencr. IPtP: Musuremena 
of tho mouat  of ozone in  the rmh's  atmosphen and its 
mhioo to other geophysical conditions. put Ill. Proc. 
Roy. Soc.. London. AIU,  4%-486. 

IUtsch. H. V.. 1969: Atmospheric ozone and ultnviolet ndk- 
tion. W d d  S w y  of Climardoty. V d .  4. D. F. Rex. Ed.. 
Elsevirr. 383-432. 

H.nwood. R. S.. and J. A. Pylr, IPn: Studies o f  the ozone bud- 
gat using a & mean c i r c u l u h  modd m d  l ineuizd 
photochemistry. Quarr. I. Roy. ,Urreor. Soc.. 103,319-343. 

Hunt. B. G.. 19W. Expuhmu whh a m p h e r i c  gcnenl c i y b  
tion model. Ill. L a r g o - d e  difTurion of ozone includrng 
pbotochomistry. Mom. Wra. Rev.. 97, 287-306. -. and S. Manak. 1968: Experiments with a stmo- 
sphenc g e m d  circulation model 11. L u y - l u l e  d f i s ion  
of tracers in the smtosphm. ,Won. Wra Rev., %. 503-529. 

Johnston. H.. and G. Whitten. 1973: Instmuncow photocheml- 
crl ntes in the global stmosphere. Purr Appl. Grophys.. 
10(-Io& 1468-1489. 

~ Y M I .  A.. I=. A simplified scheme for computing ndir- 
tivr uuufer in  the troposphere. Tach. Rep. No. 6. Depur- 
ment dMeteorology. Univmity of California. Los Angeles. 
n w. 

Krwmr. A. J.. D. F. Heuh md C. L. Matcrr. 1913: Vuutions 
6 the stntcuphcric ozone field infemd fmm Nimbus satellits 
obwnuionr. Puw Aool. G m ~ h v s . .  101-106. 1255- 1263. 

Iamb. H. H.. 1972: ~l imoi ; .  ~ r r s e k . . ~ a s r  and ~ u r u r e .  Methuen. 
613 pp. 

Locldoa. J.. and J. Puk. 1973: Appl-on o igened circulation 
models to the study of stratospheric ozone. Purr Appl. 
G .o~~Ys. .  106-101. 1611- 1617. -. rad -, 1974: The incerution of ozone photochemluy 
md dynunics in t k  strrtosphere. A thm-dimensrond 
umoaphcric model. Can. J. Chrm . $2. 1599- 1609. -. R. D. Bojkov. S. Oltnuns and J. I. KeUey. 1976: 
Allot of the Global Distnburioa of Tord Ozone. July 1957- 
June IW7.  TNII3+ST'R. Nmond Center for Atmospbcnc 
Research. W e r .  276 pp. 

H.hlaun, J. D.. 1972: Rdimlnuy results from 1 threedimon- 
liood #cnerrl4rculrtion model. Proc. Second ConJ CIC 
mafic lmpacr Asseumenr Progtum. U .  S. Depenment ~f 
T m w  R g .  NO. DOT-T SC-OST-73-4, 321 -337.' 

M.ruk. S.. and J. D. Mdlman. 1976: Simuktioa of wmorul 
md ~nlrrbrmisphenc vunrtons In the ~tntospheric cuculr- 
tion.1. 4rmat. Scr.. 33. 2187-2217. 

M c h y .  M. 8.. S. C. Wofsy. J. E. Rnncrmd J. C. McConneU. 
1974: Atmaphem czoae: Pourble Impact d ntatosphcnc 
avhmn. I .  A l m a .  Sci.. 31, 287-303. 

Minu. Y.. and M. Schlesinpr. IWJ: Ozone production md 
truupoft with t k  UCLA general circuluioa model. Proc. 
Founh Cd C l h a t u  Impact Assrssmrnr Program. U .  S. 
D q u t m n t  of Truuportlllon Rep. No. DOT'-TSC-OST-75- 
38. 201-222.' 

Miymkod.. K.. L. Umrchetd. D. H. Lee. J. Sirutls. R. Lusea 
and F. h t t e .  1976: The near-d-t~me, Jobd. four-d~men- 
uoad w l y n s  rxpenment dunnu tho GATE pnod. I .  
Armac. SCI.. U. MI-591. 

Murcny. D. G.. A. Goldmm, w. J. Williams. F H. Wurcny. 
J. N. Bmks.  J. Van Allen. R. N. Stocker. J. J. Kosten 
md D. 8. Buker. 1974: Recent resulu of sttatosphenc 
P r o - p r  marunnnnts b m  balloon-borne spectrometen. 
h. Thud Conf. Climarlc Imparr .4ssrssmenr Protram. 
U .  S. Depammt of Tnnsponrt~on Rep. No. DOT-TSC- 
OST-~~IJ,  IM- 192.- 

' A v W k  bm t k  U. S. Orpnmant d Tnnsponruon. 
F d e d  Avlulon AdmrusEMOn. L#W) Independrnce Ave.. S. W.. 
AEE-10, Wuhuqpon. D. C., 20391. 

MuI'gU~yd. R. I.. IW9: The stNCtUm and dynun~cs o f  t k  
struosphere. The Global Cirrularion of rhr A~mosphrre. 
0. A. Corby. Ed.. Roy. Meteor. Soc.. 159-193. 

Newell. R. E.. 1961: The transport of trace substancrs i n  the 
umosphrre and their implications for the general circula- 
tion of the struosphem. Geofi. Pura Appl., 49. 137- 156. -. 1963.: Tnnrier through the tropopuse and within ;he 
stnrorphere. Quart. I .  Roy. Mereor. S a . .  89, 167-204. --. 1963b: The general circulation of the umosphere and its 
eUects on the movement of trace subrunces. I .  Geophys. 
Re;.. 68, 3949-1962. -. 1964.: Stratospheric energetics md mass trmspon. P u n  
Appi. Grophys.. $8, IU- 156. -. 1964b: Funher ozone tnnsporc u lcuk ions and the spring 
maximum in ozone mount. Purr Appl. Geophys., S9. 
191-206. -. J. M. Wallre and J. R. Mahoney. 1366: The gened cir- 
culation of the umosphere and its effects on the movement 
of tnc r  s u b ~ t ~ c e s .  Part 2. Tellus. 11. 363-380. -. G. J. Boer and T. G. Dapplick. 1973: Influence of the verti- 
cal motion deM on ozone concentntion in the stntosphem. 
Purr Appl. Geophys.. 106-106, 1531- 191. -. J. W. Kidson. D. G. Vincent and G. J. Boer. 1972: Thr 
Grnrml Circuhrion of rhr Troplcal Armospherr and Inrrr- 
acrions wirh firmtropical hrirudes. Vol. I. The MIf Rcu. 
3 8  PP. 

-, J. W. Kidson. D. G. Vincent and G. J. Boer. 1914: Thr 
General Circuhrion of rhr Tropical Armosphrrr and Inter- 
acrioas wirh &rrmrropical Larcrudrs. Vol. :. The MIT 
Ras. 371 pp. 

Newson. R. L.. 1974: An expenmcnt with a tropospheric and 
stmorphcric threedimensional genedcirculation model. 
Proc. Third C d .  Climatic Impacr Assessmenr Program. 
U. S. Deputment of Tmsponuion. Rep. No. DOT-TSC- 
OST-741s. w-m: 

Nonrund. C.. 1953: Atmospheric ozone and the upper-ur con- 
ditlon. Quart. J Roy. .Wrrror Soc.. 74. 39-50. 

O r m e  Dara for thr World. 1W-72: Comptled by Canrdian 
Depenment d T mspoflat~on in coopcmt~on w t h  WMO. 

Randall. D. A.. 1976: The rntcnctlon of the p l w t u y  bounduy 
layer with l ~ s u l e  circulations. Ph.D. dissertu~on. Uni- 
versity of Cdifomia. Los Anples. 247 pp. 

ScNeunpr. M. E.. 1976.: A numend simuhuon of the gened 
c~rculwon of umosphcric ozone. Ph.D. disqenation. Unr- 
vanity of Califomla, Los Anaeles. 376 pp. 

--. 1976b: A hst numerical method for cxplrcit rnteantion of 
the pnmitlve equtlons near the poles. P-5507. The Rmd 
Corporation. h u  Mon~ca. SO pp. 

SchuU. C.. and W. L. Gues. 1971. Global Climar~c Dara for 
Surfacr. 800 mb. 4W mb: Januarv. R-915-ARPA. The Rmd 
c-t l~. s .n~  MMIU. In pp. 

Sommillr. R. C. J.. P. H. Stone. M. Halem. J. E. Hamen. J. S. 
Hogan. L. M. Qruyan. G. Ruucll. A. A. h i s .  W. J. Quirk 
and J. Tenenhum. 1974: The GISS-Modrl of the Jobal 
umorphere. I .  Armor k i . .  31. 84- 117. 

TG..rd. 1. J.. H. van Loon. H. L. CfUtcher and R. L. Jenne. 
1969: Climarr of rhr Upprr .4rr: Sourhrrn Hemuphrrr. Vol. 
1. Trmprmrurrs. Drw Pornrs and Htrphts or Srlrcrrd Rrs-  
sure Lrvrb.  NAVAIR Publ. SO- IC-35. Washinpon. D. C. 
[AvJ lb le  from U. S. Govt. Rnong 0mce.l 

Tiefenau. H.. and P. Fabran. 1972: The specific ozone destruc- 
tron at the OCM surface and ~ t s  dependence on honzonw 
wnd veloc~ty *om profile meuurements. Arch. .Httror. 
Grophys. BioLlim.. Al l .  399-412. 

L'. S .  Srandard Armosphrrr Supplrmrnrx. I - :  U .  S. Govt. 
Pnnting Oface. Washinpon. DC. 289 pp 

Wuhmgton. W. M.. 8 .  Otto-Blrcsner and G. Wdiunron. 
1977: Janurry and July srmulu~on expenmenu with tho 
2.Y lurtde-longtude venron of the NCAR p n r n l  crr- 
culmon model. NCAR Tech. Note. NCARTN-lZ+SIR.. 
61 pp. 



NASA Conference Publication 2076 - Fourth NASA Weather and Climate Program Science Review, 
January 24-25, 1979, NASAIGSFC, Greenbelt, MD. 

Plorr No. 32 

ADVANCED METEOROL001CAL TEMPERATURE SOUNDER (m) 
SIMULATIONS 

J. Susskind, Goddwd Spm~ F l w t  CMter, G m b d t ,  Muylylnd, A. R~ornkrg,  
S i m  Dam ~~ Copamtion, c/o Goddvd S p ~ v  F l w t  Cmm, Gmmbeft. 
Maryland and L. D. Kwh, Gad&rd Spror F l w t  Cmlw, G r m k l t ,  M w n d  

This i8 a report of s h l a t i o n  *die8 on tanpraturr 
retrievale fra AMS ard their effect an atnwghric 
analysis, abeervatioM are sinrl8Md frera rdiornda 
repats and observed cloud aovcr. !Itmpratuc retriuals 
are performed Md R S  tenperature Md thickwm ereas are 
calculated mlative bo the radioem3e pofi les  ud am 
p a w  to .rimilarly genraM H S  a t ? ~ t i ~ i c s .  Significnt 
inpmfenent wer HIE is hum9 throqhout the atmqllrrc 
but especially in the atratnaghere and lcwr tmpapbt.. 



NASAConfemnce Publication 2076 - Fourth NASA Weather and Climate Program Science Review, 
Jrnuyr 24-25, 1 979, NASAIGSFC, Greenbelt, MD. 

Pgrr No. 61 

A OCM S I M U U T l W  OF THE €ARTHA-ERE RADIATIW 
ULAlYCE M WINTER AND #IMMER 

M. L. C. Wu, N u h u /  Ramarch Cwndl, W&i-, DC md GoWvd 
spror FlWt Cklru, O m t W t ,  Muyhnd 

'Ih. rdhtim Manor of the oertbatra3sphcre aptan 
a w a w  by lm* the generrl cimAlattar lrodal (a) 
of the bbratacy for Atxmpheric Scisnaca (-1 is 
armid  in I.9.rdr to ita gsogn@~ical dltributim, 
xxnllyavempd diatributian, and global mean. h s t  
of the min faatuma of the r a d i a t h  b n l a n ~ ~  at  the 
tOp of thr a-m UC -y a-tdr with 
m difh- in thc bt. i lsd of the pat- 
term urd inthrmitiea far both aunner and winter in 
aanprrlrn with valuw M &tived fmm N M U J  ud H3M 
( N t i a u l  Chmic and A-ric &hhistration) 
rtellite okcrvatiars. Ebth the capsbility and &- 
f.ct. of the modcl am di-. 
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MIDDLE ATMOSPtiERE RESPONSE TO MEASURED 
RELATIVISTIC ELECTRONS 

J .  R ,  Barcus (Dept, o f  Phys ics ,  Un ive r s i t y  o f  Denver, Denver, Colorado 
80210 and NAS-NRC Sen io r  Resident Assoc i a t e ,  NASA/Goddard Space 
F l i g h t  Center ,  Greenbe l t ,  Maryland 20771 USA) 

R.  A.  Goldberg and E .  R .  H i l s en ra th  (both a t  NASAIGoddard Space F l i g h t  
Center ,  1.nboratory f o r  P l ane t a ry  Atmospheres, Greenbe l t ,  Maryland 
20771 USA) 

J .  D .  h i i tche l l  (Dept. o f  E l e c t r i c a l  Engineer ing ,  U n i v e r s i t y  of Texas 
a t  E l  Paso, El Paso,  Texas 79968 USA) 

I t  i s  now apparent  from s a t e l l i t e  d a t a  t h a t  r e l a t i v i s t i c  e l e c t r o n s  
a r e  d ischarged  from t h e  magnetosphere dur ing  most a u r o r a l  substorm 
events  ( e . g . ,  Rcagan [ I ] ,  Thorne [ 2 ] ) .  These even t s  occur  w i th  
varying degrees  of  i n t e n s i t y  and s p e c t r a l  ha rdnes s ,  and wi th  major  
f l u c t u a t i o n s  i n  d u r a t i o n  and geographic e x t e n t .  During two indepcn- 
dent  rocke t  programs, Aurorozone I and I 1  a t  Poker F l a t  Research 
Range, Alaska (65 . l0N,  147.S0W, magnetic d i p  = 77.2") i n  September 
1976 and blarch 1978 r e s p e c t i v e l y ,  we have observed f r e q u e n t  pene- 
t r a t i o n  and abso rp t ion  of r e l a t i ~ i s t i c  e l e c t r o n s  between 40-70 km 
a l t i :  de. IVe have a l s o  been a b l e  t o  compare t h i s  r e l a t i v i s t i c  e l e c t r o n  
source ~ i t h  kremss t rah lung x-ray energy d e p o s i t i o n  i n  t h e  same a l t i -  
tude domain. Corrc l  a t e d  atmospheric  e l e c t r i c a l  response  was s imul-  
tancousl  y observed.  Ozone was a l s o  measured fo l lowing  each event  t o  
determine i t s  d e p a r t u r e  from q u i e t  n igh t t ime  v a l u e s .  The p r e l i m i n a r y  
r e s u l t s  f o r  Aurorozone I have a l r eady  been r epo r t ed  [ 3 ] .  There  we 
found t h a t  t h e  r e l a t i v i s t i c  e l e c t r o n s  observed on September 23, 1976 
dominated x- ray  brcmss t rah lung a s  an energy sou rce  t o  an a tmospher ic  
dcpth of 55 h. Above t h i s  hc igh t ,  t h e  d e p o s i t i o n  r a t i o  r a p i d l y  grew 
t o  a va lue  g r e a t e r  t han  100, c l e a r l y  demonst ra t ing  t h e  dominant r o l e  
of r e l a t i v i s t i c  e l e c t r o n s  a s  an important energy s o u r c e  f o r  t h i s  
lower mesospheric domain. This  note  c o n c e n t r a t e s  on o u r  p r e l i m i n a r y  
f ind i l?gs  f o r  Aurorozone 11, dur ing  which we f lew a newly develcped 
payload (XRG,  f i r s t  de sc r ibed  i n  [ 3 ] ) ,  t o  make s imul taneous  measure- 
mcn;s of  t h e  energy sou rces  and atmospheric  e l e c t r i c a l  r e sponse  on 
a s i n g l e ,  i n t e g r a t e d ,  parachute-borne payload.  



Reprinted from Applied Optics, Vol. 18, No. 20, October 15, 1979. 

Jack L. Bufton. Richard W. Stewart, a d  Chi Weng 
Chi Weng u with Systems & Applied Sc ienm Corpora- 
tion. Riverdale, Maryland 20840; the other authon are 
with NASA Coddard Space Flight Center, Gmnbelt,  
Maryland 2 0 7  1. 
Received 16 September 1978. 
0001~6935/79/203363-02S00.50iO. 
c 1979 Optical Society of America. 

Differential absorption lidar wing a pulsed C02 laser and 
a direct detection roceiver u capable of signifmtly improving 
the existing data bue on the tropospheric orone (01) burden. 
Aa a ground-knd  system the l i d u  could obtain u r h  to 
regional d e  O3 rneuurementr with a vertical or horizontal 
molution of at  least 1 km in the troporphem. As a space- 
burd system the lidar could obtain global scale coverage of 
the O3 burden below the stratospheric maximum of 03. 
Meuurementr in both these categories us required to shed 
light on the dynamics and chemistry of tropospheric 
gzone.1 

The C02 differential absorption l i d u  (DIAL) meuurrs 
backscattered laser energy a t  two wavelengths in the 9.4-urn 
b ~ d  of cubon dioxide, which overlap the 9.6-urn band of 
ozone. The logarithmic ratio of baclucattend laser energy 
a t  the two wavelengths u proportional to the integrated ab- 
sorption by G. Knowledge of the absorption coefficient dong 
the propagation path pennits an inversion of the energy ratio 
dam to obtain concmtrationa. A remote t a n e t  is used to 
establuh a two-way long path absorption georn&y for these 
mwurementr.  

Atmapheric wrorolr wrve as the remote target for the 
ground-bawd vanion of this system. The presence of a e d  
throughout the troposphere arlll permit 0 3  concentration 
rnenummmts u desired. This is accomduhd by adiwtim 
the starting time for integration of detecior outpi t  k t e r  th; 
laser p u b  is truumitted. Only that backrut tend h e r  
energy lying within a selected range n i l  (integration period) 
contributes to the differential aboorption meuurement. 
Since absorption at a given alti:ude depend. on wavelength 
and the thermodynamic atate of the atmaphere, in addition 
to 0, concentration, inversion of the l i d u  data requires 
models or data for temperature and pressure in addition to 
an O3 line p a m e t e r  compilation. 
For space-based appliitiom the ocean surface provides the 

remote target for the C02 DIAL system. The enhanced 
speculu return from the ocean at  a nadir viewing angle pro- 
vides the SNR necessary for energy meuuremenu.* Since 
the main concentration of 0 3  is In the strataphere. a selective 
weighting must be olcd to separate the tropospheric compo- 
nent. The location of CO? I w r  l i n a  in the pressure-broad- 
e n d  wings of 0, l inu providrr thu  weighting. N e u  the 
ruth 's  surface the O3 linemdth ir about 0.22 cm-I, and quite 
a number of lines contribute to abrorpnon at  any pur~cuLr 
C02 line. The linewidth decncuar to about 0.05 cm-I and 

0.01 cm'l. rwpectivoly, a t  the t r o p o p a w  (12 km) md the 
stratcapheric muimurn of 01 (22 km). At t h u e  highor dti- 
t u d r  relatively few q l inr  c o n t r i b u ~  to lrwr rkorption, 
and t h w  that do haw a smaller effect k a nru l t  the rb. 
rorption coefficient (km-1) L often greater n e u  the ru th ' s  
surface. h r  lines can be chawn from approximately 15 
stronr lines in the P branch of the 9.4-rm C01 band in order 
to m&imize this weighting to tho troporphen, A fino tuning 
of the weightiry effect u pouible by control of h e r  linewidth 
in the 0.13-cmG1 prossun-broadened envelop of the l w r .  
These effocu provide a discrete tuniry capability to optimize 
the O3 meuurement even though the C01 DIAL system op- 
erates at  fixed laser fmuencies. 

The principal compo&nb of a prototype C& DIAL system 
now under development are illustrated in the block diagram 
of Fig. 1. Outputluhr energy is 1 J/puk., multimode.with 
a 50-lucc pulsewidth and a 1-mrad diwrgenco. Thir energy 
is divided more or leu e q d y  between two k i n g  wavelengths 
selectable by independent grating d r i m .  A small portion of 
the transmitted laser bun ia directed back into the rmiver  
o p t i a  for w u an energy monitor for each laser p u b .  Re- 
ceiver o ~ t i a  include a reflector telncops followed by a dif- 
fracti~n'gratin~ for separation of the two wavelengths. The 
detector is a multielement u r a y  of HgCdTe photodioda 
cc*,led to 77 K. These elernenu;re operated in the photo- 
voltaic mtde, and each h u  a minimum detectivity of 3. x 1010 
cm.Hz"'/W. The detector noise equivrlent energy (NEE) 
u approximately 10'1' J for detection of the 50-nsec laser 
pukrr. An electronic data system butd on CAMAC and 
microprocauor technology is und to proma detector signals 
for the differential absorption statistic. In[(Ea2/En)l 
( E ~ l l ' E n ) ] ,  when En and Er are. respectively, the received 
and t r u u m i t t d  energies m e u u r d  for laser wavelengths 1 
and 2. The data system can record the raw data and invert 
it to d c u l a t e  O3 concentrations. A key feature of the elec- 
tronics is the capability to perform a gated integration of the 
receivd laaer energy. This range gating feature. also rued 
in h r  ranging systemr, acts to reduce the effect of nohe and 
provides a dutance measuring and profiling capability for the 
ground-bucd meuunmmts .  

Ikckscattered I w r  energy in both space-bard and 
ground-bad  system u calculated a t  iO'l4 J/pulse, a factor 
of dB over the detector NEE. These dculationa are based 
on a target backscatter coefficient of 0.1 ar" and lo-' st-1. 

Fis. 1 CO: DIAL system cornponenu 



pendmt noise such as atmcgpheric turbulence-induced 
I .,--a81 scintillrtiona and tupc't Jbedo tluctwtions. T h b  will greatly 

aa + aid the ground-bud  measurements where turbulmce is 
u , - c U S r r t  

*ml strong and aeroool structure is hiihly variable. Simultnnrour i-7 meuurements will be m essential feature of a space-buod 
i instrument since the nadir point typically moves at about 10 

kmlsec. No two succwive DIAL measurements would use 
.,-ma-* 1-9 u • ma 

noise up to 3 orders of magnitude from continuous wave (cw) 

the u m e  target. The range gating feature is a h  a major 
improvement that acts to reduce background and detector 

meaaurementa. Another important technique ia the use of 

,,- " - .- -- - ---- the t u n e  detector and electronics for measurement of trans- 
m m - n m  

M- ~LII m i t t d  and received laser energies. Normalization by the 
Yiy. 2 Owwry truumkion from rpwo rt d i r  for thm C& lurr transmitted energy acta to remove any pulse-to-pube varia- 

linr at tho indicrtod crntrr wrvr numbrn VL.  
tions and any llf noise slower than the pulse two-way prop- 
agation time. 

rcrprctively, for the ocean surfacd2 and a 1-km section of the 
aeraol laden atm~sphere.~ For the latter c w  NEE must be 
incmued by a factor of 10 to a m u n t  for the 7-jaec range gate 
necessary for an integration over 1 km. The resulting de- 
c r e w  in SNR can be made up by use of a larger diameter 
collection telescope in the ground-based system. Since a 
ct~mplete differential absorption memurement is made for 
each dual-wavelength pulse, the SNR can also be improved 
by a factor of rV1,2 by averaging over N pukes at the laser 
firing rate of? pukcslsec. Detector SNR is only one of several 
amsiderations affecting DIAL measurement accuracy. Kildal 
i~nd Byer4 and Remsberg and GordleyS have discussed these 
in detail. It is likely that error in the a prior1 knowledge of 
0.1 absorption coefficients and the effects of interfering 
kpcies. especially water vapor, could establish the limiting 
uccuracy in the COz DIAL system described here. It will be 
noccuuy to choose laser lines that optimize the differential 
aborption measurement in the preaence of all noise 
M U K W .  

The space-bucd mearurementa result in the O3 total bur- 
den in a vertical column weighted more or Icu heavily as de- 
scribed to the atmosphere below the 0 3  maximum. The 
choice of laser lines determines the weighting function. This 
is dustrated in Fig 2. where transmission vr altitude is plotted 
for t h m  C02 I w r  lines in the 9.4-pm band. The AFGL6 
HITRAN computer code. line parameter compilation, and 
Mid-Latitude Winter O3 model were used to compute these 
one-way truumissions. The P(22) line is weakly ~ k r b e d  
by O3 and would serve as a good reference wavelength. The 
P( 12) line is heavily akorbed by 0 3  w i ~ h  most of the absorp- 
tion in the stratotsphere. Thi, would be an ideal line for total 
burden measurement except that the two-way transmission 
would yleld a small SNR. The P(10) line would k a good 
choica for t ropos~he~ic  03 measurement. Approximately 
of ita a b r p t i o n  occun below 12 km. altliough only ulo of the 
O3 is located in that region. Totd  tnnrmirrion on a two-way 
path is about :X"O for this line. which is an adequate signal 
level. lnven~on of the space-based data proceeds bv w of 
vertical profiles of 0 I and Interfering species absorption line 
r,ararne:en and the aslumptlon of a shape funct~on for the 
vertical d~str~bution d o ; .  The invenlon algor~thm can be 
uhtd to extract a rcallng factor for the 0.1 total burden In the 
It~wer atmtsphere. The addition of lndependcnt $atellite 
rnrii\urernents ol' stratospheric 01 and rnetaorological profiles 
wq tuld improve the accuracy ~f thls inversion. 

The C& DIAL system as d c m b e d  here differs from earlier 
system described by Slurrav: and and Igarash18 In that 
s~multaneous energy measurements are condl~cted at both 
wavelengths in the differentul rbrorpt~on method. Thlr has 
the obvious advantage of removing any wavelength-lndr- 

- 
The direct detection scheme considered here would at first 

appeu to be quite inferior to a heterodyne detector. Thermal 
noise limits give a factor of a t  least 10s advantage to hetero- 
dyne systems which can optrate at  the quantum limit. 
Zcienzicss has demonstrated C02 DIAL measurements with 
cw h e r s  and heterodyne detecton. A typical heterodyne 
efficiency is, however. only a few percent.1° In addition. 
spaceborne cw COz lasen are limited to a few tens of watta if 
they must also have the ringit-mode operation and stability 
roquind in heterodyne detectors. The pubcd C02 T E \  I w r  
produces about 20 MW in ita 50-MIC p u k ,  hence, the relative 
advantage of the cw/'heterod~ne system is lost when the SNR 
is calcuhted. Another serious shortcoming of the heterodyne 
detector u its requirement for a diffraction-limited field- 
of-view (tens of microradians) and consequent sensitivity to 
coherent fading (speckle) effects. Gardner1I has shown that 
the milliradian fieldsf-view and transmitter divergence angles 
possible when using direct detection can produce several or- 
d e n  of magnitude reduction in speckle effects. The combi- 
nation of a pulsed CO? laser and direct detection receiver 
appears to have superior performance for the s p a c e - b a d  
measurement of tropospheric ozone. 

I H. \V Stewart. 5. Hrmwd, and J. P Pinto. J. Cwphg. Rn. 82. 
Il:U 11977l 
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\vl'l ... 17. Wave Pn)prgrtion Laboratory. Boulder. Colo. (Sep- 
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Comparison of Seasonal Variations of Upper Stratospheric Ozone 
Concentrations Revealed by Umkehr and Nimbus 4 BUV Observations 

NOAA br01mwmu.I R a r v d  Labomrorits. Alr RMOWWI &bowro+GMCC. Bouldrr. Cd& dOHN 

CARLTON L. MATEER 

Atmospkrlc bai-r Smtrt. h w e l t w .  O n r a ~ ~ .  Cam& MJH ST4 

thL prpr npom tbr WIU of r compuiuon k t w m  uppar rwtorphaic ozone concmintion 
prodk, in Uu w o n  k t r a n  22 md 1.4 mbrr, r r  dumntmb from rurfrn-burd Umkehr obwnrtionr 
md rrulliu Nimbvr 4 BUV obmrtionr. The Umkehr dru. conrirtinfi of monthly r v a q a  of obmr.  
tiom aunl ova s w d  Y M  or bnarr, w m  obulnd ri thnr ruttonr loatrd In the northern 
hhba and Wo in th8 southan hmirphm. Tha BUv data w m  obutnd dunng t L  prnod lrom 
May 1970 to Muc). 1971. Au& from wme btu tn the mrgnltuda of the Umkehr md BUV Cu. mrrkrd 
~ i d  clck, of oom mncmuation m the upper urrtocphm m clarly mrcl1.d. Above 4 mbr the 
p r d k  cbor r wmna minimum and r winta muimum. while below 4 mbrr the annul vuirtlon is 
fawned from lbb pmrm. In the nonhan hmirphm the winter mutmum 18 rccomprnwd by r 
~ d v r  miaimvm of I- IO 2.month durrtlon nar 3 mbu. Thb lon-term minimum u much la, 
obviou, in cbr wlm hemuphm &ta Some of the probkm of rttmpun& to monitor lonpterm 
& m y  in tbr uppa nntolphm are d i a a w d  bndly. 

1. Intro~uctlon light ratured by the atmosphere ori8inator from a rather 

R~~~~ =,,hn8 o-ations of he vrrticrl dhtribut,on of thick layer with a half-rmplitudt thicknar of approrimately 
o t o ~  wing fiylight mmunmrnu of %attored solar ulurvio- 10 km. The ddtude of this scattering lay- dapendr mainly 

radiation in 193,, C~ ,,,. [ 19341 wtn tint upon the solar zenith m8lc. the strengths of molecular scatter. 

to i n k  the m i n  frrtum of m ozone from t b  '"8 and Ozone abrcrpflon (which wavelm#th dc~nd- t ) .  

[19311 umlcehr (or -1, egCCt. N~~ ,her, umkchr and the venial profile of ozone [Hatrrr. 1965). In the c u e  for 

o-atioM wm at , of rutions wbcte Doh. do~nward scattmng toward8 the earth's surface m additional 

,,,,, rpcctrophotomrun in routine \ur mmuring total scattering l ay r  having iu muimum at the surface a r par- 

columnar atone, H~~,,,~, oniy , fr*. of &= sistant feature which uim from highersrda scattering by the 

carried on a program of routine maunmenu  for 10 ru-- atmaphen- 

rive pan or longer. I n  this papa we briefly describe the Umkehr and the BUV 

Until the Nimbw 4 backmttering ultraviola (B(JV)expal. method% Wethen comprR monthly avaua  of umkehr dam 
m a t  w a n  in April 1970 [ H H , ~  a d.. 19733, Umkehr obwr. with avar@8a pnliminrry BUV data. BUV 
vationt provided the only word. by vinue of char number. of the pod lrom 19'0 to 
t k  v h d  diufibution ofozons havins a potcnll,l for daer- M m h  1971+ the dnt  YUr of oprration of the ~ i m b u s  4 
mining ozone in the upper r u a t ~ p h m  [e.g., Awl1 & wtelliu. Umkehr rvera8a of from 8 to 21 ynn of 

A'dover. 19781. o b a t i o n s  at variow stations. The BUV data are pnlimi- 

k t h  urnkchr hta [ R ~ ~ ~ .  19691 and BUV lK,,,,. nary in that dl known i n r l ~ m t n u l  comctionr hove not been 

Itr ,r 19731 dbplay quiu rim,lrr waconrl varirtionr. A applied to the radiance obrmrtions, and, moreova. a final 
pnliminay companurn o f a  limitd of Umkehr and mmunmmt  evaluarion p r o d u n ,  which wi l l  be uniformly 

BUV *mations wu by D,~uiri Md Nimrro [19771. applied to all obrrvations. h u  not bun used to generate the 

Both typa of o b w r t i o n  su&gestd winter mutmum and Pmnt data *. 
summe minimum ~ y c l o  In ozone conmuation above 4 A Problem that f ~ u e n t l ~  p r ~ a i l s  with remote scnnnl 

rnbrr, wow th,, lwei [he cycle a p p r r ~  to approri. methods s that of sysumrtlc b ~ u  in the allmation (or wiu. 
matdy 6 months out of p h w .  Also. the nlruve rmplttudc of "On) prOc*un. The can tnstrumenul Or due the 
the cycle #n U) dlminoh with & u t n g  al"tude. i.~., of a complar undmtmdin8 of p h y ~ l a l  p r m a a  

from the o-rd (p 4J-50 ~nvolvd.  T h m  may also be one or more fundamcntrl Iimita- 
km 1. tionr in the mahod iurll. The final p u t  of the pruant Invatt. 

( ~ l ~ ~ , ~ l ~  mote rrnun8 m r c h h  for oburvlng the gauon looks briefly at the problem of systematic differenca 

crl distribution of ozone annot mrrl detu ld  ruuctut  OW- 
lhc Umkehr 

in# to m a i n  inhmnt physical limitauons dictated by the 2. Tnr Uwrann .METHOD 
natutrl pronu of d i U w  urnrmurioa m d  rriluc~on (back- 
mturinO by tb ruchsr B , , ~ ~ ~ ~ ,  ultrrvioln The Umkrhr eUat and methods for mnwtn8 the vmtcal 

ozone profile from obwrvaaions of the efha have bccn de- 
Copyn(hr @ 1979 by the 4mman Gmphyucal Unwn scribed extansivcly ~n l i t m t u n  [Gbr:. 1931. G6c t r  d . 1934. 
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F I ~ .  I Plots of monthly avera$e ozone prnlal prrrrura over Brlsk. Arosa, and Tatcno Standard Umkchr later 
numben arc #wen on thc ntht-hand -1dc. D u h d  Ilnc IS the Umtchr. solid Ilnc IS thc BUV. and Il tht ly  duncd Ilnc labcllcd 
u(;&?i! IS Umkchr data for the wmc y a r  as the BUV data. Other L'mkchr data arc cl1ma1crlo~1cal avcrapa ior scrcral 
!ears or more. 

yzod. The b a s ~ c  .Inter m u l m u r n  dzd summer mlnimurn at 
these levels are predicted by photochem~cal theory and artse 
because of the increased effic~rncy with temperature of the 
ozone drstruction reaction 0 . 0, - 20, [Cunnold tr al.. 1975. 
Bomrrr fl a1 . 19?5; London rr d . 19771. The secondary mini- 

mum ncar 40 km in winter Is not u p l ~ n e d  by pure photoche- 
mlcal theory and ~t follows that atmospheric t ranrpon is prob- 
ably lnvolved [KC .U~l l r r .  19751. T h ~ s  phenomenon 1s at w t  
weakly produced ~n two-d~mensional t~me-dependent model 
calculations. which lnclbac slantwise eddy transport in the 
mcrld~onal plane. T h u e  calculations also product  the trana- 
t ~ o n  from the heuc winter maximum-summer minilnum ~n .he 
45- :o 0 - k m  region (layer 9)  to the summer max~mum-wiiter  
mlnimum at  lower levels ( layen  6-7.  see below I as well as the 
n q l i g t b ~ c  ~ a s o n a l  variation ~n layer 5. The model has been 
d o c r ~ b e d  by b'uppurun [1979], the r u u l u  referenced here are 
as yet unpublished lntermedrate rau l t s  ~f h ~ s  model ialcu- 
Iations. 

The i inn  of shorter d v h a  on the Arosa dtagramr are 
Lmirehr results for :he pcnod Apnl  1970 to March 1971: 1.c.. 
they are colncldc t ~n :]me tbut not in space) with :he BL'v 
data. The shorter-term Cmkchr drt. do not a g r n  as well wltn 

the B L V  data ;u do the longer.urm Umkehr valves. It a p p e m  
thr '  the longer-term time avrraging at  the single station -s 
nearly q u ~ v a i e e t  to space averaging around the latitude clrclr 
at these levels in clle atmosphere. 

It il  worth aotlng that the BUV ravelengths that  ' s twe'  the 
ozone ~n t h e  layers have a smaller temperature eKect on their 
absorption coefficients than d o  the Umkehr wavelengths and 
that they are usen.ially unaffected by multlple scattcrlng or by 
h u e  in thc :-sporphcre and lower stratosphcrc. Eve.? seasonal 
vanarions in the stralosphcrlc lunge aerosol layer s i~ould have 
I~tt le  Impact on the BL'V results for layers 8 and 9. 

I n  Umkehr layer. 6 and ' the agreenent IS not as good. 
Althouah both methods sugga.  roupt~lv 3n annual cycle u ~ t h  
J summer maximum and a winter rnlnlmum. there IS an o h -  
ous b ~ a s ,  with the BLv giving ;ons~st:?*'y iower v a l u a  than 
the Urnkehr In layer 5 the annual p c l s  are not :n agreement. 
In general. thlr layer Ir below, at least .n part. the lower 
valldity !cm~t for BL'V prolilu. and *e BL'v result-; tend !o 
follow the fiot-guess Inverslan protile, whlch :n this layer is 
,rron@iy iorrclared with total .Lcne. I n  both L'mrchr and 
balloon soundings. !ayer 5 ozune content dlsplsys no s ip i f i -  
cant annual var~atlor. [DCisci. !9%. Duuch and Lm:, lt's3] 
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Vertical temperat~re and density patterns in the Arctic 
mesosphere analyzed as gravity waves 

By I. J. EBERSTEIN md J. S .  THEON. Lobomtory for A~mosphrric Science. AVASA!Goddord  spa^ 
Flbht Center. Gmnbrlt. Mor).lond 20771. U.S-4. 

ABSTRACT 

Thm &a of rocket soundings urn conductd (from high lautude sita dunng wmtn. In the 
fint me% four pitot prtssurc soundings wem Iaunchcd dunng a 13-hour penod from Ft. 
Churchill. Canada ( 5 9 O  Nb ca January 3 I. md February 1. 1967. The second rncl consisted of 
OW pux wndiry md two grenade soundings cuncd out dunng a 3-hour pmod orl Janwry 
13-14. 1970. Tempmtun md wnd pronla md om dennty p d k  w m  obrmcd 
indcffndmtlv to obtun the thmnodynamic s t r c t u n .  the rtnd suucrure. md thus t k  inm- 
dependence in the mesosphere. The tturd sena of sounding w u  conducted from Pant B w w .  
AIuka (71.N) on Dccembcr 6. 197 I. Thlr mer consutcd of fin soundings d whxh the fint 
wo and the lut two mr ptoc-smade purr. Temperatun p d l a  from dl soundinp in each 
saws rrrr a m # &  and a smooth curve (or x n a  of smooth curves) drkwn through t k  poinu. 
A hydrosfme atmosphere bued on the amqc.  meuured temperature prodk w u  computd 
and dmawns lrom the mcrn atmosphm were mdyred m t m r  d gravity wa\e theory. The 
WIC~ wavckn#Bs of the dcriaboes were IS20  km. md the wave amplitudes slowly increased 
wth hcyht. The upnmenul data were matched by dculated gravity wava haring a pen4 
mqing bmen I J and 80 minutes and knzontll wavelrnphs d 60 to 280 km. Our interpre 
canon is # e n c ~ J y  conastent wth the mulrs of 0th- who hmve studied grav~ty-acounr warm 
in the atmosphere. The wnd menurcmcna are conustent wth the thermodynama 
mcuumenu. The results a h  suuect that gt.vay waves travelled from East to Wac wth a 
horizontal phase wbc~ty of rppronmacdy 60 mlr. 

I. Introduction 
The present paper treats several series o f  rocket 

soundings c f  atmosphmc temperature. denuty. 
and wnd smcture. The soundings are of two 
types. pirot and grenade. For the former. a pitct 
stagnation p r o k  1s mounted on a rocket veh~cle, 
whox posiuon and vcloc~ty ue measured by radar 
tracking. f o r  an incomprclrible fluid. we hare the 
simple formula 

?(PO - P) 
3 P-- 

u: 
(1)  

Density IS determined if stagnation pressure. artic 
mure.  and veloc~ty arc meuured. AdditJon of 
cornpres~bility make the malys~s somewhat more 
~nvolved wthout fleeting the bu lc  pnnc~ple 
presented above (Horvath t t  al.. 1962). For the 
grenade expnment. a sene of grenades are 

exploded in the atmosphere. and Ihe posltion m d  
time of each exploscl is determined. The ume. and 
direction of m v i  of the spherical sound pulse are 
meaured by a ground based m~crophone array. 
This information is used to deduce the mean 
rempcrarure and honzontal wnd  spcd in at. 
ncsphenc slabs whose thickness vanes between 2 
km and J km depending on the pan~cular grenade 
payload used (Nordbcrg and Smith. 1964). 

Essentially. the pitot technique prov~des a h~gh 
vcn1c.l molunon (0.5 km) dlrtct measurement of 
atmosphenc denstty. while the grenade tcchnlque 
g!va a direct rneuure of atmosphenc temperature 
and honzontll wind wth  a 2 4 - k m  venlcal 
molut~on. For bofh technlqua. the tlme to make 
the atmosphenc traverse IS approx~mately 1 
minute. rnulting In a vinuallv Instantaneous 
ptcture of the venlcal structure. 

' 
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2. OutKne of qiv i ty  wave theory 

W a v l  in a antined (luid uada the inllwnca of 
l nv i ty  rppcu ta have ken initidly discussed by 
Bumside (1889) rad Low (1891). Both authors 
treated m incomprrrtible fluid O&tlar (1943) wd 
rchliaca photography to l o w  experimentally that 
dimvbrncer in M i n c o m p l ~ ~ ~ i e  stntided 
medium under the iniluence of gravity propagate 
.long chuacmidc rays. Lamb (1909) tmted a 
eompratibic adiabatic. i d 4  gas whose density is 
struificd by mvity. Sice the cuiy conmbutioar 
by Burndc Love. and Lamb there have ken 
many theorrdcll papers on various typa of gravity 
warn. Re-ably up-todatc treatments of the 
subject may k found in Eckut (1960). Yi (1965). 
and Tdrtoy (1973). 
The simple theory involm lmeuizing the at- 

mospheric equations of motion and specifying a 
sinrwidd solution. LC.. 

Pernubations in pressure, density, temperature. 
and gravity wave generated wind ue related to 6 
by what H ina (1960) h u  called polarization 
relations. and a dispersion relation which has the 
form: 

(Pinway and Hinc* 1963). 
Since umospheric p d i c n ~  am usually weak. 

the my approximuion Tot v m c d  wave propagr- 
tion wu used. Vc .;and (19691) has shown that the 
ray treatment u a ~ f n c i m t  approximuion f a  
gravity wava propagating obliquely upwards. 
provided the horizontal r a w  number a in the 
order of. or pucr than d a .  w h m  a is the mund 
speed, md w u the circular frequency of the wave. 
Thu statement is equsvrient to the requirement that 
the horizontal phase velocity must k Icu than the 
sound speed. For vmcal wavelengths up to 20 km. 
the ratto of p h w  velocity to sound speed !ends to 
k Icu than 0.25. 

The next problem which comes to mind is how 
to Ute account of background wind. The fre- 
quency of a moving fluid partide. or the "intrinsic 
frqucncy* may k ddned u 

where U is wind docity. 
The conditions under which the above procedure 

u valid have ken dimmed by Jones (1969). and 
uc kentially satisfled. Erperimcnully. it turns out 
to k vay difRcult to obtain a good value of the 
bacltground wind U. On one had, a large number 
of wrind soundings is needed to average out the 
gravity wave conmition. On the other hand. the 
velocity U is dative to the layer in which the 
gravity waves arc generated. a fact which adds 
ftnher compliut~,n m Equuion (3). Finally, the 
vector nature of the equation requires some prior 
knowledge of the dvection in which the gravity 
wave u propagating. Howmr, a phenomenon 
which wu originally viewed u m imperfection in 
the measurement technique. h u  turned out to k 
useful in thu nrpm. The rocker trajectory is at an 
angle to the verricd rnu l t i n~  in a horizontal 
vehicle velocity of some 250 m/+ and a horizontal 
mvd distance of 12 km during the measurement. 
Examination of the experimental curves shows that 
the wavelength decreases with altitude. Thus the 
rocker u going into the wave train. Since the launch 
dirmion from Pt. B m w  IS due east. we may 
conclude that the wave trun is coming from m 
e u t d y  direction. The same situation prevails at 
FL Churchill. Our mults suggest - + ,he waves in 
these instances uaveUed from East -:t. Thus it 
btcoma poulble to ure an at. . wind U. 
dative to the Iaycr at wtuch the roc-c: measure- 
ment begins, i.e, approximatdy 3 5 km. 

3. Experimental procedure 

fhr experimental data consist of t h m  mnter 
smia of rocker soundings from hlgh Iautude slta. 
In the 8nt  series, four pitot sounLngs were 
conducted during a 13-hour pmod from Ft. 
Churthdl. Canada (59ON) spanning Januuy 3 1  
md February I .  1967 (see Table 11 (Sm~th a 11.. 
1969). The second series consisted of three sound- 
~ngs c m e d  out dunng a 3-hour p o d  on Januvy 
13-14. 1970 from Churchr!l (Smith et ai.. 1972). 
The fint sounding w u  made mth the atousoc 
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e. 1. Mruund dauity daviuions for I%? Ft Churchill uncr. 
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*: 
lmphr between 2 km and 17 kin uc repnstnted. 
with the primary peak occurring around 14 km. 
and the secondary peak wound 9 km. 

For the second tm raricn which w u  launchtd 
kom Churchill (5P0M. the o b w t d  density 
prrutbatkm is shorn u a solid curve in Fig. 3. 
The broken curve rrpmmts a gravity wave 
having honzontrl wavelmgch of 60 km and a 
m o d  of 20 minutct. Fig. 4 compam the wind 
pttem gmerUcd by the above grrvitv wave with 
the meuunmcnt of the first grenade sounding. 
Yore that the vtrticrl winds include vrluts sf some 
10 m/s in the 10 km rqion. Justus and Edwards 
f 197 1) have reported measured venical velocitie* 
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Fi#. 3. The obsmcd dms~tv pnurbauons (wiid curves) 
over Churchill on Jrnuav 13-14. 1970 compucd with 
the pmrbrtions crlculrtcd from theory (broken curves) 
u a fun& of dtitudc. 

on the order of 20 m/s at dtituda ktmn 88- 1 18 
km. Although thew meuuremmu w m  made at a 
diffmnt latitude md time of yeu. they are at leut 
comparable in magnitude. The Jurhu m d  Edwuds 
data do confirm the exisma of relatively iuge 
vtnicrl velocities at high dtitudcs. 

The third set of mcuumenu which consisted 
of pitot md grtnde soundings from Point Burow 
(71 Nl began with a pitot m d  a grenade launched 
2 .minutes apart. Thc temperature pcnwbations 
obtained from the p~tot prolila are skown in Fig. 3 
together with a theoretical wv i t y  wave which w u  
mrtchcd to the d m  pmurbuion for a k t  dt (by 
eye). The gravity vave rtruct~re is bued upon the 
original match of the d m  pitot m d  dowad to 
proprgue wth time to comapond to the tima of 
the observltional data. The k r t  match w u  found 
to have a horizontal wavckngth of 70 km m d  a 
pmod of about I8 minutes. or 280 km and a period 
of 72 minuta. It is signidcmt that only the dnt 
*heomical c u m  wu dned to the obmed  data. 

a- 1 
I 

-lorn -,UP 4 1 0  $ 0  mjd - ;aaa --ma0 
B U L ~  * 

Flq. 4. Tht obsmed zonal win4 component compued 
n t h  the Wrvtty wave w~nd. 

and that the remaining matches foilowed from 
calculation. Thus our data indicate that not only 
are the spatial dmsity m d  wind structure meuun- 
mcnts compatible with ~ a v i t y  wave theory, but 
also the axprcted behavior with time. 

F i t  6 shows r compuison between the observed 
wind pattern and the calculated wind pattern 
umciated with the gravity wave matched to the 
flnt itrnpcratun prmrrbatior.. A mean drift wind 
of 40 m/s h u  kcn included. The meuurrd wiiid is 
obtained &om the grenade sounding. so it repre- 
sents a &a of values in which the mn& were 
averaged over lavm (1-3 km thick) between 
grenade explosions. 

Three stria of soundinns were c8nied out at 
high latitude sites during winta. The d m  srna 
gave four erwntidlv instmtaneour vertical density 
traverses during a 13-hour period at Ft. Churchill. 
The density variations hom the mean strato- 
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rphak conditions were matched by uavity waves 
having vatitll wavdmgths of I C I 7  km. A 
n w n a b k  Ilt to the data ru obcLind with a plane 
gravity waw characterized by a horizontal wave- 
length d m  km md a pnod of I8 minutes or 280 
km and 10 minuta. The wave amplitude incnurd 

with altitude. but at a rate much dower than the 
exponential growth predicted for undamped waves. 
Thw one must conclude that the waves me 
heavily damped as they propagated upwud 
through the atmosphere. The tenn "damped" in 
this case is taken to include general wave dis- 
sipation by vuious possible mechanisms, includ~ng 
non-linear etTects of the gravity waves themwlva. 
Following Lindren (1968) we have looked at the 
Richardson numk.  and found it to k small or 
ntgdve between approximately 53 km m d  85 km. 
Thus. it is quite possible that dissipation in this 
height range is largely the mult  of non-linrar 
effects in the gravity warn. Such m interpretation 
is certainly consistent with the o h e d  slow 
vertical growth rate below 8 S km. 

Go& (1962) hmed gravity waves in the 
tmporphm and found the period to v u y  between 
I S  minutes m d  120 minuter. The horizontal wave- 
kngth for waves of IS-minute period w u  19 km. 
md for 2-hour period. it w u  IS0 km. The 
dilkmce betwan @a obrcrvations and those of 
G~rurd may be explained by assuming that tropo- 
s p M c  waves with l o n  vertical wavelengths uc 
dampcd out. In f u t  Gossard (1962) found that the 
maximum leakage into the uppct atmosphere 
occurs ar periods of 10 to 20 minutes. stvting with 
a white energy spcnrum in the troposphere. Our 
value of 18 minuter is thus consistent with 



Table 4. Horkoncalphase reloclty 200° C However. a careful reading of Hines' paper 

18-minute prriod suggests that the 200 minutes is M upper limit 
to the pcnod. rather thrn a most characteristic 

Gossard's pdicr ion. Gosurd found a honzontal 
phase spced of approximaely 21 m/s. For M I S -  
minute period m d  200OK. the Table 4 relater our 
estimated horizontal phase velocity. V, to vertical 
wavelength. 1,. 200 degrees K w u  chosen because 
h is approximately the tempraure at the bottom 
of our test region. Since V, is essentially 1Jr. i t 
remains constant u long rt the above ratlo 
m a i n s  constant. and is thus equally valid for the 
280 km waves. 

From noctilucent cloud studies. Witt (1962) 
observed characterist~c wavelengths of 3 0 4 0  km. 
and of  75 krn. the latter being very nearly the 70 
km deduced in the present study. Witt (1962) also 
estimated the wave veloclty with respect to a frame 
of refennct moving with the cloud system. obtain- 
Ing a range of 70 to 135 mis. The agmment with 
the values given in our table IS reasonable. Noctilu- 
cent clouds a n  formed In the 75 to 85 km region of 
the atmosphere. 

Our results are also generally consistent wlth the 
discussion of internal atmosph'eric gravlty waves at 
ionospheric heights presented by H l n a  (1960). 
Thus the 12-km ven~cal wavelength which Hines 
deduced from the meteor wnd data of Grccnhow 
and Neufeld ( 1955. 1959) IS lr, reasonable agm-  

value. 
The resulb o f  the third writs codnncd the con- 

clusions about vertical wavelength and amplitude 
of the ftnt two series and the agmment of 
measured wind with gravity wave predictions. I t  
w u  also possiblc to trace one gravity wave pattern 
through t h m  consecuuve samples, indicating that 
our period is reasonable. However. the fact that the 
data can be matched by both 70-km m d  280-km 
horizontal wavelengths (corresponding to 18- 
minute and 70-minute periods, respectively) sug- 
gests one of t h m  possibdities. namely (1) the 70- 
km value repretents an aliasing mor,  which Kcms 
unlikely in view of Witt's noctilucent cloud obser- 
vations, (2) the 70-km horironul waves represent 
an interference pattern between waves o f  280 km 
or longer wavelengths. in interpretation consistent 
with Win's noctilucent cloud measurements, or (3) 
the horizontal wave packet contuns both 70-km. 
18-minute and 280-km. 70-minute waves. The last 
Interpretation disagrees with Hines' 200-minute 
suggested period but agms with Gossud's tropo- 
spheric measurements. b u r  data cannot distinguish 
between explanations "2" and "3". However. 
Midgley and Liemohn (1966) suggest a wave- 
length of a few hundred kilometers. essent~ally in 
asrecment with our 280-km wave. I t  should be 
mentioned that m excetlent experimental technique 
exists for studying gravlry waves at cloud level. 
namely observatlon of sequentid satellite photo- 
graphs. Such pictures should yield both the hon. 
zontal wavelength and the horizontal phase 
velocltv relative to the grounc 

I t  mlght be noted that Lindzen (19.1) showed 
mmt wth our observations H ino  cons~dered 125 that knowledge of vertical wavelengP+ and period 
m/s .o be s'tvpicrl honzontal phase sped and can be used to estlmate vertical eddy transport 
quored the following expcnmental mults. Munro coefficlents. Our estimated wrtlcal vclocltles in the 
(1958) found phase spccds to generally be In the 80-km re$:Gn are in the order of 2.5 to 10 d s .  
range of 5 1-1 75 mis. in agmment wlth both our compared with I m/s usumed by Lindzen from 
deductions md Witt's (1962) noctilucent cloud tldal theory. Howwer. he divldes his venical 
observations. Heisier (1959) found phase speeds to velocity by a number N. characteristic of the 
range between 97-207 m/s. f h e  phase sped partlcuiar transport process considered. iV is the 
agreement IS remarkable consldenng that lono- llfetlrne of the osc~llat~on in cycles to the nearest 
sphenc haghu range up to more thrn 100 km Integer From the vanabllity o f  trdes revealed tn 
above the top of our observ'ltlon reglme. Even our radlo meteor data. Llndzen suggests a value of 
lonser penod of 70 mlrlutes IS s~gn~llcantly shoner 10-20 for .V, For hls 6-hour gravlt) wave. Llndten 
than the 200 mlnutes deduced by Hines ( 1960) ( 1971) takes V to be 5. For a 1-hour penod. our 
from conelatlon s tud~e of meteor wlnd trails. vemcal velocltv IS 2.5 m/s. Keeping .V at 5 .  and 
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A VORTEX MODEL FOR TRANSPORT IN THE 

FO W R  STRATOSPHERE 

L J. Ebentein, F. Y. Yap md V. Vien 

A ~mi-empirical model based on a Gaumiur vorticity distribution has been developed 

for determining eddy diffuivity and wind transport distributions in the polar strutosphere. 

The model uses as input data pressure surface heights m e a d  at periods of the year when 

the stratospheric polar vortex exhibits nearly circular patterns around the pole. The com- 

ponents of the polar wind velocities that result from a Randtl eddy viscosity distribution 

ue found to be in general agreement with those obtained by other investigators 
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Ozone Profiles and Chemical Loss Rates in the Tropical Stratosphere 
Deduced From Backscatter Ultraviolet Measurements 

J. E. FD:SLZ!CK.~ 0. v ' .  GUENTHER,) P, B. HAYS,' 4ND D. F. HEATH' 

Analysis or data obtalncd h j  the backurttcr ultraviout (BUV; cxpcrlmmt on the Atmorphcn 
Esplorer E satclllte has prot~ded cquator~al ozone mlrtw ratio profiles for cqulnoa and lolst~cu cond~. 
llons The con~b~nntlon of thcsc roults with a pure osytcn chcmiul model yields thc rate of odd oay#en 
lou due to ttc sum of thc ndd h}drotm. nltro#cn, and chlorlne cyckr. Uw of rercnl m~d-latctudc 
stratospho~c mcautrcmcntr of HO.. NO,. and CK). with the BUV data provldes an indcpmdml 
calculaf.~n of ~hc  CIIII!~IC lost &/OW 45 km the a#nemcnl betwan the two r t s  of IOU rats IS 

r.;nrtaclor) Ar h~ehcr alt~tudcs thc odd hydrogen cyck provldcr far morc 0, lou than can k tolerated by 
Ihc BU\' mcrrurcmcntr if the photod~ssoc;at~on 010, IS the only sour= and has !he currentl) accepted 
mrpn~tude The rcsults IugOcrl c~thcr r trop~cal HO, conanlratlon smaller than 1s now k l ~ ~ v c d  or the 
prtrcncc of a \cr) larec source of odd olyscn In the upper 1 l r l l ~ p h C r ~  and lower maorphcre 

Satcll~tc h:casurements of the backscattcrcd solar radiation 
which emerges frcm the earth's atrnosphcrc aliou near-conttn- 
uous monltorlng o f  thc vcr~~cal  profile of oronr between ape 
proximately 30 and 55 km Analjsrs of early backscatter ul- 
travtolet (BUV) data from the Ogo 4 and Nrrnbus 4 satcllttn 
has provtdcd A global mappine o f  the latttud~nal and seasonal 
distribution of upper stratospher~c ozonc [London rr a/.. 1977: 
Kmrgrr rr a1 10731 on a spacial grrd much Aner :han is 
possible with the ground-based Umkehr method In  th~s  paper 
we p e n t  !rop~cal ozonc profiles ahtarncd b! the BUV lo- 
strumcnt on thc Atrnosphcrc Fxplorcr K spacecraft (AE-E) 
and compare thcx lo  carllcr ratcil~tc and rocket mcastiremmts 
at low and rn~ddlc lat~tudcs 

Thc hlstnrj of stratospher~c photochcrilstr! shows thr dc- 
vclopmcnt of incrcaslngl! soph~st~sated models. from the pure 
oxygen atmosphrre of Chapman [I9101 to the lnclus~on o f  
hydrogen (Burrs Md h'rcolrr. 19.50. Hunr. 19661. nttrgen 
[Cmrrm. 1970. 19711. rnd  morc recentl!. chlorlnc [Molinaod 
Roland. 1974. SrdarsLr ond Crcrmnr. IF741 There is no a 
prtorr reason to belleve that the current thcorlcs are complete. 
Indeed, comparison or the predic!rons of photochcm~cal theo- 
r i a  with measurements ~ r :  the upper stratosphere and mcror- 
N r r e  lndlcates that current models undcrest~matc the true 
ozone abundana [Sxr. 1977. f'mdrrrck t r  a / .  1977; Liu ord 
CICC~MC. 13771 In an strcmpt to shed l~ght  on thts quatton. 
we comb~ne the BUV data w ~ t h  recent measurements ofurper 
stratospher~c NO,. CIO. and HO. In  nw~tsil!ar. we wlsh to 
dctcrmine tf the catalyttc loss o f  odd cr>@rn required by the 
BUV data is In rcasonable agrccmer[ w ..b , k t  h;pplted by the 
radical measurements 

The BUV instrument on AE-E IS rsscntiall) the same as 
thou  instruments flown on the N ~ m b u ~  a~te'l~tes and has beell 
discussed by Hrarh CI a/. (1973) The ryctrophotomncr mon- 
i t o n  the vertically emcrtent tntcnwc frt.rw the atmtxphcn at 
I 2  wavelengthc between 2550 A ~ ? d  W A w ~ t h  a 1O.A 
roolution Only t h o u  wavelengths for whtch stnglc moku la r  
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scattering IS a good approxtmation. A < 3000 A. enier into the 
ozonc profile determination. Hoterr (1972) has di8cuuCd the 
stn~le-rcrttering formulation of the radiative transfer quat ion 
and thc methods used to ~nfer  the 0, distribution. 

The near-quatortal orbit of AE-E (inclination * 20') 1s 
well suited 10 studta rimed at testing photochemical thcortci 
of the strrtospherc The small average solar zenith angle al- 
lows maximum penetration o f  the solar ultraviolet flux. malt- 
ing photochemical processes more competttive with transport 
In the mtddlc stratosphere than they arc at h t~hcr  IatitvAtz I n  
add111on. s ~ s o n a l  varlattorts in density rnd  t rmpcrat~r t  are 
rather small near the equator. Thcrc two ad:.antages o f  the low 
inclrnat~on orbrt allow one to  tsolate chcmtcal l o u  from trans- 
port and seasonal efTects wlth reasonable artainty. Ftnally. an 
orb11 at nea~*-constant lat~tudc provtdes for the accumulatton 
of a large data base over a limited gco)raphic region so that 
the true mean state o f  the upper stratospheric ozone profile 
may be nsased. 

Data presented in this report arc taken from two time ptr l -  
ods, near Dmmbcr  solstice ( 1975) and March equinox ( 1976) 
The equlnor data w t  contrined 4 orbits with a total of 89 
ozone profiles. while the rolst ia analysis included I8  orbits 
with a total o f  1081 profiles. Additional data lor the ttmc 
periods of interest were not rvnilabk. Fiturc I presents the 
averale ozonc volume mixins rattor for rolrtlce and qutnox. 
A l l  profiles measured ir; the approprirte time interval were 
included in the averyes. and the half-width of the error Pars 
on t k  solstla result &notes I standard deviation from the 
m a n .  For u s y  rekrmct, T abk  I prcuntr the a w r y e  volume 
mixing ~ i o i  and the standard dcvlat~ons at six p t a r u n  levels. 
Although romc di(T:renccr between the w ls t ta  and qulnox 
mulct  appear. the disparity between the rim of  the two data 
sets p r a l u d a  definite statemcncs conmning variat' ns. 

Fcw m a r u m e n t s  o f  the ozone profik above 30 k m  in the 
tropics 8% availqbk. Fisurc 2 cornpara the AE-E rolsticc 
pral ik with ( I )  the equatorial stellar occul~ation measure. 
mmts o l R i q l r r  rr 01. 119771 from the Copernicus utellite. (2) 
the b u k w t ~ ~ r  ultrav~okc nrults o f  Lodon rr d 119771 from 
%o 4 avcryed om the latitude band ISbN-I 5's for Janurry 
and February 1968. (3) the K n y r r  d Mimrvr (1976) mid- 
Ial~tudc model. and (4) a trop.cal model b a d  on the Krueger. 
Minznrr composite, The final profile was dcnved by at lmat- 
in8 the alone gradient k t w a n  t rop lu l  and middle Iatrtudcs 
from the mu l l s  or London rr al (1977) and applylne this 



\ration. [O,] = [O('D)] + IQ'P)] + (0,). 1s glvcn by the 
-UTD~ tmo-YII continuity equation 

+ = = qo,) - L(0.) - L(c.1) \ I )  81 Br 

Fts. I Avcra~e ozone volume mlxinl rrtlo profiles for l o l t t ~ c  and 
cqutno: Error ban denote plus and mlnus I ttandar ' dwlrtlon of the 
m n .  

comction to the Kruqer-Minzner model. The U S. Standard 
Atmosphere S:rpplemcnts (1966) ISmN annual tiodel has k n  
urd to convert mlxlng ratios to number densit,a. 

The AE-E valua arc larger than thou predlctc5 by Ogo 4 
above Wi km. The ratlo of the AE-E valua to the Ogo 4 values 
vartei from 1.1 to 1 3 above 35 km. Above 40 km the AE-E 
mulls agra better with the Kruger-Mlnzner mld-latltude 
mde l  than with the derived tropral model Wc stress that thls 
good agreement IS probably fortu~tous, bang the rcrul! of 
systanrtlc callbratlon dirtrenm. sincc the mults :r .ondon 
rr a/ .  [197?] shcw significant latitudinal gradlen . below 3U 
km the single-scattcr~ng approxlmatlon used In the BUV In- 
ve:slon begins to break down. so the crossover of the AE-E 
and Krucgcr-M~nzncr models IS not slgnlkcrnt The Rtrglrrrr 
d 11977) v-.lua lie a factor of 2-3 above any of the other 
r~3ults The Capernicun profile refers 'o nightt~me tropical 
wndit~ons, whlle all others were measured In daylight Current 
chcmlcal models predict Ilttlc or no diurnal vartatlon In 0, 
between M m d  SS km. I f  we accept the dlffcrences shown In 
Figure 2 as real, we must admlt a serious dcficlcncy In our 
present undcntrndlng of strrtospheric photochemistry As 
will bc shown later. there i s  addltlonal cvldence that such 
hilinls exat. We note. however. that natellite-borne infrared 
masumentt  during both day and nlght show littlc or no 
diurnal varlrtion near 54 km In the t ,ap~a [Gillr rr d . 19771 
In v u w  of this we find it dimcu~, to amp! the Copcrnicus 
mulls. 

whew 

SO. ) odd oxyeen producl~on ratc. cm-' t 'I (reactions (R I ) 
and (R2) of Table 2); 

L(0.) odd oxyntn loss rate involving reactlons among 
O('D), q S P ) .  and 0, only   react lot:^ (R6). iR7). and 
;EP\\; 

L(cat) odd oxyp;. l o u  ratc due to catalytic cycles of NO,. 
CIO,, arrd HO, (ructions (R3). (R4). (RS), (R13). 
(RI4). (R16). (R17). (RIB). (RIP), and (R20)); 

9(0,) vertical flux of odd oxygen, cm-I I-', parameter- 
ized by eddy ~IFLQ* I n  coefficient. @ - -KIM] 
8/8z(IO,l/[M I). 

We denote the process of sveraglnp over a dlurnal cvcle by a 
bar placed over the quantlty of Interest and a',oumc that 
Q ~ ] ~ P I  = 0 to obtain 

Usc of a trop~cal modcl atmosphere Tor [O,]. [MI. and tenlpcr- 
aturc In conjulctlnn with the BUV or, ne profiles and ttic 
chemistry of a pure oxygen atmosphere allous an cvaluatlon 
of the rlght-hand sldc of ( 2 )  To mlmlc vertical tr ansport In the 
tropics, we use the large eddy dltTuslon coeffic~ent of Schmflrr. 
kopjrr a1 [19?7] at 25 km. K = 7 5 * I(? cm' s I ,  whlch 1s 

bawd on N.0 measurements from Panama ( 5  !ON) We then 
extend the K profile Ilncarl! upward :o a value of I X l V  cm' 
s at 40 km However. above 35 km the transport term In (!I 
is  not s~whcant We then know thc ~a la l )~ lc  loss rz,rr required 
to reproduce the BUV measurements. UK of avallablc NO.. 
CIO,, and HO, profiles with the BUV results and thc rcactlons 
of Table 2 giva a second cvaluatlon of t(cat) which IS lnde- 
pendent of the source of odd oaygen on whlch the prt;ious 
m u l l  largely depends In performlne thcx calrulations we 
assume " at the rcactlons which Interconvert odd constltucnts 
promd much faster than the sources and sinks Thus the 
conrtattatlonr of all odd constltuenis In a glvcn cstalyt~c cycle 
can k computed easll) when a measurement of only one of 
thcsc i s  available For example, given the measured 0, values, 
[O(lD)] and [QsP)] arc readily deducrd from reactlons 
(R9HR12) The process of dlurial averagln8 1s part1cuI-7rl) 
simple In lhls care. sincc the 0, conrentratlon 15 constant over 
a 24-hour pcrcod at most of the altitudes ccns~dcred hcrc 
Recall. however, the dlxusslon c r  the pltilous scctlon 

Flgure 3 compares the O('P,  cnncentratlon computcd from 
Tahk 2 lists the wctio;rs and their ratc coc6cients em- the BUV data at a s o h  zcnlih angk of SO* wlth the me,,ulc- 

ployed In the foliow~ng malys~s. The total odd oxygen wnan. men1 of A n d r r . ~  119751 at 32.N latitude The aqrtcmcnt IS 

TABLE I A m y c  Ozone Vdumc M~rlng Ratlor and Standard Dcvtrt~ons lor Sdum and Equtnoa - 
Solrtrr Equlnol - 

P. mbrr Standard Dcvtatton Mixlnt Ratlo StandarC Dcv~at~on 
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i t #  2 Cornpanson of the solsla BL'V ozone prolilt with other 
tropical and mid-latitude results 

quite good between 35 and 40 km: however. at lower a l t ~ t ~ ~ d a  

have adopted mid-latitude masurements in the absence of 
tropical data. We employ two modcls u c h  o f  odd nitrogen 
([NO.] = P O ]  + [NO,]) and odd chlorine ([CtO.] = [CI] + 
[CK)]) to represent the likely ran)e of natural variations. We 
refer to these as the 'lafge' and 'small' NO, and CW), profiles. 
No  rlnglc musurement of NO, reported to date has spanned 
the entire altitude rq ion of interest. 25-55 km. To obtain the 
large NO, model. we combine the unpublished NO data of 
J. J. Horvath between 42 and 55 km with the total NO. mca- 
sumena of Ackemron er d. 119751 between 25 and 36 km. 
The former data were obtained by a c~emilumincscent rocket 
probe in the manner described by Yosun Md H m r h  (19763 
and. at the altitudes of the measurement. are a good represen- 
tat~on of total NO,. The original values of Mason old Horwrh 
(1976) arc now believed to underestimate the true conccntra- 
tion due to uncertainties in the instrument background slgnal 
(J. J. Horvath. personal communication, 1976). Tne adopted 
high-altitude mults merged rather smoothly with the total 
NOx mwsurcmcnrs of Arkenma n I [1975]. which were 
obtained by balloon-borne solar infrared absorption methods 
near sul?xt. Although NO and NO, individually vary with 
time t t  h~gh solar zen~th angles. their sum mains.constant. 

the calculation falls below the measurement. Multipk scatter- However. addirion of the two constituents measured scpa- 
ing eflects and a surface albedo of 0.35 were inrltidcd in the ntely leads tcr large error bars. The morning NO mults of 
calculation from Lvrher and <irlinos (19761. &low 35 km. Dnuwmmd a d. [I9771 from a balloon-borne chcm- 
meteorolog~cal variabllii) in ozone acreases as the rt '  - I :  i lum~sextnt probc tn Wyomlng form the basis of the smail 
tlme becomes long Th~s increase. combined with unct. , . 
in the albedo corrections at the lowest altitude. contributes to 
the dlscrepanctes In Figure 3. The favo:able comparison ahme 
35 itm supports the val~d~ty of the chemical reaction set. I f  we 
use thc latitud~nal gradients observed by London er a! 11977) 
to refer the AE-E results to 30°N, the computed q J P )  IC- 

creases by a factor of 1.2-1.3 belcw 40 km. 
Figure 4 presents the diurnally averaged profiles or P(0.). 

NO, model. Nitrogen dioxide &ncentrations were computed 
from the measurements hy using a solar zenith angle of 76e 
and the small CK) model discussed below. The mults we* 
extrapclated to 55 km from their peak altitude of 45 km. Table 
3 lists the hnrl large and small NO, models. 

The availabil~ty of CIO, data is even less satisfactory than 
that of NO,. We have adopted large and small C10 models 
b a d  3~ the balloon-borne resonana fluowance measure- 

L(0, A and i(cat) for the solstice oz3nc mu l t  The need for a ments of Adersm ond Morgiron 119773 conducted from P .s- 
substantial catalytic loss 1s obvious. For computing the indt- tlne. Texas, 4.n October 2 and December 8. 1976. respcctrk ).  
vidual catalyti; losses du- to the r:tropcn. chlorine, and hydro- Atomic chlonne concentrations were then computed from the 
gen cycles. i(N0.). itCI0.). and i(H0,). rapectlvely. we ructions of Table 2, neglecting the small effect of CK) photo- 

TABLE 2. Rcaalons and Rate Cadiclmts Used In the Data Analys~s 

h o Raa1c.n Rate Rcfanrc 

(RI) Q+L-d('P)+QiBP) Ackrmm 11971j 
(R2) 0, + CP -qlP) + qlD) J, + J, = 4.3 x lo-"* . P Y t  119741 
(R3) NO + 0,- NO, + 4 k, = 9.0 X I@-"up(-  1300/T) B u m m u d .  [I9131 
(R4) N 4  + a8P)  - NO + 4 h, = 9.1 X lo-" Bor fnr rud  119731 
(RS) NO, + h~ - NO + q8P) JI = 4.8 x lo-. BIDU~I I  ad N d r r  

119731 
(R6) q a P ) + 4 - 4 + ~  14 = 1.1 X 10-,lap(-2IW/T) Nicdr~ .1975] 
(R7) q 1 D ) + 4 - 4 + 4  k, = 2.5 x Bonnrr cr d (19731 
(RE) q8P)  + O('P) + M -4 + M k, = 4.7 x I O - ~ 3 0 0 / ~  Nicdrt [I9751 
(R9) WP)+Q+M-O.+M k.=l.lxlO-"crp(5lOIT) Nicdrr [ 19751 
IRIO) 0,+hr-O,LqaP) J,# - 2.4 x lo-' A&rm#[l971] 
(RII) 1.+hv-O,+q'D) J,, - 2.6 X lo-* Aclrrmm [I9711 
( ~ 1 2 )  q 8 D ) . ~ - q 8 ~ ) + M  k ,  = 3.2 x Srm'r rr d. [I9761 
(RI3) CI+Q-ClO+Q 3.6 X IO-"c~p(-318/n L m r t d .  [I9761 
(RI4) CD+O(8P)-CI+Q k ,  = 1.2 X 10-*cxp(-2W/n ~ i u n d .  [I9761 
(RIS) CK :-NO-CI+NG k,. = 1.7 X lo-" Livrrd [I9761 
(RIC) OH + q D P ) - H + Q  4, = 4 x lo-" Nicdrr 11975) 
(R17) k ' + O , - 0 k C 4  k,, = 1.2 X 10-*ap(-MO/n Nicdrt(19751 
(RIB, H0,+q8P)--OH b O (  k,, = 8 x I O - " U ~ ( - ~ / ~  Nirdrr [19?5] 
(RIP) O H + & - H 4 + 4  k, = 1.3 r 10-81up(-9W/T) Ntdr f  [I9751 
(RBI HO, + 0,-OH + 0, + 4 k, I X 10-"up(- 1250/T) Nicdrr 119751 
(R2I) H + Q + M - H % + M  k,, = 6 x 10-~cxp(29o/n Nrrdrr [ 19751 -- 
' All  dissoctrtion rate listed refer to an altltudc of 50 km for rolstlce conditions and have ban 

dl-rnrlly rvcrycd. Repned values auurnc that only the dirm solar beam is  omen1 The rata were 
corrected for multiple scatterin# rnd a surface alkdo of 0.35 by using the rsults of Lurhrr md Grl,nol 
[I9761 before use in calculations reported in t k  text 



Fig. 3. Comparlrtn o l  the W'P) musument o l  Andrrsm [I9751 
with the profile deduced lrmn the solstia ozone musuremenu. 

diuoclation. T r b k  3 presents the adopted large and small 
CD. models. 

The total odd hydrogen concentration ([HO,] = (HI  + 
[OH] + [HO,]) is not constant during a 24-hour period as was 
the case with NO.. A measurement at a spcc~fc local tlme 
combined w ~ t h  the interconversion rcactlons of HO, does not 
w i f v  the odd hydrogen concentration at all other tlmes. We 
therefore adopt theoretical calculations from the time-depcn- 
dent model of S. C. L iu  (personal communlcatlon. 1977) by 
using rate coefficients such that the m~d-ia!itude O H  measure- 
men1 ~f Anderson (1976) IS reproduced at a solar zenith angle 
o f  80". L iu  rr a/. [!9'6] have described similar calculat~ons 
using a dlurnally averaged model. Ftgure 5 presents the final 
O H  profiles used at varlous solar zen~th aligles end the Ander- 
u#r (19763 measurement. We consider the l im~tat~ons o f  uslng 
mid-latiiudc radlcrl concentrattons w ~ t h  the tropical ozone 
data in a later sectton. 

The instantaneous 0, catalyt~c loss rate dcrtved from the 
reacttons o f  Table 2 1s 

OD( PRO#ICTlO(l OR LOSS RATE (an'c') 
F q 4  Diurnally reraged profilcs of the odd oxygzn product~on 

rate. P(O. ), the loss rrle In a pure oxyscn atmosphere, L(O.), and the 
catalyt~c loss rate ~ ( C P I  regutred to reproduce the BUV so;..ilce ozone 
profile 

TABLE 3 NO, m d  CIO. Models Used In the Catalylr Lou Rate 
Calculat~ons 

Altitude, Laqe NO. .* Small NO..t L a w  CtOI$ Small CK).$ 
km em-' cm -' cm-' cm-' 

~ -- - p~ - - 

55 9.80X I V  9.12 X lW 
SO 187X!W 1.72XlW 2 4 0 x 1 0  6.00X10 
45 4.wx IW 3.20x 10 1 a x  10' 4.mx lb 
40 I. IUxlW 6.12xlW 9.20x101 2 4 0 X l V  
35 2 . 1 0 ~  IW 9 . 4 0 ~  IW r . m x  IW 9 . 0 0 ~  la 
30 3.00X lW 1 .MX lW b7OX lW 640X 10' 
25 4.00X 10 I.WX IW 4.20 X IW 400 X 10' 

Brrrd on unpubllshed NO musuremenis by J. J. Horvath above 
42 km and data of Ackrrmon t r  d [I9751 at lover altitudes. ([NO.] = 
IN01 + I N 4 1  1 

t Bucd on NO measurement o l D m m d c d  (19771 up to 45 Lm 
and ea.*apoluicd to hyhcr alritudes. 

$ Bued on data of Andrmor, Md Morpran 119771 up to 40 krn rnd 
extrapolated to h~gher altltudes. 

where 

and 

We add a pr lmt to the loss rate computed In (3) to dlst~nguish 
it from the results o f  (2) and Figure 4. The time const.int for 
chemical removal o f  odd oxygen In the upper stratosphere IS 

longer than the duration o f  day and n~gh l  so that the measured 
ozone concentratlons represent a response to a dturnallj aver- 
aged solar flux For comparison to F~gure 4 ;he predrctlon\ of 
(3)  must be dlurnally aviragcd We do thlr, by computtng 
L'(cat) at I - h o ~ r  intervals during the course of the day and 
numer~cally averaplng the results over 24 hours. The total NO, 
and CIO, concentratlons were held constant. but the ratlos of 
the ~ndividual odd species wereallowed IF vary durlng the day 

F I ~  5 Compar~son of hydroryl radical calcula~~ons lor vdrlous 
solrr zen~lh anlles (S C I IU, personal communlrdtlon. 1977) w ~ t h  rbc 
mersurement of Andrrrnft 119761 
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Fa) 6 Diurnally averaged atalytr Iw rates computed by ustng 
NO.. CIO,. and HO, models and the rate requlrcd to rrprodwc the 
solstlcc ozone profik The HO. utalytr cyck becoma thc domanant 
loss procar above 40 km. 

The averaging procedure was done for the standard HO. 
model and four comb~nat~ons of the NO. and CIO, profila. 
large NO.-large CIO.. large NO,-small CIO.. small 
NO.-large CIO., and small NO.-small CIO,. 

Figure 6 pmcnts the d~urnally averaged catalytic loss rates 
computed from the adopted OH prcfile and three of the 
NO.-CIO, combinations. Also shown IS the l(cat) result re- 
quired by the solstice ozone profile. Between 30 and 42 km the 
large NO,-large CIO, model approx~mately provlda the loss 
rate demanded by the BUV measurements. The presence of 
Iat~tudinal gradients. meteorolog~cal var~ab~l~t). and Lncer- 
talntles In the radlcal measurements rcqulra that one not 
demand strlct agreement I f  we assume latitudinal gradtents In 
NO. and CIO, sim~lar to thox In 0,. then the rrop~cal profiles 
will be smaller than those used here by a factor of 1.1-1.3 
Model calculat~ons for NO, by Prlnn rr a/. [19?5] show th~s 
trend; however. the measurements of Schmrlrrkop/ n a1 
119771 reveal N,O conctntratlons in the tropla near 30 km 
wh~ch are a factor of 2 above the theorct~cal results In  view of 
the umnainty in stratospheric transpor~ parameters above 30 
km, it IS not clear that mottons can reverse the latitud~nal 
gradletst in NO, established by the laqe tropical source. Simi- 
lar arguments apply to CIO. From the ava~lable information 
we can conclude only that the ozone profila measured by AE- 
E are consistent wtth large but reasonable wnantrations of 
NO, and CIO,. 

Above 42 km the 0. catalyt~c loss due to HO, becomes 
Important. and a sign~ficant dtscrepancy appears in Filurc 6. 
Hydroxyl radical conantrations conststent wtth the Andrnon 
119761 measurement at 32.N In January provide far more loss 
than can . c tolerated by the BUV results. At 45 km the 
discrepancy is a factor of 2.1 and Increases to a factor of 4.7 at 
50 km. At these alt~tudes the 0, loss ra:e in a pure oxygen 
atmosphere is 1 or Icu of the 1:r.u :ction rate so that the &at) 
prcd~ct~on of (2) cannot be sev~;cry In error. Bam.*rr 119763 has 
observed large temporal varlatlons In the total OH column 
abundance. The profile or Andtrson [I9761 impl~es a column 
abundance typ~cal of those of Barnett. However, early rocket- 
borne measurements of OH between 45 and 70 km b) Andrr 
.ton [I9711 at a solar zenrth angle of 86' gave results much 
smaller then those used here I f  the trme-dependent OH cillcu- 
'at~ons are normal~zcd to the older results. one obtains salts- 

factory y m e n t  between the two s e ~ s  of 0. loss rate. How- 
ever. present knowkdge of the reacttoi? rates ~nvcrlved in the 
OH cakulations [ C k  d Kmtfmn. 19771 support- the 
more recent. l a w  measurements. The ca,kulations of ?rirm rr 
el. [1975] show minor latitudinal vuiaticms in OH between 
32'N and the equator in winter. The gradient which dacr a i r t  
implm more O H  in the tropics than at mid-latituda. where 
the measurement used here applies. We must ooncludc that 
tither t k  averae OH concentration within 20. of the equator 
is much smaller than that predicted by current photochemical 
m,.>dels and measured at 32'N or the odd oxypri catalytic loss 
rate is larger than that predicted by (2). 

Thx trop~cal ozone profila obtained by the AE-E BUV 
exper1 ment are in general agreement with other low-latitude 
data. 1-he large quantity of information shows that ccmporal 
variatior~s in tropical ozone are small. at last over time r a l a  
of the or der of 3 months. 

At present ~ n l y  a small amount of data exists on which to 
base calcvlations of the 0, catalytic loss rate. The l a q a t  
available NO. and CIO, data are able to supply the loss 
required by the BUV results between 30 and 42 km. Abovt. 42 
km the Ctscrepanc) between the 0, loss suppl~ed by O H  mod- 
els arid the 1 . m  deduced from the BUV data appears Iargcr 
than any likely error In the Input data. I f  we accept the OH 
concentration r~scd here as rcpmentatlve of the mean state of' 
the atmosphere, we then require an odd oxygen production 
rate larger than that supplied by current calculations of the 
photod~ssociatton rate of 3,. Th~s implies either additional 
sources of 0, or a very large value of J, + I ,  above 40 km. 

The large varlatlons which exls: In mld-latitude values of 
[NO,]. [CIO,]. and [HO,] are mponsible for major unccr- 
taintia when s~ngle measurements are compared with model 
calculations. The smidl variabil~t) in tropical ozone suggests 
slmllar behavior for ot her constituents. A serla of NO,, CIO.. 
and HO, measurement 5 at low lat~tuda comblned with ozone 
data could prov~de a bet ter test of photochemical theories than 
i s  pDss~ble wlth results p rcxntly available 
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COUPLING PROCESSES RELATED TO THE SUN-WEATHER PROBLEM* 

Richard A. Goldberg 
Laboratory for Atmospheric Sciences 

Goddard Space Flight Center 
Greenbelt, Maryland 20771 U.S.A. 

and 

John R. Herman 
Radio Sciences Company 

624 Tulane Avenue 
Melbourne, Florida 32901 U.S.A. 

Physica! mechanisms for coupling the energetics of solar activity to rneteo13logical 
rc:sponses are   vie wed. Although several hypotheses have been advanced, none can 
be s?id to be :iti'ficiently complete to be applied to weather or  climate prediction. 
Solar activity indicators potentially useful for forecasting are identified, including 
sunspots, solar flares. and ti~agnetic sector boundary crossings. Additional experi- 
ments, studies and analyses are required before sun-weat!!er concepts can bc utilized 
for ~r:dicting rnete!~rological responses. 

'Invited Review for the International Solar-Terrestrial Predictions Workshop. Boulder. Colorado, 
April 23-27, !979. 
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AURORAL X-RAY I)F.'I'ECTlON FROM ROCKET OVERFLIGtiTS 

R. A. Goldberg (NASA/Goddard Space F l  i ght Center, Laboratory for 
Planetary Atmospheres, Greenbelt, hlaryland 20771 USA) 

J. R. Barcus (Dept. of Physics, Denver, Dcnver, Colorado 
80210 and NAS-NHC Scnior Rcsidcnt Associntc, NASA/Goddard Space 
Flight Ccntcr, Grccnbclt, Maryland 20771 USA) 

I I t .  Gcsell (Computer Scicnces Corporation, Silvcr Spring, Maryland 
20910 USA) 

R. R. Vondrak (Radio Physics Laboratory, SRI International, Menlo 
Park, California 94025 USA) 

Remote sensing of auroral x-rays from the topside can provide both 
local and gloSal information concerning x-ray and energetic particle 
deposition within the middle atmosphere. Recently, satellite [1,2] 
and rocket [ 3 ]  results have illustrated the frqsibility of this 
technique. Usually, contamination of x-ray detectors by corpuscular 
radiation can severely affect the scope and accuracy of the measure- 
merit. Here we report preliminary results obtained with a rocket- 
borne instrument designed to operate cleanly in a precipitating 
particle environmcnt. Two dimensional images of the atmospheric 
bremsstrahlung x-ray sources were also constructed from the detcctor 
scan prod~~ced by payload translation and coning. 
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Sensitivity of the Predicted CO-OH-CH, Perturbaiion 
to Tropospheric NO, Concentrations 

Lboratwy for ?lanetar) ~ i 'mmphrm R t s a r h .  Drpartmrnt of Mrrhontc~al Engtnrrrmnt 
Starr Unrumrt~ oJ Nrw Yod. Stony Brook. Nrr  Pork 11794 

G&rd Span Flr#hr Crntrr NASA. Gmnbrlt. Marvland .20771 

Mmsurements rndrcalc that arnblmt NC,(NO + NOs) cancentrn:tons vnr) over at  least an order of 
mynitudc In the troposphere. Thus r t  IS of rntcrest to stud) atrnosphcr~c chcmtstr) w~th NO, concentrd- 
lions coven- 1h1s ranee In thrs paper we present stud) statc crlculnt~ons which show that us Nc, 
concmtratrons tncrcascd from wry lo* values. the h)dror)l rndtcvl concentrntlon [OH] Incrcuscs d l  

fh and then dccrum Thr chan~c of khav~or occurs at [NOsj - 0.23 ppb In our model. Also. the 
rorponv ofthe a~mosphcrc to r n c W  CO fluaa undcrsocs A qunlttvl~ve chan~e as n funcl~on of [NO.] 
At low kvds of [NO,]. an Incruse rn CO Ruxa lnio the atmosphcrc dcplctes [OH] and tncrerxs [Ctl,]  
and [Hd. as reported In the I~teralurc Horcver. UI h18h values ol [NO.]. ~ncrcnd CO fluaes 81vc rtrc to 
m ~ncrcau in [OH] and. consqucntly, a decrease In [CH.] and [HI] 

I. ~NTRODUCTION I t  1s difficult to rnfer mean global NO or NO, conccntratlons 

Anthropotcnic arbon monoxide constitute a s,g- from reported measurements. Observations till 1974 have been 

nificrnl fraction of l e  tropospheric CO source [jaft. 19751 ~~mmarlzed by Ackrrman [19751. Troposphcrlc n~trrc ~ x ~ d e  

and therefore imponant In detcrmlning co con- measurements were not avallablc at that tlmc and the reported 

-,lions. Sine arbon monoxldc ructs with ,he hydroxyl n1IfrOBCf1 dtoxrdr measurements were found to range from less 

radical. OH. which in turn plays a central role in tropospheric than 0.1 PPb 10 several P P ~ .  More r m n t l ~ ,  A'oxor! 119751 has 

photochemistry, m y  inalsc In ~n~hropogenlc co cmlsslons measured NO, absorption spectra In Colorado. Thls yielded 

m y  alter the concentration of various trace gases such as an Ilmlt on NO: mlaini? ratlo 0rO. I ppb. Using continu- 

methane. hydrgcn. and frcons 21 and 22. ous chem~lum~nesccncc analysrs. Cox (19771 found NO 5 0.2 

We h v c  ukulated the &ts of ~ncreaud CO emissions on P P ~  and NO, = 0.4 Ppb in background maritlme alr ~n S.W. 

tropospheric CH4 k l s .  Alaratlons of the CH, conc-ntratlon Ireland. McElro! and Krrr ll977j observed NO, absorptton ~n 

by incrsuin8 COfiuxa are ofplnlcular ( 1 )  CH, limb r a n  experiments in Saskatchewan and obtalned txxtng 

ic i tdf  a major of carbon monoxide: m d  change In ih raflOS clog to I P P ~  throughout the height of tror )sphere. 
anccntnbon will amprise feedback inlo the f measurements of unpolluted ttopospher~c air qdlcate 
c h i s t r y ,  (2) CH, h u  an infrad absorp~lon bond 7.7 r m  V~IUCS of NO, conccntrstlon that d~fTer by faclors of greater 

which contributes to the heating of the lower atmosphcre and Ihan lo. 

ch.nm in iu conccntratlon may thus have climallc slgnifi- The ImPortanm of NO1 In the CO-CH, perturbalion a r l v ~  
am [ W q  el d.. 19761 and (3) changa in the tropospheric because the fate of the HOa molecule produced In reactlon 
CH. rbundsncc will rcflectej tn correspondlng strata- (R28) depends on the concentratron of NO The malor stnks 

rphcric chanm with poolble impact on r~ratospherlc for the HOa molcfule arc glven by the following rcactlons: 

photochemistry. ( R B I  HO: + HO, H,O, + 0. 
Ar: immedialc conscqucna of increased CO abundance is to 

ahill the odd hydrqen balance from OH to HO, via the (R-1 HO, + NO - NO, + OH 
ructions ( d o n  numbers correspond to those liven in 
Tabk I ): (R33) HO, + 0, - OH + 20, 

(RB)  CO + OH -* CO, + H 

(RZa) H+O,ZHO, 

Since the reaction of methane wrth OH. 

(R 17) CH, + (rH - CH, + H,O 

Let us now consdcr two lim~tlng cases. Flrst, we assume that 
conccntration of NO is vanishingly small so that the loss of 
H 4  through (R-1 i s  nearly zero and HO, removal i s  domi- 
nated by ( ~ 2 9 )  snd (R33). fhus the OH molecule lost in (R20) 
is ather recovered In (R33) or i s  converted to H,O, in (R29). 
Thts results In 8 net decrease in OH concentratron and an 
incmsc in H,O, conccntration. This IS the E I I ~  reported by 

h theonly known tmposphcnc sink for CH.. such a shin m the chdrr r, [le,7] and Szr I19711. 
odd b.lancc cxm'cd lo lead an Next we cons~der the I~rnltlng case In whlch NO is lo abun- 
t k  methane -n=ntratlon I C h r d c s  a d.. 1977: $:re 19771. dlnl [ha, (RJh )  domlnata "0, in amparison 
Howrvcr* we lound and the Illn of ( R p )  and (R33). f he conantration of NO for which this 

mah.nc ~ ~ ' " 8 '  is On Ihe would occur depends on the rates of ructions (R29). (R3h). 
NO + NO,) brck8round. and (R33). With the rates given in Table I we find that when 

[NO,] = 0.5 ppb and 10,) ; 45 ppb, our model predicts [NO] 
Coplri#hl @ l9tP by the Amencan Gsophyrrcal Unton. = 0.14 ppb and [HO,] - 1.0 X 10-a ppb. In  this case H 4  loss 



TABLE la. Ructions and Ram U d  in the W n t  Model lor Photoly~~r Reactions 

Ration 
No. Rmion Rate. P" 

- - - -- - - - - - - -- -- 

(Rla) O,+hv-O,+O 1.2 Y lo-' Ldghtt~ [!%I] 
L M r m  (I%l](crossaeaion) 

(Rlb) 0, + he -0, + O('.Q) I X 0 Moonpr d Wamuk (197Sl (quantum yields) 
(R2) NO, + hv -NO + 0 2.4 X lo-' JohmrmdGmhu 119741 
(Rb) NO, + hv - NO + U, 1.2 X lo-" 
(R3bl NO, + h~ - NO, + 0 3.6 x losn 
(R4) N.0. + hv -. NO, + NO, 3.4 X lo-* J ~ a s r m d G ~  [I9741 
(R5) HNO, + Lv-OH + NO O.U, COX [l973] 
(Rb) HNO, + hu -OH + NO, 8.5 X lo-' Jdnrrm r J G m k m  [I9741 
(R7) H,O, + hv -. 20H :.3 X lo-* L d f i ~ ~ n  [ l%l] 
(R&) H,CO + hr - HCO + H 3.4 X lo-*  Cdwnrr .I. Il972j 
(R86) HKO + hr - CO + H, 1.5 X lo-' C h r t  rr 01 11972) 
(R9) CH,OOH + b - CH,O + OH 2.3 X 10-* Assume k - kt followin# Chaw~rikJ d Wdkrr 119761 

8Calculated for zenith angle equal lo zero by H. S. Johnston and R. Graham (pmonal communication. 1976). 

rata through (R29), (RMP), and (R33) m 2kr[HQ] -0.0051 
8. &,[NO] = I .! /s, and km[08] = 0.03/1, respectively. There- 
fore, for such NOl conantratlons, almost all OH molecules 
destroyed in (RZO) are recovered in (RUh). Actually. an ex- 
ces of OH results bcauw the overwhclm~ng majority of NO1 
molecules thus produced is photodiuociated to NO and 0, 
which results in ozone formation: 

The 0, molecule produced in (R10) can be removed in a 
number of ways which lnclude interactions w~th NO.. HO.. 
and solar radiation. Howevtr, the sink mechanism which is 
significant in controll~ng 014 abundance is (Rlb). in which a 
small fract~on of 0, molecules 1s photodiuociated. yielding an 
cxclted atom O(lD): 

Most ofO('0) atoms arc quenched to the ground state result- 
ing in O8 reformation by (RIO). However, a few pcmnt of 
q 8 D )  atoms interact with water vapor to yield two OH mole- 
cules: 

Thus for large NO, ~ncentrationr the injection of CO into the 
atmosphere results in a net production of OH molecules, i.e.. 
the perturbation in the OH concentration (and hena in the 
concentration of CH,) changes sign as we go from low NO, 
concentrations to high NO, conoentrations. CIlc~iations illus- 
trating this behavior are presented in the next section. 

2. CALCULATIONS 

We calculate the eKau or variations in thc CO flux into the 
atmosphere with a rerdimensional equilibrium model of the 
tropolphere [Slrwdn er al., 1977). The model compute, the 
conccntrations o f  t raa species, for mean tropphcric condi- 
tions (i.e.. density of air - I .I X 10" molecules/cm8, rmpcr- 
ature - 273.K) by equating thc rates of production and 
destruction in an iterative procedure which continue, until 
fractional changu in dl the computcd concentrattons m ku 
than a pmcribcd 'error criterion.' SIxc we expect the per- 
turbation due to CO injections to go through a qualitative 
change, the error criterion w u  taken u lo-* to ururc numeri- 
cal accuracy in the a i t i a l  region where the mponv  of the 

model atmosphere changes sign. On the average a few thou- 
sand iterations per model computation were required to meet 
this criterion. The m a i o n  rata are given in Tables l a  and I6  
and are taken from the NASA publication 1010 [Hudson, 
1977) unless otherwise stated. 

The concentrations of CH,. Hl, CO. NO,, and O8 are pre- 
scribed in the model at the estimated global avaage, (Table 2). 
The photochemical rate of production P, of each of thew 
specles u augmented by a flux-divergence term Fl which is 
defined as flux of i into the troposphere minus flux of i out of 
the troposphere. F, is adjusted IO that Pl + F, = LIC, ,  where Ll 
and C l  a n  the rate of l ou  and the concmtration of the species 
i .  The F, calculated in this manner depend on the pmcribed 
concentrations and the rua ion rate coefficients. They also 
depend on the luumed NO. abundana (only one of NO and 
NOl concentrations need oc prescribed; the other is dcter- 
mined by the chemistry). The Ft obtained for NQ = 0.02 ppb 
are &own in Table I. Thc flux divergcnscs from the model 
have been multiplied by the volume of the troposphere to 
obtain the units in megatons per yar .  For ozone a sink at the 
ground is included with a deposition \ locity of 0.08 cm/s 
which mans that the ground accounts for thc lou of 521 M t  
of ozone per yar .  Thus Fog - 383 Mt/yr muns that transport 
from the stratosphere lhould be 904 Mt/yr to maintain the 
concentration of O8 at 4.5 pphm. 

Thc predicted variation ir. atmospheric methane as a func- 
tion of CO flux into the atmosphere is shown in Figure I. For 
each curve shown in this figure an unperturbed atmosphere 
was fimt ukulated for a particular NO, concentration and the 
other prescribed concentrations u given in Table I. The per- 
tubation uudy was then arried out by reputing this model 
calculation with the CO flux chmged. Further details of the 
perturbation calculation arc given in Table 3. I n  this table, 
concentrations with subscript zero are for the unperturbed 
atmosphere, m d  concentrations without this subrctipt are for 
the perturbed cakulation in which CO flu8 into the atrno- 
cphere w u  i n c r u d  by a factor of 2. 

An examination of Figure I and Table 3 rhows thrt the 
response of the model atmosphere to a CO flux perturbation 
chan#a sign near [NO& = 0.23 ppb. For [YO:), < 0.23 ppb 
[CHJ increarer with an i n c m v  in CO f l~x ,  whik for [NO8), 
2 0.23 ppb [CH,]decraw, with m incruse In CO flux. This k 
because an incruse in CO Qua c;ccrrucl [OH] for unall 
[NO:), but incrrua [OH] for large [TUG),. Molecular hydra- 
gen is seen to change in a manmrsimilar to that of methane. 







TABLE 4. Sensitivity of HO, to NO, in the UnpenurM Model 

Small [NO& LMQC lNOa!a 

[Noah = 0 . W  ppb [Noah 0.01 ppb [NO& - 0.5 ppb [Noah - I P P ~  

HO, Conantration. 2 8 X lo-*  2.7 x lo-' 2.2 X 10.' 2.ox lo-' 
PPm 

HO. Removal Rate 6.9 x lo-* 6 9 x 10.' 6 6 x  lo-' 5.9 x lo-' 
Due to (R14). 
pp 'min-I 

HO, Rcmovsl Rate l 5 X 10 * 3.3 X 10.' I 3 X 10.' 1.6 X 10 ' 
Dueto(Rl5t. 
(RI7L ppm-1 
min ' 

OH Concentration. 3.6 x lo-' 3.9 x 10.' 4.1 x lo-' 2 3 X lo-' 
opm 

Note that lor small N3, concentrations. increasing INO,1. by a iactor of 2 results In a vcr) small 
dtcrwv In HO, concentration. and therrforc [OH] Increases bccausc of iR 1111 The merlc IS true for 
large NO. conccntrrtlons 

and a net increment in the O H  concentratlon results. This 
behavior is reberxd In the regime o f  largc [NO,], Removal 
through (R24). (Rm), and (R47) 1s tire dominant HO. slnk 
and a small incrcarc In [NO,]. results ~c a slgnlficant decrease 
in  HO, dcns~ttcs. This decrease 1s so large that a n r t  rcduct~on 
In O H  concentratlon results in spite o f  (H300) .  Note also. us 
shown In F~gurc 2, that HO, . ~nccntratlon 1s a decrcaslng 
funct~on of [NO,],. For large values of NO, concentr~tion the 
rate o f  decrease o i  HO, cxcecds that of O H  so that the ratlo 
[OH]J[HO,J, rcmalns an Increasing function o f  [NO,], 

Although we havc not carried out a trme dependent calcu- 
Iat~on. these results on O H  conccntrations show that the ttme 
scales of the CO-CH, perturbat~on also depend on the NO, 
background co~ccntrat~ons 

Our colculat~ons indlcatc that changes In the tropospheric 
concentrations of CH, (and other specter sach as CO. O H  H,. 
0,. ctc ) due to variat~on In the CO Input Into the atmosphere 
depend. both In magnitude m d  sign. 09 t b  concenttations of 
N O  and NO, Knowledge of the tropospheric d~striSut~ons of 
nitrogen oxides IS therefore crltlcal for studylng the dTccts o f  
changes in the CO flux Mc~surcmcnts o f  NO, at d lkrcnt  
locut~ons havc yielded large dtlferences In 11s concentriitlons 
[Ackrrmon. 1975. Noxon. 1975: McElroy and Kerr. 1977) Un- 
ku there arc systematlo errprs In some of these measurements. 
we a n  conclude that NO. distribution in  the troposphere i s  
hlghly nonhomogencous The results presented in this paper 
then lndlcate that the clfects of CO fluxes Into the atmosphere. 
k i n g  controilcd by amoicnt NO., p r o m d  dilTerenll> at difier- 
cnt locat~ons Bccausc t h ~ r  modulrt~on by NO, mikes the 
Impact o f  CO fluxes on O H  and other spccln concentrations 
nonltnear. an evaluatlotl of the global Impact of Increasing CO 
Input Into the atmcsphcre should take account of the nonunl- 
formrty In NO, d~str~but~onr. 

Furthermore. ~t bar heen suggested that because o f  an- 
thropogcn~ CO fluxes, the present conccntratlons of methane 
and molecular hydrogen may be substuntrrll) larger than 
those prcvalllng In the pre ,~ndustr~al era [Cmtrm ond Frshman. 
19771 The results presented in this paper show that, because of 
the NO, rc~ationship wtth the COCH, coupling, th~s  con- 
ctuuon IS not necessarily correct I n  order to deduce :-?- 

indus~rlal cancentrattons o f  CH. and H, front photochcmi~dl 
ulculationr we would have tc know the NO, concentratlon 
dtstr~but~on at that tlmc. This would rcqulrc a t lmata  of NO. 

production rates In the blosphcre and in lightning discharges 
ut the tlmc In qucstlon. 
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Abstract. We have constructed a vertically and 
tonally averaged model of the troposphere which 
calculates photochemical interactions and diffu- 
sive North-South transport of trace speclts. The 
m d e l  con be used to calccilate the latitudinal 
distribution of the source function of a species 
if its concrntration distribution is known. We 
have applied this procedure to carbon monoxide 
and finj large sources outside the induitrialited 
belt in the Northern Hemispnere. 

Introduction 

Carbon monoxide is produced in the troposphere 
by largc natural and anthropo~enic soutces. The 
source due to fossil fuel burning bas been tsti- 
mated to be 640 Kl'lyr. by Seiler (1974, 1975). 
The existence of large natural sourced of CO was 
drduced by Vci~stock a ~ d  Niii (1972) by a budget 
analysis of radiocarbon. Since then, oxidation 
of methane by hydtoxyl ra41csls has been uidelv 
accepted as such a source. Photochem~cal m?tl 
c~lrulations give magnitudes of CO production 
f rand methane ranging from 300 to 800 M l y r .  de- 
pending upor the ronctntration of OH in the 
particular w d e l  (see e.g. Chamelder and Cicerone, 
19'8; Srutren and Fishman. 1977; Hamerd t ~ l .  
i979). Oxidation of non-methane hydrocarbons in 
the atmosphere has also been suggested as a rig- 
nifirant source of CO. ~ h a m e l d e s  and ~icerc.ne- 
(1978) calculate this source to be 220 ~5.7 
Zimmerman et al. (1978) estimate this source to --- 
be 620 to 1330 Utlyr. and attribute it Lo oxi- 
dation of isoprene and terpener. In this paper, 
w e  estlmate the ttta: CO source and its Iatitu- 
dinal distribution required to malntain the ob- 
served CO concentration di:tribution by a model 
crlculation of photochemical isteractions and 
trunrport In the *roy~tsphere. Our res.~lts show 
that larjie natural sources of CO exict, especjally 
in tropical latitudes. These sources are la 
additlnn to methane oxidation which w e  explicitly 
calculat e. 

Model Calculaticnr 

The tonally and vertically averaged annual 
mean mlxing ratios, Ci, for the rpec$es 5, are 
obtained from nuntcrlral solutlon of the contin- 

*ere )I sin 8 ,  9 is latitude. K is the north- 
so:rth diffusion coefficitnt, h 1s the tropopause 
height and R is earth's radius. The photochemi- 
cal production and destruction rates for species 
i are Pi and Li respectively and depend o n  the 
concentrations of other species. Those source* 
and liinks h i c k  are not computed from photochemi- 
cal interactions of b,ccies are denoted by Qi 
and Si, respectively. Exaoples of these are 
anthropogenic emissions and drsiruc tion by cc.2. 
tact with carth.6 5urface. 

The set of coupled equations (1) is solvri 
numerically by iteration with th- boundary c. I- 

ditions that the flux of each species at the 
poles is zero. The region of intepratio~ is dim 
vided into 18 boxes centered at 85OS, 75'5 - - 
- - 7 5 O ~ ,  85ON. I f  the source and sink func- 
tions Qi(u) and Sr i s )  arc k n o w ,  equations (1, 
can be solved for the steady state concentra- 
tions Ci. Howevs;, if the latitudinal distri- 
bution of the concrntration of a cpecies har 
been r m s u r e d  and it; sinks can be estimated, 
~..,e *qrlation c,m be used to cotnpute the sour;. 
function: 

r 1 

Znr CO mixing rstir a.! a functiun of latitude 
has been aeasured over the Ariantic and Pacific 
Oceans t r  Seller 0.i:l) to an accuracy of 1 ppb. 
fhc verticailv ar.d rona!\y iueraged CO mixing 
ratfos given by Seirar are used here to compute 
the C O  source function urin equatioti (2). 

Ihe calculations are performed for annually 
averaged cond5tiot.r. m e  tzop.pouse height in 
the model vrries from 8 Ic*, at t;ge poles to 1 6  
hm. at tha equatcr, nit nvth-..outh diffusivity 

uity rqurtions (Czeplak and Junge. 1974): --- coefficient K is tdken f r o ~  c~ vc l b  of Rg. 1 - 
of Cteplsk and lunge (1971;. It is bactd o n  

1 ? [K(u) (1-us) Ci ' + $ *I tl-u*) win3 variance data fror %eve11 et al. (i972). 
2 du dU J ~ ( U I  The d i f f u s t v . ~ y  €un:tior.hnr a maximum at 55O 

i latltudr (3.7 r 10" cr' sec") and its va:Ge 
at the ecuator is 1.9 x 10" cat s a c - ' .  K i m  . .-- - - - 

C ~ ~ y r i p h t  1979 by 1\16 4nerican Ceophyslcal Union. ' taken as the s a w  for the two hrrrirphrres. 'Ihe 

;I Paper nua.brr 9l.1285. 
Y .& l1 ! 'QL-8276 /~1 /0091  - I ? S 5 . ~ 7 ~  .03 . a- 

----- - 
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Fig. 1. Dis t r iSu t ion  of  CO sources  i n  a d d i t i o n  
t o  methane ox ida t ion  r equ i red  t o  mainta in  t h e  
observed CO concentra t ion d i s t r i b u t i o n  accord- 
i n g  t o  Model A ( top )  and Model B (bottom). OH 
concentra t ions  i n  Yodel B a r e  g e n e r a l l y  twice 
those i n  Model A. 

s e t  of photochenical r e a c t i o n s  used i n  ca lcu-  
l a t i n g  production and l o s s  t e r n s  Pi and Li a r e  
those given i n  Tables l a  and l b  of Hameed e t  a1. 
(1979). n e s e  r eac t ions  r ep resen t  t h e  i n t e r -  
a c t i o n s  between NO, an8 0, s p e c i e s  and those  
derived from oxidat ion of methane and water va- 
por.  Other hydrocarbons a r e  not considered. 
Ihlues of r e a c t i o n  r a t e s  have been updated, 
according t o  the  recomnendations of Denore e t  a1. 
(1979). The :ates of p h o t o l y s i s  r e a c t i o n s  were 
ca l cu la t ed  taking i n t o  a c r m n t  ozone abso rp t ion ,  
I ay le igh  s c a t t e r i n g .  a e r o s o l  s c a t t e r i n g ,  ground 
alhedo and mean cloud amu , i t s  a s  func t ions  of 
l a t i t u d e  (Hat loff  and Stewar t .  1979).  Measured 
mixing r a t i o s  of methane (1.6 ppm i n  the  South- 
e r n  Henisphere inc reas ing  t o  1 .7  ppm i n  the  
Northern Hemisphere), hydrogen (0.5 ppm every- 
where! end ozone (L'ilcox and Bel-, 1977) a r e  
a l s o  p resc r ib td  i n  t h e  model and t h e i r  sou rces  
cozputed i n  the  same way as t he  CO source  re- 
ported here .  The emission of NO, a s  a func t ion  
of l a t i t u d e  is chosen s o  t h a t  t h e  ca l cu la t ed  
mixing r a t i o s  of n i t r i c  a c i d  a r e  i n  a g r e e m n t  
wi.h the  Eeasurements of Hucbert and Lazrus 
(1979) f o r  the  f r e e  t roposphere .  

The source  s t r e n g t h  Q depends upon t h e  model 
values of K and the  c h t n i c a l  product ion and de- 
s t r u c t i o n  terrrs.  7he l a t t e r  a r e  p ropor t iona l  
t o  OH concentra t ions  vhich a r e  s e n s i t i v e  t o  
some poorly determined v a r i a b l e s  such a s  ambi- 

e n t  NOx, 0 and water  vapor c o n c e n t r r t l o n s  and 3 t he  p h o t o l y s i s  r a t e  of 0 t o  O(1D). I t  h a s  
been suggested by s w h .  (1979) t h a t  ob- 
served concen t ra t ions  of mcthyl chloroform a r e  
cons i s t en t  w i th  OH conccn t ra t lons  ~ - h i c h  a r e  r i g -  
n i f i c a n t l y  lower than model p r e d i c t i o n s .  Due 
t o  t h i s  u n c e r t a i n t y  we cons ide r  two v e r s i o n s  
of ou r  nodel t o  e s t i r a t e  t h e  CO source  s t r e n g t h :  
Model A i n  which temperature.  wa te r  vapor den- 
s i t y  and ozone a r e  p resc r ibed  a p p r o p r i a t e  t o  
t h e  mean d e n s i t y  l e v e l  i n  each l a t i t u d i n a l  zoae,  
and Yodel 6 i n  vh ich  these  q u a n t i t i e s  a r e  g iven  
v e r t i c a l  w a n  va lues  i n  each zone. I n  each  
case  water  vapor  and temperature  d a t a  f o r  t h e  
Northern Hemisphere a r e  taken from London (1957) 
and t h e  corresl,onding numbers f o r  t h e  Southern  
Hemisphere a r e  e s t ima ted  from Van Loon e t  81. 
(1972). Represen ta t ive  OH c o n c e n t r a t i o n s  ( i n  
10' ~ o ~ e c u l e r / c m ' )  f o r  Hodel A a r e :  0.36 a t  6 ~ ~ 5 .  
1 .3  a t  35's. 1.2 a t  5O5. 1 .5  a t  5'~. 0.95 a t  3 5 ' ~  
and 0.12 a t  65 '~ .  For Model B: 0.72 a t  6s0s. 2.9 
a t  3S0s, 2.1 a t  SOS, 2.3 a t  SON. 1.8 a t  35ON and 
0.34 a t  65'~. OH c o n c e n t r a t l o n s  i n  Uodel B a r e  
l a r g e r  mainly due t o  h igher  p r e s c r i b e d  v a c e r  va- 
por concen t ra t ions .  ?he c a l c u l a t e d  source  func- 
t i o n s  f o r  t h e s e  two models a r e  shovn i n  F igure  1. 
They show l a r g e  emiss ions  i n  t h e  t r o p i c a l  r eb ions  
and d i s t i n c t  peaks a t  5S0N, SON, 15's and 35 S. 
insteat! of  one peak usua l ly  expected f o r  the CO 
source  func t ion  ( S e i l e r  1974). ?hc dashed l i n e s  
i n  t h e  f i g u r e  g i v e  the  p r e d i c t e d  source  s t r e n g t h s  
when K is m u l t i p l i e d  by 0.64. The d i f f u s i o n  co- 
e f f i c i e n t  i s  rep resen ted  by t h e  formula K a-'0' 
where 0 is t h e  va r i ance  of t h e  n v r i d i o n a l  wind 
component and a is a cons tan t .  Czeplak and lunge 
(197C) used a = 2.4 x lo-' sec- '  wh i l e  Nevell  e t  
a1. (1972) took a - 3.75 x lo-' set-'. Thus t h e  - 
dashed l i n e s  g ive  t h e  r e s u l t  f o r  t h e  va lue  of a 
p re fe r red  by N m e l l  e t  a1. 

c-' The fol lowing processes  determine t h e  budget 
of CO i n  a l a t i t u d e  zone i n  ou r  c a l c u l a t i o n s .  

1. Oxidation of  CH4 by OH v h i c h  l e a d s  t o  r e -  
ac t  i o n s  

( l a )  H2CO + photon - CO + Hz,  w i th  l a t i t u d e  
dependent p h o t o l y s i s  r a t e .  

( l b )  HCO + 0 3 = CO+ H 0 2 ,  klb - 5 x lo-'' 
c.' see- . 

2. Dest ruct ion due t o  r e a c t i o n  w i t h  OH: 
C O + O H - C 0 2 + H ;  k 1 1 . 3 5 x  1 0 - " ( l + U / l r o )  
cm' s ec - l ,  where U is t h e  v e r t i c a l  mean d e n s i t y  
and Uo i s  d e n s i t y  a t  s u r f a c e  l e v e l .  

3. Transpor t  t o  and from o t h e r  l a t i t u d e s  due 
t o  a . : i d iona l  f l u x e s  i n  equa t ion  (2 ) .  

4 .  Destruct ion by con tac t  w i th  e a r t h ' s  su r -  
face .  The r a t e  of l o s s  is  estimated from S e i l e r  
artd Schmidt (1974). 

5. The source  func t ion  Q. t o  be  determined by 
balancing the  sum of t h e  c o n t r i b u t i o n s  of t h e  
o t h e r  four processes .  
The c a l c u l a t e d  va lues  of t h e s e  c o n t r i b u t i o n s  t o  
t h e  CO budget according t o  Model A a r e  shovn i n  
Table 1 i n  u n i t s  of  m i l l i o n s  of t o n s  pe r  yea r .  
The second colunn g i v e s  the  measured mean t r o -  
pozyheric mixing r a t i o  ( S e l l e r ,  1975) and t h e  
l a s t  celunm g ives  the  n e t  sou rce  Q of CO r e -  
qu i r ed  t o  mainta in  t h i s  a i x i n g  r a t i o .  The l u s t  
but one column l i s t s  t h e  n e t  g a i n  of CD i n  t h e  
l a t i t u d e  zone due t o  t r a n s p o r t .  Wc n o t e  t h a t  , 
t he  four  1 a ~ i t u d e s  b*ere the  c o ~ i u t e d  t o u r c r  
funct ion has  sha rp  peaks a r e  n e t  t h ? o r t r r s  of 

'CO. This  behavior is de te rn ined  by t h e  g r ~ d i -  



TABLE 1. Con t r ibu t ions  t o  t h e  carbon monoxide budget f o r  Xodel A i n  HT/yr. 

i 
: 
..' 

CO Product ion  from Uethane C h e d c a l  Loss tass a t  Ga in  by Net Source  
l a t i t u d e  Concen t r r t i on  (ReaC.(la) Reac.(lb) React ion  Ea r th ' s  Su r face  Transpor t  Q ! 

( P P ~  wi th  OH 

TOTAL 32 3  31 3  -2921 -463 -50 2797 

TOTALS f o r  Xodel B 562 8 39 -5800 -46 3  -50 4933 

e n t s  of t h e  measured CO d i s t r i b u t i o n .  We a l s o  
note  t h a t  t h e  t o t a l  of t h i s  column i s  - 50 MTlyr. 
( i t  s h o ~ l d  be ze ro ) .  This r e p r e s e n t s  3  p t r  cent 
of the  t ~ t a l  CO mass t r a n s p o r t e d  and i s  a  measure 
of numer(:ai e r r o r  i n  our  f i n i t e  d i f f e r e n c e  scheme. 
Lhen ue  mul t ip ly  K by 0.64 (dashed l i n e s  i n  t h e  
f i g u r e )  e ~ t r i e s  i n  t h i s  column a r e  m u l t i p l i e d  by 
0.64 T h i s  r e s u l t s  i n  a  m r e  evenly  d i s t r i b u t e d  
source  func t ion  Q. 

We see  t h a t  according t o  Model A t he  t o t a l  
source  in  additiotx t o  oe thane  i s  2797 !4TIyr. 
node1 B g ives  4933 XTlyr.  f o r  t he  t o t a l  source .  

Conclusions 

"'he anthropogenic sou rces  of CO a r e  e s t i u a t e d  
t o  be 643 MTIyr. due t o  f a s s i l  f u e l  burning and 
60 XT/yr. 3 ~ e  t o  non- fos s i l  f u e l  burning ( S e i l e r ,  
1974. 1975).  These a r e  l oca t ed  ~ s t l y  i n  &he 
i n d u s t r ' a l l z ~ d  r eg ions  be tve rn  25 N and 55 W .  
Our e s t ima ted  sources  a t  t he se  l a t i t u d e s  a r e  i n  - 

excess  of S e l l e r ' s  e s t i m a t e s  of an:nropogenic 
sources  m d  po in t  t o  p o s s i b l e  2rescnce  of n a t u r a l  
CO sources  i n  t h i s  region.  m e  peaks a t  55ON i n  
the  source  func t ions  i n  Bg. 1 a r e  i n d i c a t i v e  of 
t h i s  because the  anthropogenic  sou rce  should  have 
a  maximum a t  l ove r  l a t i t u d e s .  We f i n d  even l a r -  
ger  sources  i n  t h e  e q u a t o r i a l  r e g i o n s  and t h e s e ,  
c l e a r l y ,  should be due t o  some n a t u r a l  p roces ses ,  
Recently.  Zimennan r t  a1 .  (1978) have pointed  
out  a  h i t h e r t o  unrecogni:ed l a r g e  source  o f  ca r -  
bon monoxide i n  t h e  oxidation of  heavy hydrocar- 
bons ( c the r  chan methane) uh ich  a r e  r e l e a s e d  by 
v r g e t a t i o n .  Based oa d a t a  i n  t h e  h i t e d  S t a t e s ,  
they have e s t  ina ted  t h e  i nven to ry  of i sop rene  
and t e rpenes  and c a l c u l a t e  CO p roduc t ion  from 
t h e  o x i d a t i c n  of t hese  s p e c i e s  t o  be  between 420 
and 1 3 M U T l y r .  Cbaaeides and Cicerone (1978) 
have sugpes ted  s i g n i f i c a n t  s o u r c e s  of a tmospher ic  
CO due t o  t h e  o x i d a t i o n  of o t h e r  hydrocarbonn. 
These c r l c u l s t i o n s  a r e  i n  g e n e r a l  aarcerdent v i t h  
our conclus ion of the  e x i s t e n c e  of l a r g e  non- 



methane n a t u r a l  sources  of CO. Our model calcu- 
l a t i o n s  i n d i c a t e  t h e  l a t i t u d i n a l  d i s t r i b u t i o n  of 
such sources .  
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Prellminarr amarisons between global ozone burdens derived £ran the Back- 
s ~ t t e r e d  Ultraviolet (W! e p r i r r w t  on N i m b u s  4 and those inferred frun an 
analysis of grourd-based netwrk data seein t o  imlcate significant differences 
i n  the interannual variability of ozone. A study is M e  of the reasons for the 
differencs.  Sane of the obsenred bfferences may by due to inp- weighting of 
the g-roa-dhasd ne-k data, slcwly changing planetary wave strxture Over the 
fixed s ta t ion ,  of mall interarr,ual changes in meridional tr&-sLxrrt !a;-ai.etaa. 
There is also saw evidence which indicates that the polar stratosphere at  high 
latitudes m y  represent an impsrtant ozone storage resevoir which tends to 
cnrpensate for large scale changes obbenred in the regiors outside of the polar 
stratosphere. Possible consequences of this are that  the global trerds derived 
imn grourd-based ozone measurements may m t  be valid and furthenocre that the 
cvrent  satellite techniques by thanselves may rot be sufficient. An Ozone mni- 
tor- qstm which includes cbservations £ran sa te l l i t es ,  ground-based stations, 
balloons ard rockets my  be ~ e c e s a t y .  
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Seasonal and Interannual Variations in Total Ozone Revealed 
by the Nimbus 4 Backscattcred Ultraviolet Experiment 

ERNEST HILSENRATH AND DONALD F. HEATH 

Labomtoy for AtmorpAMc Sdmct, NASA Goddad Space Flight Cmta. Gnmbdt. HW$md 20771 

Ibr llm 2 years of backscattond ultmviolcc (BUV) ozone dru from tbe Nimbus 4 spaucnft have 
been pmwssd to r mom ndnod Iml. The seasonal urriruoru of toul omne for Ihr pcnd Apnl 1970 to 
Apnl I972 m &bed uiq daily rneanr for 10. Initude zones and r ume-lru~ude aou sealon. In 
addiuoa. tba BUV dau arc compand wtb anrlyrcd Dobron dru and wtb UrfnnP ~nurfenuoeter spec- 
uoarrur dru rLo o b w d  from rhr Nimbus 4 sprcemk A hnaoluc uulyw wu perform4 on tbe 
daily marl m a t s .  AmAmplrtuda. d r y  of peak orone values, md pcranugc of v u i l n c c  hrve kcn corn- 
purd for thc m u d  md semimurl wrva md for hyhet hrmonics of an annual pcnod for Ibe 2 yam. 
hymmemes a n  found In the mud warn In tbe two hemuphem. wlth a subtle lntennnurl &Befence 
wh~ch m a y  k due to chanaa in the lmcral a n h u o n .  A r~~nrf icm~ rmranud component u detmd 
in thc lropcr for tbc ant yeu. f h r s  component rppcrn to mult from tnduenccr of the anual waves in 
the two hemuphem. A search for shorter pen& uuna the hamoruc analyw rcvealed no prnodtaty 
wbov uaplitude w u  hllher than Ibe narc Iwel. 

INTRODUCT~ON tiom of solar flux due to the I I-year solar cycle. Multi- 

~b~ total column mount of amolphcnc ozone hu kcn dimensional photochemical-dynamrcol models can now pre- 

o k r v e d  tram ground for wvenl dada from stations dict the seasonal global distnbutton of ozone. Although thor 

s-ly scattered around the eanh. These early observations some de8m bulc dynamrc vanables. they 

were made kcrw it seemed that t o d  ozone acu u a tracer n0m.U~ venfied by mmPrM8 the model r a u l b  to the o k r -  

of lower stratospheric motions. hionover, the vertical distn- VatrOns. 

bution of ozoae ic imponmt to the radiative balmce of the The quality of the obsenurons suden because of therr poor 
urrtosphere becaw of lu strong a h r p t i o n  in be ulmv,olct distnbutron over the globe. In addition. the ground stations 
md iu emhop ,he i n f r d .  R~~~~~ intemt have not bcen mterulibmted m the past. The backscattend 
spheric otonc h u  h n  a r o w d  kuw of poulble deple~on ~ I t r a ~ l ~ I e t  experiment (BUV) On Nunbus 4 h u  ~rovided 
by mthropogenic actlvlty, whrch m u l u  from catdytlc agenu Ozone m e u u r e ~ ~ e n u  with nearly 30b.1 coverw and m rc- 

rachmg stntaphcrr. A coiumnu dualon ozone w~ curacy comparable to that of a well-cahbrated Dobron sta- 
&ow incrrued rolar ulvavloiec ndtatton to reach the a n h e s  tion. This paper wffl p-nt an accurate ducnpton of the 
surf.ce md would likely ,he biosphere. An *dim n- wsonal  and mterannurl vanrtlons of total ozone over a 2- 
sult of ozone deplet~on m y  k r chmge m the climate be- YQr ~ c n d  as derived from the satellite meuuremenu. .An 

of ndiatlve mupb8 between [he m,j be accurate dexnptton of the global seasonal vmatlonr u un- 
watorpherc. portmt for detecting ozone trends and reco8numg m a -  

A conciw summary of the global vmat'ons * the tom1 penodic phenomena that may be assocrated w~th trmsunt 
mount  m d  venrcrl distnbutron of ozone IS given by &tsch evenu. such strrtosphenc warmrags a-nd geoma~ct rc  rcuv- 
119741. denved maraly from ground-b& dau. ~ l though  a ItY In addaon. satellite data should be used to verify modelt, 
fairly acfunte dexriptlon of the uuona l  +nd latitude vaha. since these obrval loas are more globally reprwntative. 
tlom ic gtvm. hr fecb that the ground 0-mg network n analysu of the ~ t e h t e  ozone data prfomed m thu 
not adequate for a synoptlc representauon of ozone for tracer paper IS of smce a t ~ e - v r W V  do ban^ 
studies or monltonng global owne trends. London rr dl. [I9761 dn'nbuted vanable be cOnvenlentlv d r ~ n b e d  La thu 

hove comtmcted hemlsphcnc maps of monthly me.n ozone, manner f h l s  IS pantcululy apptopnate for total ozone. smce 
the rvalhblc total dau from the ~~h~ 11 u A stron8 functton of season and Iatrtude. The next sccuon 

ncrwork from I957 to IW7. T h m  &ta cover nearly decade revrws the spacecrnft meuuremenl. Thu 1s followed by a du- 
and could be used for Jetennuung mterannual vrnatlonr e ~ .  CWlOn On the procedure used rn fommg the zonal means 

a p t  m the wulhem h e m p h e m  where Jew are too few ob- and the a ~ ~ h u t 1 0 n  of the hanuon;; a a l y s u  for d m b m g  
=rvin( -tram. Globd ozone t=n& have k n  daennmed the Y U O ~ ~  ~an1tIOnS. The BUV data arc then compared to 
by Alrgr/l rnd Korshovcr (19783 h m  the g r 0 u a d . m  o h r -  s d a r  data from [he rnfrared tclerferomcter spectrometer 
vat101~ a d  then compared to other 'cophyrid phenomena (I".'). a h  flown on Nimbu 4. f hey art also c~mparrd 10 the 
vhrch COUW a h  the s t n ~ o r p h m .  Ozone tnnd,  have &n a n a l ~ s u  of D o k n  network data for the reme pcnod. prc- 
modeled by Pennrr und Chong I1978). who found the ~ n g c l l  ~ n t e d  m the form of a tune-latitude cross wcllon. The lut 
md Konhover a d y s u  to be comulent wItb modeled "anl- KCtlOn wllh 1 descnptton of the SClSOIid. mlcrmnual. 

and rhoner vanatlorn detected by the BUV u denved from 
Cop)nyht Q 1919 bv the Amencur Gcophp~cd L'luon. the hrrmon~c malysu of the zonal mern dam. 
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TOTAL OZONE, 1970 - 1972 FROM NIMBUS 4 BUV 
I 
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Fig. 2. Time-lrutude c r w  Kction of tM.1 ozone for the pcnod Apnl 1970 to May I972 derived from 10'-w~de drrly 
zonal mnnr wh~ch rm smoorbed wtth r btnomtrl filter. Contoun are 20-DU tnmmeau. 

MEASUREMENT 
The Nimbus 4 spacecraft was launched Apnl 8. 1970. u r -  

rying the B W  spectrometer for meuuremcnu of the colum- 
n u  amount of ozone and the venlcal distribution above 30 
km. The BUV contmued to operate unt:! October 17. 1977. 
when it w u  turned o f  btuw of insuficient spacecraft 
power. Results bued on the mitml data were reported by 
K q t r  (19743, G k i  [1976]. and others. These early analyses 
wed existing instrument calibrations and orbital engineem8 
dam At th.t tune the satellite-measured total ozone valua 
were adjusted to the Dobson meuuremenu by using a h e a r  
regression reiotlonshp developed from direct campariron of 
BUV-measured values and D o h a  values. B e a w  of h e  re- 
cently recognued ~mportance of the BUV d a u  XI a task was 
mttiated to reprocess the data and to contmue processing the 
avulrble data unul the tune that the mvument was turned 
OK. The reproce~mg actlvtty mcluded the following proce- 
dures: establishment of a primuy d a u  base wtth screened 
unh- lou ted  and calibrated data for conversion to radiance 
valutr; unprovement of the algorithms for processing the pri- 
muy data b u c  of radiance values to ozone v d u w  and, 6- 
n d y ,  vllidrtlon of the data to prov~de a consistent ozone data 
base. DculL on satellite coveryc. data quality checks, al- 
gonthm unprovemeou crmr analyses, and bhdatlon meth- 
ods wdl k published elsewhere. 
The comparability of B W  with the Dobson network hu 

been exteeuvely analyzed by Mtller er aL [I9781 and Rrrg et 
4L [1978). In a direct coopahcon of the AD wavelength pu. 
direct sun Dobsoa and BUV over -ne t  values w t t h  2. of 
the station. they oburned a cornlatton cocflcient of 0.95 m d  
an average diHereaa of 12 D o h a  unru (OW, wth Dobron 
hyber for the Bnt 2 y e r n  of opmuoo. The change m the 
BUV-Dobson di8erencc over the 2 yean .J about 2 DU, or 
leu than 1%. mdiutmg a h e  degree of subJity m the space- 
borne larvument rehtlve to the ground-bucd oecwork over 

the 6rst 2 yean. The comparability of BUY and the Dobson 
network from 1972 to 1977 u under mvestigatron by the au- 
400. 

The tint 2 years of total ozone da:r discussed here. covenng 
the penod Apnl 1970 to April 1972, contain about 300,000 to- 
tal ozone values per year. The Nimbur 4 orbital parameters 
and the BUV instrument dtscnption are detailed in the Nim- 
bw-4 Users Guide [Nimbus Projecr. 19701. Then w a b u t  13 
orbits per day, with successive crossings of the quator  %pa- 
nted by 27' in 1ongl;ude. The total ozone measurement u 
Limited to between 81' nonh and south and to a maximum so- 
lar zenith angle of 85.7' The orbit u sun synchronized so that 
the northward qua tor  croumg occurs near l o u l  noon. At 
high latituda the observations approach the morning term- 
nator m the northern hemisphere and tbe evening tennmator 
in the southern hemisphere. Figures la and Ib are typical cov- 
erage maps for I week of data in Apnl and Oc,:ober. where 
each spot indicates a meuured ozone value. T h a t  figures w d  
be referred to agam. 

The BUV measurement scheme has been prev~ously de- 
scribed by .Uateer er aL [I9711 and u bnefly summanzed here. 
The instrument contams a monochromator, whlch sequen- 
[tally scans 12 narrow wavelength ban& m a reglon between 
250.0 and 340.0 nm, and a photometer Exed at 380.0 am. Both 
i n s t m e n u  measure the baclwttered and reflected eanh 
raduncu m the nadir and have an msuntanmus field of vlew 
of about 2 0 0  k.m on the earth's surface. Total ozone u denved 
from a measurement of the solar irradtancr. the radiances at 
312.5. 331.2. 317 5. m d  339.8 am backscattered m 'Ye tropo- 
sphere which are rtteauated by the ozone layer. and the eUec- 
trve surface reflectance Jetermmed from the photometer. The 
meuured backscattered radiances are compared to those 
computed from ?I standard ozone profiles comptled from 
rocket and bdoon  roundlngs [Htlsenrarh er ad. iY771. .4 total 
ozone value can then k obtamcd from the table of pre- 
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declination vuy over the yeu. thi, e b m  could ba inurpretod 
u a phomdmmul response, since the tropia .n the w u m  
regiou lor ozone. However, the effect appcrn nrhcr to be the 
d t  of the ruroarl variruoa in the two hemisphara m d  
will be d i  in more &mil Irter. Ato. note Ihu the ozone 
tnhimum in the northern tropia, which r p p n n  jw &at the 
uwhra brmirpbcrs griq muimum m d  at the begmain8 of 
the aonbrrn h m h p h m  winter buildup occurr in both yrvr. 

The morn ozoae tread cm k W y  m v e d  by sum- - the urr we@ of the z o d  mtro ozone value, for a c h  
day. For each of the 2 ycuc studied hem, thb ulculrclon 
chon minimum &kl man orom in Ostokr rod Novrm- 
kr, just rllter tbr southern h m b p h m  spriw muimum rab 
prior to cbr  ort them hrmirpbm winter buddup. fbr uapli- 
rodr of the annual owillation u about 20 DU, about 5 timu 
h m  thn that ulculrted by X-g 119781, wbo uaod tbe 
Nimbuc 4 lrir toul ozone dua. The BUV dur horrm, am 
cotsirwt  witb the m a n  #OW cnod calculated from J. Loo- 
Qn's @mau o o m m a a  1979) d y r u  for cbc umr 
cir# prriod For the ?-year tlmr paiod I& &bd mesa ozone 
tnnd derived from BUV show8 r gruluri dcarur which u 
cocuLunt .nth tbr rnrlyur of A n g d  and Korsh6w 119781, 

who w Dokon dam. Tnrdc m d  vuir tba,  in d o b d  m a n  
ozone mwured from ntc: ' . iu  m d  compand with @round 
obrcrvrtions wi l l  k dtcuusd in detail by D. F. H u t h  ct rL 
(in prrpuatioa, 1979) and will not be punued hnbrr hem 

The Dobron network of stations provida m alternrte 
source of told ozone vdua .  Lon&n rr uL [I9761 Llrrt derived 
monthly brmisphrric ozone mapa from the Dolmon dau for 
the period 1957-1967. J. London (private commualatioa 
1979) h.r provided additional map for the panod IW8-I 975. 
D a u  for 1970- 197 1 ur urrd lo form r ume-lnitud8 cnwc rrc- 
tion (Tim 3) rimilu to Ib.1 shown in Fi)un 2 for BUV 
d u ~  la the nonbrro hrmicpbm the rrrroarl f u t u n r  rhown 
by D o h a  m d  BUV m nrufy the ume. The aeaeml prttrro 
of ozone v d w  and the tima of tbr sprinl m u m u m  m d  fail 
minimum ym rruonrbly w d l  but with rome d i b m a m  in 
dauiL In rhr tropm both d8u sets show tbr m e  minrmum 
movim from south of the q u r t o r  in Apnl to i u  wwt nor- 
M y  point in Jmuuy. In the southern hetniaphm thrn m 
sudani diierenca. The spnae buildup u m;;ddk to hqh 
lrutuda thrt rppcur in the BUV cmrr wcrurn dorr not rp- 



pear rt all in the rrulyud Dokon cmu wctioe This diUer- 
m a m r y k i n p u l d w t o t h e I b r r a r c i t y o t ~ u o d o ~  
mtiona in the southern hemisphere (eight tutioaa muth of 
30's nporud in I970 md  only twa mpond in October). 

In order to undcnwd hrbr h e  dimprny k r m t n  thr 
t w o a a u r m i o n a t h e B U V d r u c m k ~ i n t b e f o r m  
ol latitude-longitude mrpr t@e 4 u r mrp of contourad 
wow d u a  at 2QDU ianrmrou for Octokr 1970. A very 
ureq r r w  one type f a n m  apprur rt rbout 60°S, with tbi 
h m  ozone vrluu wutbrut of Awurlir. Thia future h u  
b n  drucud in the p u ~  from Dokon [ & d o n  a d, 19-61, ~~ rhr ozone vrlua were moridmbly lower thn the 
480 DU meuurod by the BUV. It u coocluded then that the 
cWmnca in the s o u h  bmbpbrn Uuctntd in Fip~ma 2 
and 3 mutt d y  from tbe r b m a  of Dokon rutioor. 
which prevented detection of the large ozone high by the 
Dobron analyst. fbc & i c y  mun when compuiq the 
BW and D o h a  mdym for thr mod Much 1971 to 
Much 1972. It should be nocod, howwu, that the ' ) c u Q ~ ~  

vandr for b e  2 y u n  &own in Figum 2 ym fairly well with 
the 10-yur rveryed cmu &on derived by London rt aL 
[1976]. This would imply th.1 tbr BUY dru for the 2 y u n  
mdiod h m  more clorcly describe the mean Uob.1 ozone. 

The Iric w u  rLo bwn on Nimbua 4 md meuumd toul  
ozone at the ume time u BUV. An rarlysu of the derived 
tampmtun and ozone eel& w u  repond in deuil by 

PdIrokaro a aL 11976). M o r  Md Oza [I9781 perfofad r 
preliminary mmpuLon of BUV, Dokoa  md  Ida dru md 
rhowed tbrt the BUV and Dobson a g m  b i e r  in p n e n l  
with rich other rl I with Irir However, F b u n  4 cm rlro be 
d h l y  compared witb rbr Occobw d y a i a  (Figun 13 in the 
Pnbhakur n rL paper) derived ftom Ida. The ozone high 
over Manchuria, rhr low ovrr Ihr Nod Allrnlic rod the 
clowd contour of 240 DU in the vicinity of the lndonrdrn u* 
land, rlro appear in their d y &  The ozoae high in the 
muthorn hemisphere Irtitudu c m t d  at 170°E I-- 
tude rppur  in the Iri, drlr, but thn future u rbout 20 
DU lo\.u. However. when co- the Iric toul ozone 
mucunment uadcnrtimru of )QM ozone vduw md an 
ovrratimrte in fdl [ h M & a m  n al. 1976), the monthly 
rarly#r from tbt two inrtnrmrnu ur nearly identical. 

The l rooad  vrriatioar rad h e  year to year bibmnca in 
the 8lobrl toul ozone were obuiPad lfom r humonic amlyric 
of the daily zonal means by usin8 the pmcadurea diccuucld in 
r previous section. Fipm 5 i l lwv~tu  drily tonal mcmr for 
Lve lrtitude zones for cb. period April 10, 1970. IO April 9, 
1971. The drily zonal means were nonnrlitcd md  smoothed, 
in tbt exampk only, by settin( the muimua rod minimum 
vrlues to + I md - I, raprctlvely. md moo- with a bin* 
mi.l dlur with a I b h y  hrlf width. At all latitude zona u- 
ccpt the equrtor M annual wave u c l d y  procnt. Periodc of 
honer variability w &I evident. For wma zones, for ex- 

BUV TOTAL OZONE (M-ATM-CM) 
m [ - j l i I j I ~ I I ! l i I 1 i i ~ ~  

LONGITUDE 



Fb 5. N o m d h d  .ad rmoorhd (m mu) b i l y  mrl m e w  il- 
I W V I ~  pen& khrvlor lor l lvr  htitudr mam l?. J ab#mm u day 
d Ibr y& sumkr. fh r v q r .  murmum. a. min. aum total 
oooarforrhrynrinucbw~~umdkud 

ample, 30's. the vr~iatioac ue nearly sinuroid.1 while at 
60% for oxuaplr. the w e  diUm u @ a ~ t l y  from a p u n  
rim& In addition. poriodicitim of the order of 2-3 web 
rppu d w i q  the couthwn hemirphen winter buildup. The 
p h w  rhin with latitude for tha time of the mllimum vdue in 
aoulhern hemisphere tonu. dirursrd earlier. is clearly evi. 
dmt  in this 

The a n n d  wave or t n t  humoaic in the Fourier expansion 
ic rbowa m F u u n  6, T'he amplitude of r t d  pnccnt of vvi- 
.MI in the 6rs1 humomc m plotted u functioo, of latitude. 

y~ &own in the rin& h u m  permtt r direct com- 
puiroe It ahodd be c l u r  that the data shown in thb h u m  
( a d  aubuqurnt h u m )  are representative of infonution in 
P i  2. fbc imponrot f rrmro m u follow 

I. In I& n o n h  hemirphem tk: amplitude of the a n n u l  
W 8 W  - with Lultude. In rddiuon, the dnt humoak 
cwmbula more lbrn #)+ of the vvirocr from subuagial 
lui tuda to the pole. These faturea ur uwntirlly the umr 
f a  cbr 2 yam. 

2. In b e  vopia tho uaplitude of h a  annual wrw i8 r 
miPmum u d  u only r few Dobron uniu Tbr percent of rh 
vvirotr in the liru h r r m o a ~  u nearly zm, at tba aqucor, rr 
W f a  rh dnt yw. Tho Locuroo of the miamurn rmpli- 
todr&ibrboa 10em\uhwudintheucondyeu. 

3. Incbrroutbrmhrmirpbmthrrmplindrofthe~rul 
wave u pulac at md-lrutuda rad dmwua mud rhr 
~ ~ . T b r p m r a t o f t h e v u i r n a s I h r r n a d w r v r & -  
c n u r n r u t h e p o k . ~ ~ ~ ~ ~ ~ t o u l o t o w r a a ~  
wave is leu pronounad in the south polu fopon than in the 

2 

nofth. At mid-hitudu there ia r 10. wuthward sbift in tho 
loution of the muimum amplitude in the second year. com- 
purble  to that detmrd in the tropics. Thbew ddb could n- 
rult from y e u  to y e u  chan&u in tho strength m d  loution of 
the Hadley cell cirmLlion in the southern hemiaphen. Inter- 
annual clung- in the unngth of the Hrdley cell determined 
h m  r study of 10 yern of nonhern hemuphen wind data 
b v e  bean dircwvd by Roren and Wu (19761. Moreover, New- 
el/ und Wu I19781 found a cornlation between toul ozone 
from loo&-term monthly mean Dobron observrtionr m d  
popotentirl thicknusea for the w e  period. They concluded 
rhrt circulation c b & m  due to vuirtioac in the Hrdley uU 
pvam the year to year chmgu in ozone. Another pouible 
aua for this southwrrd shift may be due to the quui-bien- 
aid orcill.tion (QBO) cf tropical stratospheric win&. A QBO 
hu beon detected in D o h a  toul oxoue data by Antell and 
Korshover [IWII! A strong QBO in total owae bu rLo been 
detected at low latitudes in r preiiminry mdysis of the re- 
mainin8 5 yern of BUV data. The effm of the QBO on pole- 
w u d  mnrpon of ozone. the annual wrva  in the two b e d -  
spheres, m d  the longer-tenn ozone trend u under study. 

Informuion on the rcmirnnud component in the rcrconrl 
much of ozone u contained in the rccond harmonic of the 
Fourier expansion of the drily tonal m e w .  A r m i m a u l  
component may be expected. s inu  the sun mnwa the equrtor 
t w i i  .ad r photochemiul nrpow may be detected in the 
tropics. On the other h d .  ozone correlationr with the m i -  
annual orcillrtion in the urnpentun m d  wi3& detected in 
the m p i a  in the uppcr surtorphere [vm :Loon t t  aL, 19721 or 
with the winter huh-lrtitude/tropicrl disturbmcer discussed 
by Fritz and Soules 11972) are also possible. These phenomonr 
u e  of &reat i n a m t  but require r more detailed analysis than 
chr~ perfonned to show correltion, with ozone. I~uurd, the 
rmi.nnurl  component detected in the tropics from the satel- 
lite meuuremeat for the 2 yern studied here will be shown to 
b v e  r Werent o w .  Figun 7 pmcnu the rcllrirnourl com- 
ponent in the m e  fomr t  u Figure 6, except that the ordi- 
 tea for both the amplitude m d  the partent vrnrnce m hu 
those of lhrt dun. The imponmt futurca are u fdlowr: 

I. At mid-latitudes for both yam the s e m i m a d  wave is 
mall  md of the order of its uncenunty. Clurly, the lnorul 
wave Jorninrtu in this latitude region. In nonhern huh lau- 
tuder the unplitude mcreua; however, tho variance ir o u r  
the n o w  level. 

2. la the t r o p ~ a  the semi.nnurl component becomes su-  
ni6cmt ia the dnt yew but u Iru so in the second yur .  Prom 
0* to IO*S the amplitude of the rcmirnnud component is 
comparable to t b t  or tbe r a n d  component md contains 
rbout 40% of the variance for Ibe lh yeu. 

3. At hyh luitudaa in Ihc southern hemuphem the umi- 
a n d  orcillrlron my rlro be i rnpomt.  The amplitude r p  
p a n  comparable LO 'rn of the rnnurl wave. m d  the vuuocr  
of the L I I I I ~ L M ~  wave u 3 limr, lu&ar than that of the M- 
a u l  wsve. Howwar. the sl.alr*.lner of lhir f a t u n  u uacrr- 
uie rincr nurty one M o f  the v d u a  rpparring m Ihr lugh- 
at-lraade roam (above 70. in wmu:) are the nrult of 
uvrpolalioa from lower l u ~ t u d u  urn& the tachaqua da- 
vribmd arlirr. It u intarest~a& to m e .  howevrt. that the Lon. 
dm n oL [I9761 10-yar r v e q e  of analyzed Dotson dam 
g i v a r  v y  rimiIuraulf wrn tbo& h a r e  no y o w d  
okmacroar in the w u r .  WUcox rt d (1Wfl have rlro do- 
med r v m u n n u l  eomgoaent in U v m r a l  distribution o f  
ozow from W o o n  meuunmmts  m the nonhen  hemt- 
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PHASE--DAY OF MAXIMUM 

rpkrr (They had no dam in the southern bemisphere-) Fi- hemirpt--re qrrinl maximum of the annual rr-2 The second 
ody .  ron L401) CI uf (1972) f d  tlut the amplitude of the maximum of the tcmi.nnual component occun 6 months 
r m i r n n p . l w a v e i n t b c ~ a ~ t e m p r u u r a i n t h e  
b n t s t n ~ ( 5 & 1 0 m b u ) b a m u i m u m a t h i g l u i -  
t ~ i n t b c ~ h ~ k r c . I n ~ l t o p k s a n d t b e  
n a r b a n ~ I h b m . t ; m u m o c c u r r r b o v c S m b u . n d  
doPld have littk e f f a  on the toul ozwc Tbcdore B W  
data are amiscot  with these muits ho-cvcr. a more dc- 
u i W % ~ i s r c q u i r e d t o m a l t h e ~ ~ t h e  
rrLtioPrhipkMentbetempenmrrtbcwin+,dtbctoul 
omoc.mtrlcdinthesauirnnp.lmw. 

Ltcr, in October, mindeat  with tbc rmrimum of the annual 
wave in the southern bcmirpb rubuopia. Close inspection 
of F w  5 supports Ihb muk The maximum annual ozone 
d u e  at W S  occurs oa day 265. while the muimum annual 
nluc at W N  occnn about day SO. in 1971. which very narly 
comrponds to perk days u O.S. This d t  dar not exclude 
r possible refpow to the tk equmid cmuing, but it 
vcmr more likely that the .cmimnual wave detected n bw 
L t i m d a i n t h e B m y a r b t h e r r s u l t o f ~ . o n ~ w a v e m ~  

T h e h u m o D i c ~ I b o p r w i d u t h e l i m c o f ~ m u i -  twokmirpbe~whmthephraare6monthrapur.  
mum ozooe vduc dcriwd from tk phuc and penod in (2) in 
acb L*itude zone and for ucb hvmooic oompoomt. F i i  srkwctr Paiodc 
8 ~ ' r r a t h e 1 i m e o f t h e u u x i m u m 0 3 0 ~ d u c ~ a  k c -  
~ o f l u i m d c f o r b o t h ~ r n n P r l a o d t b c ~ u a l w a v e s  
fix ach year. The ordinate biiven by m o t h  u dl as day 
0 f t h e y c u . T b e ~ t u p c a r o f t h e p h u c u c ~ -  
mcd next. The amclwiom are cooriacot with the inter- 
prcut1oo of the time-luitpde cross section show0 in F i i  Z 

tntheaonb.mbcmrtpbmIhmuimum0ftba~p.l 
wave ~ceun  in lue winter from mddlc to Ltimdcs 
within only r few days. This could k duc to the anticipated 
~lroa( eddy motions at that time of yeu. but the det8ikd 
mrrb.numr a m 8  the muimum valua to occur in so sbon 
a p m o d o f l i w a r e n o c c l e u . A f t a p r P i i y ~ a 6 -  
Imath phur shdt at the equator tbc southern bcmirpbm 

mumurn ocorn h t  at 40's in Scptcmkr and then 
rpmdr pokrud md q u u o r r u d  m c l u q  murmum vrl- 
ua in these reghis in late November. 

F o r I b a v m i r a n ~ w r v e t b c ~ o f t h e e r s t m u i m o m r u  
plotted ooly at latinda where the pcrccnt of tb. v8nance in 
I kvcoadhumoaicu&mwrrh .o4%.At&wlaumda~ 
dnt peak ormn about ApnL coincideat *rth the nonbtrn 

Tbe results of the humoaic d y s b  w m  examined for 
h e r  pcnodities. For periods of I month or shoner the 
no& kvtl ran- from 2 DU u bw lalituda to 5 DU u hyh 
latitudes No paiodiaty wth hifier amplitude wu found al- 
though vuiations of 2-3 nrlu arc evident in Figure 5, pmlc- 
pLrtr during the 6m 6 monchr at 60's. Harmonic analysis is 
not a p8rtiCukriy sensitive method for damninin6 shoner p 
riodr Funbcr work in this utr. ruin( more sophiruutcd 
techniques. u under wry. 

Tbe r e W  9W data from Nimbw 4 have bten a ~ I y r c d  
here for the period Apnl 1970 to May 1972. The coverye and 
o v d  Koriuvity of the satellite measurneat perm~t an ac- 
curate dctemhclon of the much of toul orone in 
the two hemispheres previously unobtainable from the 
ground-bucd obsmatioor. a p f f u l l y  in the southern hemi- 
sphere. This d y  8eoenlly ooolirmc the s e u o d  vuulions 
dctcmhcd from wed drada of D o h a  data With only 2 
y t u r  of rrttllite dau lome mumun( mtennnud diferenca 



uc muled- Compukon of the-latitude cross sections de- 
r i d  from BUV and analyzed Dobson dam shows si(nibant 
diEereoces in the southern hemisphere for the yeus 1970- 
I w t  Tbe spring buildup detected by the BUV at mid-hti- 
t u b  doa aot appear at dl in the analyzed D o h a  dam. This 
diwrrprncy n most lilteiy due to the scarcity of Dobsoa sta- 
tions in his W o f  the globe. 

A humonic analysis of the daily t o a d  mems shows asym- 
maria between the annual waves in the two hemispheres In 
the northern hemisphere the amphtude of Ibe annual wave in- 
crease when p i n g  toward tht pok. and Ibe maximum value 
occun nearly simultaneously at middle to h y h  latitude* In 
the southern hemisphere the mr~irnum amplitude of the an- 
n u l  wave axyn at about 50's. Maximum amplitude occun 
6rst rlto n w  his latitude. and L then spreads quatotward 
and polewad. .4 semiannual component was detected u the 
equator in the k t  year ud can be explained u the result of 
the u ~ n d  waves in the two hemirphera whose phases arc 6 
months apan. The semtannual wave detected in the southern 
hemisphere hi@ latitudes for both years an be cor~elated 
w i l  h e r  obvcnatioru but cannot k satisfactorily explained. 
However. a similar feature is observed in the London a of 
119761 Dobsc?s maiysu avenged ocer 10 y u o .  A search for 
shorter periods (h~ghersrder harmonics) using a harmonic 
analysis with a !-year p e a  rcveaied no periodictty whose 
unplitude was significantly higher than the noise level. 

A 10' southward shift in the location of the annual wave in 
the southern hemisphere was detected for 1971 as compared 
to 1970. Thu may be the result of interannual vanattoas in the 
Hadley cell circulation whch may have uwd the decrease 
in global mean ozone values reported for this period. An alter- 
native explanation for the shift may be the quasi-btennial 0s- 

cillation of stmtosphenc winds at low latitudes. This W a -  
tion has k e n  detected in a prelimrnary analysis of 7 years of 
BUV data 

Work is under way to analyze the remaining 5 yern of 
BUV dam u they become avarlable. Of particular mponrnce 
is the development and testing of analysa schema which un 
handle murln6 data because the BUV operation was consid- 
erably reduced after the seccnd year. 

.4ckmddgmrnu The rutbon would bke to a c k n o w l ~ c  the re- 
mundcr of the Ozone Processing Tum.  wbch w u  dimxed by A l k n  
Flcy n God&rd Space Ri&t Center. Spcaal appmaauon u Oven 
to l a m a  GatLn who mmced the BUV :nrtmment prfonnancr 7 
y w s  after II w u  down and b e  production of the coverye nupa 
shown bm m d  to V G. Kavcabwu. who r;rpuzd m d  tmple- 
wnlcd L c  &u proautng r h e m a  wed o produce the &a We 
also lburlr Jul~lu London for allowtry w to w the h.pd Dobmn 
d.u pnor to Leu publiauoa 
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Satellite ozone measurements 

BY A. J. KRUEGER,  B. GUENTHER,  A. J. FLEIG, D. F. HEATH, 
E. HILSENRATH, R. MCPETERS AND C. PRABHAKARA 

Laboratory for Atmosphuic ~ e s ,  Goddard Space Flight Center, Greenbelt, 
Maryland 2077 1 U.S.A. 

Three classes of ozone sounders have been developed since the fint Echo Satellite 
measurements in 1960. They are the (1) backscatter ultraviolet (b.u.v.), (2) infrared 
limb and nadir radiance, and (3) stellar and solar occultation methods. With these 
techniques, ozone has been measured fmm 20 to 100 km. Tropospheric ozone 
measurements are beyond present technology, but total ozone is determined with the 
b.u.v. and nadir infrared methods. 

Results from the occultation methods are excessively variable, indicating a need for 
refinement of the ttihnique. Evidence from this technique for a mesospheric ozone 
maximum is strong. The most extensive set of ozone observations has come from the 
?r'irnbus 4 b.u.v. between 1970 and 1977. From this and earlier b.u.v. experiments, 
it has been determined that the ozone tends toward photochemical steady statedensities 
for levels above 5 mbar and that the temperature coefficient near 1 mbar is approd- 
mately 1000 K, in accordance with odd hydrogen catalysis of ozone. At lower altitudes, 
odd nitrogen catalytic chemistry has been verified from b.u.v. ozone observations 
during a solar proton event. Ozone profile results from the limb infrared radiance 
method are discussed in a companion paper by Dr J. C. Gille. 

Total ozone soundings from the b.u.v. agree with Dobson results and details of 
seasonal and latitudinal variations are now available. The total ozone field has also 
been inferred from nadir infrared radiance data. Monthly mean total ozone maps 
from this method and the b.u.v. each indicate standing waves at all latitudes. 

INTRODUCTION 

In the last 15 years, interest in stratospheric ozone has changed from scientific curiosity to the 
present necd for monitoring for environmental reasons. Fortunately, a variety of remote ozone 
sounding techniques were proposed and tested with satellites during the 1960s and early 1970s 
so that the current needs for research and climatological data can be met with a combination 
of satellite and conventional sounding devices. This paper is a review of satellite methods and, 
in conjunction with Dr Gille's paper, a summary of principal findings. 

Ozone molecules absorb radiation strongly in the middle ultraviolet (u.v.) Hartley-Huggins 
bands (220-320 nm), moderately in the infrared (9.6 pm), and weakly in the visible Chappuis 
b..nds (0.6 pm). Perhaps the first measurement of ozone to use artificial Earth satellites in 
connection with the selective absorption of light employed the Echo balloon satellite. Sunlight 
in thc Chappuis band wavelengths which passed through the Earth's limb was measured with 
a ground based telescope after reflexion from the satellite (Venkatcswaran ct ol. 1961). A useful 
remote sounding technique, namely limb occultation, was demonstrated, although, because of 
geometric problems, the resulting ozone profiles were incorrect. This technique, as with most 
others, had a pre-satellite origin; that of lunar eclipse photometry. .\ chronology of dcvelop- 

. ! nients in limb occultation methods and in the other major satellite techniques for ozone 
,' ' n~e;lsurement is given in table 1. 

~. . 



The second major remote sensing method to be proposed was the backrcattn ultraviolet (b.u.v.) 
technique. Sunlight in the Hartley-Huggins bands penetrates to various stratospheric altitudes 
(which depend on the wavelength-dependent ozone absorption cross section) where the photons 
are either absorbed or Rayleigh scattered. Measurements of the Earth albedo at several U.V. 

wavelengths can yield an ozone profile. The method was proposed by Singer & Wentworth 
(1957) and newer methods for inversion of the albedo measurements have been developed and 
reviewed by Mateer (1972). An important extension of the b.u.v. method was to measure total 
ozone as suggested by Dave & Mateer (1967). 

TABLE 1. SATELLITE EXPERIMENTS TO MILASURE OZONE 

wavelengths latitude 
tYPc satellite nm covcnge commenrr references 

occultation 
solar Echo 1 590,5%9.5 17 N Dec. 1960 Venkatcswaran rt ol. (1961) 

U.S.A.F. 1962 260 335.13s July 1962 Rawcliffe rt ul. (1963) 
Ariel 2 200-400 50 S-SO N April, May, Miller & Stewart (1965) 

Aug. 1964 
AE-5 255.5 5 N Dec. 1976 a n t h e r  at al. (1977) 

stellar OAO-2 230 16 S-43 N Jan. 1970, Hays dr Roble (1973) 
Aug. 1971 

OAO-3 258-343 1 2 S 3 N  July1975 R i g l v  rt al. (1976) 

backscatter U.V. 

pmfile U.S.A.F. 1985 284 60 SSO N . Feb.-Mar. 1965 Rswdiffe 61 Elliott (~966) 
U.S.S.R. 225-307 60 S-60 N Apr. 1965 Iozenu rt a!. (1969) 

250-330 60 S-60 N June 1966 Iorcnar rt d. (1969) 
1960-111 B 175-310 8 0 S 8 0 N  1966 Elliott rt al. (1967) 
OGO-4 110-340 80 S-80 N Sept. 1967- Anderson et d. (1969) 

Jan. 1969 
Nirnbw 4 b.u.v. 255.5-305.8 80 5-80 N Apr. 1970- Heath rt al. (1973) 

July 1977 
AE-5 b.u.v. 255.5-305.8 20 S-20 N Nov. 1975- Frederick rt 41. (197~a) 

Apr. 1977 
Nimbus 7 s.b.u.v. 255.5-305.8 80 $80 N Nov. 1978. Heath rt a[. (1975) 

total Nimbw 4 b.u.v. 312.5-339.8 80 S-80 N Apr. 1970- Matcer rt d. (1971) 
July 19i7 

AE5 b.u.v. 312.5-339.8 20 $20 N Nov. 1974- 
Apr. 1976 

Nimbus 7 t.0.m.s. 312.s339.8 global Nov. 1978. Heath rt oi. (1975) 

i n f d  ernirrion lun 
piofile Nimbiu 6 1.r.i.r. 9.6 65 S-90 N June 1975- Gille (1979, this symposium) 

Jan. 1976 
Nimbus 7 1.i.m.r. 9.6 65 S-90 N Oct. 197% Nimbus project (197s) 

May 1979 

total Nimbus 3 i.r.i.s. +lo spectral 80 S-80 N Hanel t t  ol. (1970) 
xan 

Nimbus 4 i.ria. e l 0  spectra1 80 S-80 N Apr. 1970- Prabhakara d al. (1976) 
scan Jan. 1971 

Block 6 m.f.r. g l o w  M.r.1977* Lovill rt ol. (1978) 
(4 flights) 

Em N h i r .  9.71 globd Nov. 1978. 

C u m t l y  in operation (Nov. 1979). 

Satellite measurements of ozone profiles by the backscatter method were first made by 
Iotenas rt at. (1969) and Elliott rt uf. ( I ~ Q ) ,  who used wavelength scanning monochromatol-s 



viewing the nadir atmosphere. These were followed by a similar experiment on the OGO-4 
satellite in 1967 (Anderson et al. 1969), in which data were collected over a 17-month period. 
The first major backscatter U.V. experiment with an instrument dedicated to ozone measure- 
ments was the b.u.v. on Nimbus 4 in a polar Sun-synchronous orbit. Launched in April 1970, 
this sensor continued to collect data until 1977. The instrument was a double monochromator 
~ h i c h  sampled 12 discrete wavelengths bands (Heath rt at. 1973). 

Residual Kimbus 4 b.u.v. hardware was later flown on the Atmospheric Explorer-5 space- 
craft in November 1975, with tin orbital inclination of 20". Tropical data were collected and 
local time ozone changes were determined. 

The most recent b.u.v. experiment is the Nimbus 7 s.b.u.v./t.o.m.s., launched in October 
1978, in a Sun-synchronous polar orbit. This dual instrument continues the Nimbus 4 nadir 
ozone data set with the solar backscatter U.V. sensor (s.b.u.v.) (an improved version of the 
Nimbus 4 sensor) and adds spatial scanning of total ozone with the total ozone mapping 
spectrometer (t.0.m.s.). 

Infrared emissi~n methods for remote measurement of ozone are of two types (see table 1). 

Ozone profilcs are determined from measurements of the altitude variation of the atmospheric 
radiance by kiewing the Earth's limb (the limb radiance technique) and total ozone can be 
inferred from measurements of the atmospheric radiance in the nadir direction. The nadir 
sounding method was first tested on the Nimbus 3 satellite with an infrared interferometer 
spectrometer (i.r.i.s.) (Hanel ct a!. 1970). This was followed by a repeat Bight on Nimbus 4. 

The retrieval methods and results were reported by Prabhakara et a/.  (1976). 
The limb emission method is a more recent development, which has the advantages of good 

vertical resolution and simultaneous information about air temperature. Retrieval methods 
have been developed by Gilie & House (1971) and the system has flown on the Nimbus 6 and 7 

satellites. 

OCCULTATION T E C H N I Q U E S  A N D  R E S U L T S  

Limb absorption or occultation measurements have been made with either the Sun or stars 
as the light source. Ozone profiles have bein determined between about 40 and 100 km, thus 
giving the technique the disti~ction of working to higher altitudes than any other current 
sounding technique. Atmospheric attenutation is measured and subsequently interpreted in 
terms of Rayleigh scattering, atmospheric refraction and ozone slant path optical depth. 
Stellar occultations can, in principal, be obtained a t  any local time, although only night 
observations have been made with existing insuumentation. They are capable of high vertical 
resolution but are limited by the availability of suitable stars. 

Solar occultation measurements arc possible from a spacecraft sensor within an hour of 
sunrise or sunset at the ground ttvice during each orbit. The geographic coverage is rather 
severely limited by the orbit geometry. The vertical resolution is about 15 km unless the field 
of view is limited with a pointed telescope. The usehl altitude range is determined by the 
number of wavelength channels, and the accuracy does not depend on absolute system calibra- 
tion, but only on an electronic linearity and noise, and errors in effective ozone absorption 
coefficients. 

The published results from occultation experirncnts are listed with references in table 1 and, 
since the quantity of soundings is small, the principal results are shown in figure 1 where the 
profiles are identified by the satellite name. 



The K-M mid-latitude ozone model, (Krueger & Minzner 1976) which, for altitudes above 
00 km, is derived primarily from twilight rocket fights, is also shown for comparison. The 
satellite profiles apply to a variety of latitudes, seasons and phases of the solar cycle and, as 
noted above, were obtained under near twilight or night conditions. 

Night-time profiles from the orbiting astronomical observatories, OAO-2 and -3 show strong 
secondary maxima centered near 85 km and 96 km respectively. The OAO-3 results have been 
somewhat enigmatic because, at least below 80 km, the ozone densities are more than a factor 
of 2 greater than the results from the twilight experiments. If true, they would imply a night- 
time doubling in ozone density even at 50 km. The OAO-2 results exhibit the opposite effect 
below 75 km, namely a night-time ozone decrease relative to twilight measurements. The band 
of observed profiles from OAO-2 lies about a factor of 4 less than the K-M mid-latitude model 
at 60 km and appears to diverge a t  lower altitude. The differences between the two OAO 
experiment results, and between them and the twilight results, are much greater than has been 
predicted for diurnal variations in the stratosphere and mesosphere. 
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FIGURL 1. A comparison of ozone density distribution, obtained with solar and stellar occultation methods. 

The AE-6, AF 62, and Ariel 2 experiments are of the solar occultation type and, excepr for 
Ariel2 at upper levels, the results tend to agree with the K-M mid-latitude model. The Ariel2 
data diverge toward lower values at higher altitudes and are consistent with the OAO-2 data 
at  65 and 70 km. The AE-6 results are 20-50 0/6 leu than the K-hi mid-latitude model below 
65 km. At those levels the K-M model becomes progressively more weighted toward daytime 
values. The AF 62 experiment determined only a two parameter profile, but two separate 
analysis techniques yielded different profila (run 1 and run 2 in figure 1). 'The ozone densities 
from the AF 62 run 2 are quite close to AE-5 and K-M modcl results. 

In summary, the solar occultation experiments differ significantly between themselves and 
from the rocket-derived K-M mid-latitude model. The ozone distribution shows a monotonic 
decrease with altitude with a scale height between 4 and 5 km for altitudes between 50 
and 80 km. The ozone densities decrease from perhaps 5 x 101Ocm-J at 60 km to about 
1 x 10L cm-J at  76 km. The differences from the K-M modcl at 60 km may be due to latitude 
gradients, since most of the occultation results come from near the equator. 

The stellar occultation results, taken at night, would require an extraordinarily variable 



mesospl~erc to account for the 10- to 100-fold differences in their profiles. These profila are 
particularly hard to accept near 60 km, where a relative wealth of other data exists. 

Clearly, the occultation techniques are still in a developmental stage and mesospheric ozone 
protilrs and fields have not been adequately determined. 

THE BACKSCATTER U L T & A V I O L E T  (b.u.v.) METHOD 

The b.c.v. method has proved to be a useful technique for observing global characteristics 
of the high altitude ozone field. The technique is successhl owing to the intense ozone absorp- 
tion coiitinuum in the middle ultraviolet, the apparent lack of contamination of this band by 
intcrftring species and the demonstrated lifetime of the satellite hardware. The principal short- 
coming is the inability to resolve-structure in the ozone profile less than about an umospheric 
scalc Ilcight. This, incidentally, is not a severe drawback due to the general 'well behaved' 
n.~ture of the ozone distribution in the upper stratosphere. However, no information is returned 
about the ozone distribution below the ozone maximum, although total ozone can he 
determined. 
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Frcona 2. Data coverage for a typical week of b.u.v. data. Each square represents a b.u.v. munding. 

The inference of total ozone amounts and its verticaI distribution is possible by solution 
of an integral equation. The fundamental observed parameters arc the lncident U.V. solar 
spectral irradiance and the atmospheric spectral radiance in the middle U.V. (250-340 nm). 
In addition, the surface reflectance must be determined by measuremenu at a wavelength 
that is free of ozone absorption. The wavelength dependence of the ozone absorption coefficient 
and the cxponcntial decrease of air density with height leads to a series of contribution 
functions peaking at different levels corresponding to different wavelengths between 250 and 
300 nm. The ozone profile can be inferred by using this altitude separation. At wavelengths 
greater than 300 nm, the contribution functions peak below the stra:osphere and a total ozone 
c:casurement is possible. 

Design of a spcctromcter to measure the atmospheric radiance is d~fficult because the Earth's 
albedo changes drastically with wavelength between 250 and 340 nm, owing to ozone absorp- 
tion. Furthermore, the solar flux is a factor of 10 less at 250 nm that it is at 340 nm. As a result, 
in a spectral scan of the earth radiance, the flux changes by 10'. Further, observational 



complications come from polarization of the backscattered light. To meet t h r ~ e  stringent 
obscrvationd requirements, the Nimbus b.u.v. instruments are double (tandem) Ebert-Fastie 
monochrometen with collinear namw-band filter photometers, The instrument views the 
terrestrial atmosphere at the nadir. At the northern terminator, a diffuser plate is deployed 
to compare the solar spectral irradiance to the atmospheric radiance. 

'The Nimbus 4 Backscatter Ultraviolet (b.u.v.) experiment was launched in April of 1970. 
The spacecraft is in a near polar Sun synchronous orbit and data are available over almost all 
of the sunlit portion of the earth with the observations taken near local noon. Coverage for a 
typical week is shown in fidure 2 where each 200 km by 200 lun sounding is represented by x . 
There are an average of 800 data points per day for the first year of operations. Increasingly 
severe spacecraft power problems starting in July 1972 have caused a substantial reduction in 
operating time for the instrument although data are still occasionally collected fmm it. 

Vntical pofilc resultsftom b.u.u. obsmations 

The first experiment in the development of the backscatter u,v. methods used a single channel 
photometer. Rawcliffe & Elliott (1966) inferred from the radiance data that seasonal differences 
were present in upper stratospheric ozone. The first findings from an ozone profile experiment 
using an ultraviolet spectrometer were that the upper stratospheric ozone scale height was 
constant at sub-polar latitudes oad that detailed horizontal structure existed near 30 mbart 
(Iozenas et  al. 1969). These results indicated that photochemistry prevailed over dynamics at 
the upper levels. In succeeding experiments with spectrometers, it was suggested that instrument 
calibration uncertainties or possible aerosol scattering might present real problems for accurate 
estimation of ozone profiles (Elliott 1971). However, Anderson ct al.  (1969) found that profiles 
could be recovered after calibration with rocket ozone data and that latitudinal and seasonal 
ozone variations could nevertheless be determined (London ct al. 1 9 ~ ) .  In the two data 
periods (Sept.-Nov. 1967 and Jan.-Feb. 1968) that have been analysed from the OGO-4 
experiments, the average ozone fields at 5 mbar were found to have small geographic variations. 
A broad maximum appears at mid-latitudes and, in the tropics, some longitudinal asymmetry 
is present with higher ozone mixing ratios over the Atlantic and Africa. These geographical 
variations diminish with altitude in agreement with the earlier observations. The mixing ratios 
at higher latitudes were found to iricrease from autumn to winter. 

Initial analysis of'the Nimbus 4 ozone profile data (Krueger et  al. 1973) revealed that the 
highest mixing ratios were near 10 mbar at lower latitudes. During the equinoxes, the mixing 
ratios decrease rather uniformly toward the poles. However, during the autumn and winter 
secondary maxima form near the 2 mbar level at Southern Hemisphere mid-latitudes and at 
Northern Hemisphere high latitudes. Perhaps the simplest explanation of tllcse upper strato- 
spheric features lies in the temperature dependence of the ozone chemistry. The soutllern 
maximum, in particular, was found to vary in amplitude at different 1ongi:udes. Barnctt et  al. 
(1975) used these b.u.v. results, together with s.c.r. temperature data, to estimate the tempera- 
ture coeficient for steady state ozone mixing ratios. They concluded that the expoilential 
coefficient was of the order of 900-1100 K, a value consistent with oxygen and hydroxyl 
chemistry near 1 mbar. 

The Nimbus 4 b.u.v. was also taking data during the major solar proton event 9f August 
1972. Ozone decreases of 20 % were found at 2 mbar in the upper stratosphere at geomagnetic 
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latitudes irradiated by protons (Heath et of. 197). This was the first direct evidence for catalysis 
of ozone by odd nitrogen compounds in the stratosphere. 

Methods for improvement of retrievals of high level ozone profiles from reprocessed b.u.v. 
Earth albedo data are currently under study. This new det? set incorporates corrections for 
instrument sensitivity changer and spacecraft attitude errors. The aerosol effects found earlier 
by Elliott (1971) do not appear in Nimbus 4 b.u.v. data, although anomalous radiances appear 
to exist at 266 nrn. Recently, the global behaviour of 1 mbar ozone from April 1970 to May 
1972 has been studied at Goddard Space Flight Center by using an interim inversion product 
that is valid for the upper stratosphere - Mateer's formulation of the Laplace transform method 
(Twomey 1961). The variation of the zonal mean of the 1 mbar ozone mixing ratio at 60 N 
for the period Nov. 1970-Nov. 1071 is shown in figure 3. The 2 mbar air temperature for the 
same latitude band and time period derived from s.c.r. observations (Barnett 1974) are shown 
in the same figure. Both b.u.v. and s.c.r. observe the radiation from rather broad height regions 
so the excellent inverse relationship of temperature and ozone is quite pleasing. 

I 2 mbar te 

, ' * " '  M A M  J A 3  
J ' A  s o 

1971 
time 

Flounr 3. Temporal variation of the 2 mbar temperatun from s.c.r. and the 1 mbar ozone mass mixing 
ratio in a latitude band centred at 80' N from 1 year of Nimbua 4 data. 

The overall behaviour observed is a summer temperature maximum (270 K) and ozone 
minimum (3.71 pg/g) and a winter temperature minimum (227 K) and ozone maximum 
(7.62 pg/g). The large sudden stratospheric warming from mid-December to mid-January is 
mirrored exactly as a decrease in 1 mbar ozone. Even a small scale feature at the beginning 
of September is observed in both temperature and ozone. Temperature (7') and the ozone 
mixing ratio (1,) are found to be related by the equation 

r, = 0.072 exp (1062/T) 

with a correlation cotfficicnt of 0.99i for the fit. This relation holds for the entire year except 
during the stratospheric warming, when the pre-exponential coefficient 0.072 pg/g increases 
to 0.082 pg/g. The temperature cmfficient of 1062 K compares reasonably well with the value 
of 928 K reported by Barnett el of. ( 1 ~ s )  at 50 S, but + - correlation coefficient they report of 
0.817 is substantially lower. This is due in part to our using much better calibrated ozone data 
and in part to using zonally averaged data. The increase in the pre-exponential coefficient 
during the stratospheric warming period is evidence for modification of the chemistry and 
dynamics from that normally present. This could happen if significant vertical motions arise. 



Data from the AE-5 b.u.v. have been partially analysed. Principal findings to date are: 
(1) the tropical profiles are consistent with current photochemical model results below 2 mbar 

but not higher altituda (Frederick t t  al. 1978). 
(2) the transition from dynamic to photochemical control of the ozone takes place between 

6 and 10 mbar in the tropics (Frederick ct al. 1 9 7  b) arid 
(3) negligible spatial structure exists in the integral ozone above 1 mbar at tro&al latitudes 

when measured with 26 km horizontal resolution (Guenther & Dasgupta 1979). 

TABLE 2. B.U.V./DOBSON OVERALL COMPARISON STATISnCS CHART 

number of a s  a b i c  
Year 1 (April 1970-April 1971) coincidence (m armcm) (m rtm-cm) (aX-fln) 

D o h n  00 code, 2' rep, all R; 2024 315.9 326.4 - 10.6 
1' ~ p ,  R < 0.2 328 304.9 3 16.6 -11.8 

811 coda 5880 325.6 336.4 - 10.9 
all coda exc. 00 code 1841 336.4 347.7 - 11.3 
M-83 Networkt 12'70 349.7 358.8 - 9.1 

Year 2 (May 1971-April l9i2) 
Dobson 00 code, 2" scp, all R; 1944 304.0 317.9 - 13.9 

1' rep, R < 0.2 301 292.0 304.4 - 12.4 
d l  coda 3392 313.9 329.2 - 15.4 
all coda exc. 00 code 1487 327.3 344.2 -17.0 
M-83 networkt 1117 342.3 368.9 - 26.6 

t Non-Dabson Russian filter photometer. 

Total ozone from b.u.v. observations 

The fint application of the Dave & Matter (1967) method for total ozone estimation from 
U.V. earth albedo measurements was on the Nimbus 4 b.u.v. Samples of the data were processed 
to establish the feasibility of the technique (X~iatecr ct al. 1971) and to indicate the nanlre of 
time variations in the global ozone field (Krueger 1974). In  1976, as a result of the increasing 
importance of accurate monitoring of g!abal ozone, a special effort was organized to process all 
the available data with the best possible accuracy. This effort included development of improved 
processing algorithms, compensation for instrument changes with ageing, careful review of the 
spacecraft ephemeris and attitude data and quality control of the output data. All the total 
ozone data have been reprocessed and archived in the National Space Sciences Data Center. 
Specific information as to how to acquire the processed Nimbus 4 total ozone data may be 
obtained by writing to World Data Center for Rockets and Satellites, Code 601, Goddard 
Space Flight Center, Greenbelt, Md. 20771, United States of America. There has been an 
extensive effort to assess the quality of the resulting data set. The primary comparison has been 
with the ozone measuremenu obtained from Ozone data for the world as provided by the Atmo- 
spheric Environment Services of Canada. All available spacecraft and ground data collocations 
have been identified and a variety of statistics computed. Results from several cases for the fint 
2 ycan are shown in table 2. All possible cases meeting the collocation criteria are included in 
each line with no preselection of either the ground or spacecraft data. The first line for each 
year is for AD-direct Sun wavelength pair (00 code) observations taken on the same day, with 
the centre of the spacecrafl field-of-view within 2" of the ground station. A scatter plot of this 
set of data is shown in figure 4. The second line in the table 2 categories is a subset of the fint, 



with a colocation limit of lo and only cares where the spacecraR scene is cloud free are included. 
The third line includes all types of Dobson data and the fcurth line is a subset of the third in 
which all except the 00 code data are included. A similar comparison of b.u.v. data and M-83 
data is shown in the last line for each year. There are four major types of erron th;t contribute 
to the overall variance between b.u.v. and ground data shown in this table: random errors in 
the b.u.v. data; random errors in the ground data; noise introduced by imperfect colocation in 
time, space and area sampled ; and noise resulting from the apparent biesn of individv. ' ground 
stations as shown in the Dobson intercomparisons performed at Belsk .*.,d Boulder. It  is not 
possible to establish how much of the bias between a specific ground station and the b.u.v. data 

s originates in the ground station; however, is can be shown that roughly half the overall variance 
can be removed by nulling these biases out on a station by station basis. When reascnable 
estimates are made for each of the types of erron mentioned above, it appears that the b.u.v. 
data is similar in accuracy to a well run Dobson station. 

Seasonal variations of total ozone have now been recomputed from the current b.u.v. data 
sets (Hilsenrath et al. 1978). A time-latitude cross section of zonally averaged total ozone was 
gcnercted from average daily means for 10" wide latitude zones. In figure 5, the total ozone 
has been contoured with 20 m atm-cm increments for the 26-month period from April 1970 

Nimbw 4 total osone/(m rtmtm) 

F~avnx 4. Comparison of b.u.v. coul ozone estimations with coincident Dooron spcctrophotonreier total ozone 
1 meuurrmenu during the period 10 April 1970 to 30 April 1071. Only ADDS Dobron obrcrvatrons are 

includrd. 



to May 1972 (contours are missing in the polar night because there are no observations during 
that period). The seasonal march of total ozone in the two hemispheres is clearly seen. A com- 
pariron with analyses of Dobson data (see, for example, London et al. 1976) reveals close corrc- 
spondence with the major features in the ozone climatology. The b.u.v. results point up the 
distinctive differences in the seasonal trends for each hemisphere. These differences are as 
follows : 

(1) In  the Northern Hemisphere the spring maximum occun nearly simultaneously at mid 
and high latitudes. The maximum value occun near the pole, with total ozone amounts of 
about 500 m atm-cm in 1970 and decreasing to 460 and 440 m atm-cm in the spring of 1971 
and 1972. 
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Flcurr 5. Timelatitude crou section of zonally overrgcd total ozone obtained from the Nimbus 4 b.u.v. from 
April I970 to May 1972. The \,alum are given in m rtmcm of ozone 

(2) In the Southern Hemisphere tht spring build-up begins at 50 S in September with ozone 
values substantially lower than those in the Northern Hemisphere spring. The maximum values 
occur about 1 month later a t  polar latitudes. The asymmetry in the winter build-up in the 
two hemispheres is indicative of differences in the circulation features in the two hemispheres. 

(3) In the tropical r e ~ o n s ,  the average total ozone amount is about 250 m atm-cm and a 
small seasonal variation is present, showing more rapid changes than in the long term Dobson 
averages. The ozone minimum, which is centred below the equator in April in both years moves 
nor1 hward after August. The lowest ozone amounts, which are found in the northern tropics, 
appear to follow after Southern Hemisphere spring maximum and are coincident with the 
Northern Hemisphere ivinter build-up. 

A harmonic analysis has been made of the zonal mean data for the 2-year period (Hilsenrath 
et d, 1978). The results of this analysis arc the following: 

(1) More than 90 of the variance of the zonal mean values at nrost latitudes is found in 
the two harmonics that represent the annual and semi-znnual w;lveg. The search for period- 
icitin shorter than 1 month found no amplitudes greater than 6 m atm-cm at mid to high 
latitudes and 2 m atm-cm at low latitudes. 

(2) At mid to high latitudes the annual wave dominates in both hemispheres. In the Northern 
Hemisphere the amplitude of the annual wave increws with latitude while in the Southern 



Mcmisplrcrc the peak amplitude occurs a t  60 S in the first year and at 60 S in the second year. 
The amplitude ot' the annual wave is a minimum at the equator in the first year and a t  10 S 
in the sccond year. This shiR in the minimum of the annual wave could be a result of the year 
to year change In the strength and location of the Hadley Cell circulation in the hemisphere. 

(3) The semi-a. nual wave was o k r v c d  a t  the higher latitudes in both hemispheres for the 
2 years i ~ n d  in the tropics in the .: st year. Thh pattern is very similar to the analysis by London 
t t  at. (1976) of the Dobson data base. However, compared with the annual wave, the fractional 
variance in the semianirual wave is significant only in the tropics and a t  high soutbrrn latitudes. 
The tropical amplitude is small and probably is only an expression of the annual waves in the 
two hen~isplier~s and, indeed, k in p h w  with these waves. The amplitude of the polar semi- 
ar~nusl \rave is about 20 m atm-cm. This is comparable to the amplitude of the annual wave 
at so S but only a quarter of thei amplitude at 80 N. 

INFRARED R E M O T Z  S L N S I N O  OF T O T A L  0 2 3 N E  

Tile Nimbus 4 satellite camed an  infrared interferer‘ .er spectrometer (i.r.i.s.), which 
providcd nmuurements of the thermal emission spectrum of the Ear+ and atmosphere between 
abo~.it 400 and 1600 cm-1 with an apodized spectral resolution of 2.8 cm-I (Hancl rt at. 1071). 
Tlic ticld of view of the instrument projected cjn the surface of the Earth was a circk wi:h a 
diameter of approximately 95 km and all data were acquired near either local noon or loca; 
ntidnight between 80 N and 80 S. Measurements were essentially continuous from April to 
Doccmber 1970 and were available for a few days in January 1971. 

The spectral measurements of i.r.i.9. ir. the 13 pm CO, band were inverted to derive the 
vertical distribution of temperature in the atmosphere (Conrath 1972). Using these temper- 
ature data, together with i.r.i.s. spectral measurements in the 9.6 pm ozone band, Prabhakara 
r t  al.  (1976) deduced the global distribution of total ozone for about 10 months. 
, . I hough the i.r.i.s. was not a dedicated experiment for ozone soundings, the 9.6 pm band 

basically yields one parameter about ozone. This parameter depends both on the total ozone 
and its vertical distribution. Therefore, additional information must be provided to obtain total 
ozone explicitly. This additional information 'is provided by an empirical relation, based on 
balloon observations, which implies that increaser in total ozone occur mainly because of 
increases in ozone concentration in the layers of the atmosphere below the ozone maximum. 
This empiricism and the crude vertical resolution, approximately 1 scale height, of the remotely 
se~ised temperature profile in the lower stratosphere lead to a basic limitation on the infrared 
ozone remote sensing technique described by Prabhakra r t  at. (19763. 

Since tht time of the i.r.i.s flights, several temperature sounding instruments have included 
a channel to sense the 9.6 )un ozone band. Beginning in hlarch 1977, the multichannel filter 
radiometer instruments on four of the Defense hleteorologkal Satellite Program rrries of 
satcllitcs has included such a channel. Lovill rt d. (1978) have reported preliminary results. 
The most recent 9.6 pm ozone sensor is part of the high resolution infrared radiometer (h.i.r.s.1 
sensor on the Tilos N Satc!lite, launched in Xcvrmber 1978. 

Despite the limitations of the nadir infrared method, good coverage of the satellite data over 
the globe pcrmit us to get some gross information on the geographic and seasonal variation of 
total ozone. The sensing capability at night and in the polar night could be very useful. 

In figure 6, a map of the global distribution of ozone derived from i.r.i.s. for the month of 
December l9iO is shown to highlight the ozone information over .he northern polar latltuda 
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in winter. Longitudinal changes of about 100 m atm-cm can be Ken between the maximum 
values east of Siberia and the minimum values in the North Atlantic. In the tropics the 
lowest values appear in the Indonesian sector, perhaps in assuciation with the Siberian ozone 
high. The tropical ozone tends to have a wavenumber 1 characteristic throughout the year 
with the maximum over the Atlantic as shown in the December chart. The maximum amplitude 
of this wave is in July and August. 
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FIGURE 6. Mean global distribution of total ozone for December 1870 obtained from the Nimbw 4 i.r.ia. instm- 
ment. The d u a  arc given in m atm-cm of ozone. 
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Fro- 7. Mean global distribution of toul ozone for December 1870 ~buined from the Nimbw 4 b.u.v. imm- 
ment. The dita arc given in m atm-cm ozone. Thu chart may be compared with figurr 6. 



In the Southern Hemisphere, the December (summer) ozone field is fairly uniform a t  dl 
latitudes accept for the Antuctic regions. The i.r.i.s. December map exhibits a 40 m am-cm 
zonal variation with the minimum located at the same longitude as the tropical minimum. 

Com#uratior rwltsfiorn b.8.o. und i .r . i~ .  
A comparison of the ozone mults from i.r.i.s. and b.u.v. is of intemt. Figure 7 is a December 

map of total ozone derived from the Nimbus 4 b.u.v. instrument. This can be compared directly 
with the map derived from i.r.i.s. (figure 6). In  general the observed ozone features fiom the 
wo instrtments arc the same. Taking into account the different contour intervals in the .two 
maps, however, some differences in the absolute values can be found. This is expected h m  the 
study performed bv Pnbhakara ct d. (1976), who demonsttate a reduction in the seasonal ampli- 
tude of the i.r.i.s. total ozone amounts. The two satellite measurements compare well in the 
tropics. The absolute amounts are very dose and the minima occurring over Central America 
and Indonesia are observed by both instruments. In  the Southern Hemisphere both measure- 
ments show a uniform latitude gradient from low to high latitudes; however, the b.u.v. values 
are about 15 % lower than the i.r.i.s. values. In the Northern Hemisphere the ozone high east 
of Siberia and the features in the North Atlantic are detected by both instruments. The absolute 
values agree htre a little better than in the Southern Hemisphere, 

Although the two instruments were on the same satellite, the data bases for these maps are 
not identical. B.u.v. observations are possible only in daytime, while i.r.i.s. soundings are taken 
day and night and, in addition, during the polar night. Furthermore, the instrument duty 
cycles were not identical and the data recovery varied between i.r.i.s. and h.u.v. However, 
it is encouraging that the features are reproduced since the measurement techniques are vastly 
different. 

 CONCLUSION^ 
During the 1960s and into the 1970s, several methods for remote measurement of ozone were 

devised and tested. The most promising techniques for stratospheric soundings in the 1980s 
seem to be the backscatter U.V. system for ozone profile and total ozone monitoring and the 
limb infrared emission system for investigations requiring good vertical resolution of the ozone 
profile and complementary information on air temperatures and trace constituents. For meso- 
spheric ozone measurements, the occultation methods have shown promise, although the 
unreasonable differences existing between experimental results must be resolved. 

At present, several data sets have been collected and dimatological descriptions are being 
assembled. The interpretation of these results in terms of atmospheric processes is only be- 
ginning. Already, photochemical modelling has been guided and theories tested by the satellite 
data. The ultimate utility will perhaps be found after the chemistry is well understood. At that 
point the global ozone data can be wed for tracing air motions as a complementary source of 
information for dynamic models of the atmosphere. 
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Tropospheric UV flux calculations and photolysis rates 
for use with zonally and diurnally averaged models 

Qegory L. Wtloff and Richard W. Stewart 

A computatiodly fmt and efficient method for calculating solar UV fluxes in the troporphere u developed. 
Cdculatod fluxa compare favorably with mom rigorous multiple scattering m u l u .  and qditativaiy cormt 
behavior of thr direct and diffuse flux cornponenu is mlntained. In view of the nlrtivdy hru.~ unmrtain- 
tiw in other upoctr of tropospheric photochemrcd models, the use of approximate Ut' flux cd&tioa 8p- 
peua warranted. The technique IS applied to the cdculation of photolqris rates for twelve rignificrnt photo. 
lytic nactiona of nine species. 

I. Introduction 

Many problems of current interest in climatology 
and environmental quality require an understanding 
of the trace species composition of the global-scale 
troposphere.' This composition is determined largely 
by the photolysis of ozone, nitrogen dioxide, and several 
other species by LV radiation in the 2904O-nm region. 
The calculation of the associated photolysis rates is an 
rasential element in photochemical model descriptions 
of the troposphere. 

The many uncertainties in chemical. radiative, and 
physical parameters which enter into model calculations 
require that a range of sensitivity studies be carried out 
to determine model response to reasonable parameter 
variations. This requirement can only be met if no 
single detail of the computational scheme is severely 
rate limiting. The rigorous calculation of tropospheric 
fluxes and photolysis rates can potentially limit the 
range of model sensitivity studies. since it involves 
multiple scattering calculations that can consume 
substantial amounts of computer time. To avoid such 
difficu1t:es and because i \e effect of neglecting d ,;ailed 
radiatike transfer considerations on computed photol- 
ysis rates was unknown, earlier photochemical models 
of the troposphere and stratosphere tended to treat 
molecular absorption as the only UV flux attenuating 
mechanism. However, recent multiple scattering cal- 
c u l a t i o n ~ ~ ~  have shown that other physical interactions 
of the solar flux with the atmosphere and ground can 
significantly intluence the values obtained for the am- 

bient UV flus. It is, therefore, desirable to use flu and 
photolysis rate calculations that give reasonably accu- 
rate resuits when compared with more rigorous tech- 
niques. avoid the time consuming complexities of such 
'techniques. and are readily in-orporated into tsisting 
global tropospheric models. The development of such 
a calculation is the objective of this paper. 

II. Computrtionri Method 

A. Fluxes 
The solar UV flux at wavelength X and altitude Z in 

the troposphere will be expressed as the sum of direct, 
scattered, and reflected components: 

where F b  and FT indicate forwardscattered and back- 
scattered fluxes, respectively. The flux and its com- 
ponents are also functiws of latitude and season. but 
explicit dependence on these factors is suppressed in 
Eq. (1) to simplify the notation. 

The direct flu is attenuated by molecular absorption 
and scattering (i:~d by aerosol scattering. In addition 
it is modified by factors expressing the mean cloud cover 
and the sunlit fraction of the day (diurnal average). 
'ihe direct flu in our formulation is thus expressed 
as 

FDI(Z)  - FotX)D($,b)[l - / ( $ . b ) y t Z ) ] T , , ,  . T, . Tp.  (2)  

where FotX) is the UV flus at the top of the atnkavhen. 

-- D ( $ , b )  is the sunlit fraction of the day as a funciion of 
Cngorv Matloff is with Svstemr h Applied Sc~ence Corporat~on latitude \L and solar declination 3, f(lC.6) is the me.in 

Rlverdale. \Iaryland '?OW. and R~chud Stewm IS w~th NASA fractional cloud cover, and rtZ) - 0 or 1 depending on 
Coddud Space Flight Cenur. Goddud Lborrtorv tor Atmaphenc whether ' 'C Or < where 'c is the associated 
Scunm. Gmnbolt. Maryllnd %?0;71. cloud height To,, T,, and T p  are the transmissions due 

Rwetvd 18 Srptrmkr 1978. to ozone absorption. Rayleigh scattering, and aerosol 



scattering. For convenience in the following, we define 
rr modified flux by 

We approximate the forwardscattered flux by as- 
suming that half of the flux scattered out of the direct 
beam by the atmosphere above 2 is returned to the 
downward flux by further scattering events: 

We are implicitly assuming, in Eq. (4) and the following 
expressions, that ozone absorption occurs above the 
troposphere and that scattering provides the major at- 
tenuetinu n-echanism beluw the tropooause. 

The backscattered flux is app~ox.maied by the 
analogous assumption that half the flux scattered out 
of the direct beam between altitude Z and the ground 
is returned by further scattering. There is an added 
complication in this case, since the modified flux 
reaching the ground may be less than the modified flux 
a t  Z due to the presence of clouds. At altitude Z > Z,, 
we must thus consider backscattered radiation from 
above and below the cloud layer. If F o ( Z , + )  and 
Fo\Z,-1 denote the modified fluxes just above and just 
below the clouds. for altitudes Z > Z, we have 

while below the clouds 

T(Z,Z,) in Eq. i5a) is the transmission between altitude 
Z and 2, and is given by 

For the reflected flux we assume 

where A,. and .4,-(3,5) are the cloud and ground albe- 
dos. and G(Z) is the net downward flux at Z: 

C(Z) - FD(Z) + F;(Z) (81 

T(Z,O) is the transmission between Z and the ground 
given by an expression ana!ogous to Eq. (6 ) .  

8. Flux Modification Factors 

Shettle and Green: r hereafter SG) and Nack and 
Green" have published multiple scattering calculations 
of the wlar L;V ilux. which includes effects of molecular 
absorption and scatr -:ng, aerosol scattering, cloud 
attenuation, and grouibcl albedo. To factlitate com- 
parison of our results with these more rigorous calcu- 
lations. we will use the same parrmeter~zations oi  
physical quantities as SChvhenever possible. Some 
of these will be extended to include latltude and sea- 
sonal dependence. 

For the inc~dent solar flux at the top of the atmo- 
sphere. we use the same approximation as SG: 

FU(X) = KI1 + ( A  - X) ) /d l .  (9) 

with K = 0.552 W/m? nm, IL, = 300 nm, and d = 37 
nm. 

The factor 1 - f($,b)y (2) ; ,I Eq. (2) accounts for the 
blocking of solar radiation by ('cud ,. T!le mean frac- 
tional cloud cover given in CIAPMonogmphs I and 4596 
may be described by the fo1lowir.g: 

0.55 - 0.2 s1n3.61,b 90.S > 3 > 3 0 5  sor:ng 

0.47 + 0.07 sin9.W 30.5 L J > 0. summer 

0.6 - 0.2 sin4.W 90.N > $ L 0. 
f td .6)  = 

0.51 - 0.11 sin4.3J 905 > J > Oo winter 

0.48 30.N > 4 2: 0' fall 

9 . a  - @.I7 sin.).$$ 90.N > $ 2 30's 

We-approximate diurnal averaging by multiplying 
the instantaneous flux by the factor D($ ,b), which is the 
daylight fractir I of the day. 6 here specifies the solar 
declination. An expression for D is obtained from the 
relation between solar zenith angle, latitude. declina- 
tion, and local hour angle. 

c d  = srn J sin6 + cosd cod cwl?t . 111) 

where 9 = 2r day'l. and t is the time in d a p  measured 
from local noon. Sunrise and sunset occur at times such 
that cod - 0, and these times are svmmetric about local 
noon. The daylight fraction is thus 

1 
D($.6) = -~ol-~[-rmll und] 

II 
(12) 

D14.6) = 0 if Itan4 u n d l  > 1 cpolor nilht) 

We note that the mean solar zenith angle to be used in 
the air mass calculation [Eq. (lo)] is obtained from Eq. 
(12) as 

3 a * sin$ s1n6 + - c o d  coed. (13) 

We are neglecting small corrections required in Eq. \ 12) 
and Eq. (13) for altitudes Z > 0 ir. the troposphere. 

C. Transmissions 

The only absorbing gas of consequence for UV ra- 
diation. which affects the troposphere, is ozone. The 
optical depth for ozone absorption is given by 

where ktA) is the ozone extinction coefficient as J 

function of wavelength A, W ( Z )  is the mean global ozone 
burden above altitude 2, and P(ll,di is the ratio of ozone 
burden at latitude .$ during a season specified by the 
solar declination 6 to the mean global ozone burden. 
For kc A). we adopt the same expression used by SGL: 

C f A )  - koe~pj- ( . \  - Ld.d]. 115, 

with k n  = 10 cm-I, .\o - 300 nm, and u = 8 nm. This 
provides a close fit to measured ozone absorption 
coefficients over the ?SO-340-nm region. The ozone 
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Solar uni th  angle 
Wawlonnth (nm) 0. 30. 50' 

306 0.70 0.013 0.016 7.9E-4 
310 0.172 0.125 0.080 8.53-3 
31s 0.296 0.228 o 129 0.032 
320 0.414 0.331 0.205 0.069 
325 0.515 0.420 0273 0.108 
330 0.602 0.495 0.330 0.142 

4. 
Y Nott: Ground-level clear-sky aolar UV nuxea computed with tho 

algorithm dewribad in the text. The n f l w t d  flus hu been u t  to 
zero and the daylight fraction taken rr one to facilitute compuiron 
of thm mutts with t h w  of Shettla and Green.' 

' variation P($,6) wiii not be used in the calculation in 
Sec. 111, Table I, since we wish to compare our calcula- 
tions with SG who assign varicus constant ozone bur- 
dens. We will simply take W ( Z )  x p($,&) = 0.32 cm 
atm for our standard calculation presented below. 

The optical depth at altitude Z due to molecular 
scattering is 

We adopt the same expression as SG2 for the extinction 
coefficient k, (A): 

with kc = 0.145 km-I, A. = 300 nm, and v = 4.27. ,As- 
suming an 8-km scale height for the troposphere, the air 
burden above Z will be taken as 

W.(Z) = 8.123 exp(-218) km atm. (18) 

where the 8.423 (total air mass) follows SG.' The op- 
tical depth for aerosol scattering is again expressed by 
a function of the form 

where latitude dependence is introduced through the 
dependence of the extinction coefficient on predomi- 
nantly continental or maritime air. From the data of 
Selby et 01.; we find 

For the aerosol altitude distribution we again adopt the 
SG* formulation 

glect the slightly different air masses associated with the i: 
different attenuating species by SC2 and take :f 

where R is the earth's radius - 6371 km, and h = 8 
km. 

Ill. Flux Results 
Table I shows the result of a sample flux calculation 

using the algorithms described above. The calculations 
shown here were programmed on a Radio Shack 
TRS-80 microcomputer, and many oithe initial calcu- 
lations and tests were programmed on a Texas Instru- 
ments SR-52. In order to compare these calculations 
with SG? we have computed clear-sky fluxes at  ground 
level and arbitrarily set the reflected f l u  to zero. The 
daylight fraction was also set to one. For wavelengths 
1310 nm and zenith angles <70°, these fluxes differ 
from those of SG by S10%. At wavelengths 5305 nm 
and for a zenith angle of 70'' a t  all wavelengths, larger 
discrepancies occur with a wont-case difference of 37%. 
More important than the absolute accuracy of the re- 
sults is the fact that these calculations exhibit qualita- 
tively correct behavior for the relationships between the 
various flux components. For example, the ratio of 
downward diffuse to direct solar flux increases with 
solar zenith angle. The ratio is 1.4 at the equator for 
320-nm radiation and increases to 6 at 60° zenith. 

These results encourage us to use the above compu- 
tationally efficient algorithms for photolysis rate cal- 
culations in tropospheric photochemical models. In 
view of the relatively large uncertainties in the photo- 
chemistry, the flus calculations described above will not 
be the limiting factor in the accuracy of such models. It 
is the relative computational ease and ample opportu- 
nity for sensitivity studies that distinguishes this ap- 
proach from others. 

and we compute W,, (2) as 

The transmiuions To" Ta' and T~ are to the Fig. I. Yanat~on ol total mnsrnlutrn wah ht~ght h s e w n ,  md various optical depths by Iautudc A-Dcc NU)': B-ADIISCD~ 560': C-June SUIe D-June . . - .  

T,(Z.B) = trp(-r,tZ) . .WtB)I. ,.,,) N60*: E-AprtStpt M*: F-Dec NPO* and Apr~Jept S.cO*: G- 
.June K O * .  .June 840.. and Dee 560.: H-June I)* and .\pr,Sept 

when i stands for any of the subscripts oz, a, and p ,  and ?i?u*: I -~pr ,&pt  Su)* and D w  ow. .f-.June. .\PI, Stpt. Dec j21)*. 
. .U(@) is the relative air mass at zenith angle 8. We ne- and .June ?I!o*: m d  K - ~ p r .  Stpt O* 



Tokl tnnrmiuion variation with height, season, and 
latitude is presented in Fig. 1. Sea-level t o w  trans- 
mimion is presonttd in Fig. 2 as a function of season, 
latitude, and wavelength. In them calculations, the 
ozone wiation P(J.,6) was obtained from the graphical 
data of IMtrch.8 Ground albedo was calculated as 
dimmed in k. IV. 

IV. Photolydr Rate Calculatlocrr 
For UM in z o d y  and diurnally averaged tropo- 

spheric chemistry mod& photolytic rates ware required 
u a function of latitude, season, and height. Thew 
ntea were desired in a form that could k readily in- 

Fi. 2 TorJ truuminion at l e d  u a function of n m a .  hti- 
tude. a d  wavrlr~gth. Th. cum rbom for Apr/S.pt N20° u for 

April; at 0.3 fim. Thmo i 4OS higher in September. 

corporated in currently existing computer codes for 
tropospheric chemistry. 

Photolyris rates art the wavelength integrated 
product of extraterrestrial solar flux, total transmission 
function, species atomic cross section, and quantum 
efficiency.@ For reactions lb,  2,4,5, and 6 of Ref. 10, 
such information is directly available from Chap. 5 of 
Refs. 5 and 11. Where possible, the newer vaium of Ref. 
11 were used, with the most recent of Hudson's two 
absorption croer aectiom used for reaction RS. Other 
photolysis rates were calculated as follows. For Rla, 
we plotted the O3 visible absorption/OS UV absorption 
vs sea from Table 13 of Ref. 8 and were, therefore, able 
to w the UV data in Chap. 5 of Ref. 5. For R3a and b, 
we used the estimate in Ref. 1 for an overhead sun and 
clear sky, corrected for sou by analogy to Ref. 12 and 
then corrected only for factors D and f. For R7 and R9, 
we corrected Table 30 of Ref. 9 for D and f ,  and, for R8a 
and b, we corrected the m u l t  of Ref. 12 for D and f. In 
all calculations, ground albedo equals 0.1-0.2, from pp. 
444-449 of Ref. 13, and cloud albedo was set q u a 1  to 
0.52.'3 For wavelength X > 340 nm, the flux values of 
Leighton? rather than Eq. (9), were used. 

The multantphoblysis rates are presented in Table 
I1 for sea level ( h  = 0). These results can be used for h 
# 0 using Fig. 1. 

It was gratifying to note that direct integration re- 
sulted in J5  = 0.3552 in Table I, as was assumed in Ref. 
10. Also, thcse photolysis rates vary with height in the 
same general manner as those of Ref. 4 for low surface 
albedo. The photolysis rates in Table I1 are also in 
rather good agreement with the more approximate rates 
for some reactions that are tabulated in Ref. 9. 

T I Y L  & m a a y a d Z Q U S ~ w ~ k . - L M ( ~ R . ( . . ( m - ' ) .  

Lat J1 J1  33 J3 J8 58 
Month (do@) (a) (b) J(2) (a) (b) J4 J5 J6 57 (a) (b) 

AprSrpt 0 271E-4 1.7/E-5 27lE-3 l.O/E-2 261E-2 2.2fE-6 9.01E4 2.31E-7 8.3CE-6 1.117%-3 27lE-5 
Apr*t S20 27 1.4 25 0.S 25  21 8.4 2.1 7.9 1.0 27  
A p r h t  S40 2.4 0.74 23 0.78 2.0 1.6 7.6 1.3 6.3 0.8 2.1 
Apr- S60 23 0.24 i.9 0.56 1.4 1.1 6.2 0.6 4.1 0.5 1.3 
A P ~  N20 25 1.2 2 4  1.0 27  1.9 7.8 1.9 8.5 1.1 2.9 
SIpt N20 27 1.5 2.4 0.99 25 20 7.8 2.1 8.1 1.1 2.8 
AprSopt N O  1.5 0.08 1.4 0.31 i.3 0.7 4.5 0.4 3.8 0.5 1.1 
AprSIpt NUJ 1.7 0.38 21 0.7 l 1.9 1.2 6.5 0.9 5.8 0.8 2.0 
Ikc S80 3.2 1.2 29 1 .5 37 2.7 126 22 11.8 1.5 4.0 
Ikc S10 35  25 3.6 I.6 3.9 29 11.4 3.3 128 1.7 4.4 
DOC s20 23 1.7 3.0 1.3 3.2 24 9.5 25 10.5 1.4 3.6 
Doc 0 25 1 3  24 0.97 25  1.9 8.0 1.9 7.9 1.0 2.7 
Doc N20 21 0.61 1.8 0.59 1.4 1.2 5.7 1.0 4.4 0.5 1.5 
Doc NUJ 1.1 0.01 0.8 0.24 0.6 0.4 26 0.2 1.9 0.2 0.5 
Juar N O  20 0 3.0 1.2 3.1 1.8 9.5 1.2 10 1 1.3 3.5 
JUM NUJ 2.6 1.3 3.5 1.5 3.6 23  11.3 2.2 11.9 1.6 4.1 
Jwrr N20 22 0% 3.1 1.4 3.5 2.2 10.0 1.8 11.3 1.5 3.9 
Juar 0 1.9 0.68 23 0.87 2.2 1.6 4 1.3 5.1 0.9 2.4 
Jum s20 1.6 0.19 1.8 0.59 1.4 1.1 5.7 0.6 4.4 0.3 1.5 
Juar Slo 1.4 0.04 1.0 0.26 0.7 0.5 29 0.2 2.1 0.2 0.6 

Photolpu mur Jl(a).Jl(b). r e .  cormpond to nutionr Rl(a). Rlrb), etc. from ReL 10. .a table oncry 3.3 E-3 is idmt~cal to .3.5 X 
hmmd JV - J7 u in hf. 10. The relevant ruaionr ur Rl(a): O, -=& + 0: Rl(b): O3 - 01 + O(ID): R?: NO1 - NO + 0: R31a): YO3 - NO + Or; R3(b): No3 - NO, + 0: RI: Nq0, -- NO, + NO?, R5: HNOq - OH + YO: R6: HNOj -- OH + NO?; R:: HtO1 - ?OH: 
MI): H&O - HCO + H: RB(b): H&O - CO + H,; R': CH1OOH CHq0 + OH. 



Thii paper was presented during the OSA Topical 
Meeting on Atmospheric Spectroscopy, Dillon, Colo- 
rado, 30 August-1 September 1978. 
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D i f l u e n t l e l  absorption l i d u  ueinq r  dual r e v r  
leryth .  pried C01 l r a u  end d i r e c t  detact ion receiver 
on b r d  th r  Space Shut t le  i e  capable of a lqnif lcent ly  
improving the  aaie t lnq qlob.1 data  h e r  on tropoepharlc 
-one w d m .  A qroun4 h a d  prototyp. of M e  l l d u  ia 
current ly  d u  t e e t  i n  th. B.ltbC~r*-Wb.hi~ton U*.. 
Tho DIAL I n a t w a n t  n e e u r e a  b a c l a c r t t e r d  l a e u  energy 
rt t w  r r l e c t d  *avelenqthe in  thm 9.4 )r hnd of c u -  
bon dloaidm. Wall horn d l f f u e n t i r l  abeorption elgo- 
r i t h r  and O j  . bwrp t ion  l i n e  p u m r t e r r  u e  u e d  e l o q  
w i t h  w r r u r d  laear ener l iea  t o  ccnplte 0 )  concentrr- 
t ione. 5ate  ecquie l t ion,  rocordlnq, ud u.r ly8ie  u e  
performd i n  n r u  r ee l  tiw with l UlUC ~ i c r o p r o c e u u .  

S a r ~ r l t l v i t y  t o  tropoepharic oaone c u ,  b o b t e l n d  
in  the  spceborne v.reion of t h l l  l i d u  by eelecting 
Iasar Irnes l o c e t d  i n  the  rlnqe of t h e  t u q e t  oaone 
lrnoe. S u b a t ~ t i a l  abeorption occure only In tk. 
t~opr.syhera where preesure broadend o r m r  linme 
over lap. 

Simulation etudlra' ueinq verloue laaer  l i n e  p . l r r  
i n  t he  ?-brench of the  CDa 9.4 u bud r h w  t h a t  t h e  
oronm burdan r a t r l eve l  m y  bm r a l q h t d  t o  p u t l c u l u  
bl t l rude rmgionr. The ?l12l.  ?(a41 l i n e  pa i r  i e  
p r t i c u l u l y  ~ i t d  t o  lau t ropoaphu le  oaone m e e s w  
r..nta r h l l e  o t h u  I lne  pai re  crn  k chorbn for renal- 
t l v l t y  t o  uppar tropomphoric or r t r r t o e p h u i c  oronr 
amounce. A q d  f i r a t  emtimate of t r o p o l p h r i c  orolu 
burden can thur bm p r w l d d  by the  C0a DIAL r y a t m  u(rg 
tha ? (12 ) ,  ?(a41 l i ne  palr while w e  accurate velue# 
can b. d d u c d  I r a  r u b e q e n t  ubr of o t tn r  l e e u  Iln- 
o r  f r c l  n a r w r e n t r  such u e e t e l l i t e  BW which p r e  
vide accurate burdan s e a r u r u n t e  of r t re tospher ic  
Mona. 

these  e b u l r t i o n  etudler e r e  b a d  on n-ri?el 
ln t rgra t ion of d i f farencer  i n  absorption coeff ic ient  
profl1ee a t  the  tw e e l u t d  l e e u  w a v r l q t h a  ueln) 
the UCL abaorptlon l l na  puwtu ccrg l l r t l on r ,  U. 8. 
S t u d r r d  Atromphere oaone p ro f i l e ,  ud l e r u  w f t w u r . t  

S l u l b t l o n  me wll r a  date  c o l l u t l o n  ud r d u c -  
t l on  ere  p r f o r r b  by M Ul-11  b a e d  mIcroprocaa.or 
aubmystr of thm COj l l d u .  So f twur  control  of 
a l l  there  funetloru provldr r f l u l b l l i t y  i n  c h ~ i n g  
date  c o l l u t l o n  f o r r t e  ud d r t r  r d u c t l o ~  e l q o r l t k e .  

A cubon  4ioalde 4 l f t u r n t l e l  a b r o r p t l a  lidu 
urlng dual wrveluqth  p u l e d  l r e u  t r l n r l t t u  ud 
d i r a c t  d m t u t a  r e c r i v u  11 capable of eprce-bred 
burden n e r u i ~ n t e  of revere1 e-ephric rpocle8. 
Pot e n r l r l  t u g e t  eonet i turnt r  u e  thole  which hvm 
h n d e  in  the  C l 1  m rywctrel 1-1 - ud can thur  
abaorb r d l e c l o n  m i t t a d  i n  t h r  9 . .  MD ud 10.4 Y 
h n d r  of tha Q)a L e e r .  The po re lb l l l t y  of g r i n h a  

i n f o l u t l o n  on t rOporphr l c  orone i r  of  r l c u l u  
i n t e r e n  mince it l r  l n v o l v d  i n  v e t  bepact@ of qlo- 
h l - a c r l e  t ropoephulc  photochnlet ry ,  l t e  e w c a  ud 
ainL n c h b n i m  u e  a  a sb j r c t  of current  e c i e n t l l l c  dm- 
kt., ud an edmquete global da t e  b a a  i e  prmranrly 
l rckiw.  3-5 

I n  t h l e  p.pu w w l l l  d e r c r i k  l miuoproceeeor 
c o n t r o l l d  L l d u  e y r t m  current ly  udu e o n r t r w t i m  
a t  tk. lUII coddud S p c e  t l i q h t  Con tu  ~4 conrldmt 
a m  of the  p r 0 b l ~  lnvo lvd  In  d i n g  a p a c e - b e d  
m r u r r . n t @  of tzopor&heric orom. 
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Ahww-lt now W M  that * rropaphar 1 thus contribute to  the p c e n h o w  effect and the climatic 
wt chomiai rad mw '- r(i*Lda stlto. Changes in the concentration of such a gas would thus 

~ d @ r ( I r r c k s l b l r a a e c w d * m ~ .  hpmpvlltrtouy - -t &,,, iraprca on OIDPrdQ -,, ,, haw a direct fnfluence on climate. The spectral region from 
d (& "(ml w. d rmarpm pr TU * about 8 to 12 wn k of particular Importance since thir in- 

clrbr r btdd korrWI d p h M .  cbrcoW1 ud #dodal P ~ P  , dudes tho central portion of the Pirnck spectrum radiated by 
M* k *dou a a - ~ h  of the ruth and ir &o a mlrtively clew %down in which few - - lht mima plocrwr hnmt in natunl constituenu absorb strongly. Other species have ~ k c o a m n b r d o a r o f r u m b w o ( t i o p o @ ~ c p r d r u r d  

py -t ,,,,,, - w, underinble chemicrl propanies, La., they u e  toxic subnurser, 
idrw th.-pdrpl at rhicb m a  taq b&& ~r tho & ~ a  cyciea d m d  still other gases m y  poucu both thennd m d  toxic 
a- ~m md dcrlbr UIO paiblr conrpwwr d arh properties. It  is also possible that a spacia which is innocuous 
bcr*a- Mumno lato mhm lnq *- in itself may, through chemical interactions. alter the concen- - Ou rmlnmanat by Of '* *anhi hPncrlonr rim trations of harmful species. The problems involved in atudyiny 
0 t h  rbnaplmlc rprdr, Utdf ndkdw pmg.rclr, a both.. Prabkrnr 

mirr hdodr dn d rbndoh C ~ ,  nartc. the lmprct of mthropogtnic emissions can be quite complex 
b~ boa ao bunh~ o i  w w-ud 1(1 pollbl; cumadr;rrocg, and htve many runifications. 
Q1 cowprracw d brnwd k*rL d CO rmtPba on thr d- The study of the chemical and climatic effects of industrial 
drutnl.bO1ty ~ U I O  tropocphm odortbrruUalonbudpt.ad 
p~blr c&nlw L mr rmtaphrls odd rndoroar unorats 
b r t o i v m d w o f l a t a h o n i a ~ b t n .  Tbornrgrl(uP1d 
~)rr t lubrck#p&tdbyrdoormodd~(Pdirrmn*k*ndvltb 
padcub a-clor to llacrmiaclr rhWl may rtlu t tho d~. 

LTHOUGH problems of urban pollution haw been studied A for many yam, the fact that tho g l o b a l 4 e  troposphen 
L m extmnely complex chemical ry~tmn subject to a variety 
of rathropogenic porturbuioru ia only now bang appmciated. 
Vutau upacts of the p h o t o c h m ~ t r y  of the natural mpo- 
s p h m  h m  been descrikd by several authon [l]  -[3]. An 
undrmurdtnl of the chemical, biologicd, m d  physical pro- 
crrus Iffuting the concmtratior~ of tnce s p e c t ~  in clean 
Vopo8pherlc rlr b clearly a pnmquidte to m y  mrlirtlc ruau- 
m a t  of tho effect8 of humm rtfvl t iu  on the state of the 
atmaphon. Although major problem remain in idontifyhl 
courca. sinh and chomicd mctton pa th  for m e  rprefu, it 
d m  lppeu  that tropacpheric modeb can k constructed 
which m codstunt with much of our prrvnt knowledge of 
tho concontr~ccms of tnca rprekc and thdr chomical reaction 
nw. At lout a qtullutivo undentandlng of h e  impact of 
h d u u i r l  rcttvftirr on tho giobd scale troposphem may bo 
anomptd. 

Qun- in the natuvrl a b u n b c r  of tnce s p c h  ur of 
concern for one or both of two reuoru. A puticuiu pc ;nay 
abmrb i n f w d  radiation emitted by the euth's surface and 

YmuaW nahd JW U ,  1911; mbd Sop#mbrr 30,1971. 
R. W. S t w u t  b with tbo NASA Innttuta for S p a  Stud*. Coddud 

S p a a  N g t  Cmm, 2880 Brodrry .  Now Yo& NY 1002S, 
1. Hamad and I. Hnto m 4 t h  tbo Labontory lot k a r y  Am* 

Rrwrslr. Dqu-.at of Ylsbrald enginalmg. Stlu Ud. 
wdty 4 N . r  York, Stwy Brook, .W 11794. 

emusions into the atmosphere u jwt b e a n i n g  and it k cleu 
that a quantitative assessment of these effects n q u i m  an 
understanding of the complex interactions of species within 
the atmosphere and of the atmosphere with other physical 
systems such u the ocean:, lithosphere, and biosphere. In this 
paper we will review our current knowledge of the budgets of 
various species in the natural troposphere and discuss the ways 
in which man h intervening in thes: budgets and the possible 
consequence$ of such interventions. 

The concentration of a parUculu species is determined by 
cornpodtion between vuious production and lou proccuas. 
Thw processes may consist of physical. biological, or chemical 
intenctionr br twnn the atmosphere m d  other geological 
systems or they m y  condrt of chemical and physical inter. 
lcdona within the atmosphem iuelf. With the axception of 
tho noble p e r ,  dl ofemants in the atmosphere undergo ex- 
chmp ptoceurr between tire atmosphere and other reservoirs. 
The rum of those e x c l u n r  procaws constitutes a "cycle" for 
the elommt (or spocioa) in question and the average time sn 
atom or molecule spends in a puticdar reservoir h i u  lifetime 
or mddence time in that rewrvoir. 

A convenient way of sonsidering the multitude of trace 
spocios of importance in the tropwphers is to orpnize them 
into certrin elemmul goups ar shown in Table I. The fint 
two CO~WNU of thu table give \he name m d  chemical symbol 
of vlnow tropoaphhc species. The third column giver the 
mixin8 ratio which for moat rpccies must be calculated stnce 
thdr rbundrncrr ur too small to meuure. Thw ~ p c i e s  
concentrations which have brm meuumd m indicated by (m! 
in thfj tdumn; cnlculrted valucn were dorived by the present 
authon and npnsrn t  d a y m e  avtrayd midlatitude valuer. 
The lifetime of r species (column 4) u related to rts murlnp 
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ntio in that thorr which ua hi@y nutivo md haw short 
lifetima will p n e d y  hwo mull rbundmca. Abrorptloa 
bqdr  in the thermal IR ur iadicrtod in cdumn 5. Sourcrr 
md dnkr of tlu nriour speciu ur diruvrd blow; cdumaa 
6 urd 7 of Table I nou whether tho rwcrr .end a&ki f a  I 
puticulu rprdrr ur p h d y  mthromnic  (A), bid- 
C? microbiological (8). chomicd nutioar in tho *horphw 
(C). or physical (P). 

III. THL OXYCLN GROUP 

The most rbundrnt member of thu group, mdrculu oxyvn 
(Oa), is r major constituent compridna about 20 porcmt of 
the rtmaphm. Tho oxypn cycle hm bnn n v i o w d  by 
Wdket [4] md by r w d  others [S] -[7] in rhr coaturt of 
&usions of the cubon cycle. To addren the qwrtion of 
intomtion by human a c a v i ~  in tho oxypn cycle wo must 
noto that thore ur two diffonnt titno rcrlrr in whicb oxypn 
ic oxchrngod botwnn tho ctmaphon and terresvirl nwrrdn. 
Tho rhorter of thrv time vrla invdvrr t& 0- of h u t  
3 X 10' Mtlyr of oxypn betwnn t& rbocphon md Mo- 
sphon vir proraws of photaynchia md mpindon rad 
b y .  Tho ruemu of atmocphrdc oxy- iavolwd In thia 

-- 

oxchuue (10' Mt oxypn) u much lugor t h  the rewmir of 
biocphorlc carbon (35 X 10' Mt) or of awlrble fouil fwh 
(7 X 10' Mt). Sincr 2.67 Mt of Oa will oxidiu 1 Mt of cubon 
it u dru that human intorvontlon in tho carbon cycle, rithor 
thmu* n d y  complotr combustion of avrilrblo fouil futh or 
throqh mkunzlri Jtmtioiu in the populations of photo- 
synthaidng orpnhmr. will haw and (llu than 4 pment) 
tmplct on the aanaphoric 0, abundurco over timu of the 
order of huabn6 of youa. 
Th# l o w  War d o  invdwc tho rxchmgo of 0% botwwn 

thr runoqhen md cwul ndimmu. Ibe source of oxypn 
on this ruk u dw to rbwt  300 Mtlyr of Oa prcducad by 
photocyntbais which m not utlllud in tho oxidrdoa of dead 
orpnic cubon. Tho stoichiometric oquivrlmt mount of 
cubon i9 nqur tund in warn ndlrnmts. A cornsponding 
dnk of 300 Mtlyr for 0, mulu from ordoa  and weduring 
of thru wdtmma rc thoy a0 a@ uporrd to tho auno- 
sphm. Ibr rrcrtvdr of rdimenury cubon conurru about 
5 J X lo* Mt md cwld m a y  absorb dl the Oa prauotly in 
tbo r t m o q h n  rf thr 0, tourcr wan rxtin@od. Tho time 
om which rbL would occur ts about 10' Mtl(300 Mtiyr) or 
3 mllllom yrur. Wuu of tho long time d o  invdwd in 



Fb. 1. Oxypn W,.t of ma troporpba. Thr thm coum, of omrr 
m down& wuupat from tha nntorpbur. photdy&. md 
hydrocubon orribtioa. Thr domLunt chanisrl dnk~ bw to m d o a  
of =om with odd Iaydrgm rad nlttgrn ndld, ud of O('D) rlth 
rrutvaporur Ihom. Thrkt*rdnkdwtonrctbaatth@~pound 
b not indimtad. 

g tential humm impacts on the oxygen cycle, we will not 
dlrcwr it in detail but will turn to come problems of more 
Immediate concern involving ether membon of the oxygen 
POUP 

Ozone is the next m a t  abundant member of the oxygen 
poup and is a chemically lmportmt tropospheric constituent. 
Almost d l  of tropospheric photochemistry is initiated by the 
photolyrir of ozone in the 300-310-nm redon of tlrr ultra- 
vide t spectrum . The r e g  tion is 

The O('D) thus formed may then react with water vapor 

living two of the highly reactive hydroxyl radicals whch in 
their turn inihate seven1 complex reaction cham. Another 
potentid precursor of tropospheric photochemistry is NO, 
which can diuocute over the W wavelength range from 
300-400 nm. 

with subsequent involvement of both 0 and NO in chenical 
nactions. 

The oxygen budget of the troposphere i s  represented sche- 
matically in Fig. 1. ' Thu 3 p r e  indicates that NO, photolyrir 
m d  downwud transport from the stratosphere ur p h u y  
courcta of tropapheric ozone. Photolytir of this ozone m u l u  
in the production of q l D )  md,  after reaction of this tprdes 
with HaO, in OH radials. These in turn o x i b  m e t h e  m d  
other hydrocarbons to produce more ozone. Ozone is lost via 
nrctioru with NO, (NO m d  NOa) md HO, (3H m d  HO,) 
ndicrlr . 

A problem that h u  generated much m e n t  debate is that of 
the rourca and sinks of tropospheric ozone. The "clusicrl" 
new has been that ozone u transported downwud from the 
strrrosphen, where n u c n u e d  u a result of Oa dirrociroon 
by W wrvelmgths Iru thrn 240 nm. m d  u destroyed at the 
ground [a].  The obr rmd brkpound  concentration is r b w t  
3 pphm md d d o m w u d  transport m d  pound-lml dostnr. 
tioa are m f u t  the major source and sink mrch.nuau for 
troporpheric ozone. its lifeame is of the order of om month. 

Chunddrr m d  Walker (91, [lo] propoud m alternative vbw 
that otoae h the l o w ?  kpocphm Ir photochemkrlly 
cnated, q e c i d y  u a conwquence of the methme urldrtton 
c W .  fhr rob of nrct iw hydrocubom ia otone productioa. 
in ponuted urbm alr Ir mll  known (31, [11] m d  the possible 
hporuncr of tha much I w  n r t l w  but mon abundant 
metham h tho dobd s a l e  production of ozone mc noted by 
C N ~  (1 21 . 

Thr "a*-"- of tha n r t l o n  scheme by which n.athme oxlda. 
tion m u l o  in ozone production ur &uurd in Fi#unm m d  
Crutun (131. The net effect, which is tho nun of 15 individ. 
wl nrctlonr, I( 

This naction r q w n c e  w n U y  extracts 0, mdrcules from 
the unbiont nrrrolr m d  mrlur theb component atoms 
available for ozone formation. It thus provid& m altenlatirr 
to  the dinct spUtthg of Oa by ultnviolet radiation which 
d m  not occur in the troporphen. 

The imposuncr of tramport h uublishing the tropo- 
spheric ozone abunbnca la supported by obwrational evi- 
drnce on the latitudinal distributions of thir constituent. 
The troporphedc ozone burden ( t o d  m o u n t  'of ozone in a 
column) show muima in n d o m  of enhanced troposphere- 
stratosphere rxchmp,  30, 45, m d  60. latitude [14], (151. 
Photochemical mouvlr have not addrrtwd the problem of the 
o b w m d  latitudinal distribution of ozone, but there b no 
obvious photochnnical uguxnrnt which might ucount for it. 

The shup dluqcement bo:ween the conduuom of the 
photochemical models of Chumides m d  Walker [9], [!31 
m d  t!a rrgumenu supporting a purely dynamic source isr 
tropocpheric ozone haw motivated additional model studies 
(161, (171. The nsulu of t h w  m o n  recent calculations 
indicate that photochemical production alone m o t  
account for obscmd levels of tropospheric ozone and that, 
ia frct, the t ropaphcn r u  u a net chemical rink. In the 
dculr t ion of Chamddes m d  Stedmm (161. 70 percent of 
the ozone in a typical midlrtitude tropospheric cdumn is 
produced by downwud transport from the stratosphere m d  
30 penmt  u photochemically produced. In rhir typical 
column 70 percent of the ozone is chemicdly destroyed and 
30 percent drnroyed by nwtion at thr q w n d .  Cdculations 
mldr with thr box model of S t e w  er d. [17] lead to simrlar 
concludonr nprding the nlatirr importmce of tnnrport m d  
photodrmbtry in aubllrhin8 the tropospheric ozone 
I t r i b u t t w .  

P . e  di-rrpnt cobdudom of tho newer and older photo. 
c l a d  models illuminate tho principal problem in stateof. 
the- modrb of tropospheric composition, which u theu 
wndtivity to  the &u bur u n d  in the calculations. The m a t  
hporrrnt  componrnt of this data b w  is the large n t  (wu. 
dly 2 60) of mction rates for the Aomicd nactioas used in 
the cal~ulrtionr. k ur conutmtly k i n g  nviwd u new 
experimmtrl d r u  k c o m  a i lab le .  The m a t  g e n e d y  
u a p t o d  chrmlcJ dru brw is tbrt prodded by the comprla- 
t i w  of Huapcoa m d  Guvin (181 in whkh them authors. m d  
other ated in thdr  publication, m l o w  the available exprri 
mental data m d  provtdr prefemd nlwr for a luge body of 



chrmicrl reaction rater. Thb review proceu ir by its nr tun 
always m e w h a t  dated, and there ue u r d y  more recent 
data of interest which must bc considered in model calcul8- 
tiom. 

The different conclusionr rewhcd by the older [9], [lo] 
m d  newer 1161, [17] modela of troyocpherlc ozone may be 
traced for the moat part to the futer rater adopted for certain 
Importmt reactions in which odd hydropn m d  odd nitrogen 
radicdr combine, e.0.. 

NO, + OH HNO,. 

These rater wen nviwd betwqen publication of the models 
referred to above. Such reactions reduce the concentration of 
OH in the troposphere and thus render the methane oxidation 
mechminn leu effective. 

Another factor leading to differing conclusions in these 
models b the different NOa background a.'2pted. The earlier 
models used 3-ppb NO1, a vdue suggested by Robinson and 
Robbins [19] based on their analysis of the nitrogen budget 
m d  the sparse data then available. k additional data have 
become avdable it h u  become c!ear that 3 ppb is too high 
to be representative of global background NOa d u e s .  The 
spectroscopic measurements of Noxon (201 tn particular sug- 
gest that NOa 5 0.1 ppb. The use of lower NO1 
(s 0.5 ppb) in the later photochemical models reduces ozone 
production rerulung from NO,. photolysu. 

The newer photochemical models discussed aba;.e represent 
a synthesis of the arguments concerning photochemical and 
dynamic sourca for tropospheric ozone. T'hey establish the 
importance of photochemical interactions in contnbuting to 
the ovenll ozone abundance, but u e  consistent with the 
view that transport plays a major role in establishing the 
globd ozone distribution. Unfortunately, this consensus has 
proved shortlived. A recent meuurement of the rate of the 
reaction 

by Howad and Evenson [?I]  indicates that it u 8 to 20 times 
futer than the previously accepted values. This h u  ex:remely 
unportant consequences for the problem of troporphenc 
ozone and for tropospheric chemistry generdly, since thu 
reaction produces NO1, an ozone precursor, and OH, which 
initiates the methane oxidation chain m d  a m  produces 
ozone. 
In the model of Stewart t t  d. [!7], 13 muntain the averap 

observed troposphenc background value of 4.5-pphm 0,. the 
troposphere must unport 1280 Mt,'yr of ozone from the 
stratosphere. Thu figure is cornistent w t h  truuport values 
quoted m the meterorologcll Lterature (15) , [22] . However, 
usin[ the Howard and Evenson value for the reaction prrn 
,abow in rhe Stewart t r  d model, the trooosphere swltches 
from bang a strong chem~cal unk to a strong chemical source; 
~t must export 2000 Mt:yr of ozone. Thu is an unacceptable 
resuit because it u mconaistent unth the o k ~ l v e d  tropo- 
spheric dirtnbuuon u explained p r e n o d y ,  ma hecause the 
obrrved tropaphen-stratosphere ozone gradient unplio 
downward rather Il~m upward tnnsport. 

Thu the problem of the rources and dnks of tropospheric 
ozone remrfnc. Even if revision of other reaction rates is 
found to provide a chemical dnk which compensates for the 
chrmkal source Liven by thii rate, mane m y  be found to 
have too short a ncidence time to be consistent with the 
indicated importance of truuport in ~ ~ ~ b l i r h i n g  its 
distribution. 

IV. THE CARBON GROUP 

The principal cubon containing species in the atmosphere 
u e  CO, , CH,, and CO, which have mean concentratioru of 
about 336 ppm, 1.4 ppm, and 0.12 ppm, mpectively . Other 
hydrocarbons such u aldqhydes, olefins, alkanes, and terpenes 
an generally present in much undler amounts. The globd 
scale effects of the carbon group on pollution and climate 
have centered on the three species noted above. a @ e r  
molecular weight hydrocarbons and CO are important also In 
urban ra le  pollution problems [ l l ]  , [23], [24] .  Carbon 
dioxide and methane are climatololpcdly significant gases 
ance they absorb in the thermal 1R. The contnbution of 
CO1 to the "greenhouse effect" u weU known, but methane 
h u  a band at 7.7 pm, and changes m CHI abundance are also 
potentid\, important. Ca:bon monoxide is not active in the 
thermal 1R but is of concern due to its chemical properties. 
'n high concentrations CO is toxic. but on the global scale our 
concern is centered more on i!s poss~bla chemical iqteractiorl 
w t h  and impact on species such u OH and CH, [2S]. 1261. 

The abundance of carbon dioxide is regulrted by interaction 
between the troposphere and biot~here [27] via the process of 
photosynthesis which we may wnte schematically as 

CO: + H1O CH1O + 0 1 .  

The forward reaction represents the utdization of CO, by 
plants in the synthesis of organic compounds here represented 
by CH,O The reverse reactlon reprewnts the rerun1 of C 0 1  tQ 
the atmosphere by oudrtion of dead organic matter. f h e  
flow of carbon between the atmosphere and other reservoirs 1s 
shown in Fig. 2 .  Several quantitative models of the carbon 
cycle have been developed [S] , [6] . [28] -[jO] whch may 
differ from o:ie another and from Fig 2 in the details of the 
adopted resenoirs and fluxes. 

In Fig. 2 we have given the cot'.sumption of C02 by the 
biosphere u 1.5 X 10' Mt/yr. 1.1 X 10' by the land b l o m u  
and 4 X 10. by the oceanic biomass. These numben, like 
mmt of the flux and reservoir vuues of Fig. 2, are meant to 
be represenuuve. but mdely varymg values cm be found in 
the hterature. fhe exchange of CO: between the atmosphe:~ 
and b ~ o m u r  by photosynthesis IS balanced to within one part 
m a thouund. The slight ~rnbalmce between ;onsumption and 
release of CO,, represented by the sedimentation tlux m Fig. :, 
h u  resultcri m the depout over geolog~c tlme o i  a reservoir of 
f o d  orpnlc cubon o i  perhaps 1 .?. X 10' M t  I 3 I),  of wtucn 
about 7 3  X 10' Mt IS avuiable for ex;!citation. 

Methane and cubon monoxldc are less abundant but un- 
portrnt membcn of the carbon group Methane is approu- 
mately urufomJy dutnbuted m the troposphere with 3 con- 



F i i  2. The Cubon qda.  The num1.r of meptoar (Mt) of arboa in 
the indicated memoin m rhom ia h a .  'Ihc toed f a  fwl 
cubon (1.2 x 10' Yt) and the mount arrJlblr for wc (73 x 106 
M ) m shorn at the left Jt the rdiment memoir. The fluxes 
ktxcca rcrtr*oin are rh-rm b the morn and in Y t  (C)/yr. 
The phyriol or b i d o d d  process rir to ther firua is mPd 
next to Oc m u  m most ara. 

Fig. 3. Latitudinrl -lion of CO ia the troparphcze ( a h  Seilar 
[MI). 

centntion of 1.4 ppm (321. At least elghty percent o i  
tropospheric methane is produced by the anaerobic decompo- 
ntion of organic matter m such places as swamp and paddy 
fields, and IU sources are thus biologicai and microbiologcll. 
The ranunder of the CH, is output from natural gas wells. 
A present estimate of the total source strength of CH,, is 
about 10' Mtlyr [:?I and is included in the soil respiraticn 
flux m Fig. 2. There ue 4 X 10) Mt of CH. in the atmo- 
sphere wtuch. combined w t h  the above source strength, 
unplies an atmosphtric residence time of 4 years. It is n ~ w  
pnenlly believed that oxidanon of methane :la the 
reaction 

C& + OH-CH3 + HI0 

Fig.4. YoaMy rrrry. nlum of C& u w d  at Maum Lor 
Obrr*rtory. W a d i  (a Bwr rr el. (31 The ~ u o n r l  oscillation 
of C G  b shown superposed upon th-. low trrm in- due to 
iadumid activity. Horizontal bm indicate man mud concentn- 
ti- 

provides the major sink. The effecuveness of this sink depends 
on the abundance of tropospheric OH radicals and on the rate 
of the above reaction. The mean tropospheric abundance of 
OH is not well established. bleasurements [33] -[35] show it 
to  be quite variable and theoretical arguments support OH 
concentrations ranging from 2 X 10' to  3 X 10' molecu!es/cm3 
(361. (371 . Adopting 4 rate of k = 4 6 X 10-Is cm3 s-' for 
the Ctl, + OH reaction [I 81 @ves a lifetime ~ C H ,  = (k[OH])" 
ranging from 2.3 to 35 years. There is thus at least a factor 
of 10 uncertunty in the parameters determining the methane 
abundance. 

Carbon monoxide b approximately uniformly distributed 
vertically in the tropapherc but shows a :trong latitudinal 
gradient. The globally average& concentration of CO is about 
0.12 ppm. but there is a factor of four difference in mean 
concentrations between the northern (0.20 ppm) and southern 
(0.05 ppm) hemispheres [38]. (See Fig. 3.) This interhemi. 
spheric con:entration difference indicates the importance of 
northern hemisphere anthropogenic sources, maidy automo- 
bile and space heating, in deterrr,ining the global CO abun- 
dance, but the oxidation of methane provides a strong natural 
production md the rekive importance of these two mecha- 
nums is still a matter of debate [39] -I411 . 

B. Perturbations to rhc Corbon Cyck 

The long-term increase of C02 is the best documented of 
the global scale changes in the atmospheric environment tlat 
have occurred as a result of human actintles [J?] , [J3]. 
Fig. 4 (after Baes er ul. (311) shows monthly average values sf 
C02 concentrations measured at Mauna Loa Observatory. 
Hawaii. Cie  long-term increw is quite apparent. Seasonal 
vanations in photosyntheus produce the annual cycle. Carbr 
dioxide absorbs m the thermal IR, and it has been sugges:~d 
by several th-.oreucu studies that substantial increase (e.g., 
doubling) of the CC2 amount will lead to ilimatololpcally 
stgmficulr temperature increases m the lower atmosphere. 
There are two parts to 3 quantitative evaluation of the en- 
wonmental Impact of enhanced CO, levels: the first a to 
project future C02 coccentrations rs a iunctlon of time, the 
Second is tc :alcdate the change in surface temperature T, 





Ft(. 6. ?rolrcted powdr la rtmaphrrlc C& and uwclated nn(r of 
c r t  rJw for two scenulor of f d  fuel utPinUon (after Bus tr  4. 
(3lf). Thaw CUM, l o w  the marltMry of dre modd dacrlkd by 
BIII et d. to N#I and Low un production rrarrior (tuur d i d  liam). 
udmilrdon of C& by Lad btotm (inner band). and d c  upbkr 
lounr bmd). The mt h.nd Weal u b  h6vr the of unar- 
&*, in A T, for each d u e  of COj harue. 

The greatest uncertainty in model crkuhtions of surface 
temperature responra to incnutd  CO, abundance h in the 
treatment of other meterorolo~cal parmeten such u relative 
humidity and cloud unount, which m y  llto respond to 
tempnture chanps and fced back into tho CO1 perturbation. 
Aupsaton and Rammathan [54] . for example, show differ- 
enies of up to 62 percent in AT, between models with con- 
stmt cloud top altitude and olhcrs w,h constant doud top 
temperature. 

According to Sshneider [53], a present estimate of AT, 
resulring from a doubling of atmorphenc CO, abundance 
would be 1.5 K < T, < 3 K, but, u Schneidor cautlonr, this 
atimato could be conddonbly modifled by the effects of 
important feedback mechuurmr not included in cumnt 
models. 

Considering the combined uncertrinues of projecting future 
CC), levels md of computing Or, for a Oven C& increase. it 
does not stom nuonable at present to attempt a qurnutativc 
pndiction of umpenture increws multir.g from C& omis. 
dona at m y  specifled future time. The uncertrintitl in the 
CO, m d  AT, projections M indicated in FQ. 6 (after B u s  
rr al. [31]). Tho hl@er of the two s a d  Liaa npnrrnts  m 
assumed 43 percent mud growth mte in fordl fuel burning 
reduced in proportion to the fncuon of the net supply chat 
hu been wcd; tho lower of tho two solid lines r e p n n n n  m 
w u l e d  2.ptrcent growth nu until 2025 followed by a sym. 
mctrizrl docreue. Tho inner band m each of these cues 
repnunu  the effect of a t2000 Mt/yr vvnauon III the net ~ I U X  
to the Imd, whila the outer band :epresents the effect of vary. 
fig the assumed ocem uptlke from 40 to 60 percent. The rQht 
hand vemcai our h o w  tho rlrlgo of uncenunty m AT, (a 
estimated by Bats er d.) for euh value of CO1 incraw. 

Another perturbanon to the carbon ~ r o u p  whch has been 
jlscurrod recently mvolves pourble dteration of the CH. con. 

centration as a mul t  of chanp in the mthrcrpoplc CO nux 
into tho aunorphere [25], b 5 )  . According to calculatiolu by 
St@ [25], r CO emlufons increw of 4 pemnt  par year from 
1940 to 1971 followd by I 1 3 3  percent per year lncrew 
thenahor will result in a doubling of CH, concentration over 
its 1950 d u e  by the year 2035. Chuneidos r r  d. [26] con- 
rtdor I 4.5-percent incnrrr in CO emissions from 1976 and 
find an i n c n w  of CH, from present levelr to about 2.45 pprn 
by the y e u  2010 (a 7S.percent increase). ' 
Thew projected CH, lncrours occur bocaur CO is m effec- 

tive scavmpr of the hydroxyl rrdlcd through the reaction 
CO + OH * Cot + H, and OH is the major specfar capable of 
initirtin# the methano oxldatlon sequence. Thus mom CO 
resulu in Iru OH m d  this, in turn, causes m increase in CH, 
mount .  

M e e d  r r  ul. [SS] hm pointed out thrt the magnitude of 
the CH, perturbation resulting from a given CO flux incrsus 
is oxtnmely sensitive to the NO, background urumsd in tho 
model ~ d ,  since this at present u only poorIy known, quurti- 
utive statements concernin# the magnitude of the CO-CH, 
perturbation are not yet feasible. According to the cdcula- 
tion, of Hamtad a d.,  a doubling of the present lewl of CO 
emissions would result in an increus of CN, to 1.9 ppm for 
NO, = 0.1 ppb. The reason for tth sensitivity is that NO, 
compounds are llto affective r a v e n p n  of OH through reac- 
tions such u 

NO, .c OH HNO,. 

The hydroxyl ndicrl concentration is thus much mon unsi- 
tive to tha CO flux for low values of NO, than for higher 
values. 

According to Wan[ rr ui. [56], a doubling of C& concen. 
tratlon would result in IF. incremental surface temperature 
AT, of 0.28 or 0 40 K for a flxed cloud-top tempentun 
model depending on whose absorption data is used. It is im- 
portant to more firmly establish the possible magnitudes of 
methane incnuts  and to study in pester detul tho more 
p n e r d  chanfn which would mui t  from lowered hydroxyl 
ndlcd concentnuom. 

Nitropn or N1 is tho mort abundant gas in the atmosphere, 
but it is relrtively inert chemically m d  therefore hu little 
dlnct Interaction with other tropospheric species. Other 
fomu of troposphetic !tittogan such u ammonia (NH,). 
mutc oxide (NO), and rutropn dioxide (NO]) result from 
various rnicrobiologicd and industrid processes whch break 
h e  N, bond. Such ptoceun u c  lud  ta "f~x" rutrogcn In a 
bto!o~cally w f u l  form. Thae  fctat~on p r ~ e r r o  occur 
nctutdly ur v u i o u  mi m d  mame orgsrusms and to a much 
lesser extent by the rrlcnon of Nl and 0: in lightn~ng dis- 
charger. Indutnrl producuon of fertrluer u the pmcipai 
wurce of aruficiid tlxauon m d  a debate IS m progress over the 
degree to wtuch thu process may upset the natural cycling of 
nitrogen through the ecosystem. The current status o i  this 
problem wdl be dcscnbd below. 

After NZ , nitrous oxlde u the mort abundant form o i  nrtro- 



m In the tropoaphen. It a p p m  to br n lmnly  d o n n l y  
dbttlbuted cprtlrlly, but tompod fluctuations have been 
hrtorpnted u lmplyiq m abnapheric mldencr time from 
4 to 70 yr for thia ps [57], (581 . Chrmlcd doatnution In 
the stnrocphera doae would d t  In a lon(rr Iifetime- 1 l d  to 
160 yn  [S9]. With m atmespheric abundance from 035 ppm 
to 0 3 0  ppm (1800 to 2160 Mt v Nab), thlr nn(l of Ufe- 
tima i m p k  mum md sink rtnlythr rangin# from 11 3 
Mtlyr to S40 Mtlyr. Althoqh the m u m  of aaorpherlc 
NaO b c k d y  deniMPying butorla, then is still a problan 
ia i d e n t i w  a dnlt of the appropriate mrglitude. The tole 
of the ocrurc In thlc ro@ b a lubject of debate. W [60] 
Identifkd the ocrrnr u r poalbk mt m u m  of N,O, w h e w  
McElroy rt d. (611 believe that 8 flux of NaO into the ommr 
may exht rnd provide the nrerruy dnk. Mon data are n- 
qulnd to 8ccuntely urrr, the role of the oceuu la the n i q o n  
cycle. 

Nitrow oxido is important kcawe of its bdunmul role 
In cocrttohg the abundance of smtorpherk ozone. In the 
stntesphm NaO dloocirtrr by n r d o a  Wth q L D )  to form 
niMc oxide whtch crtdyticilly nduca the ambient ozone. 
NIO ah h u  m absorption band at 7.78 run, md it has been 
estimated that a doubtin# of its concontntion could d t  in 
r dobd mean inmue  of 0.68 K in surface tempontun (561. 
Due to the stnngh md position of the NaO 7.78- brad it 
u the second m a t  lmportrnt absorber of thennd IR (after 
COa and nagletin( the highly vulable water vapor). The gu 
is of potentid dlmrtologicd d@ficmce due to both iu  
thermal IR md chemical properties. 

Ammonia, the next most abundant fonn of atmorpheric 
nitrogen, exhibits strong spatial md temporal mdabilitirr [62]. 
Then is r strong docrew of NH, with dtitudr, the c o n m m -  
tian abovw 2 km bein( about a third of the pound level d u e .  
Seuondy, mom pound l e d  NH, concmntntiolu may vuy 
from about 6 ppb in summer to 2 ppb In winter over h d  
m u ,  but orrr the ocelns them ir a &up decrease from about 
0.2-1.0 ppb. The natud wurce of atmospheric NH1 ia 
bwtend dwompodtton of biologkrlly fked nit- found 
in plrnt tisaw. The magnitude of thir production dopen& on 
soil type, tempmtute, pH and. mobtun content. hmoa 
[63] hu mendy cdculrted r soil source of 47 Mtlyr of NH, 
f m  unperturbed h d  on a dobd buh. Thb would be 
balanced by compondlna &out md dry drpodtlan. thr 
armapheric nrldrnce h e  of NH, b rbout a m k  before It 
b mnovlrd by pmi3LUdon. 

An mthropgnic source of unmarir d r r  from the d a d .  
ution of unmonium contained in nttrwoow hrtllbrn 
applhd to a@cultud soh. The mnrhdor ; '4e fertlUter 
n l u g n  is utMilatod by the W o m m  or un, lor, truufw 
f r a  the inorpnie nitrogn mil pod to other nwrvoln by 
procrorc noted Mow. The qurndtrtivm nlrtiocuhip ktmn 
these processas b not uubllrhed, d thoqh it probably doponds 
on the m e  sod nrlrbla d d k d  prwioudy [63]. Ammocllr 
is thux strongly coupled to the pocrr# rfhctlng the cycUag 
of nitrogen throu#h the rcorystrm via It8 intmctionr tn tho 
biarphm. 

The oluda of m m .  NO md NO,, m the lent a h d r a t  
troporphrrk r u t q m  spocia. Their dobd r l b u t l w  md 
backmmd cwcmmtion m poorly known in the trope 

Fil. 7. Tbo Nltrqw cydr. Tbr number d Mt nlm#an in tha Ladluted 
n#ndn m shorn b born. Ibr &ma kma nrrroh ur 
rho- by tk UIO'II rad m n  h Mt (Wyr. thr phytkrl or Y d g  
kalpmau~dUtotb.wxlwrbrtr t8dnat  tothartrow. 

sphem. Recent meuunmrnu by Noxon (201 indicate vdues 
of the order of 0.1 ppb or lea. Tropospheric sources for NO, 
M Combustion procases md lightning (10-40 Mtlyr) (641. 
[6S]. and denitrificrtion of soil nitmpn. NOx plays m im- 
portant mle in tropospheric chemistry involving the produc- 
tion md 1- of ozone (171 and the effect of CO emissions on 
C)4 abundmca [SS] . Its  dobd mern background concm- 
tntion muxt be much better established. 

The d t r g n  cyck is rchrmrticdly represented in Flg. 7. 
The mrroir d u r n  m dmilu to thow stated in published 
nrkw [7], [66] but have brrn adjusted to be consistent 
with oborvod CIN ratio, of 8011 for the Uvina ternstrid 
blomua md 101 1 for other biapheric reservoin. 

hlm'a Lntervontioo in the nitropn cyde Is l qe ly  through 
the production of nltrogon oxlda In combwdon md the 
mrnufrnur and w of nltrgn fertruren. A, sen in Fit. 7, 
rhlr add, fhed n i t r g a  to the inorpnlc mil mervoir from 
which it cydlna through the ecosystem. In 1959 the 
uw of ferellltrn w u  nspodble for che hation of 3.5 Mt/yr 
of N. Thh had pown to 40 Mt(N)lyr by 1974 (671 md could 
nrcb 200 Hto/yr  by 2000. Biological hation rates m 
unmltn,  putlculufy for the oceans. Ihe flution rate due 
to the lrnd biomuc hu k n  put at U Mt(N)/yr by I)riv(che 
(661 and at 17s hdt@Xyr by Hudy md H a w k  [68] . The 
muim tlxrtfon nte  h u  b m  utirnrted to be 10 Mt(N)/yr 
[61] . Thw if tbr lowr biolo$kd budon  nter u e  comct, 
mm'a caatrlbutioa to n i t r g n  tlxrdon is Jnady rqurl to 
the arnvrl muse, or. if the bid@cd Rxrtion nter 
ue rccopted, it will bocomr a by the {ru 2000. The con. 
wquraea of thh potmtirll) luy urthropopmc wurce of 



flxed nitrogen have been the subjut of wvenl papen (691 - 
P 2 1 .  - - 

Fl(. 7 indicates four mrjor reservoin which contain the 
n i t m m  cycling throu* the ecosystem: atmosphere, land, 
ocem, m d  biosphere. The nitrogen burden of these reservoirs 
i s  L?.?dicated in Mt in the unJl boxes. and fluxes between 
mrrvoin am in Mtlyr md are indicated by the numbers label- 
ing the u r o w .  

The atmosphere contains 4 X 10' Mt of nitrogen mostly u 
NY, but there is a subreservoir (not shown explicitly in Fig. 7) 
of fixed atmospheric nitrogen which contains about I Mt(N) 
and consists primarily of NO, and NHs . The flow of nitrogen 
into thb atmospheric subnunoir  from the a tmaphen  results 
from u t n i n g  discharps (10-40 Mtlyr (641, [65]) and com. 
bustion (20.7 Mtlyr [67]). Our interest in perturbations to 
the nitrogen cycle center on the interactions of the biosphere 
with the other reservoin and on the flow of nitropn within 
the subresanoin of the biosphere itself. The flxation flux. 
both natural and fertilizer, into the biosphere n f e n  to pro- 
corns of conversion of nitrogen from the biologically un. 
utilizable NI to forms in which it can be used u nutrients. 
ammonium pH:), nitrate (NO;). and nitrite (Nq). The 
reverse process is denitritlcation, and the denitnflcation prod- 
ucts may be either N, or NzO. 

Within the biosphere we have mdicated three reservoirs: the 
living biomut, wh~ch contains about 7500 Mt (N); dead 
organic matter. called humus on land. which contuns rbout 
10' Mt (N), and the inorganic nitrogen pool. smrllest of the 
three subreservoin. containing about 5000 Mt (N). The flow 
of nitrogen into the b ~ o m u s  by natural fixation results from 
the activities of a multitude of microorganisms, either free- 
Living or livlng ur association witll plants, that are able to 
utilize the energy stored in the products of photosynthesis 
to bnrk  the N2 bond and f i  nitrogen Into forms whch may 
be w d  for the ryntherir of protein. amino acids. and other 
orpnic compounds. This proceu essentially represents r 
flow of nitrogen directly from the atmosphere to the biomass 
subresewair. Fertlluer. by contrut, adds fixad nitrogen to 
the inorgafuc toll reservoir which consists of soluble nitrate 
~d rutrite. From the morganic mtrogen pool the nitrogen 
may be wimrlated by the biomru, whch b the god of 
fertilization. it may be unmobllized, which means transferred 
to the orpnrc rutrogen nsenolr by bacterial usim~lation or by 
sequestering of m m o n u  m day panicles; it may be lost by 
Ieachmg from the wil, which may lead to problems such u h e  
eutrophication of Ilkas; or it may be demtnfied by denitniy- 
mg brctena. The present debate on the impact of fertilizer 
lutrogen centers on the mlatrve efficiencies and chuacterist~c 
tlma for these loss proceues. 

The denitnfication flux from the inorganic sod rewrvoir to 
the atmosphere is shown with r question mark tn fig. 7 smce. 
although published atimates occur in the literature, these 
vary substantiJly (e.8.. 43 Mtlyr [66]. 210 Mtlyr (71). Even 
if the flu b large it u pouibly important only if a ugniflcmt 
put of it conurts of NIO rather than Ny . Significance, in 
rhu context. must be judged relative to the mrgrutude of other 
wurca and unkr of atmospheric NIO md thew. rr noud 
earlier, M themrriwr a subject of debate. Finally, if the 
abow purne ten  wen firmly established, there u sull the 

uncertainty of the effect of 8. $wn NIO h c n w  on strato. 
spheric ozone. 

Johnston (591 h u  recently published a review of this sub- 
ject in which he sought to place limits on the values of the 
variables described above The fraction of nitr-n fertilizer 
that is rapidly denitrifled, 0 in Johnston's analysis, is hi@y 
uncertain. For a wont c u e  analysis of ozone reduction B may 
be taken u I. The fraction of N,O in denitrified gases a is 
taken to be in the range 0.03 < a  < 0.4 by Johnston bued 
on his review of the avulable data, but u Johnston notes. 
these are estimata. not ri@xout bounds. Th- importance of 
denltrified NzO relat~w to other sources m d  sinks is discussed 
by Johnston in t e n s  of the equivalent problem of the atmo- 
spheric residence time of NIO. Large natural sources m d  
sinks, which would minimize the impact of a given nitrous 
oxide flux in denitrifrad gases. correspond to shorter nlues 
of the residence time t. From consideration of observed 
temporal and spatial variabilities of N20 on the one hand 
(implying a l o r t  residence time and giving a lower bound 
to t (571) urd the rate of stratospheric destruction on the 
other (g~ving the u p p r  bound), the ranp  of N 2 0  residence 
time given by Johnston is 5 yr C r < 160 yr. Johnston seek 
to place limlts on the combinations of a and r consistent with 
identifled nitrogen fixation sources and concludes that for 
reasonable values of these ~ r i l b l e ~  the mucimum ozone reduc-. 
tion due to added 100 Mt (N)/yr of fertilizer will lie between 
0.4 and 12 percent and will occur wlthin a few decades for 
I to 2 percent reductron or over hundreds of years for larger 
(-10-percent) reductions. 

This analysis is bbrse on estimates of the uncertainties 
involved in the paruneten of the biosphenc portion of the 
rutrogen cycle and does not discuss the possible Impact of 
the uncertainues in the many chemical rate constants involved 
in the stntosphenc modeling of ozone reductions (731. [70] 
(as Johnston clearly states). Howenr, u we noted in our dis. 
cuwon of troposphens ozone, the nviuon of a smgie chemical 
rate constant involved m a complex system can substan~dly 
J te r  the model sondwrons. It u not possible to be even 
orderaf-mrqutude quantitative regarding the Impact of 
nitrogenous fertdizen on stratospheric ozone and even John- 
ston's wide limits may be overly restrictive. 

The nitropn and cubon cycles a n  strongly coupled through 
the biosphere, but potential consequences o i  this fact have yet 
to be quantitat~vely explored. We have previously alluded to 
one u p t  of this coupling in dexrib~ng the constancy of 
the oceuuc btomut in the face of increased COI mput to the 
oceans. Thlr preymed constancy results from the fact that 
nitrogen, rather rhrn carbon, u r limlung nutnent in the 
oceuu. For example, the 5000 Mtlyr of carbon currently 
entenng the atmosphere due to f d  fuel burning (fig. 2 )  
could be usmilared entirely by the o c e a ~ c  biomw if m 
lncreurd nitrogen ulput of 400 Mtlyr to the OCCUIS wcured 
rrtumurg a CiN ratio of I?  for the ocam biomw. Thr IS ten 
u m a  the 1974 nitrogen fentlurer use and twce the projected 
we for the year 2000 (671. The assrmlation of tha mount  
of nitrogen and carbon would require r yearly mcrcue o i  
4 percent in the ocean biomru. Then is yet insufficient data 
to detamune the actual runoff of nitrata Into the oceuu. but 
the aata j r s c w ~ d  by Commoner (76) on rutrates In US river 



systems l o w  that thir runoff h u  increased by a factor of 
3-5 in the p u t  20 yem.  

Phosphorous, another limiting nut. .nt for the ocean bio- 
mua. is also kin8 discharged into the oceuu from l a d  arsu.  
The SCEP report (751 dm the 1968 US mean phosphorous 
content of runoff u 0.44 Mt. 

In view of the increuing mthropopnic supply of limitinn 
nuvients to the oceanic biomru it u conceivable that the 
incraw in atnospheric COX could be moderated in future 
yern but the amounts of thew nutrients required to reverse 
the effect are nlativaly luge compared to projected w(r. 

This problem daam quantitative study with attention to 
the r d e  of phosphorous u a limiting oceanic nutrient and to 
the fraction of fertilizer nitrogen which fln& its way to the 
oceuu. 

VI. THE HYDROGEN GROUP 

The most abundant member of thia group Ir water vapor 
which b present in the atmosphere u a consequence of evap- 
oration of Uquid water at the earth's surface. Water vapor is  
chiefly mponsble for the greenhouse effect throu& its strang 
absorption of infrared radiation. m d  it is an essential precursor 
for the OH ndicd produced through the reaction O(lD) + 
H1O - 2OH. The amount of H1O in the atmosphere u 
highly variable and Uttle influenced by human activities m d  
its properties, themfore, will not be described in further detail. 

Molecular hydrogen is the next most abundant member of 
this p u p ,  having a concentration of about 0.5 ppm. The 
pnvriling new (771 b that HI is fonned mainly by bacterial 
fermentation in soils md from the photodiuociauon of for- 
maldehyde, one of the intermediate products m the photooxi. 
dation of methane. but the relative importance of these two 
paths is uncertain. The sink for H, 'u reacrion with OH: 
Ha + OH - H + H,0. 

The most important member of rlus group in influencing the 
concentrations of many tnce tropospheric species u the hy- 
droxyl ndicrl OH. Reaction with OH i s  the dominant remooal 
mechanum for const"~lenu which ue shielded from diuocu- 
don and m not remuvcd via mteraction with the hydrologic 
cyde. fhu is the ease for many of the gases relerscd into the 
atmosphere u r result of human actintie. such as CO. NO,, 
vlnour halogenated methane compounds (CHFCI, , CHFJI, 
CHCI,, CH,CI), halogenated ethylenes, and CH3CCI,. In many 
CW. reaction of b e  halogenated hydrocarbons with tropo- 
spheric OK remows a l a r e  potential source of stratospheric 
chlorine and thus reduces a potential harmful impact on the 
ozone layer. Recent measurements (333 4 3 5 3  show tropo- 
spheric mean OH concentnttons on the order of 10' cm". 
Rercuon wlth OH IS also the dominant removal mechanla for 
reduced grr,-s of b~ologcal ongm such u CH, and Ha S. 

Hydroproxy radicals are formed munly by the reaction of 
CO u\d HI with OH. Because anthropogenic ernusions of CO 
are now conudend to represent a luge fraction of the total 
atmosphenc CO source, the potential exuts for man's intemn- 
uon m determmmg the background abundurces of OH m d  
H02 radicals ur the troposphere. H G  radicds are not u 
rerctlve towards many specles u am OH radicals and a sh~ft m 
the odd hydrogen (OH + HO, bdmce could have c o n r -  
q u m c a  m determmlng the abundurca of compoundc manly 

FIg.8. Troporplmic df\e chomlrtry om had. BLdoda l  sowu 
unit Ibr n d d  I u U I ~ ~  HrS. DMS (dimrthybullldr), DMDS 
(dhathyLbhulllbc). md COS (catbony1 ruU1dr). 1ndwtrlJ and 
rdaak surw rmit SO, dhcdy. 

IN! by reaction with OH, a w u  pointed out recently by Sze 
[25; , Chamaides r r  d.  [26] , and Hameed rr uf. (551 . 

The abundances, sources and sinks, and photochemistry of 
atn~orpheric sulfbr compoui~dc ua all poorly understood 
relatiw to oxygen, cubon, or nitrogen compounds. Vuiow 
sulfur species are important components of air pollution in 
many p u u  of the world. The rnthropogenic input to the 
sulfur cycle is  cleuly significant. u we shall see, and likely 
to increrse in magnitude. but the consequences of thew facts 
haw been relatively little explored. The details of the sulfur 
cyde have been reviewed by Friend [78] . Kellogg r r  al. [79] . 
Robirwn and Robbins [19], and Junge [a]. 

The importance of sulfur u a pollutant derives mainly from 
the properties of SO2 . This g s  u toxic to plants and animals 
m d  is oxidized in the atmosphere to sulfuric acid. It thus 
acu as an aerosol precursor, may have an effect on cljud 
formation, and is  therefore of potential climatological signifi- 
cance. The H,S04 may lower the pH of rainwater with 
deleterious consequences. Toncity of SO, m d  acid run are 
likely to  be confined to local and regonat x d e  effects due to 
the short (21-wcek) residence time of atmospheric suliur, but 
changes in aerorol or doud properties are global scale phe. 
nomena . 

The chemistry of the otmosphenc portion of the sulfur 
cycle over land b shown in Fig. 8. Volcanic activity is a 
modest source of natural SO, (2 Mt (S)lyr) cornparad w ~ t h  
indwtnal output (65 Mt (S)/yr). The largest natural source 
of atmosphenc sulfur is provided by decay of organlc material 
rn the biosphere (58 Mt (S)/yr over land). This input is m 
the form of reduced sulfur such as hydrogen sulfide and or- 
g a n ~ ~  sulfides (dimethyl sulfide, DMS, dimethyl disuifide, 
DMDS) and is npldly oxidized to SO, by reactions wlth 
atmospheric t r u e  constituents (601 The ondotion mecha- 
nurn u u yet unclear. The lifetune of reduced sulfur m the 
atmaphere u of the order of hours, but reaction of HIS w ~ t h  
0, m u l n  m a l i feme of a month or more. Reactlon of H, S 
wth OH u futer but still results m a lifetune of r few days. 
It may be that oxidauon of reduced sulfur m the atmosphere 



Fit. 9.  The Sulfur cycle. The number of Yt of sulfur in the indicated 
rrrcii .~ki ir; =;%Ti 5 5:~:s. %t I)..&?.= &!Wet?. ~ S W &  
shown by the mows and Oven m M t  (S)/yr. The physical or biolM- 
ul process gving rise to these fluxes b luted next to the m o w .  

results from reaction of organic sulfides with NO,, but this 
mechantsm is uncertun. 

Sulfur dioxide IS ttself oxidized m the atmosphere with a 
lifetime of hours. T ~ I S  may occur by gas phase reactton wtth 
OH and HO1 ra&cals to form SO,, whch is then rapidly 
absorbed m water vapor to form sulfunc acid, or the SO1 may 
undergo heterogeneous removal by reaction with dissolved 
Ol in water droplets. The relative importance of these mecha- 
niuns u uncertain, but tt u drfficult to account for the short 
SO1 bfetlme solely by g s  phase chemstry. 

A schematic diagram of the sulfur cycle is shown m Fig. 9. 
The magnitudes of the sulfur reservoirs and fluxes are bued 
on the model o i  Fnend [78] but have been adjusted where 
necessary to muntun the observed N/S ratio of 7 [81] The 
large impact whch human actlvtty has on the sulfur budget is 
obvious. The 65 Mt/yr of sdfur emitted to the atmosphere 
hu a substanttal tnfluence on pollutton on the urban and 
regional scale, but whether there are global effects associated 
with thu or wlth potentlrlly larger SO, rnputs u a largely 
unexplored problem. The 26 Mtlyr of sulfur added to &e soil 
in fertilizers IS a significant and growmg fraction of the total 
sod mput of 147 Mtlyr. Possible ecological consequences of 
this addltton have not been addressed. 

The concentration of halogen compounds m the atmosphere 
IS much leu than that o i  the other groups thus fu discussed, 
being generally of the order of ppb or ;as. Recent research 
interest m this group denves from the fact that the anthropo- 
p m c  contnbution to atmasphenc halogens IS a clearly ww- 
cant source and that these specter are believed to effictently 

reduce stratospheric ozone m d  in some cues to pamsl 
radiative properties of possible climatic significance (821 . 

The most abundant naturally occurin# halogens are the 
muine organic halogens CH,CI. CHs Br, and CH, I [36] which 
are present in abundmces of about 780 ppt, 10 ppt, m d  1.2. 
ppt, respectively. 

Anthropogenic contributions to the halogen budget consist 
primarily of the chlorofluoromethrnes CCI3F and CCllFa 
and carbon tetrachloride CCI. [83]. In the early 1970's the 
tropospheric concentr tions of CCI, F, CCIa F a ,  m d  CCII were t about 90 ppt. 100 ppt. and :20 ppt. respectively [84]. 

Most of the concern over atmospheric halogens centers on 
the ability of the long4ived indwtri.l compounds CCI, F and 
CCIIFa to diffuse into the stratosphere where they wJ1 dis- 
sociate and release chlorine, leading to a postulated reduction 
of ozone. A review of the extensive literature on this subject 
is not wlthin the scope of this paper (see [85] , [86] ). 

The rccumulatron of chlorofluor~arbons and CCL in the 
tropospl~ere could have climatic consequences, however, as 
pointed out by Ramanathm (821, who states that a surface 
temperature increase of 0.8 K could occur if the conctntra:ion 
of CCI,F md CCIIF1 were each increased to  2 ppb, about a 
20-fold lncreue over present levels. Wmg et d. j56) derive a 
0.54 K mutimum surface temperature lncreue for the m e  
assumed increase m CC13F and CCllFa concentrations, The 
difference in these two results is to some extent due to the 
fact that Wang er al. use more recently measured band intensi- 
ties for the v, (9.13 um) and v, (10.93 m) bands of CCll F, 
and the v, (9.22 urn) and v. (1 1.82 pm) bands of CCI, F which 
are roughly half the older values used by Rarnanathan. 

IX. SUMMARY 

The fact of man's intervention m the geochem~cal cycles 
which control the composition of the atmosphere has only 
recently been appreciated. Attempts to predict the conse- 
quences of such interventions now occupy the efforts of a 
growing number of nserrchers tn many fields. These efforts 
are necessarily of a broadly intertisciplinary character involv- 
ing biolo@ts. chemuts. geologists, oceanographers. meteroral- 
ogists, aeronomers. and others seeking answers to the many 
questions of environmental concern wtuch have been rased 
by man's activities. 

Interest in the oxygen group from the polnt of view of its 
influence on pollution and climate centers on the role of 
ozone and rtomlc oxygen in tropospheric photochemistry. 
Ozone is the precunor of dl global-scale tropospheric photo- 
chemistry and understanding of the processes whlch produce 
and destroy ozone in the troposphere u thus of fundamental 
importance PI an element in the understanding of the atmo- 
spheric phue of other geochemtcal cycles. Thls problem is 
cumntly m active area of research. but the major questlons 
rsguding the relative Importance of transport and photo- 
ihemlstry rn establishing the ozone distrlbutlon remiun 
unanswered. 

Man's mtervent~on m the carbon cycle results chtetly from 
Lhe burning of foul1 fuels and is m a d y  mamfested in the In- 
crerune atmosphenc concentration of carbon dioxide. The 
general problem is to predict future atmosphenc levels of 
CO, and the dimatlc consequences of such levels. The malor 



hues involved in predicting thew levels presently indude the 
role of deforestation u a COa source and the present and 
futun effectiveness of the oceans -; 3 COa rink. The major 
difflculticr in predictin8 the c h a t i ;  consequences of increased 
C0, abundmca am in properly including climate feedback 
mechmirms, such u albedo and doud covet changes and 
ocean coupling, in mathematical models.' 

A perturbation to the nitrogen cycle is  occurring u a result 
of the increasing use of fertilizers in agricultum. The mud 
industrially fixed nitrogen m u l t i n ~  from this use u either 
already or by the end of the century will be equal to the 
amount of nitrogen fixed naturally. It h u  been suggested that . one conaquence of this intenention in the nitrogen cycle 
will be an increuc in the abundance of nitrous oxide u the 
&nitrification n t e  adjusts to  the increased fixation nte .  
Additional NaO could result in a decrease in the m o u n t  of 
stratospheric ozone and might rlro mlke a contribution to 
the greenhouse effect. Unceruinties abound in this problem. 
Among thore that have been discussed in the literature are the 
atmospheric residence time of NaO (5-160 yn), the fraction 
of denitrified fertilizer nitrogen that enters the atmosphere u 
NaO (0.025-0.4), the fnction of fertilizer nitrogen that is 
npidly denitrified (highly uncertain), and the effect of a given 
NaO increua on stntospheric ozone and the greenhouse effect 
(perhaps a factor of 2 uncertainty). 

The hydrogen group is chemically active in the atmosphere 
and u thus subject to perturbations. Changes in the abun- 
dances of the components of this group would not (excepting 
water vapor) have a direct influence on pollut~on or climate. 
The extremely active hydroxyl radical, however, reacts 
strongly with every other major atmospheric goup  and changes 
in its m u n  abundance could have far-reaching consequences. 

Man it l o  intervening in the sulfur cycle. but globalacde 
consequences of this influence have yet to be identified. Molt 
of the SO1 that enten the atmosphere is of industrial origin 
and this can potentially alter such thin@ u the atmospheric 
aerosol loading the acidity of rainfall over at leut  mesatale 
re@ons. The 26 Mtlyr of sulfur added to the soil in fertilizen 
is relatively larga compared to natural sources. If substantidy 
increased cod burning occurs in the future in response to 
shortages of alternate fueb the, magnitude of the kdurtrial 
sulfur source will increuc still further. It is essential that some 
attempts to understand the potential impact of this fact be 
made in future research. 

The halogens ue relatively inactive chemically in the tropo- 
sphere and ncent research intemt hu centered on the reduc- 
tion of stntospheric ozone which might be a consequence of 
thelr release into the atmosphere. Some of the componenb 
of this group do, however, have absorption bur& in the 
thermal IR and ~t has been suggested that their continued 
buildup m the troposphere m~ght contnbute more than half a 
depee Kelvin to the p e n h o w  effect. 

It must be borne in mind that the elemental cycles .' 
oxypm. carbon. nitropn, hydrogen, and sulfur whch have 
been discussed individually are strongly coupled to one another 
through the biosphere and atmosphere. The carbon and 

b oxygen cyclrr are coupled ovar time scales up to -10' yean 
by the biolopcal processes of photocynthew, nspintion and 

d r a y ,  and over longer time redo by geoehemicrl intenctions. 
The cubon, nitrogen. m d  sulfur cycles am coupled by the 
nutrient needs of the biorphen urd t o r  lesser extent by chem. 
icd intenctlons in the atmosphere. The lncmuing abundance 
of cubon dioxide multlng from h u m  intenention in the 
carbon cycb may not in itself permit an e x p d o n  of the bio- 
mass since other nutrients such a nitropn m d  phosphorous 
u e  the limiting factors. On a small eco lg iu l  scale the eutro- 
phication of lakes and streuns provide examples of the extent 
to  which natunl cycles may k perturbed when limiting nutri- 
ents am supplied by man. With the possible exception of the 
interactions of the cubon-oxygan cycle, the interactions k- 
tween the elemental c y d a  have not yet ken explored in 
adequate q w t i t a t i w  detail. It  is Wtely that u understanding 
incnases. htemiationships among the various geochemical 
cycles will emerge and the interdisclphuy nature of this 
research will be enhanced. 
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SOME SIivlPLE PROPERTIES OF STELIAR PULSATION MODES 
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ABSTRAm 
Except for the lowest humonics, small-amplitude stellar pulsation modes posreu many simple 

properties whose evaluation does not uire numerical intepation of the fourthsrder equations 
of motion. All antinodes tend to have "% e same total kinetic energy except for th? lying nerr 
physical or geometric boundark. However, when kinetic energy per unit volume u considered, 
ordersf-magnitude enhancemeats ue seen in antinodes lying near the center of the star, and 
factorsf-2 enhrncemenu occur near the polar axis. The nodes are distrib~ted very rqdarly 
along the radius. They follow m exponential law in g-reqons, and their separation k roportional 

J P to the sound tnvel time in gregions. A sim le grapbcal procedure is described or surveying 
the oscillation frequencies of a new stellar rn el. A p k  condition is derived giving the division 
of energy between radial and anplr r  motion. Another condition gives the fractional contribution 
to the velocity field of its two so-, the divergence and the curl. Certain simpliPying results 
of weak coupling among the linear modes arc briefly described. 
S&jtct heading: stan: pulsation 

I. ZNTIODUCTION of oKillotion and the several lowest hamonics had 
been studied almost exclusively. (3) Obsaven ex- 

It is still possible to disccver simple properties of pected to find one period of oscillation or a few, at 
stellar pulsation modes because the subject has de- most. Many additional periodicitin near the noise 
veloped along a unique course emphasizing detailed ievc! could have easily passed undiscovered in the 
numerical integration of the lowest hannonic modes. presence of this bias. (4) Coupling among the modes 
While this coune h u  led to successful interpretations has been almost entirely ipored except for the ele- 
of giant classical vrriables, there h u  k e n  growing mentary possibility of a par  of low harmonics whose 
recognition in this decade that many stan an multi- oscillation periods happen to be almost the same. 

riodic, and therefore require r broader outlook. Dwrtically difierent results can occur for higher- 
k i t e  dwarf variables ue known 4 t h  many Pods order modes under nonlinear coupling. F9r example, 
in their light curves; an example would be HL au 76, Wolff (19741) imposed a nonlinear enerpmaximizing 
u measured by Fitch (1973). The B Canis Majoris condition to couple the modes. This red to motion 
stan also appear to be multiperiodic (we Ledoux 1974 concentrated into a few small solid angles centered 
for a brief review). Meuuremenu by Deubner (1975) on the s w ,  laving mcst of the 4u stmdianr psr- 
m d  Rhodes, Ulrich, and Simon (1977') prove that a ticipating only weakly in the oscillation. In this paper, 

f" at many modes ue active in the Suq with periods we will consider the full spectrum of smdl-amplitude 
tom 3 to 10 minutes. Excitation of these global modes pulsation modes in a nonrotating star (the spheroidal 

in the Sun was predicted by Wolff(19720, b), md put  modes). Several properties applyinp to dl the modes 
of that work h u  been redone much more completely are given in 4 II. Roperties applylng to rll but the 
by Ando rnd Ouki (1975). Numerous orcillations of well studied low harmonics ue collected in 3 Ill. The 
the Sun at periods up to m hour were detected by Hill unique nature of the central and lu regions is dis- 

(1976) in solar diameter meuuremenu. 0th- did ditcuucd m j V. 
F' and Stebbins (1975) and by Hill, Stebbins, and Btown c d  in f IV. and three forms o mode coupling are 

not cod3rm this, but Hi11 (1977) h u  nude r complete 
analysis of reports from vuious obrcrvm and BP& a. GENERAL I I P U L ~  
the most Uely interpretation to be t h t  lonppiiod 
oscillrtionr ue active in the Sun. a)  Linrmized Equatiom in Compact Form 

Over the last half century, until recently, studies of For a star whore time-averaged state is at rest and 
vvirble were p ~ u e d  unde four stran8 bi-: in hydrostatic equilibrium, adiabatic pulsations of 
(1) Spherically symmetric motion w u  usually assumed m p l i ~ d e  governed by the three lineuled, 
for sunplicity, although work before Eddinfton often fluid qwuons  conwing mass, momentum, and 
dkuucd angular modes urociated with tidal dir- energy1 
tortions (Ledoux and Wdnvea 1958). Relatively few 0 - P + POTSF + ~ ~ V P Q ,  
authors, such u Cowling and groups working with 

(1) 

Ledoux md Chmdruekhar, p v e  detailed considm- O ~ - ~ p o l ; + ~ p + p ~ W ~ + p o ~ W ,  (2) 
tion to nonndial motion. (2) The fundamenul mode 0 = p + rrpoV-l; + ~ ~ T P O ,  (3) 



and by Poisum's quation, V(Wo + W) - W x 
(Cs + p). All time dependence is in a factor, ex (IZlvr), 
which hu rlrady been separated md cm d ed from 
the above system. In these qurtions, pw ?ad Wo 
represent the timc-rv % prarrwc, deuty,  md  
prvitationd rtenel. ume symbolr without 
sukaipta m muluplied by the bme dependence 
npnrcnt the Euleriur ptmrbationr due to the d a -  
tiom. The displacement f u always used h t u d  of 
the velocity r - %war beaw the ~Jisphxment is in 
time-phase with the 0 t h  pulution vukbltr. Finrlly, 

, G is the pnvitrtional constant md  Fl is the appro- 
priate adubatic coefficient. The ~ p b r  in this pa r 
*iu show the true f reguen~  r of the e t i o n .  f& 
or its inverse is what oburvtrs almost w i v d l y  
plot., and it is the bask physial quantity. But the 
yuut of ..ie an- frequency appears often md it 
mll k understood that 

for my  frequency dellned hmin. Ledoux (1974) md 
Cox (1976) provide mimt reviews of the solutions to 
t h ~  system of equations, and Hill (1977) discusses 
solutions in surfre layers, For the Sun done, - 1CO 
oscillation frequencies have been computed, and Hill 
g i v a  a graph of their distribution in frequency and 
mgulu harmonic number. 

A linear oscillation mode depends on j u t  one of the 
spherical harmonic functions, Y I v ,  4). which c.m be 
atprated md crncelcd from the above system. The 
resulting ndial quations are rtly simplified by 
choosing a pair of natural v u i r b e ,  

whm E is the adiabatic invuiaat p ~ p ~ ' ~ ~ a  md 
D = Eah-'r-'. 'Ihe vuiabia ut proportional to 
the nd id  and rngulu displacement functions, €? and 
€., defined by 

when rr is a unit vector in the rrdid direction. Thu 
fonn of the dirplaccmrnt ' va  d l  thes heroidd mode 
but exc~udes the tomi& modes [ h m m  m d  
Smeyen 19'77). The latter become important in rapidly 
routing scars. Ledoux mc! Wdnven (1958, Q 79) 
showed how vuiablcr similar to P rnd Q compress 
the second order qurtions. Our vuiabla will simtluly 

pndtncer, Y rod e, x V Y. In the na tud  vuiabla, 
equations (1>(3) collapse to 

where primes will htmfter stand for dl&, terms con- 
W g  derivatives of r1 have been ignored, md  8 - 
rlpoh-l, the square of the sound speed. The right- 
hand members ue proportional to the gravity per- 
turbation and ue wudly negligible except at the 
center of the sur. Their exact values are w, - 
A1laED'le'a W and w, - A-1ia6' W. The compct 
form of (8) and (9) h u  the additional virtue of clearly 
dir laying the s um of the two frequencies con- 
tm Em ' g the ndi  9 distribution of kinetic energy in a 
global ordllrtion mode, 

The frequencies ue usockted with regular sinpu- 
larities in the equations of motion (Ledoux 1974) and 
will k discused and plotted in IIIa. 

b) Curl- and Diwgmce-Dominared Motion 

The flow pattern in a particular oscillation mode is 
q:rite often mainly a swirling motion with little com- 
pression, or it is just the opposite-a mostly irrotational 
motion with significant compression. The relative 
importance of each type is euily derived. First, note 
t h t  the l u t  tenn in each of quations (I) and (3) 
d nda only on & becruse the ec;uilibrium state is 
sp 'g. eridly symmetric. Eliminating fr from these two 
over 

Dividing (2) by Ap, and taking the curl gives 

where use ww made of the hydrostatic condition. 
poV Wo - -Vpo. It is known that the angular de- 

d a c e  of both p and p is Ylm for a given mode. 
ubstituting this into (12) and (13) v a  a mult which !? 
cm be written u the product o a ndial and itn 
angular function, 

P 
shorten most sc8iu expmrions arising in the fourth- 
order system. The ntio, QIE, u the ~ p l i t u d e  of the v-4 - A&)~YI*] (14) 
lngul8r momentum per unit m a s  caused by the Y X C - A&)[(l*)"r x V Y,'] . 
oscillation. The product, PE, is the unplitude of 

(15) 

n d d  momentum per unit solid m#e and unit radial Using the factor I .  - [/(I + ensum that the 
dhuncc. The word "amplitude" could be removed absolute vdue squucd of each quantity in brackets 
if PE and Q!E were multiplied by the sinwidrl time will integrate to one over the unit sphere. Equations 
dependence md by their respective an- de- (14) md (15) define a divergence amplitude, A,, and 
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a curl amplitude, A,. Forming the quotient of (12) 
and (13) md then introducing these definitions give 
the very simple rerult, 

where Ad - l*P(-E3(Er)'1. This shows that the 
diverpnce is the dominant component of the motion 
when the oscillation frequency is rufRciently larger 
than v,,, md that the curl dormnata where v u small 
enough. Figun 1 dis lays v.4 u 8 function of radial h distance in the Sun. e full curve and the segment 
near the surface are for modes with ! - 1 ; the two 
other short segments indicate the locations of p l l e l  
curves for the tenth and hundredth harmonta. We 
see that the curl dominates the motion of low-fte- 

uency modes (g-modes! in the solu c o n  and that the 
!ivergence is dominant for all modes in the main 
so lu  convection zone. The curves cannot be drawn 
in a convection zone because A,, is a small, negative 
quantity there. The solar model wed in this paper is 
No. 6 of Weyn?unn and Sean (1965). joined smoothly 
in the deep photosphere to the Horvard-Smithsonian 
Reference Atmosphere (HSRA) (Gingerich t r  al. 
1971). 

Equation (16) is a rather general result, requiring 
no knowledge of how the oscillation is distributed with 
depth. The only properties of the mode which enter 
are its frequency and the principal index, I, of the 
spherical harmonic involved. According to (16). 
purely incompressible or purely irrotational motion 
u approached in the limits of very small or very large 
v, respectively. Thee  limitin@ forms help in visualizing 
the motion but give no lmmcdiate mathematical 
simplification because, setting either A, or A, to zero 
c a m  the other to vanish also (by q. [16D, and no 
spheroidal motion exists. A sin e exception is known f' when oscillations completely ree of divergence are 
possible; this is the textbook example of a homo- 
geneous sphere (Robe 1965; Aizenman, Smeyen, 
and Weigert 1977). 

m. -urn u m r  m AIL ~ v r  THE LOWEST 
HARMONICS 

a) p l q i o n s ,  g-Regions, and Mode 
CIassi$cation 

For 1 > 0, it is very common to regard the gravita- 
tional perturbation W u negligible, whereupon the 
eqwtions of motion are reduced to second order. The 
assumption appeus to fail sufAciently close to the 
center of a star. when it can be shown that W make? 
a contribution to the momenrum equation (2) com- 
parable to the pressure gradient. the only other sip- 
nificant force in the region. However, the assumption 
is saved by the fact that the central stellar redons arc 
of rapdly diminishing importance to m angular 
harmonic mode with I > 1, bccaw the oKillation 
amplitude go- to zero at the origin. The traditional 
rruona for tgnoring Win the outer regions of the s t u  
rod for hi@ humonia w m  fint stated by Cowling 

Fro. I.--Curl-dimmer lroqwocy v,. sepurtinn zonu in r 
star when tha o~illatory motion ia given ndomiruntlv by 
V r , or mmdy by V 0,. A c0nnntion.l sofu I+ el is + 
md tha cmplru cum applies when tho s hend humonrc 
index I - 1. Short n a  us given of % DurlkI m a  
for 1 - 10 and 1 0 0 T c  diverme domrutea for dl fre- 
quencia of pnctial iotemat iu the solar convmioo zone. 

(1941). Numerical work--especially that of Robe 
(1968)-shows that the ;rpproximation, W - 0, causes 
little error except for the lowest radial Larmonics and 
for the case 1 = 1. Excepting these few modes, the 
applicable equations are (8) and (9), with w, - 0 = 
w,. They can easily be combined into a single second- 
order quation by elimhating either P or Q. I do this, 
keeping Q, and introdgce the new radial variable, 

which is monotonic with r in any interval =here 
A - A, does not change sign. In this variable, the 
equation reaches the irreducibly simple form of a 
wave equation, 

where S = D l ? A ( A  - A,)(\ - A,)". A few attempts 
to sketch a function whose second derivative bean a 
constant sign relative to the functil.? itself will prove 
that, if S is positive, the oscillation amplitude Q can 
have numerous nodes m d  extremes as u increases. If 
S is negative, Q must be a growir; or decaying fuac- 
tion of u with one node, at most. Equation (18) be- 
comes the most compact statement of this sinusoidal 
or exponentid behivior which Cowling discovered 
in the limit of very luge or very small v, and which 
here:oforc h u  b m  proved by anocal to Sturm- 
Licruville theory. The radial momec.um function P 
behaves similarly to Q because its wave equation also 
conuins S as the signdeterminlng factor. The two 
frequencies controlling the sign of S are the buoyancy 
frquency v, and a horuontal acoustic frequency v,. 
The flnt is also d e d  the Brunt-VPirilP frquency, 
and the second gives the time v,-' in which sound 
travels one horizontal wavelength dong a typical 
arc concentric with the star. Equations 0). (10). and 
(1 1) give the analytic fonns. Scuflaire ( 1974). L'nno 
(1975). and Osaki (1975) saw the utility of plotting 
thee  frq-1;acies venw radial dktmce; Figure 2 is 
an analogous plot for the solar model. A w l u  
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FIO. 2.-Two buic f uracia cantmlling the id 
chuutmstia of stelk &taon m o b .  Th. solid curve 
e v a  la buq.w frequency v, and r un& duhed cum. 
kk? by 1& approgat8 vrlw of I, gva tha horizontal 

rourtw frequency vt. hnr th8 aciUltion fnqunc lie$ wll 
blow both N-. the acil latia ,I like a c18ulo~pmode 
W h  it I# wrll abow both cur-, the khavior n like ; 
p-. TL HSRb myeb t h  vrlrcl lrym of the Sun md 
conumm r drnr~ lnvrnlon uurln8 t& nurow tnnch in t h  
v, cum ou 0 . k  4. nd* tmch abve 0.l6 4 * 
a& by ttm rolu convectma zone. 

convection zone above 0.7 & and a density inversion 
in the visible lryen n w  0.999 R. cause A, to take on 
small, negative values i r  thee layers. Neu the origin, 
the figure shows functional dependences of r and 
r which should hold in all s t m  with thermally s u p  
ported, nonconvcctive corn. Since there is no occillr- 
tion frequency for which S is the m e  sign throuph- 
out the star, there is no mode everywhere posscssmg 
the futures Cowling found in mode in polytropes in 
the limits, v -c 0 or, a. 

Gcnmlization of the Cowling cluriflcation to red 
s u n  is long overdue. The !a21 properties oi a mode 
depend crucially upon the size of two f uenq ratios, 
Fs = (VIV,)~ and Fa - (vlv,)', implicit in "9 . Only when 
both F1 and F, s 1 docs r stellu mode rer-z~ble 
Cowling's extmne mode, namely, primarily did 
motion and relttive y lu fractional pmsurt ducrua- 
tioar. Only where F, an F F, e< I is an oscillation like 
m extreme g-mode, with mainly horizontal motion 
and relatively smdl fractional preuurt change. Both 
extremes can occur in the same mode at diflcnnt 
locations in a red stu. Let us define a pregion ( p  
region) u a shell in which Ft and Fa ue everywhere 
p t t r  than (leu than) 1. Both ue regions whexe S 
u pooitive, ma both ue bounded by sphem where 
either F1 or Fa = I .  Scuhht has shown that these 
regions are andogow to layers in a plane-parallel 
atmosphere where acoustic or fnvi waves " p r o p  
gate." Mort of the kinetic ener~:; o 7 r typical linear 

mode is conuintd wittiin a single S-positive reaon 
($ mc, and G*.., \is and tmeyers 1974). This re@on 
may be thou .'*, 1 . 4  u r lrver in which the oscillation 
i s  "trapped' :. part(*.lry lcflecting layers (S-negativej 
above anti eI6w. Ti~c boundary conditions cm rtill 
k applied a? the center and surface of the sta., but 
numeric*' i flculties ma a r k  when there is ~lmort  
perfect r f,.6cction. Other I ocrtions have been used for 
the boundary (Dziembowski 1977; O u k i  1977) to 
reduce computer time and to t m t  casts with hmvy 
damping outside the main S-positive region. A rur  
has 5vny more sets of pulsation modes thalr the 
conventional clurification cm acconmodate it' the 
star hrs .rimy S-positive regions. This w u  discovend 
by T w u l  and Tauout (1968) in at. abstr* rct sur  
consisting of alternating convective ,:A_ radiative 
Iaycn. Since then, Goorens and Sn~eyen have studied 
the energy distribution unona poiytropic layers, and 
Shibrhuhi md Ouki (1976) have studied a rnis:ivt 
r u t  with molecular weight gradient in tbe core. They 
&Id a whole spectrum of modes associated with each 
S-positive region. Thus, a modern classification must 
sute in which of these regions the energy is concen- 
trated. fhen the modes can be further labeled by the 
two integers, 1 and m, defining the angular harmonic, 
and by the radial harmonic numk: Ikl, counting in 
consecutive inteqers from zero at the lowest radial 
humcnic for a pven angular sute. Modes with k - 0 
are thefirnodes of the Cowling nomenclature and are 
often exceptional in extending significantly over much 
of the star. They seem to have no true analog in the 
cue  I - 0 (set discussion of Fig. I in Cox 1976). Thus, 
!t might be k t  to s tu t  with k - 1 when numbering 
the spherically symmetric cases. This would differ 
by one from the labels used by Cox and others, but 
would a&rm with the conventions of Christensen- 
Dalsgaard and Gough (1976) and Hill. 

The four-dimensional clurification (activated region, 
k, I, m) pmented above can often be shortened. For 
example. m can often be dro ped in slowly ro:ating r stars because the quantity o interest depends only 
weakly on m. I rue the additional conv?n!ion of 
positive integers for k when a p-region has most of' the 
energy, and new!; fe iattgen whcn a g-region dots. 
This is convenient in simple ston k d u s e  the context 
often makes clear that there b only one p-region and 

on of intemt; then, reference to the ridion ::i CreZoppd also. leaving just the pair a. 1)  for 
identification. A special difficulty in classification 
uircr when the oscillation frequency of one mode, 
concentrated in a pregion, b very close to the *.e- 
quency of a n o t h ~  mode concenttated in a g-reb on. 
Auenmm, Smeyers, and Weigert (1977) showed that 
the two laym act like coupled oscillaton, perturbing 
the frequency of both modes. Their graphs also show 
how o mode with a single name under the conventional 
nomenclature can gradually ~ h m g e  its behavior from 
ptypc to g-type to ptype. c'tc., u the star evolves. The 
new classification suggested herein fives the more 
appealin8 result of labeling a mode with certain 
physical propenles by the same set of inte e n  at most 
instants in the evolution of the star. ! indly, our 
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scheme could llso lncorponte the "mvective" 
solutiom concentrated in negative4 regious for which 
the nowion has been 8,-. However, only under 
exquisitely controlled laboratory conditions do linear 
convective mode  seem to be observed. In real stm, 
with the possible exception of saniconvcction,. self- 
exited convection  ems to be a strongly nonlinear 
phenomenon to which out ~quations would rarely 
apply. I bnd the pncticc of classifying convection 
with the linear pulsation modes to be distracting. 

To illustrate the we of F i  2, consider a mode 
with energy concentrated in the main gwigion of the 
Sun and (k, 1, m) = (-3.2, m). Its oscillation fre- 
quency is about 0.24 m k  Drawing a horizontal line 
at this frequency will show that. the mode lies in a 
large g-region (0.024 < ri % < 0.61). a fairly big 
pregion (0.64 < r/& < G.lrl)). and negative-S regions 
elsewhere except in the thin shell near 0.999 containing 
the density invenicn. Although this is conventionally 
called a g-mode (g3+, 1 = 2). Figure 2 shows that the 
extreme properties of a Cowling g-mode never occur 
because F, a 1 throughout the g-region. But ptype 
characteristics do occur h w  FL and F, ;u 1 in 
much of the main pregion. This overlap between the 
physical properties of what have k e n  called pmodes 
and g-modes was discovered by Dziembowski (1971) 
in giant stars. It seems more useful just to number 
the modes with integers, k. as suggested above, and 
to start paying more attention .o the local values of 
crucial ratios such as quauom (16) and (24). giving 
the relative sizes of important physical quantities. 

Figure 2 can also illustrate the origin of two types 
of modes, trapped in the outer layers of the Sun, 
which were originally suggested as explanations for 
the 5 minute oscillations (v z 3 mHz). Although both 
types wen derived for plane-parallel layers extending 
to infinity. they I d l y  approximate a global mode if 
their horizontal wavelength is short enough. The 
modes of Thomas, Clark, and Clark (1971) were 
trapped in the thin g-region above 0.999 & which 
exists only if 1 is about U)OO or greater. These modes 
have horizontal wavelengths shorter than is now 
thought to be typical of the phenomenon. Ulrich 
(1970) studied other modes trapped in the p e o n  
above 0.97 Ro corresponding to 1 = 400. Ulrich's 
modes arc a special case, in the limit of large 1. of the 
global c-mode which Wolff (1972b) eventually 
suggested as the general explanation. 

b) Formal Solution un&r the Slowly Varying 
Approximation 

Except for low radial harmonics, the magnitude of 
a flucrauion usunlly changes much more rapidly with 
radial distance than does the equilibrium stellar 
model. In that w e ,  the interior can be described as 
slowly varying, and its spatial derivatives higher than 
f h t  order can be ignored. The wave quation (18) 
applies, and direct substitution will show that 

AR PULSATION MODES 

solves (18) if the single tenn. d'/k<FU'), is ignored. 
The phue angle is defined by @ = f &'"' or. 
equivalently, 

@ - A-L"ldk-l(A - AJTA - Qln. (20) 

The consunt a, cannot be determined by a linear 
theory. ?he orthogonal solution, derived in a similar 
way, is 

P = alS-"'do. (21) 

In other work, Smeyen (1968) derived asymptotic 
solutions in tenns of Bessel functions and Dzicmbowski 
(1971. 1977) and Osaki (1977) derived sinusoidd 
forms in which quation (20) is approximated by 
A 4 0 or A +co. Tae radial and angular components, 
P and Q, arc typically 90' out of phase along the radius, 
as is known from exact integrations. We can see this 
roughly with the approximate solutions by sub- 
stituting quations (19) and (21) into uations (8) '9 and (9). Ignoring .W and all derivatives o S, one gets 
a, z i k , .  Since a single integral (20) determines the 
solution P(r), Q(r), the fourthorder system of dif- 
ferential quations has been reduced to fint order in 
this approximation. 

There is a penalty for the simpIification. Well known 
regular singularitia in the ~ ~ m p l t t e  system become 
manifest in solutions of the approximate problem. 
False cusps will appear as S changes s ip .  Formnqtely, 
thb affects only very thin shells because of the q 
power to which S is raised. F igm 3 shows the T 
proximate solutions (&shed crtmes) and the exact 
solutions (solid mrces) obtained much more labori- 
ously from solution of the fourth-order system. The 
solar model was w d .  The solutions are for the modes 
(k, 1) = (- 10,2) and (-3.2). and each solution was 
normalized to unity at one of its extremes. The 
oscillation frequeacies an also shown in Figure 3. The 
angular component Q contains the great majority of 
the kinetic energy in the tenth harmonic and about 
two thirds of it in the third harmonic. Thw, we have . 
a good sample of the total motion by plotting only 
this component. The figure shows excellent a m -  
ment for (- 10.2) throughout the g-region and even 
into the central core. The heights of extremes of the 
dashed curve agree to 1% with those of the exact 
solution except for the two closest to the center, where 
fluctuations in the gravitational potential are no longer 
negligible. Even for the third harmonic, where the 
slowly varying approximation must have considerably 
less validity, the dashed curve corresponds fairly well 
with the exact curve. as can be seen on the lower half 
of the figure. ~oward  the surface, the dashed curves 
are not shown because our approximations fail in 
the absence of nodes in these layers. Unlike these low- 
frquency modes, high-frequency modes in pregions 
can have lots of nodes in the outer layers of a star. 
Then the slowly varying approriation car. hold 
throughout the star, often remaining valid up to the 
photosphere. 

Figure 3 shows a fairly constant phase difference of 
12' between the upper curves and an average of about 
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In our momentum variables, it becomes 

lk. 3.--Olcillrtion amplitude Q. proportional to angular 
maamturn pcr uait mut. o plotted aminst +id dbuya 
for tyo plai oscilluoa modas concentrated tn. tk mun 
p g m a  the Sun. Tha dmhed cums wen obtuned from 
umgl., rppmunum fonnulae md vay -11 mth the 
urn rdutiom ( d i d  c a m s )  obaimd by numrrially into- 

tias tha 4th order diffuantul equatinnt of motion. At the & of the *-on. the rpproximrta solutions have 
unnrlirtu c u p  whtch could k mmovrd by r smoo'.h joinins 
of solutions .cnrr the tinplnty. The ord~ruto of tach of the 
four c m  hu kon normalized to unity at om of the utrcmes 
d tho CUM. 

the u m e  amount between the lower curves. Although 
one could artificially remove this from theapproximate 
solutions with prior knowledge about the exact 
solution, the phase is not redly a free puameter. The 
physics contruned in quations (8) and (9) with W - 0 
up that either P' or Q' should vanish when either 
V, or v, quais  the oscillation frequency. This means 
that the lower limit on the phue integnl (20) must 
k chosen so that this condition is satisfied at cne of 
these singular points. For the two modes on Figure 3, 
the outer boundary of the g-region was used. The 
inner boundary would not be as good a choice since 
W is not negligible t3ere. To summarize. the simple 
solutions (13! and (21) apply to d l  but the lowest 
harmonics. T h - v  arc valid at least in those parts of 
the star where the energy of motion is concentratcd. 
and they always fail in thin shells near the singular 

inu. (Beysel function solutions of Smeym do not 
ail at thee  points.) Our solutions are expected to 7 

hold over almost all of the stellar volume for high 
frequency modes. Obviously, our simple solutions are 
realistic enough for many apjlicvlons. They will be 
used below to derive an andyzic expression for  the 
energy distribution and asymptotic expmsions for 
the oscillation frequencies. 

c)  Energy Disrributioe 

The exact expression for K,. the amplitude of oscil- 
latory kinetic energy in a shell of unit thickness. is 

; usually written as 

The real parts of the approximate solutions (19) and 
(21) re ment  physical quantities and will be sub- 
stitut IS! into w). But, before taking the real parts, a 
relation must be used to eliminate either a, or as, since 
there can be only one arbitrary scale factor. Using 
al Z f b a ,  i s  Oiven earlier, one gets 

K, = aaa(Aa DS"la sina 9 + A, D"c"Sil' cos' 9) 

Successive minima of K, occur very close to locations 
where 9 has changed by an angle w because all other 
factors in (23) are slowly varying by assumption. The 
mul t  of integrating (23) over such an interval is to 
replace sina and cosa by their mean values. 4, and to 
leave other factors unchanged. The ratio of the two 
terms in this integral is simply 

I 
Total K.E. in radial motion in the shell (24) 

Total K.E. in angular motion in the shell 

The fraction on the right reflects the fact that the two 
terms in (23) are proportional to, respecti:.ely, radial 
and angula~ .omponents of motion. Any shell referred 
to in (24) is bounded by successive locations where K, 
is a minimum. A very large oscillation frequency 
causes the motion to be primarily radial, and a very 
smallone causes horizontal motion as Cowling found in 
polytropes. But equation (24) is much mcre general 
and precise, holding for any vahe of V, for any stellar 
interior model, and for any portion of a star where the 
static interior varies slowly with radius compared to 
the magnitude of a fluctuation. 

It also follows from (23) that the total kinetic 
enerky in neighboring shells must be almost equal. 
But the equality holds far beyond neamt neighbors 
and is important enough to demonstrate with a 
numerical solution of the full fourthsrder system 
(eqs. Ilj-[3] and Poisson's equation). The curve on 
Figure 4 shows K, $5 a function of radial distance for 
the solution ( -  10.2) discussed earlier. Use of the 
osc~:lation frequency of 0.108 mHz and Figure 2 
define the location of the p- and g-regions shown on 
Figure 3. We see that kinetic energy lies almost en- 
tirely in the large solar pregion. The are3 under the 
curve between successne minima 1s the total k~netic 
energy in an antinodal shell. The area must be found 
using a linear distance scale, of course, and the results 
are given on the histogram. It shows that energy is 
distributed rather equally among the antinodes. except 
for a boundary effect at each end. The five centermost 
antinodes have totd energies differ~ng by less than I", 
from their mean! Even when those at the ends are 
included. equipanition of energy holds to c107, 
even though the volume and density of the shells 
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Fro. 4.-Kinetic e n q y  per shell K,(-4rrs.)po3 u r 
function of rehtiw ndul  dhunce for the 10th bnnonic 
referred to on Fig. 3. At leut  957'. of tha energy lia in the 
40 solu *region. The tatrl urocirted with tach 
antinode (arch maximum of  own on the histogram. 
~4uip.rtition of energy holds to 17. for tha Aw tnt~nodts 
in the middk and holds with incrtuing scatter u om moves 
t o w d  tach c d p  of the g-region. Each m~nimum of, K, u 
spaced almost qually from its ne~fibon on tht lopnthmr 
d i a v  sak. TF lower tats thu more critically by 
plotung the locat~on of tach mnlmum rplnrt a. the number 
of the minimum. counting from moat  the origin. 

differ greatly. Equipartition also holds in high- 
fre uency modes in the main pregion of the Sun, as 1 cuu d be proved roughly by measuring the small 

f" ph given by Wolff (19726) for the mode (10, 10) 
or which v = 2.05 mHz. Finally, an unknown 

amount of energy lies near the surface on Fi re 4, 
and the curve does not extend the last few hun d" redths 
of the radiw. It is not realistic to calculate this with 
adiabatic equations. such as o m ,  which ignore con- 
vective and radiative losses. For example, strong 
coupling might occur with convection above 0.98 &, 
where many solar models show active convection with 
cellsvenurning times comparable tc  the 3 hour 
period of this pulsation mode. Equipanition of energy 
among antiaoda should hold very well for d l  high 
harmonic modes of stellar pulsation and should hold 
roughly even for low harmonics. It has escaped notice 
untll now because it was concealed by boundery 
effects in the low harmonics which it has been 
customary to study. 

d)  Distribution of N o h  and Eigenvalues 
Each minimum of the kinetic energy function on 

Figure 4 appean to be equidistant from its neighbors 
on the logarithmic distance scale. This is shown 
quantitatively on the bottom half of the figure where 
the location, r,, of the nth minimum is plotted against 
n. Indeed, all the points except those at the erds lie 
neu  the straight line given by 

(I - 2,k 8; k - - 5, - 10). is obtained with the choice 
a = (4 - &)-I In (rolr,) where r, and r, are the outer 
and inner bounduics of the g-region. The constant, 4, 
adjusts for boundary effects. It was em irically deter- 
mined and may require an addition o ? f + when the 

region is bounded on one side by v - v,. The scale 
f c t o r  b is less regular but is always roughly equal to r,. 
Usin8 quation (25) one can write down the approxi- 
mate location of each kinetic energy minimum wrthout 
performing any numerical integrations. Each such 
minimum is practically coincident with r zero of 
Q or I. for most low-frequency modes. This ex 
nential distribution of nodm bas a range of vali& 
at least as broad as the range over which the following 

roof holds. Start with the solutions of $1116 and 
urther require that A a A,. Then the phase integral ? 

(20) simplifies to -l*A-"' Jdrr -'(A, - A)"'. For 
brevity, the Iast factor will be treated as constant in the 
range 0.04 < r/& < 0.5, although a proof could still 
be camed out analytically under the next higher 
approximation, ( A ,  - a r - *  and* = 0.1 a 1,in 
the Sun. An integration between any two minima, r, 
and r, .,, lying in this range, must give a phase change 
of A@ = -wq, so that equation (20) reduces to 
(rm .,/r,) = e*, where a = rA1:a[l(l + l)(Ab - A ) ] -  lia, 
a constant. Since this shows that the minima should 
be distributed exponentially along the radius. it 
proves the empirical rule (25). 

An analogous rule exists for the nodal distribution 
of high-frequency modes in p-regions. As others have 
already shown. it depends on the sound travel time, 

T, = ir*' drc-1,  (26) 

between two neighboring nodes. Wherever A >> A, and 
A,, the phase integral reduces to r, = (2v)-I. This says 
that the nodes in pregions tend to place themselves 
along the radius so that a sound wave can travel 
between them in one half an oscillation period-a 
result familiar in the laboratory for standing waves in 
an unstratified medium. 

Surprisingly acceptable values for the oscillation 
frequencies can also be obtained under the slowly 
varying approximation. First, consider several limiting 
forms. When the frequency is very low, the innennost 
portions of a g-region contribute only a few percent 
to a phase integral camed out over the full range of 
the g-region. Then, the exact intepal is adequately 
estimated by choosing some effecttve lower limit s, 
which is about 0.04 R, in the Sun. and by adopting 
a mean for v,. The mean should typify the buoyancy 
frequency where most of the antinodes are located, 
and 0.4 mHz is not a bad choice for the Sun (cf. fig. 2). 
Equuion (20) then becomes A@ z - I * ; ,v - '  In (r,, r,). 
and, since A@ z kn as we shall see again below, the 
lirnitind form for small oscillation frequencies IS 

1% 
v = In ) (for small V )  - krr 

where the two constants are chosen for best fit. A Large frcqueilcies typify modes concentrated in p 
good fit, appl;~ing to all the solar cases seen so far regions. To estimate the icequencles, c3rry out the 
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phuc integral over the full extent of the pregion, 
obtaining A@ = A1ll+, where z now represents the 
sound travel time across thepregion. The radial order 
number, k, should be related to the total phase shift 
again by A 0  2 kw. With this, one obtains 

k 
v a - (for large v)  . 27 

More elaborate formulae have been derived (for 
example, Vandakurov 1968) by forcing the interior 
model to obey a power law near the surface and the 
center. Our formulae agree rather well with a large 
array of exact solar frequencies plotted as Figure 2.2 
by Hill (1977). Across one third of his plot (where 
k > I) v is almost independent of I. This agrees with 
our formula for large v because T approaches a 
constant for large v as the lower boundary of the 
pmgion enters the deeper layers where sound travel 
is so rapid. The formula for small v given above applies 
at solar frequencies less than 0.1 mHz. Although this 
is 'ust off scale on the Hill plot, hhavior at the bottom 
o i the plot is approaching a simple proportionality, 
v a I*(-k)", consistent with the above formula. 

There is a third realm where the oscillation fre- 
quencies approach a constant limit independent of all 
three harmonic indexes, k, I, m. The limit is the 
highest value of v,  in the g-region and it applies only 

v 4 MAX (us) (for modes in g-region with I >> Ik[) . 
Shibahashi and Osaki (1976) describe it as the satura- 
tion effect and note that it occurs when the horizontal 
wavelength becomes sufficiently short compa:cd to the 
radial wavelength. It is best displayed on the Hill plot 
and could also be extracted from (20) with the extra 
condition that &la1 r 0. 

When v falls into none of the above categories, it is 
necessary to numerically integrate (20) for a series of 
trial frquencies. The integral can be carried out over 
the full radius of the star, but only the real parts, A@. 
extending over the complete range of a g-region or 
pregion are used below. For the solar case I - 2, 
values of the integral for about a dozen frequencies 
were plotted on Figure 5 and then replaced by smooth 
curves representing all the results. Eigenfrequencies 
of the problem should be separated by nearly integer 
increments of A@/n on the plotted curves. The plus 
signs are exact oscillation frquencies of the complete 
founhsrder system plotted against radial harmonic 
index, k. It is clear that the curves asymptotically 
approach the distribution of exact frequencies. Equally 

f ood results have been seen for the cases 1 = 5 and - 10. In all these caws, the frequency of the funda- 
mental mode (k = 0) lies close to the point on the 
central axis equidistant from the curves for the p and 
g-regions. An interpolation scheme for the other low 
harmonics on the plot may not be too difficult to 
derive if needed. 

A set of curves as on Figure 5 represent an economi- 
cal way to survey the pulsation frquencies of a new 
stellar model with the added advantage that the con- 

FIG. 5.-EM solar oscillation frequencia for the c a  
1 = 2 arc plotted (+) against radial harpronic number. k. 
Except for the low harmonics. the frtpuencles follow the sol~d 
curves which represent the ekmentary phase integral (eq. [20]) 
divided by r. When the curves have an integer value on the 
abscau. their ordinate gives the approximate valde of t h e  
true osc~llatron frequency. The pant on the central axu 
quidistant from the two curve lia close to the exact fre- 
quency of the fundamental mode (k = 0)  in this case and in 
the two other cases fated ( I  = 5 and I = 10). 

dition, k =: A@/n, removes ambiguity over the 
identification of the radial harmonic number. Am- 
biguity has been an occasional problem for many 
years in the more centrally condensed stars. Up to 
now, it could only be removed by computing a long 
series of exact solutions for consecutive harmonics 
(Robe 1968; Ledoux 1974). 

IV. CENTRAL A N D  POLAR SlNGULAIUTlES 

A standing oscillation can be regarded as dividing 
a star into cells, each containing one antinode. Those 
cells near the center of the star and near its spin axis 
will be shown to have more oscillatory kinetic energy 
per unit volume, 

than the other cells. When r2K, is integrated over a 
thin spherical shell of unit thickness, it reduces to 
K, (eq. [=I). The cell boundaries arc taken as the 
surfaces where r2K, is a minimum. The simple nature 
of the function K, gives one maximum, or antinode, 
in each cell. We will consider .mly cases where one 
term in (27) is negligible, but thls will include almost 
all modes. That is true because the ratio of equation 
(24) is usually >> 1 or << 1 over moct of the region in 
which the oscillation is concentrated, except for the 
lowest radial harmonics: The cell boundaries reduce 
to the surfaces where, P Yi2  = 0 for the high frequency 
branch (p-modes) and to minima of /Qt Yia  for the 
low frequency branch (g-modes). In each type of 
mode. no fluid is carried across the .-I' boundaries 
by the dominant velocity componc f. eq. [7]). 
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Only the small orthogonal coaponent can move fluid 
o2t of the cell. Thus, rigid waUs could suddenly be 
placed around a typical cell, and the 0uid would 
continue to oscillate substantially in the same manner 
for a few cycles. In other words, the standing wave has 
divided the motion into an array of relatively self- 
contained cells, each of which has about the same 
natural frequency. 

The number of these cells is rather large. Even a 
modest harmonic like Ikl = 1 = 5 divides the star 
into ~ 7 6  cells, as is now shown. For the high-fre- 
qumcy cases, zeros of Y," are of interest, and they 
divide a spherical surface into exactly (1 - Imj + 
1x2 + areas. When m = 0, 8, - 1 and in 
other cases, 8-0 = 0. For compactness, the number 
of areas can be averaged over the states m = 0,1, 
2,. . . 1, #iving +[(1+ + 21 i N, areas on the 
sphm for a typical standing mode of principal index. I. 
The low-frequency cases ate somewhat less re P=* but computations show that minima of I V Y !  also 
divide the spnere into N, arru with minor devtations - 1 'I. There are (lk( + 1) signidcant antinodes along 
a radius, so that the total number of cells in the star 
is z (IkJ + l)Nt, which rises rapidly with increasing 
harmon~c number toward the asymptote, $iklla. 

a) Enhancement Near the Center 

The cell volume in low-frequency modes is very 
much smaller near the stelkr center than in its outer 
regions. For example, the outer cells of the mode on 
Figure 4 have - l P  t ime the volume of those near 
the center. Recalling the rough quipartition of energy 
among cells, it is obvious that kinetic energy density 
is enormously greater in centrally located cells of 
g-mode for which -k s 1. In fact, K, might well be 
sigaificant to the central structure and evolution of 
stars whose surfaces are barely pulsing. This possi- 
bility will be applied to the "low" value of the solar 
neutrino flux in a paper under preparation. In the 
shell of width Ar containing one layer of antinodal 
cells, the kinetic energy is - jArapoJ € J a b ,  evaluated 
at an antinode. This comes from the expression pn-  
ceding quation (22) and is roughly constant for all 
shells. Therefore, we can q u t e  its values for the 
inner (i) and outer (0) shells o f h e  g-region and write 
the result in the form, 

The quantity J is the displacement If1 at an antinode, 
divided by the typical horizontal dunension of the 
cell, (4nra,V,-1)11a. Also. the ratio of the factors r4br  
can be taken as r?r,-' by w of equation (23) in the 
limit of large IkJ .  To estimate the sue of (28) it is 
adquate to take for r ,  and r, the inner and outer 
boundaries of the pngion. For the Sun, r ,  z w* x 
(- 2Ok)'l and r, = 0.7 R,, by use of Figure 2 and the 
asymptotic expression for small eigenvalues. At thee 
locations, po 1 160 and 0.1 gem'?, so that (28) 
becomes J? z J:(- 3.Zk/l*)6. The fact that k is 
raised to the fifth power shows, again, why #-modes 

of high radial harmonic must have relatively luge 
am litudes in the center of a star. 

f k r e  i no mathematical h i t  to how large -k  
caa become, but turbulence and radiation provide 
physical limits. Severe dunping from these causer 
should set in first at the innennost antinode. Let'ut 
assume that turbulence is almdy luge when the 
oscillatory displacement approaches the scale of the 
flow ttm! (that is, J, 1). Further assume that J, 
h o$ - 10-l, which (for mall f )  h - 100 times 
smaller thin fluctu8tions seen at the solar limb by 
Hill's oup. Then by (28), as evaluated above for the 
Sun, 1& turbulence limit has already been reached 
when - k > 2001.. Dziembowski (197 1) numerically 
integrated the fourth-order equations and found heavy 
radiation damping in the core for radial h m o n i c  
numbers of a few thousand. This was for giant stars, 
but an order of magnitude tsiimatc for the s o h  in- 
terior gives the following results: Treating the center 
of the Sun as r homogeneous, ideal p s  undergoing 
compression of high radial wavenumber, k, such that 
k,r >> 1, I computed t,, the radiative decay time (Cox 
1974, 5 5.9, under optically thick conditions. The 
numerical result can be written in the convenient form, 

where T is the perturbation in the mean temperatun 
To. Although t ,  depends only on the (high) radial 
harmonic number in this estimate, 1 also enters (29) 
by its influence on v. Radiation damping is severe if 
2mt s I, which (by q. [29D will occur before -k 
is as large u 190 for 1 = 2 modes. For 1 2 2, the radia- 
tion damping limit is reached before the turbulence 
limit so that, in summary, no one should expect the 
analytic formula (28) for central enhancement to be 
valid in solar g-modes when the radial harmonic 
number exceeds about 150 Such high harmonics 
will require a complete nonlinear treatment. 

b) Ehhancement Near the Rotation Axis 
The angular distribution of kinetic energy among 

cells located at the w n e  distance from the stellar 
center u now computed. This will be a purely geo- 
metric effect, independent of the details of the interior 
model, provided that the star perfonns slow, uniform 
rotation in the Iaycn whm the oscillation is con- 
centrated. This condition guarantees that the centri- 
fup l  forces are small compared to gravity and 
Coriolis forces, and that the star is essentially spherical. 
The total kinetic energy in a cell is the volume integral 
of K.. The latter contains a radial integral which is 
identical for any of the cells under discussion. Can- 
celing this out, one finds that the relative energy in 
any cell at the sune distance from the stellar center is 
proportional to a surface integral over the solid angle 
subtended at the center of the star by the cell. The 
integrand is I Y Ia  for the high-frquency mode and 
IVY Ia  for the low-frquency modes. Thee were 
carried out numerically over 8 and analytically over 
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TABLE 1 

bno or I(aanc EMIav DtlrPno m Hmn-Fmput~cu M o o n  

+ for all 66 spherical harmonic functions with 1 s 10 
and non-neptive m. This showed that the cells of a 
given r p h e n d  harmonic mode had about the same 
kinetic energy ucept for a unique group close to the 
polu axis which could be either h i ee r  or lower than 
the mt, la contraq to this, kinetic energy per unit 
volume w u  found to be a monotonically increasing 
function of latitude, always largest in a "polar cell" 
(one touching or including the pole). 

Tabla 1 and 2 summarize the main findings for 
the hi@- and low-frequency modes. Entries in the 
main pan of the table are the ratio of kinetic energy 
density in my  one of the polar cells to that in an 
"equatorial cell" (one touching or including the 
equator). These ratios range from 1 to 8.91 for the 
modes studied, and tend to larger values at the higher 
latitudinal harmonics. Ratios of exactly I mark low 
harmonics where each polu cell is coincident with an 
quatorid cell. The concentration of energy density 
towud the poles is less for the low-frquency modes 
and would be reduced somewhat further if the 
following consideration wen included. For most of 
the cues 1 s m s 4, one more minimum appears 
close to each pole in (F Yla ~ h a n  in ] YIa. The extra 
minimum is usually weak and of questJonable physical 

significance. If it were to be ipored in defining the 
low-latitude boundary of the polar cell, the com- 
sponding entries in Table 2 would be reduced; for 
example, the largest entry would go from 2.58 to 2.15. 

For a physical system which excites standing waves 
of all m-values to roughly equal amplitudes, row 
averages of the tables can be of Interest. These appear 
at the right of each table and show that typical polar 
cells can have 2 or 3 times the energy density of low- 
latitude cells. Such a polar enhancement may drive 
large-scale convection cells at each pole of some 
pulsing stars. This was mentioned by Wolff (19746) 
who fint found the polar enhancement in a less direct, 
but mathematically equivalent, manner. He suggested 
applying the large scale convection to the Sun's 
differential rotation and the qualitative differences 
long noted between its polar and lower-latitude 
phenomena. 

V. MODE COUPLING 

Up to this point, no mode considered has been 
coupled to any other mode because the equations of 
motion used have all been linear. But there are always 
nonlinear effects operating in real stan which can 

TABLE 2 
b n o  or Kmnc Emnov D m *  IN LOW-FILIQUINCY MOOU 

m 
AMRAOI 

I 0 1 2 3 4 J 6 7 8 9 10 Ovtr m 
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couple the modes. We now consider some possible 
effects of weak coupling. The interactions are auumed 
to  be wvedc enough that the spatial and temporal 
behavior of each linear mode is only slightly altered. 
However, our attention will shift from the linear mode 
to the properties of a sum of coupled modes. For 
decades, it has been of intemt to inquire whether 
there might be two low harmonic modes in a given 
star with almost the same oscillation period. This 
could give a beat period that might be observable. 
Such an elementary possibility is only one of many. 
Thm promising ways to couple are mentioned below, 
and each has the effect of simplifying the expected 
observational data. 

In the stellar con, then are layers in which nuclear 
processes involving a particular element are especiaily 
effective in driving pulsation modes. For example, 
Unno states that the =He + 'He reaction in the Sufi 
contributes most toward driving solar g-mode oscilla- 
tions. Modes which have antinodes in layers where 
this reaction is strongest may well be excited to larger 
amplitudes than other modes. Furthermore, since 
this reaction is a highly nonlinear function of tem- 
perature, there will be a strong advantage in total 
energy released if those modes with antinodes in this 
layer and having similar oscillation periods can lock 
their periods together so that they are identical. Then 
a stronger rms amplitude is produced than if each 
mode pulses s t  an independent rate. It is quite possible 
that this mechanism operates in some stellar cores, 
reducing the vast array of linear oscillation periods to 
a small number of nonlinearly coupled periods. 

Another possibility is based on the fact that all 
modes in g-regions with energy primarily in horizontal 
motion will rotate at nearly the same rate if they have 
the same harmonic index, I. Wolff (1974~) pointed 
this out and suggested that nonlinear coupling couM 
lock similarly rotating modes together in the con- 
figuration having the largest possible rms amplitude. 
This would be their most stable configuration under 
appropriate nonlinear driving. Each group of locked 
modes must then rotate like a rigid body at a rate 
depending only on I and the rotation rate of the stellar 
mass. The precise rotation rates expected for the 
coupled modes have since been detected (Wolff 1976) 
in two independent kinds of solar data. 

The third possibility operates near the highest 
frequency permitted for modes in the main g-region- 
that is. for frequencies near the broad maximum of v, 
on Figure 2. Near this frquency. there is a great 
crowding together of all modes for which 1 %  jkl. 
This was mentioned in 8 nId. It is quite unlikely that 
modes so densely situated along the frquency axis 
can maintain their independence in any real star which 
excites many such modes. If the modes do not couple 
spatially, in a way analogous to that in the previous 
paragraph. then they will almost certainly couple 
according to oscillation frequency. Observers of 
multiperiodic stan should be alert for above-average 
oscillatory power at a frequency in this vicinity due 
to the combined notion of many g-modes with high 
values of !Ilk]. 

All three mechanisms just described operate on the 
same principle: a nonlinear driving mechanism favors 
the concentration of oscillrtory power into small 
volumes at large amplitude rather than into larger 
volumes at necessarily smaller mean-squared ampli- 
tude. This was stated intuitively and then supported 
by a numerical example by Wolff (19740). It is comct 
as far as it goes but must eventually be combined with 
a statement about damping mechanisms. Pnsumably, 
the effective nonlinear power governing the damping 
must be smaller than that governing the driving in at 
least one portion of the star, or the whole effect will 
go in the opposite direction toward evenly distributed 
amplitudes. 

W. SUMMARY 

Oscillatory kinetic energy is distributed almost 
equally among the antinodes of a linear stellar pulsa- 
tion mode, with modest deviations for antinodes lying 
near physical or geometric boundaries. But the various 
antinodes can occupy greatly different volumes. This 
causes the kinetic energy density to be very much larger 
than average at antinodes near the stellar center and 
several times larger than average at antinodes near the 
spin axis of a slowly rotating star. These two unique 
zones could reasonably be suspected of also being 
zones of enhanced thermal dissipation. The dissipation 
may occasionally be strong enough to drive convec- 
tion where it is not otherwise expected. 

Without ever performing a numerical integration, 
values of many of the oscillatory quantities can be 
estimated, provided that the gravitational permrba- 
tion is negligible-that is, provided that I > 1 and 
that (kl is not too close to 1. The oscillation frequencies 
are simple functions of k and I in the limits of high 
and low frequency, and they approach a constant 
value for all modes concentrated in g-regions when 
I >> (kt. Given a rough value for the frequency, one 
can know the ratio of kinetic energy in radial and 
angular components of the motion (eq. [24]), the 
location of the nodes (eq. [2S] and following). and the 
relative amplitude at almost all antinodes. The last 
condition follows from the fact that the same total 
kinetic energy is associated with almost every antinode 
while the volume it occupies is known from the 
location of the nodes. 

If a certain phase integral (eq. [ZO]) is numerically 
evaluated at some representative frequen..ies in the 
range of interest, almost all the oscillation f~.equencin 
of the star can be read from simple graphs like Figure 
5. The phase integral also permits one to write down 
elementary expressions for the eigenfunctions, and 
they agree very well with exact solutions (Fig. 3). Since 
the elementary expressions depend on a slowly varying 
approximation for the stellar interior, they fail in the 
outer envelope for low-frequency modes but would 
seem to hold up to the photosphere for most high- 
frequency modes. 

For all modes and all locations, a simple. precise 
condition was  four^ giving the fraction of the velocity 
field in divergenct and the fraction in curl (eq. [ l q  and 
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Fi . 1). In the limit v +a, the separate conditions and oscillation period is usually determined in a sinale 
( l f  and 24) on the velocity and energy distributions zone of the star where its e n e q  is concentrated. 
imply a motion first found by Cowling in which Scuflaire first defined the physical s~gnibcaace of these 

m u r e  fluctuations and radial motion are dominant. zones (called pregions and g-re@ons herein). A h e exact fourthsrder equations governing linear classification of the modes based on these regions 
adiabatic modes were presented in perhaps their most seems required. Finally, three methods by which the 
compact form using variables similar to those used by large number of linear modes mighi plausibly couple 
Ledoux and Walraven for the approximate second- to produce simpler arrays were sug~csted in Q V. 
order system. 

Even though an oscillation mode occupies the I thank an anonymous referee and P. Smeyers for 
entin star and must satisfy physical boundary con- many constructive comments on the first version of 
ditions at the center and surface, its essential character this paper. 
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LONG-TERM MIGRATION OF THE SOLAR SECTOR STRUCTURE 

C. L. Wolff and D. F. Heath, Goddwd Smm F lMt  &tW, G ~ b a I t ,  MD 

INTRODUCTION 

Per iod ic i  t i e s  are o f t en  seen i n  weather records and 
M e d i a t e l y  dismissed as not  due t o  so la r  v a r i a b i l i t y  because the  
per iod i s  not a simple mu l t i p l e  of 27 days o r  11 years. Th is  i s  
wrong because so l a r  observations of the  l a s t  few centur ies show 
numerous other p e r i o d i c i t i e s  ranging from many months t o  many 
years. A theory i s  now under development which can p red i c t  the  
values o f  these periods and which w i l l  put t h i s  subject on a 
sound physical basis i f  the theory continues t o  be successful. 
Weather records can then be analyzed i n  a m r e  comprehensive and 
respectable manner because the var iab le  so la r  inpu t  w i l l  be more 
r igorous ly  modelled. 

The magnetic sector boundaries on the sun and i n  the  so la r  
wind have a Cligh co r re l a t i on  w i t h  winter  low pressure systems on 
earth. Robe,*ts and Olson (1973) and Wilcox, e t  a1. (1974) found 
t ha t  the  vo r t i c i t y -a rea  index t y p i c a l l y  declines by about 10% 
during several days centered on the time when a sector  boundary 
sweeps past the earth.  The physical  connection between these two 
events i s  not established. A whole group of o ther  co r re la t ions  
ex is ts  between weather and so la r  a c t i v i t y  (Goldberg and Herman, 
1978). Again, much of the de ta i led  physics i s  i n  doubt. Progress 
i n  understanding these phenomena i s  slow, p a r t l y  because there are 
a very large number of possible explanations--each w i t h  i t s  f ree 
parameters--and a r e l a t i v e l y  modest number of t r u l y  independent 
observational resu l t s .  This paper i s  p a r t  o f  a cont inu ing attempt 
t o  reduce the degrees of freedom ava i lab le  t o  sun-weather theories 
and, perhaps, t o  discover sane more fundamental Inputs t o  those 
theories. In what fol lows, we present new evidence t h a t  BOTH the  
sector s t ruc tu re  and so la r  a c t i v i t y  leve ls  can be understood as 
being under the influence of the same regular,  i n t e rna l  so la r  
mechanism. Because of t h i s ,  long-term predic t ions o f  each 
phenomenon may u l t ima te l y  be possible. 
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nlod l rs  uinl m rpp6'prlrtr Irma ntr. nu moan lrrm 
stom *rlur of 2.3 K min" tnnJItu to M rmrorhun  rrlvr 
of 3 mc". Ihe intcrpntrtion of thun dOud ioP Ycrnt n tm  u 
nrtlal *rlocitia and tha compubon with 0th- d m h  obur= 
vation, m diKurwd in druil in Adhr md Fmn (I979b). 

A npcrmution of thn thundernorm fam nen in the 
r td l i t r  IR b & e n  in Figws 2 for 1 n l k n  of r w t h  a- 
horn om Apd 24.I913. EJla &own ur ndu rcho h t d t y  
contom from thn Nrtlond Wnrthrr S m k r  ndu at Okl.bomr 
City. The nonna m locatad rpprorimrtrly 90 krn to ttu a t h  
urd routhrmt of the nbu dtr. On t& utrllttr sida of tbr dh- 
warn thr cloud idantination numbor and minimum tD8 m 
notod in each pmd. Thr rhdd block8 ur thr urc co*mb 
by the rb l l l t r  drtr p i n u  with ttw minimum tempamtun. 
Thr unrllrrt pouibh ua h rxrmpllhd by the W a d  ua b 
doud 22 at 2226CMT. Thr ddltIorul out lhr  m T18 b 
thmns at h w r r  bmpenhurc that am rrrotirtd wlth that 
puticulu cloud rlrmmt. 

Figure 2 i l lrptntu that thr cloud drmmts bein@ ldenuflrd 
in thr ~ t d i t r  data cornpond to indMdual thundmtomu r 
&dent in the nbr prwntrtion. Cloud 22 hu r ny npld 
deenur ofTD8 with t h r ,  md h awchtad with repom d 
lug@ hail. Cloud 20 also hu r Nl npcnt urodrtrd with it, 
while the o ~ h n  defined clouds in Fiwm 2 do not. 

:. ANALYSIS OF MATURE THUNDERSORMS 

As thn powin# thundmtonnr pmrtnte tha tropoprur 
-on they dml rn t r  mnd the mrrnrted wmt n t a  kcom 
much lorn.  F i ~ n  3 dbplrr  tbic rtYW in the 10.13 bn 
w o n  for r camporifr of rtonns on two days. Mmy a tom 
annot k vkwrd by the utrllitr untJ they pn rm t r  up 
thtau@ middle md high doud dncka oftm poduad by pm- 
now convection. Fkw thundtntonns an romrthm only k 
drn t r f~d  when they mch very cobd trmpmturrr (<?I3 K). 
This I r k  of obrrmbrlity at Iowa hrtghu ( r u l m r  t r m w  
turn) maku thr uu of dTD8idt u m mtrnoty pamntrr 
mom dirncult. Al w can m UI Fllun 3 thr nu of t r m m  
tun draaw u approumrtrly 0.2 K min" ct trmpntunr 
Iowa than : 1 5 K. Thu mam that 8 rune r n t m l  of 5 min- 
uta between unrw dl nark m only I K chmp. W l t h  the 
rffuun trmparture nrolution of tbr r t r t l i t r  data bang 
about I .5 K at thu k w l  tha rccuny of cJculrted trmpm- 
nul ehmr  n t a  detmorrtr. 

Runfon, new iatrrrrity purmrten for nlrtun thunder- 
storm, m nmpuy .  Two pvunetm that haw h w n  some 
8kiII ur tbr minimum doud tom rmwnhur iueif and the nor 
dkd nu of @xp8#kdon'of kth@m. n~har v b *  
rbha haw km dtrcwd by A d h  and Frnn (191%) for on@ 
am study ( b y  6,1973). FQum 4 (rbrpted from Mlor and 
Frnn, 197%) dhpkyr the dbtribution of 39 thundmtomu on 
May 6, 1913 rlmt r cold front from South Dakota to Teur. 
ne n r l b k l  am thr mhimum T, achieved durinl the Lifeume 
of the thundmtorm (r mruure otvximurn hei#tt) md the 

mulmum ?# whun N is thr t v : - n  of rtellltr data pin. 

with TD8 ST,, when TI ir r puticulu cloud top TI,. The ex- 

pmabn nt8. $. i interpolated b t r n n  N-6 and N-30. 

Eubdrtr point repmunu m xer of ?? ha. Mcrrunnl the 
rxpuukn n t r  between N equal to 6 md 30 muits in r ~ w t h  
ntr rppliabk to m ind!vidurl thundentonn. Thr isothen 
ntr oiixpuuion in nktnd tor combi~tion of cloud top vemcd 
velocity md d h q e n a  u dbcW by Adlaud F ~ M  (1979r). 



In Figun 4 the exprnaion n t e  puuneter wed to indicate 

tha atom lntenaity la the m u i m u n  $ a m y  T,, a 2 6  K. 
although w m  of the s to rm wen  obrrved only r t  trmpm. 
t w  below 21 S K. Thr dirqrm for thia dry d m  not chow m 

obvious c o m l l t i o n b e t r n  both T,,,,,, and 9 and mn 
weather, when H lndiater M, T n p m n u  tonudo, m d  r 
dot mema no ucomprnylng wwn weather nporu. 

The dkgonrl llne in Figun 4 ia r U n e  of dh lmin r t ion  d c  
rlvd from the May 6. 1975 drtr. The horizontal duhed line 
b at the rpproxlm;te tropopruu tempentun for tha n$on. 
On chis d i r m  it b r good tempenlure dlvider brhrrrn m n  
m d  n o n r m r  atomu. 

Rmultr for r aecond urr (April 24,1975) in emem O W  
h o r n  md r o u t h m t m  M h r l  ur shown in Figm I. The 
diagonal h e  b the d i m h i n m t  lim detived from the May 6 ,  
I975 w e .  The two p m t t e n c h o w  m obdow comlrtion to 
thr wrrn weather nportr md,  in thb cur, toeach other. The 
t m p o p r w  tempentun Lo r t  213 K for Apnl24) b not u 
good r dircrimmrtor between wvere m d  non- rrofmr as 
in the May 6 cur. 

Fiwn I. Sun, r Fyvr ta 16 a W l 2 4 . 1 @ 7 1 .  

The next c u e  (March 20. 1976) p t n t n u  Lome additlonul 
complex,.iea. The nurlb m shown in F w c a  6  m d  7 for two 
adjacent mu. The "wuth a m "  ia primurly in e x t m  a t -  
em M m u n  rhd -them Illinob. Tho "north un" ir locrted 
in centnl Illinois. Although them ia only r ahort dicturcr k 
tween the two ma,. the two rtgioom are divided by the uic 
of the jet r m r m  m d  hew quite diffenfit tropoplw t empt -  
at- and h-ta. ThL difference b evident on w u n d h p  
(not p m m t d )  r t  Plonr. IL (north area) m d  Wm. IL (south 
UU). S u b ~ o c ~ n l y  ~nterpdrtrng from the rounding loat iom 
to the storm locatioru. we wluted 2 1'2 K m d  209 K u npt. 
wnut lw  tropopaun t e m p m t u m  for the n o m  ulri w ~ t h  
mu, mprctively. 

The mrumum tempenrum of the thundentonnr ur on 
the r v m p  much colder In the wuth urr (Figure 6). A h  
stnlong ul the two duquna  u that rU the d e h d  stonnr haw 
mnlmum tempenturn r t  Ieut 5 K b low the tropopun 
temponrum. Tha t empmrux  dlfferenct wu not endrnt m 
the two prev~ow c a m .  m d  indicates the pombdity of a dif- 
ference m d b n t r o n  m o n g  the c a w .  I h e  Much 20 US@ 
w n  r d y t d  w t h  Jou from the GOES1 s p r c l c n f t .  while 
the ocher two caw were handled w t h  SMS-2 data. 

Cm 7. b r Cwn 4 a r m  tor 1; norm In r)n "nor. .. 
a Muel 20,1r;1. 

In the wuth utr ( F i w n  6) the uvm weather -pons ur 
~ u p d  with the mott muw storms m d  the two utellite- 
bued purrneten ur c o m l r t d .  For the n a y  .nr (Figure 7). 
howmr ,  thrthm w e r e  atomu haw relatively r..~rll n t t r  of 
qowth and r m r p  minimum tempmtum.  

The mrrun thundmtormr drClnrd in the IR satellite data 
pnenl ly  c o m s p n d  to indlvidurl ndu w h o a .  For exunple, 
F w  8 & o w  r compuuon of rubjectinly nmrppcd con. 
t o w  nOIr d r u  ( l m l  2 m d  above) m d  rlected T , wtherms 
from the utrltite IR data. Clouds I I ,  108. 13  rnd had w e r e  
weather u o d r t e d  with them, rlthou* not nccrcunly at the 
tune indicud. The comcgondmce between defiled cloud8 m 
tha sateUte d ~ u  md ndu w h o a  u pod. w ~ t h  the exception o; 
cloud 7 which onl) appous on the nbu u m elongtrd echc 
A few weak echoes to t h  nonhweat 01 the h e  do not appear 
r t  the 2 6  K Imi m the vtcllitr drto. 

Thc nula of tha Shy 6 an: Apnl 24. 1975 slvl lndlcate 
that the mimum T,, and the thundmtorrn n t e  of qowth 
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panmeter are good measures of storm ~ntensity when compared 
to severe weather reports. Results imm the March 20. 1976 
case are not 3s clear but have revealed some addit~onal com- 
plexitla. .As expected, vanatiors in tropopaus- temperature 
must be cons~dered. This is true both for companng results be- 
tween iifferent days, but also for spatial vanations over even 
relatnely small avas  on the same day. addlt10r.a: sornptl- 
;atlnp factor may he a varylng calibration of the IR channel 
such that direct colnpanson of various days IS difficult. espe- 
cially when data from different spacecraft are used. A callbra- 
tion vanatron of 3 J K at the cold ( 2 0 0  K) end of the temper- 
ature nnge may rtsult in amb~guous results when cornpanng 
differcnt days. 

Dcsp~te these problems the results so far show that even 
In thz mature stage the satellrte data can lpve valuable infcrma- 
tion on storm lntens~ty 2nd t h s  lntens~ty lnionna~ion IS i o m -  
laced w ~ t h  severe weather reports. .Idler and Fenn (197%) 
indicate 3 potenrial warnlng lead time of  30 mlnutes for these 
parameters. 

4 CLOUD TOP CH!RAC;C?ls . OF 
TORNADIC STOKMS 

In t h ~ s  section the tlme vanations cf mlnlmum Tss of 
tornado-bearing thundtrstorms on the (our study Cajs a r t  ex- 
amined. Five tornado beanng clouds on May 6, 1975 were 
discusgd by Adler and Fenn i 19793) An examination of the 
five cloud elements hav~ng eight tornadoes clearly m a a t e d  
w ~ t h  them Indicates that In seven of the e~ght  c w s  the fin1 
report o f  rhe tornado rook place dunng, or just airer, a tspid 

expansion c f  cloud top cold areas (TBB isothemis). This rapid 
expas ton  of arms within isotherms implies ascent. In this sec- 
tion these five storms will be reexam~ned along with six storms 
from the other t h m  days studmi. 

Figure 9 displays minimum sa te l l i t e~bszned  cloud top 
temperalure (TBB) as a function of time relative to tornado 
touchdown. The time of the tornat? tocchdown is noted by 
the vertical dashed line at tlme equal to  zero. If there is inorc 
than one tornado associated w ~ t h  a cloud. only the most Intenbc 
tornado ~s considered. Such is the case in panels a. c. d and f 
In three cases (i. j, k )  from hlay 20, 1977 the lnitwl times of  
mesocyclones obwned by the Doppler radar of the Yatlon3i 
Scvert Storms Libontory in Norman, Ohlahoma arc shown by 
the vertical dash-dot lines. 

Eight of the I 1 storms (a. b, c. d ,  e. i. j. k) have . - a s m i -  
ated rapid decrease of cloud top T B B  (as obsened iron* satellite) 
approximately 30-45 minutes before t o h a d o  touchdown. T h s  
implies a a p i d  upward movement of the cloud top at this time. 
On most of thew eight storms the r a p ~ d  decrease in temperature 
is followed by a reduction in the slope of the temperature - 
time profile. and In the May 10 cases (I. j. k)  a slight warming. 
indicating a cesurion in upward growth or a slight drop in max- 
imum cloud he~ght.  

This sequence of events at the cloud top can be p i c t u ~ d  as 
being vsoclrted with storm evolut!on In the following way. A 
period of rapid upward growth at cloud top is assoc~ated with o r  
possibly precedes the formation of the mesocyclone at mid-levels 
in the storm. Tornado touchdown IS usually aswctated w ~ t h  a 
decreving or  constant maximum cloud top. Ttus sequence o i  
events at  cloud top a consistent w t h  n d a r  studies ce.3. Lemon 
et d.. 1978) and w ~ t h  hypothews proposed by Fujtta ( 1973). 
The satelhte observations are on a scale o i  ~pproumate ly  10 km, 
whie the radar observations and jlrcraft obsena t~ons  of over- 
shooting tops are on much smaller scales 

Three storms (f. g. 2nd h )  show decreasln_~ cloud top T g g  
(increasing height) at the time of the tornado ioucbdown. The 
tornadoes from all three of these storms were Intense wlth 
FujitaiPcarson scsie ratings of F4. F2. and F4 for the storms In 
panels t', q. and h,  rcspect~\ely 

Therefore, a myonty  of the storms analyzed h v c  npid  
ascent of cloud t o p  30-45 minutes befcre tornado touchdown 
at apparently the time of the formation o i  rhe mesocyclone. A 
.nmonty of the stcrrns, howeber. have axending cloud :ops fat 
the scale o i  the sareihte observat~onr JI  the time of tornado 
rouchdown. The vert~cal velont~es lnvoivcd are small. but are 
remnable  when the horizontal scale I 10 km) on which rhey arc 
a_p_pIicable IS considered. A typical r2te of tempenrure (TBB ) 

decrease in Figure IS 0 3 h: mrn-I ,Assuming 3 !apse rate 01 
8 K kin-1 the calculat!on of temperature change rare o i  0 4 K 
min-1 converts to a vertical veioc~ty of approximately 0 8 ms-I. 

It u intevsting to note In Figire 9 that onlv panels I.  J. k 
show a T increase l~ndjcatirg descent or cloud top col!apse) 
pnor to, or at the !me of. tornado touchdown The May 6 
cases la*) si.ow 3 innstant temperlturc w ~ t h  fime with some 
~ndication of 3 wesk decrese 3t rhe : m e  of the tornado T h ~ s  
. ffercnce may be related ro the d ~ i f e r e ~ c c  In !drger scale cioud 

5.. 'cture betucen the two cases ~ n d  rhr sateillre sensor's re- 
sponse characrenstia The Mav 4 storms appeared :n th: sate!- 
lire images as a narrou irne lylng a'onp 3 ~ e n e n l i \  n~rth-south 
onented cold fmnt. The east-*est extent ot' the storms' lnvlls 
increased w:th uine .As the ute!li.c IR sensor scans irom left 
to rlght acrosr the s:cnc 11 nloS,es a ~ r u p [ l >  from J warn target 
\ p o u n d )  !o 3 cold target  thunderstorm top). W~rh 3 nanow 
a r m s  sh~eld the sensor n a y  not have encugh tllne to ~ccurarely 
respond to the nlntmurn TRB. That is. :'or narrow I in t?.e leit- 
:o-nght d1recrlon1 arrus m n l s  we ire probnbiy overcst!mating 
the mmunum Tsg i1.e . cstlmating to be , .uaner than i t  :si. 
As :he nnrrou ~nvl l  expands w ~ t h  rirne [he ~ r n p l ~ t u d e  o i  [he 



F-r* 9. LWlirr-obrwd clad too nmwetun a r bnnlon of o m  rrlnim m tonudo tarMdorn ncrwr (rm~ul duhrd IIW) md 
fmnY~on t t m ,  r*hn w8IaEle Iwmlr  i. 1. k: m e . ;  M d m  IIWI. 

temperature ~veres t~mat~on should decrease u the distance from 
the left annl edge to the s:onn center mcmun.  If. while the 
mvil u expanding. the actual mnunum TIE u wurning slightly, 
thu cou1J be o b x u ~ e d  by the vuying onmtimrt ion effect. 
w t h  the mul t  bclng a neu  constant o b n m d  TBB with time. 

On May 10. 1977 the s torm (I. j. k) arc imbedded In a very 
luge *mu h e l d  w t h  a large dnunce between the left edge 
and the storms' centen Thus the sensor rarparue problem m 
tenns of esumattng the mlnunum Tee should not exut. In these 
three cases a w m m g  u cilwrved. Work on a techn~que to re- 
move thu sensor mponw eifcct IS planned. 

s. SUMMARY 

Shon-tnteml geosynchronous satellite drtr. in pvriculu 
that from the IR channel. hrvc the potentul to be u f W  in the 
ntlmation of thundentorm mtmrlty Since mtenrity is c o w  
lated w t h  the o c m n c e  of nvtrc  weather, such mtens~ly m- 
formanor could be wd for severe thundmtorm detachon. 
However. there 3 f ~  some problems In the mferprcution of the 
data. specially bet\ n drfferent clx study days involnng 
different satellites. 

1 tie most direct measure of thundentorm mtcnr~ty i m  
be made ior young. g r o m g  thunden tom.  At r height of 
appmumately Y km there u a agntnant  difference m cloud 
top ucent n t a  (as meuund by -dTlB/dt) between w v m  
and nonuvere thundentons.  If mten r  thundon tom can 
be detected at thrs altitude, there is an avenw potentid 
wamrng l e d  tune of about 60 mmutu. 

Most thundentorms andyzrd m thrs study could not be 
v~ewed at  lower d t i t u d a  (such u 3 lun) b c a w  of overlying 
cimu due to prenow convection. The satellite does not "see" 
the thundentorm m the IR unlll it p e n e m t a  through t h e  
higher cloudr. Often the thundentorm top u then r t  a Tie of 
2 1 5 K a m a d d a .  Atmdabove thereponof the  tmpc7awe. 
the cloud top is decelerating and direct ascent rare ulculattoru 
become maccunte. kc lltematlve meuurcs of mtenutv we can 
use the minimum TED of thc cloud (a niativc msuure of maxrmum 
height) and the nonnalued n t e  of explnrron of was wthin Tw 

hothemu [ft %). In two a!' !Ir c u  study drys e x r m m d  

(May 6 and Apnl 14, 1975) thex  pmmeten  are comlattd with 
mere waaer nportr. In the third k c  (Wltch 20. 1976) the 
d b  M m~xed. In one geopaphict uea  them IS a good cor- 
relation, whrle in another ytr there is not. An exminatlon of 
these thm ura m d i u t a  that vuiatlons m tropopause t e m p n -  
turn md probably srtelkte crlibratiolr must be taken into accouit 
before combining the d a u  no from different days. 

Ueven ura of tornadic thundentons  were exam~ned wlth 
respect to cloud top temperature (height) varutionr relat~ve to 
to rndo  touchdown tuna. m d  m three casa rclauve to the 
m ~ t d  obrsrvatlon oi  mewcyclona by Doppler n d u  In 8 of 
the 11 cases there u a penod of raptd ucent 3 0 4 5  minutes pnor 
to tornado touchdown. This upward gowth appears to be yso- 
anted w t h  the formrt~on of the m m y d o n e .  Tlus w e n t  a 
foUowd by a penod of no gowth or even a drop m cloud top 
hetght proccding, or at the tlme of. tornado touchdown. ln the 
t h m  mmrunrng cases cloud top w e n t  IS endent m the satellite 
d r u  at tornado touchdown. 
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ABSTRACT 

Infrved gwsynchroaous satellite & with m interval of 5 min between imyes are used to ad- 
muc thundrttorm top ucent ntes on two cue !Ndy Lp. A mean vertical velocity of 3.4 m s-' for 23 
doudr is akuhted at 8 d 8.7 h. This upward motion is reptawautive of .a area o€ appmxi- 
rmtdy 10 km on r side. Thunderstorm mur llux of -2 x IP s-I is 4cul.ted. which compues 
hvocrbly with previous estimun. There is a sipilkant diierence in the mean cdculrted vertical 
velocity between elements ruociued with severe wnthcr reports (3 = 4.9 m s-I) md those with no 
such rrponr (2.4 m 3-9. 

CakuLtionr were mdc using r veloclty profile for an d y  symmetric jet to estlmte the 
peak upd& velocity. For the largest observed w value of 7.8 m s-I the cdculation ina~.ates r peak 
updraft of -SO m r+. 

1. Introduction 

Vertical velocity is a basic parameter in meteoro- 
logical analysis and forecasting. However, unlike 
horizontal velocity. it usually cannot be observed 
directly. The presence of upward air motion can 
often be inferred by the occurrence of clouds and 
precipitation, but quantitative evaluation of venical 
motion must usually be made through the omega 
equation, the adiabatic method or a similar indirect 
technique. An exception to this is the recent work 
with multiple-Doppler radar data. 

In the current paper we present the results of 
using a simple method to estimate thundentorm 
cloud top berticd velocity from SMSiGOES rapid- 
scan (5 min interval) window channel infrared (IR) 
data. Time rate of change of cloud-top minimum 
equivalent blackbody temperature TI, is convened 
to vertical velocity w by 

where the lapse rate is determined from rawinsonde 
data. An example calculation using SMS data and 
Eq. (1) was given by Adler and Fenn (1976). In the 
foUowng sections the calculated vertical velocities 
are compared for clouds with associated severe 
weather reports and for those with no su:h reports. 
and the computed values arc also compared with pre- 
vious estimates of thundentorm vertical velocities. 

2. Description of analysb technique 

The analysis of the digital satellite data was per- 
formed on the .4tmospheric and Oceanic Informa- 
tion Processing System (AOIPS), an interactive 
image analysis system described by Billingsley 
(1976). Sequences of images are enhanced, thunder- 
storm elements are isolated and identified by locat- 
ing relative minima of Tan in the IR images. Their 
maximum gray level (minimum TEE) are then re- 
corded. The analysis of the thunderstorms used in 
this study (on 24 April 1975 and 6 May 1975) was 
part c - larger effort (see Adler and Fenn. 1979). On 
each 6 - -e  study days an area of convection was 
monit. during a set period of time (-4 h). 
Thunden,cvrn elements were defined and time his- 
tories af each element were determined. 

The emphasis in the earlier work (Adler and Fenn. 
1979) was on convective elements after they had 
reached -10 km in height (as estirnated by the 
satellite IR data). This paper highlights observa- 
tions of thunderstorms earlier in their growth cycle 
as they penetrate upward through the middle 
troposphere. It should be empnasized that not all 
thunderstorms can be observed at middle tropo- 
spheric heights. This is because they are often hid- 
den by dense cinus clouds produced by previous 
convection. In the two case studies that will be 
described. of the thunderstorm elements defined 
,hove 10 km (TEE = 226 K), only about 15-3m 
could be detected at lower heights. On typical con- 



FIG. 1. Evolut~on of 24 Apnl 1975 thunderstorms I n  southern Oklahoma as 
observed by satellite IR and radar measurements. 
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vection days this percentage will vary with time. 
being large early in the day as convection begins and 
decreasing as the buildup of thunderstorm-produced 
high clouds obscures younger convective elements. 
The results described in this paper concern that 
relatively small group of thunderstorms that could 
be identified at lower levels. 

.4 representation of the thunderstorm features 
seen in the satellite IR is given in Fig. 1 for a region 
of southern Oklahoma on 24 April 1975. Also 
shown are radar echo intensity contours from the 
National Weather Service radar at Oklahoma City. 
The storms arc located -90 km to the south and 
southeast of the radar site. On the satellite side of the 
diagram the cloud identification number and mini- 
mum T,,, are noted in each panel. The shaded 
blocks are the areas covered by the satellite data 
points with the minimum temperature. The smallest 
possible area is exemplified by the shaded area in 
cloud 22 at 2226 GMT. The additional outlines are 
Taa isotherms at higher temperatures that are 
associated with that particular cloud element. 

Fig. 1 illustrates that the cloud elements being 
identified in the satellite data correspond to indi- 
vidual thundentonns as evident in the radar pre- 
sentation. Cloud 22 has a very rapid decrease of 
T I ,  with time. and is associated with repons of 
large hail. Cloud 20 also has a hail repon associated 
with it, whlle the other defined clouds in Fig. I 
do not. 
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3. Vertical velocity estimates 
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a .  Sources of error 

The venical velocity estimates presented in this 
paper are subject to error because of uncertainties in 
the satellite radiance measurements and possible 
unrcpresentativeness of the data. The fist question is: 
How are cloud top ascent rate and venical velocity re- 
lated? Even if the satellite measurements are without 
errors and are representative. the tt9 calculated using 
Eq. ( I )  is actually the cloud top ascent rate. Due to 
mixing at the cloud top this may not be identical to 
the venical air motion at the cloud top. For example, 
Woodward ( 1955) shows laboratory results indicat- 
ing that the center of an isolated thermal rises at 
approximately twice the speed of the thermal cap. 
Howeve*, th~s  is the case for a small. decelerating 
thermal, with extensive mlxlng through the sides. 
In addition. for a decelerating thermal the center 
of the thermal. with a venical velocity of tv, at 
time r , ,  will show a decrease of w with tlme so 
that when (at 1%)  it reaches an altitude equal to 
that of the thermal cap at the earlier time r ,  its veloc- 
ity will have decreased significantly to tv,, much 
closer in maptude to the rate of nse of the thermal 
cap as it passed that altitude. Thus for the scale of 
observation in the current analysis, the cloud top 
ascent rate is probably nearly equr' to the magni- 
tude of the vertical air flow at that level. 

Another poss~ble source of error 1s in the cloud 
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FIG. 3. Composite v e m d  velocity prdlkr for % April, 1975. 

Center log) and those with no accompanying 
reports. The numiyn in parentheses indicate the 
number of cases constituting each mean or com- 
posite vertical velocity. The mean profile of all 
cues is also shown. All the elements defined in the 
6 May case were intense thunderstorms reaching 
heights >lo.$ km as determined fiom the SMS/ 
CaES TBB0s. These heights ut probably low 
compared to radar echo top heights. The 6 May 

the a v e m  the elements with associated seven 
weather reports have larger vertical velocities. 
Tbis is not surprising since intensity of convection 
hw always been closely associated with seven 
weather. 

A similar diagram for 24 April 1975 is given in 
Fig. 3. The convection of interest on this day was 
centered in southwestern Missouri. The composite 
w profiles for three categories arc displayed. The 
additional category is for weak elements which did 
not nach a height of 10 km (as determined by 
the TBB values). In the layer from 7 to 9 km the 
average w is -1.3 m s" for those storms. This is 
significantly lower than the composite for "non- 
seven" elements in either Figs. 2 or 3. Part of the 
dipterence in w values my be due to a size differ- 
ence and therefore a difference in the fraction of 
the IFOV filled by the ascending cloud. The seven 
elements have a mean w of 4-5 m s'l in the 6-9 km 
height range, similar to that found in the 6 May 
case (Fig. 2). 

The 235-240 K level (-8.7 km) is representa- 
tive of the layer of relatively large vertical velocities 
on both days. Fig. 4 shows the frequency distribu- 
tion of the 23 elements or clouds for these two 
days. The hatched portion of the histogram con- 
tains the values for the.severc weather elements. 
The average w for all 23 cases is 3.4 m s-I. The 
severe and non-severe elements have average values 
of 4.9 and 2.4 m s", respectively. The seven 
thundentorms dominate the high end of the distribu- 
tion where six out of seven cases with bv > 4 m s-' 
an associated with severe weather reports. The 
dflerence in mean w between severe and non-severe 
clouds is significant at the 1% level using the !- 
distribution test (Panofsky and Brier, 1963). 

stonha were located in a relatively &TOW band from 
eastern Neb& to Texas dong a north-swth C. Massfi calculation 
oriented cold Bront. Because the values of w calculated in the last sec- 

The ptoflle in Fig. 2 for of the 6 a s  tion ar5 representative of an area larger than a 
indicates a mean m a d e  for w of -3.3 m s-' at typical thuadentonn updraft, venical volume or 
8 km. Above hat level there is a m d u  decrease mass flux calculations can be simply made from 
in the u p w d  dow and a mom rapid decnue 
above 10 km. Between 10 and 11 km the horizontal Fm I PAW, (3) 
d i v m w e  the where Fm is the ve-1 mass flux, p the density equation, assuming incompressibility, so h t  md A the area. For the 235-240 K laver ( -8.7 km) 

&, pis assumed to be J x lo-' kg m-', an;! A assigned - = VsV r 2 x 10'ss-L. 
Br (2) a value of 100 kma for the area of the satellite IFOV. 

With the given values for p and A the mean us 
fhc verticd velocities in Fig. 2 and the calculated for dl storms of 3.4 m s" is convened to a mass 

divemnce noted above are applicable to an uea of flux of 1.7 x 10 kg s-I. The mean w of severe ele- 
about 10 km on a side. The calculated vertical ments (4.9 m 3'') is equivalent to a mass flux of 2.4 
velocities do nor represent updmft core velocities, x 10' kg s''. These magnitudes are for the mass 
which could be an order of magnitude larger when flux through a given layer associated with a grow- 
meuund on a horizontal scale of l km (see ing thunderstorm top. The calculated values com- 
Section 3. p u t  favorably with results presented by other 

The results displayed in Fig. 2 indicate that on investigators. Kropfli and Miller (1976) calculate a 

350 



Flo. 4. F r q u w y  distributions of estimud vertical velocities rt 8.7 km for 
cbub oa 24 Apd rad 6 May, 1975. Huchrd ponioa d his- i- thuada. 
rtormr with r c o m p r a y i q  m e r e  wruhrr reports. 

vdue of 1.9-2.0 x l(r kg s'l between 8 and 9 km 
for a northeast Colorado storm calculated using 
vertical velocity inferred from duaEDopp1er d m  
data. Auer and Marwiu (1968) present results of 
the cloud-bast mass flux into 18 hailstorms on 
the high plains deduced from r i n d  measure- 
ments. Their average vdue is 2.3 x l(r kg s". 
Therefore. it appears that the upwud flow deduced 
from the satellite observations is of a reasonable 
magnitude when compared to dculuiond and ob- 
servations on approximately the m e  scale. Infer- 
ences about the magnitude of the maximum u p  
dnPt are presented in Section 5. 

On 24 April 1975 a severe thunderstorm com- 
plex developed over extrame northeastern O b  
horn in the late afternoon and moved into south- 
western Missouri around sunset. The most s w -  
cant severe weather associated with the system 
wu the Neosho, Missouri, tonudo which touched 
down at oppmxinuttly 0 0  GMT 2S April. By 
foUowin8 the evolution of the stonn system k t -  
ward in time, the initial intense convection cm be 
detected and its associated rapid cloud-top mwth 
calculated. 

?he Neosho cloud system wu desiguld cloud 
18 as put  of a larger study of this day. Fig. 5 exhibits 
minimum cloud-top TI, u a ilurction of time for 
cloud 18 in its early s-s. The tempenwe 

drops precipitously between 2200 and 2220 GMT 
with a maximum calculated rate of 4 K min-I. The 
drop in temperature between 250 and 220 K takes 
only r little more than 15 min. This type of rapid ewe emphuizes the importance of short-interval 
data to study and monitor thunderstorm activity. 

Using a lapse n t t  varyin# from 7.8 K lun" at 
260 K, to 8.6 K lun" at 240 K, to 8.0 K km'l at 
215 K the vertical velocity w u  calculated using 
Eq. (1). The results for cloud 18 art shown in Fig. 6. 
The &mum w is 7.8 m s'l at h u t  9 Lm. Above 
thu height there is a rapid decrrue of w with height, 
with r dculued divergence [using Eq. (2)] of 4.2 
x lVa s'l over ne8rly a 2 km deep layer. It must be 
remembered t h t  the vertical velocities and diver- 
gences us applicable form uiu of - 10 km on a side. 
fha tempenturn curve in Fig. 5 flattens out md 

reaches a plateau at 214 K, which is equivalent to a 
height of - I1 .S km. Figs. S md 6 art indicative of the 
convective surge gf the Ant thundentonn cell in the 
system. M e r  2320 GMT the oqpniution of the 
system (u viewed by the satellite) becomes more 
complex, with thne cold centers appeuiq. The 
DIliD center (designated cloud I&) undergoes some 
short-lived growth usociued with the Blue Jacket, 
Oklahoma, torrudo, but then remains quiet, rl- 
tho@ dofhble, until a new cell evidently pene- 
tracer the h a d y  cold cimu canopy. With 
ww cell the Tu values yr in  f d ,  this time to 206 K. 
During this period of decreuing TI, values, the 
Neosho, Missouri, t o d o  touched down. A further 



Fla. 5. Minimum cquivrlcnt b!ukbody temperature T,, u a 
hncuon of time for cloud 18 on 24 Apnl 1975. 

drop in temperature to 201 K occurs 20 min later. 
The minimum temperature on the nearby Monett. 
Missouri sounding was 210 K, indicating that the 
storm had penetrated well into the stratosphere. 
Although the initial disturbance (Fig. 5 )  leveled out 
at 214 K, it was the stPrting point for convection 
that eventually reached 201 K, about 13 km in 
height, 1 km zbove the tropopause. 

5. Interpretation of c.lcui.ted verded velocitks in 
term 01 muknum updraft 

The vcttical velocities presented in the previous 
sections of this paper are mean velocities over an 
uer equivalent to the saiellite instantaneous field 
of view (IFOV). which in this case is -100 kmx. In 
the temperature range 235-240 K (-8.7 km) the 23 
observed w's based on the satellite data ranged 
from 1.2 to 7.8 m s-I, with a mean of 3.4 m s-I. 
.Uthough these are very large values when compared 
to typical synoptic-scale w's. they are small when 
compued to maximum thunderstorm updraft magni- 
tudes. Thunderstorm updrafts can reach magnitudes 
of 10 m s-I very easily and an typically 30 m s'' in 
supercell thunderstorms (Browning, 1977; Davies- 
Jones, 1974). These large updraft values are prob- 
ably representative of an area -1 kma. Thus there 
arc tao  orders of magnitude Jiff'erence in the area 

covered by the estimated w's  obtained from the 
satellite data in this study and the area covered by 
the peak updraft velocity. 

Assuming axial symmetry and a knowledge of the 
shape and sire of the radial profile of vertical velocity, 
one can make an estimate of the maximum updraft 
magnitude. Kyle t t  01. (1976) have investigated 
updraft profiles determined from penetrating air- 
craft and have fitted mathematical expressions to 
the observations. One of the expressions tested, 
with good results, is the profile for an axially 
symmetric jet (Schlichting. 1968). The formula is 

where w, is the peak w ,  r is the radial distance. R 
the radius of the updra€t, and the constant a = 2.3. 
The constant was chosen in the present work so 
that w = 0.1 w ,  at r = R. That is, the updraft radius 
R Is defined so that the vertical velocity is not zero 
at the updraft edge, but one-tenth the maxi- 
mum value. 

Integrating Eq. (4) over a circular area of radius 
r ,  and dividing the result by the area of the integia- 
tion produces an expression for the mean ~c over 
the area, i.e.. 

For values of r ,  > R. the term in brackets ap- 
proaches a value of 1. 

FIG. 6. Esr~mucd benlcd belocity pmfilc fur cloud IS. 



If the radius of integration is equal to the updraft 
radius ( r ,  = R ) ,  

Therefore, if the updraft. as defined by R, exactly 
tUls the satellite IFOV, the maximum updraft will 
still be 2.5 times the satellite-based estimate of 6. 

The size of thunderstorm updrafts is highly vari- 
able (Browning, 1977). Based on the discussion of 
updraft sizes by Browning (19n) and an examina- 
tion of cross sections by Kropfli and Miller (1976) 
and Ray (1976) of thunderstorm vertical motions 
deduced from Doppler radar data, an updraft radius 
of 3 km is reasonable. 

For an area of 100 kmz (approximately equal 
to the IFOV), the equivalent radius of integration 
is 5.6 km. Thus with R = 3 km and r, = 5.6 km, 

Thus. with all the assumptions as to profile shape 
and updraft size.-Eq. (7) indicates that the mean 6 
of 3.4 m s-I is equivalent to a w, of 28 m s-l and the 
7.8 m s-I value from the Neosho storm (Section 4) 
is equivalent to a wo'of 65 m s-l. 

If the updraft radius is larger than 3 km. the wo 
values would be smaller than just calculated. For 
an R of 3.3 km. icstead of 3 km, the 65 m s-I value 
in the last paragraph would drop to 46 m s-I. It is 
obvious that the calculated wo is sensitive to the size 
of the updraft. Observations summarized by Kyle 
et al. (1976) indicate that R is a function of wo, at 
least for small radii. An accurate expression for R 
as a function of w, would allow Eq. ( 5 )  to become a 
statement of the relation between rit and w,. 

Despite the variability and sensitivity of the w ,  
calculations. it is evident that the satellite observa- 
tions on a scale of 10 km are producing rit of up to 
approximately 8 m s-I. and this can be interpreted 
as being roughly equivalent to 3 maximum updraft 
of 50 m s-I in intense thunder,tonns. 

Rapid-scan ( 5  min interval) SMSIGOES IR data 
have been used to estimate thunderstonn top ascent 
rates for severe and non-severe thunderstorms on 
two case study days. The vertical velocities am 
calculated by converting the time rate of change of 
minimum TBB to vertical velocity w through use of a 
lapse rate. On both days examined (6 May and 24 
Apnl 1975) the thundentorm elements with associ- 
ated severe weather repons have larger average w's. 
At a temperstun level (235-240 K) equivalent to a 
height of -8.7 km. the 23 elements monitored had a 
mean w of 3.4 m set .  The severe and non-severe 
elements had meaa w's of 4.9 and 2.4 m $-I. In- 
tensity of convection appears to be comlued with 

the occurrence of severe weather, and the satellite 
data appear to be capable of quantifying the con- 
vection intensity. 

The calculated vertical velocities are representa- 
tive of an area (100 km') roughly equivalent to the 
satellite instantaneous field of view (IFOV). Mass 
flux estimates of -2 x 10' kg s'l are calculated, 
which arc reasonable in comparison with other 
estimates. 

The largest tv, calculated directly from the satellite 
data (at the 8.7 km height), was 7.8 m s-I occurring 
with the initial convection associated eventually 
with the Neosho. Missouri, tornado. This vertical 
velocity corresponds to a rate of cloud top tempera- 
ture decrease of 4 K min-', which indicates the need 
for high time resolution geosynchronous satellite 
data even with the relatively ccarse spatial resolu- 
tion of the IR measurements. 

Calculations were performed to estimate the peak 
updraft velocity from the satellite-based values 
(averages over 100 kmz areas). Using the velocity 
profile formula for ar, axially symmetric jet to r eg  
resent the thunderstonn updraft. we derived an ex- 
pression reking 6 (the satellite-based w) to w, (peak 
updraft velocity) and R (updraf;, radius). With a 
reasonable value of R (3-3.5 km), the iv of 7.8 m s-I 
for the Neosho storm produces an estimate of ap- 
proximately 50 m s" for w,. 

The calculations and examples of this paper reveal 
that the SMSiGOES rapid-scan data can provide 
useful quantitative information on thunderstorm 
vertical motions and therefore convection intensity. 
Although the vertical motion calculations must 
undergo closer scrutiny through comparison with 
Doppler radar estimates and possibly with vertical 
growth rates determined from stereo geosynchro- 
nous satellite images, they provide a starting point 
for the quantitative use of the satellite data in the 
study of thunderstorms and provide the possibility 
for eventual use in the monitoring of thundentorm 
activity. 
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Diglul intrued data from r ~,vnchmnow utrllite (SMS 2) on 6 May 1975 ut wed to 8tudy thunder. 
uonn mtial growth n t r  and cloud top structure in nLtion to the amumrce d wwn wwLb8r (tor- 
adar, hail and high wind) oa the @. AU rhundmwnm from South W u  to T a m  rbn(r north- 
m t h  den ted  cold front ur monitond for r 4 h pdod with 5 min i n t end  dru. 

An a u n b d o o  d 6w cbud denmu h v i q  W t  W o a  i nd ia t a  that in rrwn d *t M the 
6nt  report d the d o  toot plrcr during, or j u t  after, r period d d w d  top r w m ~  Thia v d c d  vebdty 
L ~ M e t o a n ~ d I S k m o a a J d e .  

Thuadustonn growth nte, u determind by the n t e  d blackbody tanpentun isotherm aprnrion 
.ad lninimum cloud top taapmture, w shown to be comhtod with npom d mn r a t h e r  oa the 
@. A time d y r i c  i nd la t a  that the dccived puunetm ruch aiticrl v d u a  roan enough to provide 
r potrnckl &g l e d  time d qpmximrtely 30 mia. 

Quatixu m derived rekfty the Lbuadmtwm p w t h  n t e  to v r n i a l  velocity and ou thw k y a  
d i m .  Severe thundmtorm elanmu w rhom to hvt m a  wrtial vdodtiaapproximrtely twice u 
h q e  u the n a n - m n  k m u  The o u U k  k y u  divergence L u k u h t d  to be 1 X l(PJ r'' for the 
mn tbundartormr. 

1. Introduction rnvik and provide a technique to monitor individual 

Informtion obtained from gwynchronoua ntellite 
&u hu the potential of leading to wa te r  under- 
smding of convective md  other mesosale activity 
rrrd rlro the potential of beiig m important corn- 
ponent in the detection aad monitoring of thundentorm 
utivity in gqerrl, md of severe thundentorm in 
Duticulu. The detection of thundentornu wiru utel- 
iitt data has centered on the inttipnution of k q t s .  
For example, Purdom (1976) hu noted that inter- 
rcctiq cloud lines an product enhmced convection 
m d  thundentonnr. However, qurntiutive information 
oa doud f a r t h  n t a  cw rlro be determined by 
examining a sequence of images. S i b r  d d. (1970), 
Purdom (1971) md  Am (1975) have ud ATS 3 visible 
data to measure thundentorm mvu e.@on nter. 
Adltr and .'can (1976), Yuen (1977) md Nqri ef d. 
(1976) have used SMS dsu to makt dmilu calculi. 
tioar. Adler and Fcnn (19i6) ahowrd exmplcr of &*Id 
ua e.qmion n t a  related to h n d m t o r m  growth 
uring SJIS window chumel infrared &u. T h e  
maruemenu wen for areu rmder than entire dmu 

~ A p n ~ v e n i o a  d l h i r p a p a ~ p n r m t d r t  rbc 
Ta& Conkreace oa SNm L o 4  Storm at Omrk NeJlbnrL. 

0011-a952/79/~.1dSOb.00 
0 1W .- Meuombgicsl Society 

thundentonnr rather thm a group of storm under 
a l y e  cimu shield. This l u t  study rlro included 
m e.umple of a tornado preceded by the npid ex- 
puuion of a cold a m ,  implying npid ucent. All of 
thcrc studia iadiated that thete ue pvrmeten de- 
terminable !ram geosynchronous ntellite data that 
tend to be nljted to the occurrence of seven weather. 

The objective of the march reported on in this 
paper is to develop techniques to uw geosynchronous 
rrtellite &u to hdp detect and monitor severe 
thundtntonua, m d  to study their ch.ncteristics. 
Spe&dly, the purpose is to determine if thundentorm 
p w t h  n t a  md  chancterirtia observable with SMS 
irfrared (IR) data an be correlated with the occur- 
rence of severe weather on the ground. The occurrence 
of thundentorm-related seven weather (tornadoes, 
h d ,  high winds) is highly correlated with the inten- 
sity of convection. Using SMS IR data 0.-e should be 
able to ulculate purrneten related to convection 
iatadty, such u doud top temperature md  its rate 
of chmge. 

.4 puticular u# is outlined md  dl thundcntonnr, 
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FIG. 2. Aarlysa d infrued Tar irothcrmr o v a  a M.ll area shown in Fig I. 
H Mtlu bution of h i 1  reports; triangle m u b  tornado rtport. 

to cloud top features is given in the ntst  section. 
From Fig. 2 it can be seen that the e.xpwsion of the 
small c3!d areas cannot be interpreted as anvil ex- 
pansion. .balysu of the cold area es:-nsiom in terms 
oi vertica; velocity and divergence is given in Section 7 .  

The occurrence of xvere weather in this study is 
determined primarily from the Scvert Weather Evenu 
Log compiled by the National Seven Storm Forecut 
Ccnter (SSSFC) in Kansas City, with cross reference 
to h e  Environmental Data Service's S4rn.i Data. 

4. Results from tornado-bearing storms 

Five clouds or elements i. the area esam~ncd had 
tornadoes associated with them, with the total number 
of torn~does being nine. The approximate locations 
of the tornadoes are given in Fig. 3. Four oi these 
tornadoes can be considered relatively strong tor- 
nadoes. These are identiiied by nearby town names 
u the Pierce, Y ~ g n e t ,  \Viiide and Omaha torr.~does. 
all occurring in Sebraska. The fifth ;?mado cloud is 
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Fn;. 3. Laarion d tomdoa on 6 Hay 1913 in a m  d 
interest. .*ws npreaent .ppmxinutc vvlrr for &t idy  
stmag tornha. 

rssociated with the relatively weak Sunders County 
(Xebrulrrr) tornado. 

Fig. 4 is the thunderstorm growth n t e  diylrr;n for 
cloud 4. The doua numbering ry-stem k the original 
one wd in the study to identify approximately 
60 d a u b  or dements from South DrLou to Texas. 
Eventually, only 39 elements were determined to be 
active thunderstorm mu. The dimiruted dements 
could only be foUowed for a short time and indicated 
little or no growth. The cloud or dement numben 
will, therefore. not necessarily be sequential. The 
d h p m  indiata  the &tion between .V, md time, 
where .V, is the number of &u points in the d&td 
demtat with blackbody t e m p t u n  T m S T , .  For 
example, the curve in Ti. 4 for T,=  218 X cxhibiu 
m kueast from .V-14 at 1808 CMT to S-60 at 
1823 GMT. Before 1808 the minimum TI# ru 
rumer  than 218 K. The curve ir dram to .V- 1 r t  
1803 CMT, w that the prowth fmm zero to 14 a n  
be dirpiayed. Becaw the .V axis ia logarithmic, the 
dopa of the line are proportiod to .b"Ld.V/&. 
Plotted pinu wnich are drdtd indiat t  that tbe 
ua L not defined uniquely by that isotherm, but 
that a por;on of the border ir awraxinuted. The 

seven weather events is shown .crou the top of 
the diy.m. 

Cloud 4 in Fig. 4 shorn a rapid decrease in mini- 
mum blackbody tempccrture, or T.I., and r rapid 
up.nrian of u u ~  within isothernu. The decrease in 
tempemturt cm be dculated by moving horizonully 
.crorr the d b p m  at, for cumple, S- 10. The 216 
and 212 K ha are separated by 20 min, indicating 
a n t e  of dcacue of 0.2 K min-'. The values of 
,V-id.V/dl uc of order of magnitude 1 l T  r4. The de- 
acuc in tempmtun and expansion of isotherms, of 
course, implies went .  The vcrtial velocity is related 
to the rate of tempemtun change by 

With a reasonable l a p  rate, 8 K km-I, the tempera- 
ture change of 0.2 K mine' is quivrlent to a vertical 
velocity of w of 0.4 m rl. This is a reasonable venial  
velocity atimat? considering the a m  over which it 
is an avenge (-223 km') and considering it represents 
a time when the cloud tclp is decelerating as it ap- 
prnaches and penetrate the tmpopaw at approsi- 
mately 12 lun. Much lager values of vertical velodty 
are calculated for d o u b  whose tops are just 1 or 2 km 
lower. A more detailed examination of the vertical 
velocity atima:a u given in Section 7. 

T h m  tornadoes are associated with cloud 4 (Fi. 4. 
One ia Bon Homme County (South Dakota) is in the 

rppm&tion w&y ,dl -&a not Jigns- FIG.  4. Thondentorrn p w t b  ntc d- ior cloud 4. .V k 
g c c t  the count. The r n a v c d n  from number th8 ' ~ ~ m k  of drt. poinu h Lhe eitment With bhCkb0dv tem- 

p n t u m  T r r S T , ,  w h r n  I ,  ts u identified in the d i y n m .  
to M a  a ~ ~ ~ m ~ l i S h d  by m'Jitipl>*g me n u m b  01 - is -4 by rrmu at time of 
3f poinu by 22 km:. The location in time of the report. witb T indiatine torndo. 
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Fxc. 5. Thuadentorm gmwtb rate diyrrm for drud 5. 

vicinity of this dement, but when no distinct cold 
area cm be defined. The Pierce tornado, the strongest 
of the three, was first reported at 1905 GMT. At that 
time and immediately preceding it, du&g the tornado 
formation period, the dement e.dibiu cold area ex- 
pansion and decreasing temperature, indicating ascent. 
The same pattern also is associated with the Gnos 
County tornado. 

Fi. 5 shows the diagram for cloud 5 which is 
identified as having been associated with the JIagnet 

tornado. At the beginning of the period, relatively 
slow growth t indicated for the 221 and 220 K ueu. 
A few points with T-218 E; a?pear and then dir- 
appear before a period of very rapid growth t ob- 
served between 1825-1820 GJIT. The maximum of 
.V-Ld.Y!dt is 6 . 2 X l W  s-I at 218 K. The minimum 
temperature also drops very rapidly during this period. 
After 1843 GMT no clearly defined cold area can be 
identihed, although the cloud dement can still be 
identified in the higher molution visibie images. In 
the IR data cloud 5 appears u an extension of an 
element immediately to the south, cloud 22. Not until 
1923 GMT or 40 min later, b a definable cold area 
at 211 K observed for cloud 3. Over the next 10 min 
this isotherm espands swiftly. The initial r e p n  of 
the tornado is at 1915 GSlT, as noted on the diagram, 
but the tornado h i t  the town of Magnet at 1945 GMT 
and lasts at lcast until 2000 GMT. It, therefore, a p  
p a n  that this tornado also formed and touched down 
during a time when the thunderstorm top was as- 
cending at the spatial scale observable with the 
1% data. 

Just to the south of the JIagnet cloud is cloud 22 
(Fig. 6). This element can be defined continuously for 
almost 3 h. Two tornadoes are associated with this 
element at two widely separated times. The tint, at  
Winside, Nebraska, is reported at 1945 GhIT. -4s with 
the :ornadoa already esamincd, this tornado occurs 
during a period of rapid increase in cold area. which 
in this case Lasts from about 1900 GJIT until ,'000 
GSIT. The maximum value of J--ldS dt is 4.5 X 1 0 J  s-I. 
following the 211 S isotherm. The second. weaker 

FIG. 6. ' I b d m t o r m  ,row& ncc d i i  for cloud 22 
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Fn;. 7. Thunderstorm growth ntc d h p m  for cloud 38. 
H indicates report of hri. 

tornado, at 2130 GMT, is located in Diron County, 
Nebraska. Although there a a brief period of expanding 
cold arca between 2125-2145 GJI?, this tornado 
occurs during a period of generally decreasing cold 
areu and warming temperatures. One can speculate 
chat during the dying p h w  of element 22, one l u t  
vigorous thundentorm penetrata the cimu shield, 
showing up for a short time as the secondary mru- 
mum in the 209 K curve at 2140 CMT. 

A tornado occurring in bunden Councrv, Nebruk-.. 
is associated with doud 28 (Fig. 7 ) .  .4gain. the reported 
time of the tonudo is during a period of cold area 
expansion indiating ascent. The most rapid increue 
in .V is between 1930-1950 GAIT at a rate of 6.7 
X l O j  s". The minimum temperature r n c h d  is 
.as K. 

The curves for doud 8b are shown in Fig. 8. Two 
tornadoes arc ruociatcd with this cloud, including 
the mere  Omaha tornado. This element u observed 
to go through two periods of rapid w e n t  during 
a 2 h period. Reports of had and high wind (>SO kt) 
m wocirted with the tint period of rapid e.xpuwon. 
The dement is then observed to have r deurue in 
cold uer between 20130-2055 CMT. After that then 
is r &up increase in . V ( m  K) and colder tempera- 
tura  appear. Although there is good continuity of 
the element during this cycle rf inferrmT ascent md 
dacent, the second period of w e n t  is probably 
brought about by a new thundentonn penetrating 
the cirnu l ie ld  in approxlmateiy the w e  arm. 

Simild to previous cases, the growth mte of doud 8b 

during the 30 min period prior to the fint tornado 
report indicates went .  During the lifetime of the 
tornado (2133-2150 G3IT) no v e p  sharp arca in- 
crease is noted. In fact, the dip in the 206 R line 
could possibly be interpreted as a partial collapse of 
the thunderstorm top. This h the only element for 
which such a feature is evident. No data are available 
from 2150 to 2208 GYT. At the later time, 205 E 
temperatures appear, indicating more growth. The 
Beebeetown, Iowa, tornado is reported during thr 
period 2200 to 2230 GlIT. 
During the time period examined, nine tornadoes 

were reported, eight of which could be clearly con- 
nected with a small, cold area in the IR data. The 
exception was the Bon Homme County tornado which 
was located in the vicinity of cloud 4, but long after 
it was no longer possible to define a small, distinct 
cold area in it. Of the remaining eight cases, all 5ut one 
(Dixon County-clcud 22) occurred during, or just 
after, a rapid increase in cold area, indicating cloud 
top ascent. Therefore. it appean that the formation 
of tornadoes in a large majority of cases occurrzd 
during a period of increasing thunderstorm cloud top 
height. This upward vertical velocity applies on a 
spatial scale of approsimately 15 km on a side. 

The observations of increasing thundentorm top 
heighu at the time of, or just prior to, tornado 
touchdown in the pment study seemingly contradict 
aircraft observations of overshooting tops discussed 
by Fujita (19731, Pearl (1954) and Cmenhofer (1975!. 
They relate collapsing cloud dcmes (above the anvil 
cirrus) to the occurrence of tornadoes. This discrep 

FIG. 8. Thu..drnronn grow& nte  dhr  m for doud Sb. 
W indimla hub wi..4. 
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FIG. 9. Loution of tonudo reports relative to IR cloud top features. 

ancy .may be related to a ditlerenct in wale between 
the two types of observations. The stellite obxrva- 
tions apply to a scale of about 15 km on a side. Shenk 
(1954) has examir~~d the size distribution of over- 
shooting domes or turrets and bnb a median diameter 
of approximately 5 tm.  Therefore, the satellite vertical 
motions are applicabie to an area appro.ximatelg an 
order of magnitude larger than that observed with 
the aircraft. Comparison of results is therefore dificult. 

Ra&r observations plso do not show a sharp in- 
creue in echo top height prior to tornado touchdown. 
For example, Lemon el d. (1978) show nearly steady 
or slightly dccnnsing radar heigh s for the 30 min 
prior to the Union City, Oklrhoma, tornado. A rapid 
decrease of the radar top follows the tornado touchdown. 
Again t h e  obsenrations are Jn a small i 11e com- 
pared to the satellite-bwd cloud top changes. A full 
undentanding of the relation of satellite-inferred doud 
top changes, radar echo height and actual cloud 
changes on various scales must await d o e r  coordina- 
tion in the observations. 

Locations of sis tornado reports relative to cloud 
top featurn obzcrved in the srteilite IR data are 
shown in Fig. 9. A similar diagram for the Omaha 
tornado is given in Fig. 2. The surface tornado loca- 
tions have been shifted to cloud top relative positions 
for a cloud height of 12 km to compensate for the 

satellite viewing angle. The tornado reports tend to 
be located to the west or southwest of the coldest 
ter;cratures, in an area of large gradient of T I I .  
Early in the 4 h period (before 2000 GMTI the tornado 
reports are louted near the 226 K TUB isotherm, 
which is near, but inside, the upwind cimu anvil 
edge. Later, after the doud has expanded and the 
anvil edge is farther from the cold center, the tornado 
repoxs are located more distant from the cloud edge. 

Y. Example compuison of r revere m d  non-severe 
case 

Two adjacent thunder~tcrm elements which de- 
veloped in southeast Nebraska at  about the same 
time provide an excellent~comparison of d o u b  with 
and withorlt accompm>ing severe weather. The dia- 
grams for these elements (cloud, 8 and 9) are shown 
in Fip. 10 and 11, respective!?.. 

Both elements reach a temperatare of 226 K a little 
after 1800 GSlT and continue to grow to higher 
heights and colder temperatures during the next two 
hours. However, there are significant differences in 
the rate of growth and the final temperature reached. 
Cloud 9, with no accompanying severe weather reports, 
has lower valuer of nomalized growth rate S-'IS,'& 
and an associated l a ,  rapid decrease of minimum 
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(00 
defined but lasted onl!. a short time, showed minimal 
change, and no severe weather reports were associated 
with them. 

too An esamination of the thunderstorm growth dia- 
I ~ V ~ S ~ N .  9!1~49~w)  grams and the patterns of digital data gave the im- 

pression that two simple characteristics were correlated 
1 0  
60 

with the occurrence of severe weather. These ciiarac- 
teristics are minimum cloud top temperatare and 

(0 thundentorm growth rate as given by the normalized 
40 rate of cold area espansion. 

0 Fig. 12 displays the results of plotting the minimum 

8 a temperature during an element's lifetime (T,,. against 
the thunderstorm growth rate. The dots represent 
non-severe cases, while T's and H's represent tornadoes 

10 and hail respec-lvely. The following procedcre was 
8 used to arrive at a single value of Y-IdS dl to repre- 

6 sent each element. The ma~imurn .Y-Id.\- d! value, 
for an\- temperature < 226 K, is determined by es- 

4 amining the time change be:ween S= 6 and S = 30 
for each temperature. These two values were chosen 

2 
so that the rate of increase is for reiative!! small 
areas, but that there are enough data points (61 to 
establish the lower threshoid without Seing affected 

1 severely by instrument noise. .-\ few elements had no 
lF2O ln4O '900 lgZ0 lg40 zOac curves of .Y lasting from .Y=6 to j0, so the parameter 

M E  [GUT) was calculated using the largest rallge available. 
FIG. 10. Thunderstorm growth ntc diagram for cloud d. An examination of Fig. 12 indicates that the severe 

weather elements tend to have cold minimum cloud 
temperature. Its eventual coldest temperature is 212 I; top temperatures and large rates of growth. series 

to 209 I; for cloud 8. Two reports of hail of discriminant analyses (Panofsky and Brier. 19631 
a*d two r e p r u  of high wind are w c i a t e d  with were performed. using the data displayed in Fig. 11. 
cloud 8. The first pair of hail and wind reports occur Table 1 shows the results. For T,,, by itself a severe. 
near the end of the period of rapid growth : the second 
pair happen during a relatively stable period. This 200 , i , 
second pair may be due to a thunderstorm growing I , I 

rapidly from below, but hidden by. the already high CLiJUO 9 
crO@r  IN 95°531w) 

and dense cirrus anvil of the previous cell. Finally. loo - 
at the end of the period the new thunderstorm pene- 4 

4 

t r a t a  the anvil and becomes observable as the 209 I; - 
area at  2015 GJlT. - 

The comparison of cloud elements 8 and 9 is the 
bat available of those analyzed. T h e  two clouds 

- 
began about the same time, lasted a substantial 
amount of time and were easily defined. Other ele- 
ments were sometimes obscured by anvils of more 
rapidly growmg storms and other weak elements often 
became undefined in a general cirros!ratus shie!d. 
In general, however, the strong thunderstorms are 
easily observable. 

6. Results for all s t o m s  

Results from the analysis of 39 thunderstorms or 
thundentorm clus:en are discussed in this section. 
There are 15 elements associated with severe weather 7 

t. 
and 24 with no reported severe weather. In ths area 1820 18ro 3 9 ~  1920 1943 zooc 2023 

ani.~vzed these 39 elemenu are all the clouds defined ilME (GUT\ 

growing thun4entorms. .\ few other elemenu were FIG. 11. Thunderstorm qrowth rate d ~ a ~ r u n  ior cloud 9 

t - "* 363 
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non-xvere dividing l i e  of 212.8 K was derived. For 
temperatures above 213 K only one out of 12 elements 
had revere w?ather, while 14 out of 27 with tem- 
w r r t u e s  colder than 213 K had associated w e r e  
k n t h e r  reports. For maximum rate of growth the 
derived dividing line is 3.SX l(r s'l with severe and 
non-seven events distributed around that value as 
shown in the table. A combined discriminant analysis 
using T,,. and .V-'dS/dr produced the mults shown 
in the last row in the table and by the dmgonal line 
in Fig. 12. Based on the two variable discriminant 
balysis a probability of detection (POD) equal to 0.73 
was calculated along with a value of 0.31 for the 
false alarm rate (FAR) and 0.55 for the critical success 
index (CSI). The definition of these variables follows 
Donaldson ct d. (1975). There are five elements with 
associated tornadoes, and their relations to the derived 
critical values are given by the fractions in parentheses 
in Table 1. 

Statistical tests were also ~erformed to determine 
if there was a significant differince between the means 
for severe thunderstorms and non-severe thunder- 
storms. For T,,. the mean values were 209.5 and 
212.3 K for severe and non-severe cases. Csing a 
kiistribution test, the ditTerence of means was shown 
to be signikant at the 5% 'oevel, with the value of t 
just missing the value ior the 1% level. For S-'d.V:dt 
the means were 4.5X 10-' and 3.1X 10-I s-'. This dif- 
ference of means also is significant a t  the jyO ievel, 
again barely missing the 1% value. 

I t  is not surprising that T,,. and thunderstorm 

T A ~ L E  1. Dixrimiarnt analysis summary for cloud top mini- 
mum tempenture, muimum nte of growth, and the two variables 
combined. The prmmcter L ia positive for predicted wm 
rather.  

cloud too minimum ' ( 2 )  "('1 
t t m m t ~  (T-d 212.8 L 12 12 27 3 

Muinurn n te  d 
1- 

J S xl09 s* 

.Va lua  in ~ . I W I ~ ~ C Y S  rndicate tonudo cur. 

growth rate (S - 'dS , 'd t )  are correlated with occur- 
rences of severe weather. Both parameters are obvious 
indicators of the intensity of convection. Colder tem- 
peratures imply higher !hunderstorm heights, which 
have long been related to thunderstorm severity 
tnrough radar observations. .Ill 39 elements involved 
in this analysis were associaied with vigorous thunder- 
storms. The very weakest, as indicated in the bottom, 
left-hand corner of Fig. 12, had a minimum tempera- 
ture of 219 I;, which is equivalent to a height of 
11.1 km, using the nenrb?- 0000 GJIT i May Omaha 
sowding. The coldest cloud had a temperature of 
205 K, or a height of 13.0 km. The 0000 G l I T  i May 

MAXIMUM 1IN dN/dt (lO-ls") 

Ftc. LI. Reladm of thunderstorm rate of growth icoid u~ expansion) to cloud 
top minimum ttmpentun md the occumncc of ~ v e r e  weather for ah 39 thunder. 
storm tlanenu la wlyrir ua. T ~ n d i u t a  tornado I! rcpraents reported hril. 
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TABU 2. hidha r u n i ~  led time for d that SMS IR temperatures underestimate thunder- 
~ -. 

demenu with wvm weather. storm height, es&ially for small elements. They 
8 

attribute this effect to inadequate sensor mponse 
Medima vuuc of 

Number of l a d  time when going from a warm to a cold target. This is 
Critrrion cu4 ( m i d  rlso a probable contributor tu the radar-satellite dif- 

ference noted in this studv. B e c a w  of these factors 

Combined 11 7 - 
sounding has a minimum temperature of 206 K. The 
tropoparue k probably located a t  222 mb a t  a tem- 
perature of 215 K, although there is another sharp 
increase in static stability above that, a t  a pressure 
of 168 mb and a t  a minimum temperature of 206 K. 
Twelve hours earlier the Omaha sounding has the 
ttopopause located at  200 mb and 213 K. Farther 
south along the area studied the tropopause tempera- 
ture w u  also in the vicinity of 213 K. At >lonett, 
Missouri, the tropopause temperature values were 211 
and 215 K a t  1800 GMT 6 May and OOOO GMT 
I May. Thus an approximate tropopause temperature 
for this region on this day was 213 K, which is the 
threshold temperature in the discriminant analysis 
dimmed earlier. This result may be accidental, but 
is supported by similar observations by Pryor (19i8). 
Additional studies are needed to ascertain the rela- 
tions among the temperature structure and tropopause 
height, the satellite-observed cloud-top temperatures 
and storm severity. 

The thunderstorm heights estimated from the satel- 
lite data in this study are substantially lower than 
the corresponding radar estimates. .\ cursory com- 
parison of the stellite-b& heights with the radar- 
estimated storm i o ~ s  as analvzed on the National 
Weather Sewicr's k d a r  summary chart, indicates 
a mean 2 km underestimate from the satellite 
information. 

The reason fsr the radar-satellite difTerences is 
probably related to the scale of the observations and 
the limitations of the satellite data. The satellite- 
observed cloud top temperatures are for a !arger 
horizontai area. The instantaneous field of view 
(IFOV) of the satellite 1R sensor a t  this latitude is 
approximately 9 km on a side. The radar observations 
arc probably representative of a smaller region. 

Thr satellite data are also limited by the tempera- 
ture structure. For elements of the size with which 
we are dealing, the cloud top probably t a k a  on a 
temperature which is a combination of updraft tem- 
perature ifrom the moist adiabat) and the unbient 

the satellite-based estimates of thunderstorm height 
should be treated cautiously, although relative heights 
arc probably valid: 

The thunderstorm growth rate parameter .Veld Vjdt  
is an indicator of the magnitude of the upward vertical 
velocity and the upper level divergence. The relation 
of these three variables is explored in the next section. 
One interesting point from Fig. 12 k that T,,. and 
.V-'d,V/& appear to be almost uncorrelated. One 
-:ix~ld expect that faster growing storms would pene- 
t:ate to higher heights and coider temperatures, and 
therefore that the two parameters would be correlated. 
I t  is believed that this lack of correiation arises 
because the thundentorm elements in many cases 
were hidden by thick cirrus produced by other con- 
vection and, consequently, could not be monitored 
early in their history when the growth rates were 
most likely the most rapid. By the t h e  the element 
penetrates the cirrus shield and growth rates can be 
calculated, the rate of growth has slowed. Such ele- 
ments reaching cold temperatures, howeve-, are repre- 
sented by points on Fig. 12 with low temperatures 
and low growth rates. Another problem !s the com- 
parison of S-IdS, dt values irrespective af at  what 
temperature or height they are caiculated. Thus 
values of .V-ldS,'dl of j X  10-' s-l ca!culated at  
T ~ ~ = 2 2 0  K may not reflect a large a relative velocit!. 
as 5X 10-' s-I at 210 R. With :he addition of more 
cases these types of refined analysis will Ile possible. 

The parametem crlculated appear to have the 
potential to be psitive contributon to a severe storm 
warning sk3tern. To test what type of warning lead 
times might be achieved, the following calculations 
were made. Based on the criteria in Tatie 1, the time 
diderence between when the element met the criterion 
and the time of the first report of severe weather was 
calculated for each element that met the criterion. 
The median values are &played in Table 2. The 
median lead times are - 2 5  min for the one-variable 
criteria, but only i min for the combined criterion. 

TABU 3. Wed& wuning lad rime for 
elunenu wlh t o d a a .  

MediM vduc of 
Number of lad time 

Criterion uur (mln) 

"r at  thrt altitude. This will have the effect of T., 3 33 
somewhat Limiting the greatest indicated height. I d.V - - 
Clouh penetrating into the lower stratosphere will .V & 

4 35 

have their height undemtimated. Combind 5 29 
In addition. Negri cf d. (19i6) have already noted 

i .A r 365 
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A second calculation was nude using the &st repdrt 
of tornadoes only and the ;aultr m shown in Table 3. 
The median lead timc is -30 min. The results of 
Tab le  2 and 3 point out that the purrneten -1- 
culable from the SJllS data m not only cuml.ted 
mth reports of severe weather, but usually m e t  the 
Kvere thunderstorm criteria before the actual severe 
w n t h u  &dl, tornadoes) occurs. 

7. Vertical velocity and di~eqence estinutos 

The parameter chosen in this study to indicate 
thundentorm rate of growth is the ud e.qmdon 
of blackbody temperature isotherm in the window 
channel infrared data. This parameter has been chosen 
in place of rate of temperature change because many 
instances arise where this rate is difficdt to calculate 
due to poor temperature molution. Figs. 7 m d  8 m 
examples of this situation. The calculated v d u a  of 
.V-Id,\.'/& &o appeared to be relatively independent 
of the temperature or height. 

Fm. 13. S c h t i c  views d i d d i  cbud cop at two dU- If a tempcrPtun ' cholcn so fmnl ha Tmpmenr ur indiutd by t,, T, r,. 
that it nearly coincide with the edge of the thunder- a i d  nprocat wd dr motion, whh 
ntorm anvil, normalized expansion of the area within rrp-nt  be of b u b o t j y  tempcntum b t h ,  
the isotherm is a direct measure of outflow divergence. u viewed by the utdl~te. 
That is, 

1 d A  
D (divergence) = - - 

A dtl 
(2) 

diregarding any h i p a t i o n  of the anvil edge. In the 
present study, however, the isotherm e.-ions 
(.V-Ld.\r/&) calculated were usually chosen for areas 
well within the anvil edge. There are two WN for 
this choice. Fint, the emphasis here is on 9btaining 
parameten which are applicable on a spatid d e  as 
close possible to thunderjtorm scale. This is why the 
.V-'d,V/dr value in Fig. 12 are calculated between 
.V-6 and S-30. The anvil would cover pn are8 
two orden of magnitude larger. Sccond, it is often 
di.ilicult to define an anvil edge b e c a w  of complex 
interactions between thunderst&. 

The calculations of 3-ldS,'& from S- 6 to .Ir-30 
are applicable to an area of about 15 km on a side 
and definitely do rrd represent anvil e .pNion.  The 
resulu of this section will show that vertical velocity 
estimates can be made from the isotherm e.pnsion 
v d u a .  

The interpretation of .Y-.'d.\'ld! in t e r m  of vertical 

J 

To 

T1 

T2 

12 t l  t l  t2 

(b) TOP 

area inside the Te hothem e.-&. This is by 
the horizontal duhed a m -  in the upper p r t  of 
the figure m d  is a h  indicated in the top view in the 
lower part of the diagram. This areal e.tpmsion is 
equivalent to the $-'dV/& which b measured with 
the satellite &u. 

The actual Bow of air, however, is given by the 
d i d  arrows The air wen& and therefore cools 
(moist adhbatially) m d  is somewha? divergent. If 
this simple schematic dkgm is basically correct then 
the e.@on of cold areas as denoted by S-ld.V/& 
is really a combination of vertical velocity and di- 
vergence ctfects. 

The relationship of .VLd.V,'&, divergence and 
vertical motion can be shorn through the following 
derivation. A point on the cioud surface is represented 
by the position vector 

velocity and divergence is shown sc3unatically in 
Fig. 13. The cross-sectional or side view in upper and the motion of the poir;r is given by 

pa> of the diagram shows the curved surface ot' ihe 
dood top at two t ime, ad it. The vertieal eo- 

dr dx dy & - - V =I+-j+-k. 
ordinate is temperature. The emiuivity of the cloud & & & &  

(4) 

top is a u m e d  to be unit!.. This should be a good 
munpt ion in :he inner part oi the thunderstorm top The horizonul motion in the x direction (Fig. 13. is 
where :his analysis appiia. From t ima 11 to It the in the .r-s plane) of a point on the cloud surface is 
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whm &/&I, is the horitonul movement of the doud 
edge at a partiah dtitude or tempentun. In F:sr 1Ja 
thia is rtpnwnted by the horizontal, dashed vector. 
The term &/&Ir  L the dope of the cloud surisce. 
DMerentirting Eq. (5) with respect to t nnd adding 
the mult to a simiiu expression for r difierentirted 
with mpcct to y mults in 

if w is usumed to be constant in the horlontal. 
Tht left-hand side of Eq. (6) h the horizontal di- 
vergence D and the sum of the fint and second t e r n  
on the right side h quivrlent to the n t e  of isotherm 
clrprnrion and the sum k q,?.l to .V-'drV/&. Therefore 
Fq. (6) M be c~nrttd M 

The wcond term on the right side of Eq. (7)  is 
a product of the vertial velocity and a divergence 
ter.d which is r functioa of the dope d the doud 
sadact. By incorporating a vertical l a p  n t e  into 
the txprdon ,  the vertial coordinate is shifted to 
tcmpcraturt in Eq. (8) : 

is derived. Eq. (10) s u t a  the relation among di- 
vergence, isotherm expansion, and vertical velocity. 
As wil l  be shown, divergen:e is small mmpated to 
the other terms. The parameter s is large when the 
cloud h u  steep slope m d  small when the slope is 
shallow. An e.xpression for s, which can be used with 
SMS/GOES IR data, is derived in the next section. 
Althouth not wed in this study, information from 
the higher resolution visible channel could be wd 
to htfp infer dcud top shape during daylight hours, 
aFec;riiy near sunrise yld sunset. 

Inforllution coicerning the shape of the cloud top 
m d  therefore the shape parameter s can be determined 
from the satellite IR data. The term in Eq. (9) is 
fint expanded to obtain 

hrtuming symmetry in the two directions raults in 

The slope dri'aT is approximated by 

1 dN 
when E is the length represented by each satellite 

dr data point or pixel and S. the number of data points 
N &  kt  TI when the nest colda: temperature T" h t  

appears. The expression u u m a  a square area. There- 
I~fo-tion about the shrpc of the doud top can a fort I.V.',,'Z is an estimate of the distance from the 
i n f d  from the ~ , t e U t e  &tr, by &termining the center of the isotherm area to the edge of the area. 
ua mmmpured by the then coldat Lothenn when Divided by 4T this products an estimate of the slope 

next, still b therm rppcur. If the in Eq. (14). The term AT is not always 1 I; but is 
of the &st Lotherm L luge the dope in d m d  if often approlcimattd by 1.2 or 1.3 K because of the 
h e  ua is d, this imp~ia a d u v c l y  ncep dope. temperature void problem mentioned in Section 3. 

By dcdning r shape p n m e t t r  r, such that The L i t e  difference appro.rimation for Eq. (13) 
is simply 

(9) (as /aT) , - (ax!ar):  

Or 
, (15) 

oae -a Eq. (8) to k o m c  
where the derivatives at positions 1 and 2 are the 

1dN v doper rt opposite sides of the cloud top, and ~x is 
(10) the width of the arm end& by the isotherm. .b- 

burning they m qrul in magnitude and opwsitt in 

U d q  Eq. (1) to substitute into Eq. (14) a uteful 
aign md substituting Eq. (14) for the slope givn 

rltmate c s p d o n ,  
.I-. i 16) 

1 d N  1dT 
D - - 4 - ,  

N &  s &  
(11) 

B t u w  the dculations to follow are for areas of 
36? 
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the size of .V= 6 to .V=30 satellite data points, an 
intermedkte vdue of .Ir= 16 was &own u m a p  
pmpriate size for the application of t h e  formulas. 
Therefore, Ax in Eq. (16) is assigned a value of 4161 
or 41. Thus 

(17) 

A number of assumptions and appro?ci.nations were 
needed to arrive a t  Eq. (17). A prelininary set of 
calculations u ing Eq. (11) with s qua1 to the inverse 
of .V,I,!ZAT from Eq. (IT) resulted in an avenge 
value of divergence D unrealistically small (SX 10" s-I). 
The calculations also indicated that because D was 
the d l  difference betwets the two relatively large 
valua [see Eq. (11, l, a small bias in s could drasti- 
cally change the :aults for divergence. Therefore, the 
paramettr s is defined as 

where a is a constant to be determined empirically 
through an analysis of Eq. (I I). 

The value for a was determined in the following 
manner. The terms .V-Ld.V;dr and dT,'df in Eq. (11) 
could both be calculated from the satellite data in 
a limited number of cases. Thirty-eight sets of vari- 
a b l e  were available for 19 elements. The parameter s 
could also be calcule.ted for these 38 cases from 
Eq. (la), a t  least in terms of a. The avenge diver- 
gence t in Eq. (11) was calculated using the con- 
tinuity quation for an incompressible fluid, 

and a composite w profile derived from the 38 cases 
using Eq. (1 ). The resulting b is O.5X 10-I s-I. The 
mean vaiue for S-Ld.lr:,L over the 38 cases is 3.4 
X L O ' '  s-I. For s-ldT di the average magnitude is 
(3.4X10J).'a, where a u the proportionality constant 
from Eq. (18). Using thew average vslues to substitute 
into Eq. (11 j results in 

With a set q u a l  to 1.2, the shape parameter s can 
be calculated from satellite data from Eq. (18) in 
some cases. Fig. 14 displays the distribution of s as a 
function of temperature for the 38 cases. The value  
s p u  an order of magnitude with smder  va:c.r 

( b t t e r  t o p )  predominating a t  lower tempenturn 
(higher heights), u e.xpected. The fitted curve w u  
determined by fint dividing the data set into five 
approximately interval-equal g roup  based on tem- 
perature. Avenge s and temperature were calculated 
for a c b  temperature interval and the linear regression 
m e  w u  bued on these five avenge points. This 
regnuion approach wm adopted to reduce the effect 
of the relatively large number of points in the center 
region of the temperature range. 

d. Cakdafion of verfical velocity 

In Eq. (lo), diversewe is small compared to the 
other two terms, and ti: a rough approximation can 
be ignored to allow a &i .ct relation between w and 
.V-'d.\',/&. However, the effects of divergence in 
Eq. (10) cac be partially taken into account by 
noting that, in the 38 cases previously examined where 
we estimate all of the terms in Eq. (lo), D and 
.V-ld.t'j& appeared to be correlated. This is reason- 
able since D h the horizontal expansion rate of a 
physical area and S-ld.t','dl is the expansion rate of 
area witirin TBO isotherms. Thus D can be approd- 
mated by 

1 dN 

where d is set a t  0.15, based on the average values 
for D and .V-IdSldf for the 38 cases. Substituting 
Eq. (22) into Eq. (10) and solving for w rcsc;ts in 

Eq. (23) provides a quick rrethod of estimating 
vertical velocity even where there are no rapid de- 
ere- in temperature, or where an element can only 
be viewed for a short time. 

Calculations of rc using Eq. (23) are made for each 
of the 39 elements at particular temperatures. .4 lapse 
rate midway between a smoothed ambient sounding 
and a constant (9 K km-.) moist adiabatic rate is 
w d .  The I values are selected f n m  the fitted curve 
in Fig. 14 for the various temperature. For tempera- 
tures <T,,. a w of zero b assigned. The calculated 
w d u e s  are then avenged for the severe and non- 
severe elements and displayed in Fig. 1 5 .  The curves 
are fitted subjectively. 

The mean tu for the severe elements is over 2:3 rn s-I 
at  226 K or 10 km and decreases rapidly with height. 
?he non-severe elements have nearly a factor of 2 
smaller ver~ical veiocitv dues. Divergence values 
calcclated for the two .ve from 10-12 krn using 
the continuity eqcati, &re 1.OX I F a  and 5.OX 10-( s-I 
for the severe and non-severe elements, respectively. 

T h a e  vertical velocity and divergence a t i m a t a  are 
reasonable when it is recognized they are applicable 
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0.0. , , , , , 1 , , 1  l l l l l r , I I I '  mean diameter of the ovenhooti~g domes is approxi- 
8.0 - In a  s .1M4T- 33.07 mately 5.5 km which corresponds to a circular area 
4.0 - of 24 ha. This u e a  is m order of magnitude smaller 

than the appropriate satellite area of 15: or 223 km2. 
3.0 - An example of w determined from radar top w e n t  

5 - cur be determined from Burg- and Lemoh (1976; 
we their Fig. 5.6). Prior to the Union City, Oklahoma, 
tornado, the supercell top wended  a t  -3  m r-I. This 
velocity is applicable to an area about 1-2 krn on 
a side. - 

Fmm the preceding comprrhns  it is obvious that - the vertical velocitia a t  c l ~ u d  top derived in this 
paper are smaller than those derived from other 

- sources, but because they are opplicrble to an u e a  
much larger, they u e  still reasonable. Closer corn- - 
prison between the satellite infomation and radar, - aircraft or other observations is ntccuory for full 
validation. 

0 . 2 . ' " ' " 1 1 ~ " ' ~ 1 ' 1 1 ' 1 .  
~ O P  210 216 220 22s 8. Conclusions 

TEMPERATURE (KI 

FIG. 14. Cloud tap b p c  purmeter s u ukuhttd using 
Eq. (18' u r function of temperature. The 38 points are from 
19 elements. 

to areas -15 km in a side. Vertical velocity estimates 
are v e n  scaledependent, and it is difficalt to find 
v d u a  applicable on a scYle qua1  to that determined 
from the satellite data. Cloud top vertical velocities 
estimated from aircraft observatioru and radar data 
provide at  least a starting point. Observing penetrating 
or overshooting d o n a  from aircraft produces vertical 
velocity estimates of the order of 1 m s-I. For example, 
C'menhofer (19i5)  calculata the ascent of an over- 
shooting dome to be approximately 2 m s-' over a 
3 min period before the Ethel, Texas, tornado of 
14 May 19i4 and Shenk (1974) shows another example 
with a m of about 3 rn s-I. According to Shenk the 

Digital infrared data from a geosynchronow satellite 
(SBIS 21 have been used to study thundentorm growth 
r a t e  on 6 May 1973 in relation to the occurrence of 
tornadoes and other severe weather. Areal espansions 
of cold areas, delineated by biackbody temperature 
isotherms, are shown to be useful in monitoring 
thunderstorm growth rates, even when there is mini- 
mal decrease with time of the lowest cloud top 
temperature. 

.In examination of hve cloud elements having eight 
tornadoes clearly associated with them indicate, that 
iar seven of the eight cases the first report of the tornado 
took place r'ckng, or just after, a rapid expansion 
of cold areas indicating rapid w e n t  to the thunder- 
storm top on the scale obscn.ed by the satellite. The 
rate of w e n t  is estimated to be approximately 0.4 m I-'. 
avenged over an area of about 13 km on a side. 

MEAN f05 SEVERE ELEMENTS 
0 81.0 r 1u" a" - 12 

=MEAN FOR NON-SEVERC ---,WENT3 
0 = 1.0 I 10- a*' Z 1 - 

C s - 11 P 
3 

- 10 
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Thirty-nine thundentorm elements in the analysis 
area were compared in relation to various parameten 
derived from the satellite data and the.occurrmce of 
w e r e  weather. Alihough the ground truth used for 
defining the occurrence of severe weather may have 
erron, in thL study two utellite-bucd variables are 
correlated with tornadoes and hail. These variables 
are h e  minimum cloud top temperature during the 
lifetime of the element and the loguitkmic n t e  of 
increw of cloud top cold area. 

The wvere thundentornr .ements tend to be colder 
iz t e r m  of blackbody te~.  s a t u r e  and grow more 
rapidly than non-severe elements. For both variables 
the frequency distributi~ns for severe and for non- 
w e r e  elements were shown to be significantly dii- 
ferent. A discriminant analysis ruing bo'h variables 
showed that on one side of the discrimination boundary 
four out of 23 casa had severe weather, while on the 
cold temperature, fast growth a t e  side 11 out of 
16 elements had reported KYCre weather. Therefore, 
based on this limited, dependent sample, t h e  pa- 
runeten, which are indicative of intense convection, 
are correlated with severe weather on the ground. 
A potential warning lead time of 30 min w a s  .:atimateu 
by comparing t ima  of severe weather reports and 
t ima the satrilite information met the derived criteria. 

Equations were derived relating the areal expansion 
of blackbody temperature iwthcrms to v s z t i d  ve- 
locity and divergence. Mean vertical velocity prcfiln 
were calculated for severe and non-mere elemenu, 
with the results showing that the severe elements 
have a mean vertical velocity twice u large u the 
non-severe elements. The technique developed allows 
vertical velocities and divergence to be calculated 
from the satellite data on a horizontal spatial scale 
approaching that of individual thunderstorms. Infor- 
mation such as this will be iwfd in future work on 
tornado c!oud top comparisons, further comparison 
of xvere and >on-severe elements, and for com- 
prison with and verification of various types of 
cumulus models. 

In summary, convection intensity information de- 
rived with short interval (-5 min) infrared digi:al 
data from a gmyn:hronous satellite can be statis- 
tial!:~ related to xvere weather reports on the ground. 
Reawnable vertical velocity and divergence estimates 
cur a h  be made from the data. The satellite &ta 
and the techniques developed have the potential to 
be a part of a severe thundentorm detection and 
momtoring s! stern. 
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DLCITtiL Cl.OUD STEREOCRAPHY FROM CEOSTATION.4iCY ORB1 T 

J. T. Dalton, t i .  L. desJurdins, 
A. F. Hasler and K. A. Minzner 

NASA/Coddard Space Fli;.?t Center 
Greenbelt, Maryland, USA 

It has becn deconstrated thdt geostation;.ry satellite ima~ery provides an ~ 

effecrivc means of extrac:ing twc-dimensional -loud motion wind me9surcmrnts at 
fr.:t;ue~i: ir,ter-:als cver large areas. The adciition of cloud hci~ht infomation 
can yield t - i n d  fields in three dimension.;. This paper discusses the mo';hodclogy 
of estracting three-djmcnsianal cloud maticn measurements from s:creo digital 
iin,,f;cry a c q s i r e d  ar geostationary orbit. Scc1:racy of the tc:hnit;ue i s  considered, 
ar!d f d f  tire ei~hancemcnt~ and 2:-lications i:re explored. 
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PREDlCI'ING TROPICAL CYCLONE INTENSITY USING 

SATE- MEASURED EQUIVALENT BUCKBODY 

TEMPERATURES OF 0 TOPS 

ABsrRACT 

A rsgerrion technique has been developed to forcast 24-hour chaqp of the maxi- 

num winds for d (maximum winds 5 65 kt) and strong (maximum winds > 65 kt) 

tropical cydoocr by u- srteUitc measured equivalent blackbody temperatures (TBB) 

Uound tbe dorm done and togetha with the in maximum winds during the pro 

ceding 24 h o w  and the current maximum winds Independent testing of these regression 

equrtions showed t h t  the mun erron made by the equations ue lower than the an,rs in 

fmeasb mrde by the penirtena techniques 
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FOUR MMENS)OWAL -RVATIOIYS OF CLWOU FROM O W Y N -  
CMRO(YOUS ORBIT USlNQ STEREO M s ) U V  MID WMUREMENT 
TECMNIQOES ON AN INTERACTIVE INFORMATION mocmsrm SVSTEM 

ABSTRACT 

Simultaneous Ceosynctvonous O p m t i o n J  Environmental S l t d i t c  
(GOES) I Ian rerolution visible i m y c  pairs cm provide qwt i t r t ivc  
three dimensional muurremcnts of cluuls. IRae data have p a t  
potential for severe storms mscarch and rs a bask p n m e t n  mas- 
sunment rourcc for other mu of metearology (c.8. climate). Thesl 
stereo cloud hclptrt mesumments ut not subject t o  the errors md 
unbigulties caused by unknown doud emissivity and temperature 
profiles that we atPodated with infrared techniques. Previous work 
by Mlnzncr et al. (197th) has demonstrated the validity of s t m o  
mcasurrmcnts front geostationary satellites u s i ~ ~  ttchnques bsed  
on sonvtntional analogue stercoglphy. This effort describes the 
display and musuremcnt of stereo data usiy digital proccssiw 
techniques. 

Computer remapping of digital GOES image pairs allows the inter- 
actlvc dsplay (on the Atmospheric a d  Ocunoplphic Information 
Roccsing System. AOIPS) of time scquenors of stereo i m y s  a 
tmc four dimmsiond representatlon of cloud structures. A des- 
cription of similu work at the University of v,'.mnsin is  liven by 
Bryson (1978). Interactive manual and semi-automatic he@t m u -  
suring techniques haw also k e n  developed on AOIPS. Capabilities 
under dcvelopment include. 1 ) measurement of multilevel wind 
fidds with accurate he@t assignment; 2 )  estimation of thunder- 
storm intens~ty from tarizcntll and vertical cloud powth rates. and 
31 measurement of four dimensional cloud structure for comparison 
with numerical ~nodcls and n d u  obocrvat~ons. Stereo height verifi- 
cation and error analyses w m  conducted wing computer rroncop 
relation on AOIPS. .4ccuncies of f 0 . S  bn apnsrr t o  bc possible 
for geographical features and douds with precisions (relative accura- 
cies) abprorching to. l km. 
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In Sihr Alrcrrit Veriikation of the Qulflty of Sa~ellitt Cloud 
Winds over oceanic Regions 

A. F. HASrtn. W. C. SKILLMAN AND W. E. SHENK 
&bumtwy &r At- S~~IKIJ, W S m  FQht Ce~urr. NASA. G r r r W .  MD 20771 

A S-year drnrit uperiann to verify the q d i  of sudliie cloud whds o m  o c w t s  usin8 in siru 
.irarlt batid Na*huiocr System wind mwrnmcnts !IU kan cotnplrted. fh. IM nsuks show thmt 
suelliu mururrd c~muhu cloud mocioar V?- rr y pod rrti-oc1 at Ihr ckub-kw Gad V,, 
t P O O - W m b ) h P r d r r r i a d m d w b v o p i c r l h u h ~ . R w a ~ M Q l i r P d r d h ~ d ~ r  

A global system of five posynchronous satellites 
is now in place. Cumntly it consists of the United 
States SMYGOES satellites located at 7PW, 13YW 
and W E  longitude; the Eumpean Metcost at (r 
longitude and the Japanese GMS at 1WE longitude. 
This system is likely to be permanent except that the 
U.S satellite at WE will be rtplnced by the Indian 
Insat in 1981. One of the prime objectives of this 
system is to provide winds from cloud motions 
around the globe at low and middle latitudes for 
improved numerical weather forecastin& Many 
researchers, includ* Fujita er al. (1x9). Hosler 
(1972). Smith and Hasler (1976). S u c h m  rt 41. 
(1977). Rodpn rt 41. (1979) and Peslen (1979). have 
shorn that wind fields from satellite cloud motions 
provide good coverage for a wide variety of atmos- 
pheric phenomena. They have also demonstrated 
that cloud wind analyses give reasonable descrip 
tions of phenomena which ue consistent with 
accepted theories. 

The American. European and Japanese meteoro- 
logical qencies am providing satellite-derived cloud 
winds at least twice a day on an operational basis. 

In view of this wide use of satellitederived cloud 
winds and the associated high expenditure of re- 
sources it is imperative that their quality be vaii- 
dated. Except for the recent research work by 
Rodgen er aL (1979) and Peslen (19f3) and others 
with special shon time interval im~ges almost all 

satellite cloud winds for rcseprch and operations 
have been determined from i m w s  at 30 min inter- 
vals, with horizontal rtsolutions ranging from 2 to 
8 km. 

Accordiq to Makw (1949) small cumulus clouds 
would move at the ambient wind velocity in the 
absence of vertical shew of the horizontal wind. 
When vertical shear is present MPlkus found that the 
cumulus cloud will move with a velocity that is 
primarily a bnction of the cloud-base wind and the 
magnitude of the shear. However. the 30 min geo- 
synchronous satellite observation interval would 
not temporally resolve the individual cumulus cloud 
elements. Therefore, with the 30 min interval. the 
satellite is only able to follow the history of an 
ensemble ofcumulus cells. a small mesoscale feature 
with a horizontal dimension of not usually less than 
10 km. Tclford and Wagner (1974) and in more recent 
unpublished work have concluded that the growth 
and decay of.small cumuli an linked with the air 
movement at the heat and moisture source below the 
cloud. Thus it is reasonable to expect satellite- 
observed cumulus to move closest to the cloud-base 
wind or the wind below cloud base. Hasler et nl.  
(1976) have presented high-resolution aerial photog- 
raphy taken as frequently as once every 7 min which 
show that the lifetimes of individual cells are shon. 
but that cumulus ensembles can maintain 3 ncog- 
nizable pattern for well over an hour. The cross 
section in Fi8. 1 illustrates c;nceptually the evolu- 
tion of a pan of a typical cumulus ensemble in a 
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Fm. 1. Compuri model of I& moth d r  typial cum* cbud m& ia r wnicrl wind s k u  rav&onment 
u viewed by 8 geosyacAmmn rudlke. 

vertical wind shear environment. Individual cumu- 
Iw cells continue to be generated, probably at the 
h i i o n  of muimurn sW-scale convergence near 
the original center of activity which is being trans- 
ported with the wind at cloud but.  Tbe tops of the 
towen arc repeatedly stppnted h m  the convection 
center because of the vertical wind sheu. 

Followiitg the aqprnents of Malkus, detached 
passive cimu cloud elemcnts would be expected to 
move with the ambient wind in the absence of sub- 
stantial vertical motion. Active cimu clouds with 
up- vertical motion should, like the cumulus, 
h v e  velocities which an a hnction of the cloud- 
bue wind and the vertical shear. For c h s ,  how- 
ever. cloud lifetimes can often be resolved by the 30 
min satellite observations. 

'Tbcre are some clouds which should not have a 
usefbl relationskip to the arnbient flow. Omgraphic 
clouds tend to be stationary and clouds caused by 
qrvity waves tend to move with the wave phue 
velocity and neither would be good estimrton of the 
ambient wind. Studits usiw ndu (Banm, 1973) 
show that cumuionimbus clouds move with a ve- 
locity which is a function of the integrated wind 
through most of the troposphere. 

Comparisons of satellite cloud motions and wind 
evduatioas usinq rawinsondes hove been performed 
by Fujita rr of. (1969). H u b e ~  and Whitney (1971). 
H u l a  (19721, Fujita et of. (1979, Bawr (1976), 
Suchman a d  Murin (1P16) and Hubert.' Hubert's 
latest study best characterizes this type of evrlur- 
tion. He bds ,  for low cloud motions derived fmm 
the NOAA/NESS apcnt iod system. that the 
m t d h  mgmtude of the vector diEerence fiom 900 
mb rawinsonde wnds is 2.6 m s-I, while 68% of the 

Hukrt. L. F.. IWd: Wind &taminUon frwo wuuioarry 
wdlitn. ?nu. Svmp. .Urteoro&~al Obrrnotiorufron, Sparr: 
Their mnrribrlm to the First Gorp GiobaI &perimrnr. 
COSPAR. ICSU. Nuloarl C ~ a t e r  for Almorph.nc Rerucb. 
Bouldrr. 211-213. [AniL#r  from N.uoarl Center for Atmoc 
p k n c  Rcwmh.  Boulder CO UO302.1 

diiferences art less than 4.0 rn s". For c k n u  cloud 
motions the median mwtude  of the vector dif- 
ference ttom mwinsondc winds at the assi(pled level 
is 5.7 m 3'' md 68% of the difIcrences are less than 
8.0 m s'l. RLis type of comparison is limited by 
I- time and space differences ktwten the ob- 
servations. In Hubert's work, for example, the time 
differencez arc up to 3 h, md the horizantal space 
differences art up to 300 tun. Emn in height assign- 
ment, puticululy for drms clouds, are likely to 
account for a lupe portion of the dHewnces. 

Telford and Wagner (1974) have done limited 
cornpisons of aircraft-measured cloud motions 
with in sir& aircraft winds over land. For three 
cumulus clouds Wapcr and Teiford's data from 
more recent unpublished ~ o r k  show that the mag- 
nitude of the vector difference between the cloud 
nrotionradtkwindklowcloudboKwru-l.Orns-l. 

The technique used in this study was acornparison 
of cloud motions measured by satellite and aircraft 
with aircraft wind measurements that wen coin- 
cident in time and space (Hasler er of., 1976. 
1977). The results from the S-year experiment art 
for undisturbed to moderately disturbed oceanic 
weather regimes. The experiment was conducted in 
five phases where a toul of 77 cloud motion meas- 
urements were compared with the ambient winds. 
The preliminary results from the first three phases 
have been reported by Huler r t  of. ( 1976,1977). The 
locations and meteorological conditions of the five 
phues of the experiment art summarized in Fig. 2 
aad Table 1. In Phase I. .. smrll sample of cumulus 
clouds (6) and one cimu cloud were tracked by the 
NCAR Sabmliner in December 19n in the nonh- 
west Coribbern under conditions of moderate winds 
and vertical wind shear. 
Phase I1 of the experiment was flown in April 1974 

in the southwest Caribbean near Panama. Nineteen 
low-levei clouds were tracked by the NASA C-130 
and NCAR Sabreliner under moderate trade wind 
conditions, while four additional cirrus clouds were 
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ha. 2. Loutions for th. Llve p b s  of an exprnmcnt for the in situ venlkalion of 
s~eUQe ckud winds ur~n# aircraft. 

tracked by the Sabreliner. BhaK III was conducted 
in July 1 9 4  in the Gulf of Mexico under Light wind 
and shear conditions where 15 low clouds were 
tracked. Phase IV was accomplished in January and 
Febnury 1976 in the northwestern Atlantic during 
high wind frond weather situations near Bermuda 
which resulted in 2S additional cloud tracking cases. 
Phase V of tbe experiment tracked 11 more clouds 
during February 1977 in the northeastern Atlantic 
under the high wind suppressed convection condi-' 
tioas in the Azores subtropical high. 

As an illustration of the type of clouds tracked in 
*As experiment. the DMSP high-resolution (6QO m) 
visible satellite imqe in Fig. 3 shows a typical field 

of cumulus clouds from which a wind tracer was 
selected in the Phase I1 tracking area north of Pan- 
ama. Most of the clouds inside the dashed line can be 
seen in the 900 m resolution SMYGOES images and 
a large fraction have lifetimes of 30 min or longer 
which was required in this experiment md would 
serve as good wind tracers. 

2. Techniques 

The basic ob;ective of the experiment is to meas- 
ure cloud motions from geosynchronous satellite 
image sequences and to simultaneously determine 
the wind field of the cloud environment with an 

TABU I. Durn. locations ud conditions for the flve phurr of an sxpnment for tha in strrr vcnflcat~on of cloud winds 

Averpla low-level 
Loculoa Weuhar npm wmi speed 

- - - 

1  Dactrnkr 1972 NW Cmbkm tride w ~ n d  modento 1: rn S" 
11 Apnl 19f4 SW Curbbem tnde wnd' rnodente 10 m 3-I 
111 July 194  Gulf of Mex~co tndr wind l ~ f i r  3 m S-I 

IV I=.-F&. 1976 YW .4thnac h n t J  high I' m 3'' 
V Frbnuy 1WI N E  Atlmac rubtroplcrl hgh high 1' m 5 - I  
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FIG. 3 H~gh-rewlut~on vlslble DMSP *atellire photo of rhe 
routhuest C'anbbcrn !'or la lo  GXfT I .4pnl 19'; shou~ny 
rvptcd low-level cloud tracen whlch were rncked In the 
expcnment. The Phase I1 cloud.tncktng m a  nonh of m a m a  Ir 
marked. 

aircnft. It was necessary to tind isolated clouds with 
no overcast above. fix their positions as a function 
of time and measure the wind at the cloud top. mid 
sloud. cloud base and for lo*-level cumulus clouds. 
in the suhcloud layer (150 m). Cloud positions and 
wind measurements w e n  made for at least 30 rnin 
and up to 2.5 h for each cloud. The w~nd messure- 
ments were derived from the Inertid Navigation 
System (INS) of the aircraft. At each level 3 straight. 
constant-dtttude flight line was made through the 
cloud with at least 2 mi11 in the clear air on each side. 
'Ilus was repeated on a reverse heading so ihat bus  
erron originating from air speed. ground speed. 
heading. tnck  and angle of sldeslip could Ire cor- 
rected. Grossm:m ( , Y ' 7  provides a procedure for 
this comctlon. 

The Grossman tezhn~quc involves the application 
of derived wind component equations which assume 
wind field homogeneity and negligible error in air- 
craft heading. The uncorrected w~nd measurements 
arc employed to obtain the component bases dong 
the lonyitcdinal and latenl axes of the aircraft. 
These b~sses are then applied to the uncomcted 
wind in order to amve at a corrected wind. In t h ~ s  

winds. when employed with the bias component 
equations, permitted the computation of component 
bias corrections. The resultant combin~tton of 
corrections and measured wind was utilized as the 
in sir11 cloud level wind for the comparisons with 
cloud motions. Cloud positions were determined at 
intervals of 5 -  10 min using the l~titude nnd longitucic 
given by the aircnt't INS as shown in the example In 

Fig. 4. These positions were used to compute the 
cloud motion and to locate the cloud in the satellite 
images. Funher details on the e~pcrimentsl pro- 
cedure using the aircnfl are given by Hasler cr ( 1 1 .  
( l 'xb ,  1 9 3 .  

The satellite cloud motions were measured for the 
1972 northwest Caribbean case (Phase 1) by tech- 
niques described by Hasler C I  (11. (10-61. F G ~  the 
lo-4, lo-6. 19'- phases. measurements were made 
from sequences of digital S>lS,'GCIES images on the 
.Atmospheric and Occano_~r3phic Information Proc- 
essing System (AOIPS) at the Gdd.ud Space Flight 
Center (GSFC). Descriptions of the AOIPS hnrd- 
ware and software systems arc given by Billingslev 
snd Hasler' and Bncken zr Cloud motldns were 
determined on AOIPS from image sequences of at 
least 60 min with 3 partial or complete overlap In 
tlme with the aircraft obsewations. In most cases 
there was little doubt that the cloud tncked by the 
satellite and the aircraft were the same. In a few 
cases due to high-level overcast or confusion caused 
bv nearby clouds. a simtlar cloud within 25 km of the 
a i r c d t  lcxation was used. According to procedures 
developed by Hasler and Rodgen,' satellite cloud 
veloctty errors of 0.5 m .;-I would he expected using 
an image sequence of 60 min wth  I km resolution 
SMS!GOES images on AOIPS. The aircraft wind 
me3surcments arc accurate to 1.d m s-I (Kelly and 
Zruber. 1973). Therefore. adding the expected error 
in the satellite measured cloud velocity to the 
expected aired wind e m r  tn a root-mean-square 
sense !he expected measurement error is 1.5 m s-I. 
The error in the aim& measurcd cloud velrsities 
is 0.6 m s-I (Has le r~rc~l .  10'6) so the rms sum 1s alto 
-1.5 m s-' for arc& cloud velocity vs. ~iircnft 
wind comparisons. Adding the e~pec ted  aircnft 
cloud velocity error. 9.6 m s-I. to the ezpected 

Bdlingler. J. 8.. md .A. F. Haslcr. lot!: Intcmst~ve Image 
pmcesslna for mcrcoroiopc.l appl~crr~ons at N4S.4 Gdda rd  
Smce Ffishi Crnrer. RCF Y9!!-'!-Q-. Gddard Soace Fllttht 

investigation. recorded tn-flight wind ifat3 we= &nret. ~kenbclr. MD 
Bnclen .  P .\.. J .  T. Ddron. J.  B. Billinpley a d  J. J .  Quann. available along the length of :he aircraft trick ,,tm,,sphcns ~xcuroqrphtz lnfonnarlon Proce,slnl 

from the end of 3 turn. thr0lleh a cloud. to the begtn- Svstcm , nl)lPS\. Svstem d e ~ n o r ~ o n .  Re0 SQJ?-'-.IJR. 
ninp of .I new turn u d  a rcvcne tnck  dong approw- (;&dad Space R~fi t  Center. ~ ~ ~ ~ n s c ~ t .  UD i ~ - I  
matelv the came path. n e  wtnd data from cloud exit ' Huler. 4 F . and E. B Rdgen. 19- .\n e m r  analvr~r of 

to the kgnnlnp of mrn were 3vcnged to provide 1 " p C d  L ' V C ~ ~ ~ C  JIVCQC~SC ~ O R l C I t V  6elds denred fmm 
satell~tr cloud vrnris on [he 4lmorptenc and Oceanognph~c an avenge ulr,d for One leg and the wrnd data ImWe hcsslnt Sbstemr I,\OIP+j) p.rlnn,r / , r n  i,.nr 

the end of a nJm to cloud entry were nvcnged for Hurvconrc ~ l t d  r n ~ p r r ~ l  \frrrrworL,pv. Utunl. 4mer Y e t e ~ ~ r  
the avenge w~nd  of the second leg. These avenge sck: .6-0-6.: 
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satellite cloud velocity error. 0.5 m s-I, in the same 
manner yields a total expected measurement error 
of 0.8 m s - I  for compunsons. 

3. Results 
a. .Aircrati measured cloud motions versus winds. 

In Table 2 the final results for all five phases of the 
experiment are presented. For low-level cumulus in 
moderate trade winds [average cloud spced of 8.7 
m s-I) and hgh wind speed caverage cloud speed of 

17.8 m s-I) subtropical high regimes. [he cloud 
motions agree best with the winds at cloud b u e  
[1.5 s-I 6 I=-=( 6 1.8 m s-'1. Both the 

e mawitude of the vectcr difference [ 
-11 and the daerence within which two-thirds 
of each sample were contalned [ I V,,, - V,,, 1 ,,I 
are presented. For low-level cumulus in high- 
speed wind regimes near fronts the cloud motions 
arc closest to the mean wlnd in the cloud layer 
[iv,, - VucLw! = 2.5 m s'']. SurprisingLy. the 
relationship was the same tor the relatively deep 
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TABLE 2. Cloud motion vcnus in-ritu aired wlnd - 
) V r U  ' '.lM/' Ivrlurd - V I I ~ i . ~ * *  

(Fl s-') 
Awlage 

Oceanic Number cloud Mean 
:loud weather o f  cloud spccd Claud Mid Cloud ~n cloud 
type re imes Date L.ocntion tmcks (m s-I) 150 m base cloud top layer 

Low-level Trade w ~ n d  Drc 72 N W  Caribbean 40 8.7 n 1.6'1.9 I.?II.J 2 . 4  6 2 6  8 ?.&'I 2 
cumulus Apr 74 SW Caribbean 

Jul74 Gulf o f  Mexlco 

Subcrop~cal 
high Fcb 77 N E  Atlantic 6 17.8 3.513 7 1.91.9 5.U4.6 9.69.1 5.1 J 8 

Frontal Feb 76 N W  Atlantic 18 3 3 613.8 3 2'3 8 ?.&3.3 ! 0.6 9 2.512.9 

Cirms Subtropics Dec 7? W Canbbcm 5 11.0 - 2 - 1 7  2.01.8 2.9!2.2 lq,2.0 
Apr 74 

All meuurements were made rn-siru by r i rcnA equipped with lnen~al  Nar~gation Systems. 
** The 67% subscnpc Inems that two-thrds of the dlffcrcnces have t h ~ s  value or less 

convective region ahead of the front and the sup- c. Sufellire 1,s c~ircnl!i ck>rtd rnorions 
pressed conve+:tion behind it. 

For the feu cirrus cases that were tracked in the 
subtropics, Table 2 shows that the cloud motion 
agreed best with the mean wind in the cloud layer 
( j Vcluud - V,,IL,, j = 1.7 m s-I].  but the agreement 
at any of the three levels is not s~gnificantly different. 

b .  Saiellitc measured clorcd motions verslrz ,rinds 

Table 3 shows cloud motion versus ambient wind 
comparisons where the cloud motions were meas- 
ured from sequences of geosynchronous satellite 
visible images on AOIPS. The satellite cloud winds 
versus aircnfl w~nd comparisons in Table 3 glve the 
same general results as those m T?ble 2.  However 
satellite data were not available for the I974 south- 
west Caribbean cumulus and cirrus cases. For t nde  
wind and subtropical h~gh cumulus clouds, the 
motions agree best with the winds at cloud base or 
below (0.9 m s - l  4 iVCbud - V,.,,,,; S 1.7 m s-'1. 
The cumulus cloud motions near fronts again were 
closest to the mean wlnd in the cloud layer [jG -- - vuccu j = 2.3 m s-'I. 

Fig. 4 shows 3 comparison of an airinft  cloud 
track with a satellite cloud tnck  N here an isolated 
we'l defined cloud was tracked over nearly identical 
2 h periods of time by both systems. For this case the 
ma nitude of the vector difference was k i = 0.3 m s-I. For the cases where aircnft 
and satellites trscked the s amGouds  the average 
differences were l V,l.,,d. - V,  ,,", . ! = 1.4. I .S. 1 .f; , . - - .  

and 1.6 m s-I for the 5 ,  i6. 4 and 10 clouds tracked 
in the nonhwest C~ribbean. Gulf of >lexica, north- 
west Atlantic and northeast Atlantic. respesti~el?.  
These differences are about twice as Inrge as the 
0.8 m s- I  expected error which Has calcul~ted in the 
previous section. This indicates that some clouds 
must not have been properly identified in the satel- 
lite pictures or,and measurement errors were larger 
than anticipa:ed in some cases. 

Table 4 glves the satellite cloud w~nd csatellite 
cloud motion) bias errors with respect to the cloud- 

T A ~ L L  3 Satellite cloud wlnds benu, :n srru alrct ln wlnd mePrurements for oceantc cumulus clouds 

(m $-I) 

Average 
Number cloud Mean 

Weuher ofcloud speed Cloud Mid Cloud $n <loud 
tqprnes A t e  Locauon tracks m s I50 m base cloud fop layer 

Tmde w~nd Dee ': N W  Crnbbevl b 12.2 - 0.911.: 3 1 3 0  !:60 2 1 3 4  
Tnde w ~ n d  l u l  -4 Gulf of Mexlcc 10 5 3 1 I .  ' I  3 42.9 5 &'I; 4 2.13 0 
Subcropcrl Feb 7 N E  .4tlmt1c 19 0 4 . 5 4  1 1.7 1 J 4 b 4  ? 0 I! 5 4 &! 3 
Fmntd Feb '6 NW Atlantic 19 15.. 4 4  3b4.O 3013.0 5.3.3 :.3,2.3 

See footnotes to fable 2 .  
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TABLI 4. Satellite cloud wind systematic bias errors for oceanic cumulus clouds. 

cb.l m o m  &m c- -14 Su&r c b d  lnaton v m u r  cloud-1.y~ nnd 

s-- s 7 -  - cam ~cbud - YCLW 
N m t u  Numbu 

W w l m  o f  3, V. .  SCI.i D n a m  dtloud - Y1,. 3 W  Dincua - Lacwm lKIV (m 1-9 m 1 -  a 1 (d..) V E ~ I  \m *-I) lm 1-1) 10 )-'I I&@ 

base wind and also the mean wind in the cloud layel 
(cloud-layer wind). For the cloud wind biases with 
respect to the cloud-base wind, all speed biases are 
1 m s-' or less. Direction biases are dsd  small for the 
trade wind nonhwest Caribbean case and the sub- 
tropical high cases. For the Gulf of Mexico trade 
wind case. the 5.0" systematic direction bias error 
contributes only slightly to the mean magnitude of 
the vector difference [ I  V ,,,,, , - V ,,,, ! = 1.7 m s-I. 
from Table 31 because of the low avenge wind speed 
of 5.3 m s-I. For the frontal case a nearly identical 
direction bias error of 5.1" contributes m ~ c h  more 
to the large vector difference [ !  V,,,,, - VCBtv 1 
= 3.6 m s-'1 because of the high avenge wind speed 
of 16.2 m s-I. The cloud wind bias errors ~ i t h  
respect to the mean wind in the cloud layer are small 
only for the frontal case ( -  1.0 m s-I in speed and 
- 1.3" in direction). Because of the high average wind 
speed in the frontal case the small direction bias 
error contributes substantially to the vector dif- 
ference of / vcluud -. VbIC~,, j a 2.3 m between 
the cloud wind and the cloud layer wind. Ia the 
frontal case the cloud wind does not agree with the 
mean wind in the cloud layer as well as the cloud 
winds for the other phases agree with the cloud base 
w~nds (see Table 3) .  Therefore the effect of sys- 
tematic bias error removal was evaluated for this 
case. From Table 5 it is evident that systematic 
error removal results in only a very small improve- 

ment in the average magnitude of the vectors dif- 
ference for the mean in the cloud layer, from 2.3 to 
2.2 m s-I. However, the removal oflarge systematic 
differences in direction would give improvements of 
4.1 to 2.6 m s-I and 3.6 :o 2.9 m s-I for the IS0 m 
and cloud-bace levels, respectively. Therefore, iCthe 
cloud winds are used to estimate the mean wind in 
the cloud layer there would be little purpose in 
removing systematic errors; but for cloud-base or 
subcloud-layer wind estimat;on. remdval of the bias 
errors would be advantageous. 

It was also determined that !he' magnitude of the 
vector difference between cloud rnotlon and the 
cloud-base wind is not highly correlated to e~ther  the 
wind speed or the vertical shear for the trade wind 
and subtropical high cases. 

r .  Cloud wind heiyhr assrgrrrnrnr 

Satellite cloud winds for oceanic t nde  wind a d  
subtropical hrgh regions may be assigned to the 
cloud-base altitude. There is no reliatie way of 
measuring cloud-base height from geosynchrorious 
satellites srnce the cloud bases are hidden from view 
by the upper part of the cloud so the hest method for 
low-level cloud w~nd height assigcment 1s to use 
climatology, aircraft reports, or deduce them from 
soundings whcr: ava~lable. Cloud-base dtitude 
statist~cs for rk.: entire experiment arc given in 

T.+are 3. Satellite cloud w~nds versus in r ~ t u  u r c d  winds. syscemallc bias e m r  removed* 
for vvestern Atlrnuc t 3 2 9 )  January- Febnurv IT6 

Mean 
Cloud Mid Cloud ~n cloud 

I50 m bas: cloud (OP laver 

&lorn removal of systernat~c drliercncer V,,., - V.,, , rm I-') 4 I 3 6 3 0 5 3 2 3 

Systematic dflerences removed V.,, - V,,, , ~m I - ' \  16 : 9 ? 9 4 8 - . - . 
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T M L ~  6. Cloud-base .ad cloud-top height statistics based on 64 cumulus m d  five c i r r u  clouds. 

Table 6. The average low-level cloud-base altitude 
for the experiment was 936 mb with a standard devia- 
tion ofonly 19 mb. There was a tendency for the low- 
latitude cloud bases to be lower (-h = 940 mb) and 
more uniform (-ah = 10 mb) than the higher lati- 
tude bases ( - h  = 930 mb. -uh = 25 mb). How- 
ever, the total range of the low-level cloud bases 
was only from 977 to 898 mb. Since the low-level 
cumulus cloud bases are very uniform in altitude, 
assignment of the cloud winds to 950 or 900 mb 
should be sufficiently accurate for most applications. 

In frontal regions cumulus cloud winds may be 
ass~gned to the middle of the cloud layer. This can be 
done by measuring !he cloud-top altitude by the 
Mosher's combined infrared and visible method 
(Suomis) or stereo techniques (hiinzner er ul . ,  1978; 
Hasler zr a1.Y and usiqg the cloud base of -930 mb 
from Table 6 to calculate the mid-cloud level. 

Cirrus cloud winds should be also assigned to the 
mid-cloud level. Great care must be taken not to 
underestimate the altitude of the cirms cloud tops 
from infrared measurements. but stereo heights 
show considerable promise for eliminating this 
problem. It may be best to assign cirrus sloud winds 
to the cloud-top altitude, because the data show 
iialc difference between the various leveis and ~t is 
dimcult to make a good estimate of the cloud-basc 
height. 

4. Summary and conclusions 

For oceanic trade wind cumulus and cumulus in 
oceanic subtropical high regions. satellite cloud 

' S m .  V E.. 1975: Wan<ornputer Intenct~vc Data .+c;ess 
System (MclDAS). Find Repon Contract NAS5-232%. Unr- 
venrty of Wixonrrn. Madrwn. ;Avulrble born Space Sflence 
and Engncenng Center. Unlven~ty of Wluonsrn. Madrson 1 
' Harler. A. F . M. der Janl~ns and W E. Shenk. 1979 Four- 

dunensrond ohservruons of ilouds tiom geosbnchronous orb~t 
usrng stereo drrplry and meuuremenr ~echn~qucs on an Inter- 
active ~nfornullon processrng system. F j u n h  .\'cr~onal I r ro -  
rraurlcs and Space 4dmrnrsrrur~on Wru:ntr Jna C;~mare R r ~ r r w . .  
Gnenkl t .  NASA. 61-7. iAvulable from Goddud Space 
Fli#ht Center. Greenbelt. \ ID  2071 1 

motions estimate the wind at cloud base at approxi- 
mately the limit of the instrumental accuracy 
sible from this experiment [O.9 m s-I  c /= 
-1 c 1.7 m s-I] with no significant bias er- 
rors. For oceanic cumulus clouds near fronts. agree- 
ment is best with the mean wind in the cloud layer 
[ ~ v r l ~ u d  - VwCL\v / = 2.3 m S-'1. The differences 
are larger in this case. but removal of systematic 
errors produces no significant improvement. For 
high-level cirms cloud motions measured by air- 
craft, the comparison agreement is also best wiih the 
mean wind in the cloud layer [l%',l,ud - VwcL,,I I 
= 1.7 m s-I], but is not significantly better than the 
agreement Gith the cloud-base o r  top wind. It is 
concluded that for most equatorial through mid- 
latitude ocean areas of the world. satellite cloud 
motions can be used to estimate the low-level (cloud 
base) winds with high accuracy. There is no reliable 
method yet demonstrated of estimating cloud-base 
altitudes frl a geosynchronous satellite orbit. but 
low-level cumulus cloud bases are very unifonn in 
height and can be determined within a few tens of 
millibars from climatology and/or from relatively 
widely sp2ird surface station reports. The 64 cumu- 
lus clouds measured in this experiment had an 
average cloud-base height of h = 936 mb with a 
standard dev~ation of only u, = 19 mb. 

In frontal regions cumulus cloud-top altitudes 
should be determined from infrared or stereo 
measurements and the cloud wind assigned to the 
mid-cloud level. Cirrus cloud winds should also be 
assigned to the mid-cloud level if it can be deter- 
mined. but assignment to the cloud top level is 
probably satisfactory 

Satellite cloud motions can be excellent estima- 
tors of the wind for carefully selected tracers which 
rue not affected by gravity waves or orography. 
Roper height assignment of the sloud winds is also 
extrerr:'y imponant and has probabiy contributed 
most to poor w~nd estimat~dn in the past (e.g.. the 
case of th~n ; ims  cloud motions assigner' to too low 
a level). 
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5. Future work 

It is still necessary to obtain more data for cumuius 
clouds in other oceans, over land and under dis- 
turbed conditions to inon fully assess cloud motion 
wind relationships. The sample size for cirms clouds 
needs to oe increased and comparisons made in high 
wind shear situations (e.g., jct streams). There is 
potential for better comparisons with rawinsondes if 
geosynchronous satellite stereo observations be- 
come available in repions where cloud winds can be 
measured coincidently in time and space with the 
rawinsandes. In the immediate future the experi- 
ment will concentrate on in siru aircraft verification 
under disturbed conditions, particularly over land 
for the antecedent conditions for severe local 
storms. 
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ABSTRACT 

This paplr presonu r cur study of I e  srmctun of r w u m  h a u l  d o a  u deduced from Doppler 
ndu obrenltionr. Th. precipitation occumi~ ahead d the wrhce wum b n t  w u  W d .  The 
domiamt pmipiutioa k n d r  wen oriented m n s v e c  to the mid-level wtadr. aad they wen sp.ced - 110 km rpur. It ir s w r t e d  thu rhrw kndr wen formed by highly organized vrnid  circulatimr 
in r 2.9 km thick layer jut above the wum h n u l  roar. The pnripiutioa b.ndr extended lrom this 
layer down to the sudhce. Neu the rurfue dditioarl circulations were produced by prerrun prlurk- 
boas msultiq h m  c d i q  woci.ud with molun8 snow. Some dugnostic ulcultionr of yrosuophic 
winda, lrontwnrrir and vonicity production ue presented. The fronwards dculuion lives 
approaimrtely r 2-4 h douMiq time d the horironul potential ump.rrtun padieat usdated with 
the w u m  front. at mid-lever. lti&ly orpnized bad-urocircrd circultions s u ~ e s t  h e  i m p o w e  
d their ~aclwion in diynostic dcculrtions. 

1. introduction If so, we obviously need accurate par~meterizations of 

The ability to forecast midlatitude weather is criti- 
cally dependent on the ability to f o m t  the motion, 
formation, intensification and dissolutior. of fronts. In 
the literam. considerable attention has been given to 
a discussion of processes which maintain and intensify 
gdknu of wind velocity uld thennodynunic proper- 
ties chvacteristic of 6rontrrl zones. AdyticJ and nu- 
merical studies have been directed to the question of 
frontogenesis-whether fronts can fonn in realistic 
times --and the physical mechanisms imporunt for 
the fmntogenesis (e.13.~ Hoskins and Brethenon, 
1972; Mudrick. 1974: Gidel. 1978). Observations 
have also shed i i~h t  on these questions through 
diagnostic studies of surface and elevated fronts 
(e.8.. Reed and Sanden. 1953: Bosart, 1970). 

Npmerical simuluions of the atmosphere typi- 
cally use scales larger than about 100 km because 
of computer limitations. Temporal and spatid 
resolutions in synoptic studies of fronts ue limited 
by the distribution and frequency of surface and- 
upper air observations. Consequently, a buic 
question yet to be answered in the dynunics 
of h n t s  is the importance of s d - s c a l e  mo- 
Eioas (< 100 km. say) on the la rge-de  dynunics. b 
the effect so important tbu simuktiocu of l a r p d e  
dynamics for extended periods of time crnnot be 
successful unless small-sde processes ue included 
i3 tbe m v e n t i o d  qurrions for Lrp-sale dynrmicr? 

the small-scale p&esses. In order to k& to answer 
these questions, we need observational descriptions 
of frontal regions at high space and time resolutions. 

In recent years, methods of observations by Dop- 
pler radars (e.g.. Miller and Strauch. 1974) have 
been developed which cm provide the three- 
dimensional mown fields in regions of precipita- 
tion, down to scales of -500 m. The limit on the 
scale at the large size end is imposed by the area 
that can be scanned by the Doppler radars-typi- 
c d y  30- 100 km. 

In this paper we shall present deuiied observa- 
tions of the three-dimensional wind and precipitation 
structure associated with a weak warm front which 

ssed the Chicago *ma on 12 March 1976. The C nt was obserged by a dual. Doppler ndar system 
(consisting of the CHILL University of Qicago- 
u n o i s  State Water Survey ndar and the CP-4 radu 
of the Field Observing Facilizy. National Cenrdr for 
Atmospheric Research) for r period of -3 h as part 
of a winter stonn experiment by the Laboratory for 
Atmospheric Robing, University of Chicago. The 
loce.tion of the n d u s  is shown in Fig. 4r by the dots. 
The d u  baseline is 51.35 km long and is oriented 
along 66-246'. Section 2 describes the synoptic 
conditions during the period of the ndu observa- 
tions. Associated with the wum front on 12 March 
1976 were u v e n l  precipitation bm&. In Sections 3 
and 4. we discuss the u m e d  faatures of these 

8 w,,,,~ -: N ~ A ,  n*t Cnm, precipitation bandl and ;heir relation to :he wind 
Gnmklt. MD 20641. sa : tun in the wum fronw region. In Section 5 
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FIO. 1. Synoptic maps at 850 mb (a) and 700 mb tbb. The he!#!:: Acld In meten (solid lines) and I r e  
thcm in degrees Celrcur tduhed I~ner )  are shown on consunr pressure surlscer. For the wlndr. a fuU 
bub is 5 m s'' and a fly is 3 m s- I .  8 ,  vrluer are ~ndlcued  near station lwat~ons .  an x Indicates 
msrcn# wind or tempantun  dua. f h e  poritlonr of fronts m d  sutlons are s n o w  on the 850 mb level. 
Thew 0600 maps are r ~ u r l l y  u rboul 0523. 1.e.. 5- I0 m n  after the sounding. 

we present the detailed wind and reflectivity stmc- 
cure of one of the prec~pitxion bands. Some tenta- 
tive diagnostic calculations of qeostroph~c winds. 
frontogenesis and vonicity production In the warm 
frontal region cue given in Section 6. 

2. Synoptic cooditkru oa 12 M u s h  1976 
The radar observations presented in this paper 

wen  obtained from O2@ to 0500 CST (in the follow- 

ing, all times are CST) in a region of precipitation. 
the top of which was below 3 km (all heights are 
above ground level). The standard upper air obser- 
vations weit used to determine the syroptic-scale 
frontal s t rumre at 0600; tale release tlmes for the 
soundings was about 0315, i.e.. the end of  he radar 
observations. A special :ow-level severe storm 
soundng was released at 0515 from Midway 
A I Q O ~ .  Ch~cago (MDW) which is located roughly 
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at the center of the radar analysis region. The 
special sounding does not measure winds, and above 
700 mb, observations are taken only at 600 and 
500 mb. 

Fig. 1 shows the 850 and 700 mb maps for the 
central United States. The warm front had a north- 
west-coutheast orientation in Illinois, with the sur- 
face low center -500 km west of Chicago. Also 
show 1 is the equivalent potential temperature 8, 
which is conserved under a pseudoadiabatic process, 
such as was probably occurring in the warm frontal 
lifting. On the surface map (which is not shown here. 
but presented later in Fig. 4a for a smaller rtgion). 
the wann front was weak;. -1;ident from the surface 
temperatures, and more readily seen from the sur- 
face OE. This front moved nonhward at -6 m s-I. 
somewhat slower than the overall motion of the low 
center (- 17 m s-' from ZASO).  

Fig. 2 shows the distribution of temperatures and 
winds in the warm frontal zone in a vertical plane 
oriented perpendicular to the front. Soundings from 
Little Rock. Arkansas (LIT). Salem. Illinois (SLM), 
Peoria. Illinois (PIA), MDW, Green Bay. Wisconsin 
tGRB) and Sault-Ste.-Marie (SSM) were used in 
constructing this section. The low-level jet is quite 
strong with winds approacklng 30 n s-'  above 
MDW. The warm frontal zone (Fig. Za) has a slope 
of about 1:'100 toward north, and is at a height of - 1.0 km abet 2 MDW. The resolution of the socnd- 
ings was inadequate to depict the position of the 
eastern and leading edge of the mid-level warm air 
advection. Soundings from PIA. MDW and FNT 
(Flint. Michigan). shown in Fig. 3, indicate ex- 
tre-~ely dry air at PIA above 2 km height. which has 
not reached downstream w FNT. A moist. stable 
layer exists at -3.5 km. with a temperature of 
about - t 1°C and 35CTC relative humidit) The 
MDW sounding shows a stable layer associated with 
the frontal zone 10.7-1.4 km). and between 2-3.6 
km altitude. Potentially unstable layers occur at 
2 - 3 3  km at PIA and 1.4-2 km at MDW, while 
potentially neutral layers are found above 3.' ;:< 
6 km at these stations. The FNT sounding is both' 
conditionally and ~ ten t ia l ly  stable. 

3. General features ofthe precipitation bands and cells 

Near warm fronts. precipitation is commonly 
found in the form of bands having a wide range of 
dimens~ons. sometimes approach~ng hundreds of 
)ulometerr In length and 50 km in width ce.g.. Brown- 
ing and Hamold, 1969: Houze er a/. 1975). The 
onentations of these 5ands are variable presumably 
due to differences in the mechanisms respons~ble 
fol. the~r formation. 

The preclpltatlon cbserved by the radars on 12 
March 19'6 was also predominantly banaed in 
character w~th cores cf high reflectiv~ty embedded 
w~thin the Sands. The banded organ~zation was 
obvious from an exam~nstlon of thc scope photo- 

0600 CST 
6 

-M°C \ 

FIG. 2. Venr;aI cross secttons of :emperature 13) and w~nds tb) 
perpend-cular KO surfi?:e *arm front. The st~ppl~ng in la) is a 
porent~ally unstable repon: harch~ng tn :b) shvus ulnds a25 m 
s-' associated u ~ r h  the low-level jet. Thlck ~ l i d  lines enclose 
warm frontal zone. 

graphs of the CP-4. CHILL and conventional 
(Marseilles. Illinois) radar. 

Fig. 4a ,ho\vs the general area of precipitation 
near the surface at 0309. The heavy line encloses 
the region of precipitation detected by the Marseilles 
radar. The surface positions of the warm front at 
0300 and 0600. the I~cations of the radars and the 
dual-Doppler analy SIS region ( snppled) are also 
shown in this figrare. 

Fig. 4b shows the ccntoured radar reflectivity 
factor at O" elevation ande at 022 1. This figure was 
a k v e d  at by an analysis-of the CP-4 radar data. The 
120 km by 120 km region was divided into a uniform 
grid with spacing 2 km. Reflectivities at the grid 
points were calculated by interpolation from the 
CP-4 observat~ons. The region near the shores of 
Lake Michisan and the downtown Chicago area 
(indicated by vert~cal lines, was removed from the 
analysis to eliminate echoes from ground clutter. 
.At 0 2 3 .  the leading edge of the mesoscale pre- 
cipttat~on reglan was just rnovlng over the LaL :. 
The axes of two band: of high reflectiv~ty were 
ident~tied in the figure. Band Al had redectivitles 
in excess of 35 dB2 ithlch. according to the emp~ri- 
cal cqilation given by Gunn and Marshall (1958). 
corresponds to a rainfall rate of 3.0 mm h-'. Band B 1 
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I 2  March 1976 
C I L a  

FIG. 3. Sounding, from PIA. MDW and FNT. 0. denotes p c u d ~ d i a b r t s .  The release rimes of these soundings was about 0515. 

has reflectivities in excess of 30 dBz, or a rainfall 
rate of -7 mm h-I. 

None of the radars was able to see all the bands 
simultaneously or follow any particular band 
throughout rts life time. because of radar range and 
sensitivity limitations. However, from a detailed 
examination of the radar scope photographs. re- 
flectivity contour maps similar to the one shown in 
Fig. 4b, and other analyses. a broad picture of the 
distribution of precipitation was derived. Fig. 4c 
is a schematic summary of the bands as denved 
from compositing low-level reflectivity data from the 
three nd .m and adjusting them to a common 
time. 0300. This latter figure represents the bands at 
the initiatron height of A bands. which forihe present 
purpose is in the middle troposphere. 

Two sets of bands A and B are identified on 
Fig. 4c. The first set (A1, .42 and A31 appeared as 
three bands embedded in a larger area of widespread 
precipitation. The oriectation of these bands was 
145-325" w~th I spacing of 100- 110 km and their 
translational velocity was - 15 m s- I  from 2400. The 
second set of bands (BI. 3 2 ,  etc.) had a typical 
spaclng of about 40 km. The total number of these 
bands at 0300 was greater than the number of A 
bands. but their exact number is somewhat uncertain 
because of radar range and sens~tivlty limitations. 
The onentatron of the B bands was 130-310'. and 
thelr translational veloc~t) was -22 rn s-' from 2200. 

The first dom~nant band A l moved across Chicago 
at about 0230. The radar observat~ons showed the 
length of this band to be greater than 375 km. This 
band was not detected by the radars after0330. How- 

ever, a long band. believed to be band Al,  was 
identified on the Defense Meteorological Satellite 
Program infrared ;icture taken at 0715. The time- 
adjusted position of this band has been shown on 
Fig. I .  Since band A1 was first observed at 2300 on 
11 March 1976, it probably lasted for more than 8 h, 
strongly suggesting that it was associated with some 
quasi-steady feature cf synoptic-scale dynamics. 

Band A2 was weaker than Al and passed through 
Chicago at about WOO. Band A3 was evident only as 
a line of discrete regions of high reflectivity on the 
00 elevation hlarseilles radar observations. 

Frcm the radar observations the B bands were 
deduced to have originated in generating cells at a 
height of -5.2 km. Because of their low refiectivity. 
the generating cells were not detected in much of 
the radar observat~ons taken at low elevat~on angles. 
However, they were seen in vertical incidence radar 
data and to a lesser extent in high-level CAPPI (con- 
stant altitude PPI) fictures of the kind shown in Fig. 
4b. We suggest that there was a series of generating 
cells. aligned parallel to the orientation of the B 
bands. at a height of -5.2 km. The precipitation t d s  
emanating from these cells merged as the preclpita- 
tion particles descended giving the appearance of 
bands in the low-level radar pico~res. Calculations 
of particle trajectories (similar to those of Marshall 
(1953)] imply that the origin of the B bands was 
approximately 80 km upwind of their surface posr- 
tions. The precipitation trail assoc~ated with a 
generatrng cell moves wrth the velocity of the gener- 
ating cell (e.g.. Manhall. 1953). The observed 
propagation velocity of the B bands is close to the 
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r. Baseline Distance (km) 

FIG. 4. Rrcipiution band obserratioru: (a) precipitation 
region a d  surf8cc obstnuions at Om. (b) reflectivity CAPPI 
(Q) at 0221. and (c) schematic precipitation brads A and B at 
initiation level of A buds. !kc text for funher explanation. 

wind velocity near the.5.2 km heifit (see Fig. 6b), aloft, into the A band. As the point of inter- 
supporting our contention that the B bands arc section of the precipitation trails and A bands 
"tied" to generating cells at a height of -5.2 km. moves, the region of high reflectivity moves north- 

As mentioned earlier a number of high-reflectivity ward along band A as illustrated by the inset in the 
cores were found to be embedded in band A. One top right comer of Fig. 4c. We do not see core C1 
such core C1 near the surface is indicated in Fig. in Fig. 4b exactly at the intersection of A and B 
4b. These cons  wen found to move north- bands probably due to different particle trajectories 
ward along band A. This behavior becomes ex- associated with particles in the bands and reffec- 
plicable by the following consideration. High re- tivity cons. 
tlectivities an generated in regions where the Further insight into the eistribution of precipita- 
precipitation uails associated with the B bands tion is provided by profiles of radar reflectivity 
in:encct the A bands at a hei&t near the initiation factor and Doppler parameters at vertical incidence 
level of the A bands; this is schematically de- (Fig. 5)  and the time-height cross section of con- 
picted in Fig. 4c. The high reflectivity is probably toured, average reflectivity factor (Fig. 6a). In amv- 
due to the rapid precipitation growth produced by in8 at Fig. 60, the nflectivities observed by the CP-4 
the injection of large panicles formed by B bands radar were averaged over the 27.5 km by 40 km 

* 

'a 
@, 

387 
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FIG. 5. V e n i d  Incidence nda r  observrt~ons tsollected from CHILL n d u l  at about 0303.0343 and 
0424. T?.e points at each IS0 m vamcd mterval represent an rve- over the I-: mm ~n tcwa l  o f  the 
data. Sdid curve in (a) Eves the \', profile usumed m wind cdculat~on: values at h r ~ h t s  c 1 1 9  m 
wars uorrliable and therrfom not plotted. 

Fta. 6. T ~ m r  he~ghr cross sections. Shown arc (a) ni lecnv~tv.  cb! w ~ n d  speed. ccl w n d  dlrrct~on. id) kenleal vclos~t) I ~ I  Jlbcr. 
pcncc. t f )  bemcal component of rehuve voruc~ty. O) Jefonnauon and ~ h )  *enlcr l  wtnd shear Drishcd contoun ~nd~cate  reylons 
of mtsscn# obwrvruons In car and tbl. hatchtns lndtcrtes rebecuvcty a25 dBz. md w n d  speed a30 m 5. ' .  respct~velv Vcn~cal  
hatchmp In (d). teh. c f ~ @ v r d o w n d n f u  sOcm s", m d c o n v e ~ a c e  and ant~cyslontc relatlbe vonrcity -1 \ 10-' (.-I, rcspect~bcly 
Honronul hatchma pv rs  vrmcal muon W U  crn r-I .  m d  d~vcrgmcr and cyclon~c m l r t~ve  vortvlty a: - 10-* s-'  cross-hatching 
In Fia. 6d shows u p d d s  r3S cm S- '  ) Dofonnac~on 1s J~splayed by r lme whose onentatton IS parallel to the ASIS of dllrtatlon 
(nonb towud top of ngum). and length proponlond to the ntr of defonnrt~on. T h ~ s  cross section IS zcntercd over MDW 
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dual-Doprier analysis region (shown stippled in Fig. flectivities a30 dBZ) .41 and A2 passed through 
Ja'r .JVL height increments of 100 m. .A total of 45 the analysis region. The one centered at about 0230 
sacar volume scans (explained in the next sectlonl ( A l l  is the dominant precipiratlon band mentioned 
was used to construct the time-height cross section earher. The second prccip~tatlon band (A21 occurred 
of Fig. 643: the locations of these volume scans are at about 0345. .4 third messscale prec~pitar~on 
indicated by the arrows in Fig. 6a. Thro pronounced band was ident~fied from the Marseilles radar ob- 
mesoscale precipttatlon rcglons {ident~tied by re- servaaons as a set of discrete reflectivity cores. If 
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represented on Fig. 68, this precipitation region height. This is in agreement with the temperasure 
would occur beyond the left edge of the figure at soundings(Fig. 3) which show the VC level at -1.6- 
about 0543. Other regions of high reflectivity are 1.8 km above the surface. 
evident at a height of -5 km. These are trails associ- The meltin# layer and the height variation of the 
ated with generatinu cells givins rise to the B bands reflectivity factor are more clearly seen in Fig. 5 
at lower altitude$. Tbe melting layer is evidenced which shows the mean Doppler s*elocity (positive 
by the rapid increase in reflectivity below - 1.8 km downward) and reflectivity factor as obtained from 
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Fla. 7. AGN tower wiads. 

the vertical incidence observations by the CHILL 
radar at the three times shoivn. The melting layer is 
evidenced by the rapid increase in the radar re- 
flectivity factor and the mean Doppler velocity 
near the OOC level. It is interesting to note that the 
peak of the reflectivity factor occurred above the 
peak of the mean Qoppler velocity v as would be 
anticipated h m  the theory of the melting band (e.8.. 
A h ,  1964). Also note the decrease of below its 
peak, in association with the decreasing reflectivity 
factor; this is suggestive of particle breakup. Evap 
oration of particles is probably not occurring here 
since the low-kvel relative humidity is high (see Fu. 3). 
The vertical iacidcace observations detected precipita- 
tion to greater heights than shown in Fig. 6a because 
1.4 their greater sensitivity. Also note the rather 
l q e  values of $ between heights of 23 -33  Lm 
at 0424 and at -5.2 lun at 0303. These am suggestive 
of downdrafts of - 1-2 m s", particuMy near 
5.2 km at 0303. Reference to Fig. 6a shows that this 
corresponds to the region between the two high-level 
trails. Downdrafts of such magnitudes were ob- 
served in association with generating cells by 
Heymsfield (1979 and Carbone and Bohne (1975). 

4. Caned fnturu of tbe wtnd distribution 

a. Radar observations and analysis methods 

In this - -  .don we sh.ll present the general char- 
acteri* of the wind structure associated with the 
worm frontal region as deduced from the radar meas- 
urements. The radars scanned in the so-called 
coplane mode, that is, each radar scanned in a tilted 
p&newhostrotationaxispusedtbmughthendrrlo- 
catioas. Thc tilt d the cophe was wied in steps of 1' 
stPrtiaghrn0. t o a n ~ e ( - l ~ ) ~ t n o u g b  to top 
most of the precipitation rrgion. A ''volume .scan," 
consistixq of these cophes, wu completed in about 3 
rnin. The radar scans were synchronized so that the 
two r a m  scanned the base md top coplanes ap- 
proximately simultmeously. In addition to the 
coplure scans. some PPI and verricrl incidence data 
were atso collected. 

The wind structure can be deduced from the 
Doppler radar observations on a much finer scale 
than is possible from conventional radiosonde 
observations. The principle underlying the deriva- 
tion of the three-dimensional wind field ( u. v. w )  
h m  the Doppler radar observations is very briefly 
as foUows. Each Doppler radar measures the 
component of the precipitation velocity (u. v. w - V,) 
along the radial, where V, is the average terminal fall- 
speed of the precipitation particles. Thus, we have 
four unknowns (u.v.w,Vr) and the two measured 
radial velocities. In order to derivc u. o. w .  two 
constraints am needed. In this work an assump- 
tion was made about V, (see below) and the equation 
of continuity was used as $e second constraint. 
Two techniques were used to derive the three- 
dimensional wind fields. A very brief description of 
these methods will now be given (details are given 
in Heymsfield, 1978). 

In the Bnt method. called the gxid-point method, the 
analysis region centered at MDW was divided into'a 
b d  with horizontal spacings Ax = hy - 1.5 Lm. p a d -  
lel and perpendicular to the radar baseline, and vertical 
spacing Ar = 0.7 km. The radial velocities observed 
during a volume scan were assigned to a grid point 
using weighting and smoothing functions to filter scales 
of motion <3 km. The two radirl velocities at each 
grid point were then combined to obtain u and c; here 
the assumption was rnade that Vr  is &ven by the full 
curve in Fig. 5a and that the contribution of the 
vertical air velocity to the radial velocities may be 
neglected (radu elevation angles were usually less 
than 109. Horizontal diveuence fields were then 
computed and H. was obtained by integrating the 
diveqence vertically assuming bv = 0 at the lowest 
observation level. Selected results of the gnd point 
analysis are presented later (Figs. 10. 11). 

In the second method, it was assumed that the 
wind field was linear over the analysis region. at 
any dven height. i.e., 
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Bond A1 

FIG. 8 .  Schematic of pressure pcnurbauonr and w ~ n d  fluctua- 
tions below warm frontal zone. High ( H )  and low (L) pressure 
rcmons are shown. 

whereu,, c,.a. b, c andd are functions of the height. 
The analysis region was divided into 100 m thick 
layers. and the radial velocities from the two radars 
were used in a least-squares fitting procedure to 
determine u,, v,, a ,  b. c and d as functions of the 
height. From a ,  b. c and d, the horizontal diver- 
gence, venical component of vorticity and deforma- 
tion of the linear wind field were determined. The 
computed values represent means over the layer 
and, consequently, small-scale air motions 625 km 
have been filtered. 

The horizontal velocities determined by the dual- 
Doppler method have very high accuracy for our 
purposes. where 1 u .u 1 d 20 cm s-' ; the venical air 
velocities are not as accurate and Ibv 1 d 20 cm S-I  

should be viewed with caution. 
Before proceeding to a discussion of the wind 

distribution, we shall discuss the location of the 
warm frontal zone. 

b. Location of rhe warm frontal :one 

The location of the warm Rontal zone is sketched 
in Fig. 9. The warm frontal passage was evident in 
the MDW surface observations taken at 0615. and 
20-30 nin eariier in 31 m tower measurements col- 
lected by the Argonne National Laboratory (AGN) 
which is located -25 km southwest of MDW (see 
Fig. 71. As previously mentioned the frontal zone 
was at a height of 0.7- 1 .5 km above MDW at about 
0520 (Fig. 3). These considerations give a frontal 
slope of ''loo, simllar to that shown in .Fig. 2a. 

c. Discussion of the wind distribution 
A total of 38 dual-Doppler volume scans (in- 

dicated by the arrows in Fig. 6a) were used in the 
wind analyses. The results of the analysis, by the 
second method described in Section 4b. are pre- 
sented in the time-height cross sections of Figs. 
6b-6h which show the wind sp:ed, wind direction, 
vcnical air velocity, divergence of the horizontal 
wind. relative vonicity, deformation of the hori- 
zoncal wind and the vertical shear of the horizontal 
wind, respectively. Dashed lines are used to in- 
dicate regions in which data from two or more vol- 
ume scans were missing. Note that each calc:ilated 
value represents an average over a 27.5 km by 40 km 
region. Taking account of the speed of motion 
of the system, this corresponds to a time span of 
-30 min. Thus the gradients appearing in Fig. 6 are 
probably underestimates of the true gradients. 

The sloping warm frontal zone is evident in Figs. 
6b and 6c by wind speed in excess of 30 m s-' and 
veering of the wind between 1W and 220". The 
most striking feature of the \$lam advection above 
the frontal zone is the strong wind speed. with two 
distinct maxima -5 m s'' larger than the general 
frontal assent. Note that these maxima occur be- 
tween the three dominant precipitation bands .41, .42 
and A3 (cf. with Fig. 6a; band A3 occurs beyond 
the left edge of this figure). In association with the 
fluctuation in the wind speed, there is a fluctuation 
in the wind direction, with a tendency for lower 
wind directions to occur above the .4 bands near 
the surface. Oscillations of smaller magnitude, both 
in the wind speed and direction. also occur below 
the melting band. 

The venical velocity in Fig. 6d shows a zone of 
upward velocity -25-30 cm s-' in a zone 1.5 km 
thick along the warm front. This implies a venical 
displacement of about 3 km over a 3 h period. con- 
sistent with the position of the frontal zone in Fig. 9. 
Above the frontal zone. the vertical air velocity 
displays a distinctly cellular structur- Note that 
maxima of upward air motion occur slightly upwind 
of low-level reflectivity maxima associated with 
bands A1 and A2. Similarly. the downward air mo- 
tions correspond to the minima of reflectivities be- 
tween these bands. Here it should be mentioned that 
regiogs of downward air motions may not have been 
well observed because of the low reflectivities as- 
sociated with them. 

The maximum magnitudes of the divergence. 
deformation and vonicity are several times 
s-I, i.e.. about an order of magnitude greater than 
typical synoptic-scale values. Particular atten- 
tion is drawn to the occurrence of the two regions 
of large convergence in the lower levels between 
the three major bands A1. .42 and -43. This fevure 
is discussed later. 

The vonicity is generally positive. although there 
are some small pockets of negatlve vortlclty (Fig. 
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FIG. 9. Schematic of w u m  h n u l  structure over MDW. Th~ck solid lines enclose warm frontal tone. Streamlines ue shown for 
Iwje-sca!e front relative now (solid liner), and secondary c~rculat~ons re!atlvc to front (dashed lines). Radar cloud tops (scallopu-g) 
and time of vertical incidence observations ( V) are shorn. 

6f). Note the transition in the direction of the de- 
formation through the frontal zone. 

The magnitude and direction of the vertical shear 
of the horizontal wind are shown in Fig. 6h. Again 
note the transition in the wind shear through the 
frontal zone. Above the frontal zone, we can apply 
the thermal wind equation 

to derive the horizontal gradient of the temperature 
FHT. In the above equation. V, is the geostrophic 
wind velocity. : the height, k the unit vertical vec- 
tor, g the acceleration of gravity and f the Coriolis 
parameter. We shall neglect the last term in the 
above equation. The resulting relationship between 

/ aV,!az 1 and ~vHT 1 with T = 273 K is displayed 
in the top left-hand comer of Fig. 6h. Assuming 
aV,;a: = avid:, where V is the ~easured horizon- 
tal wind velocity, we find / V, Tj - 0. 1°C ( 10 km)-', 
with warmer air to the west-southwest (see FHT 
in Fig. 3). The computed T,T is in general agree- 
ment with the large-scale gradient of temperature 
in Fig. la (note the -5°C isotherm and the gradient 
of temperature implied by the temperatures across 
the isotherm in the general area of the radar observa- 
tions). Also note that the shear vectors (and hence 
isotherms) and dilatation axes are generally parallel 
above the frontal zone. This implies a frontogenetic 
effect which will be discussed funher in Section 6. 

Some of the characteristic features of the reflec- 
tivity, wind and divergence patterns in the lower 
levels can be understood in tenns of certain inter- 
actions between microphysics and dynamics first 
discussed by Atlas et al. (1969). The melting of ice 
particles below the VC isorhenn cools the air and 
tcnds to produce a VC isothermal layer. Since the 
rate of cooling should increase with the rate of 
prtcip~tation. we can anticipate greater cooling in 
assoctation with the bands A 1. A2 and A3.  If the pres- 

sure above the O"C level is undisturbed, higher pres- 
sures can be expected underneath the bands. This 
is schematically illustrated in Fig. 8. This distribu- 
tion of pressure will give rise to perturbations in 
the air flow. We consider two extreme cases. In the 
absence of the Coriolis force. the region between 
2- bands would be a region df convergence. The 
convergent flow would imply a backing and veering 
of the wind (relative to the mean horizontal wind) 
behind and ahead of the band, respectively. In 
the other extreme, we consider the perturbation 
winds to be completely adjusted to the Coriolis 
force. This is the case illustrated in Fig. 8. In 
this case, there would be no convergence but the 
winds would back and veer as in the previous case. 
In the real situation the perturbation winds would 
probably be in between the two extremes discussed 
considering the lifetime of the bands (many hours). 
Fig. 6e shows that there was pronounced con- 
vergence between the two bands. Backing and 
veenng of the winds between the bands also 
occurred. This was verified by plotting the wind 
directions at a constant height below the P C  level. 
A fl~lctuation of the anticipated kind was found 
superposed on a general trend of variation. The 
wind direction variation is also supponed by the 
records of the AGN tower observations (see Fig. 7) 
which also shows the passage of the frontal sur- 
face near AGN. 

From the above figures, we have constructed a 
schematic of the w-tical cuculations associated with 
the warm front (Fig. 9). The streamlines are per- 
pendicular and relative to the A bands and were 
obtained from an analysis of Fig. 6. Thesc show up- 
gliding motion over the (rant. Secondary venicd 
circulauons are shown above the warm front. as 
~nfernd  from the maxima of wind speed and vertical 
motion in ttus region. Also shown are the circula- 
tions produced by melting of precip~tation below the 
P C  levc!. 

It has been shown by Eliassen (1962) and Sawyer 
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x . Distance Parallel to Baseline ikm) 
FIG. 10. Gnd-po~nt analysis u 0224 CTP of tkrredimenaond wtnds md redectivtty The analysts rewon IS shown by 

5 d l  box in Fig. h. St~ppling in reflecuvity fields ~ndicue band 41. Wind vecton arc plotted u 3 krn ~ntcrvala: the 
penurbauon wtnd vector w u  obtained by subtctlns the lrycr mean w~nd vector. Vcn~crl veloc~ty aO.5 m s-' IS lndiured 
by honronul hrtchmg. Center of uulyns n a o n  IS u MDW. 





J O U R N A L  OF T H E  A T M O S P H E K I C  S C I E S C E S  

deductions from Figs. 6e and 6g. The intensifica- 
tion of the magnitude of the horizontal gradient 
of 8 from convergence and deformation is expressed 
by Haltiner and Manin [19S7. Eqs. (17) and (1811 by 

where S is stretching deformation. D is horizontal 
divergence and /3 is the angle between the axis of 
contraction and FnB. Frontogenesis is favored when 
there is convergence (D < 0) and isentropes are 
oriented within -45" of the dilatation axis. Gener- 
ally, V,tJ is slightly larger than FnT when the pres- 
sure surfaces are not highly sloped. Here, the as- 
sumption is made that V,B - 0.1 K (10 km) ''. and 
of similar direction to F,T in Fig. 9. Also. P = 0 
is assumed as THO is probably perpendicular to 
the warm front a ~ d  the axis of dilatation. From 
Figs. & and 6h. during the period 0212-0330 the 
frontogenesis contribution due to convergence and 
deformation was about 10-20 x lo-" I( s-I ( 10 km)-' 
in the frontal zone region. Note that Fig. I I suggests 
values approximately twice as large. By integration 
of (4). the doubling time of 1 FH@( was estimated 
in the range 2-4 h. The contribution to F due to 
tilting of isentropes IS also important on the scale 
of these observations. The tilt~ng term is probably 
important rn the observations because of the indirect 
circulation associated with the Narm front. Very 
rough estimates from the soandings and Figs. 6d and 
10 suggest that near the frontal zone, this term is 
approximately 

Thus, both terms arc frontogenetic. The tilting term 
magnitude IS about m order of magnitude larger than 
the convergence term, but should be viewed u ~ t h  
caution because of the uncertainty In Mia :  and 
h1a.r .  Typ~cal values reponed by Bosart (1970) for 
mid-tropospheric frontogenesis in two dimensions 
were about 20 x 10'' K 10 km)-'. similar to the 
above estimates for a warm frontal case. 

The vertical component of vonicity equatlon is 
given by 

where a = 1 p.  The terms on the nght side of (5'1 
are the divergence. tlltlng. solenoidal and turbu- 
lence terms. respect~vely c'~lculat1ons ~f the d~ \ e r .  
gencc term uslng Figs. 6e and 61 glve Jes In :he 
range -* to I 1  . 10-'s-:, wlth largest po5,:Ive 
values occumng with~n the frontal zone and par- 
tlcularly near the upward rnotlon absociated u ~ t h  

band Al; the grid point method of Fig. 10 gave slightly 
larger values. Preliminary ca l~u l a t i o~~s  of the tilting 
term using the grid point analysis (Fig. 10) gave 
magnitudes about + lo-' s-' along band A I. The 
sum of the two terms deduced from Fig. 10 resulted 
in cyclonic vonicity production of order lo-' s-a 
slightly do~nwind  of band Al.  This magnitude of 
vorticity production acting on th: same air parf. 11 
for I h would increase the abso; . vorticity .ty 
-3 x lo-' s-I. This is considerably larger than 
changes of vortlcity suggested f r ~ m  Fig. 6. Note that 
we have neglected the solenoidal term-the vertical 
circulations and small-scale motions are probably 
important in regard to this term and also the tilting 
term. Also. the residence time of an air parcel in a 
strong vorticity production rrgic n may be shorter 
than 1 h, especlally since the honzontal component 
of the upgliding air motion is - 10 m s-I larger 
than the movement of the frontal zone. 

7. Concluding remarks 
The paper has presented dual-Doppler radar 

obserbations from a banded preclp~tation event as- 
sociated with a warm Ront. The three major precipita- 
tion bands, having a spaclng about 100 km (called 
A bands) mere found to originate in a layer -2.5 km 
thlck located just aboke the warm frontal zone. 
Some lnslght regarding the relation between these 
precipltation bands and the dynam~cs of the 
warm front uere deduced from the observations. 
Two secondary wind circulations were found to be 
associated w~th the h bands. The first type. located 
above the warm frontal zone. produced llnes of 
vertical motlon which presumably resulted in 
regions favorable to a more rapld growth of ice 
particles. uhlch uere descending from a higher 
level. Below the frontal zone and 0°C level. another 
circ~iation uas apparently produced by pressure 
penurtrat~ons that uere set up by the mcltlnp of Ice 
pan~cles. ai~m~lar to that suggested by the theory 
of .\rlas zr , I /  c l%Y\. 

The mesorcale c ~ r c u l ~ r ~ o n s  deduced from the ob- 
servatlons transpon honzontal momentum bertl- 
cally, and hence probably have an important effect 
on the large-scale dynamics The diagnostic calcula- 
tions of ageostroph~c and geostroph~c winds In Sec- 
tion 6 suggest that In further work. we should sepd- 
r ~ t e  these mesoscale air motions from the large-scale 
flow, and carefully sonr~der t h ~ s  mesoscale mo- 
mentum transfer in the d~agnost~c calculations The 
overall warm frontai c~riulatlon prebentcd In Fig. 9 
shows come resemb:snce to an ~ndirect sirculatlon 
fot warm fronts. 33 wzgcsted by Eliassen I 196:). 
on uhlch sctcond.ip c~rcul~~tions on a smaller scale 
are superposed The !ong duratlon I -8 h 1 of the 4 
bands suggests :he deduced rnesoscaie ;:r.~latlon' 
llso ha\e J long Idetlme. Interestrngiy. these 
bands mo\cd j l m ~ l x  to notion ~i the $1 noptlc 
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system, and -15 m s-I slower than winds in the 
initiation layer of A bands. The horizontal scale 
and phase speeds of these bands is similar to the 
observations of New England precipitation bands by 
Marks (1975). Lindzen and Tung (1976) explain 
Marks' observations in terms of ducted gravity 
waves. We were cnable to verify whether the 
circulations here are due to gravity waves or an 
instability associated with the intensifying warm 
front because of inadequate thermodynamic data. 
These observations point to the necessity of highly 
detailed soundings perhaps every 15 min, and air- 
craft data, in conjunction with the radar obser- 
vations. 
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AN OBJECTIVE M E T W  FOR FORECASTINO TROPICAL CYCLONE 
INTENSITY AND YOTION USING N I M W M  E8MR MEMURWENl'8 

) I .  E. Huntor, ADAPT * d i m  Corpontion, Rwding, Mm*kWt ta  
E. 6. R o d g m  md W. E. h k ,  God- Sp# FIWr CHImr. G n r  dr, 
M w l n d  

An empirical mrlysia program, bwd on linda m optimd npmsntrtion 
of the drtl, hu been rpplid to 120 obenrtionr of 29 1973 md 5974 
North Rafic tropial cyclones. Each o h a t i o n  #nrW of r fkld of 
NimbwS Ekctricrlly Scmniq Micmwaw R d i o m t a  &tkn w t u r e  
menta rt 267 Lrid points coverin# md surroundin8 the tropical cyckme 
plus nine other nonutellite derived dtwripton. Forecut algorithm to 
ertimrte storm intcnutv and motion rt 12,24,48, and 72 h o w  after ah 
nblcwrtion haw bstn developed uabq rm independent e@n 
malyric. Thew W r i t h n u  were bucd on best tnck data. Independent 
test& of these r h t h m c  shclwed that the p r fornuna  of m&t of thrc 
Writhmr n r e  better than pnirtence ud the rlprithm, fornutin# 24, 
48, and 72 hour maximum wind aped were better than thoc mule opsr- 
rtionrlly by the Joint Typhoon Wunin8Ctnter for 1973 md 1974 that 
did not use but  tnck drtr. 
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AN OBJECIIVE METHOD FOR FORECASTING TROPICAL 

CYCLONE INTENSITY USING MMBUSS ELECTRICALLY 

SCANNING MICROWAVE RADIOMETER MEASUREMENTS 

Herbert E. Hunter 

ADAPT Services Corporation 

Reading, MASS 0 1867 

Edwrrd B. Rodgen and William E. Shenk 

Goddud Space Flight Center 

Greenbelt. MD 2077 1 

ABSTRACT 

An empirid ur r l y~  sp-, based on fmdingan optimal representation of the data, has been 

applied to 120 obnnations of 29 1973 rnd 1974 Eioith Pacific tropical cyclones. Each obsmation 

codsts of a f ~ l d  of NimbwS Electrically Scanning Microwave Radiometer (ESMR-5) radiation 

meuurwnens at 267 grid points covering and surrounding the tropical cyclone plus nine other 

normtellite derived descriptors. Forecast llporithms to estimate the miximum wind speed at 12.24, 

48. md 72h after erch obremation wen developed using t h m  bascs: ,the non-satellite derived 

drocripton, the ESMR-S. radiation meuurements, and the combination of the two data bases. In- 

&pendent testin# of t h e  aorithms showed that the average error made by algorithms developed 

. h n  dl three bma was lsrr thrn the average error made by the persistence 24,48, and 72h maxi- 

mum wind tpad fancut  md  lers thrn the average errors made operationdly by the Joint Typhoon 

Warninl Center (J'IWC) 48 and 72h maximum wind speed forecub. The algorithms developed 

fmm tbe ESMR-S b e  done octperformed the JTWC operational forecat for the 48 and 72h 

murhnum wind rpeed. IUM), the ESMR-S da . ase, when combined with the nowtellite b w ,  
pnuluced algorithms that improved the 24 and 48h maximum wind speed f~recast by as much as 

10 percent rnd the 72h maximum wind fcncast by approximately 16 percent as compared to the 

forecut obtained from the algorithms developed from the non-satellite data base alone. 

399 
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STEhEOGRAPHIC CLOUD HEIQITS FROR IMAGERY OF SPSlCOES SATXLLITES 

l ~ o d d r r d  Space F l igh t  Center. Greenbelt, Maryland 20771 
2 ~ e f e n s e  Upping Agency, topographic Center,  6500 Brooke Lane. Washington, D.C. 20315 

3 ~ n e r a l  E l e c t r i c  Company, 5050 Powder Mi11 Road. Be l t sv i l l e .  Wryland 20705 

Abstract .  S tercograpt ic  p a i r s  of SPSIGOES 
images. generated s i m ~ l t a n e o u r l y  by the  spin-scan 
camera* of each of two geor ta t ionary  r a t e l l i t e s  
(SMS 1 and s S  2 ,  separa ted  by 32 degrees o f  lon- 
g i tude  on February 17,  1975). have been analyzed 
photogrammetrically t o  y i e l d  cloud heights  wi th  a  
No-sigma uncer ta in ty  of 500 meters. The 32- 
dearee angle between the image plane of rhe tvo 
r a t e l l i t e s .  p lus  t he  d i s t o r t i o n s  involved i n .  
t r a n s f e r r i n g  t h e  image o f  a  nearly f u l l  hemi- 
sphere of t he  e a r t h  onto a plane.  required the  
development of a  ~ p e c i a l  instrmnent t o  permit 
s tereographic  coiqi lac ion.  Cloud heights  meas- 
ured s tereographica l ly  compared favorably with 
he igh t s  of the  same c l c u d ~  r .asured oy raGar and 
IR methods. The same SMS image p a i r s  were used 
t o  measure mountain-top heights  with a  mean devi- 
a t i o n  af  0.24 km from car tographic  values. 

Background 

from temperature-height soundings, p a r t i c u l a r l y  
f a r  he igh t s  near o r  above the  tropopause I-, 
1970; and DeCotiis and Conlan, 19711. Therefore,  
some o t h e r  m r e  prec ise  methods f o r  cloud-height 
determination would g rea t ly  enhance t h e  u t i l i t y  
o f  SbSIGOES imagery. 

Method and Results 

The launch of SPS 2 i n  February. 1975 with an 
i n i t i a l  s u b s a t e l l i t e  point  of about 107 degrees 
ves t  longi tude ,  while Sf6 1 was located  a t  75 
degrees west,  provided an opportunity f o r  genera- 
t i o n  of p a i r s  of SMS images from which cloud 
he ibh t s  might be ext rac ted  scereographica l ly .  (A 
s u b s a t e l l i t e  polnt  of m y  p a r t i c u l a r  s a t e l l i t e  i s  
the  point  of i n t e r sec t ion  of the  su r f ace  of t h e  
ea r th  and the l i n e  between the  satellite and the  
e a r t h ' s  cen te r ) .  The suggestion of obta in ing 

The study of t r o p i c a l  cyclones and severe 
thunderstcrms has been g rea t ly  enhanced by the  
availability of imagery of cloud f i e l d s  observed 
from geosynchronous s a t e l l i t e s  such a s  ASS, SMS. 
and more recent ly  GOES. The measurements of 
cloud-notion vectors  from success ive  fu l l -scan 
images obtained a t  the  normal 30-ainuta i n t e r v a l  FIGURE 1A 

by means of t he  ASS, SKS, and GOES sensors have 
permitted the  ~ n f e r e n c e  of general wind f i e l d s  
over extens ive  por t ions  of t he  alobe [Young ec 
&., 1972; Rubert and Uhitney, 1974; Hussey and 
m. 19761. Limited-scan i m g e s  obtained a t  a  
r epe t i t i on  r a t e  equal to  o r  l e s s  than 7.5 minutes 
from these s a t e l l i t e s  has l ed  to  more de t a i l ed  
c i r cu l a t ion  i n f o m a t i o n  [Gentry e t  a l . .  19761. 
Accurate cloud-height information applied t o  the  
cloud-motiori vectors  would improve the  c i rcula-  
t i o n  information,  and could a l s o  bene f i t  the  
determination of temperature and moisture pro- 
f i l e s  obtained from radiance sounding measure- 
m n t s .  The simultaneous SMSlGOEs in f r a red  
irmgery which y i e lds  radiance r.emperatures af t h e  
tops of opaque clouds provides some infonuation 
regarding the  height of these  cloud tops [* 
and Winscon, 1962; and Rao and Winston. 19631. 
For a  number of reasons the values of t he  cloud- 
top heights  (particularly of cloud towers) in- 
fer red  from I R  da ta  a r e  subjec t  t o  l a rge  uncer- FIGURE 18 

t a i n t i e s .  These include the following: t he  l iw 
iced s p a t i a l  resolut ion  of t h e  I R  sensor ,  8 km 
compared with 0 .8  km f o r  the  v i s i b l e  resolut ion  
[Hursev and Shenk, 19761; t h e  l imi ted  response 
time of tne  IR sensor [w. 19761; t he  unknwn 
opacity of various cloud;[&, 1970; DeCotiir Flg. 1.4. Sketch of r te rcographic  viewing and 
and Conlan, 1971; Shenk and Curran, 1973; and r e c t i f y i n g  equipment cons i s t i ng  of a  e tereo-  
Y o u n g ,  19751 ; and the  poss ib le  anbiguity i n  scope mounted over a  cuo-part viewing t ab l e .  
he ights  asrocia ted  with temperature8 obtained one pa r t  of which is b i a x i a l l y  t i l c a b l e .  

B .  Sketch of micrometer-coupled f l o a t -  
Copyright 1978 by the  Amerlcm Ceophyslcal Union. ing  spot f o r  measuring height i n  s t e r e o  model. 

Paper nllmber 71.0989. 
0094-82~6/78/0?7L-096950:.00 
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I LEGEND 

Fig. 2. Nova Scotla ml  su r romding  a reas  
including the  s c e r t o ~ r a p h i c a l l y  measured 
heighcr ( i n  hundreds of meters) of nearby 
clouds located a s  f a r  u 67' of  g rea t - c i r c l e  
a r c  fr;m the t u b s r t e l l i t e  paint  of t he  more 
remote s a t e l l i t e .  S S  2. 

cloud heights  from SMS lm8ya v u  fos tered by t h e  
s u c c u r  a t  obtaining cloud h e i b t s  from photo- 
graphs obtained d u r i n ~  one o r b i t  of t he  ~ M n n e d  
Apollo-6 s a t e l l i t e  [m, 1971; Shenk and HoluS. 
1971; Shenk a t  a l . ,  1975; Shul l  et a l . ,  1976; m d  
Shenk and Teagle, 19771. 

Stereographic pa i r s  of  imps were obtained by 
synchronizing the  S S - 2  spin-scm c l o r r a  with 
t h a t  of SKS 1 s o  t h a t  t h s  northem-.rrrt lie of 
the  ea r th  was v iwed  by both r a t e l l i c e s  v i t h i n  a 
feu seconds of each other.  Uich t h i s  a d f u s ~ m c .  
both cameras continued t o  v i w  the  same l a t i t u d e  
bara  of the  r r r t n  v i t h i n  a fev second@ of each 
ocher over the e n t i r e  north t o  south rrepping of 
the  c-ru.  Thus. even though i t  taker 20 =in- 
u t e s  fo r  r fu l l -d i rk  image t o  b e  generated, the  
corresponding per t ions  of t he  images generated by 
the  cvo cameras represent e s t m c i u l l y  s i m u l t m c  
o w  p ic tu res  of  identical swaths oC cloud f i e l d s .  
This requirewnt  f o r  s l a ~ D t . n a i c y  is needed t o  
o w r e o w  f a l s e  cloud heigbta d m  t o  cloud motion. 
vhich vouLd occur betveen nonosimult8neour 
i u t e m .  

Ihe 32-deyree angle betwarn thm i . y e  p l m .  o f  
t h s  S1Q-1 sensors and t h a t  of t he  SF6-2. SeruoC8, 
plus the  f a c t  th8t  both inrgrs  represent a trans- 
formation of a near hemispheric. surface  onto a 
plane rurface ,  cawed problem i n   king th. 
s c t t e o g r a p h i c d  m a l y s i r .  A spec ia l ly  designed 
o r c h ~ i c a l - o p t i c d  i n r t r u n n t  depicted i n  F l ~ u r e  Pig. 3. W t c a t o r  pmject:m. of the  Wuteca 
1 A  ?tovide& r solut ion t o  these problelu.  This Hemirphere s h w i n g  limits o!:' t h e  a r s a  over 
i n s t r w n c  coculs ts  of an Old Delft  rcereoscope which heights cm bo wuured r e l i a b l y  I ron 
mounted over a wo-section l lghc  table .  one sec- imager ganerated s i w l t . a s o w 1 y  by StSICOLS 
t ion  of which has r b l u i a l  cilc1r.g mechanism. s a c e l l i t r r  over &e speci f ied  1.ocrtions. 

u h l l e  t h r  l i t r d  aactloa h u  a patograph. 'ih. 
two W e a  o f  t h e  s tem p a i r  ue p . k d  e ida  by 
a i d e  in  rh. proper a q w e e e  dona t he  c-a x 
u i s  o f  both i r r~m.  Tbia u i r  18 defined t o  ba 
p a r d l a 1  t o  the  l iw be tvem tha  ho r u b t a t e l l i t e  
pointa. Tbe iuy vbose s u b r a t d l i t e  point  L 
amarest t h e  cloud of interemt ia placed on the  
t i l t i n &  t ab le ,  vbicb ia tlltd sl8ul taneously  fa 
each of cuo mutually perp.ndicular axes, r .ad y ,  
ouch that f o r  # o w  d l  area  of I n t e r e s t ,  t he  y 
p a r d l u  is e l imimted  from t b e  L y e  pai r .  Pot 
t h l r  l imi ted  area ,  tbm m d e l  can be v i m d  a t e r c  
w c o p i c r l l y  by the  opera tor ,  and t r u e  cloud 
he igh t s  un be deduerd from the  t e a u i n i q  x p a r  
a l lu .  Thia ir done by r u u r i ~  the  a p p a n n t  
h e i & ~ t  of t he  cloud i n  t h e  s t e r e o  model with t h e  
microwtar-controlled reference  spot  depicted i n  
Figure U, and s c a u  that m ~ d c l  heifibt t o  t r u e  
height  ia accordmce u i t h  an  appropr ia te  algo- 
rithm. I h i a  a l ~ r i t h  eccount8 f o r  the  c u w t t u r e  
of  t he  e a r t h  betvemn tha tea- level  reference  
point.  from vhich thm cloud height is  being au- 
ured, and the  s u b s a t e l l i t e  point  o f  the  more ro- 
w c r  ma te l l i t e .  With the  a i d  o t  those devices,  
cloud-top hcighcs were n 8 s u r . d  r i t h i n  a 2 - s i m  
uncer ta in ty  of about t500 meters, i.e., 90% of l 
.cries of r e p e t i t i v e  r r d i n r s  of t he  s a t  cloud 
f ea tu re  rpa.d t o  v i t h i n  +5k meters [Ulnmer e t  
&. , 1976. and T e a ~ l a ,  19761. 

The technique described above permitted t h e  
contouring of cloud f i e l d s  over extensive  por- 
t i o n s  of t h e  v e s t a m  hemimphere. A a=ple c o c  
p i l a t i o n  is shorn La Figure 2. I n  t h l r  f if iure,  
depic t ing :he Gulf of S t .  Lmmence .ad surround- 
i ng  land w s e s  including Nova Sco t i a ,  cloud 
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v r o u  a n  grouped i n t o  t h r e e  hei&t  t . a t . m ,  with 
the  hrllhtm of p a r t i c u l a r  f ea tu res  deaitnatmd In 
h a d r o d s  of u t e r m .  The viti.rpoint o f  t h i .  -8 

i. from S I  2 a t  107 d e g r m  m o t ,  m d  the CO) 
p l l a t i o n  o f  .loud heiehtm In thim w e  provided 
t h e  b u i o  f o r  emthat-  t he  1Utm o f  t h e  rqioa 
ovor which t h i s  pa r t i cu la r  t echn iqw of  cloud- 
heilfrt aterooeraphy is applicable.  Thim limit 
appear* t o  be about 67 dyreem of e rea t - c i r c l e  
a r c  from the  mre rulote r u b r a t e l l i t e  point, and 
permits the  de f in i t i on  of  the  ontin regtois ovor 
which the cloud-height mtarmgraphy i m  a p p l i c r  
b le .  For the  locat ion of  the  tuo matellitem oa 
February 17, 1975, thim n e i o t  i m  defined by t h e  
a rea  on the  ear th '#  ru t f ace  depicted i n  F i w r e  3. 

Accuracy of Wthod 

The rtereographic ~ a l y m i m  of M activm # to rn  
over the  mouthautern  United S t m t u  provided an 
i n t e r e o t i q  s e t  of cloud-top h e i a t s  which i n  
Table I a n  c o q u e d  v i t h  a met of  cloud heightm 
obtained by around-bued radar  uid with a met of  
cloud heights  obtained from sa t e l l i t e -wasured  
in f r a red  radimcem. The tenera1 agreement and 
the  nature  of the  mean mymtematic difference* 
between the re  s e t s  providas v a l i d i t y  to  t h e  
s t e r e o  heights.  The radar  hoiehtm a r e  conrim- 
t e n t l y  found t o  be about one k i l o m t e r  lower 
than the s tereographic  heights.  with a man d i f -  
ference of about -1.16 h, and a standard devia- 
t i o n  of 0.83 Its. This d i f ference  is a c c o ~ ~ n t a b l e  
by the f ac t  t ha t  radar echo* of clouds represent 
primarily a r e f l ec t ion  from p rec ip i t a t ion  r a the r  

TMLE I 
Comparison of R a d a r  and IR-Derived Cloud-Top 
Heiahts v i t h  Stereographically Derived Vdws 

f o r  Pa r t i cu la r  Clouds over Southeastern U.S. 
a t  19002 on February 17. 1975 

Cloud Stereo Radar bh 11 bh 
H ilrm) ti (b) h-H (b) h (&) h-H (h) 

bh - 1 . l W . 8 3  Iw; Ah - -1.bSM.51 km. 

ZrULI I S  
Coqar tooa  of S t e n o ~ @ i u ; l y  Uauured Heights 
o f  ba ta i ru  md a t.L. in t h e  Peruuion Andes 

v i t h  Vama Cited 00 a Topogra~h ica l  Xap 

ll.p S l 6  Stereo 
Poiat  t l e v a t  i oa  f l ova t  ion Ah 

h (h) 8 \w a-h (b) 

Ah - 0.24M.36 km 
Lake Tic icaca  

than from t h e  top# of v i s i b l e  clouds. and the  
upper por t ion of tKe cloud usually contains 
l i t t l e  o r  no precipi ta t ion.  The infrared heights  
Jmo arm seen t o  be consistently lower than the 
s tereographic  heights  v i t h  a mean di f ference  of 
about -1.455 Lo and a standard devia t ion of 0.51 
km. Agmin t h i s  d i f f e r m c e  is explainable by the  
phymics of t he  in f r a red  emiss ivi ty  of clouds, 
whereby the  i n f r i n d  radiance i s  c l i a rac t e r i s t i c  
of sow point  within o r  b e l w  the cloud top 
r a the r  then the  top i t s e l f .  

Further v a l i d i t y  v u  given t o  there  mtereo- 
araph'c h a i t h t s  by t h e  comparison of the  stereo- 
a r rnh ica l ly  meuuted values of the  heights  of 16 
mun ta in  pealu and one l ake  surface  i n  the Paru- 
v i m  Andes, v i t h  v d w m  publirhed on topographic 
maps. These remultm ara  shown i n  Table 11. 
Theme 17 comparisonm show the  s t e reo  heights  t o  
be g rea te r  t h m  the map values by a w a n  value of 
0.24 h with r: standard devia t ion of 0.36 km. 
There d e v i a t i o ~ ,  vhich muger t  a small  pos i t i ve  
mymteaatic e r r o r  i n  tha  mtereo values,  represent 
e r r o r s  i n  contour l i n e r  on the maps sm v r l l  as 
the e r r o r s  i n  the  s t e reo  masureaants .  The 
heiaht of the  surface  of h k e  Ti t icaca  i s  of 
mpecial i n t e r e s t  s ince  its s t e reo  value war meas- 
ured r e l a t i v e  to  r syn the t i c  sea-level y l a ~ i e  
formed s tereographical ly  from two computer-gznar- 
ated a r i d  aymtnr  vhich match the most p r e c i ~ r i y  
knam shape of the  ea r th .  

A feu cloud-height mamure#ntr nude l a t e r  
v i t h  an improved vrrmion of  the  spec ia l  mech.r~~i- 
c P - o p t i c a l  v i w i n g  inmtrunnot ind ica t e s  that  the 
tvo-r ip* r epea tab i l i t y  i n  cloud heights  memsurrd 
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v i t h  opt ica l -mchrrr icd  w t h o d r  from SkB imagery 
my be u low u 350 m. This U percent -rove- 
. a n t  i n  the  meuur ins  accuracy r e r u l t r  from WO 
major irutrument i.prov-ntr: (1) a refined 
r c f e n n c e  u r k  i n  the  opt ica l  t r a l n  raplaces  t h e  
o r i g i n a l  hmd-held *mrrion; (2)  a d i g i t a l  read- 
out  of t he  posi t ion of t h i s  reference  u r k  alimi- 
nates  t h e  oeel  t o  in t e rpo la t e  the  x-dirplacomeut 
values. A plan fo r  an improved determination of  
t h e  .bso1:~te accuracy of the  r t r r eograph ic  r t h o d  
by :?%paring stereographic cloud-top he igh t r  v i t h  
cloud-Lop heightr  a e u u r e d  by dedicated a i r c r a f t  
haa been prepared. Thir p l m  ir  awaiting 
implementation. 

Conclw ion8 

The work described above d a n o n r t r a t u  t h a t  
s t e r e o  imegery from two SHS o r  GOES s a t e l l i t e s  
m y  be procrared t o  provide cloud h r i g h t s  with 
r u f f i c i e n t  accuracy for mny mete~rologic .1  pur- 
pores. The mechanical o p t i c a l  technique. how- 
ever ,  requires  the  use of hard-copy p r i n t s  or  
t ransparencier ,  and consequently is not s u i t a b l e  
fo r  a real-time or  near-real-time operation. To 
circunvent t h i s  l imi t a t ion ,  a man-interactive 
c o ~ u t e r i r e d  method for ex t r ac t ing  cloud heights  
from d i g i t a l  s tereo imagery is  being invest i -  
gatad. 
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STEREOGRAPHIC C L W O  HEIGHTS FROM THE IMAGERY OF TWO 
SCAN-SVNCHRONIZED GEOSTATIONARY SATELLITES 

R. A. Minzmr, God- Space Flbht CW*, Gmbslt,  Muyknd 
R. D. T-, lkhnor Mwing Apncy T w p h i c  *tsr. W.dringm, 0. C. 
J .  Sterankr, Gmml Ehctric Co., MA TSCO, Bdhville, MwyIMd 
w. E .  Shmk, Goddvd b F I w t  Cmw, Gmnklt.  M w y M  

Scan synchronization of the,senson of two SMSGOES satellites yields 
imagery from which cloud heights can be derived denographically with 
r theontical two-sigma nndom uncertainty of i0.25 km for pairs of 
satellites separated by 60' of longitude. Systematic height errors due to 
cloud motion can be kept below I00 m for all clouds with cast-west corn- 
ponents of speed b:low hurricane speed, providcd the sfon synchroniza- 
tion is within 4 seconds at the mid-point latitude, and the spin axis of 
each satellite is parallel to that of the earth. 
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IMPACT OF SHORT INTERVAL SMS DIGITAL DATA ON WIND V E O R  

DETERMINATION FOR A SEVERE LOCAL STORMS AREA 

Cynthia A. Peslen 

Goddard Laboratoiy for Atmospheric Scienas 

NASAiCoddard Space Flight Center 

Greenbelt, MD 20771 

ABSTRACT 

The impact of 5 minute interval SMS-2 visible digital image data in analyzing severe local 

storms is examined using wind vectors derived from cloud tracking on  time lapsed sequences of 

geosynchronous satellite images. The cloud tracking areas arc located in the Central Plains, where 

on 6 May 1975, hail-producing thunderstorms occurred ahead of a well defined dry line. 

Cloud tracking is performed on the Goddard Space Flight Center Atmospheric and Ocean* 

graphic Information Processing System (AOIPS). Lower tropospheric cumulus tracers are selected 

with the assistance of a cloud top height algorithm. Divergence is derived from the cloud motions 

using a modified Cressman (1 959) objective analysis technique which is designed to organize ir- 

regularly spaced wind vectors into uniformly gridded wind fields. 

The results demonstrate that satellite-derived wind vectors and their associated divergence 

fields complement conventional meteorological analyses in describing the conditions preceding 

severe local storm development. For this case, ar, apparent area of convergence consistently a p  

peared ahead of the dry line an6 coincided with the developing area of severe weather. The mag- 

nitude of the maximum convergelice varied between 10-5 sec-1 to  1v sec-l. The number of 

satellitederived wind vectors which were required to  describe the kinematic properties of the 

low level atmosphere was adequate before numerous cumulonimbus cells formed. This technique 

L limited in areas of advanced convection. 
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A COMPAR180N BETWEEN -1 IR DIGITAL DATA AND RADAR DATA 
FOR THE 4 AIRIL ien rwrnr mma ~ R E A K  

C. A. Won, Ldwalwy of A-k h, G o d d d  Spra FlWt Cnlw 
nd Richard Anthony, GEhUATSCO, klauJIk, Mwyknd 

The 4 April 1977 rame stonnr outbreak over Goor& and Ahkmr 
provided an exdent  opportunity to exunine the complementuy 
churctsrfrlia between rtcllite md radar dab. 
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The Computation of Isentroplc Atmospheric Trqjcctorks 
Using a b6Discrete Model" Formulation 

LOUIS W. UCC~LLIN~'  
Sport Scitnrr and Engintrring Ctntrr. Univrralty of WIrconsin. H d i z o n .  W I  UlOd 

(bursript nceived I6 June 1978. in LLarl form 29 Jmouy 1979) 

An explicit technique for computiw umoophetic ~ t o h .  M on Omn1pmn'c discnu mdrl 
hulat ion. b presented u m rltrraUive to b e  commonly wrd implicit w h .  t& mrtbod pro- 
vidu M eumomicrl rmrnr d objectively obtriniw compute-ed and rccouau bt the 
wl.bk rcekntionr md Id$ tmdrncirr dona the mlin tnjrctory path. The initid nrulu promud 
show t& thr explicit computuions am rubk and very M u i y  rrmlyconlrrvuive. An rppliutioa of 
t k d i r c m e m o d d . p p r o r c b t o r t # l d r t r k r r . a d c o m ~ w i l h ~ O r k r d u a m l m d b y t b r  
implicit awbod yield hvombk rrtulu. i~uatntiag ttn utility of ttn explkit uthniqw u r dhgmuic 
rod. 

The construction of three-dimensional atmos- 
pheric trqiectories provides a valuable diagnostic 
tool for illustrating and understanding thm-dimen- 
s i o d  trampon and exchange processes associated 
with extratropical weather disturbances. The tmjec- 
tory approach has been successfuUy applied to stud- 
ies including the stratospheric and tropospheric air 
mus exchanges associated with a jet streak (Daniel- 
sen, 1968; Reiter, 1972), the dispersal of upper at- 
mospheric pollutants and possible nuclear conumi- 
nation (Reiter, 1972), the three-dimensional struc- 
nm and moisture tMspon within extnvclpicrl 
cyclones (DPnielwn, 1966, 1%7; Buzzi and Rizzi, 
1929, and the kinetic energy budwt for an extra- 
tropical cyclone (Scchrist and Dutton, 1970). Tn- 
jcctory models which use wind forecasts from open- 
tioad primitive equation models at the National 

plying an explicit system of equations butd cn r 
"discrete model" theory developed by Onenspan 
(Im, 1n3) to the atmospheric equations of motion. 
The method provides for objective, rapid and eco- 
nomical computations of trqjectories, is ruble for 
cyclonic and rnticyclonic curvuure, and explicitly 
accounts for the impact that spatial variations of the 
prcuum gradieat force have on puce1 acceleruions. 
The stability and accuracy of the method are tested 
by applying the explicit technique to m idealized 
case in which pucels underlo inertial ojciltuions. 
A diagnostic study utilizing sundud nwinsonde 
upper air data is then prrranted to test the rpplica- 
bility of the explicit technique to r red umorpheric 
data buc. Compuirons ofselwted trqjectories com- 
puted by the explicit and implicit techniques w 
also shown. 

~e teo~logica l  center (Rap, 1972) have also been bw wr,, mw 
developed to improve temperature and cloud roc- 
CUU. 

ar)rcr#kr 
. 

'I'he purpose of this paper is to present r new W e l w n  (1961) developed the most widely used 
technique for constructing computer-generated tn-  method to compute atmospheric tnjcctories, for 
jectoricr. u an alternative to the widely used im- which he advocated the use of isentropic caordi- 
plicit scheme developed by h i e l s e n  (1961). Using nates. TWtories  cm be computed more rccu- 
this new approach, ulljtctories computed by a p  mtely in the isentropic frunework where twodimen- 

-. sioad, adi8b8tic flow imdicitl~ includes vertical - 
Rwrnt dlUiubn: NASAlGoddud Spue Fli@ht Center. W motions which would ha& to C# ulculuad sepa- 

t, may for Acmorpb.,.rc scwnclc, C* g,,, ~,,,,,kl~. MD rattly in Cutesim or isobvic cwrdimtes. Trqbc- 
20771. tones are consuucted on iwatropic suffices by ii- 

- 
P . .. r n 4 6 u m a M ~ . U  
.aw 0 1979 American Metmm@cd Society 40'7 
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mult8neously solving eneqy and total displacement #+I) I ~ ( t )  + &(%air) - Haf'l)], 

D formulas: 
(6) 

xlt+l) + H&[Ult+l) + ,,It)]. (7) 
-. . . 

(1) ,,'t+l) r y"' + ~ & [ v " + I )  + v"' I. (8) 
A special "starter" formula is used for the first time 

D = H(U1 + UtXtt - la), (2) increment 

in which I/, and Ul are the wind speeds at the initial 
and final times and 4 is the Montgomery stream- 
hnction. Readers may recognize the similarity of the (%a 

A1thou~h 'he implicit has been success- - Ha) tern in ( 5 )  and (6) to the Adams.Bashforth fully applied to numerous diagnostic studies, the which was found to be quite ( ~ i l ~ ~ ,  severpldnwbacks. The simultaneous 1965). but for small At only (Young, 1968). Green- solution of (1) and (2) for mticyclonic trajectories span (1972). however, found that in discretired a p  does always 'OnveW to a unique plications the above explicit system conserves en- (Danielsen. 1961). Another dimculty involves esti- ergy and is stable and accurate for a wide range 
mating 6Uat for the 12 h time interval normally im- of posed on t ~ e c t o V  calculations by the avlrilabiiity To close the system of equations, new & values of upper atmospheric The 'we timntep and must be available at every timestep to calculate the 
implicit nature of this method also make it dimcult derivatives in (3) and (4). For diagnostic stud- to account for variable parcel accelerations which ies where & is available at I2 intervals, @ "' is specis Occur 'on8 the t*ecto~ path' Reher ( 1972) at- *d on a latitude-longitudcprid by using the initial (0) 
tempted to include significant changes in the parcel and lvld t R  values, and by DIsuming (BIWaf,,., accelefations by i n c O ~ r a t i n ~  8eostrophic depar- linearly at each grid point so that at any time- irres within the iteration procedure. But Reiter's step modification involves considerable subjectivity in 
estimating ~eostrophic departures at the beginning 
and end of the 12 h period that are subsequently 447 = @?,! + (11) 
applied along a significant portion of the trajectory 
path. In the following section, an alternative ap- When @ values are available I2 h before and after 
proach to diagnostic trajectory computations is pre- the time interval for which trajectories are con- 
sented which partially alleviates these problems. structed, a nonlinear approximation for (BUBt)l, is 

calculated using overlapping quadratic Lagrangian 
polynomials. This procedure, as presented by Bleck 

3* An explicit method lor computing atmaspheric and Haagenson (1968) and expanded on by 
tnJtctorics Whittaker and Petersen (1977), has the advantage 

The explicit method, based on the i j i sc~ te  model that the derivatives of the resuitinfi third-order poly- 
fornulation of enenspan (1972, 1973). calculates nomial are conlinuous and implicitly equivalent to 
parcel acceleration, velocity and distance at shcces- second-order Taylor series approximations at the 
sive time steps. The system of equations as applied bednnin~ and end of the period for which the tra- 
to constructing adiabatic atmospheric trajectories jectories are computed. Once @I", is specified, 
is based on first deteqining the acceleration using 
the inviscid equations of motion A#''' A$'"' - and - 

. ... Axfa AY~.J  

where u,, u. and u,, u are the accelerations and 
velocity components in the .r and 7 directions, re- 
spectively. f is the Coriolis parameter and super- 
scripts refer to timestep number. The new velocity 
and dijtance components m then crlculated by 
Greenspan's discrete fomuiation: 

an calculated at grid points using atandard centered 
differences over a 2 Lr and 2 Av interval. The gradi- 
ents are then interpolated from the grid-point loca- 
tion to the parcel position using the overlapping 
polynomial technique. With the gradients of & speci- 
fied at the parcel position, thc acceleration. new 
velocity and new posiuon can be determined. 

4. Initial experiments 

Although the discrete model formulation con- 
serves total energy for closed systems (Greenspan. 
!%), the application of the technique to an open 
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system. in which the accelerations are approximated 
by the inviscid adiabatic equations of motion, and 
the interpolation of 3r gradients from grid points to 
parcel positions can introduce spurious energy 
sources. The initial experiments were designed to 
determine the magnitude of this spurious energy gen- 
ention for a simplified, steady state flow. With 
steady-state assumptions, ( I )  reduces to 

- 
so that the total energy (T) for a parcel remains 
constant. Any deviations from the initial total energy 
for a parcel represents a spurious energy source 
related to the discrete methodology and to the nu- 
merical interpolation technique needed for specify- 
ing $ gradients at parcel positions. 

For the initial experiments. a zonal IL field and 
constant f (latitude of @N) were specified so that 
JU,,/Jt = 0, where U, is the geostrophic wind. Five 
parcels were chosen. with parcels 1 and 1 initialized 
with a subgeostrophic u component of 15.0 and 20.0 
m s-I, respectively. Parcel 3 was initialized with a 
geostrophic u component of 15.0 m s-I and parcels 
4and 5 were initialized with supergeostrophic 14 com- 
ponents of 30.0 and 35.0 m s-I. The initial v com- 
ponent was set equal to zero for all five parcels. 
With the Igradients kept constant in time. the parcel 
trajectories initialized with an ageostrophic wind 
should undergo an inenial oscillation (Newton, 
1959) and therefore return to their respective orig- 
inal lat~tudinal position with a period equal to one- 
half pendulum day and with a wind speed equal to 
the original speed assigned to each parcel. The par- 
cel initialized with a geostrophic wind speed should 

maintain a constant zonal component with v remain- 
ing equal to zero. The experiments were repeated 
with At set equal to 300,600,900, 1200 and 1800 s. 

Fig. I illustrates the response of the five ttajec- 
tories with A t  set at 900 s. The subgeostrophic par- 
cels ( I  and 2) initially turned to the left and ac- 
celerated, passed the equilibrium at which the u 
component is in ~ost rophic  balance, and then began 
turning to the right while still accelerating. After 
9 h, these parcels decelerated while continuing a 
turn to the right, as the c component became nega- 
tive. The parcels then slowly turned to the left (after 
15 h), completing the inertial oscillation by 18.75 h. 
The sequence of parcel accelerations was reversed 
for the supergeostrophic parcels (4 and 5). These 
initially ageostrophic parcels all displayed a period 
of oscillation equal to one-half pendulum day as ex- 
pected. After one full oscillation and a return to 
within 50 m of their initial latitudinal position, par- 
cels had velocities within 0.04 m s" of their original 
values. The trajectory for parcel 3. initialized with 
a geostrophic wind speed, remained zonal through- 
out the 24 h period. 

Fig. I also illustrates that the supergeostrophic. 
subgeostrophic and geostrophic parcels were lo- 
cated at an equal distance from the starting posi- 
tion after the period of oscillation. The more super- 
geostrophic or srlbgeostrophic a parcel was initially 
the greater the respective subsequent decelerations 
or accelerations were in the .r direction. thus neu- 
tralizing the different initial wind speeds. Applying 
the implicit technique of Eqs. ( 1 )  and (2) over the 
period of the inertial oscillation with an equal initial 
and final wind speed and without accounting for the 
ageostrophic departures yields a distance which 
varies for the different parcels, being greater for 

FIG. I .  Tmjecroner for vmous 1nltl.l wind s~e.dr  with 1nai.l i deM held conrunr. Tjcctones I and 2 art inltlrl~zcd 
wltb r su-trophic wnd. -tory 3 tr in postroplw k l ~ c e ,  md tnwtontr 4 and 5 yc ~n~t~rllzed with r super- 
~ s t r o p h r  wind. the number &ova the m w  IS  wnd sped. that on the u r o w  IS the hour. and that below the arrow 
IS wnd Lmtlon. TrrJectornr ur crtculud with Ar - W s. 
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the supeqt~ostrophic than for thc subgeostrophic 
pucels. T h ~ r  example demonstrates the importance 
of objtctive!y accounting for the gaostrophic depu- 
tuna dong rhe entire trqjectory. 

Energy diagnostics for pucels 1, 2, 4 md 5 w 
presented in Tables 1 md  2. The accumulated 
c w s  in toul energy T over the Ant half of the 
i n e W  osciihtion am dven for various At (Table I). 
The mqnitudes of the accumulated changes in T 
wen found to k a maximum at this time; whereas 
by (12). dTldt should have been zero. In gtnenl, 

T ~ r r r  2. A8 in Trblr I rxcrp from zero lo I h. 

- 
successive reductions in the At by 300 s incremerts trGectolies while also rcc,unting for ac- 

lhe tdecto~ cm~ucuions reduced lhe celemtions result from initially 
tude of lhe energy by ne*y flow. Since the changes in the total energy which But lor cues* the imporunt factor is lhat the accumulated during successive iterations were at maximum accumulated changes in T were two to least two to three orden of magnitude less than three orders of magnitude less than the individual chanps in the kinetic and potential energies, the 
changes in the kinetic and potential energies for the amount of ernor intrduced to the tnjectory paths 
same Iime period. The in total by the diwRte should be minimal. 
enemy also reveals that, during the half-inenial pc- 
nod,-subgeostrophic parcels experienced systematic 
gains in T while supergeostrophic parcels experi- 
enced systernatic losses in T. The net changes in the 
toul energy over the entire inertial period therefore 
approached zero. 

The magnitudes of the changes in T during the 
fint hour reveal the influence of the special "start- 
ing formulas" [(9) and (lo)] that arc needed for the 
fint timestep (Table 2). The magnitudes of dTldr 
during the first hour were of opposite sign and nearly 
two-thirds the magnitude of the accumulated change 
in T during the next 8 h period. The large errors are 
due to the nature of the starting formulas and to the 
initial conditions. With u initially set equal to zero. 
the u wind component is kept constant during the 
fint time increment when it should be either increas- 
ing or decreasing as the ageostrophic parcels are 
subjected to latitudinal displacement. This error 
could be minimized by using a smaller initial time- 
step which would then be expanded in subsequent 
iterations until the standard time intervai is 
achieved. 

This initial experiment demonstrates the stability 
of the discrete formulation and the accuracy of the 
interpolation schrme in maintaining zonal geo- 

T A O L ~  I. Accumulud local enemy c h p r  ( J IU-') from ten, 
to 9 h for parcels I. 2, 4 and 5 md L of 300 to 1800 s. wlth 
a rn t roph~c  wnd U, of 3 m s-I. 

5. Application of the explicit method to a diagnostic 
-JY 

The explici! trqjectory method was applied to an 
atmo+heric data base to test the applicability of the 
discrete model formulation in diagnostic studies 
which rely on the rawinsonde network. 

Nearly 100 trqjectories were computed on the 330 
K isentropic surface for the 12 h period 1200 GMT 
10 May-0000 GMT 11 May 1973. The trajectories 
were initialized on a 2' latitude by 2' longitude grid 
within a domain bounded by 123'W 51'N. 83'W 
5lmN, 123'W 35'N and 83'W 35'N. The JI gradients 
were specified utilizing the subjective 4 analyses 
shown in Fig. 2 and by assuming a I2 h linear & 
tendency at each Md point. The winds were ini- 
tialized from subjective isotach and isogon analyses 
from 1200 GMT 10 May. The subjective isentropic 
analyses in this study were cross-checked with I5 
vertical cross sections to incorporate the detailed 
vertical resolution of individual rawinsonde ascents 
within the horizontal wind analyses on isentropic 
surfaces (see Shapiro. 1970). An 1800 s timestep was 
used to calculate the tnjectories. 

At I' : 3  GYT 10 May 1973, three jet streaks on 
ine 330 A surface (Fig. 2 )  wen embedded within a 
general wesrerly flow stretching from the West Coast 
to the Great Lakes region. .4 deepening trough aver 
the Great Lakes region yielded more cyclonic cur- 
vature to the flow field in the eastern third of the 
United States. By 0000 GMT I I May. the two west- 
em jet streaks intensified slightly and propagated 
eastward while the eastern streak propagated north- 
eastward and weakened (Fig. 2). The trough over 
the Great Lakes deepened slightly and was better 
defined by 0000 GMT. 

Fig. 3 illustrates 20 trajectories which represent 
the larger sample of the trajectories computed. In 
generP1. the-find wind speeds of the parcels were 
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FIG. 2 .  330 K tsentroplc analyses for 1200 GMT 10 May md 0000 GMT 11  May 1973. (top, J, analysts 1 2 1 5  - 3 275 * 10' m' s"). 
(bottom) tsotach analyl~s ( m  s-I). Wtnd barbs represent selected statton w ~ n d  repans rounded of f  to nearest 5 m I-'. soltd barb - 50 
a * - *  !,XI# hub I iO m :-', shon barb r 5 m s-I. The number at the statton IS actcd l u t  dtgtt of the wtnd repon 

within 5 m s - I  and 20" of the observed wind speed 
and direction. respectively. The final trajectory wind 
speeds were usually greater than the observed 
winds. which should be expected since frictional 
effects related to strong horizontai and vcnical wind 
shears are not inc!uded in the scheme.' 

Departures a n  often observed for tnjcctones onpnatln8 ven  
;lose together In repons of strong wnds and l u t e  horizontal 
and r e ~ ~ l c a l  wlnd shem In  those repons. the absence of P J~rect 
t m e r  In the atmosphew ~ndtorct lve debns. etc I and questtons 
rqardtn8 the conscnauon of potentld vofllslty I Shaptro. 19781 
make t dtfficult lo ucenaln :he repfesenuttveness of pu rc l  
rn je i : . jno ;omputed by rnb scheme. Also. ahen Iarpscr lc  
upwud notlons are presenr. [he pust ls ma) undergo e\renstve 
non-adtahattc I~frtng. *hlch iunher sompl~cates ;ompansons 

The trgjectories 111iti;uued within the jet streak over 
the western United States moved rapidly eastuard 
while accelerating slightly. then turned to the nght 
and began deceleraiing by 0000 GSlT I I May Tra- 
jectories E and P, initially located to the south of 
the western jet streak. accelerated toward the re- 
gion of strong IL gradients and maximum winds. On 
approaching the deepen~ng trough over the Great 
L ~ k c s  region. tryectones G and H :umed s);lon~- 
sally and accelerated in response io the ~ncreasing 
h gradient. 

Trajectones L and Q are lncluded to illustra[e the 
abili:} of the explicit technique to compute rra- 
jectones with~n weaker and more banable flou re- 
glmes wh~ch could result In more err3tis parcel 
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FIG. 3. Tm~cctorin wmpurtd for 1200 GMT 10 May throuah 0000 GMT 1 1  May 1973 on 130 K lsenrroplc surface ut~tizrna 
d~rcntc model iechniquc. Pos~t~ons at 3 h rntcnds am ~ndicalrd by d. The ini t1J and find w ~ n d  Jirrc:ion and speed &re ~ n d ~ c a e d  
(11426 r 314' 26 rn s-9 .  

movement. f rajectories %I, N.  0 and R. S. T depict 
the parcel responses upon exiting the jet streaks orig- 
inally extending into the Gna t  Rains (Fig. 21. 
These parcels turned to the ~ i & t  and decelerated 
upon exiting the streak. Several ofthe parcels (R and 
MI then turned to the lefi and accelerated later in the 
I? h period upon bpproaching the trou#h line whtch 
extended from the Great Lakes to the south- 
eastern United States. Trajectories R and S depict 
how critical initial wind ipeed and the magnitude 
of the ageostrophic component were to the trajec- 
tories origjnating in the exit region of the jet streak. 
These same trajectories were originally only 222 k m  
apan, yet terminated nearly 1000 km apart 12 h later. 
Both trajectories appear to be reasonable in thar 
the final wind speeds were wlthin 2 m s- '  of the ob- 
served wind speeds and 1W of the observed direc- 
tions at OOOO GMT 11 May.  

Fig. 4 illustrates selected comparisons made be- 
tween trajectories computed wrth the explicit dis- 
crete modei fonnula~ion, for which the tinal corn. 
puted velocities agreed closely with 0000 GMT 
obscrvat~ons. and Dantelsen's implicit scheme [ ( I )  
and (? I ] .  In genenl, the discrepanctes were mtnor 

as the difference in the 12 h pasitions determined 
by the two methods fell well within the error range 
expected from data acqtiisition and analysis errors 
(Reiter. 1973. However. the two schemes did yield 
significantly different paths for the parcels (R and 
S) originating in the exit region of the jet streak (Fig. 
4C). In the first case. the explicit trajectory t R .  
dashed) originated in southeast Iowa, decelerated 
and turned to the right upon e-it~ng thr streak and 
later accelerated, ending near Washington. DC. with 
a wind speed and direction nearly equal to the wind 
observation near that location r Fig. 2) .  The implicit 
scheme did not incorpordte these vanable acceicra- 
ttuns along the path of the trajectory slnce onl) rhc 
average wind speed based on initial and final values 
was used to determine the distance traveled I 3. The 
~mplicit scheme therefore y~elded an energy-con- 
sistent trajectory which extended 330 km beyond 
the endpoint of the trajectory computed ~ r i h  the 
explicit technique. In rhc second case. the trajec- 
tones originating in southwest Iowa IS) show even 
more of a discrepancy. The explic~t trajectory de- 
celerated rapidly from an 1n1t1~164 m s" w~nd speed 
and turned to the right. ending In .Alabama. The 
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FIG. 4. Trajectories calculated usinp Danielsen's lmplicit scheme (solid) and using discrete model formulation (dashed) for period 
from 1200 GMT 10 May through 0000 GMT 1 1  May 1973 Final wind d imt~on  and sped arc indicated f x  trrnjectoner computed 
using d~screte model fonnulat~on (27430 - 274' 30 m s-9. 

final wind speed of 18 m s-I and wind direction of 
305" were within 2 rn s-' and IP. respectively. of 
the observed wind near that location. Our applica- 
tion of the implicit scheme did not give this tra- 
jectory but yielded an energy-consistent trajectory 
ending rear Cape Hatteras. North Carolina. 1000 
km from rhe termination of the explicitly computed 
trajectory. 

While the final wind speeds were approximate!y 
equal for both the explicit and implicit trajectories 
originating at S. the large difference in the final th 
values raises the question abcut which trajectory 

is conserving total energy. The following evaluation 
of the energy equation. 

c i ~  d~ d3/ ah - = - + - - - = O ,  (13)  
dt dt dt at 

where 
K = V I 2 .  

shows that both techniques can yield different, yet 
energy-consistent. trajectories since awar is esti- 
mated differently for each fornulation. In the ex- 
plicit technique the finite form of (13) for the entire 
trajectory becomes 
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where A$. is a local 12 h 1L change determined at the 
midpoint of the individual time increments ( t ,  - :,,,). 
Summing (14) yields 

where At = r ,  - r ,  = t ,  - r ,  = . . . = t r  - tF - , .  
For the implicit scheme, the evaluation of (13) 
reduces to 

where d@at is evaluated using the 12 h Jr tendencies 
at the beginning (A&,). middle (A+,) and end (A$,) 
points of the trajectory. Even though T remains con- 
stant for (15) and (16). there is no constraint that 
the estimation of a U 8 t  for the eqtire trajectory will 
be equal for both schemes. Therefore, KF and gF 
can be different for implicit and explicit trqjectories 
beginning at the same mint vhiie still maintaining 
constant total energy. 

For parcel S in Fig. 4. the explicit trajectoiy en- 
tered eastern Missouri where the rlr tendencies were 
noticeably positive. The parcel decelerated and con- 
tinued turning to the right toward higher $ values. 
remaining in regions of significantly positive a V d r  
throughout its entire journey. The explicit formula- 
tion accounted for the locally positive $ tendencies 
that continuously contributed toward parcel decelera- 
tion along the entire trajectory. By comparison. the 
iteration between (2) and (16) for the implicit tra- 
jectorv used one large positive $ tendency at the 
beginning of the trajectory. but only slightly positive 
tendencies at the middle and end points. Therefore. 
the estimation of a @ a r  in ( 16) was smaller than the 
continuo~sly accumulated local 4 changes in (15) for 
parcel S. As a result. the iteration between (2) and 
( 16) yielded a t ~ e c t o r y  ending near the North Caro- 
lina coast where lLKF was signrncantly smaller than 
that obtained for the explicit trajectory ending in 
Alabama. This example illustrates an ability of the 
explicit scheme to objectively account for the effect 
that loca. $ tendencies and geostrophic depnures 
along the entire parcel path have on the calculated 
trqjectory. Th~s sensitivity of trqiectories, which orip- 
inate within regions of strong winds and large wind 
shean or pass through regions of significant local 
rlr tendencies, also illustrates the importance of care- 
ful rl and wind analyses for computing trajectories 
with either the explicit or the implicit technique. 

6. Summary 

An explicit technique for calculating atmospheric 
t~ec to r i es  is presented in this paper as an alterna- 

tive method to the standard implicit scheme derivecl 
by Danielsen (1961). The technique uses the inviscid 
equations of motion and the discrete model formula- 
tion derived by Greenspan (1972, 1973) to compute 
tr&ctories on isentropic surfaces, assuming adia- 
batic flow. The discrete model formulation is de- 
signed specifically for a Lagrangian system and ob- 
jectively accounts for the geostrophic departures, 
local $ tendencies and subsequent accelerations 
along the entire length of the trajectory. 

The initial test of the explicit technique used a 
simplified steady-state \L distribution and various ini- 
tial wind speeds to determine the magnitude of the 
errors introduced by the discretizction of the equa- 
tions of motion and by the grid point to parcel inter- 
polations of the $ gradient necessary to determine 
new accrlerations at each time step. The discrete 
model approach yielded trajectoties for which the 
change of total energy was twa to thrce orders of 
magnitude less than the individual changes in either 
the kinetic or potential energies. The computed tra- 
jectories accurately simulated parcels undergoing 
an inertial osci:lation in response to the initial 
ageostrophic component since parcels tested were 
within 50 m of their initiai latitudinal position and 
0.04 m s-' of their initial wind speed after one full 
period of oscillation. The initial experiment dem- 
onstrated the stability of the discrete formulation 
and the accuracy of the interpolation scheme in 
maintaining zonal geostrophic trajectories and in ac- 
curately accounting for the accelerations resulting 
from the initially unbalanced flow. 

The application of the discrete formulation to a 
diagnostic case study yielded favorable results. The 
trajectories ended with cornputed velocities very 
close to the observed winds at the 12 h mark. Com- 
parisons with trajectories determined using Daniel- 
sen's implicit technique were also generally good. In 
general. trajectories computed with either technique 
ended within the error bounds expected from obser- 
vation and analysis erron. However, significant dif- 
ferences occurred for trajectories initialized within 
the exit region of jet streaks where the influences 
of the geostrophic departures, local JI tendencies 
and subsequent deceierations are very important. 
For these trajectories, the implicit scheme was evi- 
dently not always capable of objectively accounting 
for the effects of ageostrophic winds and local tb 
tendencies along the entire trajectory and thus 
yielded significantly different results. 

The application of the discrete model approach 
and the implicit scheme also revealed the sensitivity 
of the trajectories to the initial and final rlr fields 
and the initial wind analysis. Great care must be 
taken in the diagnostic analyses to achieve repre- 
sentative trajectories with either scheme. t h e  use 
of the trajectories from case studies should also be 
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tempered by recognizing that the inviscid, adiabatic 
and linear 4 tendency assumptions are made for both 
the explicit and implicit schemes. While results from 
this case study an encouraging, the computation 
of trqjectories for other cases should be attempted 
to ftrther evaluate the application of this "discrete 
model'' approach for calculating trqjectories using a 
real data base. 
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ABSTRACT 

Data from the Nimbus-5 Electrically Scanning Microwave Radiometer (ESMR-5) have been 
used to  calculate latent heat release (LHR) and other rainfall parameters for over 70 satellite obser- 
vations of 2 l tropical cyclones during 1973, 1974, and 1975 in the tropical North Pacific Ocean. 
The results indicate that the ESMR-5 measurements can be useful in determining the rainfall charac- 
teristics of these storms and appear to  be potentially useful in monitoring as well as predicting their 
intensity. The ESMR-5 derived total tropical cyclone rainfall estimates agree favorably with pre- 
vious estimates for both the disturbance and typhoon stages. The mean typhoon rainfall rate 
(1 .Y mm h-I ) is approximately twice that of disturbances (1.1 mm h-1). 

Case studies suggest that tropical cyclone intensification is indicated by the increase in the 
ESMRd derived LHR, the increase in the relative contribution of the heavier rain rates (,5 mm 
h-1) to the total storm rainfall, and the decrease in the radius of maximum rain rate from the 
cyclone center. It also appears evident from thew case studies that by monitoring the trend of 
increasing LHR the first indication of tropical cyclone intensification may be obtained 1-2 days 
prior to the tropical cyclone reaching storm stage and often prior to the first reconnaissance air- 
craft observation. Further, the time of the maximum intensity of the tropical cyclone lags by 1-2 
days the time of maximum LHR. The statistics of the Western Pacific tropical cyclones confirm the 
case study results in that tropical cyclone intensity can be monitored from ESMR-5 derived rainfall 
parameters. As the mean tropical cyclone intensifies from a disturbance t o  typhoon stage the aver- 
age LHR increases steadily. The mean relative contribution of the heavier rain rate @5 mnh-1) 
to  the total storm kinfall increased from .24 at depression stage to .33 at storm stage and finally to  
.39 at typhoon stage. The radial distance of the maximum rain rate from the center decreases with 
intensification while the azimuthal distribution indicates a slight preference for maximum rain rate 
in the right half of the composite storm at all stages. The study also indicates that Eastern Pacific 
hunicanes have less LHR, are more compact, and have less intense rainfall than the Western Pacific 
typhoons. 
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A Statistical Technique for Determining Rainfall over Land 
Employing Nimbus 6 ESMR Measurements 
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(JIanuxript received 6 December 1978, in final form LO )Lay 1979) 

At 37 CHz, the frquency a t  which the Yimbus 6 Electrically Scanning ?.Iicrowave Radiometer 
(ESMR 0) m e u u m  upwelling radiance. it h u  becn shown theoretically that the atmospheric scattering 
and the relative independence on electromagnetic polarization of the nd iancn  emerging from hydro- 
meteors make it pou~ble to monitor remotely acttve rainfall over land. In order to verib. esperimenully 
these theoretical findings and to develop an algot~thm to monitor rainfall over land, the digttited ESNR 6 
meuurements were examined statistically 

Horizontally and vertically polanzed bngh:neu temperature pain (T",Tr) from ESMR 6 were urn. 
pled for areas of ninfall over Iand as determined from the rain recording statlons and the \VSR 5: ndar .  
and mu of wet and d~ ground (whose thermdynamic temperrturn were greater than S'C) over the 
southeastern Un~ted States These t h m  categories of brightness temperatures r e m  found to be ~1gn6cantl)  
diaerent in the sense that the chanced that :he mean vecton of any two populations colnc~ded wem less 
th.n 1 in 100 Since these categories .verc slgnlficantly d~Rerent, clss~iLation algorithms were then de- 
veloped. T h m  decision rules were examined the Fisher linear classifier, the Bayesian quadratic c l u -  
siher, and a non-parametric l inur  clusitier The Bayesian algorithm w u  found to perform best, partic- 
ululy a t  a hlgher confidence level .h independent t n t  c u c  analysu showed that a ninfall area delineatcd 
by the Bayaian clusiler coincided well with the synoptic-xale rainfall a m  mapped b) pound recording 
rain data and radar echoes 

1. Introduction 

Precipitation is a fund~mental  meteorological pa- 
rameter and it  funct~ons M an indicator. determinant 
or component of the distribution and m o u n t  of latent 
heat release which is critical to the understanding oi 
storm and global atmospheric energetics and of the 
total hydrological cycle. The ability to monitor the 
coverage and movement of rain over land areas is 
important because of the direct impact of rain on crop 
production and also its influence on insect breeding 
areas and migration I Idso ct 51.. 1973i. %loreover, the 
da tmct lve  eiiects due to heavy rainfall could be 
reduced by advance warnings iurnished by satellites 
that map regions or heavy rain. 

Since the advent oi the polar orbiting and geo- 
s)nchronous satellites. q~ant i t a t ive  techniques have 
been developed to estimate rainiail indirectly. Est ina-  
-- 
' P-nt d l a t r o n  0.40 Carp,  Beltsv~lle. \ID 10705 
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tions of rainfall have been made by correlating rain 
rate and amount with either cloud cover and t!.pc. 
cloud brightness or cloud temperature. utilizing visible 
and infrared sensors on board these satellites ! Barnett. 
1950, 1973; Martin and Scherer. 1953. Martin ct  dl. .  
1973; Foll~nsbee and Oliver, 1973, Scotieid and 
Oliver, 1975 ; Criffith cf (11.. 19TS\. However, all these 
techniques surTer from being only indircctl! related 
to rainfall. 

The microwave technique developed by lyilheit cf G/ 
I, 1957) has a direct physical relationsh~p it irh rain 
rate but onl) over ocean areas. This techn~que estab- 
lishes a relationship betiwen rain rate in the dynamic 
range of 1-20 mrn n-' and Snghtness temperatures 
(TB! measured b: the Electr~cally Scanning JIicro- 
wave Radiometer on boa:d Sirnbus 3 IESSIR 5 1 .  
which senses at  19.3.; GHz upuelliny radiation emitted 
by the earth and its atmosphere. 

Meneelv (1975) demonstrated that rainfall rate ~ n d  
coverage cannot be delineated using ESSlR 5 mea- 
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FIG. 1. Computed horizontally and vertically polarized brightnus temperature 
at 37.0 GHz u r function of n i n  rate. 

surements ove: land areas. This is because the rain 
has only a weak edect on the up\velling TB from the 
land and the edcct of soil moisture is comparable. 
Thus, although rain-like pattern can be discerned in 
the data, th& correspond to both active rain areas 
and areas :rith rroist soil. JCcFarland and Blanchsrd 
(1977), however. did demonstrate that rain amounts 
over land could be estimated indirectly by monitoring 
temporal changes In the ESSIR 5 T B .  

Savage and \Veinman ilP75) and Savage tf al. 
(1976) demonstrated theoretically that a t  37.0 CKr 
(:he frequency at  which the Nimbus b.ESMR sensor 
measures upwelling radiance) the scattering by hy- 
drometmn is strong enough !o provide a qualitative 
estimate oi rain coverage over land. Furthermore, 
IVeinman md Guetter ,1Q;7) demonstrated from a 
theoretical conslderl~tion that the upwelling radiation 
3t 37.0 GKz erntrpng from rain clouds was essentially 
ilnpolarued and therefore \\.as in contrast with the 
radiatlon e m a n ~ t l n g  irom net  surface background. 
.kcording to the eicctromagnetic thecry, if the emis- 
sivity of 3 suriace k reduced by increasing its di- 
electric constant tx, by adding moisture), then the 
erniuivity w11l be highly wlarued  when the surface 
is viewed obliquely These results are demonstrated 
in Fig. 1 which displays theoretically calculated bi- 
polanzed 37 0 GHz T B  at 40' incidence angle w t h  
the earth suriace for a given rain rate. These T B ' s  
were derived from J radiative transfer model s i t h  
Lmber t ian  redection ,Born and IVolf, 19i5:  from 
land surfaces at  a therrr.odynamic temperature of 
229.1 K and \r.ir.i a k ~ e d  dielectric constant and an  
strnospherlc freezing level ac 4 km iIVilheit n ~ 1 . .  

1973. It  is seen from this tigure that as rain ratc 

strong backscattering by the large raindrops. .Use 
the polarization diderence becomes smaller. Moreover. 
Hall el ul. (19i8) inferred theoretically that informa- 
tion analogous to that  provided by the Sational 
Weather Service radar summary charts can be produced 
when both ESJIR 6 and the Temperature Humidity 
Infrared Radiometer tTHIRl 11.5 urn data  on board 
Simbus 6 ate  used. 

Thus, the sum and substance of these theoretical 
investigations is that the obliquely viewed 37 CHz 
radiation emitted by wet soil surfaces is polarized 
(Tv> TH), whereas radiatlon emanating from dry land 
or heavy rainfall areas IS essentially unpolarized 
(Tv= TH\ Sloreover. TB's upwelling from dry land 
areas are distinguishably highe: than those from 
heavv rainfall areas or wet land suriaca.  Hence. 
according to these theoretical conclusions rainfall over 
land can be at  least quaiitatively delineate4 and 
thereiore its coverage and movement can be monitored 
irrespective of the land background b!- employing 
37 GHz measurements irom the ESSIR on board 
Simbus 6. Quantitative measurement of rainfa!l over 
land using a 37 GHz radiometer. ho\\ever, appears 
less promising. 

I t  is the purpose of this paper to substantlate the 
above conclusions and tl3 arrive at an al~orithrn ior - 
the detection oi ram over iand by st~tisticaily ana- 
lyzing ESJIR 3 data. This statistical &nal!.sis {sill be 
performed by tirst sampling three categories of ESSIR o 
l a ' s  repraentlng rain over land. a.er land suriaces 
\\ithour rain and dry land surfaccs~, then testing 
!hae  populations for unlaueness and separability. and 
~ 3 1 l . V  developing a ciass~lication algorithm to delineate 

incremes .bc!ond 4 mrn h-'\- Ta decrcses due to rain over land. 
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TABU I. Dates of synoptic nin cur ,  used to devel,rp 
ESMR 6 cluriation .IrarirhmJ. 

1 31 Jul 197s 
2 4 Aug 197s 
3 1 Oct 1915 
4 7 Nov 197s 
f 12 Nov 1975 
6 29 Dcc 1975 
7 3 JUI 1976 
8 6 JUI 1976 

2. The ESMR 6 system 

The ESMR 6 system flown aboard Nimbus 6 
(Wilheit, 1973) receives the thermal radiation upwelling 
from the earth'3 surface and atmosphere in a 250 MHz 
band centered a t  37 GHz. The antenna beam scans 
electrically an arc of 70" in 71 steps ahead af the 
spacwaft along a conical surface with a constant 
earth incidence angle of Me every 5.3 s. The nominal 
resolution is 20 lun crosstrack and 45 km downtrack. 
The instrument measures both horizontal and vertical 
polarization components by using two separate ra- 
diometric channels. The data are calibrated using 
wann (instrument ambient) and cold (cosmic back- 
ground) inpub to the radiometer. 

Examination of the data revealed two problems 
affetting calibration, apparent modulation of the loss 
of the antenna during the orbit and excess noise 
when measuring the radiation from the warm calibm- 
tion load. The modulation of the antenna loss was 
found to be consistent with respect to sun angle. I t  
showed i u  maximum rate of change u the spacecraft 
entered the sunlight with the instrument facing the sun 
and fairly rapid changes whenever the spacecraft was in 
t e  sunlight. The changa were nther gradual whenever 
the spacecraft was in darkness. The most reasonable ex- 
planation sttm to be thermomechanical warping of the 
radome modulating the coupling among the radiating 
elemeru in the antenna. An empirically derived cor- 
rection ar a function of beam position has been applied 
to the data to correct the b i u a  in the data due to 
antenna losses. No cause is easily discerned for excess 
noise in the w a r m  calibration load However, the data 
were rejected whenever the warm calibration load was 
too high (>310 K) or too low (< 290 K). Otherwise. - 
an empirical correction was applied to the data to 
mitigate excessive noise due to warm calibration load. 
I t  w u  fol~nd in a more subtle study by Q'ilheit 
(1978), where the effecu of wind on ocean surface 
emission at  37 GHz were estimated, that the residual 
erron oi t h e e  prcblems were excessive whenever the 
instrument in the sun. Therefore, only nighttime 
data were uJed for that study. 

The Tu as o b ~ r v e d  from the satellite is dependent 
upon the emission from the earth's surface modified 
by the intervening atmosphere. The emissivity, a func- 
tion of the dielectric constant, is variable over land 
surfaca (depending on vegetation, soil type, roil 
moisture, etc.! and generally is large (-0.9). In rain 
situations three constituents contribute significantly 
to the absorption: molecular oxygen (Meeb  and 
Lilley, 1963), water vapor (Staelin, 1966) and liquid 
r a t e r  droplets (Mie, 1908; Gunn and East, 1954). 
Water droplets contribute more significantly to ab- 
sorption and remittance than the other const ituents 
and are the only source of scattering at this fre- 
quency. Ice crptals  are essentially transparent a t  
this frequency. 

SiAnultaneous ground station and radar measure- 
ments of rain and ESMR 6 TB were needed in order 
to develop an algorithm which classified a given 
ESMR 6 instantaneous field of view (IFOV) as rain 
over land, dry land surface or wet land surface. Eight 
daytime synoptic-scale rainfall cases over the south- 
e a t e m  United States were 4 where suriace rainrate 
data taken from stations reporting hourly rainfall 
amounts and from the WSR 57 radar coincided with 
Simbus 6 overpars to within 5 min. The surface 
temperature in each of these cases was not leu than 
5°C. Rain areas were sampled within areas delineated 
M rain by either the WSR 5 i  radar (rain r a t a  
2 2.5 mm h-') andlot the stations reporting hourly 
rainfall unounu. The d a t a  and time of the occur- 
rence of these case  are given in Table 1. \Vet land 
surfaces were sampled upwind and adjacent to the 
raincells observed on the NSR 57 radar and dry land 
surfaces were sampled over areas where rain had not 
fallen within a 24 h period previous to the Simbus 3 

p e :  
Fig. 2 illustrates the sampling technique. The tigure 

shows the ESMR 6 horizontally polarized TB's  (K) 
measured at  approxin~ately 1655 GMT b January 
1976 together with rainfall as delineated by the 
WSR 5 i  d a r  (located at  IVaycross, Georgia at  
1700 GMT) and by stations reporting hourly rainfall 
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Date m d  Time of Nimbus-6 Pass 
Januarv 6.1976 1658 GMT 

FIG. 2. ESXR 6 borixontdly pdu ind  f a  (1655 GMT 6 January 1976) supcri r p d  on the PPI 
WSR 37 ndu imy at Waycma. Go* (17W GJlT P Jmuwy 1916) 

mounts.  The ESMR 6 TB's are within the held of 
view of the d a r  where the cucle shows the outer 
bounds of the PPI image at  a 232 km radius. The 
Wed area repraenu rain (rain rate 2 2.5 nun h-'). 
The large dots are hourly nin rmrdiing stations 
w h w  A n  amounts (in inches) for houn ending at 
1100, 1600 and 1500 GMT u e  displayed according 
to model in the figure. If no rain hrs fallen during 
rbrt period, no memuremenu ue shown. Station 
mod& reporting temperature, praent weather, cloud 
typc m d  amount, and wind direction m d  speed for 
1800 GMT are a h  given. The small dou locate the 
center of the ESMR 6 footprints. For this case, 
ESMR 6 TI'S representing rain over land nu urn- 
pled within the shaded atea. The TD'S representing 
wet land surfnca were sampled southwest af the 
shaded area since the rain ares was moving northeast, 
and TI'S representing dry land surfaca were sampled 
over western Georgia where rain had not fallen within 
2 1  h of the Nimbw 6 pus.  I t  should be noted that 

the horizontally polarized fa ' s  over the radar echoes 
and the net or dry land areas outside the radar d o e  
u e  all about the same. The revon for this non- 
variability of TD's is that the rain in this &oJe was 
light and did not sigruficantly influence the hori- 
zontally polarized Tr's at  3 i  GHz. 

Elementary statistia of the total sampled data 
(ESMR 6 measurements where sun'ace thermodynamic 
temperrtura sere  greater than 5°C) are presented 
in Table 2. The table p v e  for each category the 
sample size, the mevl &.id standard deviation of the 
horizontally and vertically polarized T*, and the cor- 
relation and the mean diflerence between horizontally 
and vertically polarized TB's. T h e e  data are also 
shown u a scatter plot in Fig. 3. In this tigure the C 
repraenu the mean of the population and each fre- 
quency concentration ellipse encompsssrs 6 8 5  'cone 
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FIG. 3. Vertiully poluLed vs horizontllly polarized EMSR 6 11 for each sampled category (rain 
over land, m d  wet and dry land surfaces) 

standard deviation) of the data within the population. 
The ellipses reveal the extent of scattering of data 
from each population, the correlation between the 
dual polarization Tg's (Tn and Tv) within each 
population (the higher the correlation the larger the 
eccentricity of the ellipse), and the extent of overlap 
unong the populations. The three concurrent lina 
drawn in this 6gure are the Fisher (1938) linear 
d h c r i m i i t  l ine which separate two-by-two the rain 
over land area (Sn), the dry land surface (So), and 
the wet land surface (SV) populations represented by 
the TI pein (Tn,Tv). 

I t  can be seen from Fig. 3 and Table 2, that TI'S 
from rain area, over land are colder than those TI'S 
from dry land surface areas. Further, the difference 
between the mean horizontally and vertically polarized 
Ta's from rain areas over land (6.45 K j  is much 
d e r  than that for wet land surfaca (16.81 K). 
This h in accordance with theoretical findings that 
microwave radiation emerging from hydrometeon is 
essentially unpolarized (Weinman and Cuetter, 1957; 
whcrus d a t i o n  emanating from wet land surfaca 
u p o k e d .  It  is a h  seen from Fig. 3 that the largest 
overlap occun between the data obtained from n~nfall 
unr snd wet land surfaces. The r e m n  for this is 
that sometime in sampling rain over land the total 
upwelling radiance received by the radiometer con- 
uinr r direct surface contribution. This may occur 

when an IFOV of the ESMR 6 measurement is par- 
tially hlled with moderate to heavy rain or when it is 
completely filled with light rain (background being 
wet land surfxe). Consequently, the TB'S for each 
category are somewhat similar, thus producing the 
overlap between rain over land and wet land surface 
claues. 

Since th.e surface emissi~n is given by tTs, where 
e is the surface emiuivity and Ts the surface themo- 
dynamic temperature, there is an induence of Ts on 
ESMR 6 measured dry land surface Tg. A decrease 
in Ts results in a decrease in Tg from dry ground 
and cunsequently, the TB contrast between dry :and 
surfaces and rain over land will a h  decrease. These 
effects can be observed in Figs. 4 and 5 and in statistical 
Tabla 3 and 4. The figure and table are identical 
to Fig. 3 and Table 2, respectively, except that Fig. 4 
and Table 3 correspond to sample cases where the 
surface thermodynamic temperatures were above l j0C,  
while Fig. 5 and Table 4 correspond to cases where 
the surface thermod~namic temperatures were betwecn 
jo and 15'C. It is clear from Fig. d and Table 4 that 
rain over land is difficult to delineate rrom d p  i3.ld 
surfaces when the surface thermodynamic temperatl.re 
is below lSoC. Since the populations in Fig. 5 cancot 
be separated, the Fisher linear discriminant lines are 
not drawn. 
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FIO. 4. h in Fig. 3 u c r p t  for #urhcn w b o u  rbvmodyrumic tempenturn we greater thur 1S.C. 

Fto. S. k in Q. 3 exapt for avfrca w b o ~  thmodymmk tempenturn m khm So rad 1J.C. 
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Fi. 6 diuplays the aatginal densicla (%istogmu) 
of the rompled horizonully and vertically poLritd 
Ti's from the thrn populations. Table 5 p m n u  the 
d u  of the chi-sqwe t a t  (Cochmn, 1932) per- 
formed to validate the normal diitribution of the data. 
S ice  each observed chi-square d u e  in Table 5 is 
comprable to the corresponding critical (table) value 
at 1%, it b ruumed that each marginal distribution 
of the data is G a d .  Therefore, it is reuonable 
to usume that the data from tach of the populations 
SE, So or SW satisfy the bivuiate Gawsian density 
diutribution 

where x is the twodimensiod column vector (T#,Tv), 
p ia the mean of x, c is the covariance matrix of the 
population, c1 b the invent of c, I c l  L the deter- 
miarnt of c, .nd ( x - ~ ) ~  is the truuporc of (x-p). 
The and c u e  estimated using the urnpled data 
from cuh dur. Then y's w provided by Table 2 
md c, rL and I cl  by Table 6. 

Prior to employing dru in Table 2 for the 
purpose of developing dluifiution algorithm, the 
data were examined to verify whether the rhne 
populations were statirticdly distinguishable from one 
mother. To rccomplimh this, an F (variance ratio) 
ta t ,  in t e r n  of Hotelling's P md M ~ b i i ' s  D 
(KAmgar, 1972), w u  performed to determine the 

aigni6curce of the differences between the meam of 
ray two dams. Then the umult.neou conbdence 
intuvalr were atimated for these differences by 
ScheflC's procedure (Scheff 4, 1959; Beanett, 1951). 

Table 7 displays D uui F u well u the computed 
m d  table (critical) valuer of P. The difference be- 
tween the meuu of any two clwcs is highly s i c  
nihcrnt since the ohserved value of F is much higher 
for each pair of c l m u  than the correspondiig critical 
(table) va'.re of F at the 1% conhdence level, i.e., 
the pmba~ility that the mcur vecton of any two 
populations are identical is lcsr tban ; in 100. 

Table 8 shows the estimated conddence i n t e d .  
It can be Kcn that only the interval for the differences 
between the wet land rurfrce and rainfall over land 
mean horizontal polarization TB'S contains zero. There- 
fore, the thrte populations are distinguishable from 
one rnothu when the dud polarization information 
b taka into consideration. However, the lower bounds 
of the meur differences between rainfall over land 
and wet h d  surfue Ta's b smaller than those of 
the other two pain. Thb indicates that it will be 
more difFcult to distinguish ur ares of min over land 
from wr. -a surfues. 

Turr d C o b  marrica of Sullpled dau. 

rao 38.36 ldsl 0 . m  -0.010 
Tro 1631 12-14 -0.010 0.011 

C a r k a o  nvrrix drttmbant: 1717.1496 

wa soi l  
xatrix Lnvcnr 

Tar T w  r#r Tvr 
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DRY ORWNDr MORUOMAL K K A R l U T l O N  
MRAN T R M M M T U R I :  27lAIK 
8rANDARD DIVUTlSN:  8.1) 

WRT mk nnorwzomrr mumtanon r Y ~ T  m ~ ;  n n n w  r o u ~ a * n o N  

m 
' MRAN TEMPERATURE: r C I 4 8 ~  * m w D U O  DIWAnON: 7.70 

I 

Fm. 6. M I l d d  drarittr ( b i r v )  d th vmpld boriroatrlly rad vcrtiarlly polrrkd rr'c from tba rhm 

3. ~ r t i o a  dcorithss and effective clurification algorithm to detect and 
s h e  the popu~tionr found to ,tati,hcdy delineate active dnfall over land from dry and ~..et 

d i r t w k  ~d utsd the Cl- fquay land surfacer. TL three techniqua are the Bayesian 
dintibution, three rlru;ricltion ttchnrqua rm con- ckuiber, h e  Firher l inar &riminant k i f i e r  and 
ridued with the pur- of developing an efEcient r non-puameuic linear discriminant duriier.  
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Tuu 7. Signibcance btwccn ma-r  (F test). 

Y.bJrao#l'l obrrvrd 
diaunce variance Table 
lpuwnd Hodling's ratio d u e  of 

F F Fat 1% 

Rain w dry 9.13 920.3s W.04 3.83 
Dy n w e t  6.03 tOS.13 116.28 3.87 
Ram vr wet 4.00 201.06 100.67 3.84 

The Bayairn classiler is a parametric clauifier 
(i.e., it  w u m a  the functional form of the relevant 
density function). The non-parametric linear db- 
crirninant clurifitr d m  not assume a density func- 
tion (Bond and Atkinson, 1952). The Fisher liaear 
discriminant clauifier may be either parametric or 
non-parametric (Fisher, 1938). All thr& methods are 
termed supervised in the sense that it h necessa:? 
to w known sample data fot the various classes to 
train the algorithms. :tlgorithms were developed wing 
all three chlrifien and tested using independent data. 
It was found that the results from the Bayaian 
c lu i5e r  were superior to the other two ~nethods. 
Hence, only the Bayesian classification technique will 
be described in the fc~iowing. 

The Bayesian classifier is  3 Gaussian par..metric 
maximum likelihood quzdratic classifier which requires 
the knowledge of the J priori probabilitia for the 
occurrence of each class (Duda and Hart, 1973 ; Fu 
el al., 1969). It minimizes the average loss due to 
mixlassification while assuming ihat each misclas- 
sitication is qually c~s t ly .  

I t  minimizes the conditional average loss 

where A (SI S,)  is the loss incurred when a measure- 
ment x-  (T",Tv) actually belonging to class S k  is 
placed in ciau S ,  and P (S ,  x) is the a pion' proba- 
bility of the class S, occurring having observed x. 
The symmetrical loss function A (S, S,' is given by 

where P(Sb l x) is the conditional a3broilit); that the 
c i l u  S b  to which x is wigned ir . ect. 

' f i e  likelihood function ?( Y -: a pi-?. P \y Bay-' 
rule 

where P(xlS,) is t h ~  bivariate Gaussian probability 
density function of x given that x is in S,, arid P(S,)  
is the-a prior; proba';ility of the class S, occurring. 
Sample data sizes give.\ in Table 2 provide the value 
of P(S,). They are 0.457, 0.401 and 0.1.10 for the 
c l w a  S R ,  SD and S r ,  resoectivel!.. 

Since the loss given by Eq. (4; h to be minimized, 
the quadratic discriminant functions arc 

These functions, considering the relationship in Eq. (1).  
had to the following decision rule. The measurement x 
Sdongs to the class Sk if 

2 :nP(Sk)-In:c,: -(~-y,)~cb-l(x-.yk) 
> 2 lnP(S,) -!ni c,; - ( ~ - ~ , ) ~ c , - ~ ( x - ~ , )  ( 5 )  

for ail i#k, ?vhere c, and p, are the cc-!iriulce matrix 
urd the mean vector of the class S,. Then by sub- 
stituting the relevant values into Eq. ( i ) ,  one arrives 
at the following Bayesian algorithm. The pixel cor- 
responding to the given vector ( T H , T v )  is rainfall 
over land, dry land surface or wet land surface, re- 
spectively, depending on which of the follouing values 
is the largest : 

Pn(Tn,Tv) - -O.GZ~TH:+O.U~THTV-O.~~TI.: 
+3.8?6T1~+12.25OTv-!W.O9i ,  (8) 

T!.e quadratic function (hiahalanobis'i dlstance 

0, i-k squared) 
AiS4iS.)- i, k = 1, 2,3. (3) Q,(x)- ( X - ~ ~ ) ~ C ~ - ~ ( X - ~ ~ )  (11) 

1, i + k  L a measure of distance in proba5;liitic terms between 
Hence, all mixlassificatior~ are qual ly  costl:. and y~ and x and has a chi-square distribution with two 
Eq. (2) now reduces to degrees of freedom (Schcde, 1959r. Therelore a con- 

Tuu 8. Simuluncoru conMcnce intends for didemnces bt- Theoretical compuuoon. 
tween mun bnghmn, temperrturn representing run i R ) ,  dry 
(D) .ad wet (W) ~ r u a .  C;wihed 

b o w n  Rain 3rv Wet 
rohmmliom Dry -G -a Wet m run 

Rain 77.15 6 66 16 19 
H-ul 14.44 G u n  - u r  13 I * C u s - u w  -1 IS C u r  - u w  D r~ 6 6; 82.4 !l?S 6  1 8 . 1  < 22.93 6  6.11 
V m h l  11.00<zo-.rr  b O l 4 r n - w w  4.98 C u w  -nvr Wet 16 28 11.3 2 . 4 3  

6 t * m  c 12.60 l o r )  
.\WW UCUW 17 ??C,. 
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TABU 10. Lk- c h d d o n  enor matrix 
dr&nnmed from vlnpled &rr 

aioided 
Known Rain Dw Wet 

Rain W.35 6.02 4-63 
DY 7.41 91.53 1.06 
Wet 27.27 15.15 57 .9  

6dence value F can be associated with each clasiiied 
pixel. F is given by 

where a. is the distance, in terms of standard devia- 
tion fro.3 the mean, to which zero conMence value 
is assigned. 
This ma.&urn Likelihood decision rule selects one 

clau from a set of predetemined classes (Sn, So, SF 
in the present context) to which a pixel represented 
by x- (Tn,Tv) most likely belongs. The associated 
confidence value, F ( x ) ,  measuring the distance in 
probabilistic tern5 of x from the mean p i n t  of the 
selected dass, is calcdated according to Eq. ( ! 2 ) .  
The hypothesis that a pixel actually belongs to a 
selected class may be accepted or rejected based on 
this confidence vdue. If the contidence value is greater 
than a pr&e:ermined value (133.0, liS.5 and 204.0, 
respectively, in the case of 60, i O  and WC confidence 
I*--els), the hypothesis is accepted and the pixel is 
put in the stlected class; otherwise, the hypothesis 
is rejected and the p i ~ e l  is put in the unknown class. 
The problem, cf course, is to assign :he appropriate 
values for thresholding the confidence value parameter. 

6. Error analysis 

probability in each case was accounted for by the 
first term of the asyn~ptotic errpamion 

1 
*(-ta) -- ['' cxp[+)G, (1s) 

(244 4 

where 
NI+NI-5 2(iVI+N2! 

A'=-- 05- 
N1+8:-2 NlN: 

(14) 

D is Mahalanobis's distance and Xi, $2 are sample 
sizes of the populations under consideration. Only a 
small fraction & contributed by the mt of the te&. 
From Table 9 it is clear that the chance of i!lcorrectly 
classifying wet land surfaces or dry land surfaces as 
raix over land is nearly 23%. But when a given pixel 
is classified as  a raining area and each of the eight 
contiguous pixels that cluster a r o ~ n d  it is also clas- 
s i M  as rain over land, then the chmce of rnisclas- 
sification of that central pixel is reduced to 7.7X lmO 
assuming each pixel is independently classified. 

Table iO displays the actud probabilities that the 
Bayesian alkorithm classify the sampled training data 
into the various wpuiations is as indic~red. The . . 
average accuracy is the mean of the diagonal elements 
oi  the corresponding error rnatris, and these averages 
compare well with the estimated average. 

Tables 11 and 12 show tile estimated error m?tricc?s 
corresponding to data which came from land areas 
where the surface thermodynamic temperature was 
less than or greater than ljJC, respectively. I t  is 
apparent from the tables that :he classitications are 
not definitive when the surface thermodynamic ten- 
perature is between 5" and 15°C. 

7. Algorithm evaluation 

h case not previously used in sampling was tested 
to verify qualitatively the performance of the Bayesian 
classification algorithm. This case consisted of a syn- 
optic-scale rain~pattern over the southeastern t-ni-ted 

stimatc was to evaluate States (14 September 1Ci6) which ru observd by quantitativeiy the performance of the Bayaian clas- the ESMR 6 sensor (surface thermodynamic tern- d d o n  a1goridm. n e  enor rat= Pratllre ) :jOC)- Fig, 7 the rlinfall area 
Icrnrding to the asympmtic Dven by Ota- ddineatd  by the LYSR 5 i  radars and hourly rainfall (IW3), uruming that the pop*1atiom liotisiy reporting stations. The appmdmate time of the radar 
*e Galurian distribution, have differrnt means, and PPI 16j0 GhIT (,,.ittin min ci the 
have the covuiancr rnults are Nimbus 6 pars), The reponing timcr of the houriy 
shown in Table 9. Virtually all of the mixlassificatioo 

TULL 11. f7iOMiitk of m.isclUsi6caticn: T ~ . E ,  12. Probabrlrtin ci  mixlisj16cat1on. 
Thcontid cmpuution ( < 1S0C\. Theoretical computauon : > l5'C). -- -- 

Clruiied 
G o # n  la in  \Vet 

- -  - -  

Rzin 45.99 36.23 1i.X Rain :1.83 11.76 13.41 
Dry 36.26 2.3 .?4 39.i5 DV :l.iS i i  $6 10.59 
Wet 18.03 41.86 10.11 Wet 13.39 10 72 75.60 - - - 

.%vtnf~ u w n ~ y :  36.70%. .herage accuracy: 76.06q. 
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September 14, 1976 b .'" '!\ 

15 GMT 16 GMT 17 GMT 

Frc. 7 .  Runfall over the wut!~urt C'n~:ed S u t a  u delineated bv the WSR 57 ndsr md kourly 
ninfdl reporting stations. %me of the drlz L spproximrtely 1G GXT 14 September 1970. 

precipitation amounts w r e  1500, tSOC and 1700 CMT. 
The shaded area within the IVSR 57 radar PPT range 
(232 krn) is raniall are3 with rain rates r2.5 nm h-I. 

The radars were located at Waycross and Macon, 
Georgia; Charleston, South Carolina: m d  W~lmington 
and Cape Hat ters ,  Sorth Carolina. Surface statron 
data \present \warher, ternpersturn, cloud type and 
amount, precipitation amount in three hours, and wind 
velocity and direct~on'r were taken 3t IS00 GMT. 
Hourly rainiall is also shown. (See model in Fig. 7.1  

The Ba>.esian (70 And $ 0 5  con5dcnce~ clsssliica- 
tion maps are seen in Figs. Y and 9. rnpectivelv 
.irtz3 si c!ouds most !ikely producing rain are de- 

lineated by the Sirnbus 6 THIR 11.5 rm channel 
where equivalent blackbody temperat:~m TBB< 170 I; 
i,Shenk cf dl . ,  19761. Rain areas in the absence oi rain 
producing clouds are considered miscl3ssinc3tions. 
R:gions oniy covered by clusters or contiguous p~se!s 
clasnried into a single individual class are sho\vn. 
since :he probab~!ity oi misclass~fying clustes is much 
less than that oi 3 singie ptsel. 

It is seen by comparing the :no B~!eslan c!uslri- 
cat:on maps at :O and Y O 7  iontidence level Figs. 9 
m d  9, respectively 1 \\ !th the mdp delinest~ng ,.?Sicr~ed 
rain Fig. 7' that the: Agree neil. p a r t i c ~ l ~ r !  at the 
3 0 5  conndence :eve! 50 2:rernpc n . 3 ~  nude to ver:f! 



R O D G E R S ,  S I D D A L I N G A I A H ,  C H A N G  A N D  WILHEIT 

wet land surfaces. The 80% confidence Bayesian 
d u r i t i o a ,  however, did ngt delineate rain over 
e u t u a  South Carolina as well as the fOyo coddence 
cbi6cation. Tht is btcawe the requirement of 80% 
con6dence level is obviously too stringent. 

The mrin dkcnp.nda found between the ESMR 6 
observed midall and ground observed minfd is seen 
over North C a r o h  and southwatern Georgia. The 
midall indicated by ESMR 6 over North Carolina 
m y  be suspended liquid water in the clouds and/or 
vkga .head of the rain area (the 9ra of rain was 
moving northwtward toward North C a r o b ) .  The 
ESMR 6 delineated rain over southwestern Georgia, 
which was upstream from the nia area, may be due 
to wet land surfaces produced by the rain that fell 
a few houn prior to the Nimbus 6 pau. 

The Bayesian d a d c a t i o n  algorithm was applied 
to mother test case (1645 GUT 27 August 19i6, 
surface thermodynamic temperatures were 2 l j0C) 
over the same geographical area as the previous case 
in order to determine whether the surface charac- 
teristics (vegetation, soil moisture and surface rough- 
nus) had influenced the classihcation performed in 
the previous case. During thae periods the area was 
under the influence of a Bermuda high. Also there 
was a squall line located in southwestern V i n i a  
and ertending southwatward into Tennessee. Rainfall 

Fro. 8. ESMR 6 derived &dl dhtributioa using the Bay& 
drvida rrth I, con6dtncr level of iW3. T i e  of .Xibur 6 pan 
ru 1630 GMT I4 Septemkr 1976. 

FIG. 9. As in Fig. 8 except with a confidence level of wo. 

a-cu associated with this qua1 line and along the 
Gulf States. Fig. 10 shows the wo conkidence level 
Bayesian classification map superimposed over the 
surface station models. The reporting time for these 
stations was 1800 GMT. The &we shows that the 
only anas classified as rain over land were along the 
Gulf Coast and in eastern Tennessee. Thc regions in 
the previous case where the algorithm showed rainfall 
bere classified as dry land surfaces. Hence, there were 
no iduences of extraneous suriace characteristics on 
the outcome of the ~rev iow case studv. 

However, contrdicting results o c k r e d  when the 
Bayesian classification algorithm was applied to a 
nighttime N i b u s  6 pass over the same geographical 
area (0525 GMT, 13 September 1916) where surface 
thumod~Pamic temperatures were > lj°C and there 
was no synoptic-scale rainfall. ..Umost all pixels were 
classified by the algorithm as rain over land. .b 
examination of the ESMR 6 vertically polarized TB'S 
lowed  that the temperatures were below O°C. Since 
calibration of the nighttime data is better than that 
of daytime data (Wilheir, 1979). this anomaly mav 
be attributed to the changes in the surface ernhivity 
caused by the presence of dew on the vegetation. 
The 0600 GMT National Weather Service mao indi- 
cated that the conditions were ideal for the forkation 
of dew. .\ large anricycionc centered over V i i a  
produced dear skies, wnds less than 5 kt and aew 
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Nimbus-6 Orbit Data and Time 
Au~-27,  1976 1645 GMT 
Tlma of surface observations 

1800 GMT 

0 ESMR-6 derived rain 

ESMR-6 derived wet ground Lf 

Frc. LO. .4s in Fig. 9 except a t  1643 GMT 27 August 1976 

point temperature di;ferences of less than 3°C over 
tbe majority of the reporting stations in the southeast 
United Sta te .  Therefore, the classification algorithm 
trained by data sampled from Yimbu 6 daytime 
passe can be employed only wten dew is absent. 

8. Conclusion 

Statistical analyses \*,ere performed on the sampled 
ESMR 6 data for the purpose of delineating rainfall 
arem over land from dry and wet land surfaces. I t  
was found chat synoptic-scale rainfall over land, where 
surface thennodynamic temperatures were greater than 
l j ° C  and where the vegetation was not covered with 
dew, could be delineated despite the large ESMR 6 
IFOV However, there w u  some ambiguity in d k  
cinguuhing between rainfall over land and wet land 
surfaces. 
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The BeneBts of Using Short-Interval Satellite Images to Derive 
Win& for Tropical Cyclones 

VINCENT OLIVER 
NOMINUS. Camp Sprk ls .  MD 10231 

(Mmurcript d v d  3 Octobar 193. in final fonn 5 Fekwry  IPr)) 

Dwiw tha 1975. 1976 md IPn Nonh A t h d c  h u W e  wasom. NOAA's National Environmonul 
%tollice Smice (NESS) m d  NASA's Goddad Space Fb&t Center (GSFC) conductd a coopanlive 
proq.m to daonnina tba k r t  molution md freqwtcy now rvrilable fkom satellite imyrr for deriviq 
rinds to study .nd f o r n u t  uppial cycknar. R.ptd-sun iv w m  obtlioad in 1975 at 7.5 min inuwal 
h n  SHS 2 for HHursicme Eloise on 22 kptembar md d trqncal cyclorn C d m  on 28. b md 30 
Au(uu; in I976 u 3 min inter*& from GOES I for trepcal stonns EeUe on S A w s t  md Hdly  on U 
Octokt: md in Ion rt 3 min intam& h m  GOES I for tropical cyciorn Arum WI 30 md 31 Aupst  
and I Septamkr. Cloud motions wen dmved from t l m r  imqm u s i q  the Atmospheric md Ocean+ 
qrp&c Infomuh Rocasin# System (AOIPS) u GSFC. Winds that wen derived from tha move- 
mrnt of u p p r  (-200 mb) and l o r n  uoporpheric (-- mb) level clouds usin# npld scan drh wen 
c o m p n d  with tk I S  md 30 mm i n tma l  dam. This wu doem IAN visible imues having I. 2.4 and 8 
Lm molurion Ibr h a  uru witbin 6SO km of tbr storm mur for tba I975 md 1976 tmpical cyrlomr. 
~mwt&n io(nrim#u m r a y d o u b ~ ~ u ~ d k m c k a t ~  t o o w  vindruborh levels uri- 3 m d  7.5 
min npbsan  imrpr u w b m  usiq 30 mio (I5 min) int- imrpr. I n  addition, by usiw the brqurat 
ima8u. it ru pouibk to track r h w  bright ua, within tha c m m l  d e w  overcast which rpprucd 
to ba k v -  with rbr rinds w low levels. For Hurriana Elotrr .ad C d i m  the w~ndr  r&t wen 
h w d  by tnckjng Iku bc@t .mr within tbr c m l n l  dm= ovemut had spa& diffmng in  tha maan 
by oaly 2.5 m s-I Itom tba wind s p d  m r u u n d  by aimraft flyin8 rt -0.5 km above the surfbce in 
tha SMW pudmt 4 b her. Full-molution visibk imyrr (I kml wan n a d d  to track slow mavin( 
k-k*d c l o d  &mU,  since on r d.qd.d m l u t i o n  imyr. subpixel m o v r m t  would invoducr 
dditivr i a u c u n c m  to tha wind nmwmnaau. Ilrpd-scan I W - d u t m  GOES I dru for tropical cy- 
c l w  Aolh (1977) prowidad npmmht rve  wind lkldr only outude tha cen td  dense overrut at tba 
lower aoporpbrnc level. For tbic ua &raft-meuursd wind sped, d i lhnd  in the maan e n  by 
oaly 2.5 m s''. 

The destruction caw by tropical cyclones af- 
fecting the United States h u  increased at an alucn- 
ing nte. In the decade from 1965-74, the a v e w  
annual cost from tropical cyclone damage w u  nine 
times water. even &er aarutmenu for inflation, 
thn during the decade h m  1915-24 (Gentry. 1966). 
By contrast. the loss of lift caused by tropical cy- 
clones decnued considerably after 1935 with the 
improvement of the warning service. 

It is a common belief that improving the warning 
services requires improved numericaldynamical 
models for forecasting humcrne motion and inten- 
sity and a better knowledge of the initial meteoro- 
logical puuneten. In p.nicular. initial wind data at 
sevenl levels from the surface to the lower strato- 
sphere extending outward from the center to include 
the environment of the tropical cyclone art needed. 
Elsberry (19t7) stated that the poor results in 
forecut~ng the translation speed from the court- 
grid version of his tropical cyclone prediction model 
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was attributable to the deficiency of wind data for 
the initial field. Elsberry also noted that additional 
wind data arc not only needed around the tropi- 
cal cyclone center but within the surrounding cloud 
system out to -600 km from the center.' In addition, 
Hovermale and Livezey (1977) showed that the 
introduction of a more realistic outer circulation 
(300-1100 km from the center) to their modeled 
spinup storm would reduce their vector position 
errors. For the 1976 Atlantic tropical cyclone sea- 
son. the vector position errors for the 36 and 48 h 
forecasts increased by approximately a factor of 3 
for stonns over data-void ocean areas as compared 
to storms nearer to coastal stations. 

Data outside 600 km from the center are usually 
obtained from radiosonde networks. transoceanic 
aircraft flights and from cloud motion wind analyses 
at approximately the 900 and 200 mb levels obtained 
from operational scanning geosynchronous satellites. 
Within the tropical cyclone cloud systems the only 
real source of wind data is the hurricane recon- 
naissance aircraft flight. However. the quantity of 
wind data obtained from tl se flights is not suffi- 
cient for these numerical-dy namical models and, in 
fact. the tendency in recent years is to reduce the 
quantity by decreasing the number of flights. There- 
fore, there is a gnat need to obtain additional 
wind data from another source. 

An excellent source for the upper troposphere 
has been the motion of clouds tracked with succes- 
sive infrared and visible images obtained opera- 
tionaliy from the family of geosynchronous satellites 
at -30 min intervals. However. less success has 
been found using cloud tracking to obtain winds at 
lower levels near tropical storms. One reason for 
the lack of success is that many of the clouds of the 
type and size best suited for tracers at low levels 
do not persist or maintain their identity for even 30 
min. This has been observed by many previous 
investigators. For example. Fujita er al. (1975) ob- 
served that cloud turrets ranging between 0.5 to 3.2 
km in size which they found to be the best targets 
to infer winds within the subcloud layer were hard 
to track targets in a tracking point of view because 
they were relatively shon lived. Another problem in 
tracking low-level clouds within the area of the 
tropical cyclone cloud system is that these low-level 
clouds that are sometimes seen through the breaks 
in the cirrus frequently are only observable for a 
shon period. Therefore. in order to supply the 
numerical-dynamical models with additional cloud- 
derived low-level winds within the tropical cyclone 
cloud system, more frequent observations from the 
geosynchronous satellite should be obtained. 

To verify this hypothesis, the National Aeronau- 
tics and Space Administration (NASA) and the 

National Oceanic and Atmospheric Administration 
(NOAA) initiated a cooperative project to use rapid- 
scan satellite imagery to obtain more wind data in 
tropical cyclones during the ,975-77 hurricane sea- 
sons. The goals of the project were to obtain more 
winds needed by the hurricane researchers (includ- 
ing models) and forecasters and to determine the 
optimum space and temporal resolution of the geo- 
synchronous satellite data used to derived winds. 
Limited-scan visible and infrared images were ob- 
tained at 7.5 min intervals from the Synchronous 
Meteorological Satellite (SMS 2) in 1975 and at 3 min 
intervals from the Geostationary Operational En- 
vironmental Satellite (GOES 1) during the 1976 and 
1977 tropical cyclone season for a few hours on 
selected tropical cyclone days. These were for tropi- 
cal cyclones Eloise (22 September 1975). Caroline 
(28.29 and 30 August 1975). Belle (5 August 1976), 
Holly (26 October 1976) and Anita (30. 31 August 
and 1 September 1977). Winds were obtained at the 
lower and upper tropospheric levels. 

2. Analysis 

The hypothesis that cumulus and cirms cloud 
translation approximates the speed and direction of 
the ambient flow at the cloud-base level has been 
tested using aircraft observations in the trade wind 
regime over ocean areas (Hasler er al. 1977). Move- 
ment of cumulus clouds 3-15 km in diameter with 
bases at 960 mb and tops at 600-700 mb had a vector 
difference from the ambient flow at cloud base of 
1.3 m s-I. The average difference found between 
a limited number of c i m s  clouds and the ambient 
flow within the cloud layer was 1.6 m s''. 

The clouds for the five tropical cyclones were 
tracked on NASA's Atmospheric and Oceanographic 
Information Processing System (AOIPS) using a 
series of infrared or visible SMS ZlGOES 1 satellite 
digitized images (Billingsley. 1976). This system 
allows a user to interactively modify digital images 
and to display the .results on a television monitor 
through utilization of a computer software package 
called the Meteorological Data Processing Package 
(METPAK). To track clouds using the METPAK 
software. a sequence of images at a given time 
interval must first be registered by aligning recog- 
nuable land features in each image. A correction 
is made for image distortion caused by satellite 
oscillarinrj orbit motion and the axes not being 
parallel to the earth's orbit. The recognizable land 
feature is eanh located by utilizing a navigation 
algorithm adapted from the University of Wiscon- 
sin's McIDAS navigation routine (Smith, 1975). 
The algorithm translates image coordinates (pixel. 
lines) to earth coordinates (latitude, longitude) with 
respect to the land feature. The images are then 
displayed in time lapse sequence on the television 
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monitor. Either the centroid or an identifiable point 
on the cloud that can be seen on all images (at least 
three Images are used) are tracked subjectively by a 
moving cursor or objectively using an image correla- 
tion mode. The displacement of the cloud in earth 
coordinates divided by the time interval between 
images gives the wind velocity. 

Other options in the METPAK software package 
involve variations of the spatial resolution of the 
image and determination of cloud height. The cloud 
height is calculated by estimating the cloud optical 
thickness for the observed cloud brightness and the 
infrared emissivity using Kirchoff s law. The cloud 
optical thickness is calculated by a multiple- 
scattering program designed for the McIDhS at the 
University of Wisconsin (Smith. 1975). The emis- 
sivity and the percent of cloud coverage as obtained 
from the visible image are used to determine the 
cloud top tempenturc. The cloud top is then esti- 
mated using the standard atmosphere corrected for 
latitude and date. The cloud height was used to 
assign the level for which the clouds were tracked. 
Clouds above the 350 mb level were assigned to 
the upper troposphere. whiie those below 700 mb 
were accepted as low tropospheric clouds except 
near the center of tropical cyclones. The few 
clouds found between these levels were not traced. 

The spatial a,id temporal resolutions that were 
used for clouds tracked for both the lower and 
upper troposphere for each of the five tropical 
cyclones are listed in Table I .  Time of observation 
during the daylight hours was approximately be- 
tween 1300 to 1900 GbfT. Vis~ble images (designated 
by V in table) were primarily used to track clouds 

TABLE I Sparla1 and lempod ~ ~ 0 l u 1 1 o n  of [he ShiS 1: 
GOES I lmavry used ro rnck clouds for each of the five trop~sal 
cyclones 

EIOM (~o'!, v E : E!- ,n*:31 v 
C d ~ m  r!3&'*1 k tudlm . %&'JI V 

C W I ~ ~  #:as-!) L 

E V E i o t u  ,:'*.!I V E l a u  ille"!~ V 
Carot*m tl(ZL'.l V Cuurlne >.W&"I V C M ( O ~  P W C - ! ~  V 

< a d ~ n e  :as-*) b CM~IM ,:%v!I v 
Betlr 8 JsP'rl b &Ik I 1 CI!I V 

Halr , :b t&-nt b Hdl.  (2. lllr'l V 
4nala<!O 11s- 

, *-I V 

+ E l a u  I::*-', I R  E t o t u  t l l * - . ,  IR 

€:mu !1:P'!l L Eluu ! ll*'!! b 

t iuolem I ~ O C - ' I  \ cuatm M~&-' I  b 
C ~ V W  , : & v ' ~  b iud,m q :&&") b 

Belie 1 5  &'&I V &I& $ 5  &'&I b - 

TABLE 2. Humcane Eloise 22 September 1975. Numher of 
low-level wind vectors. 

Diruncc from center I krn) 

30 min 2 km V 0 I 
I km V 0 1 9 

IS mln? km V 0 5 
I km V 0 6 19 

7.5 m1n 4 km V 4 34 
2 km V 4 38 
I km V 4 58 119 

at both levels; however, the infrared (designated by 
IR in the table) was used to track upper tropospheric 
clouds for tropical cyclone Eloise in a simulat~on of 
nighttime coverage. 

3. Results 

The results from the SSIS 2 images of tropical 
cyclones Eloise and Caroline are presented in Tables 
2-5. Low tropospheric clouds were tracked for both 
tropical cyclones using at least three successive 
visible images with spatial resolutions of I .  2 and 4 
km. The time intervals between images were 7.5. 
IS  and 30 min. No cloud element was tncked that 
could not be delineated in all images of each se- 
quence. 

Table 2 shows the number of low tropospheric 
clouds tncked for Hurricane Eloise at radial dis- 
tances of 222.444 and 666 km from the center for a 
given spatial and temporal resolution. Improved 
temporal resolution substantially increased the 
number of traceable low tropospheric cloud ele- 
ments. The shoner interval data not only improved 
the cloud temporal continuity but also eliminatc~ the 
ambiguity caused by tracking cloud growth rather 
than displacement. From the center out to 666 km. 
the 7.5 min interval images increased the number of 
traceable sloud elements by more than a factor of 
10 (5) over that of the 33 min ( I S  min) inter\al 
images. Within 222 km from the center. cloud ele- 
ments could only be tracked using shorter interval 
images. 

Figs. I .  3 and 4 illustrate the distribution and 
the number of wind vectors uslng 1 km spatial 
resolution images at tlme intervals of 7.5. IS. and 30 
min. respect~veiy Improved temporal resolutions 
not o ~ l y  Increased the number of traceable cloud 
elements but also corrected 3n erroneous wind 
[ w e s t - n o n h ~ s t  wind 444 km southeast of the 
center (see Fig. J)j caused by tracing sloud grouth 
rather than cloud motion and added wlnd iqforma- 
tlon w ~ t h ~ n  [he eke wail. 

Improved spatla1 resolution in the ccse of E ~ ' J \ S ~  
did benetit the tracking of small stratocumuius 
ei-.ments In the ststle air west of the center and 
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T A B L ~  3. Hurricane Eloin 22 Scptemkr 1975 1900 GMT. C* II N 

Number of hi@-level wind vectors. 1 d d W 

Distance from center (km) 
4 

0- 222 0-44 0-666 

30 min 8 km IR 0 3 6 
2lunv 0 5 9 

7.5 min 8 km 1R I 13 30 
2 km V 10 44 71 

resolution visible images. As was found witb the 
low tropospheric clouds. the improved temporal - 
resolution again increased the number of traceable 
cloud elements considerably (by a factor of 5 in I , ' v' 
this case). Figs. 5-8 illustrate the distribution and 
number of winds that were derived from tracking 

1 

high clouds using visible and infrared images at 7.5 , ,- * * ,  
and 30 min intervals. The table and figures show L - r 

111 
I 

that using low-resolution infrared images at short 6. As in except w,,h 8 km mlolutlon. 
intervals greatly enhances the :lumber of trace- 
able cloud elements; thus infrared images would be 
more valuable for nighttime use if they were ob- 
tained more frequently. 

One of the problems that was encountered in 
using longer interval visible and infrared images to 
track cirms clouds was the ambiguity introduced by 
tracking cloud patterns that were repetitive. For 
example. in Fig. 9, an infrcred image of Hurricane 
Eloise at 2029 GMT 22 September 1975, there is a 
repetitive saw-tooth pattern in the western portion 
of the cloud mass (seen adjacent to A in the figure). 
This entire pattern was observed moving northward 
when shcrt-interval imagery was shown in a time- 
lapse mode. When the imagery was spaced at 

FIG 5 High.ievel wlnds ~ k t l  denved from cloud move- 
ments between rhrer successive SMS 1 pcturtr w ~ t h  1 km 
vls~ble resolul~on and 5 rnln intervals I 1842. 1850. 1857 
CMTI on 2 Sep~ernber 1975 of Humcane Eloise. 

longer periods (IS and 30 min), the direction of the 
displacement and the motion was uncertain. 

Tropical Cyclone Caroline was examined on all 
three days using visible images. Tables 4 and 5 
describe the results for tracking lower and upper 
tropospheric clouds for Hurricane Caroline on 30 
August 1975. Results for 28 and 29 August were 
quite similar. For the lower tropospheric clouds 
obtained from the 7.5 min interval visible images 
with 444 km radius Rom the center. the degradation 
in the spatial resolution from I to 2 km did not de- 
crease the number of wind vectors because only the 
larger cloud elements were traceable. However, at 
radii >444 km, improved resolution did increase 

FIG. ' .4s In Fig. 5 except wth 2 km vlslble resolut~on 
and 30 mtn lntervalr I 1820. 1850. 1920 G M l 7  
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n n w F TABLE 4. Hurricane Caroline 30 August 19fS 1800 GUT. - ! Number of low-level wind vectors. 
I * 4- 

I Distance from center (km) 

FIG. 8 .  As in Fig. 5 except with 8 km infrared resolution 
and 30 mtn intervals ( 1820. 1850, 1920 GMT). 

the number of traceable cloud elements. This was 
because the clouds to the west were over land and 
moved less tllan a televisicn display pixel per time 
period in  the 1 km resolution images. Using visible 
images whose intervals were 30 min. low-level 

30 min 2 km V 0 S 13 
1 km V 0 3 14 

IS min 1 km V 17 46 75 
7.5 rnin 2 km V 23 65 88 

1 km V 23 61 I: I - 
clouds over land could not be tracked because of the 
lack of temporal continuity. Improved temporal 
resolution again substantially increased the num- 
ber of traceable cloud elements by a factor of 6 
( ~ 2 )  for 7.5 min interval images as compared with 
30 rnin (15 min) interval images for an area whose 
radius was 666 km from the center. A factor of 3 
improvement was found using 7.5 rnin interval visi- 
ble images over that of 30 rnin for tracking upper 
tropospheric clouds. Because of the smoother tex- 
ture of the cirrus canopy and therefore a lack of 
traceable elements, this improvemen: was not as 
dramat~c as in the Eloise case. 

The results from tropical cyclones Belle and Holly 
obtained from the GOES 1 images during the 1976 
hurricane season arc presented in Table 6. The 
same format was followed for tracking clouds for 
these storms as was used for the tropical cyclones 
in 1975. The only difference was that the temporal 
resolution was compared only between 30 and 3 rnin 
intervals using visible images. No differences in 
spatial resolution was considered. It can be seen 
from Table 6 that the rapid scan images again dra- 
matically increased (factor of 6) the number of s ind 
vectors obtained from cloud motion in the upper 
and lower tropojphere for Belle and lower tropo- 
sphere for Holly when the image interval was re- 
duced from 30 to 3 min. Tropical Storm Holly at this 
time had no high tropospheric clouds except in the 
southeast quadrant. 

Figs. 10 and 11 dramatize the results for tropical 
storm Holly. The figures show the distribution and 
number of low tropospheec winds that can be de- 
rived from cloud motion using 30 rnin as compared 
to 3 min interval images. Because of the latitude 
belt for which the satellite was programmed to take 
scans, the images and therefore wind vectors in the 

T ~ B L L  5 .  Humpane Caroline 30 .August 19'5 1801) GJIT 
Ziumbcr of h~gh-level w~nd vectors 

- - 

Dtstance from center I k m ~  - 
0- 222 0-A44 0-666 

30 mm 2 km V 0 I4 9. -- 
FIG. 9 infnred lmagerv ol Hum:ane El01u af lot: CMT : 5 mln : km V 0 !5  -0 

H September 1975 Inole semted pattern u .+I 

436 'Kli;L\U PAGE 
F' F"Y1H g ; v ~ ~ r , ~  
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TABLR 6. Tmplcal cyclone Belle 5 August 1976 1800 G h T  and 
tropical cyclone HoUy 26 Octokr 1976 1300 GMT. Number of 
iow-level wind vccton. - 

Dirunce from center :km) 

0- 222 0-444 0-666 

Lou lrvrl 

BeUe 30 min I km V 0 23 - 
3 mi0 I km V 8 110 - 

Holly M mm I km V 4 29 I 
3 min 1 km V 80 223 285 

High lrrrl 

9eUe 30 min I krn V 0 I8  - 
I min I km V 16 75 - 

northern half of Holly were not available. Fig. 11 
delineates an area of maximum winds (50 kt) to the 
east of the center obtained from rapid scan images 
which verify the tropical storm status reported by 
reconnaissance aircraft. This wind maximum was 
not observed from the 30 min interval data. 

Rapid scan images are seen from this observa- 
tion of tropical storm Holly to be panicularly 
valuable for estimating the lower tropospheric 
wind field nearer to the center in weaker or de- 
veloping tropical cyclones whose upper tropo- 
spheric clouds are not decse enough to obscure the 
lower level circulation. Even for stronger tropical 
cyclones that have a more developed high-level 
cloud shield the lower troposphenc wind field 

FIG. 10. LOW-level winds (kt) denvd from cloud movements 
krween three ruccersivc GOES 1 plcturer wlth 1 km resolut~on 
and 30 min intervals (1530. 1600. 1630 G M n  on 26 October 
1976 of tropical stom HoUy. 

sometimes can be estimated near the center. This 
was true for tropical cyclones Eloise and Caroline. 
It is hypothesized that some deep convection near 
the storm center with small lateral area translates 
with the wind speed at the cloud-base level. A few 
of these tracers appearing as bright spots In the 
upper cirrus overcast can be tracked using high 
resolution (both space and temporal) imagery. Mari- 
time trade cumulus clouds (tops as high as 200 mb) 
have been found from aircraft observation to move 

FIG. I 1  Low-level w~nds ckl)  denved from cloud movemenu between four 
ruccerrlve GOES I ptcturer with I km re~olutlon m d  3 mtn ~ntervpls I 134:. 
1345. 1348. I I J  I G M n  on 16 October 1916 of trop~c.l stom Holly 
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0 
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DISTANCI PROM STORM CINTIR (Ute) 

-- 
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AIRCRAfT MIASURE0 WINDS AT 
I4OM A N 0  98OM 

+ I 4 0  M,+ 9 8 0  M -------4 
-1 

I 1 1 1 I I 

FIG. 12. Companion of w i d  speeds derived ltom cloud 
motions between three c o n w u t ~ v r  SMS 2 satellite vlilblr 
i w r y  u 7.5 hrin inrervr 1 wtth winds meuund 4-6 h luer 
by mconnussance n r c d t  flyin8 at J*O and 960 m in Humcanc 
Eloise on 22 September 1913. 

very nearly with the ambient flow at the cloud 
base (Hasler cr a / .  1977). Although there is no air- 
craft verification that deep convective clouds move 
with the wind flow at cloud base within a tropical 
cyclone-type circulation. !he small vertical shear 
and the large upward flux of angular momentum 
near the center suggest that it may happen (Frank, 
1977). To exaniine this hypothesis, winds observed 
from the NOAA research aircraft at an approximate 
altitude of 1 km outside and 0.5 km inside the 
principai cloud shield for Hurricane Eloise (2245- 
0440 GMT '12 and 23 September 1975) and for 
Hurricane Caroline (1634-2332 GMT 30 August 
1975) were compared with cloud-derived winds. 
Some small, bright convective cells 'that persisted 
during the time period were used to infer low-level 
winds near the center. However, the translation of 
many larger bright corrvective cells near the center 
that moved slower than the winds was suspected 
to be due to cbud growth rather than advection 
by the wind 2nd were not used. The results that 
arc seen in Figs. I? and 13 show that the cloud- 
derived winds inside and outside the tropical cyclone 
cloud system compared reasonably well with 
airc-aft-measured winds over the same area relative 
to the storm center even though the times differed 
by as much as 6 h. Thq cell tracked near the center 
of Eloise approximated Eloise's maximum winds 
190 kt  wind vector east-southeast cf the center 
(Figs. I and 31. No cells suitable for tracking cauld 
be found with~n 80 km of Hurricane Caroline's 
center. The average difference in absolute speed of 
w~nds obtained by the two methods is approxi- 
mately 2 .5  m s-' for each storm. Considering the 
time difference In the measurements, this result 1s 
no greater than would have occur:ed d the winds 

were obtained by aircrafl for each case because of 
the great natural variability of winds in tropical 
cyclones (Gentry, 1964). 

This good agreement betwqe:: satellite and air- 
craft winds difter from the And~ngs of Gentry rr al. 
(1970) in which they tracked large bright convective 
cells near the center of Humcane Gladys on 17 
October 1968 using the 14 min interval visible images 
from the Multicolor Spin Scan Cloud Camera on 
ATS 3. It was found that these clouds moved from 
45 to H of the speed of the low-level winds. The dif- 
ference may be attributed to the ambiguity caused 
by cloud growth when tracking large cells usinp 4 km 
visible resolution images at a 14 min time interval. 

Rapid-scan (3 min interval) full-resolution GOES 1 
data for tropical cyclone Anita on 30 afid 3 1 August 
and 1 September 1977 at approximately 1600 GMT 
were used to derive wind fields for both the cloud 
base and the upper troposphere. At the lower 
tropospheric level a representative wind field was 
obtained outside the central dense overcast. Within 
the central dense overcast, there were no low cloud 
elements that could be traced. Fig. 14 shows an 
image of tropical storm Anita for 1600 GMT 31 
August 1977 together with the derived lower 
tropapheric wind field. The vector length repre- 
sents cloud speed while the vector depicts the . :cc- 
tion of cloud motion (the vector at the cen': * of 
Anita locates the center of the storm). From this 
figure one can detect the directronal convergerce 
southwest of the eye. A speed maximum of 40 k t  
is west and south of the eye. Winds measured by 
the NOAA research aircraft were compared 
with the satellite-derived lower tropospheric winds 
where they could be matched in time and space. 

I --- SMS-2 D E R M D  LOW LEVEL WINDS I 
(1- QMT 10 AUGUST 1W8I I - AIRCRAFT MEASURED WINDS AT 

I UOM AND IOM 
1 1 0 1 - a  OMT 10 AUOUST 1 m 1  

! 
'LA 

1 2 4 5 6 7 
Dl8TANCE PROM CENTER iUT.1 

FIG. I3 Comwnwn of wlndr Jenved from cloud mothon 
beween r h m  conrccuw* SMS ? srttll~le I km vlilble lmycry 
at 7 J mln ~ntrrvrlr with wlnds meuurcd 2-4 h later by 
reconnurrrnce ~ l r c d  Ryln8 at 540 and W m In Hurrtcanc 
C m L ~ n r  on 30 ~ u # u r t  :V! 
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FIG. 14 V;,~ble Image of Tropical Storm A a ~ t a  at 1600 GMT 31  Au#ust 19- 
together w ~ t h  Ihe nplJ.s<an 0 mln l n ~ e r v r l l  satellite-denvcd lower troporphenc 
u ~ n d  field. Vcc!or length reprete l ts  cloud speed v h ~ l e  vector d l r rct~on repm- 
s t f i l s  the dtrect~on !he aoud Is movlns. Vector at cenfcr locates the center of the 
storm. 

This was on 31 August 1977 at approximately 
1400 GMT when the aircraft flew southwest fro.2 
New Orleans into the storm at an altitude of 0.5 km. 
Companson was made betwee? 1220 and 440 km from 
the cen'er in the nort5tast quadrant. Results are 
in Fig. I S  where again the average difference in  
abrolute speed represented by the two methods IS 

approximately 1.: m s-I. Although the agreement 
between cloud motion and wind IS good in these 
cases. more events that hzve both rapd  scan satellite 
and aircraft wind data are needed. 

At the upper tropospheric level. (Fig. 16) limited 
scan data npairl aided In obtaining a representa- 
tive wind fieia. C i m s  clouds could be used as 
tracers both outsrde and ui thln the central dense 
0ver;iut 

4. Conclusion 

especially imk.~rtant when the low-level clouds are 
over land or imbedded in the dense high overcast 
near the storm center. As long as the clouds are 
over water and removed from the high-level clouds. 
2 km space resolution is adequate. Rapid-scan 

roo* LQOY 
High spatlal and temporal resolution satellite 

imagery makes 11 i e u ~ b l e  to prov~de a large number o b  ., I l 4 ¶ * ?  uf lower and upper troposphepc ~ r n d s  whrch can be m m  r ~ w  m ~ w n r  iu r* '  
obtarned b\ t n i k ~ n g  ;!oud% utthln +,.ZO km of rrovt- 
cd iy-lone cenrer5, C~ to 10 rI times as many FIG 13 Compnson 0. wndr dtnved from cloud mot~on bc 

tween ! h m  consecutive GOES I r r te l l~ re  v is~ble Ina#cr\. a! 1 
low-level wtnds den'ed Images 'paced ,I, lnte,d, w,,h wind, measured t - 3  ti Iarerbv rcr ,nnu,,mcc 
at ! or ' ! mtn ~r~tervals as from thaw ~t 31) mln ,EM qvIn# at !a md 090 rn rn :mptcd cvclone 4n1tr on 
I I.' mlnl ~ntervsls. Grcarer ,pace rcsolutlon 15  .;I 4ugust ,Q- 
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FIG. 16. .4s In Fig. 14 except vecrors -epresent <loud motton and dtrec:tun 
at the upper iioporphenc lebc!. 

full-resolution i n f m r t ~  and visible images min~mized 
the "erroneous winds" derived by tracking cloud 
elements that prcpagte by growing on one side 
and dissipating on the other and by tracking repe:i- 
tive patterns that provided ambiguous in5ications of 
direction of movement. 

The higher r:mpo,.al resolution also made i t  possi- 
ble to greatlv increase !he number of tracesble upper 
tropospheric i h u d  eiements both during the day 
and night. With the rapid-scan full-resolution visible 
images it was sometimes possible to d e ~ v e  low- 
level winds within the :entral dense overcast near 
the center of  tropic^^ cvclones. 

Short-interval (7.5 min or less) full-resolution 
images ( S 2  km) make i: feasible to provide many 
of the wind data not available from other sources 
between 200 and 1100 krn from tropical cyclone 
centers. These w~nds are urgently needed !a itialize 
dynam~cal-numerical model predictions. TI-!. ddi- 
t~onal source of data iould provr.le the .nb ~ c h  
that the numericd models will give .IT; tzved 
forecasts. 

.4c~no~vledernerlr.  The authors wish to thank Dr. 
Robert Sheers of SEHhtL for making available the 
wrnd ddta obraiced the SO.-\,+ research alrcrait for 
tropical cyclones Elolse snit Caroline I?"! and Anita 
197". 
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Paper 54 

Reprinted from Journal of Applied Meteorology. 17, pp. 458-476, 1978. 
Nimbus 3/ATS S Obseroations of the Evolution of Hurricane Camille 

Olaauuript  m e i d  14 June 1977, in h a 1  form 28 Novemkr 197i) 

ABSTRACT 

Thm periods within the life cyde of Hurricane C d e  (1969) are examined with ndiometric u ~ d  c u n e n  
marwemenu from l i imwr  3 and c u n e n  inforoution from A n  3 in conjunctiolr with conventiond in- 
formation. These periods arc the deepening phase, the intenction of C d e  with mid-latitude westerlies. 
and the uceuive nin-producing period when the cyclone w u  over the centni  Appaluhiru.  

Just prior to s ignhunt  deepening, the Simbus 3 SIediam Rcwlution Infrared Radiometer (MIUR) 
window and water vapor channels showed a band of developing convection that extended to the cirms iewl 
in the southustern q u d n n t  of the storm which onginated from the ITCZ. Low-level wind fields were 
derived foom :onvention& sources u well as from cumulus clouds tracked from a mica of A f S  3 
\\'i'ithin chis band were low-level 30 kt winds b t  supplied Camille with strong i n h w  where the air p d  
over sea surface tempemturn that were 1-3 standard devistioru above norma!. 

At thc beginning of the w i d  deepening the J IRIR radiometer mruurements indicated a npid contrac- 
tion of the central d e w  overcast md then an espnnrun u the mrrirnum deepening n t e  occurred. Simul- 
tu~eowly,  the i n c r u x  in the MRIR q u i d e n t  bhckbodv temperatures (Tm, indicated the development 
of k g - s u l e  subsidence Lhroughout the h p n p h e r e  n o d w e s t  of the center. \\;'hen Camille wakened u it 
moved o w  the lower Sliruuippi Valley, the cyclone acted u a partial obstruction to the synoptic-sale flow 
and i n c d  the rubidence west and north of the cyclone center u indicated by d e  incruse in water 
vapor TI, and verihed by thm-dimensional tnjectoncs. Increased cloud-top elevat~ons, approaching the 
lev& reached when Camille was an intenu qcione over the Gulf of >Iesico, were ntimated from the S i b u s  
? Nigh Resolution Infrared Radiometer (HRIRI measuremenu on 20 August 1969, when Camille produced 
niaJ of major flood proyortiom near the eut s l o p  of the Appdachrans in central Virginia. 

1. htroduction 

From a meteorological point of view. Hurricane 
Camille was the nost important .+tiantic humcane of 
record (Simpson d d., 1970). No recording anemometer 
quiprr.ent was able to survive in the area of maximum 
winds as the cyclone moved onshore. \Vhd velocities 
approaching 175 kt $\-ere estimated from an appraisal of 
the damage within a few hundrd m t e n  of the coast. 
The minimum central pressure of 9'; mb wvs second 
only tu t!!e Florida Keys storm of 1335 (892 mb) for 
.-\tlantic hthcanes. IVhereas the Florida Keys storm 
probably had higher ma.umum winds than Camille, the 
diameter of humcane winds was less than 100 'm, as 
compared to 160 to 240 km for Camille. 

Camille began to develop near the island of Grand 
Cayman irom a tropical disturbance which moved 
westward across the .? tlantic from the African Coast 
(Fig. 1). The cyclone deepened rapidly as it passed over 
the western tip of Cuba into th. Gulf, and it reached 
madmum intensity by OOOO GMT1 17 August 1969. 
This intensity was maintained with little apparent 
fluctuation as observed bv reconnaissance i rcra i t  until 
the center reached the coast at 04-30 on 13 .\"gust. 
Within 12 h, the winds had d e c r e d  to less t h a  
hurricane strength as the cyclone moved nordward 
through Mississippi. For the next 36 h the remains oi 

I M ames CSIT unlm noted o t h e m k .  

Camille moved north, then east, with the winds and 
rains diminishing in a t s i c a l  history of a 'ropicd 
cyclone moving away from its moisture source. Sud- 
denly, excessive rainfall began over the central 
.lppalachians in response to an injection of extremely 
moist air 3t low levels, an unstable lapse rate, upper 
tropospheric hoiltontal divergence and the topography 
(Schwan, 1971). This portion oi Camille's histop is 
similar to that of Humcane Diane which in 1955 
produced massing flooding in Sew England although 
she had \vealientd considerably after moving a,: i j - c  :hr 
Carolinas and Virginia. Camille briefiy regained iropkii 
storin strength after moving eastward ofi the .itlantic 
Coast near Sorfolk, but interaction with a cold front 
c a w d  the cyclone to become cxtratropical. 

Throughout the important phases oi Camille'? life 
cycie, the storm was observed by meteorologic$ 
satellites such as Ximbus 3, .ITS-3. and the operational 
satellites. This outstanding coverage, along with con- 
ventional measurements. permitted the e~amir~ation in 
some detail of three important events ir, the life cycle of 
Camille : 1) the npid  deepening phase. 2' the interaction 
with the mid-latitude tvesterlies as the cyclone moved 
inland, and 3) the deve!opment oi the heavy rains over 
the centrai Appalachians. 

2.  Available data and mapping procedures 
Radiometric measurements with a 35 Irm spatiai 

rmlution (at nadirj were taken at  12 h intervals by 



FIG. 1. Track and dcvdopmcnt s u g a  of Hurrkrnc C d c  from 9-22 Aupst 1969 
(Gtxted from Yon. Wro. Rm., 89, p. 294.) 

the Nimbus 3 Sledium Resolution Infrared Radiometer 
(MRIR! in 6ve spectral regions. Four of t h e  chumels 
measured at  0.24.0 rm, 6.5-7.0 (6.7) pm, 10-11 (10.5) 
urn and 20-23 i2l.5) pm, respectively. T5e first channel 
measured nesrly all of the redcctcd solar energy, the 
third is in an infrared atmospheric window, and the 
second and fourth measure the emitted energy m regions 
of moderate to strong water vapor absorption. Fig. 2 
shorn the layen of a mean tropical, cloudleu auno- 
sphere that contribute to the sensed radiance in each 
of the three IR spectral intervals. The emiuion in the 
6.7a region primarily coma from the r.pper tropo- 
sphere, the 21.5 um emiuion emanates mostly from the 
middle troposphere, and the 10.5 rm radiance nearly 
ail comes from the surface and lower troposphere. 

Xirnbus 3 High Resolution Infrared Radiometer 
(HRIR) nighttime emission measurements were made 
at  3.3 to 4.1 rm with a 3 km subsatellite-track spadai 
resolution. Further detaih of the Ximbw 3 satellite 
and the instrumentation are provided in the Xi- 3 
L'ser's &ids t Ximbw Project, 19691. 

V i t l e  measuremeno were obtained at  11 rnin 

intervals from the Multicolor Spin Scan Cloud Camera 
(MSSCC) on ATS 3. Due to the frquent observations, 
it was possible to track the motions of individual cloud 
dements to determine the wind. The douds were 
dusi6ed iu high or low, depending on their appearance 
and motion; the high clouds most likely indicating the 
air motion near 200 mb and the low clouds near 950 mb 
(Hasler et d., 1976). Some middle douds may have 
inadvertently b u n  included, epccidly in the high- 
doud sample. Hubert &nd Whitney (1971) have 
d i x d  doud motion-wind accuracies from ATS 
data. More information on the ATS 3 satellite and the 
MSSCC can k found in the .4TS C'sn's Ckda and 
catalog publication suies. 

The Nimbw ndiition measurements were mapped 
in the stenographic h~rizon map projection (Shenk 
cf d., 19711 where the center of Camille was always 
placed at the center of the map. Thus, Camille was 
rrupped (bu not viewed) in the same perspective 
throughout the period of interest. .4 correction was 
applied to the measurements from the water vapor 
chm& (6.7 and 2 1 . 5 ~ )  to compensate for limb- 



FIG. 2. Weighting function (4)  tun-a [+ units u e  \V (cm' rr 
un-I Lm)-l normalized to urutyj detcrm~ned from ndiati;.e 
W u  theory based on a m a n  tropical aunrnpherc for thm 
yibw SIRIR cburneb (6.; 10.5 and 21.5 rm). 

darkening effects.? The correction varied from zero to 
several degrees Kelvin for equivalent blackbody tem- 
peratures (TBB) measured at  a nadir angle of 50" (the 
maximum allowed\. 

Conventional radiosonde and surface observations 
were obtained every 12 h from WM) on 14 August to 
lZOO on 20 August 1969. The radiosonde information 
was analyzed over the Gulf of Jfexico, the Caribbean, 
w d  the Vnited States at the standard pressure levels. 

3. Results 

(1. R ~ p i d  deepening phase 

The first significant event in the life oi Camille was 
the rapid deepening which began beiore and continued 
d te r  the cyclone center passed over the western tip oi 
Cuba. .b interpre:ation of the time history of the mini- 
mum central pressure curve ,based upon C.S. Air Force 
reconnaissance aircrzft reports) is s h o ~ n  in Fig. 3. 
There is a suggction oi two periods of deepening. The 
tint primarily occurred between 1200 on I4  .\ugust and 
1200 on 15 .4ugust. Four c!osely spaced reconnaissance 
aircraft reports centered at about 1200 GMT on the 
15th all reported 3 minimum pressure of about 965 rnb. 
Shortly thereafter the center crossed the southern 
coast oi C ~ b a  near the western tip. I t  took approxi- 
mately 3 h ior the eye to move to the northern coast. 
During this time, the shape of the minirnum pressure 
curve is quite uncertain, but since most oi  the cyclone's 
arculation remained aver the water it is likely that the 
rise, if any, in the central pressure w a ~  small. 

* V. V. Suomonsoa, penond communrurion. 1972. 

The next reconnaissance reports were made at  1800 
GMT 16 Augwt when Camille had reached severe 
status, an intensity that the aircraft central pressure 
mtnsurements would indicate was maintained until the 
cyclone crossed the C. S. coastline. Thereafter, the 
central pressure n s e  rapidly. At Jackson, Miss., the 
minimum pressure tvas.9i8 mb as the center passed 
about 33 km east of the station at  1200 on the 18th. 

Perhaps the best day and night satellite observations 
of Camille during the rapid deepening phase \yere made 
by the Ximbus 3 JIRIR. By examining the information 
from the three IR channels at 12 h intervals and the 
visible channel data every 24 h, it was anticipated that 
the changes in the structure of Camille, as it became a 
xvere cyclone, could be determined. The daytime 
observations were combined with the ATS 3 cloud 
motions to obtain a more complete picture oi the 
circulation. 

The first Simbus 3 observation of Camille and the 
surrounding systems that \vill be examined ~v\.a made 
between 0400 and 0800 GMT on 13 August. At this 
time, Camille was a tropical storm, rapidly approaching 
hurricane status abou! midway through the tint deepen- 
ing phase. Fig. 4 depicts the 10.5 r m  measurements, 
%hen the storm had a prominent spiral band that 
e~tended to the east of the center and the highest clouds 
were near the center. There is also evidence of two 
other bands ( b a t  shown b!- the 260 K line) located well 
southeast of the center. The development of these bands 
is in apparent response to the o:ganization of a broad 
southeast current irom the surface to iOO mb which had 
a large inflow compnent. The surface data tor 1200 on 
the 15th shosved two reports of a southeast wind at  
20 lit in the band area. .\t 830 mb, the wind speed 
increased to 30 kt. Thus, with the storm moving north- 
~ e s t w a r d  at S kt, this boundary-layer air \\.as moving 
almost directly t o w .  *he storm center and was 
approaching the storn .?at indicated area at  an 
average speed of a b u t  .. This air was passing over 
water nith a surface terr.p,rjaure oi 303-304 I;, svh~ch 
is 2 h above the mean sea suriace temperature ,about 
two sta,~dard deviations1 ior .4uqust in this reglon 
(C. S. Naval Oceacographic OtKce, 1967. 

Northwest and east of Camille there 3re lar3e regions 
where the 10.5pm TsB's are 3290 I; (Fig. 4; nhich. 
when corrected for the water vapor effect of a tropical 
atmosphere by adding 6-8 K. are v e v  close to the 
302-304 h sea surface temperature reported by ships. 
The areas oi warm 10 pm TB8.5 indicate t h ~ t  the 
amount and or the vertical deveiopment of lo\\.-level 
cumulus was being suppressed. probably due to 
subsidence in the lo~ver troposphere. This method oi 
interring subsidence has the lim~tation that once the 
clouds have been substant~ailv suppressed ar e!iminated. 
there is no further iniom.at~on on tile strength ai  the 

sidence. However. because h e  6 7 and 21.5 urn 
Tare: vapor channels respond to the vanaPion oi water 
vapor in tbe upper and m~adle troposphere. respect~vei!.. 
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subsidence may be inferred in the upper and or middle 
troposphere in areas of weak horizontal dry sir advec- 
tion when the corresponding TBB's increase (Rodgers 
ct d.. 1976). The 6.7 rm Tss's (Fig. 5) within the area 
of the warm T~B's  of tile window channel were 2 240 K 
northwest of Canlille and > 233 K east of Camille. The 
area of warm 6.7 pm TBB'S northwest of Camille tvas 
undergoing subsidence induced by horizontal speed 
convergence at  200 mb as revealed by a streamline and 
isotach analysis at  that level. However, the horizontal 
dry air advection caused by the southerly displacement 
of this c.y tongue irom earlier obxrvatioru made it 
more dif5cult to sxenain  the strength of thrs subsi- 
dence. The warm 6.7 r m  Tss's east of Camille r e re  not 
high enough to indicate with reasonable certainty that 
cirrus clouds were not present. ..\ comparison oi high- 
altitude aircraft cloud photography and Nimbus 3 
6 . i  rm Tsr's over the tropics has indicated that when 
the Ts ange was 35-23; R, the cirrus probabiiity 
wu (Shenk Ct id., 1976). 

The outflow north of the center was apparent from 
the widespread cirms (where the 6.7 rm f s s ' s  are 
< 230 K: was nidapreod i Fig. 5 ) .  Camille was then in 

a moist environment, a t least in the upper troposphere, 
as there was no evidence of dry air within 5' latitude 
from the center. 

Twelve hours later there tvas evidence from the 
r e c o ~ a k s ? c e  aircrdt reports that the rate oi deepen- 
ing had slowd or stopped. The 10.5 rm channel chart 
with ATS-3 low-level cloud mctions superimposed 
(Fig. 6) shows that Camille had a more circular appear- 
ance and that the ares of intense cloudines~ covered a 
larger area than 12 h earlier. There was an extensive 
area southeast of the center \\-here the T B ~ ' ~  were 
< 240 K, which was indicative of the continued cloud 
development in conjunction with the lox-levei can- 
fluence that was shown by h e  :o\v cloud motions. The 
band of cloudiness was continuous irom the ITCZ to 
Camille. 

The development of the clouds in the sonrluence zone 
could be an important iactor ior a more rspid trapsport 
oi moist air into the inner circuiation cji C ~ m ~ l l e .  Con- 
ventional data indicate that the winds between : ? 

surface and 850 mb had abmt  the same radial com- 
ponent toward the s t o m  between 10000 on 13 .luqust 
a d  C M O  16 ..\ugwt. The !ow-!eve1 winds 350 km south- 





fro. d Hurricane C d e  at 1100-11)00 CMT 16 -t, 1959, u depicted by 10.5 pm Trr'r from rho MRIR wnror. 
Orbcrriv u in Fig. 4. Superimpmi on Lh uulysis of the ndi.tion dam h rba d u x  d y s h  m d  doud motion v a t o n  
derived from low cioub cracked from the ATS 3 satellite hqes. Tbe doud m o t h  h e i o n s  M indiutd by the urorr 
.ndtbarpctdrareinlron~ 

a s t  of the center rt 0000 cn the 16th were u high as 
36 kt,  transporting moist air at %50 rnb with a luge 
rPdi.l component. These win& were preceded by 30 
and 34 kt Y in& at similar locations 12 and 24 h earlier, 
respectively. Thw, with A favorable environment for 
24 h, the doud developmat was able to continue. 

A rrmll of Trr's 3 t90 K wu l ~ t l t ed  n u t  of 
the storm, which indiated some s u p p d o n  of low- 
level cloud development. To the cut wu a iagcr uu 
b t  w u  most likely associated aith upper horhn t r l  
convergence produced by the out%ow, wherr the 
strength and position chmged little on the 200 mb 
mJ>3is bemeen 1200 GMT 15 August and OOOO GMT 
16 .iugurt, Sonh  of the cydone center, tke dmu shield 
persisted, a sen in the 6.7 rm meuuremcnts (Fig. :), 
indicating that ventilation is clearly shown by the 
middle and high doud motions imm ATS-3 where A 

stmng wutheriy current exisu at the doud lev& for 
at least 1100 km. 

The 200 mb strrimiine and wtuh  d y s b  for 0000 
GMT 16 August indicatm that the Bow over southern 
Florid. had changed from wuthuly to westerly. Thh 
chmgc was most likely an expansion of the oueow 
uei of C d l e .  East of the cimu there u a well-defined 
ridge line demarcated by 6.7 rm Tll's (a high as 
244 K) and the doud motions. The 200 mb analysis 
annot  con6rm the prrrcnre of the line, since the high 
Trr's were c u t  of Florida. I t  is likrly that lome of the 
dmu ejected by the outflow dissipated in the dry air 
assodated with the ridge line. \ V a t  of Camille, the 
relrtiwly high Tr, area had wakened and moved little 
with rapect to rhe storm's center, and the upper 
horizontal conveqer!cc, aa shown by the doud motions, 
is coincident with the highest TII's. 



Twelve houn later (030M)iOO) an 16 A u p t ,  
Camille had probably begun the most dynamic deepen- 
ing phase of i u  life cycle. The & o n e  in the svucrve 
of Camille, as seen in satellite observations, also reached 
a dimax. The 10.5 pm TEB'S (Fig. 8) show that the 
size of the active cloudiness, a dehned by the 240 K 
h t h e n n ,  had been reduced by about a factor of 3 from 
the last satellite obxrvation. Therefore, during the 

.early portion of rapid d@g, the doud canopy 
contracted sharply. The cloud ban& in the converging 
moist air ~ o u t h e u t  of the center wen still strong and 
extended 1100 krn from the center. The outer limit of 
the cloud bmds was almost euctlv the distance from 
Camille's center where the surface svcunlinn btgsn 
to converge at lZOO on the 16th. There were no main- 
sonde memumenu d m  to the center, but the surface 
repun. show the continued d o w  whue the wind 
speeds were 20-30 kt. W e t  of the center, the area 
covered by TB, 2 290 K had upmded comidenbly 

in 12 h. This large expansion reprmnb a s u b u n t k l  
increw in the site of the region where the clouainn. 
wm being s u p p r d .  This would iudicate that the 
subsidencesurrounding Camille over a large area war 
b e g ~ m h g  to &ect the cloudinn. in r e p o w  to the 
i n c r e d  vigor of the inner arculatiou. 

The 6.i and 21.5 pm memuemmu (EQ. 9 md 10) 
also indicate the subsidence increue west md north- 
w e t  of the center a t  higher levels. Twelve houn earlier 
there hrd been a weakening b a a  of high Tm's oriented 
nor thwatau theu t  that wss most likely rdvected 
fro:n north of the stom. The high 2 ' ~ ~ ' s  at  thb time 
encircled the center in the meatern wmicirde, which 
suggau that they were produced by the hurricane 
They cover approrimrtely the w e  ara m that 
covered by the 2 290 I; isotherm in Fig. 8. I t  L interest- 
4 that the time l q  betweah the i n c r e d  vertical 
motion in the inner portion oi Camille and t!!e subsi- 
d a c e  appeared to be mall. The cyclone center had 



FIG. 9. .b in Fig. Y ucept !or 6.: @ T l r ' ~ .  



FIG. 10. .L in Fig. 9 ucept for 21.5 rn TBD'S. 

Coast. Two features suggest that further deepening had 
begun. First, the appearance of a  wel l -de~ed eye is 
indicated by Tan's as high as 237 K (the insert in 
Fig. i l  depicu a small area near the center map@ a t  
1 : :W) oO\. This meuurenient could have been caused 
by either nearly transparent cinus and or low clouds, 
or a partially 6lled ndiometer neld oi view with m y  
o! the above cloud combinations. Second. a ring oi v e y  
low Tnn's ( < ? l o  I;',, indicatinp the opaque storm 
doudintss. surrollnds the eyr except to b e  w a t .  This 
ring represents the hiphat clouds asmiaced with the 
a d  cloud where 5 e  lowest !and probably the weakest) 
portion I* on the *vat  side. 

By 1500-1900 on the 16th. Camille had become a very 
seven humcane. At  1500, a V. S. .4ir Force reconnais- 
sance aircraft measured a  central p n u u n  of 908 mb. 
The-cfore, C a d l e  deepened about 60 mb in 24 h. The 
10.5 r m  measurements :Fig. 12) show t!at the intense 
portion of t i e  Camille cloud canopy ;Taa < 240 K) 
had erpandcd by about 3 factor oi 4 in 12 h. This 
e.xpansion !and the contraction 12 h earlier) are not 
a tkbuted to a diurnal oscillation but are h!pothcsized 
:o be manifatations of Camille's intensity Qanqe. .A 
m h m u m  ,maximum\ *mp~csl cyclone cims cover has 
been obsewtd from the SJIS infrared imaqery analysis 
of 16 da ) l  of eieht trop~cal cydona to occur a t  approxl- 

L 
mately 0.300 LST (IT00 LST' ,Bromer e! d., 1977' 
7-8 h between rhe Ximbus 3 observation tlma. Then 
r e v  two areas of great 3ctivit?.. one near b e  center 

with Tssls Set\veen 200 and 204 K (the lotvest recorded 
during the entire l ife cycle) and another of 205-209 I; 
imbedded in the broad band southeast of the center. 
The low TUB measuremenu near the eye were almost 
perfectly centered, thus suggesting an intense circular 
wall cloud. Thu is veriried by the concurrent high- 
resolution (3 krn) Image D i m t o r  Camen System 
(IDCS) image (Fig. 13 in which the eye is clearl\. 
evident. The n-dl cloud is seen s a bright inner rinq 
surrounded by 3 cioua system of lower brightnesses 
than the clouds which formed rhe rest of the canopy or 
t!e wall cloud. T h e e  feature3 suggest that the cloud 
tcps aithin :he wail cloud ring had reached a higher 
level than the surrounding clouds. and that the air \vas 
descending immediately once it moved outside of the 
wall cloud. The subsidence would dissipate the c i m s  
or d u c e  its opacity and produce the lower bnahtnns 
nnq that wparata the wall cioud from the rest oi the 
clcud svstem. 

~outheast  of the center, the broad cloud band s!3tem 
was continuous from the ITCZ into Camille's circula- 
tion. and the low 10.5 W r n  f no's seen in Fig. 12 indicate 
that a substantial percentage oi the area contair-ed 
middle and high cloudinm. The lo~v-level cloud motions 
s h o w  in Fig ' 2 continue to exhibit ~!e gem. 2 con- 
Suence in the low-level wind field. u ~ t h  L!C c!oud speeds 
tow& the c?~clane much higher than the northwest 
motion oi the stonn. \Vat oi the center, the area oi 
Tsa's ?, 290 Ii had continued to espmd and meuure- 



menu of 295 K covered approximately 40% of the area 
whrre TBs's of 2 290 6 occurred over the Gulf of 
Mexico. Thus the suppression of cloudiness (probably 
low level) had become more widespread and had in- 
tensified in some of the arras to the point where 311 
doudincs had ?robably disappeared. After correction 
for the atmosphere, a 295 E; TBe was within 2 K of the 
sea surface temperature. The cloud motions, seen in 
Fig. 12, showed evidence of low-level divergence over 
portions of the arca where TBs 2 290 K. Also, the 
0.21.0pm reflectance (Fig. 14) of 6 1W'o covered 
nearly the entire Gulf west of the Yucatan Peninsula. 

The water vapor clannels e.xhibited some remarkable 
changes (Fig. 15 and 16). In the entire western semi- 8 6 d w  e5oow 

circle over a radius of about 5' latitude, higher TBI'S 
were found with the maximum measurements of 250 K 
in the 6.i pm channel northwest of the center and 270 K 
in the 21 .j rrn channel further away m d  west of the eye. 833'~ $9 o*w 
Massive subsidence can be inferred as the increased 
circulation w i h n  Camille became more evident as 
reflected in the large ejection of air to the periphery. 
This is puticularly mp essive when the evidence from 
the conventional data indicate that the 2W mb t l o ~  
east of the storm also increased between 0000 and 1200 
on 16 Auys t  and did not diminish in the follotwlg i 2  h. 
The region of r ~ s u m u m  upper tropospheric convergence 
appears to br slonq a line 5' latitude northwest cf the 

L.J 
center. as seen in Fin. 16, where the 6.7 r m  TED'S were a3 3.w e5o.w -. ~~ 

2 240 k;. .%r was a6arentl:t f lo~ing northw.estaard to 
converge with the essta.a:d moving air around the base 
of the !rough over the central t'nited States. h com- 
bination of t h e  200 mb reports for 1200 GSIT and the 
hiqh and middle cloud motions from .\TS supports that 
interpretation of the radiatior: map (Fig. 16,. The 
analvzed line of upper horizontal convergence was 

.- - 

FIG. 11. Twn views of the interior portion of the cloud ctructurr 
of Hunicrne Camille at 0500 GlIT 16 August :963. as depicted 
by the 3 . 8 f l  quivdent blackbody temperatures ( f r r ' s )  from 
the X i b u s  3 HRIR. The top picture w u  mapped at a 1 :l000 M)O 
x d e .  while the insert uver the "eye" seen in the bottom picture 
(the un w i b  the dashed box in the top picturrr w u  mapped 
at a 1:j00 OQ) d e .  

k & n  100 krn of themarea of 2 240 K TBB's northwest 
of the cyc!one center. Because most of the emission in 
the 6.7pm channel came from the 300-300 mb layer, 
which was just beiow the rcgion of probable maximum 
horizontal convergences at about 230 mb, the subsiding 
air in this iayer was most likely not far from :he position 
where the air initially beqan its dexent. The location 
and shape of the maximum 21.5 rm Ten's, s seen in 
Fiq. 15. sugpcsa that the air did not descend verticdly. 
The maximum descent in the 400-700 mb iayer is 
infcrrcd to be !crthe: \vest and over a larqer region. 
IVith the lack of conventional rneasuremeqts, it xvas not 
possibie to correlate t.+e 12 or 24 h 4.7 pm m d  21.5 rm 
Tas c h a n a ~  nith computed vertical motions. However, 
these TEE chanyes should be related to the relative 
ciiberence between the verticd motion in the two layen. 
Over the area 6-3' htitude west of the center. where 
clouds were probably absent for the 24 h interval, the 
ATdbls in the 6.7 and 21.5 r m  channels %.ere about b 

and 10 K, rapcctively. Tl~w, a rouph estimate r i  the 
ratio of the subsidence strength wocid be 10.6, with the 
g e a t a t  sinkinq in the -700 mb layer. Since the 

maximum vertical motion us~al ly  occurs at  the level of 
nondiverqence. which is about 600 mb, this result was 
not surprising. 
.b Camille continued to n;ove toward t!!e llississippi 

coast, it appeared sornetrhat weaker in all the MRIR 
measurements although according to the rircrait 
monitoring Camille it did not diminish in intensity until 
it crossed the coast. The major MRIR observed changes 
were a reduction in size of the cirrus canopy and the 
cloud band southeast of the center. In  addition, the 
subsidence west of the center appeared to be weaker. 
h probable major contributinq factor to Camille main- 
taininq iu intensity tras that the ship recorded sea 
surfwe temperatures surrounding the storm n-ere a t  
2-3 standard deviations above normal ,304- (05 K). 
..\lso, it is possible that the weaker apptarance in the 
satellite mesuremenu represented a recovery from the 
edriier s q e  that went p c ~ t  a substainable levei. 

b. Intaactiorr -silk the ~e s tn l i c s  

Camille rapidly weakened 3s it moved inland. By 
1200 on the 18th the stonn had reached Jackson. Miss., 



Fa. 12. Hurriane Cmille rt 1 S 1 # ) 0  GMT 16 A u y ~  1969. u depicted by 10.5 rm Tar's from the MRLR Karor. 
Supcrimpocd on the d g i s  of the radiation dru are the wrfrce andpis and cloud motlon v u r o n  dtnved from low clouds 
crukcd fmm h e  ATS 3 satellite m a .  The cloud motion dimtiom uc indiatd by the arrows and tbe speeds are in knots. 

with maximum wind guru of about minimum humcane 
force. Yimbus 3 obsewed the cyclone near midday 
when Camille was at  tropic31 storm strength. There had 
been a sharp d e c r e a  in the maximum cloud-top levels 
as evident from the 10.5 r m  TI, sten in Fig. li. The 
minimum 10.5 pm Tor is 225 K, and assuming that the 
clouds were opaque and filled the field of view ot the 
radiometer, this temperature rqincides nith the 200 mb 
level of the 1200 sounding for Jaduan, Miss. Twelve 
houn earlier. the minimum cloud top Tile's were 205- 
?Oo K. which is near 150 mb on the O W  GMT 18 
r\ugmt soundings. both at Jaclwa and Shreveport, La. 
TSe 2 Lm drop in maximum cloud-top height ~vas most 
likely due to the diminished vigor of the upward vertical 
motion in the most intense ac:ivity near the center. 

Perhap, the most interestinq satellite obxrvations 
made of Camille during this phase oi its life cycle were 
taken by the two water vapor channels ( F i g .  181 and 
18b 1 .  Surrounding the center to the north and west ~vas 

a band of high TBr13 which were Egher than at  12 h 
earlier. This w i u  surprising, since the cyc!one had 
weakened so much, and therefore, it should follotv that 
any stonn-produced subsidence tvould diminish. 

To examine this area of warm water vapor T$m's 
which was observed at  1200 on the 18th and again at 
0000 on the 19th. a quasi-geostmphic adiabatic 10-level 
diagnostic model ( B a n  el d. .  1970) tvas employed in 
order to investigate the middle and upper tropospheric 
d>namiu.  There are two areas that were examined with 
the model. The first :\.as located behind a weak upper 
tropospheric trough jut north of Camille. and the 
second nas an area of horizontal convereence between 
Camille's outdo\v and the upper tropospheric environ- 
mental dow northwest oi Canille. Both or these areas 
appeared in the tongue ,)i warm T,y,y's messured In the 
water vapor channels north and northtvest 91 C'~mi;le 
at 1.W GMT on 19 .+zmst. Four *Aree-drmer.sionli 
trajec:orics ivere computed at 3 h intervaia Sctwun 



1200 on the 18th l a d  0000 on the 19th) at the 330 and 
350 mb levels. in order to exmine the warm 6.7 anci 
21.5 pm Tm's, respectively (Figs. 18a m d  18b). The 
mjutor ics  a' both levels originated at  the same 
location. 

Ir Fig. 18a, uajectory 3 shou3 an u r  parcel moving 
through the b u e  of the trough. During the lint 9 h, the 
parcel experienced subsidence induced mainly by 
differential advcction of negative vorticity from behind 
the trough. Equivalent blackbody temperature9 of leu 
tilm 245 E correlate with this area of sinking sir. i-low- 
ever, after subsiding 16 mb, the air parcel moved into 
an area of ascending motion in front of the trough. 

In the middle troposphere, the parcel of air, u 
represented by trajecton 3, w a  leu influenced by the 
trough md more ip.luenced by an area of divergence 
north of Camilie. During the first 3 h, the air parcel 
subsided as it moved northeastward but then ascended 
during the remaining h as the air parcel moved ahead 
of the trough. Cmu section Art. in Fig. 19a. which irr 
located in a wcst-ea~t direction vertically through the 
b w  of the trough (designated by l i e  .C4 in Figs. 18a 
m d  18b). deliineat- the vertical extent of the subsidence 
which aficcted the air parcel d o ~ i n g  through the base 
of the trough represented by t r a j e c t o ~  3. It can be temperature-de\\point spread in the troposphere down 
sen that the greatest subsider.ce occurred h the upper to WJ mb, as obsemed in the vertical dirtrih d m  of 
troposphere at 92' W. This subsidence increased the qecYc humidity. 

Fro. 14. Hurriaoc Can~ilIc rt I.YX)-I#IO GSIT an 16 August 1969, .r depicted by 0.24.0 rm n a r d -  
ired nhcna.: masuremeno tram the S I m  warar r s p c c d  J b d o  a pc~mt). The cycbae center 
i ~ u d b y r h c d a d c m r  
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Fro. 13. .b in tic. 14 Sxcepr far 21.3 rm Tm'r from the ZIRIZ sensor. 

In the second area, it was found from verticd mass 
influx computations at all 10 levels for 1200 G l l T  
18 Augwt that the muimum honrontal convergence 
of < - 5 X 1W s-I was above tne 350 mb level with 
horizontal divergence below. Trajectories 1, 2 and 4 in 
Fig. 18. and 18b delineate the !low pattern in mu u e a  
of the middle and upper troposphere. At the 350 mb 
lwei, trajectories 1 ,and ? iFiq. 1Sa) b u t  outline the 
apper rrnpnpheric Atw from me b u e  of the m u p h  
southwestward into the area of convergence. I t  is s e n  
that the parcels were tint under the d u e n c e  of 
subsider~ce behind the trough, but .u they c.oved out 
of the trouph m d  into the con egence area, the parcels 
continued to subside due ,., the enhanced subsidence 
c a d  by the upper level convergence. Further down- 
stream, so~cthwest of the convergence area outlined b!. 
trajectory 4, the air pucel continued to subside during 
the tint 6 h u it moved southn.estward, but at  a much 
slower n te .  This subsidence w u  msinly induced by 
the horizontal advecticn of colder ai- from the north- 
a t .  After 6 h, the puce1 moved into an area of &wend- 
ing motion. In hh area of descending air, the 6.7 urn 
Tsr's were 2 245 K. At the 550 m b  level I Flq. 18b:, 
the pucel in trajecton 1 c %ended nesrly 12 mb in 
the tint 6 h. and 9 mb durinq :he i u t  6 h, indica~nn 
that a r  moved out of the :much at this ! ee l  had 
continued to subside under the id.uence ~f forced 
submd* ~ c t  caused by the :?orizonu l conve*. ence dof t. 

Tn.;cctorin 2 and 3 (ment:ond ?revioua:vj illustrate 
the middle tropospheric divergence north of Carniile. 
The diverginq air subsided as depicted by the two 
trajectories. Trajectory 4 again outlines the subsidence 
furthtr do A?utream southvcst rrf Camille. Hete, under 
the inrluence of horizontal cold-air advr:tion, the air 
coct' ued to subside throu~hout the perid. The 21.5 
r m  TBE'S in this area of subsidence were 2 ' 55 I;. 
C.oss-section BR in Fig. lob, which is located west-east 
through t!e :onverqence area :desipated by line BB 
in Fiq, 18a and lYb'8, aqsin delineates the vertical 
extent of the subsidence. Bet~veen $8" znd 98" I V ,  the 
sgbsidrnce extended throqhout the troposphere w;*h 
weaker scbsidence in the upper troposphere and strongtr 
su'xidencc in the middJe trnpxph-re. The vertical axis 
of the subsidence tilted e ~ t r v a r d  with height. Again the 
vertical coiurnn ?as drier sithin the subiden-c rrer  
a de~icted by the speuhc humidity linn. Thus, h e  
ua ju to r iu  m d  .rertical cross section suggest that t+re 
were tw3 tonqua of subsidence, or.e rnovlnq cy~:loai.c;i!y 
northeuwsrd thmugh the base of the : : < . I .  -:I ind the 
other movice ar~tic~~c!onicdlv MU tlw-::\~ .. s., )ut ~i 
the tmuqh a d  into the area sf clA3<r3 5 ~bridence 
below the converqtnce area. Therefore. ,&..ct the 6. :  
and the 21.3 urn xater v a p r  channels respond to the 
variation ai :vater vapor in t t e  upper and middle 
troposphere, respectively. f ie  increiJd cir!*.nq oi t'le 
atmosphere caused by tLIe enl~anced c osidentc xoclr 



F~G.  16. k in Fi. 15 ucept for 6.7 rm tar 's .  Superimposed oa the anaI;3is of the rrdktion data are cloud motion vcc- 
ton dmived from high and midd!e clouds tracked from che ATS 3 satellite i m q s  and the svcamline andm bued on the 
doud motions and 200 mb nwiru. The doud motion k t i o r u  and speeds are indicated by tte m w s  and tbe a p e e b  L-e in 
h o u  

be reflmed by the warmer water vapor TBB 
measuremeno. 

The radimnde mwurement a t  Sashville, taken a t  
WQO GWT 19 .August showed &at Camille had weak- 
end further by the 'ime the cyclone had rea&ed 
c.tremc northein Mississippi. By then. Cami'!e had 
been domqrjCrd io a tr.>pical depression. The stronq 
cbtrverpence area in the upper trapsphere seen 12 h 
esriier had almost d ippeared.  due to an anticycion~ 
rest of the center building eastward with a small ridge 
nortfi UI the s tom center. The d?namics of h e  upper 
and middle troposphere had changed. With C-  niile 
weakening further a ~ d  morninq more embedded into 
a more zonal waterl:: flow. the interaction becween 
Carrille and the waterfes had become weaker. Caicula- 
tious at  all 10  level^ in the m d e l  revealed that then 
was stdl an area of upper tropospheric horico~tal 
convcrqence north of Camille, but with a ~ e 3 k - r  

magnitude. Cross-section -4-4 (Fig. 2Oa)' indicates that 
the subsidence between 90' and 97'' IY &at was 
a..ributed to diderenrid advecufin of negative vorticity 
fmm behind the trough was weakcr than that 12 h 
earlier. The vertical extent, ho~ever ,  stili extended 
throughout the troposphere which continued to keep 
the column dry u =c in  he &lines of specitic 
humidity. Cross-section BB (Fig. 20bi3 reveals that the 
subsidence betmzn 0' a d  9jA It', associated 154th the 
upper tropospheric horizontal convergence between the 
westerlies and Camille's outdow, had weakened. How- 
ever, the subsidence continued to keep the coiumn dry 
as shown by the sp+c humidity isoiina. The stronq 
subsidence funher w ~ t  a t  08" was not rel-red to the 
C a d e  interaction with h e  ~ e s t e r i i a ,  but was induced 

Crow sutiors .LA and b8 '-I Figs. 2 0 .  md 20b intmect the 
wme .rat as m Fig. IS. 



Fn;. IT. HIvriane C d e  at 1MJ&15W IS .%ugut 1969. u depicted by 19.5 pm 
TDD'S from the JIRIR m r .  

by horizontal cold d r  advection from around the ridge 
west of Camille. 

As Camille moved northeast and then cut pcross 

watern Tennessee and Kentucky. it was a mpicd  
deprasion producing moderate to lacally heavy rainfall 
oi 5-10 cm a t  stations dose tc the track of the center. 
However, ?he stonn center reached West \ " i a .  
heavy aik~i~ b c t i  in west central \ " i  around 
0000 GMT on the 20th and con+ued for approxi- 
mately 12 h. Schaarz (1971) has reported that the 
extreme rainfalls were associated with near record low- 
lwel moisture that was not sut,ect to depletion by 
upwind mountain ridges. The A ppdrchiuu contributed 
to b e  large local amounts of rainfall (as high a 69 cm) 
because the low-itvei doa was from the wuthezst, 
peqadiruiar to the mountain range. C p p r  uopo- 
spheric tor;tontal divergence is another important 
c3ndition thirt would favor regentlli:ion of the doud 
mass and lead to the production of heavier precipitation. 
A strotg 5eld of horizontal spec' and direction diver- 
gm:e was present just nonheut of the c).c!one center, 
3t -O mh. 

The regeneration of the cioud mass was k t  sea  by 
the Sirnbus 3 HRIR which obsmed Camille'g cloud 

canopy a t  24 h intervals for two d a y  before and during 
the crcessive rain ~eriod. 

Fig. 218 pmvid& a standard of reference for the two 
later HRIR vim of Camille a9 the 8:ydone was movtng 
ashore on the Mississippi coast. The lowest 3.54.1 pm 
TEE'S are < 210 i; over a small area near the center. A 
madmum cloud-top height of 1 2  n ~ b  (15.4 km) can be 
inferred from the min~mum TBB and the 0000 Lalie 
Charln temperature profile on iS Augwt. 

Twenty-four hours later, the greatly weakened 
cyclone was over western T e n n e w .  The HRIR view 
(Fig. 2lb) indicates that the cloud patt-rn was more 
disorganized with the highest clcuck (rowat TJ's) 
about fOO km northeast of the center. There haci been 
an increase in the minimum TEE to about 215 K. Using 
the 03M GMT 19 A u p t  sunding at  Sarrhwlle, this 
TE8 measurement would mean the maximum d w d  top 
was at 180 mb (13.2 km). Thus, there w a ~  an apparent 
nduction in the maximum cloud top heiqht of 2.2 Ln 
in 24 h. 

T t e  third and 6nal HRIR \i.tw of the *ria (Fig. Zlc) 
is a t  the time of the excessive rainfall. Most of the 
intense cloudiness ! M  outlined by the are1 the 
TEE'S were ,< 230 6; was north and east cf the center 
simiiar to the positio3 of the cioud shield for an extra- 
mpical cyclone. There were several areas where the 
TBB values were < 210 R nith a minimum of 203 K. 



(0)  

IS GMT 18 Auaust 69 N I M B U S ~ M R I R ~ S - ~ ~ ~ ~ T B B  

(b) 
18 GMT 18 August 69 NIMBUS 3 MRlR 2G-23 p m  Tee 

?N. 18. The-dimensional uajectoria between 1200 CMT 18 .\upst 1969 md 0000 GMT 19 
.4upt  1969, inrrirtcd at (a) the 3% mo level rupcnmporcd upon the 6.7 rm rrr'r m d  tbj the 530 mb 
Ievm supcMIpacd upon the 21.5 rrrn TDD'S at 16M)-1900 ChfT 18 August 1969 from the SIRIR rcnror. 
fbr cmaa repraent the parinon of rhe rk parcels at 3 h inte- md the number to the side repre- 
nab th prumum h a g h ~  Liaa M md BB denote c r m  muom hA and BE. 



(0) (b) 
l2GMT ld Auq '69 Cloo  k m a A  12 GMT 18 A q .  '69 C r a r  S u m  B 
vmmu M o m  r 10-4 Mtns I I ~ Y D ~ ~ Q ~ * I Q I I U ( ~  
amcmc I*rYDm a * w q  i - *yaw PYY 1 

FIG. 19. Cross ~ c t i o m  dong (a) M and (b) FB of wrud motion (solid ha) and spdk 
humidity (dub4 lines) for 1200 CJfT IS August 1969. 

Therefore, the maximum doud top haght had reached Extratropical secondary storm development has 
the 125 mb (15.4 km) level which aas the maxh.um occurred when there was a significant vertical doud 
cloud-top ievel when Camille was still a severe hurri- growth within a large existing doud mas: tik growth 
cane, shortly after crossing tbe Mistiuippi coast. can precede the detection of the new cyclone over the 

I I LL 1 , -  ' A- 

110% IOo'W S c r W  W W  110% iOOW 90.W 80.W 
HURRICANE C A h I U  35 0.N 90 0' W WRPCANE CAMILLE % ?4 90 G'W 

Fro. 20. .b in Fii. 19 anpt for Oa)o GSCT !9 h u ~ t  196;) 



ocean with conventional data (Shenk, 1971). In the 
cue of Camille, the vertical cloud growth to high levels 
was noticeable when the heavy rains were in progress. 
Since the HRIR observation interval is 24 h, it b not =. possible to determine whether or not the clouds reached 
the observed 0600 GMT 20 August levels before or a t  
the onset of the period of maximum rainfall rate. If 
infrared measurements had been available on a nearly 
continuous basis from a geosjnchronous satellite, it is 
possible that flood warnings could have been issued 

. based on the change in the absolute levels reached by 
the doud tops. Both the Washington and Pittsburgh 
radars observed the strong echoes at  ranges of generally 
2 200 km. Schaarz (1971) concluded that the measure- 
ments did indicate the presence of the important 
vertical motions. However, if the rainfall activity had 
been outside of effective radar range, then most likely 

n.'. the satellite measurements would hake been the only 
source of information with a timely observation interval. 

4. Conclusions 

Prior to the rapid deepening phase of Camille, there 
was the development of strong low-level inflow of high 
moisture content air from the rMion near the ITCZ 

.4 

moving over a sea suface with temperatures 1-3 
standard deviations above normal. The concurrent 
devzlopment of large-scale cloud bands southeast of 
the center, extending to the cirrus level, was the satellite 
evidence of the indow. Just before the onset of the rapid 
deepening, the cloud 5ar1ds showed a broad connectiori 
to the cloudiness witilin the ITCZ, and the 6.7 pm water 
vapor channel indicatrcl the outdow of cirrus to the 
north of the center, n hid! was associated with the 
necessary upper tropospheric ventilation of air away 
from the cydone. I t  was possible to ascertain the 
relative strength and positioiof the important features, 
such as upper tropospheric shear lines and easterly 
waves, with the combination of Xirnbus 3 MRIR 
channels and contin~lity. 
During the rapid deepening phase, the cloud bands 

southeast of the center persisted. At the beginning of 
the rapid deepening, the site of the intense cloud region 
assodoted with Camille sharply contracted and theil 
expanded again as the maximurn deepening rate 
occurre' Simultaneously, a large area of subsidence 
developed west and corth of tke center. The subsidence 
extended trom the upper troposphere vertically doun- 
ward, to at least the low doud level, as inferred from 
the measurements made by four of the MRIR channels. 
Sei thu the e.xpanded cloud shield nor the large subsi- 
dence region seemed to persist for more than 24 h, 
ieading to the hypothesis that the rapid detpeoing \ v u  

FIG. 21. Tropiul deprasion C d e  rt (a) OW GMT 18 
August, (b) 0450 GSIT 19 Augurt and (c) OSjO GSIT 20 August 
1969, u depicted by 3.8 rm T m ' s  from the Si ibus  3 HRIR. The 
wthamc ue given in kelvins. 



associated with a sudden surge that extended past a 
sustainable energy levd. There na a 2-3 km reduction 
in madmum cloud-top level about 12 h after C d l e  
moved inland, in response to the probable weakening 
of the vertical circulation, inithin the inner portion of 
the cyclone. The ouaow acted as a partial obstmction 
to the environmental flow in the upper troposphere 
northwest of the center of Camille. This intuacaon 
produced horizontal convergence and subsidence. The 
& u t s  of the subsidence could be seen in the two water 
vapor channels, where the subsidence areas were 
demarcated by TaB's that were initially relatively high 
and were increasing with time. A unallci region of dry 
air, produced by a shear line cast of Camille, was not 
seen as clearly in the satellite measurements as the area 
northwest of the center due to the drms clouds in the 
out%ow region overriding the dry air. 
.4s Camille turned eastward a v o s  the lower Ohio 

valley, the cloud pattern lookd like that of a small, 
vigorous, extratropical storm with maximuln doud 
tops at 13-14 km, &d the interaction between the out- 
flow and the environmental flow had dimhidied con- 
siderably. S p e d  and direction divergence in the upper 
tropospheric wind bdd, determined from conventional 
a i d  cloud motion measuremer. s, was an indication that 
conditions were favorable for renewed vertical cloud 
development as earl) as 1200 GMT 19 August. When 
the excessive rainfall was in progress over Virginia, the 
doud tops had risen to 15-16 km, which was the level 
readed when the cyclone was  still a severe humcane 
jat after mssing the >fisissippi coast. 

Since 1969 there have b u n  many advances in satellite 
mearurements and techniques. Latent heat estimates 
are now p s i b l e  from 19 GHz microwave scanners 
(Adler an i Rodgen, 1977). From geosynchronous 
altitude SMS/'GOE.=I measurements are beiq us4 to 
compute doud motion derived wind fields that are 
superior to those that could be made from AT'S 1 or 3 
and to continuody estimate cloud-top heights from 
the inboard channel (Gentry cl d., 19%). some of the 
concepts discussed in this paper are being evaluated 
using the SYS/  GOES measurements while others can 
be oice water vapor channel measurements are made 
from _wsynchronous orbit starting with the European 

satellite which is currently scheduled for launch in 
Xovember 19i9. 

A c W e d g m d s .  The authors wish to ttank Pro- 
fcssor T. Theodore Fujita, University of Chicago, who 
computed the cloud motions, performed streamline 
analyses from the results, and made numerous helpful 
suggestions. 
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1. INTRODUCTION 

Tho i n t e r a c t i o n  botvoon upper and 
l w e ~  t roposphor ic  j o t  r t r o a k s  is v ido ly  rrcog- 
a i r o d  a8 an  important f a c t o r  i n  tho dovolopmnt 
of organirod convoctivo a t o m  aysconr ( roo Nwton. 
1967; Daniolson. 1970; a m n g  ochers). f h o  ton- 
doncy has boon t o  t r e a t  t ho  l a u  l e v e l  (boundary 
l ayor )  j o t  and uppor t roposphor ic  j o t  r t r o a k  a s  
ropa ra to  o n t i t i e r -  Hwovor. i n  a rocont papor by 
Ucco l l in i  and Johnson (1979). an oxtonsivo analv- 
a i r  of tho 10-11 Yay 1973 tornado outbreak i n  
Ohio rovaalod t h a t ,  i n  t h i s  p a r t i c u l a r  caso. tho 
j o o  wore not roparrce  r n t i t l o r  but ins toad 
ropr.  ancod a couplea phonownon. Roru l t s  from 
the  ' -11 Hay caso study shaved chat 1 )  a Lw- 
love-  j o t  (LLJ) bonoath tho e x i t  region of an  
uppor t roporpher ic  j o t  s t r e a k  was omboddod i n  tho 
louor branch of an i n d i r e c t  c r r c u l a t i o n .  2 1  
i n t o n r i f i c a c i o n  of the  l w o r  branch and dovelop- 
m n t  of tho LLJ was l a rge ly  a r e r u l t  of an  
incraasod i s a l l o b a r i c  wind coqonon t  and 3) t h e  
dovf l o p r n t  of tho low-love1 jo: v r s  coupled t o  
t h e  uppor t roporpha r i c  j e t  s t r e a k  by tho two- 
l ayor  ~ s s  adjustment wi th in  tho o x i t  region of 
tho s t r eak .  Tho i s a l l o b a r i c  wind copponont vas  
t t o  p r i cu rp  rooron f o r  tho a x i s  of t ho  L U  being 
a t  a r i g n i f i c a n t  anglo t o  tho upper j o t ' r  a x i s  
and rho ro ru lc ing  vooring of tho wind wi th  hoight .  
I n  t h e  o x i t  region, tho g o o w t r y  of t h i s  a d j u r t -  
writ combinod with the  w a n ,  m i a t ,  l w o r  tropo- 
rphor i c  a i r  t o  tho r i g h t  of rho :ot r t r o a k  and 
cool.  d q  a i r  a t  tho  j o t  s t r e a k  l o v a l  produced 
tho diffo:oacial  adveccionr t h a t  convoct ivr ly  
d o r t a b i l i z o d  tho a t w r p h o r o .  

Tho purporo of t h i s  papor i s  t o  
addrorr  tho problrm of applying tho concept of 
coupled j o t  s t roaka  t o  tho l a rgo  numbor of lw- 
l o w 1  j o t r  vhich occur i n  tho Sraac P l a i r u  
(Bonnor. 1968) and which r r o  r a m  t o  bo lcqor-  
t ao r  f o r  tho dovolopmnc of convoctivo storm 
r y r r o m  Woanr. 1952, 1954; P i t ch fo rd  m d  London. 
1962; Bonnmr, 1966). I n  Sect ion 2. a literature 
r a v i w  i r  prarontod vhich nocor t h a t  b o u o d ~ y  
l ayor  and c o r r r i n  o f f a c t 8  arm ompharized a r  
c a u r a t i v r  f a c t o r r  i n  tho dovolopmnt of lw 
lovol  j o t r  i n  tho Croat Plains. v h i l o  uppor 
t ropoaphor ic  c h a r a c t o r i r t i c r  and procomror havo 
not boan conridorod. I n  Soction 3, 15 ca ro r  of 
LW'r I n  tho Graac P l a i n r  t h a t  have boon pre- 
v iou r ly  d i r cu r rod  i n  tho literature a r o  rov iwod  
v i t h  tho e q h r r i s  placed on do te ra in ing  i f  any 
a p t o r t i c  rynop t i c  fo rc ing  is c o c o n  t o  the ro  
c u o r .  A su-q of r o r u l t r  i8  proranted i n  
S O C ~ ~ O U  b .  

2. LOU LEVEL JETS I N  THE GREAT PLAINS 

Bonnor'r (1968) r t a c i r t l c a l  a n a l y s i t  
confirmod t h a t  a l a rgo  numbor of lw lev01 j o t s  
occur i n  t h e  Croat P la ins ,  v i t h  tho maximfa num- 
b a r  of LLJ'a e x i s t i n g  from Texas t o  Nobraska 
(Fig. 1). Yoanr (1952. 1950) and Bonnor (1966) 
have r h w a  thac thoso lw l e v e l  j o t s  a r e  ospoc ia l ly  
important f o r  t h e i r  r ap id  t r a n s p o r t  of heat  and 
w i s t u r o  from the  Gulf region i n t o  a r e a s  of con- 
voct ivo scorum which produco heavy r a i n f a l l .  Tho 
LLJ's i n  t h e  Croat P la ins  region a r e  charactor izod 
by a d i u r n a l  o r c i l l a t i o n .  r s  t he  wind spoeds rosch 
maxiarm i n t e n s i t y  by e a r l y  m r n i n g .  and a r e  associ -  
a tod  wi th  the  dovalopmnc of a nocturnal  temperature 
inv r r s lon  (Blackadar, 1957; Yoxler, 1961; Roockor, 
1963; I zuo i  and Barad. 1963; I tumi ,  1964; L e t t m ,  
1967. Bonnor, 1968). The vostward oxconsion of 
the  North A t l a n t i c  Sub t rop ica l  High (Woxler. 
1961). boundary l ayor  mixing processes  (Blackadar, 
1957), and tne  d i u r n a l  r a d i a t i o n  cyclo  over slopod 
t e r r a i n  (Let tau ,  1967), with g r e a t e r  o q h a s i s  
placod upon tho t o p o g r a p h i c ~ l  c h a r a c t o r i s r i c s  by 
Paoglo and Rasch (1973) and Paogle (1978). have 
a11 boon ro l a tod  t o  tho generat ion of tho LLJ and 
i ts  soaronal .  touporal  and goographic proforrnco. 

Re i to r  (19691, Danielson (19761, 
J w t o n  (1956, 1967) a11 proront  ovidenco t h a t  Lou 
lovo l  j o t s  can a l s o  devolop i n  rosponre t o  synop t i c  
or  rubsynoptic s c a l e  processor p a r t i c u l a r l y  through 
a rosponro t o  Loo rid. cyclogenoria co-n t o  tho 
Great P l a i n s  (re. Bovanoc and Horn. 1975). For 
tho l a rgo  n u d e r  of j o t  ca ro r  co;loctod f o r  tho 
c l i n r t o l o g i c a l  ru-ry, Bonnor (1963) s t a t o d  thac 

i c g .  1 :  Vumbm o j  Cou LC..& ~ ~ J ~ ~ V U L L C I U  j tom 
:an~aty l9Sc 'Ictmgh Uecmb0,t !96J zt 1200 GAIT a d  
JCOJ GUT. ;From Bcnrtet. i 165.  i 
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?T). 11 1141. l.urm4 dLmr1~ o w r  Crur P h l u  rlcl. 
nnk awor rrwrphartc r im&.  

"On roughly 60 percent  of t he  j e t  days a t  each s t a -  
t i o n ,  cold  f r o n t s  o r  lw pres su re  c e n t e r s  were t o  
be found wi th in  35011 m i  t o  t h e  west of t h e  sea-  
t ion .  On roughly one-half  of thrrr days,  f r o n t a l  
passage occurred wi th in  t h e  ne t twelve hours." f In  a r ecen t  d iscuss ion.  Bonner s t a t e d  t h a t  t h e  
organized,  coherent  LLJ's i n  t h e  Groat P l a i n s  
chat  could  t a  analyzed wi th in  a region ( r a t h e r  
than being obvious a t  only a few ind iv idua l  
s t a t l o n e )  were frequently a s s o c i a t e d  with l e e  s i d e  
troughing. l e e  s i d e  cyclogenes is  o r  a f r o n t a l  
passag8 a s s o c i a t e d  wi th  a cyclone f u r t h e r  nor th .  
These ob re rva t ions  sugges t  a h igh c o r r e l a t i o n  
between LLJ occurrence  and synop t i c  t o  subsynopt ic  
s c a l e  forc in#.  They a l s o  s e r v e  a s  a . o t i v a t i o n  
f o r  r e v i w l n g  cases  of LLJ's previou8ly  r epo r t ed  
on I n  t h e  literature f o r  which boundary l a y e r  
processes  and t e r r a i n  e f f e c t s  v e r a  emphasized 
and upper t ropospher ic ,  synop t i c  f e a t u r e s  were not 
conridered.  

3. REVIEW OF LLJ CASE SN9IES 

An ex tens ive  amunr of research  i n t o  
tlte f o r c i n g  of LLJ's was undertaken i n  t h e  1960's 
wl:h s p e c i a l  PIBAL netvorks  and tower measurement1 
e s s e n t i a l l y  t o  t e s t  t h e  t h e o r i e s  previous ly  
presented  by Blackadar (1957) and Uexler (1961). 
Table  1 l i s t r  13  cases  of LLJ's which v e r e  used 
i n  t h e s e  s t u d i e s  and inc lude  4 cases  from 1961 
(Roecker 1963; Bonner 1963. 1966) f o r  which 
s p e c i a l  network d a t a  a r e  ava i l ab l e .  The casas  
l i s t e d  i n  Table  1 span a l l  t h e  seasons  m d  inc lude  
s l t u a t i o r u  wi th  and wi thout  convect ive  s t o m .  
Yewton's (19561 s tudy of 10. r i d e  cyclogenes is  
is l i s t e d  i n  Table 1 s i n c e  i t  a l s o  inc luded A 
d e s c r i p t i o n  of a s t ~ ~ o n g  lw l e v e l  j e t  i n  t h e  Creat  
P l a ins .  Except f o r  t h e  Newton paper. nons of t h e  
ca se  s t u d i e s  i n  Table 1 include  any meteorologica l  
c h a r t r  o r  ocher  Informat ion above t h e  700 ab l e v e l .  

A. a f i r s t  s t e p  i n  r e v i w i n g  t h e  
previous ly  documented cases  of t h e  l o v  l e v e l  f a t ,  
upper a i r  avps were c o l l e c t s d  f o r  each case ,  
reviewed and ca t ago r i zed  a s  s e v e r a l  b a s i c  elow 

F i g .  2 :  Schematic orj uppet t t o p o , ~ p k v c  I300 mbl 
itow p&te/w i oa  15 C M C 4  06 LU'i (n borcthwl 
Giteut PtPin.4. Top: tqpe I c o n d i t i ~ n  tckcch LJ 
x e p x a e n t d v e  j o t  1 2  out 0 6  t k e  I5 c a u .  
Bottcn: type 2 condi t ion &ich e r i s t c d  Sot t h e  
0 t h ~  3 e m u .  Dahed Lines m e  j d  .t&teakd. 

p a t t e r n s  b e c a m  r e a d i l y  apparent.  The schemat ic  
i n  Fig. 2 e u ~ r i z e s  t h e  upper t ropos  h e r i c  f l o v  
p a t t e r n s  vhich  p reva i l ed  du r ing  t h e  oc. I r rance  of 
t h e  LLJ and shove t h a t  evo b a s i c  p a t t e r n s  e x i s t e d  
f o r  t heso  caras .  The f i r s t  type  c o n s i s t s  of a 
t rough ovmr t h e  Rockies and r idge  loca t ed  i n  t h e  
e a s t e r n  t h i r d  of t h e  country  wi th  s i g n i f i c a n t  
upper t roposphe r i c  j e t  s t r e a k s  propagat ing  t w a r d  
t h e  Great P l a i n s  from t h e  Y e v a d ~ ~ a l i f o r n i a  region 
(po la r  o r i g i n )  and from the  A r i z o n a ~ e x i c o  r eg ton  
( s u b t r o p i c a l  o r i g i n ) .  These cond i t i ons  r x i s t o d  

f o r  12  o u t  o f ' t he  15 cases .  There is cone ide rab le  
v a r i a b i l i t y  i n  t he  avgni tude  of t h e  trough and 
upper t roposphe r i c  j e t  s t r e a k s  l oca t ed  over t h e  
western  United S t a t e s  f o r  t h e  12 LLJ casem l i s t e d  
i n  Table  1. Rwever ,  t h e  e x i s t e n c e  of a 300 mb 
trough over  t h e  f a r  v e s t ,  upper t roposphe r i c  j e t  
s t r e a k s  propagat ing  t w a r d  t h e  Great P l a i n s  and 
t h e  deve lopmat  of a l e e  s i d e  cyclone o r  trough 
t h a t  occurs  wi th  t h i s  type  of upper t roposphe r i c  
f l w  (Newton. 1956; Rovanec and Horn, 1975) is 
remarkably c o n s i s t e n t .  The second p a t t e r n ,  vhich  
e x i s t e d  f o r  3 out  of 15 cases ,  c o n s i s t s  of a s t r o n g  
r i d g e  loca t ed  ovar t h e  f r o n t  range of t h e  Rockies 
v i t h  weak upper t ropoepher ic  f l o v  over  t h e  nor th-  
T e u s ,  western  Okl.hou-R.n8as region.  The w e l l  
documented U J  cases  vhich  c l e a r l y  d i s p l a y  t h e  
d i u r n a l  wind o s c i l l a t i o n  wi th  a noc tu rna l  avximum 
co inc id ing  with r boundary l a y e r  i nve r s ion  (e.g.  
I z u a l  196L; Hoeckor 1963) ware associated wi th  



F q .  3 :  ( & I  ~ Y * ( U C ~  ~d 181 300 16 N a t i o d  Setv/.ce - 4 ~  (0.t 0000 M 29 1961. Y I t J a c e  
i n o h  in mb (12-1012 mbl.  300 mb heightr i. g e o p o t U  6 e c t  1308=30,800 ( r U I  Md i r o W  i n  k n o a .  

Fig. I :  h e  w 3 except  60.t 0000 GUT 31 1961. 

Fig. 5 :  Scone w 3 u c e p t  604 1200 GUT 23 Apul 1061. 
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t h i s  typa of f i ~ .  

t h o  thraa loackar carar  (Tabla 1) 
i l l u a t r r t a  tha var i rb la  nature of tha LLJ'r 
obrarvad i n  tha routharn Crarc Plalnr  during the 
rpaclal  obrarvation parfod i n  196: and r l r o  
provida avidanem on tha ra la t lva  influanca tnac 
boundary layar  procarmar have on tha LLJ am a 
function of the rynoptic aca le  forcing. Tho 
28-29 thy  1961 c a m  of a LLJ i n  the  routham 
Craac P l r i n r  i l l u a t r a t a r  tha "c l r r r i c"  diurnal  
o r = i l l a t l o n  i n  tha  magnitude and coharancy of tha 
LLJ (ram ?la. 5 i n  tha Roackar pa?ar). Tha LLJ, 
vhich r a ~ i n a d  juac abeve tha boundary l r y a r  
taagaratura i n v q r i o n  ( 400 a), r u c h a d  a v x i n u o  
valua of 21 m a batuaaa 0000-0600 Czl, vaakaned 
i w d i a t e l y  a f t e r  runriaa t o  a 1s a r u x i l s m  
m d  incr r r rad  again a f t a r  runrat.  Tha LLJ 
appearad wall orsanired during the  night  but 
apparrad t o  ba l a r r  coharant during tha day, 
apparmtly a r  a r a r u l t  of tho ao la r  insolation m d  
incraarad boundary layar  curbulanca. Tho rurfaca 
=pa f o r  28 Hay display r ralat i - ta ly vark prarrura 
gradiant i n  Fba r w t h a r n  Great P l r in r  arrociatad 
v i t h  a uaakraing invartad trough i n  Oklahom 
( F i b  3A). Tho 300 .b f l o v  is  a l r o  waak i n  the  
routharn C-:mat Plains  with tho haight contourr 
i l l u r t r a c l n g  a typa 2 cond!tion dafinad i n  Tabla 1 
(Fig. 3B). 

Tha 30-31 Hay 1961 care from Hoacker 
providar addl t lonal  avidanca of a diurnal  o r c l l l a -  
t ion  but a l r o  a h w r  a deviation from the c l a r r i c  
pat tarn.  During the aacfy morning of Nay 30, tha 
LLJ incraarad t o  20 m r over Oklahou and 
tomainad a t  tha 400 o lava1 coinciding v i t h  tha 
lnvarrion lave1 (see Fig. 7 i n  the  Roackar papar). 
I w d i a t a l y  a f r . r  runriaa,  tha LLJ appearad t o  
braak d m ,  but a r m  80 I n  tha coharancy ra thar  
than i n  tho ugnituda-pi  orxisum v a l o c l t ~  which 
droppad off t o  15 m r . Tha LLJ began raorganl- 
r ing  and incraaaing i n  magnitude -;ha a f t a c  

r q h a r  than a t t a r  runrat  and incraaaad t o  
25 l l by 2200 CST 30 my.  Tha rurfaca u p  for  
30 nay rhwa a davaloping prersura gradient a r r o i i -  
a tad with a l ea  rid. trouah (r ig .  LA) aa tha 300 mo 
trough r h i f t r d  maat from it* 28 May posi t ion 
(Pig. 0) .  ~ a l a t l v a l y  vrak j e t  r t raakr  propagated 
t w a r d  tha routham Croat ? l a i n s  v l t h  tha a d t  
ragion of tha rubtropical  jo t  coinciding v i t h  tha 
poai t ion of tha LLJ i n  cha Oklahor  region. 

The 23 April 1961 caaa from Roackar is 
charactar i tad by mch l a r g r r  rynoptic rca la  forclng 
thsn tha praviour two carar  a0 a u j o r  l o r  r i d r  
cyclona davalopad v i t h i a  tha a x i t  r e ~ i o n  of a j a t  
actoak p r o p a g r t i n ~  t w a r d  tha Craat P la inr  f roa  the 
Pac i f ic  Coast ( l ig .  5). Tho rurfaca prasaurr 
s r r d i e a t  i n  t h i s  cara vaa amarly 33L l m r g q  than 
the othar  tw carre .  Although tho 25 a s 
mgnituda of tha LLJ obaarvrd i n  Oklahou on 
23 Apri l  ( ree 118. : i n  Boackar papar) v u  a0 
la rger  than the  u p i t u d a r  obaarrad i n  the  ochar 
caras ,  tho parrirtancm and ganaral charac ta r iac ic r  
of tha W r a r a  aoticaably dtffarmnt. The L U  
iacraarad during tha night of 22 April and -ruing 
of 23 Apri l  a r  tha praraura gradiant 41.0 iacraarad 
i n  t h e  G r u t  ?lain# ragion i n  rarponrr t o  tha l a0  
r i d e  s y c l o p a a a i r .  Unlika tho othar  carar.  tho LLJ 
did ooc r rp id ly  w a k m  during tha w m i n g  but 
p a r r i r t r d  and raminad cohorant wall i n t o  tba 
aftarnoon v i t h  tho u ~ i t u d a  of tha L U  r a m i a i n g  

'raatar than 20 l Although Hoackar r t t r tbucad  
the bahavior of tha L U  i n  tha 23 April c r ra  c..r a 
uartvard axtanrioa of the aubtropicr l  high and 
d a y t i n  cloud cover, it appaarr more l ika ly  that  
tha cyc lopnaa t r  and tha upper troporpharic f a t  
r t raakr  vhlch arm l . p o r t m t  f o r  lam r ida  davalop- 
mt (Hwton 1956 llovrnac and Horn, 197'1) could 
a l r o  ba rarponaibla Lor tha atrong praarure grrdiant  
i n  tha Craat Plainr  m d  par r ia tan t  natura of the 
LLJ f o r  t h i r  care. 

Tha 16-17 Nay 1961 car., praviourly 
aar lrreC by Bonnar (1963, 1966) uaing the rpac ia l  
?I&\L aatvork offara  add i t iona l  evldance tha t  tha 
combirlad a f f a c t r  *t usaar troporpharic jar r t r a r k r  
and l a r  r i d e  cyclo(anaaiJ can influanca the bahavior 
of LW'r ?a the r=utham Craat Plainr.  'In t h i r  
care, tho LLJ war v a l l  a r t r b l i r h a d  i n  routhwarr 
Itrnaar & cha aft- of 16 !lay and sh i f ted  
routbaaatward t o  Oklahou by ear ly  avaning (0000 
CWI 17 Ha*; Fig. 6). During tha night ,  tha r u p . ~ i = ~  
tuda of Lna wind maxima incraaaad t o  over 30 m a 
a r  the poai t loa of tha LLJ continuad t o  r h i f t  
u r t v s r d  than northaartward t o  rouchvart Mirrouri 
by 1200 R(r 17 b y .  

Fig. 6 a l r o  includar :ha rurfaca prar- 
aura tandaaciar c o q u t r d  over a two hour i n t a r v r l  
by Bonnet (1963) and 8wothad t o  a l l a inaca  high 
fraquancy p a r t u r b a t i ~ n ~  ra la tad  t o  individual  
thundarrtorm c a l l r .  Uormar'r rtudy a t t a q t a d  t o  
r e l a t a  tho rurfaca prarrura tendanciar and ra ru l -  
cant i r r l l o b a r i c  vind t o  the evolution of tha LLJ. 
Bonnet notad tha t  -van ti* tha l r a l l o -  
bar ic ,  agaortrophic vlnd tandad t o  be parpandlcular 
t o  tha ax i r  of the :.LJ m d  t h a t  tha gaortrophic 
wind var a b a t t a r  a p p r o x i ~ t i o n  t o  tho r e a l  vlnd. 

Rou.vor, it appaarr f roa  Fig. 6 that  
the rurfaca prarrure tandanciar and the  mastward 
r h i f t  of the confluanca tona could both contlnuourly 
contr ibuta  t o  parcel  accalarat ionr  i n t o  the  obrarvad 
1oca:ionr of the LLJ. Batwaeli 1800 CXI and 0000 
GlT tha araa of r x i u m  prosaura f a l l r  r h i f t r  rwch- 
a u t v r r d  from tha T o u r  panhandla t o  north-central 
T a u s  and than by ObOO CWP northaartward t o  rouch- 
v a r t  Hfrrouri.  Tho r a l a t i v a  por i t lonr  of tha 
coafluanca room and tha prarrura f a l l s  area upwind 
of the LLJ corm vould t o t h  coa t r ibu ta  t o  parcal  
accalerat iona i n  tha nalong-ssraam" d i rac t ion  i n t o  
tha core of the LLJ. ?or a u . p l a ,  l w a r  troporpharic 
parcalr  locatad In northeart  Taxar a t  0000 CHT would 
hrva an rgaoatrophic componant diractad t o  cha wart 
approxiluted by tha confluanca t a m  (2)  and tha 
i r a l l o b r r i c  t a m  (1) i n  cha aauation: 

- 4  - 
vttaraVrg i a  tha a(eoetrophic vind, Q i e  horizontal  
v lnd ,V gradiaat  oprr;tor m d  E t h a  un i t  vactor 
n o r u l  t o  t h e  h o r i r o n t r l  plane. Tha rgaoatrophic 
co.ponenc u g )  vould. i n  turn,  l u d  to  parcel  
acca la r r t ioar  tovard the north-caatral  Oklahou 
a a r a  tho LW uu locatad by 0600 QtT. Similar ly 
8ivan tho conflu a rona i n  north T a w  and tha 

of w g a t l w &  from northeart  T a u @  t o  north- 
.art k n r a a  rt 0600 CWI, parcalr  locr t rd  in  north- 
u a t  O k l r h o v  dovn t o  Tarur a t  0600 CWT vould 
uadargo a c c e l ~ r a t i o n s  cward  wouthvart Xirrouri  
h a r e  tha U J  v u  locacad a t  1200 CM 1 7  !lay. The 
avolurioa of the vlnd, h a i f i t  aad prarrura tandancy 
l i a l d r  i n  t b i r  Cuhioo 18 consis tant  with a 1rtu.1 
.ad continual rua-mowntu8  a d j u r e r n t  occurring oa 
a aubrynoptie r c r l a  i n  &arociat ioa with the a u t -  
cnrd propagation of the cyelona. 
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1200 C S i  16 HAY 1961 
1800 GHT 16 HAY 1961 

1000 CST !6 nAY 1961 
0009 GflT 17 HAY 1961 

0000 CST 17 HAY 1961 
0600 GHJ 17 f lAY 1961 

0600 CST 17 HRY 1961 
1200 GnT 17 HAY 1961 

1200 CST 16 HAY 1961 
1800 GHT 16 HAY 1961 

1800 CST 16 HAY 1961 
0000 GflT 17 HAY 1961 

oooo cs? ii H A Y  1961 
0600 GHT 17 HAY 1961 

1 I 

\ I 
0600 CST 17 HAY 1961 
1200 GUT 17 MAY 1961 





The upper t ropospher ic  f e a t u r e s  and 
synap t i c  s c a l e  c h a r a c t e r i s t i c s  of the  i6-17 nay 
1961 case  a r e  i l l u s t r a t e d  i n  Fig.  7 .  Between 
0000 Cm and 1200 GWT, two upper t ropospha r l c  j e t  
s t r e s k s  propagated eas:ward i n t o  t he  Great P l a i n s  
region. Lee a ide  cyclogener is  t e r a i n a t e d  by 
0000 G:,tT 1 7  nay a s  t he  su r f ace  lov  f i l l e d  by 
1200 GXT (note  Fig. 6  t h a t  p o s i t i v e  p re s su re  
tendencies  , rere  located  i n  t h e  c e n t e r  of t h e  low 
by 1200 GM). The 850 mb m p s  i n  .:ig. 7  and t h e  
i so t ach  maps a t  0000 CHT and 1200 GtR 17 May i n  
Pi). 6  r evea l s  t h a t  a t  both c i w a  the  LLJ was 
loca t ed  i n  t h e  e x i t  t e l l o n  of tho  aouthern upper 
l e v e l  j e t  s t r e a k .  Combining t h e  informrt ion  from 
Figs.  6  and 7  sugges ts  t h a t  t h e  evo lu t ion  of t h e  
LLJ. ~ ~ p e c i a l r y  i t s  e a a t v a r J  s h i f t  dur ing t h e  
12 h  per iod,  i s  l inked t o  t h e  upper l e v e l  j e t ' s  
propagat ion  and a s soc i a t ed  m s s  adjus twants  a s  
dis;ua.ed by Ucce l l i n i  and Johnson (1979). I t  
vould of course  t ake  a  thorough a n a l y s i s  t o  
confirm t h i s  i n t e t p r e t s t i o n  and t o  determine t h e  
r e l a t i v e  iapor tanca  of t hese  procesees  a s  colpprrrd 
t o  t h e  boundary l aye r  processes  vhich ~ u l d  a l s o  
concr ibuce  t o  t h e  i nc rease  i n  v ind  a t  td observed 
between 0000 M and 0600 CZrr (Fig.  6'. 

I n  a  cecent paper. Ucce l l i n i  and 
Johnaon (1979) d iscussed the  m n n e r  i n  whxch the  
dovelcpment of LLJ's could be coupled t o  upper 
t roposphe r i c  j e t s  through mutual mass-mo~ntuw 
a d j u s t m n o  v i t h i n  t h e  e x i t  region of t he  upper 
leva1 j e t  s t r e a k .  In  t h i s  paper,  15 cascs  of LLl's 
t h a t  were previous ly  d iscussed i n  che l i t e r a t u r e  
were revieved t o  determine i f  t he  coupl ing concept 
has  any re levance  t o  t h e  l a r g e  number of LLJ's 
observed i n  the  southern  Great P l a ins .  t h e  
l i t r r a t u r e  review revealed  t h a t  mast research  
e f f o r t s  have emphaslzrd boundary l a y e r  processes  
and t e r r a ~ n  e f f e c t s  i n  an e f f o r t  t o  e x p l a i n  t h e  
deve lopwnt  of t he  LLJ and its geographic and 
temporal prefarences .  The review a l s o  revealod an 
almost t o t a i  lack  of i n fo rav t ion  concerning t h e  
upper tropoaphaclc cond i t i ons  f o r  t h e r e  c a r e r .  

I n  1 2  out  of t h r  15 cases ,  t h e  synsp t i c  
p a t t e r n  vas  cha rac t e r i zed  by upper t roposphe r i c  
j o t  s t r e a k s  propagating tovard  t h e  Creat  P l a i n s  
from t h e  Rocky Yountain a r ea  with t he  s u r f a c e  
p re s su re  g rad ien t s  increased by l e e  s i d e  cyclo- 
geaes i s  o r  l ee  s i d e  t roughin)  ( t ype  11. I n  these  
canes t he  LLJ's were located  wt th in  t he  ex l c  region 
of t h e  upper : c ~ l  j e t  and d i r e c t a d  t w r r d  the  
cyc lon ic  s i d e .  In  t he  o the r  3 cases .  t h e  upper 
t ropqsphere  over t he  Great ' l a in8  was cha rac t e r i zed  
by 1 r i g n l f i c a n t  r idge  and veak upper t roposphe r i c  
f l w  ( type  2 ) .  A m r a  d e r a i l e d  review of t h e  
Hoecker (1363) and Bonner (1963, 1966) ca ses  
i n d i c a t e  t h a t  t h e  na tu re  of t he  LLJ r eea r  depen- 
dent  upon t h e  , ~ g n i t u d e  of t he  synopt ic  s c a l e  
f o r e i n g .  The cases  of v e l i  docuwnted LLJ's 
cha rac t e r i zed  by ?he c l a s s t c  d i u r n a l  o e c i l l a c i o n  
were a s r o c i a t e d  with t he  type 2 upper t rop?sphe r i c  
p a t t e r n  and r e l a ~ i v e l v  weak su r f ace  p r r s s u r e  
g r r d i s n t s .  ':he carea  vhich  had s i g n i f i c a n t  upper 
l e v e l  j e t  s t r e a k s  propagat ing  corard the  Creat  
P l r inv  and Ieo r i d e  c v c l o ~ e n e s i s  had LLJ's vhich 
dev ia t ed  !roo t h e  :lassie pzc t r rn .  I n  t h r s e  ca ses .  
t he  LLJ was vel:  def ined.  :ohtrent and s o r e  pe r -  
r i a t e n t  even i n  :he a f t e rnoon  m d  extendrd  above 
the  p l ane t a ty  b o u ~ d a r s  1a1.r. Hwevar .  t h e r s  was 
s t i l l  a tendency f o r  tke  ax:mn v ind r  t o  be 
abserued 13 ' ? a  ca r??  m r ? i ? g  sugges t l ag  chat.  

F c g .  8 :  S c t e l  cej c ! I c C ~ J ~ I I ~ $ ~ ~ - ~ ~ J ~ L I I ~  tcpl cu:d 
j&l I b c t t ~ m l  . SoZcd cctcCc5 02 t t e & t 3 P t ~  otdc- 
cstz c y c l ~ ~ e ~  w h c d t  o * i g i t t a t t d  O j  t h ~  ccntc- 
a c t t t d  d i v ~ d c  but ; n t c ~ u c 6 c e d  ctt t l t c  C c l o z n d c  
c~rdoge~tetcc ~ e a .  ; F t n  Hovcutcc and H c u t ,  1 9 ? 5 ) .  

even wi th  s i g n i f i c a n t  rynop t t c  s c a l e  t o r c l n g ,  
boundary l a y e r  and t e r r a i n  e f f e c t s  can s t i l l  
i nc rease  the  tuagnitude of t ne  LLJ i a  t h i s  region.  
F i n a l l v ,  the  r ev i ev  of Bonnet'? case  (1963, 19661 
ind ica t ad  chat  t h e  evo lu t ion  of ta.e LLJ seema t o  be 
coupled t o  t h e  propagat ion  of an bpper t ropospher ic  
j e t  s t r e a k  and veakening l ev  s l d c  cyclons.  The LL. 
va r  l oca t ad  w i t h i n  t h e  e x i t  r*gic.n of an upper 
l e v r l  j e t  s t r e ~ k  a t  two S U C C U S S ~ V ~  radiosonde 
obs r rv ing  per iods .  The LLJ a l s o  seenrd  t o  respond 
t o  qn e v o l v i n ~  Surface  p re s su re  tenoency f:rld i n  a  
m a ~ n e r  c a n s i r t e n t  with a t u a l  -8s-wr~rntum a d j u s t -  
ment concepts.  

I t  1 sugges ted  t h a t  t he  s u b s y n o ~ t i c  
fo rc ing  a s r o c i r  qd with t h e  upper t ropospher ic  j e t  
s t r e a k ' s  r o l e  i n  l ee  s i d e  c y c l o g ~ n e s i s ,  a s  d i r c u s s r d  
by Jewton (1956) and Hovanec and Horn (19751, a r ,  
i ~ o r t a n t  i n  t h e  fo rc ing  of t h e  LLJ's i n  t h e  
southern  Great P l a ins .  b h i l e  t h e  i zpo r t ance  of 
boundary l aye r  and t e r r a i n  e f f e c t s  i n  fo rc ing  a  
d i u r n a l  o s c i l i a t i o n  of t h r  LLJ l a  evident .  o t h e r  
f a c t o r s  bes ides  boundary processes  should a l s o  be 
conslderod t o  exp la in  +,he l a r g e  number and evo lu t ion  
of t h e  LtJ 's  observed in  t h e  southern  Great P l a ins .  
One f a c t o r  t h a t  has  t o  be questioned i s  t h e  concept 
t h a t  t he  westward ex t ens ion .  o r  r e t r o g r s a s i o n ,  of 
t he  J o r t h  A t l a n t i c  s u b t r c p i c v l  high,  c r ea t e*  t h e  
prmsaure g rad ien t  f o r c e  needed f:r t h e  d e - e l o p w n t  
of t h e  LLJ. At l e a s t  f o r  t hese  cases a t  LLJ's, i t  
appears chat t h e  high p r t s s u r e  c e l l  l oca t ed  i q  the  
~ o u t h e a s c  United S t a t e s  I s  of po la r  o r i g i n  and :%at 
t he  p re s su re  g r a d i , n t s  !ncr,ese over t he  Creat  P;ai?s 
tn  rasponre  t o  8 drve lop ine  low pres su re  system t o  
t he  we# of t he  r e ~ i a n .  Given t h i s  type of synop t i c  
t o  ~ . ,osynopcic  e c a l r  :arcing i n  t he  Creat  P:ains 
region, one t i l e .  m a t  a l s o  ques t ton  t h e  a s s u ~ c i o n  
~f  i q o s i n a  a conscant p re s su rc  j r r d i e n t  o r  a  
per:adic v a r i a t i c n  i n  :?e ? r e s s u r e  a r ad ien t  f o r  
s tudying the  t o t a l  evo lu t iun  ~f  LLJ's i n  t ? e  Great 



The q u r r t i o n r  r a i r e d  by t h i r  review 
can b a r i e a l l y  be  r u ~ r ~ r r i z e d  by comparing t h e  
c l i u t o l o g i c r l  ru8aur iea  of LLJ'r by Bonner 
(Fig. 1) and l e a  r i d r  c y c l o g r n r r i r  by Bovrnec and 
Horn i t i g .  8).  The coincidrnce  o t  m r i u  f o r  
both p h r n o m e ~  ruggerca a  a i g a l t l c r n c  c o r r e l r t i o a  
br twren the  two. Drc r i l ed  a t r t i r t i c r l  r n r l j f r i r  
b r ing  complrcad by Horn, Achtor and Hov.;rac (1979) 
and a d d i t i o n a l  d e t a i l r d  c a r e  r t u d t e r  a r r  a redad 
t o  prove t h a t  t h i a  c o r r r l r t i o n  i a  r i g a i t i c r n t  md 
t h a t  rubrynopt ic  r c a l e  p r o c r r r r r  r r r o c i r t r d  v i t h  
upper l eva1  J e t  s t r e e k s  and I r a  a i d e  c y c l o g r n r r i r  
r r r  l ad red  r a  important f o r c i n s  u c h r n i r m  t o r  t h r  
d r v e l a p m n t  of LLJ'r i n  t h e  Crerc  P l r i t s .  
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The Coupling of "pper and Lower Tropospheric Jet Streaks and 
Implications for tht Development of Severe Convective Storms 
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- ice Science s i.~~ginrzring Center and Lkpattment o / , W e t d o g y .  University of Wisconsin. .Wadison 53706 

(Maeucrip received I7 July lm. in darl form 2 m h  1979) 

Tnasvase chuhioas in tlr: exit .ad envu~ce mans of jet streaks are iaverriptcd rhrocyb 
~ r i m u l u i o n .  ~ c u c s t ~ ~ d y . ~ ~  qpiiation ofthe iuaobuic windcquationinisenuapcc 
amtdirma. to study the intenctioa between upper and lowa uoporphciic jets and the development 
d swat convective somu. A hybrid isentropic-- coardinue numerid model is used to ifnuhe 
the omas Md mocnn.tum djwmcm asscdted with r jet s v a t  W o g  in 8 z d  channel. The 
numaid  mulu depict r t t *d .ya  m a s  adjustment in the exit .nQ mmnce q i o a  of the jet laulr. 
Tbc results .Lto vaify I& the idobuic wind on Iowa isenuupic surfaces is r primuy cpn- 
poacnt d the return bnnchcs of tnnsvctsc circulations and is forred by tbe two-layer mas ad~w- 
mrat r c t w p n y i q  the p r o m  jet streak. R 4 u  from the cuc study of r severe weather out- 
break rbow Iht 1) r bw-kvd jet (LLJ) beneath the exit - d .n upper tropospheric jet streak 
is cmkdded in the lowa bnacb of an indimt cirmltioa. 2) inteasibtion of the lower branch and 
dcvelapment d thc L U  is w y  r d t  of an incrrucd idokric wind component. and 3) the 
dcvdopment of thc W is coupkd to Ihc upper tropospheric jet sValr  by Lbc t w d . y a  mut djust- 
mcat 6th the exit region d the swuk. Tbe ivllokric wind component of the L U  is the primuy 
rrrrw for Ihc axis of the W king u r signikant a q k  to the upper jet', axis and thc resultiq vceriw 
d tk wiad with height. In the exit region. the geometry of this adjustment. combined with warm. 
m o i t t . k * r a v o p o r p h c n c . i r m ~ b e r i ~ t a n d ~ d t h t ~ s ~ ~ c o o l . d r y ~ u ~ j e t s , t r r r l r  
kvd. pmduccd the difkrcntid d v t a i o a s  that coaveaivdy d a ~ z e d  thc umcnphm. Wts d 
tbe a s e  study support the coaqx Ihu the development of coaditionr hvonbk for severe con- 
vcrtive storms can k forced by mus and momentum djustmeno which accompany the pcop.p- 
tins d 80 upper tropospheric jet sue&. 

1. Iotroduction 

The concept that an interaction between upper 
and lower trophospheric jet streaks is important for 
the development of organized convective stonn sys- 
tems was implied in the work of Fawbush atrd MilIer 
(1953. 1954). They noted that advection of cool, dry 
air associated with strong westerly winds in the mid- 
dle troposphere and the rapid northward movement 
of a tongue of warm, moist air in the low troposphere 
create favorable conditions for deep convection. 
They also emphasized that the likelihood of convec- 
tion is increased with strong veering of winds, so that 
the angle between the mid-tropospheric wind and the 
axis of the moisture tongue is large. Pettensen (1956) 
and Newton (I%?), among others, related veering of 
winds with height dnd subsequent differential mois- 

ture and temperature advections to the intersection 
ofjet axes (Fig. 1) and the development of convective 
instability. The greatest convective instability devel- 
ops when the jet axes tend to be orthogonal and the 
intensity of the advections is maximized. 

The roles of *mpospheric jet streaks2 in the devel- 
opment of severe convective storms arc summarized 
by Pettensen (1956). Reiter (1963). Ludlam (1%3), 
Newton (1%3,1%7), Palmin and Newton (1959) and 
Danielsen (1974). i n  these models the primary role of 
the upper trophospheric jet streak is to advect cool. 
dry air within the upper and middle troposphere. to 
enhance upper level divergence. and to transport the 
sensible heat downstream from the convective re- 
gion. The low-level jet (LU) rapidly transports heat 
and rnoisnrre toward the convective region (see also 
Means, 1952. 1954: Bonner. 1966). The combined 

Rtrcnt aftiliaon: NASNCiaddud Space Cater. 
L.borrtory f a  Atmospheric Scaencer. code 914, Greenbelt. Paimb and Newton (1969. p. 199) define jet streaks as the 
MD 24271. rrlioos of isouch mulma. 
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coupliw lower and upper tropospheric jet stnrlts 
that stems From adjustment concepts is presented in 
Section 3. A case study is discussed in Section 4 
which links mass and momentum aaustments in the 
exit region of an upper tropospheric jet steak to the 
development of a L U  and to the differentid tem- 
perature and moisture transports that cmte  Favor- 
able conditions for severe convective storms. A 
summary of the results and suggestions for future 
research is presented in Stction 5. 

Bonner's (1968) climatological summary illus- 
trated the large number of lower tropospheric jet 
streaks that develop in the Great Plains and Midwest. 
with the maximum number of LU's occurring from 
Texas to Nebraska during the spring and summer 
months. The low-lebcl jets in the southern Great 
Plains arc characterized by a diurnal osciUation 

F'o. I. featurn of reaching maximum intensity by eariy morning. and !hiid lines uc sea level ~robrrr: j u h d  line strcrmlines of 
~ o p o s ~ h ~ ~  bw. shadlnl outlina - of are associated with a nocturnal temperature inver- 

kvel ararturt t o w e  and region of potmud i~tabi l i ty  (from sion (Blackadar. 1957; Wexler. 1961: Gcrhardt. 1w. 
Newon. 1 ~ 7 ) .  1963: Hoecker, 1%3: Izumi and Barad. 1963: Izumi. 

1964: Bonner. 1968: Lettau. 1967). The seasonal 
shift of the subtropical high. sloped terrain. bound- 

role ofthe upper and lower ~phospheric jet streaks rry-layer prwesses md the diumd ndiation cycle 
is to create a region of convective instability within 
which the severr weather ultimrely occurs. Beebe have all been related to the gcneratlon of the low- 
mulJ Bates (1955) also relate J the relative orientation level jet and its seasond* and geographic 
and position of the two jets to a superposition of preferences (Blackadar. 1937; Wexler. 1% 1 ; Lcttau. 
divergent and convergent fklds which induces me- 1967; PaegIe and b c h ,  1973). 
c b i c d  lifting and initiates h e  convective storms. Reiter (1969) noted that lower tropospheric wind 
Reiter (1963) offered additiond evidence of vo~icity maxima also occur in the Midwest which apptar to 
adv=tion. divergence and venical exchange of mo- develop in response to synoptic or subsynoptic-scale 
mentum in his emphasis that jet sw& exen a causal fo'cinu. Hoecker (1x3) and Bonner (1966) presented 
mechanism in h e  production of sevew weather. examples of LU'S in which Ice side troughin8 Or 
while Ludlm (1963) showed that the mean position cyclogene~is is evident just east of the R ~ k y  Moun- 
of the jet S- is closely nlated to the &bal dis- tains. These LU's developed with a minimal diurnal 
tribution of severe cor.vection. oscillation and extended above the planetary bound- 

W:rh the analyses of upper and lower tropospheric ary layer to the 850 mb leve:. For similar caCes. 
jet streaks nurmdly depicted cn pressure surfices, Danieisen ( 1974) pointed out that moisture-haden low- 
these jets are normally mated as separate entities level wind maxima form in response to the incnasing 
in the criteria for the devcln>,nent of severe convec- pressure gradients associated with the developing 
tive storms. However, with ~ e :  streaks analyzed on lee side cyclone. Supporting evidence for the exist- 
isentropic surfaces. the two bpparently distinct jets encc of low-level jets in coqjunction with cyclone 
a?pear to merge in some cases as the LLJ extends evolution is presented in Brownin8 and Harrold's 
towud the middle troposphere (Reiter, 1969). Reiter (I3701 Doppler radar observations of a cold front 
suggested that, in some cases. low-level jets are not traversing the British Isles. They determined tnat 
separate entitles but appear to be coupled to an up- prefrontal horizontal moisture transport is conhed 
per tropospheric jet streak. to the lower troposphere and is predominantly re- 

The purposes of this study arc to determine how lated to the lower tropospheric wind maximum lo- 
upper and lower uoposphenc jet streaks are coupled cated immediately ahead of and parallel to the cold 
and to discuss the role of thi: coupling in the devel- front. This study is focused on synoptic-scale adjusi- 
opment of severe conbrctive storms. In Section 2.  ments associated with the L U  located beneath the 
types of low-level jet streaks which ~ffect the North exit region of the upper tropospheric jet stnak. di- 
American continent are dis~~sscd  and the type of rected from the anticyclonic (south) toward the 
LU selected for study is ;pec!kd. The basis for cyclonic (north) side (Fig. 1). . 

'2, 469 
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'The rnuhul mus md momentum rdjustments u- 
sociami with a jet streak md the response of tba 
lower tropospheric winds ue discussed in this sec- 
tion. Since the UJ located beneath the exit r q i o n  
of m upper tropospheric jet streak in sevm weather 
situations is dimted to- the cyclonic side of the 
jet (see Fi. 1). it would q p a r  to be embedded 
within the return bnnch of the indirect circulation. 
Thus. irdoting the forciq of a return bmch of a 
tnasvene circulation mur a~ustmcnt as- 
sociated with a propagating wind maximum should 
provide i m u t  into the coupling d upper md lower 
tropoqheric jets. 

Direct and indirect transverse ctcuhtions exist in 
enmace and exit regions of pmpagating jet stmks 
(University d Chicago. 1947; N m i u  and Clrpp, 
1- Bjtrknn, 19S1: Riehl et al., 192; M m y  .ad 
D a d s ,  19% Sawyer, 19%: Newton. 1959: Suley, 
1960; Rtitcr, 1%9; Johnson, 1970; Cahir, 1971; Uc- 
ccllini, 1976). The indirect circuhh within tbc exit 
~giofh roruiru of an upper bropoapberic k h  di- 
mrcd t o 4  the anticyclonic side of a jet. m and 
sinkiag motion on tbe cyclonic and urticycioniE sides, 
respectively. and a lower vopoaphtric return branch 
dircaed toward the cyclonic side. Ihe direct circu- 
Uoa in the entronce region is completely reversed 
h m  the sense of the indirect circulation. 
The requirement that & i t  and indirect circula- 

tions must exist for unbdanced cumnu implicitly 
stems riom the work of Rossby (1938, 1949). Ghn 
(1943) and .%wyer (1956). In a recent study of urns- 
verse circulations and subsynoptic precipitatioa 
bands. Cabir (1971) simulated direct and indirect 
circuirtioas using a two-dimensional primitive qua- 
tion model mapped on a vertical plane normal to a 
prop8gatin#~~t smak and by applying the model to 
actual cue studies. An example from Cahir's nu- 
merid simulation of an indirect circulation (Fig. ?) 
depicts upper and lower transverse components of 
5.8 and 4.7 m s-'. rcspective!y, md vertical motions 
B2.O pb s'l. In a later experiment, with the initial 
relative humidities increased by 3096, the added 
latent h a t  release nearly doubled the mrgnimde of 
the upwad vertical motion on the cyclonic side of 
the jct. Cahir applied his model to numerous cues 
and emphasized that subsynoptic-scale precipitation 
bands mult From the upwad vertical bmches of 
boa direct and indirect circulations associated with 
propagating jet s!rcaks.  

The veritiution of the tmsvcne circulation from 
observational evidence is compounded by thm- 
dimensional wave structure with its nonlinear advec- 
tion associated with dongsnrm variation of qo- 
mntum and pressure forces, stmilkation of the 
atmosphem, the i~ttuence of temin, cwvanve ef- 

fects, and i n t d o n s  with bge-scak waves dwim 
cyclone davdopmeat urd long-wave unplikdon 
(Newton, 1954; Back md Bates. 1955; Shrpim, 
1975). Some thmedimtnsionrl aspects of munul 
mut .nd aomentum djustmnts and coupling be- 
tween tbt upper md l o w ~  troposphere will be idtn- 
tifkd in this p~per thm& tbt wostrophic momcn- 
turn rpproximrtion within m isentropic hmework, 

mr mr, eu, d e a u ,  -- -- - + U.V,U, +-- 
dt be . (1) dt dt dre 

where U urd U, M tbe horizontal and gcostrophic 
winds. respectively (see Eliuten, 1W9, 1962; Hos- 
kins, 1475). With b e  rel.tionship between hori- 
zmol rccelmtioa and ageostrophic flow (U,) ex- 
P- by 

combined with the usumption of adiabatic b w  and 
@ s t  of (U-V&) x U,. m rltermtive form for the 
-strophic velocity is 

Tenn .A represents the itrrlloboric wind (Brunt and 
Douglu, 1!328). while t e n  B accounts for advective, 
inettial processes. A quasi-gcostrophic form of (3) is 

I . , I 

Fta. ?. ladim ambtiom simulated by PE model mrpprd 
on crou waiacr tkou@ rrir ri=m of r jet rtrak. Slid 
wpWu m v a c i t r l  mooon (rb s '0  *nth upwud mohon 
stipphd; mows with cmtand mqninrdr, indicate borimul 
t m v r r w  component8 (m r 9 cbwn Clhir. 19711. 
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Oiven by substituting U, for the advecting velocity 
U. However, including the qeostrophic component 
in tenn B yields significant differences in the qurnti- 
tative assessment of advective processes in the n- 
dons of strong gradients near fr0n.s and jet streaks 
(Hoskies, 1975). Note also that with the use of the 
adiabatic constraint within the isentropic frame- 
work. the link between the ageostrophic motion and 
inertial processes is solely by the quasi-horizontal 
advection. If the expansion of the total derivative 
were msde in Cartesian or isobaric coordinates. tenn 
B would include a mode for upper and lower Crop 
spheric interaction through vertical advection. 

Using isentropic coordinates. an explicit idlo- 
baric mode (term A) may be isolated to identify 
the interaction between the upper and lower tropo- 
sphere through mass and momentum adjustments. 
Substituting the hydrostatic geostrophic relation 

in (3). the isallobaric component of the ageostrophic 
wind is 

where IL is the Montgomery streamfunction. Inte- 
gration of the hydrostatic equation from the earth's 
surface to an intermediate isentropic surface 8~ 
yields 

where p is pressure, pm = 1000 mb. and K is the 
ratio of the gas constant R for dry air to the spe- 
cific heat of constant pressure c,. By Leibniz's mle. 
the local derivative of (6) is 

- ,,(.-)eBB,. (I) 
Pw at, 

With Poisson's equation and the definition of Jr,  the 
time derivative of the surface value of the Mont- 
gomery streamfunction is 

Substitution of (8) into (7 )  and a rearrangement of 
terns yields 

With this result and (5 ) .  the isallobaric component 
of the qeostrophic wind (U,,) on dL IS 

The form of (10) reveals that the isdloboric wind 
in isentropic coordinates is determined by the gradi- 
ents of the sutfrce pressure tendency md the inte- 
grated pressure tendency between the euth's surhn  
and 8'. In a hydrostatic atmosphere, the tendency 
of the vertically integrated mus distribution deter- 
mines the h t  term. while the second term is related 
to internal mass redistribution. Note that the i d -  
lobaic wind component may exist on an isentropic 
surface even if the surface pressure tendency is zero. 

The relationship between the pressure tendencies 
and U,, expressed in (101 tauples tropospheric mass 
adjustment to the idlobaric wind on a. The verti- 
cal integration of the mass continuity equation be- 
tween arbitrary lower and upper isentropic surfaces 
(& and 8 , )  yields 

With the substitution of (1 1) into (10). the isailobaric 
ageostrophic component on 8' can be linked to hori- 
zontal mass divergence and diabatic prxcsses. 

a .  Mass adjustments associafed with a propagating 
jut streak 

The results from a hybrid isentropic and sigma 
coordinate numerical model are used to illustrate 
mass-momentum adjustments associated with the jet 
smalt's propqation in a zonal channel. Following 
is a brief summary of the hybrid model described in 
detail by Uccellini er al. (1979). The hybrid model 
combines an isentropic representation of the h e  
atmosphere with a sigma coordinate representation 
of the bottom 200 mb of the troposphere. The bound- 
ary conditions at the interface separating the model 
domains are matched exactly through use of the flux 
form of the governing equations for G r l l  interaction 
between the model domains without introducing 
spurious sources of mass, momentum and energy. 
A staggered venical grid is used to maintain a smooth 
transition of the mass and wind fields without need 
for artikial adjustments. The longitudinal boundary 
conditions are cyclic while impervious. free-slip 
conditions are imposed on the latitudinal boundaries. 
The initial mass tield is specifkd by a set of analytic 
functions which dehe  the surface temperature g m -  
dient and the venical lapse rates throughout the 
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entire model domain. The initial wind field is specified 
througb the gcostrophic relationship. 
Anrl average mass flux divergence was calcu- 

lated for a 4Ax by 3Ay rectangle (Ax = Ay = 2.75 
x 1P m) in each of the four quadrants surrounding 
the jet streak 16 h into the model simulation. The 
averages were computed for the eight layers between 
t90 and 350 K with A8 equal to 10 K. 

With adiabatic conditions, the mass flux diver- 
gence is related solely to the horizantal mass flux 
divergence term in (I 1). The vertical distribution of 
the averaged total mass flux divergence (solid pro- 
61e) illustrates a two-layer mus dusuncnt in the 

entrance and exit regions of the jet streak (Fig. 3). In 
the cyclonic exit and anticyclonic entrance quad- 
rants, the upper tropospheric mass divergence is 
con:rzlemented by lower tropospheric mass conver- 
gencd witb the level of nondivergence located near 
310 K. A reverse pattern exists in the anticyclonic 
exit and cyclonic entrance regions. The four-cell, 
two-layer pattern is consistent with Bjerknes' (1  95 1 ) 
and Riehl et al. (1952) concepts of adjustments as- 
sociated with a jet streak. 

Some indication of the relative importance of geo- 
strophic versus apstrophic motion at this scale may 
be determined by partitioning the mass flux diver- 

FIG. 3. Hoddcd vrrtrcd ptoli)es for tbc a v m w d  mrrs h x  dlverl+nce r 10' g m-* s - l )  [rord ~sol~d).  ~ o r v o p h ~ s  
( b b r d ) .  geosaophrc (dot-duhcd)] tn four quadrants surrounding jet streak. 
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gence into a geostrophic and ageostrophic mode, 
where 

where pJ (density; Jacobian of transformation) 
is equal to -(llg)ap/B8. The relative amplitude 
of the geostrophic (dotdashed profile) versus the 
ageostrophic mode (dashed profile) shows that the 
ageostrophic mode of the mass flux divergence 
dominates at this scale of the mass adjustment 
(Fig. 3). 

b. The upper tropospheric transverse component 

An analysis of the components of the ageostrophic 
mass flux divergence (not shown) reveals that the 
cross-ztream component a(pJu,,)lt3y generally dom- 
inates in the lower troposphere. In the upper tropo- 
sphere, the cross-stream and alongstream ageo- 
strophic components are of equal magnitude and 
of the same sign. Bjerknes (1951) emphasized the 
need for upper tropospheric ageostrophic compo- 
nents to provide for the cross-stream mass transport 
in the exit and entrance regions of the jet streak. In 
the exit region. the upper tropospheric, ageostrophic 
wind transports mass from the cyclonic toward the 
anticyclonic side of the jet. In  the entrance region. 
the upper tropospheric ageostrophic wind transpons 
mass from the anticyclonic toward the cyclonic side 
of the jet. At the level of the jet streak. where the 
horizontal variations of the pressure gradient force 
and wind arc maximized. the advective inertial term 
in (3) tends to be larger than and offsets the isallobaric 
term in the forcing of a transverse ageostrophic com- 

ponent (Bjerknes. 1951). Fig. 4 illustrates the 340 K 
qeostrophic wind component defined by the inertial 
advective term. In the entrance region, the increase 
of the geostrophic wind along the direction of the 
streak yields a maximum ageostrophic transverse 
wind component of 4.5 m s" directed toward the 
cyclonic side. In the exit region. the decrease in the 
geostrophic wind along the axis of the jet yields a 
maximum ageostrophic transverse wind component 
of 8.5 m s'' directed toward the anticyclonic side. 
This basic pattern propagates with the jet streak and 
remains quasi-steady. 

c .  The loweer tropospheric retiin1 brartch viewed as 
an isallobaric wind component 

The opposite pattern of the areal avenge mass 
flux divergence below the 3 10 K level in each quad- 
rant (Fig. 3) is an indication of the revers21 of ihe 
iower tropospheric branches of the direct and in- 
direct circulations from the upper branches illus- 
trated in Fig. 4. In the lower troposphere, where 
advective velocities are small and inertia wind com- 
ponents are strongly damped by friction, the isal- 
lobaric wind modified by friction becomes a more 
important factor for low-level parcel accelerations 
and resultant ageostrophic flow (Hess. 1959: Young, 
1973:. In comparing the two contributing terms to 
U,, in (3). the isallobaric wind (term A )  is the domi- 
nant factor of the lower tropospheric transverse 
ageostrophic wind component for this model simula- 
tion. The largest. lower tropospheric isallobasic 
wind components are perpendicular to the axis of the 
jet streak and are opposite in d~rection to the inertial 
advective component of the upper branches (Fig. 5). 

FIG. 4. Model s~muhted ageostrophc component related to the ~nenlal. 
advccuve term [term B. Eq. (3\] on the 3 4  l< surface. Streamliie rnalys~s 
(solid tines) IS shown for the model d o w n  up to the k t  illtenor row oi ynd 
pants along the Rorth and m i h  bundana: magnlrudes Im I - ' \  are shown 3s 
dashed Itnes. Shaded w o n  repmenu jac streak ( u  component >JO m s ' ' ,  
t h e  marks a h g  the border v e n t  275 km pnd spactng. 
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FIG. 5. (Above) The surface pmssure tendency and inregmtcd pressure tendency conrribut~ons 
to the $ tendency from (9 )  evnluued on 300 K ( x  lo-' mz s-9. (Below) S u e d i n e  analysis is shown 
for i$dlobuic wind with magnitudes (m s-') as duhed line. See crpuon in Fig. 4 for additional 
demilr. 

Maximum kalues of 1.5 m s" are located immedi- 
ately ahead of md behind the streak. This basic pat- 
tern of the isallobaric wind components propagates 
with the jet streak and also remains quasi-steady at 
subsequent times. 

Fig. 5 also illustrates the relation of the isallobaric 
wind to mass adjustments within the exit and entrance 
regions of the upper tropospheric jet streak. The sur- 
face and integrated pressure tendency terms in (9) 
were evaluated with 8' equal to 300 K to determine 
the forcing of the isallobaric component within the 
return branches. Both t e n s  display the basic four- 
cell pattern, with the surface pressure tendency term 
noticeably larger in these adiabatic experiments. In 
the cyclonic exit and anticyclonic entrance regions, 
pressure tendencies are negative while positive ten- 
dencies exist in the anticyclonic exit and cyclonic 
entrance regions. As specified by (10). the patterns 
of both pressure tendencies act to force the isallobaric 
wind directed toward the cyclonic and anticyclonic 
sides of the jet s'reak beneath the exit and entrance 
regions. These agtosuophic. isallobaric wind compo- 
nents represent lower tropospheric return branches 
of direct and indiiect circulations. 

culation are summarized in Fig. 6. In the entrance re- 
gion of the upper tropospheric jet, ccnfluent stream- 
lines and downwind increase of the geostrophic wind 
are linked with the inertial advective process and 
are associated with a transverse ageostrophic corn- 
ponent directed toward the cyclonic side of the jet 
streak (Fig. 6A). In the exit xgion, diffluent strearn- 
lines and a downwind decrease of the geostrophic 
wind are associated with an ageostrophic component 
directed towards the anticyclonic side. The upper 
tropospheric, cross-stream mass transports that are 
a result of the transverse components act to force the 
lower tropospheric isallobaric winds which represent 
the lower branches of the transverse circulations. 
Beneath the entrance region of the upper tropospheric 
jet streak. the upper tropospheric mass transport 
reduces the s l o p  of the lower tropospheric isentropic 
surface (as p increases to the left and decreases to 
the right). decreases the tb gradient, and yields an 
ageostrophic component on 8, directed to the right of 
the current (Fig. 6B). Beneath the exit region, the 
upper tropospheric mass transport increases the slope 
of the isentropic surface and the + gradient to yield 
an ageostrophic component on BLdirected to the left 
of the current (Fig. 6C). These ageostrophic com- 

d. Coupling rhc rransverse branches :o rropospheric ponents in the upper and lower troposphere repre- 
mdss odjusrmenr sent the transverse components of the direct and 

indirect circulations. while the total wind cornuonent 
The principal cornpocents of the upper and lower (U in Fig. 6) represents the total upper and lower 

i. troposphenc branches of the direct and indirect cir- tropospheric branches of the circulations. 
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FIG 6 (.A) Schematic of rmsvcrse component i c,,) forced by along-stream vanatlons of pressure gradient force at jet streak 
level. (8). (C) lsdlcbanc wlnd ( c , )  on lower rroposphenc lsentroplc surface reL) beneath [he entrance (B) and exit IC! reglons 
of the jet streak. Gmstrophic w ~ n d  IS L',. total w ~ n d  IS t'. pressure 13 p and the aiongstream ioordlnate IS s 

The schematic in Fig. 7 depicts a cross-sectional 
view of the lower tropospheric isallobaric wind forced 
by adiabatic mass adjustments in the exit region of a 
jet s:reak. As 3 jet streak ( J )  propagates toward the 
vertical cross sec t~on in Fig. 7A, the upper tropo- 
spheric ageostrophlc component transpons mass to- 
ward the anticyclonic side of the jet. The mass flux 
convergence on the anticyclonic side and divergence 
on the cyclonic side above OL increases the pressure 
on and beneath dL  to rne right of the jet. and decreases 
the pressure to the left of the jet. By 19) the mass ad- 
justment withln the upper branches above 6' tn- 
creases the magnitude of the pressure gradient force 
on and beneath #, and by (101 concurrently forces 
development of an isallobaric wind that represents 3 

return bnnch  of the Indirect circulat~on (Fig. 'Bi. 
With the conculrent development of the return bnnch. 

mass is transported :oward the cyclonlc side of the 
j e t  below BL, This response represents 3 mutual mass- 
momentum adjustment and is an integral part of the 
sinking and lift~ng of isentropic surfaces beneath 
0, to higher and lower pressures on the anticyclonic 
and cyclonic sides of the jet, respectrvely . The two- 
layer adjustment deplcted in Fig. 7 stems from 
Rossby's adjustment concepts for a strat~tied f?uld 
~Rossby.  1938. 1949: Universrty of Chicago. 1947). 

A schemat~c of the ~nfluence of cross-stream v m a -  
tlon of diabatic mass transport In increasing the mag- 
nitude of the pressure gradlent on d, IS depicted In 
Figs 7C and 7D .An Increase In the ~sallobanc wind 
on e); wlil occur w ~ t h  either diabarir: hearing to the 
nght or diabatic cooling to the leA. The heating veni- 
a l l y  transports mass from bclou to above h)?,  wh~le  
cooling :nnspons mass irom above ilL to below #, 
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ADIABATIC 

I/---% 

FIG. 7. (A). (8) V e n i u l  cnnr sect~on normal to ax15 o f  ,et ( J )  show~ng adiabat~c mass transpons 
In exlt repon of  approsclting jet streak and resultant irallobrnc wlnd (heavy arrow In B) tC). (D) D~abatlc 
mus m s p o n s  contributing to lwllobuic wlnd (heavy arrow in Df 

(Fig. 7C:. Since diabatic mass transports are veni- 
cal, the surface pressure tendencies are not directly 
affected by the first term in (9)  which reduces to zero. 
However, with the assumed diabatic mass transpons 
depicted in Fig. 7C the vertically integrated pressure 
tendency term in (9 )  becomes positive to the right 
and negative to the left for isentropic surfaces below 
9,. As a consequence, the intensification of the pres- 
sure gradient force generates a diabatic component 
of the isallobanc wind along 9'. directed toward the 
left (Fig. 7D). It is likely that the release of latent 
energy may at rimes force such a component if the 
cumulus convection develops in warm moist regions 
to the right of the jet streak. The diabatic mass trans- 
port related to sensible heat flux could also be impor- 
tant as OL approaches the planetary boundary layer 
to the right of the jet. If the diabatic heating is maxi- 
mized to the left of the jet, as is implied by Fig. 1,  the 
magnitude of the isallobaric component would be re- 
duced. Since the preliminary model experiments 
were for a dry atmosphere, these effects could not be 
evaluated to determine thelr relative importance. 

4. C w  study: 10- 11 May 1973 

Evidence of caupling between upper and lower 
tropospheric jet streaks by mutual mass-momentum 

adjustments and the subsequent generation of con- 
vective instability i:, now presented from 3 case 
study. The severe weather outbreak over Indiana 
and Ohio on 10- I 1  Xfay 1973 was selecied for study 
since the lack of cyclogenes~s In this case allows for 
the isolation of mass adjustments and the response 
of the lower tropospheric wind forced primarily by a 
jet streak. 

The synoptic conditlons preceding the develop- 
ment of the severe convectwe storms are descnbed 
in this section. The propagation of an upper tropo- 
spheric jet streak and two-layered mass zdjustrnent 
are studied to establish the forcing of the louer tropo- 
spheric isallobanc wlnd nn the 300 K surface. A 
diagnostic trajectory analys~s IS then applied to link 
the isal!obac w~nd and the development of low- 
level jet on the 300 K surface. Finally. the dekelop- 
ment of the LLJ and ~ t s  Interaction w~th  the upper 
tropospheric jet streak arc related to the de\eloprnent 
of the convective btorm s)stem ~n eastern Indiana 
and Ohio. 

a .  Surface und rodor rrnuiirr~ 

On the noming (1200 GMT) of 10 Ma!: 1973. 3 dif- 
fuse low-pressure system was located In the Great 
Lakes and Hudson Bay reglons w~th a weak sold 
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Flo. 8 .  Surface ~ s o b u  analyses (mb. 08 = 1008 mb) for 1200 GMT 10 May through 0000 GMT 1 1  Yay 1913. 

front extending from east of Lake Huron southwest- 
ward through southern Illinois and Missouri where a 
stationary front connected to a weak low in Kansas 
(Fig. 8). At 1800 GMT 10 May, the low in the Great 
Lakes region remained diffuse but the characteris- 
tics of the frontal zone changed. The portion of the 
front from north of Lake Erie to central Indiana 
moved northward and was analyzed as a warm front. 
The frontal zone from Illinois to Kansas propagated 
slowly southward. By M i  GMT 11 May the frontal 
zone in Ohio ceased moving northward and assumed 
the characteristics of a coid front accelerating to the 
east. with severe we~:her located ahead of the front 
in Ohio. 
The convective storms began developing in eastern 

Indiana and northwest Ohio ahead of the front by 
1740 GMT and rapidly evolved into several squall 
lines which propagated eastward during the after- 
noon (Fig. 9). A separate squall line developed in 
southern Illinois-southeast Missouri and propa- 

gated to the Kentucky -Tennessee border by 1340 
GMT ia association with the front extending into 
Missouri. 'The storms in Indiana and Ohio were re- 
sponsible for 9 confirmed tornados and 15 funnel 
cloud reports, while the southern system produced 
5 confirmed tornados and 6 funnel clouds. 

b.  tipper air analyses 

The upper air analyses in this study are subjec- 
tive. T i e  isentropic and pressure surface analyses 
are cross checked with 15 vertical cross sections to 
incorporate the detailed vertical resolution of in- 
dividual rawinsonde ascents into the wind, pressure 
and moisture analyst ,. on isentropic surfaces and 
wind. temperature and moisture analyses on pres- 
sure surfaces (see Shapiro. 1970: Fig. 2 ) .  The cross- 
check technique also insures consistency between 
analyses on prcsscre and isentropic surfaces for 
each time period. 

FIG. 9. b d u  Pcplcnons. 10 May 1973 C:oud tops in hundreds ol feet (430 - ft). RW m n s h o w c n .  f R W  thundershowers. 
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At 1200 GMT 10 May, three jet streaks on the 330 K (Fig. 10B) illustrates general westerly flow with no 
surirce (Fia. IOA) were embedded within a general evidence of a L.U perpendicular to the axis of the 
westerly flow stretching from the West Cout to the upper tropospheric jets at this time. The 830 mb iso- 
Great Lakes region. Of primary interest is the upper tach analysis for 1200 GMT 10 May (nor shown) did 
tropospheric jet streak with a maximum wind speed indicate that relatively weak, south to southwest 
slifitly over 60 m s-I extending from Nebraska to winds on the order of 5 m s-I existed over west cec- 
Iowa. The isotach analysis on the 300 K surface tral Illinois. An extensive band of moisture with mix 

FIO. 10. lrrnuop~c d y w c  for 1200 O W  10 May md 0000 GMT 1 1  May 1973. (A ) .  ID) 330 K ~ r o u c h  
d *; (B). (E)  JW K r w h  .nd +, w ~ t h  i=-rchr tduhd.  m 5")  md &  solid. 275 - 3 275 x 10 ,  ma %-'I: 
(C), (FllOO K pnuun (solid. mb) md moll :r r Iduhod. 8 ka"1 
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ins ntios exceediny 6 a kg'l extanded nonhwud 
from the Gulf of Mexico into the Central Plains and 
then eastward into southwestern Pennsylvania (Fig. 
10C). The moisture tongue from southern Illinois to 
Pennsylvania was parallel to the isobars (a measure 
of the slope of the 300 K surface) and generally re- 
mained below the 800 mb level. 

By OOOO GMT 11 May, the jet streak over the Cen- 
tral Rains intensified slightly and propagated cu t -  
ward, extending from eastern Iowa to northwest Ohio 
(Fig. 10D). At the same tin;e a low-level jet with 
southwesterly winds >20 m s" existed on the 300 K 
surface and extended from the 9SO mb level in north- 
ern Kentucky to 700 mb In western Pennsylvania 
(Fig. 10E). The moisture tongue sharpened consider- 
ably by 0000 GMT, smtched from Kentucky to Ohio 
coincident with the axis of the L U ,  and was directed 
up the isentropic surface to the 700 mb level in north- 
ellst Ohio (Fig. 10F). Another wind maximum >30 m 
s", as supponed by infonation gained by cross- 
section analysis, is a!so e$iident cn the 300 K surface 
in northern Illinois (Fig. lOEj and apparently repre- 
sents the downward extension of the upper trc?o- 
spheric jet streak analyzed on the 330 K surface. 
This wind W m u ~  was charactehized by a pener- 
ally westerly flow nearly parallei to the 9 contours 
and to the 650 mb isobar. The westerly wind maxi- 
mum was therefore significantly different horn the 
apeostrophic LLJ which accelerated toward the 
lower 9 values and ascended the 300 K isentropic 
surface over Ohio. 

By 1200 GMT 11 May, the upper tropospheric jet 
streak. which propagated eastward to Pennsylvania, 
was orientated rncre from the southwest to the north- 
tast, had weakened to 45 m s'l md w u  generally 
not well d e h d .  On the 300 K surface, both the 
lower tropospheric wind mutimum and moisture 

tonaue broadened considerably, lessened .uir in- 
tensity, and shined erst and south from the 0000 
GMT positions. 

c. The lower tropospheric wind maximum at 0000 
GMT I 1  May 

The development of the L U  ext r 7 jing from Ken- 
tucky to Ohio at 0000 GMT 11 May is the most im- 
p o m t  feature of this cue study. Its relative position 
on the %SO mb surface (Fig. 11B) within the exit re- 
gion of the upper tropospheric jet streak at the 300 
mb level (Fig. I IA) is nearly identical to Newton'- 
schematic (Fig. 1). While the analysis on the 850 mb 
pressure surface clearly illustrates the L U ,  the 300 K 
isentropic uulysis (Fig. ICE) better depicts the ver- 
tical extent of the LLJ m.d suggesu a direct inter- 
action with the upper tropospheric jet streak analyzed 
or. the 330 K surface. The LLJ was directed up the 
300 K isentropic surface, extending from thc 950 mb 
level in Kentucky to 750 mb in Pennsylvania. The 
L U  axis was at a noticeabie angle to the 9 contours 
over Ohio and at nearly a 3V angle to the height con- 
tours on the 850 mb surface (Fig. 118). indicating 
that the wind maximum was signikantly rgeo- 
strophic and accelerating. With the lower tropo- 
spheric wind maximum directed up the sloped isen- 
trophic surfaces and toward the cyclonic side of the 
upper tropospheric jet streak. it appears that the 
L U  was embedded within the return branch of the 
indirect circulation. It must be emphasized that this 
lower tropospheric jet stleak h u  different charac- 
:enstics &om the low-level jes  common to the south- 

'ern Great Pluns during the spring and summer 
months (Section 2). The L U  in this case w u  m u i -  
mired in the late ritemoan and extended up towud 
the 700 mb level, unlike the nocturnal jets which at- 

FIG. 1 1 .  P m r u n  suhcr ~ J y u r  for 0000 G X T  I 1  MAY 1m. (A) U# mb isobch ~duhod. m ('') and Iropotmtlk hagbf (wild. 
924 - 9240 m). (b) 850 mb ~wruehr and po~orra tu l  hefit (IoII~. Iu - IrrO m). 
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tain maximum intensity in the eady morning and are 
uswlly rsstricted to the planetary boundary layer. 
The remainder of this case study is concerned with 
isolating the two-layer mass adjustment associated 
with the forcingof the return branch and studying the 
processes responsible for the formation of the LLJ. 

d. Analysis of the two-layer mass a ~ i i s t m m t  

The mass adjustments associa!ed with the jet streak 
propagating into Ohio at OOOO GMT 11 May are iso- 
lated by calculating the tendencies ofthe hydrostatic 
pressure difference between isentropic surfaces 
( A p )  using an overlapping polynomial technique 
developed by Whittaker and Petersen ( 1977) and dis- 
cussed in the Appendix. Fig. 12 illustrates the J p  
tendencies within two layers. 340 to 300 K and 300 K 
to the earth's surface. during the 12 h period (1200 
GMT 10 May-0000 GMT 11 May). The pattern of 
the tendencies for the upper and lower layers is very 
similar t o  fields predicted for the jet streak by the 
hybrid model (Section 3). Within the exit region. 
upper tropospheric mass convergence and diver- 
gence occur on the anticyclonic and cyclonic sides 

.) d 

F~G. I? .  Mus tendenc~es I x 10-a g rn-' 3 - ' )  for ( A )  3 4  to 
300 K layer md tB) from canh'g surface ro 300 K for pcnod 
botwrm 1200 GMT 10 May and 000.1 GMT I 1  May. Lght 
shaded w o n  represents jet streak on 330 K ~sotachr greater 
than 50 m $-I: dark shaded rcgon, isocachr y u t c r  than 6Q 
m s-I u CUN CUT I I May 1%. 

yielding the positive and nqative tendencies, re- 
spectively. The pattern is reversed in the lower layer. 
Although the mass transports were not e~plicitly cal- 
culated for the diagnostic case study, the two-layer 
pattern revealed in Fig. 12 is apparently a result of 
the mass transports associated w~th the trznsverse 
circulations in the exit and entrance regions as simu- 
lated by the hybrid model {Section 3). 

Supporting evidence of the two-layer mass adjust- 
ment ahead of the propagaticg upper tropospheric jet 
is illustrated in the vertical cross sections from Sault 
Ste. Marie. tichigan (SSM) through Ohio to Athens, 
Georgia ( A h N )  (Fig. 13). At 1200 GXIT 10 May, the 
mass distribution measured by Jp between the 305 
and 323 K isentropic surfaces is reiat~vely uniform 
along the entire cross section. The jet core located 
at the 250 mb level between Flint. Michigan (FNT). 
and Dayton, Ohio (DA'f ), is identified with the north- 
eastward propagating jet streak centered over south- 
east Michigan (Fig. :OA). By 0000 GMT I I May, the 
jet streak originally located over Nebraska Fropa- 
gated eastward and entered the plane of the vertical 
cross section near the 372 mb levei between FNT 
and DAY. The mass distribution displays significant 
changes during this I2 h period w~th L p  between 
305 and 325 K decreasing 200 mb to the left and in- 
creasing 150 mb to the right of the streak. The Ap 
changes in this case replicate the schematic of the 
two-layer m ~ s s  :: ijustment associated with the cross- 
contour compcnents of the indirect transverse cir- 
culations in the exit region (Fig. 7~ and 7B). How- 
ever, the change In S p  in the lower layer to the right 
of the jet could also be related to diabatic fluxes as- 
sociated with planetary boundary laver processes 
and latent heat release (Figs. 7C and 7D). 

c. The lower tropcupkeric isolloboric wind 

The impact of the two-layer mass 2djustment on 
the isallobaric wind is determined through an evalu- 
ation of (9) and (10) for the 300 K sudzse. The anel- 
ysis of the integrated pressure tendency term in (9) 
is presented In Fig. 14. A four-cell pattern is appar- 
ent with the integrated prcssure tendency increasing 
to the right and decreasing to the left of the jet streak 
in t$e exit region. In the entrance region a weaker 
reversed cross-stream variation of the integrated 
pressure tendtncy is present. The cross-stream vari- 
ation of the integrated pressure tendencies 1s forced 
by the two-layer rnkss adjustment. In the exit region, 
mass convergence above 300 K and mass divergence 
below forced the 300 K surface to higher pressure 
on the anticyclonic side. On the cyclonic side, the 
reversed pattern forced the 300 K surface to lower 
pressure. In the entrance region. the opposite pat- 
tern of the integrated pressure tender~cies ~nil~cates 
a reversed two-layer adjustment. 

The ~nfluecce of the integrated md surface pres- 
sure tendency terms on the 300 K isallobaric wind as 
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FIG. 13. Venlcal cross sections (1200 GMT 10 May 1973 left. 0000 GMT 1 1  Yay 1973 nght). Potential rentpencures 
(K) top and   so tachs cm I-') bottom. 

specified t y  ( 10) is presented ir Fig. 15. The isailo- 
baric wind vectors (Fig. 15A) converged toward the 
cyclonic wave in Michigan and toward the mean 
frontal position through western Ohio and Kentucky 

FIG.  14 intergated pressure tendency te;m [Eq !9\1 w~th 
dL = 300 K for penod between 1200 GMT 10 Yay and cW)o 
GMT I I M- y i x  lo-' rn2 s-J\ See :lpclon for Flp. 12 for addt- 
t~onal deullr. 

(Fig. 8). The rnaxlrnurn isallobaric wind vectors from 
southern Wisconsin to northeast Indiana are above 
the 650 rnb level and reliect the deepening rnid-tropo- 
spheric wave in the Great Lakes region. The isallo- 
baric w~nd beneath the exit region of the upper tropo- 
spheric jet streak was -0nhogona1 to the axis of the 
streak and directed toward the cyclonic side. Thls 
ageostrophic component represents the lower bnnch 
of the indirect circulation that was evident in the 
numerical simulation (Section 3) .  

The southerly isa!lobaric wind within the lower 
branch of the indirect circulation in north central 
Ohlo is of particular interest since i t  co~ncides wrth 
the position of the LLJ over Ohio at 0000 GMT 1 1  
May. The isallobaric wlnd component in this re ion 
was dommated by the Integrated pressure tend I ncy 
term (Fig. 15B) over the surface pressure tendency 
term (Fig. ISC). The posit~ve integrated pressure 
tendeccy to the right of the jet in the exlt reg~on 2nd 
cegative tendency to the ieft (Fig. 14) was forced by 
the internal two-layer mas: adjustment w~thin the 
exit reqon. 
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F.c 15 Evaluation oi ~sdlobanc uind ;Eq. I!OI] md iontnbut1n8 terms for I1 h pcnod 1100 GSIT 10 .Ma) to 0000 GStT 
I 1  Ma) 1973 I.+) bestor representation for negative tendency o i  pressure gradient force [multiplication by /-' yields isallobanc 
w~ndl. I B I  negaube ~ntery~ted pressure tendencb term. [C) negatlbe surface pressure tendency term. Magn~tude 1s scaled to lower 
nght oi each kure I x 10.' m 5 - l ) .  Shaded rwon represents jet streak at WW GS1T I I %fay. ree Fig 12 for detals. 

f. ..\ d~~gnc>siic :rcrjrc?on Lznai? srs 

Trajectones were computed and geostrophic and 
ageostroph~c iomponentj of the wind *ere analyzed 
to determine the ~rnpact of the isallobanc wind on 
the development of the LLJ. The trajectories are 
calculated by a diaynostlc technique that is based on 
Greenspan's (1972. i973) dlscrete model formula- 
tion and which utilizes the prircitive form of the in- 
vlsc~d rquatlons of motion (Petersen and Uccellini. 
1979). The success of t h~s  trajectory technique, like 
others. :s susccpt~ble to anal) s ~ s  errors and violation 
>f the assumptions. However. it should be ernpha- 
sized that the discrete model approach nearly con- 
serves enerpv (Petersen and Vscellini. 1979) and that 
the trajcc:arles represent an accurate response to 
!he caiculared :b tendencies ~nsofar as the invisc:d 
and d i aba t~c  assumptions are {atisfieti. The ha1  
parcel veloc~t~es were compared to the subjective 
isoiach a ~ a i y s ~ s  far 0000 GhIT 1 I May to check the 
3ccuras) o i  the tnjcc:or). cornputatlons and were 

generally wlthin 3 m s-' and 20" of the subjectice 
isotach and isogon analyses from 0000 GSlT 1 1 Slay. 

Six rrajectones on the 300 K surface .?.tt were 
selected from ever 40 tnjectones calculated by the 
discrete model approacn are ~llustrated in Fig. 16. 
Trajectones A and D depict the parcel movement 
through the lower extension of the upper tropo- 
spheric jet streak located at approximately the 650 
mb !evel. The acceleratio~ of parcel D to 30 rn s- '  
over nonhern Indiana agrees w~th the observed w~ntis 
at 0000 GMT 11  Ma): (Fig. IOE). Trajectones C, E 
and F ~llustrate the parcels that onginate In the lower 
troposphere and accelerate nonheastuard through 
Ohio and toward Pennsylvan~a. The parcels enter- 
Ing southern Ohlo turn Loward the north ~ n d  accel- 
erate up the isentrop~c surface :toward lower pres- 
surer In the reglon where the southcrl) ~sallobanc 
i r~nd component was the largest I Fig. 15.4) and \&here 
the LLJ cxlsted 3t 0000 GSIT 1 1  S:ay I F I ~ .  10Ei. 
Parceis C and E.  for cumpie.  accelerated to ~ ~ n d  
speeds of 23 and 18 m s - :  between 1800 and 0000 
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GMT, respectively, and ascended from below 823 
mb to above the 750 mb level. The upward vertical 
motion indicated by these parcel trajectories rekcts 
the increasing slope of the 300 K surface and the 
southerly wind component directed toward lower 
pressureonthe300 Ksuface(Figs. 10C. 10Eand 10F). 

The total. geostrophic and ageostrophic wind 
components and the isallobaric ageostrophic com- 
ponents for parcels C, E and D are presented in 
Table 1. The geostrophic and isallobaric winds were 
determined by specifying grid-point 4 values and JI 
tendencies for each time by the overlapping poly- 
nomial technique (Appendix), calculating geo- 
strophic and isallobaric wind components at the 
grid points and interpolating to the parcel position. 
The ageostrophic wind is calculated from the differ- 
ence between the total and geostrophic winds. 

Parcels C and E were chosen since their trajecto- 
ries pass through the region in which the LLJ formed 
by 0000 GMT 11 May. The total u and c wind com- 
ponents for C increased 4.6 and 4.4 m s-I, respec- 
tively, as it moved into central Ohio at 2100 GMT. 
Parcel E underwent a simile acceleration as it en- 
tered central Ohio at 3000 GMT 11 May. The in- 
creases in the u con,ponent for C and E are largely 
due to the increases in u,,. For parcel C, u, increased 
to 4.1 m s" in central Onio by 2100 GMT and for E 
to 4.6 m s-I by OOOO GMT. The intensification of 
o, is to a large degree accounted for by the increase 
of the isallobaric v component to 3.0 m s'l. The in- 
crease in u, as parcels C and E entered Ohio is re- 
sponsible for the computed acceleration of the u 

FIG. 16. tr~kcton'a d c u h t e d  on 300 K isenvopic SUr- through inertial rotation. The increases face for the 12 h period 1200 GMT 10 May to OOOO GMT 11 
M~~ 1973; wind velocity is indime,, mtlons (24017 is in u,, as parcels C and E entered Ohio is consistent 
? w  at 17 rn 1-1): initial m d  find p-1- (arb) pre indicated in with the strengthening north-south 4 gradient on 
parentbaa. the 300 K surface in that region. 

TAIL. 1. ToCPI. gecntrophic. rpeostrophic and isollob~nc wtnd components for parcel tnjectones C. E, D in Fig. 17. 
- - - 

%el 
Hour Pwi lion velocity u D us be "a. Qu "u~ C*#, 

1200 GMT SW Indiana 260 12 11.8 2.0 10.0 3.2 1.8 -1.2 0.5 0.0 
lsOOGMT SW Ohlo 2 3  11.9 5.2 13.0 4.0 -1.1 1.2 0.0 2.0 
2100 GMT E ccnlni Ohio 240 19 16.5 9.6 16.5 5.5 0.0 4.1 -0.3 3.0 
OOOO GMT NW Pennsylvania 4 5  20.8 9.7 16.5 8.0 4.3 1 7  -0.5 1.3 

Parcel E 
1200 GM? S IUino13 3 0  13 13 0 0.0 14.5 3.1 -1.5 -3.1 0 9  - 0 5  
I800 GMT S central Indiana 26111 10.8 1.7 10.5 I .: 0 3 0.5 I .O 0.0 
2100GMT SWOhlo 253 13 12.4 3.8 14.0 1.5 - 1.6 2.3 I .O 1.0 
0000 GIIT S cenvll Ohio 245 18 16.3 7.6 18.0 3.0 - 1.7 4.6 0.7 3 0 

1200GMT S \ V I O W ~  270 I5 15.0 .-* . 0 - - - - - - 
lsJO GMT N Il l~no~s 263 26 25.8 3 .  22.0 0.0 3.8 3 1 3.0 1.5 
! 1 0 0 G m  Nlndiana 268 30 29.9 1.0 4 . 5  -1.0 4 4 2.0 2.0 

L 
:.o 

W G M T  N Ohto 273 28 27.9 - 1.5 24 0 5 0 3.9 -6.5 -0 . -  I : 
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Parcel D illustrates the response of supcr-geo- 
strophic parcels entering nonhern Ohio upon exiting 
the lower extension of the upper tropospheric jet 
streak. As D entered nonhern Ohio (0000 GMT). it 
turned slightly to the south with the v, decreasing 
from 2.0 to -6.5 m s-'. The negative c ,  depicts the 
response of D after movemerit thiciigh ihe jet streak 
in nonhern Indiana into a region of a weaker pres- 
sure gmdient force and indicates that for superpeo- 
strophic parcels exiting the streak. the inertial effect 
[term B in Eq. (311 dominates the positive isallobaric 
contribution in nonhern Indiana and Ohio. Com- 
oaring supergeostrophic parcel D with the initially 
subgeostrophic parcyls C and E shows that the isal- 
lobaric component dominates the ageostrophic wind 
in the lower tropoythere to the south and southwest. 
while the inertial component dominates the middle 
troposphere to the west and northwest. The patterns 
of motion and acceleration for these trajectories 
from the northwest and southwest infer deformation 
and/or convergence in the vicinity of the front near 
which the severe weather developed. 

The analysis of the trajectories indicates that the 
increases in the u and r. components for lower tropo- 
spheric parcels entering the region of the LLJ over 
southwest Ohio are consistent with the expected 
response of the lower tropospheric wind to the mass 
adjustments in the exit region of an upper tropo- 
spheric jet streak and the increasing pressure gradi- 
ent force on lower troposphenc isentropic surfaces. 
The isalloban'c component associated with the in- 
cresscd pressure gradient force accounts for over 
half of the increase in the southerly ageostrophic 
wind in Ohio. The southerly ageostrophic wind forces 
a corresponding increase in the u component througb 
inertial rotation. The result of the increases in the 
o,, and u components is thc formation of the L U  
directed toward the northeast, oriented at a sign~fi- 
cant angle to the axis of the upper tropospheric jet 
streak (Fig. 11 1. 

g. lmplications of coupiedjet srreaks for convecrrve 
storm development 

The impact of the coupled jets on creating condi- 
tions favorable for the deep convection in this case 
study was determined hy computing the meridional 
moisture and sensible kcat transports dong a cross 
sect~on from southern New York westward to Ne- 
braska (Fig. 17). With the large Increase of the lower 
uopospheric meridional component associated with 
the development of the LU. the maximum nonh- 
ward moisture transpon over Ohio increased from 
30 to 102 8 m'rs-L, or an equivalent increase in the 
transport of latent energy from 7.6 to 3 . 7  x 1W 
rn-* s-' and lowered to the layer w~thin which the 
L U  formed (Fig. 17B). For the same 12 h penod. the 
maximum northward sensible heat transpon over 

Ohio increased from 12.6 to 28.1 x 1W m-' s" in 
codunction with the development af the LLJ. 

The impact of the increased southerly wind in the 
lower aoposphere and at the earth's surface in the 
region where the LLJ drveloped is also illustrated by 
the surface equivalent potential temperature (8,) 
analyses (Fig. 18). The B, analyses are based on 
hourly surface data from nearly 100 Midwest report- 
ing stations. The increased temporal and spatial 
resolution lend valuable supporting evidence to the 
interpretation that the L U  increased the lower tropo- 
spheric moisture and heat transpons into the incep- 
tion area of the severe convective storms. A 8, tongue 
rapidly intensified and. by 180(l GMT 10 May. ex- 
tended northeastward into Ohio coiriciding with the 
axis of the LLJ at 0000 GMT 11 May. Although the 
daytime insolation can significantly increase the sut- 
face 8,. the increase by insolation would tend to be 
uniform at any given 1ati:ude. The shape and pre- 
ferred location of the narrow 8, tongue coinciding 
with the axis of the L U  points to the importance of 
the accelerated advtctive process in the rapid evolu- 
tion of the 8, fieid in southeastern Indrana and west- 
em Ohio. As in other cases (Means. 1952.1954: Bon- 
ner. 1966). the narrow region of accelerated moisture 
and temperature sdvections in the boundary layer is 
due to the increased lower tropospheric winds asso- 
ciated with the development of the LLJ. 

W'h11e the development of the LLJ increased the 
lower tropospheric 61, in Ohio by rapid northward 
transport of sens~ble he ' t  and molsturc. the louer 
portion of the upper tropospheric jet streak that rx- 
tended down to the 600-700 mb layer (see 300 K 
analysis, Fig. 10E) transported cooler and drier air 
into the middle troposphere. The effect of the dif- 
ferential transports was to reduce 8, by about 4 K 
within the 500 to 750 mb layer for the Dayton. Gnio 
soundinas from 1200 GMT 10 May to OOOO GMT 11 
May, while lower tropospheric 8, values in- 
creased by 4 to I:! K. By OOOO GMT 1 1  May. the 
Dayton sounding indicated convective instability 
from the eanh's surface to 500 mb. a d  that the level 
of free convection was lowered from 770 to 850 mb. 
while the equilibrium level at the top of the posrtive 
energy area of latent instability increased from 680 
to 2'0 mb. The net effect of the differential sensible 
heat and moisture transports associated with the 
coupled jet streaks was to create conditions favor- 
able for the formation of deep convective storms that 
developed within the exit region of the upper tropo- 
spheric jet streak by OOOO GMT. 

5. Summary 

The interaction between upper and lower tropo- 
spheric jet streaks is an important factor in the de- 
velopment of organized severe tcnvective storm 
systems. The intersection of jet axes in the exit re- 



Fla. 17. V c n i d  L.& sections of (A) mcridiod wind component (m s-I) from Onuha. Nebnska (OM,+) to Pittsburgh. 
Pennsylvania (Pr , (B) ~mridiond moisture rrrnspon ( MT. p m-a 5") and sensible heu tmspon (SWT. ~ 4 . 2  x !(r/ 
rn-'s-ll from ' .rh Plrr'e. Nebruka (LBR to Teterboro. New Jersey (TEB). Northward dlrected fluxes are p o s ~ t ~ v c  
(sol~dl. sout! .riy Lam u e  neplivc (dashed:. 

gion of the upper troposphet;: jet and the veering although Reiter (1969) suggested that in some cases 
of the wind with heigk' r:o- vectively destabilizes the upper and lower tropospheric jet streaks are not 
atmosphere throu& ILierential moisture and tern- separate entities. This paper has presented a basis 
perature advectior 3 (Miller, 1955; Petterssen, 1936: for the dynamical processes responsible for coupling 
Newton, 1957\. in most studies, the tendency has upper and lower tropospheric jet streaks through 
bee- .o tree.! each jet streak as a separate entity. mutual mass-momentum adjustments and transverse 



M O N T H L Y  W E A T H E R  R E V I E W  

I j- - 2lOO GMT 

FIO. It. Surface equ~vdmf potentrd tempcnturc (8 , )  u l d y s s  for 10 May 1m. b e d  on FAA 
md Wcuhr Scrv~ce hourly surface dam. 

circulations within the exit region of an upper level 
jet streak. The forcing of the tmsvene  circulations 
was investigated by the combined application of the 
geostrophic momentum approximation and isallo- 
baric equation in isentropic coordinates 

A hybrid numerical model is used to simulate the 
mass adjustment associated with a jet streak propa- 
gating in a zonal channel and the response of the 
lower troposphere. The model simulation depicts a 
bas~c two-layer mass adjustment in the exrt and en- 
trance regions of the jet streak that was related pri- 
marily to the ageostrophic mode. At the level of the 
jet streak, the inenial advective component of the 
geostrophic momentum approximat~on to the ageo- 
strophic wind dominated the upper branches of the 
transverse circulations. In the lower troposphere, 

the isallobaric component of the ageostrophic wind 
dominated the lower branch of the transverse cir- . 
culations. The numierical results verified that the 
lower tropospheric isallobaric winds, representing 
the transverse components of the return branches 
of the direct and indirect circulations. are forced by 
the two-layer mass adjustment accompanying the 
propagation of the upper level jet streak. 

In  the case study, a similar two-layer mass adjust- 
ment was isolated in the exit region of the upper trop- 
ospheric jet streak and linked to the increased pres- 
sure gradient force and the resultant isallobaric 
component within the return branch of an indirect 
circulation. The mass adjustment and isallobaric 
wind were then related to the formation of a low- 
level jet. The LLJ. located beneath the exit region 
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of the upper tropospheric jet streak, was embedded 
within the lower branch of m indim't circulation, 
The L U  was directed up sloped isentropic surfaces 
toward the cyclonic side of the upper level jet and 
was noticeably ageosuophic. A diaqnostic analysis 
of atmospheric trejectories verifies that a southedy 
isallobaric wind was an important component of the 
L U  in this w e .  The southerly isallobuic wind was 
largely responsible for the observed intensification 
of the meridiooal ageostrophic wind component and 
forced a corresponhing a&elemtion of ihe u com- 
ponent througb inertial rotation, while v, intensitled 
through the increased pressure gradient force. The 
increases in v, and u resulted in the formation of 
the L U  directed t3ward the northeast at a sign& 
cant angie to the axis of the upper tropospheric jet 
streak. Since the mass adjustmenu an responsible 
for the isallobaric ageostrophic wind, the upper trop 
ospheric jet streak and LW wen coupled by the 
twelayer mass adjustment associated with the jet 
streak's propagation. These results, which empha- 
size momentum generation in the lower troposphere 
as a result of a threedimensional mass-momentum 
rdjustment process, are in contrast to Ninomiya's 
(1971) contention that convection-induced v e m d  
transport of moa!entum is responsible for the de- 
velopment df a LLJ within the exit region of an u p  
per level jet streak. A downward transport of the 
upper level jet streak's momentum cannot account 
for the orthogonal momentum component ofthe L U  
that yields the difference in wind direction between 
upper lad lower tropospheric jet streaks. 

The cluc study also isolated how the coupling of 
the upper and lower tropospheric jet streak yields 
conditions favorable for the development of severe 
convective storms within the exit region of the upper 
tropospheric jet. The isallobaric wind component 
of the LLJ that is orthmnal to the axis of the upper 
tropospheric jet stnak was the primary reason for 
the LU being at a significant angle to the jet's Pxis. 
The dominance of the isallobaric component in the 
lower troposphere combined with the increased im- 
portance of the i n e a  advective effects in the mid- 
dle and upper troposphr*; r~fulted in veering of the 
winds with height a, dferential moisture and sen- 
sible heat transpcns. The L U  rapidly transported 
moisture and sensible heat within the lower u o p  
sphere northward into the inception area, while the 
lower extension of the upper tropospheric jet streak 
trinsported cooler and drier air wtward within the 
middle troposphere. The net effect of the differential 
msports wu to generate convective instability 
from the earth's surface to the 500 mb level, to lower 
the level of h e  convection and to raise the equilib- 
rium level capping latent instability, all of which 
ue conducive to the formation of deep convective 
stonns. The concept that the development of condi- 
tions favorable for deep convection occurs through 

mutual mass-momentum rdjustments associated 
with proprltrting jet streax provides an underlyiw 
basis for the criteria used in severe weather fore- 
cuts (Fawbush et G I . ,  1951; Fawbush and Miller, 
1953, 1954). 

The primary emphasis of this research has been to 
determine the role of propagating jet streaks and 
mas-momentum adjustmerrts in creating conditions 
favorable for the development of severe convective 
storm systems. However, several important ques- 
tions remain for future research. The influence that 
latent and sensible heating. and subsequent diabatic 
mass transports. have on the coupling of the lower 
tropospheric wind response to the propagating upper 
tropospheric jet streak should be examined through 
numerical experiments and additional case studies. 
Another important problem that should be corlsidered 
in tirture research is an apparent non-steady aspect 
of the m~pling between upper and lower tropospheric 
jet streaks. In this case, the sounding data did not 
indicate a LLJ within the exit region of the upper 
tropospheric jet streak at 1230 GMT 10 May. Also. 
the surface 8, analysis for 1200 GMT did not reveal 
any distinct 8, tongues in Illinois and Iowa. The de- 
velopment of a distinct 8, tongue into southern In- 
diana and western Ohio during the day (Fig. 18). the 
reversal of the movement of the frontel zone in that 
area during the stme period (Fig. 8). and the exist- 
ence of the L U  at 0000 GMT 11 May suggest that 
the L W  did not move with the propagating upper 
tropospheric jet streak. Rather, the LLJ seemed to 
develop within the exit region between 1200 GMT 
10 h4ay and 0000 GMT 11 May as the upper tropo- 
spheric streak approached the surface front extend- 
ing through Ohio and Indiana. The development of 
the LLJ appears to represent an acceleration of the 
transverse indirect circulation .with respect to the 
propagating jet streak. Eliusen (1951) emphasized 
that the intensity of meridional circulations will in- 
c r e w  with reduced stability. In this cue,  as the 
upper Popospheric jet streak approached the wanner 
air cast of the front, the jet encountered a region in 
which the mid-aopospt~eric stability was sillniAcantly 
reduced on the cyclonic and anticyclonic sides of 
the streak (indicated by large Ap between 325 and 
305 K isentropes in the 1200 GMT vertical cross see- 
tion in Fig. 13). Perhaps the reduced stability in the 
region into which a jet streak propagates is a key 
factor for the intensification of the indirect circula- 
tion and a subsequent increase in the magnitude of 
the low-level winds. The examination of these ques- 
tions could provide addition4 insight into the scale 
interactive processes that establish convective in- 
stability and initiate and maintain the severe con- 
vective storm systems. 
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APPENDIX 

The Calculation of the Isallobaric Wind and 
Mass Tendencies for the Case Study 

The $ and pressure tendencies in (1 1) and (12) are 
evaluated utilizing the "overlapping polynomial 
technique" developed by Bleck and Haagcnson 
(1968) and expanded on by Whittaker and Petenen 
(1977). The method was designed for spatial objec- 
tive analyses but can also be used to generate tem- 
poral series. In an example from Whittaker and Peter- 
sen (see Whittaker and Petersen, 1977; Fig. 31, two 
second-order polynomials are fitted between four 
data points. In the region between the second and 
third points, the two curves are merged using linear 
distance weighting to yield the resultant third-order 
polynomial. The method maintains a smooth transi- 
tion between adjacent polynomials and insures that 
first derivatives can be calculated along the entire 
curve. In our application. the four data points rep- 
resent sounding data from 0000 GMT 10 May through 
1200 GMT 11 May 1973 at 12 h intervals. The period 
of interest in this case study is between the second 
and third points, 1200 GMT 10 May and OOOO GMT 
11 May, respectively. This techhique is utilized to 
generate time series which are then used I )  to cal- 
culate the pressure at the midpoint of the series (1800 
GMT 10 May) at each grid point for estimating the 
two contributing terms to U,, in (10); 2) to specify 
the t j ~  tendencies in the trajectory analysis; and 3) to 
calculate the isallob'aric component for parcel trajec- 
tories in Table 1 by computing grid-point tendencies 
of pressure gradient force at 3 h intervals with A t  
set equal to 2 h, which are then interpolated to the 
parcel positions. 
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An Isentropic and Sigma Coordinate Hybrid Num~rical Model : 
Model Development and Some Initial Tests 

Lours W. UCCELLINI' 

Ikt"hm4 o j  JfLLlaob& 

( M m u r r i p t  received 22 December 1977, in dnal form IS Sovember 1978) 

Scvtrrl recent edorh in the development of isentropic numerical models for atmospheric simulation 
have wd sigma coordinates for prediction within the lower t ropphere .  Sigma coordinates ue used 
in this +on to provide a grid structure with uniform resolution for predicting planet.ry boundary layer 
profasa m d  to avoid the problem of the intenection of information surfaces with the earth's surface. 
WhIe succeuful simuhtioru have k e n  completed, none of the bybrid models proviaed for the conser- 
~ t i o n  of m w  and other pwpert ia  with mpcct  to transport through the common interface between 
the sigma m d  hentropic model domains. The primary problem b to match boundary conditions u r o u  
the lnterfrce while providing for full interaction between the two model domains in the pmence of 
dhbatic heating .ad  vlcous forces without introducing spurious sourca of mass, momentum or energy. 

In thu  paper. a solution b prnented which matches t r w p o r t  boundary conditions at  the interface 
m d  coarerva atmospheric propertia without puuneteriution. The development of m isentropic and 
sigma coordinate hybrid model, b u d  on the flux fonn of the primitive equations, is d u c u d .  In this 
development phase, primary emphuir is on the unique modelint upccu related to the intenection of 
dotropic s u r f u a  wirh the common bounduy m d  the consemtion of physical propertia during ex. 
c b g e  between the two m d e l  domains. Lniti.1 model simulation, of a jet streak p r o p y t i n g  in a zonal 
Eh.nnel are presented that were designed to t a t  the feuibility of  he hybrid model apprcwch. The w u l b  
rhcw that: 

1) With mpect  to tmuport  p r a a r a ,  m a ,  momentum and enerty u e  conxrved for the entire 
modd do&. V e n i d  tnnrport of propertla through the interface between the two model domains 
is matched urct ly.  

2) The flux formulation of the hybrid model with a vertically s ~ g g e r e d  grid mainuinr a smooth 
tnnrition a t  the intcrfrcr level without need for utibcial adjwtmentr. 

3) The time r a t a  of c h q e  of tou l  momentum m d  energy ue r w c u t e d  p n m ~ l y  with phyllical 
forcing. 

The dlccb of truncation erron resulting from initilkarton of emerging grid poino in the truncated 
kentropic w o n .  bucd on a d a u i b u t i o n  of mur m d  momentum coruutent with comervation of 
thew propertie, yielb minor prruum and wind perturbations in the mncated and h a  grid volumes. 
Although the perturbations uc s u b k  m d  quickly damp, the need to initialize grid pointr in the u n -  
d t i ~  model q i o a  above the bounduy layer u a problem with hybrid models which menu further 
attention. 

1. Introduction isentropic framework (Eli-n and Raustein, 1968, 

In recent ?em,  a renewed interest in utilizing 
iwnvopic coordinata for the study of midlatitude 
weather disturbances has been extended to modeling 
synoptic- and subsynoptic-~a!. phenomena within the 

' R c w t  u5liation. ?IASA/CRdcrrd Spcte Right Center, 
h b o n t o r y  for .U.morphuic Sciences. ~ b d e  914.- Greenbelt, 
YD 20771. 

1970; Call, 1972; Bled,  197.3, 1974; Shapiro, 1975, 
Deaven, 1916; Friend, 1916; Trevlsan, 19761. .in 
advantage of this approach is that for adiabatic dow 
isentropic surfaces becor matei.al surfaces. Thus, 
the depiction and prec )n oi fhrecl-dimensional 
transwrt processes are reduced to the two horizontal 
spatial dimensions (Starr, 1943; Charney and Phillips, 
1953!. This simplification suggests that :runcation 
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error in regions of adiabatic flow may be suppressed 
through the reduction in degrm of freedom of the 
advective t e r m  in the baAc eauations. The need to 
estimate the vertical advection or transport in a 
hydrostatic atmosphere from a diagnostic evaluation of 
the divergent component of the motion field is elimi- 
nated. Another basic advantage is the variable spacing 
between iser:ropcs which enhances the vertical resolu- 
tion in baroclinic zones where stroag wind shear e.xists. 
Therefore, upper tropospheric jet cores and attending 
frontal zonn can be resolved even with the we of 
coancresolution horizontal gri& (see Bleck, 1973; 
Shapiro, 1974). 

The advantages of modeling in kntropic coordinates 
are offset by several deterrents. One of these is the 
behavior of isentropes near the ground. Although the 
intentction of kntropic surfaces with the earth's 
surface docs not s n m  to be a serious obstacle, (Eliouen 
and Raustein, 1968, 1970; Blcck, 1974; Shapiro, 1975; 
Trevisan, 19761, the e.xistel.ce of superadiabatic and 
adiabatic layen, which occur most frequently in the 
boundary layer, cannot be tolerated. In addition, the 
tendency toward an adiabatic condition in the plsnetary 
boundary layer r e s u l ~  in limited resolution in regions 
where vertical gradients and viscous st:- are Isrge, 
and significant moisture, momentum and energy fluxes 
occur. The tendency for adiabatic conditions in the 
free atmosphere also results in limited vertical rmlu -  
tion in regions where vertical mixing through turbulent 
diffusion is likely enhanced by low static rtahility. 
Another degree of freedom introduced in any coordinate 
system with sloped upper and lower information sur- 
faces (e.g., isentropic and sigma coordinates) is a mode 
of nonconvective flux of horizontal momentum and 
kinetic energy by pressure and viscous c t rusu  on the 
upper and lower surfaces of a grid volume element 
(Johnson, 1977). These limitations of isentropic models 
may lead to de6ciendes in weather forecasting, 
especially for predicting fie boundary layer wind field 
and precipitation. 

A proposed approach to rwlve  the boundu). layer 
probiem is a hydrid model (Gall, 1972; Deaven, 1976) 
which incorporates kentropic coordinates for the free 
atmosphere and sigma coordinates (Phillips, 1957) for 
the planetary boundary layer. One advantage of the 
hybrid approach is the optimum resolution that both 
coordinate sytems offer for particular regions of the 
atmosphere. Second, superadiabatic and adiabatic 
conditions could e.xist in the boundary layer without 
need for adjustment due to the nuthematicdl con- 
straint that potentinl temperature must increue with 
height. The truncation of the ixntropic domain above 
the planetan boundary Iayer a h  avoib the need to 
extrapolate values of the Montgomery s t r d u n c t i o n  
($) to isentropic surfacer "benuth :he gmund" in 
order to calculate the pressure gradient force in the 
equations of motion. V d u a  of $ on kentropic surfaca 
beneath ~ ! e  interface ~ p u a t i n g  the two model do- 

mains a n  be determined by interpolation from the 
atmospheric structure within the s i g m a s o a ~ t c  
boundary layer. This is an important feature in a t i n u t -  
h g  the horizontal pressure-gradient force near the lower 
boundary of an kntropic model domain. 

Among the efforts to develop a hybrid model, Call 
(1972) combined an "inactive advective" planetary 
boundary layer in sigma coordinates with isentropic 
coordinates for the free atmosphere to model a propagat- 
ing jet streak. Deaven (1976) joined the ixntropic 
representation of the fm atmosphere with an active 
planetary boundary layer in dgma coordinates in a two- 
dimensional model to study dynamically and thermo- 
dynamically forced circulations. His results were 
realistic for a variety of two-dimensional circulations. 
However, neither Gall's no: Deaven's models p o s s d  
degrees of freedom for transport of mass or other 
properties through the common interface separating 
the sigma and isentropic model domains. A resulting 
limitation would occur for the prediction of deep 
tropospheric mass circulations characterized by inflow 
in the boundary layer, upward tramport throughout 
the entire vertical extent of the troposphere and outflow 
in the high troposphere. In this situation the material 
surface at the interface would eventually span the 
entire troposphere over the regio~ of ascent and be 
severely deformed. The determination of pressure and 
viscous for a near or on the interface which satisfy 
conxrvatic.1 principles would be compromised by the 
increased slope of the sigma surfaces. Recently, Friend 
cf d. (1977) completed a three-dimensional hybrid 
model which included an active boundary layer and 
vertical advection through the interface. However, some 
uncertainty e.xists concerning the accuracy and success 
of their methods. The model docs not insure that the 
rolutions for the predictive quations a t  the interface 
and on kentropic surfaces immediately above the 
interface are consistent and satisfy transport con- 
s t r a i n ~ .  The separation of the solutions near the 
interface thus &ires an artificial rdjusunent to 
smooth the mus and wind Gel& across the interface. 
These adjustments, however, violate consewation 
principles and appear to generate spurious gravity 
wava (Friend, 1976). 

The primary problem with the hydrid model ap- 
proach h u  been to match boundary conditions across 
the interface which provide for full interaction of the 
two model domains iri the presence of diabatic heating 
and viscous forces, without introducing spurious rourcn 
of nwr, momentum or energy. The purposes of this 
paper are u foUows: 

1) to pose a solution for mat~+ing baundary condi- 
tions a c m  the interface of an isentropic and d g m  
coordinate hydrid model ; 

2) to duign r hydnd model bued on the dux form 
of the primitive quations that allows direct v e r u d  
eschmge between the model domruu. u~ i s6es  con- 
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Fro. 1. Cnrv section of hydrid model showing 'urotrooic, 
inentropic fme aLmaphem md sigma bounduy-layer domuns. 
Sdid rsd Wed surfam indicate v e i u l  suggerir1.q of variables. 
n u the number of iucntrop~c Iaycn. 

wmstion principles with respect to transport processes, 
and maintains a smooth transition across the interface 
without need for arti6cial adjustment or parameteriza- 
tion schemes ; 

3) to present initial model m u l a  of e.rperiments 
dcsigntd to t a t  the feasibility of the hybrid model 
approrch. 

A solution for the problem of matching transport acrou 
the interface while conserving atmospheric properties 
is pmented  in Section 2. .\ description of a three- 
dimensional hydrid model is discussed in Section 3. 
In this development phasc, primary emphasis is on the 
unique modeling upccu related to the intenection of 
the isentropic surfaces with the common boundary and 
the c b n x m t i o n  of phys~cal properties during exchange 
between the two model domains. .4 detailed dexription 
of the modeling technique can be found in the Scientific 
Rtport by Uccellini et al. (197i). The results from the 
initid model e.qxrimenu u e  presented in Section + 
with a ,urnmaw and future research p h  ~ > r e c n t e d  in 
Section 5.  

2. Budget integrals for the  hybrid model and 
c~nrurrtion of ptoperries during exchange 
.cross the  common interface 

The isentropic an,! 3igma model domains are illus- 
tmted in Fig. 1. Their interface h the common bound- 
uy through which w p o r t  from one domain must 

equal the transport into the other domain. The follow- 
ing development focuse on matching the isentropic 
and sigma coordinate baundary conditions a t  the 
interface. 

The budget integrals of an arbitrary phe ica l  property 
(f) for the isentropic (F:) and sigma (FI)  portions of 
the hybrid model, with the common boundary us are 

where all limits of integration are invariant except the 
isentropic budget's louer limit 8s. \Vith t'-e .lacobian 
defined by absolute value, the negative sign in (2r is 
required for FI to he positive since o is a monotonic 
decreasing function with height. .4 complete list of 
symbols is presented in .lppendis .4. 

By Leibniz's rule for the differentiation of integrals, 
the time rates of change of (1) and (2) are 

The last term in (3) represents the changm associated 
with the elpansion or cori~raction of the iicntropic 
domain due to time variations of B R  over the surface of 
integration. This surface of integration is the common 
boundary on which distributions of v a r l ~ b l n  arc 
specified by the intenection of U R  with the isentropic 
coordinate structure. 

The u x  of a general~ztd transport equation !John- 
son. 1977) 

in (3) and (4) and integration yields 

J F ,  r * B  J i  -- -jA 1 ~ , - - ~ a ~ f . i +  f O J , , ~ C  ~ T ~ L  
3r d l  1 

- db*' 
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where the verticrl m u  t m p o r u  d & / &  m d  JdoIdt 
v m t h  at the top md bottom of the atmosphere, re- 
spectively. The l u t  term in (6) is :he transport relative 
to the coordinate 81, while the l u t  term in (7) is the 
transport of the property j through the boundary or. 
By the chain rule, the time variation of e ~ ( ~ , y , u ~ , t )  on 
the bounduy o r  is 

dB. ae, 
---+u.v,e,. 
dl at* 

The substitution of (8) into (6) yields 

where the subscripts for 01 in (9) have been deleted 
since its distribution is specified by the intersection of 
the surface of integration or with the bentropic do- 
Mia. Tbe h a 1  result for (9) ,  accomplbhed with the 
e . w i o n  of d8/'dr and the Jacobian relation 

This rault  verifies that in the absence of internal 
sources or sinks of properties, the time rates of change of 
the budget integrals for the isentropic and sigma do- 
mainr are determined by transport across boundaries 
m d  that the transport relative to the coordinate 91 in 
(6) is identical to the transport of the property j 
through the boundary or. With identical e.xpressions 
of opposite signs in (7) and (11) for the transport of 
any property actou the common boundary of the 
hybrid kentropic-sigma model, integrals ,f properties 
determined from a hitediffer?nce flux :emulation 
will be coluervative. 

3. The numerical model 

The description of the numerical mod# .? ic3i 
the feasibility of the hydrid approach is tcd in 
this section. The d i x u i o n  focuses on t; tioru 
for both model domains, the finite-difference methadl 
for computing transport, the calculation of the 
Montgomery streamfunction and its gradieaf. near the 
interface for truncated isentropic grid volumes, bound- 
ary conditions and initialization procedure. 

do a. Model eqnafions 
J ,  = - J*-, 

a9 
(lo) The tinite difference dux form of the primitive q u a -  

is tion3 for keniropic and sigma coordinates in Tabla I 
and 11, respectively, stem from a generalized transport 

%-/ / " d + ~ A - [ J d p l , f ~ . l r i U e  quation for basic physical properties. The total 
dt r 8, property within each grid volume p/ f is equal to p rJ, f 

da! *a  
for isentropic coordinates and pJJ . f  for sigma co- 

- J 
(11) ordinam, where I,-&/* and I.= , dr:as trans- 

form the verticrl coordinate and J , ( x , y  '.I,@) t ransfol .~  

T ~ u  L Flux form of hydrostatic primitive qrutjonr for modi6td spherial grid : Isentropic coordinates. 
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TABU 11. As in Table I except for sigma coordinrta. - 

Exner function * = c , ( p / p p ?  (XIS) 

Debition of sigma 

horizontal area in Cartesian coordinates to modified 
spherical coordinates. The  modified spherical coordi- 
nate, with J ,  q u a !  to aa c o ~ @ , ' c o s ~ 5 ~ ,  provides for a 
square grid area a t  45' rather than a t  the equator while 
retaining the poleward convergence of the meridians 
and therefore reduce  the grid distortion within the 
model domain (Ucccllini ct al., 1977). Since no informa- 
tion exists for vertical variation of the mas ( D J )  or 
speclfic properties (f) within grid volumes, each 
quantity is represe:ited by i u  vertical average. With 
the hydrostatic ?;s~un~~:ion, the total p r o p r t y  within 
the vertically integrated grid volume becomes (Ap g) J,f 
for both domains. Here Ap is :he absolute value of the 
difiereace t e t w n n  the p r e u u r a  on the lower and upper 
surfaces of the grid volume, regardleu of wbether the 
grid volume is complete with top and bottom isentropic 
surface or is truncated by the interface separating the 
model d o h .  In the sigma d o m i n  Sp is q u a 1  to 
p* '2. In Eqs. (11)-(13) the vertical fluxes (VF) are 
integrated @ver the vertical extent of nornia~ and 
t v l a t e d  volumes. 

Gall (1972) conducted e.qxriments wiih both adia- 
batic and diabatic conditions. In  his diabatic e.qxri- 
menu, he predicted the vertical t ruupor t  p J d 8 / d t  
through the w of a water vapor transport qua t ion .  
In our initial attempts with the hybrid model, adiabatic 
conditions are imp& to study mass conservation. 
With thu constraint, the layer-average h y d r o ~ u t i c  
mru distribution and the avenge  pressure j(B) must 
be ~ 0 n ~ r ~ t d  in the isentropic domoin since the ken- 
vopic v e r t ~ a l  t m s p o r t  v m u h a .  Since the tendency 
of the arm-avenge pressure distribution over kentropic 
surfaces that extend into the sigma domain must also 
a, the time variation of p'(B\ is a diagnostic measure 
of conscrvttion of the mass distribuion above any 
isentropic surface within the entire model domain. 

.Another simplification is introduced b. detining the 
vertical exter.: of the sigma-coordinate boundar. layer 
to be an increment of mass corresponding to 2 0 0  mb. 
With this simpliLcatlon p' reduces to a constant and 
the vertical motion a, determined by the integration 
of the equatlon of cont;nuity (111 ), is 

where the boundary condit~on that o vanishes a t  :he 
earth's silrfsce is applied. With the diagnostic cva!ua- 
tion oi a, the vertlca: ::ahsport of any physical propr:t.: 
(e.&., mass, momentum and e.icrgyi through :he com- 
mon boundary is determined without the need fcr 
parameterization. The vertical transport a t  the inter. 
face, which u computed from information in rhe sigma 
domain 2nd on the interface, const::utes :he lower 
boundary information needed for the truncated grid 
volumes in the !sentropic domain. With ~ 6 r s e  slrnplihc3- 
tions the system oi equations u cornpiete ior numerical 
integration. 

b. Grid struc:vrc 

Since the e.cperimcnt &5 'designed ?o simulate a 
propagating jet streair, h e  model is applied to a zonal 
channel -30" wide centered at 45'1. This channri is 
bounded to b e  north and south by i a p e n i o u s  free- 
slip walls, whde cyclic con ti nut^ conditions are as- 
~ u m e d  on 'he !ongitu&nal boundari-. Calculations 
are .-nade ior only one wavelength. 

The verticai sc rx ture  of the model tiilustrared in 
Fig. 1 '  is divlded into three regions. The sigma co- 
o r h t r  boundary layer, with a depth oi 2 0 0  mb, 
extends irom h e  earth's jarface in= 1: :O t i e  interface 
!a=01 The istnt:op!c d o ~ m  iot :he tree atmosphere 
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extenb from the interface to the 475 K isentropic sur- 
face which is assumed to have a uniform pressure of 
50 mb. With the pressure assumed to be uniiorrn on the 
475 IC surface, the static stability rntwure dp dB is 
horizontally invariant inr the layer from 475 K to the 
top of the atmosphere. 

The grids of the isentropic and sigma model domains 
are vertically staggered to simplify the finite dii3erec- 
cing of the flux form of the equations. S l i d  lkes in the 
isentropic domain aie infornratior. suriaca for pressore, 
while the dashed !hes are surfaces for u, o, A$, $ and 
8. In the sigma domain solid lir . below the herface 
are information surfaces for u a .d z. The dashed lines 
are surfaces for u, o, 8 and r. On the interface u, r, u, v,  
8, $ and p must be specified. For these e?cperiments, the 
vertical spacing in the lsentropic dcrnain below 355 K 
is 10 K, whi!e above this i ~ ~ e i  it is 120 K. The vertical 
increment of sigma is 0.5. The hor:zontal grid resolu- 
.ion is 2 i 5  km. 

dency within the sigma domain is independent of the 
vertical coordinate. Therefore, the surface prrrrun 
dways remains 200 rnb greater than pa. 

Once p s  is determined, a third-order interpolation of 
8 with respect to p fmrn the 0.25 and 0.75 sigma sur- 
faces and the first two solid isentro~;. surfaces above the 
interface (Fig. I )  is u t i l i  to specify 8.. The wind 
compnents are then linearly interpolated to the inter- 
face from the 0.25 sigma suriace and the &st dashed 
isentropic surface above rhe interface with respect to 8. 
Since the vertical motion i~ through the interface is 
determined through a direct evdrution of (12), these 
methods provide for a smooth transition and unique 
determination of mas and momentum between the 
model domains, preclude spurious sources of the p r o p  
erties and processes on and near the interface, and 
aiiow for a direct calculation of the vertical flux without 
need for parameterizatio~ or s p d  adjustment 
procedures. 

c.  Dermnanirg ititerjue param:ers and rdrjace ~ I J S S W ~  d .  Finire d t ' ' c ~ m * m g :  Spori~l 

The grid-point values of 8, u aqd o Qn tile interface 
are not predicted directly but are interpolated :o that 
level after the predictions of Ap, u, v 3nd 8, u, o are 
compieted in the iscntropic and sigma domains. re- 
spertivel;;. The pressure on all "solid" isentrop~c sur- 
faces be!ow the 475 I; surface ~ n l i  on !kt . ;ter:txe is 
obtained clirect!~ h:. the dou-nwarc' vcrticai :?tegr;ition 
of dp W which is predicted frcin \I! j .  Since the pre- 
diac.1 of dp d@ for the grid voiume irnlr,ediateiy above 
i!e interi~ce includes the aass dux through the 
interface (g -T ,uB! ,  the prtssure tcndency on the inter- 
face is a function of the net horizontal mass divergence 
within the isentropic domain and the net vertical mass 
dux frcm h e  sigma modd lomain. Since u is deter- 
mhed as a diagnostic variable wih the constraht of 
constant P*, the vertical mass dux through thc inter- 
face k determined fmrn the net horizontal mass 
divergence between the earth's surface and the inter- 
k e  and thu acts to mantain constant mass between 
sigma surfaces. Constmt p' also implies that tile p ra -  
sure tendency at any si8ma :eve1 hcluding the earth's 
surface is equal tc the interface pressure tendency. 
Xote &a: by par:ic:i 4iferent1a:ion of (II i) ,  dp. dl,  
* -..#, ',3!= W~L! a cor.s:ant p* pad the pressure ten- 

The box method of spatial differencing (Rurihara 
and Holloway, 1967) was chosen for h model since 
the method conserves integral quantities of mass, 
momentum and energy with respect to transport 
processes. The application of this method is relatively 
simple for the free-isentropic and sigma domains where 
t!!e lateral walls of :he box are located halfway between 
the center and the four surrounding grid points, and 
the top and bottom oi :he box are "solid" coordinate 
surfaces (Fig. 2). The flux of any physical quantity 
through the lateral walls is determined by calculating 
an average mass transport vector and an average value 
fop a property at  the wall using grid-point data on 
either side of the wall. For e.sampie, the flux divergence 
of the physical property f in the longitudinal dimtion 
is 

The flux through tkc top and bottom of each box in 
the sigma domain is determined by wing the product 
of u, determined a t  the solid surface, and the a w e  

FIG. 2. Cmrc KCOOU of grid box (left) used in Mte-diBemct scheme rrrd pl.n vlw (right) ol box 
on dashed ioorduute suirce. X k posttion of gxid points and doubled lina Lturl w d h  of grid 
!x>x -cith diz-tiom mdicatcd. 
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d u e s  of the property f, calculated from values at  
grid poinu immediately above and below the solid 
surfam. Since the dux from one box k exactly qd 
to the flux into the adjacent box, interict flurcs cancel 
and net changes by transport are due solely to Suxes 
through the boundaries of the model domain. With 
impervious lateral boundaria and cyclic conditions in 
the longitudinal direction, conservation of integral 
properties with respect to transport k assured. 

In the lower portion of the free atmosphere the bos 
method is complicated b) truncated isentropic grid 
volumes. A "truncated" volume e-xis& for the lowest 
dashed surface grid point in each grid column in the 
isentropic domain, and for my volume where the lower 
solid ucntropic surface intersects the interface within 
the 2 1 k  or 24y interval. (See Fig. 15 in Appendir B 
where the application of the box method for truncated 
grid volumes is discussed.) 

The Montgomery streamfunction is determined from 
a vertical integration of the hydrostatic quation (15) 
using mean pressure for the integration interval. In 
truncated grid volumes, prwure is interpolated to the 
midpoint of the integration interval. The net internal 
source oi momentum related to the Coriolis and pra- 
sure gradient forces is evaluated at the central grid 
point. The gradient of $ is approximated by a standard 
centered-space difference in cases where the dashed 
isentropic surfaces do not intenect the interface within 
a 2& or 2Ay grid interval. For surfaces which intersect 
the interface, the calculation of Vd is complicated. 
With the hybrid model approach, values of C on isen- 
tropic surfaces beneath the interface may be deter- 
mined by interpolation from the atmospheric structure 
within the sigma coordinate boundary layer, rather 
than by extrapolations of C onto "underground" 
isentmpic surfaces. Further details of the interpola- 
tion pmedure are &cussed by Vccellini et al. (1977). 

The leapfrog sch&e combined with a time filter 
developed by .&elin (19iZ) was wd in this model. 
Bled (1971) and Haltiner and McCoUough (1975) 
demonstrated that thk scheme minimizes time splitting 
and produces results similar to tho& obtained by the 
more stable Euler backward nlethod, but at nearly half 
the cost. To further reduce the spurious perturbations 
urociotrd with the leapfrog scheme, the standard time 
increment (Y = 300 s) is initially divided by 2'. This 
d c d  time increment is then doubled the fint 
wen time steps, keeping the initial field as the fint 
time level. Once the standard OI is reached and tt.e 
predictions for 1-600 r completed, the doubling pro- 

L cedure ceiues, and subsequent predictions are carried 
out in the normal fashion. The properties of the 

filtered leapfrog scheme are examined by a one-dimen- 
sional linear analysis of the advxtion quation by 
Uccellini, ef ul. (1977). 

The large-scale horizontal diffusion is estimated from 
the Laplacian of the generalized property (f) by the 
Dufort-Frankel scheme (Richtmyer and Morton, 
1%7) 

which has been m&ed to include the filtered variable 
3;' (Bleck. 197.:;. and where 

The values of K are specified for the model esperiments 
in Table 111 (see Appendix C). When the isentropic 
surface intersects the interface within the 2A-r or 2Ay 
interval, the value of f at the submerged grid point is 
obtained by linear interpolation within the boundary 
layer. If the submerged isentropic surface also inter- 
sects the lowest sigma surface within the 2Ar or 2Ay 
interval, the value of f on the lowat sigma surface is 
assigned as the grid-point value. The characteristics 
of the Dufort-Frankel scheme, including the effect of 
the time filter and space truncation errors, are discussed 
by Uccellini cf ul. (1977). 

h. Boundary conditions 

Lateral boundary conditions for this model are 
identical to the physical conditions w d  in Gall's 
model (1972). Cyclic contkuity is assumed for the 
longitudinal boundaries. The latitudinal boundaries are 
assumr i to be midway between an extericr and iint 
interior row of grid points. The free-slip condition is 
satisfied by rquiring t!!e u component at  the exterior 
and tint interior grid point to be qual .  The condi- 
tion of impervious w2lls requires that o, do. df, & dx 
and do: de must be zero. For P to be zero on the bound- 
ary, v on the exterior row m a t  be equal to -v at 
each grid point on the k t  interior row. .& a result, the 
v equation of motion on the boundan. reduces to the 
geostrophic relation 

W 

Since flow along the wall remaim geostrophic, IL on the 
exterior rows is determined from the value of u, on the 
wall and Q on the fint interior grid point. 

Including Musion terms rquircs additional condi- 
tions to be imposed on the walls to prevent diffusion 
across boundaries from changing the integral quantities 
of momentum and epcrgy (Smagorinsky, 1958). This 
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is accomplished by setting all other variables on the 
exterior row qua1  to their values on the first interior 
row. 

The same conditions are used in the sigma domain. 
The initial value of drlr dy,  set equal to zero on rhe 
lateral boundaries of the sigma domain, remains time 
independent from the antisymmetric conditions as- 
sumed for the meridionsl m w  transport 9 dp d# on 
the exterior and tint interior grid points. IVith this 
condition, the v equation of motion on the boundary 
reduces to 

The height z on the exterior rows is determined in the 
same manner as 4 is in the isentropic domain. 

The upper boundar) conditions for the model arc 
that the pressure on the 475 K surface is time indc- 

pendent and the horizontal divergence of the adiabatic 
mass transport is assumed to be zero. With these 
conditions, the tendency of dp, de vanishes and the 
upper region remains barotropic. As a consequence of 
barotrop and nondivergence of mass, the vorticity 
within the upper region is conserved and no explicit 
calculations are needed (Gall. 1972). 

These boundav conditions insure that no net 
source of mius, momentum or energy occurs from ~ M N -  

port through the boundaries. Any net  source detected 
in the model experiments must be reiated to physical 
processes or numerical deficiencies within the model 
domain. 

4. Initial model results 

The initial h>brid model simulations of a jet streak 
propagating in 3 zonal channel are utilized to t a t  the 
fe~ibi l i ty  of the hybrid model approach. The specific 

0.0 HOURS 
1 

F:c: J , . I )  Io~tmdued w X 1P m* 3"' ~ n d  8: gmstrophic 1solach5 ZI ,-I1 :or 540 S .sentroplc surtaic. i Vertrcal cross 5ec:i.m 
*&ugh let rnsxunurn along column 5 lri 3' , solid Lila  re :sentrope K .  arid ,dashed ! i n n  art . so t~cSs  m c-'\ 
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purpose of the model e.uperimenb is to demonstrate 
th. t : 

The physical properties are conserved for the 
entire model domain. 

The vertical ichange of physical properties 
through the interface does not result in spurious sources 
of mass, momentum or energy. 

A smooth transition of the mass and wind fields 
across the interface is maintained. 

The predictive equations remain stable in the 
truncated isentropic domain even as isentropic surfaces 
rise and sink through the interface. 

The assurance that numerical solutions exist for these 

6.0 HOURS 

24.0 HOURS 

problems w 4  be established before the hybrid approach 

b . . . 4 . . . . . . \ . . . . . . d  

FIG. 4. Isotuhs ,dashed line, m 1-9 for 340 K isentropic surface, and 

is applied to studies of adjustment, irontogenesis and 
cyclone development. 

The initialization of the model is described in .ip- 
pendix C. The initial conditions were chosen to be 
identical with Gall's (1972) model experiments for 
comparison purpose and to m e s s  the impact of adding 
an active sigma-coordina te boundary layer to the 
isentropic model. After a brief description of model 
simulations of a propagating jet stre&, the model's 
ability to conserve mass and to maintain a smooth 
transition between the two model domaifis is discussed. 
The model's response to the initialization procedure for 
grid points which emerge into the truncated isentropic 
domain is also discussed. 

12.0 HOURS 

surface prnsurc (solid line, mb) for model Eqenment El .  
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The mdts from the two 36 h adiabatic simulations, 
one without diflusion (El) and the other with diffusion 
(E2), are presented in this section. The initial mndi- 
tions, described in Appendix C, are exactly the same for 
both experiments (see Table I11 in Appendix C for the 
d u e s  auignd to the initialization parameters). The 
initial wave and jet streak are illustrated in Fig. 3 by 
the $ and isotach analyses on the 34Q R surfact and by 
the vertical cnus section through the region of maximum 
wind. The vertical cmu setxion in Fig. 3 u completed 
by constructing so~indinp at each grid point and by 
using an objectk- cruu section program (Whittaker 

0.0 HOUKS 

and Petenen, 1977) with the model w wind component 
utilized for the isotach analysis. 

Duriq Experiment El, the jet streak propgated 
eastward at nta which diminished from an avcmp of 
30 m s-I for the k t  12 h period, to 24 m s-1 for the 
second 12 h period and to 18 m s-l for the third 12 h . 
period, u the maximum wind in the core decreased 
from an initial speed of 54.8 to 48.0 rn  during the 36 h. 
For jet streaks with murimurn win& exceeding the 
propagation rate of the streak, direct md indirect 
tmnwene mpst circulations develcp in the eatmce 
(coduenL) 3d exit (difIluent) regions, respectively 
(University of Chicago, 1947; md Clapp, 
1949; Bjerkna, 1951; Rich! d d., '.'V?; :"l[urray and 
Daniels, 1953; %wyer, 1956; Newton, 1959; E k n ,  

12.0 HOURS 

24.0 HOURS 30.0 HOURS 

Fro. 5. Sutiuc streamlines for model Experiment El, an~.Iyted for the model domain up to the hct interior mu of fid poinu along 
the n o d  and south kuad.ria. 

499 . * 
& 
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1962; Reiter, 1963, 19b;, 1%9; Cahir, 1971; Gall, 
1972; md H d n s  and Bretherton, 1972 among many 
othen). A manifestation of the tmsverse circulations 
u the fourtell pressure pattern which developed as the 
jet propagated eastward (Fig. 4, a pattern which 
should be expected from the quasi-geostrophic adjust- 
ments in the entrance and exit regions of the jet streak 
md which favorably compares with Gall's model 
d t s .  As described by Reiter (1967) and by Gall, 
the net mur transport from the cyclonic to anticyclonic 
ide  of the streak by the indirect circulation decreases 
the surface pressure on the cyclonic side and increases 
the pnuun on the anticyclonic side in the exit region. 
In the entrance region the reverse k true. The net 
mau transport by the direct circulation i n c r e ~  the 
surface pressure on the cyclonic side and decreases 
the prruure on the anticyclonic i d e  of the jet. The 
mutual adjustmen, of the low-level wind field to the 
surface pressure pattern is illustrated by streamline 
andysa for the 0.75 sigma surface (Fig. 5). By 12 h, 
the initial wave has transformed into the basic four-cell 

6.0 HOURS 

pattern with cyclonic flow associated with low pressure 
and anticyclonic flow with high pressure that persisted 
throughout the remaining 24 n of integration. 

Figs. 4 and 5 illustrate an apparent decoupling be- 
tween the upper tropospheric jet streak and the surface 
pressure field by 30 h as the streak continued propagat- 
ing eastward a t  a faster rate than the surface low in 
the exit region. During the last 18 h of the model simula- 
tion, the along-stream variation of the u wind com- 
ponent a t  the jet streak level decreased from near 20 to 6 
m s-I over the position of the surface low located 
beneath the exit region of the streak. Since this along- 
stream variation of the u component is a primary forc- 
ing function for the cross-stream mass transports 
(Bjerknes, 1951), the overall development of the surface 
pressure field should gradual!!- diminish as the jet 
streak weakens. The coupling of the upper and lower 
tropospheric circulations also weakens through the 
reduction of the cross-stream mass transport. 

The vertical velocity field (i) which developed at  the 
interface during the first 15 h of the model simulation 

12.0 HOURS 1111 HOURS 

FIG. 6. kot.chr (dashed lines. rn s-1) on 340 K isentropic surface a d  d at interfuze :solid l ina,  10-a %-I\. 

Shdtd region repruenu negative & or convergence iC), u d e d  region pbr~uve b ar divergence (Dl. 
h mulripliurion of this held by 1-1 )* yiddi the vertical mur dux through the interface. 

5 0 0  
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(Fig. 6) shorn a i a rge -de ,  four-cell pattern npre- 
rentativc of propagating jet streaks (Bjerknu, 1951 ; 
Riehl et al., 1952) and a transient feature stemming 
from the geostrophic initialization. The two centers of 
rising motion are generally associated with tbe cyclonic 
vortices while the two centers of sinking motion on 
generally associated with the anticyclonic vortices. 
The development of ir represents, in part, the vertical 
branches of the transverse circulatiolu which produce 
a sigrAcant exchange of mus and momentum between 
the two model domains. The transient feature of the is 
field is associated with the boundary layer convergence , 
mne which lies along the anticyclonic side of the streak 
a t  6.0 h. Duing the following 9 h period this feature 
propagates rapidly southeuterard at  an average rate 
of 50 m 3-I. By 15.0 h, the original convergence band 
h u  moved far ahead of the streak and a four-cell 
divergence pattern has redeveloped beneath the streak 
iuelf. The convergent band that rapidly propagated to 
the southeast appean to be a gravity inertia wave 
which stems from the dynamic imbalance between the 
mass and momentum distributions intitialized by the 
geostrophic approximation (Charney, 1953 ; Phillip, 
1960). Both the large-scale and transient features of 
the divergence &el& evident in t h b  experiment were 
similar to the patterns in Call's (1972) experiments. 
Since Gall's (1972) e.spcriments were conducted with 
an inactive boundary layer and no vertical exchange of 
mau through the interface, the origin of the gravity 
inertial wave is in all likelihood due to geostrophic 
initialization used in both e.spriments and not due to 
the intitialization of emerging grid poinu in thb 
e-xperimen t. 

The wulb from model E.qxriment E2, daigned to 
test the hybrid model with diflwion, are basically the 
same. With the addition of diffusion, the maximum 
wind velocity and propagation rate for the jet streak 
decreased more rapidly than for the nondidusion 
E.xperimen t E 1. The masimum velocity decreased from 
54.8 to 50 m s-' by 12 h, and to 43 m s-I by 30 h, as the 
average propagation n t c  decreased from 30 to 15 m s-I 
to 12 m s-' for the first, second and third 12 h periods, 
respectively. This change in the character of the iet 
rtreak, however, was not reflected in the basic develop 
rnent of the surface prcuure celb nor in the vertical 
motion through the interface, both of which were 
simi!iu to the results from E.spcriment E l .  

b. C a s e  .!MII qf mass and momdurn 

.4n important aspect of the initial hybrid model 
e.xperimenu is to demonstrate that physical properties 
am mrwcrved with respect to transport processes for 
the entire model domain. SIou conservation for the 
toul u well as for the isentropic domain can be checked 
by calculating the area-weighted average pressure on the 

j interface p,. C~ven hydrostatic balance and the lateral 
boundary conditions specified in Section 3h, 3~ and P, 

FIG. 7. Avenge prruurc j6r(mb) for three kentropic surfua. 
The 315 and 305 K surfua remain above the boundary layer 
while 295 IT intenects the boundary layer. 

must remain constant if mass is consenpcd. The devia- 
tions of ?s and p ,  from their initial values af 800 and 
1000 mb were less than 3 X  10-' mb during the entire 

'36 h period, the magnitude that u expected from round- 
off error. T h ~ s  rapresents less than a I X  lWO change 
of F B  and 3, in spiie of significant mass transport 
through the interface (Fig. 6). 

Since isentropic, iayer-averaged, hydrostatic mass 
distribution is conserved under adiabatic conditions, 
the area-averaged pressure for each isentropic 
surface ;hould remain constant whether it remains 
~ b c v e  the interface or intersects the sinma-coordinate - 
boudary layer. The area-average pressure remained 
constant for all isentropic surfaces completely above the 
interface but increased in t h e e  esperiments for isen- 
tropic surfaces whic!! intersected ~ l e  interface, e.g., 
thr mean pressure on the 295 K surface increased by 
0.3 mb over 36 h (Fig. 7). The general increase of 9 
for 295 K is related in part to the interpolation of 8 
to the interface and the subsequent interpolation of p 
to isenmpic surfaces within the koundary layer and 
truncated domain. This problem is accentuated during 
the emergence of grid poinu into the h t r o p i c  do& 
from the rigma boundary layer. Xote in the mults 
(Fig. 7 )  that jumps of j, occurred at 7 .  15 and 35 h in 
conjunction with the :mergence of a grid point on the 
300 K surface. .bother factor in the overall &mge of 
jr for isentropic surfaca which intenect the sigma 
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dormin in the truncation error involved with predicting 
6 in the sigma domain (II4). A dnite form of (114) does 
not mrintain conrunt mus between isentropic sur- 
facer within m y  model e .xpre4 in sigma coordinates. 
Thw, while mur h cowrved for the entire model 
domain, the proper venial distribution of maa with 
nspect to the Lcntropic surfam within the sigma 
domain is not e.uctly maintained even for adiabatic 
b w .  -- . 

Momentum budgets were utilized in the initial model 
experhenu to insure that the vertial transports be- 
tween the two model && were matched exactly 
and to check that horizontal uuupom between trun- 
a t e d  grid volumes wen a h  matched. A comparison 
of the u m d  o momentum tendendes with its forcing 
terms indicated a perfect match for dl model regions. 
The changes in the w momentum were smooth and 
fluctuated with periods ranging from S to 12 h, while the 
o momentum tendencies were more varied. Calculations 
of momentum and energy budgets were made for the 
sigma domain, the "truncated" isentropic domain 
immediately above the interface and the "free" 
isentropic domain in which the grid volumes remain 
entirely above the interface. Inspection of the contribu- 
tion of the individual forcing term in each -.;ode1 
region indicated that the net momentum changa in 
ach region were domisted by the generation due to 
the yeostrophic wind component. Further details are 
dixuued by Uccellini sl al. (1977). 

As m independent check of the model performance, 
the kinetic energy equations for the hentropic and 
sigma doauina are evaluated by 

+ r ( u f i - L e n ) ,  (19) 

where k-+(3+d).  The vertical dux in (18) only 

applies to truncated grid volumes adjacent to the 
interface. After integration over each hour, both sides 
m compued to check if the tendencies match the 
forcing terms. For E.qerirnent El,  net changes of rhe 
integrated kinetic energy (K) a n  due to convenion 
from the avdable potential energy (A) by rylmtrophic 
winds, and by vertical flu.. through the interface in 
the s i p  and truncated regions. 

The available potential energy (Lorent, 1955; 
Johnson, 19iO) 

h calculated every hour, where is the area-averaged 
p n u u n  for each layer. For adiabatic e.xperiments, the 
net hourly A changes should match the K hourly 
changes exactly. The method of calculating the avail- 
able potential energy is discused by Uccellini ef d. 
(1977). 

The comparison of the kinetic energy tendencies 
with the forcing terms indicates a near match for the 
sepuate model region, (Fig. 8). The kinetic energy 
tendencies reveal an oscillation in the free isentropic 
region with a period near 12 h in raporue to the 
geostrophic initial conditions (Chamey, 1955). The 
net kinetic energy decreases in the free and truncated 
regions and increasu a lesser amount in the sigma 
domain, resulting in a net decrease of K for the entire 
model domain. The decrease of K in the upper tropo- 
sphere is reflected by the decreaw in magnitude of the 
jet streak, while the K increase in the sigma domain is 
coincident with the development of the vortices. The 
kinetic energy changes in all three regions are dominated 
by the convenion t e r n  as the net vertical tnuuport 
through the interface is nearly zero (Fig. 9). For the 
sigma d o h  the conversion is related to V - V . ~  
which remains positive for the entire period and offatu 
the smaller negative tendencia related to the V. V; 
term. 

The a d a b l e  potential and kinet~c energy tendencia, 
compared in Fig. lOA, are in dose agreement indicating 
the net decrease of kinetic energy is being accounted 
for by the conveniorr ta available potential energy. 
Thua the net X changes u e  related to physical procerser 
md not to numerical deficiencies. The small differences 
which elbt result in a net gain of the total energy for 
the h t  30 h and a mall net lorr for the last 6 h (Fig. 
10B). The aw for the differences may be related to 
the I.& of conservation of area-averaged pressures for 
i w m p i c  surfaces which intencct the boundary layer 
(Section 4b). Conservation of the area-average preuure 
under adiabatic conditions is a basic factor in the theory 
of available potential energy. The lack of conservation 
in p u t  s tem from the interpolation of information 
from sigma lweh to kntropic surfaces in the boundary 
layer and the extrapolation of 8 to the earth's surface 
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nmied to a l c S t e  the available potential energy 
(Umllini d d., 1977). I t  may rLo atem from impliat 
tnrnation of the pressure &el& md  potcatid tunpen- 
tun within the sigma d o h .  In my event, the 
deviation of the total energy (Fig. 108) in t h m  ordm 
of magnitude l a ,  thm the initid totd energy and h 
muidend to be minor for integrations of W t e d  dun- 
tioar. Iu Experiment El, which induded dldurion, the 
kinetic energy tendency was m order of magnitude 
bqw thm in E.xperimcnt E l  m d  was prrdominmtlg 
ncptive. Signi6cmt chmga in the tendency occurred 
in the " fm" md " truncated" iwnvopic regions where 
the tadencia fluctuated with the sunt period u b e  
fort, but remained negative throughout. The kinetic 
energy tendency in the r igxu  domria w u  the ume u 
in Experiment El  but rn relatively In, imponrat, 
bdry a full order m@tu& less than the teadcnaa 
in the Ltntmpic d o h  (Uccellini d d., 1977). 

d. Modd prrlmmance 51 rrSr intqface 

Pcrfrqm the moat wnritivt region of the hybrid 
modd is the interface md the vunatcd isentrot ic grid 

voluma immtdiattiy above it. Althou$h predictive 
quatioar ue not evaluated at the intrrfrce, the vertical 
fluxes of mrrr, momtaturn md  aeqy throqh the 
interfrce w e  u the upper m d  lower bow* 
conditionr for the rigmr, md hentropic &mrinr, ra- 
rpcctively. That fluxes, cornman to the two model 
domains, must mtch  exlctly to conrcnrc the phyaid 
properties. The vertical fluxu of momentum md  
kinetic energy t h r o ~ h  the intertrce u e  matched, u r 
net gain or lorr in one domrin in cuctly ofhet by r net 
loasor pin in the other domain. n e  hct t iut p.A 
&ed coartrnt (Section 4b) vciidar that the vertial 
man d u a  alcStrd at the interface do not genemte 
rp\;riou lourcar or siab of mur. Thus, coarcmtion of 
the p h , W  propcrtia, with nrpcct to verticrl tram- 
port through the interface, ir mured for thia hybrid 
drpprorch .  
In other ha*brid modtlr, adjustmenu of pndicted 

vui.bla were needed to Minerin a smooth &tion 
between model domeins. Such djustmenu may l a d  to 
rpuMua gravity wave d e a  and raultint preuure 
ordllrtioru (Priead, 1976). In thh model approach, the 
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predictive quatiow are evaluated on either side of the designed to maintain a smooth transition between the 
interface, with new values of 19, u and o interpolated to two model domains without adjusting the solutions for 
the interface level. Thh interpolation procedure is predicted variables. Fig. 11  portray, a sequence of cross 
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Fto. 10. (A) Anilrble potentid ancrgy per unit uu tendency (duhcd) rod nepure kinetic energy 
per unit um tend- (rotid) for toul model domun (I ST for k p c h e n t  El.  10) D d t i o n  of 
toul cnw per unit ua (.4+O from initial d u e  (.1+10,4 (1 s*) I+r Experiment El. 
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FIG. 11. Sequence of cmr  sections dong column 13 for tima 6. 12, 18 and 24 h. h n t r o p a ,  solid l i n a .  isotrcb (m 3-1). dashed lines, 
dimtion of dow is into W e .  

w t i o r u  (6 h apart) in the exit region of the jet streak 
and illustrates the 5ucceu of the interface interpolation 
procedure in maintaining a smooth transition of the 
mur and wind fields between the two modtl domains. 
No discontinuities develop either in the potential 
temperature o r  in the isotach fields which intenect the 
interface (-800 mb), even in regions where significant 
vertical fluxes e.xist. 

8.  Di~gnostics a !he in i t id isa t ion  oj'grid points mcrpng 
rnlo tk italropic h a i n  

Four grid poinu w e n  isolated in both model c.qxri- 
menu to t a t  and illustrate the stability of the predic- 
tive equations in ditierent regions of t!!~ model. Grid 
point 1 (300 R surface) is located in the truncated ken- 
t m p ~ c  region and remains above the interface for the 
entire e.rperiment. Grid point 2 (290 G surface) k 50 

located in the truncated isentropic region and lies 
immediately below grid p i n t  1. It  emerges twice and 
remains above the interface ~ t t e r  the second emergence. 
Grid point 3 (0.25 u surface, u located in the sigma 
domain immediatel! below the interface and below 
the position of grid pcints 1 and 1. These three grid 
points were chosen :o illustrate the edects oi the 
iniualization procedure for en~erging grid points 1.1~- 
pcndis D) on the ditlerent model regions near the inter- 
face Grid point 4 1,340 ); sxrilce $ u loc:ted :n the free 
kentropic region a t  the ;e! streak !eve1 ~ n d  was chosen 
primarily for a compansor. oi the momentum rend- 
encies and wind uomponen:s 5etween :!:e 2irTc:ent 
model domains. 
Figs. 12 and 13 iilustrate !he rnomentm teniicncles 

and wind components for :he four grid points u d  :he 
m a u  Ap f ~ r  grid poin:s 1 and , for E~periment  E l .  
In each 6gwe the protiles oi the momentum t e n d e n c ~ a  
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FIG. 12. Grid-point diomtia for f i d  poinu 1 (grid point immediately above the interface precedint mergence of grid point 2) 
and 2 (emerging grid point immediately b l o w  1). Experiment El. .4 and C .  u and r momentum tendencia per unit a m  (g s* m-1) ; 
B d 0. u m d  r rind compnenu (rn s'l) ; E .  preuurc incmment Ap (rnb). In B, the u component for grid point 1 is scaled on the 
ri&t. for grid point 2 on the Idt. 

are to the left and those of the wind components and 
mwa are to the right. The u component for grid point 
1 (solid lines, Fig. l2Bl is xaled on the right border 
m d  the w component for grid mint 2 (dashed line, . 
Fig. 12B) on the left border. This separate legend was 
tued to preserve qual scaling over a different range for 
both wind cornponenu and to compare the variability 
of i. and v among the grid points after the emergence 
of grid point 2. 

Fig. 12 revcab the redistribution of mass during the 
emergence of grid point 2 into the isentropic dornain 
that is necessrr). for mass consemation (.4pperrdix D). 
The adjustments of the wind component, which insure 
momentum conservation produce ,an increuc for both 
w m d  v at  ged point 1 followed by a noticeable oxilla- 
ti011 (Figs. 12B and 12D). The wind changes force an 
imbalance between the wind cornponenu and the 
pressure gndient force, which is evident by the shup 
Bucturtions in t h e  momentum tendencies at  18 h 
in E l  (Figs. 12.4, 1 2 0 .  The amplitude of the inertid 

wind oscil1at;on occurring for grid point 1 is 1.5 m s-l. 

With diirusion included, the amplitude of the fl~rctua- 
:ions in the momentum tendencia and the wind corn- 
ponenh which result ' ,rn .he emergence of grid point 
2 is reduced t j  near)) a third (Uccel~ini ct d l . ,  19571. 

The emergence of grid point 2 is also responsible for 
a sharp decrease in the w momentum tendency for grid 
point 3, located in the sigma domain (Fig. 13.4). The 
oscillation in the u component meaches amplituda of 
2 m s-I. .\ dose inspection of the iqterface pressure 
tendencia below the emerging gr d point and for the 
four surrounding grid points iFig. 14) reveals that the 
changa in the u momentum are a result of a rapid 
increlue in h ax, a par: ui the east-,vest prcuure gradi- 
ent force in sigma coordinates. T)..e 2ressure at the grid 
point to the e u t  i n u e u a  by 0.75 mb in 15 mi?, while 
to the rsa t  it decreases by 1.00 mb in 20 min. 

The cause of the sudden change in d* dx after the 
emergence of grid point 2 is related to the method by 
which horizontal transports are calculated In the rrun- 
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Fm. 13. Grid-point diyaortiu lor grid points 3 (in the s i p .  dormin immedktely blow 1 md 2 )  and 4 (in the upper iwn:ropic 
M), Experiment El. A a d  C: M and r momentum tendencies per unit arm (8 s1 m-9 ; B and D. u md o wind cornponenu 
(m a-)). La 0,  u component for grid po~n: 4 is auld on 'he right m d  grid point 3 on the left. 

Frc. 14. kterfuc pmrurr trndenrxr for ~d point 10, k ~ c d i r t c l y  beneath +h gd p m t  (2'1 e m e w  mto the isentropic: 
daauia rad for the lour grid porntr irnmcdi.rciy s u m d i n 8  C. Prauvr ,mbi, m e  tmm), u r o w  ~ndicrtn ume of erncvnce of 
gTid p w t  2. 
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cated Lcntropir: region. The addition of grid point 2 
changes the method of calculating transport a t  the 
center column from a "normal" truncated box to an 
"A2" truncated box (see Appendix B). Thu change 
involvm calculating transports in two grid volumes 
rather than the one truncated grid volume prior to 
emergence and utilizing the increased wind components 
a t  grid point 1 which resuit from the adjustment pro- 
cedure designed to conserve momentum (Appendix D). 
The sudden change in the mc~llod for calculating 
transport a t  the grid column after the emergence of 
grid point 2 combined with the i n c r e w  of the u 
component a t  grid point 1 (Fig. 12B) increases the west 
to cast msss transport ar.d thus forces the spurious 
pressure gradient within the sigma domain. The 
venical extent of the oscillation is limited to the layers 
adjacent to the new grid element. The upper tropo- 
spheric grid point (grid point 4, Fig. 13) shows ~ i o  evi- 
dence of oscillation after emergence oi grid points near 
the intedace. Although the magnitude of the oscilla- 
tion is smsll, decreasa rapidly after one cycle in this 
e.qxrimer.c and is signiticantly reduced with diffusion 
included, c w  where large wind components and 
significa~t vertical shean erist could pose problem. 
The implementation of a time-weighted transition 
between the two methods of calculating transport for 
emerging or sr :.merging grid p i n t s  will be tested in 
future e..cperiments. 

5. Summary  and future r e s e u c b  

Hybrid models, which combine an isentropic repre- 
sentation 9f the free atmosphere with a sigma-coordi- 
nate b u n d a r y  layer, are designed to take advantage of 
the strengths cf the M e r e n t  coordinate sys tem.  The 
packing of isentrope in bamlinic  zones increases the 
vertical resoiutlon in regions where I2 (t vertical wind 
shean e ~ i s t  and where middle and upper tropospheric 
dynamicti processes tend to be amplifiec'. Yet, the 
intenectlon of isentropes with the gruund, thc e~istence 
of s~peradiabatic and adiabatic condi:ions, and the 
general lack of vert~cal resolution near the earth's 
surface in less atable regions inhibit incorporating 
boundary ia!.cr dynamic and thermodynamic processes 
into isentropit: mode!s ISithout an adequate repraenta- 
tion of :he boundar! layer, isentropic mcdels are 
limited in their application to subsynoptic- and 
s>no~tic-scale diagnostics and forecasts. These de- 
ficlensies of isentmpic coordinates are avoided by 
utilizing sigmr cmrdinatcs wi*h!n :he h u n d a r \  :ayer 
which main:& a un~iorm grid spacmg :hroughout, 
avoid the lntenectlon between coordinate surfaces and 
the ground. ~ n d  thus 2rovide a suitable framework for 
lncorporst~ng boundar\-ia!.er processes Into the modei. 

The prima? problem with h! brid modeis :s matching 
the boundar). condit~ons across the interface while 
providing for i ~ i l  :nterac?ion Setween the model do- 
mains wlthout introducing e::rmeous wave m o d e  
through spunous sources of mass, momentt:m or energ:. 

The solution presented i7 this paper m a t c h a  bound- 
ary conditioru a t  the interface using the flus form of 
the primitive equations. The model design dexr'.bed in 
this paper includes a vertically staggered grid, which 
provides for easy implementation of the matching 
boundary conditions by direct calculation of vertical 
transport through the interface without need far param- 
eterization. The conservation of physical properties as- 
sodated with transpert processes is thereiore assured, 
even in the region of truncvred grid volumes near the 
interface. This grid structure a h  avoids the integration 
of predictive q u a t i o m  on the interface since the wind 
and temperature distributions are determined by inter- 
polation between the two model domains. rhis elimi- 
n a t e  the possibility of predictive solutions a t  grid 
p i n t s  on the interface diverging from grid-point 
:,lutions immediately cbcve, u well as the need for 
artincia; adjustments to mamtain a rrnooth t.wnition 
between the isen tropic and sigma domains. 

The initial niodel experiments, designed to test t h t  
feasibility of the hybrid model approach and to study 
the model behavior near the interface, were applied to 
a jet streak propagating in a zonal cfannel. The 
resuls of these e.qxriments wia.h and without diBwion 
show the following : 

1) The model appears stable up to the iimt oi 
terrninatlon without spatial filtering or diffusion. 

2 )  The model integrations of the propagating jet 
yield nearly identical results to Call's (19i2) model 
e.qxriments which did not include an a c t ~ v e  slgma 
boundary layer and correctly account for the mass and 
momentum adjustments asociated with a jet streak o i  
b i t e  length. 

3) S o  spurlous sources or sinks of mass occur within 
the mrtrc model domain, although the corrrct vertical 
distribution of mass wlthin the sigma domain is not 
exactly mantained. The significant changes in mo- 
mentum and energy a r r  accounted for b the individual 
phpical  forcing funct~ons, while minimal truncation 
erron stem from the initlaiization oi ernerglng grid 
p i n t s  

4 1  The vertlcal transport of mass, momentum and 
energy through the intrrfdce from one dlmaln 15 

e~act!!. matched b?. transpor: into the other domain, 
thus insuring the conservation of basic ph! sical proper- 
t i n  wit! respect to transport processes 

5 1  .\ smooth :.ransition in the mass ~ n d  wind fields 
can be rnalnlained across the intrriace :v~thout need 
for artldcia! adjustments. 

61 The initialization of emerglng gni: p a n t s  in :he 
tmncnted :sentropic region, based on 3 redistribution 
oi mass and nrornentum that satlsries ionsemation 
pnncipla, resuits in pressure and umd ~tr:urba::ons In 
:he :runcated grtd voidmts and the slgrna g r ~ d  \.o,i;rnes 
below. These pert arbations usoclatei  :vith the suaaen 
~ r n b a i ~ c e  !)eween :he m n d  and mass rieids are due :o 
:he change :n ncfhods  ot c ~ ~ c u i a t i n g  ::arispor:s :n :be 
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truncated d o n  that m u l t  from having M e r t n t  U t w o d i m u w i o ~ i  hotiaontd wind vector 
types of gtid dements before and after grid point w wiad component in 3 dktctioo 
emergence. The nonconservative adjustmtnu of the v wind component in y direction 
tneqy distribution $ a h  contribute to r;l utificid f Cotiolir puuneter  
imbalance between the mas a d  wind fields. Although p prcMuR 
the perturbations are stable and quickly dunp, the r Exner function [- c,()')r)'] 
and to initialize grid poinu in the sensitive model a ndiw of earth, also incremental dis'sce in 
r*on above the boundary layer is a problem with App.ndit B 
hybrid models which m e r i ~  further attention. 0 latitude 
In gcned,  the thmdimenslonsl hybrid model a p  T temperature 
p m c h  ir feuible and can be applied to study a variety P dtnrity 
of atmospheric pher .0mt~.  B potentid temperature 

Future model t.xpcri.nenu should inclsde tating dA ktitude grid increment 
dternrtive techniques for the initdkatioa of emerging * longitude grid haement  

grid points and the d a d a t i o n  of the p-qe gradient " J a c o b h  t m s f o m t i o n  to modified spheri- 
force b r  prtially submegcd grid volumes ir~ an effort al map C- (aa w!couiS')] 
to reduce the magnitude of spurious pressure and wind Q htmt h a t  
perturbations. While the flux form of the equations Fm* Fw gurenliteci friction 
~tiliKd in this model h u r n  consenrtion with respec: h grid length 

to truuport process (i.e., convective flux), t+e tinitc K integrated kinetic energy; dso propor- 
difference techniques for the computrGon of the p m -  tionally cowtrnt for eddy diffruivity 
sure and viscous forces do not insurc conservation with rvulable potential energy 
respect to t!!e nonconvc:tivc flu of momentum and D deformation 
energy at  the interface (Johnson, 1977:. Finitediffer- " vixosity coedicient 
cnce i o m  for the pressure and \ imw forca *at insure JdJL !ine inte& 
c o ~ r v a t i o n  with respect to nonconvcctive dux across 
the interface u well as for truncated grid volurna 
should be tated. Terrain rill also be added in an eflort 
to ascertain the strengths and weaknews of the hybiid d A  u c a  integral 
model approach for mountainous regions. Moist 
thermodynjmia wi!l be added and the boundary iayer ,, unit norma! vector 
should be impmved by adding xnsiblt heating and 3 
realistic panmeterization of friction. The improvements t;. ha,,, 
rill be important for future studies of the thru-  
dimensional mass and momentum adjustments m- do Jacobian tnruformation [- - 1 'g(dp,'dd)] 
x ~ h t e d  with propagating jet streaks, fmn:ogenau pressure difference between ixiltropic sur- 
and cyclone evolution. f a c e  
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II generrlized coordinate 
0 central grid point 
1, 2,3,4 east, north, west, south grid poinu 
, j k row, column, vertical indexes 

width of model domain 
length of model domain 
center of channel 
special scaling factor to enhance barodinic 

structure in the middle of the channel 
lapse rate C- 7 dT/dtJ 
dry lapse rate Jc,l 
mean initial lapse rate at various levels 
mplitude of wave for initirl lapse rates 
mean suriace potentia! temperature 
amplitude of wave for initial surface po- 

tential temperature 
d a e n t  which induence initial north- 

south potential temperature gradient 
coefticient which determines ampiitude of 

initial wave 

cs s@c heat capacity of d~ air at constarit 
pressure 

Po0 reference pressure (1000 mb) 
& gas constant for dry air 
K h l ' c ,  

APPENDIX B 

Application of Box Method to Tmncated 
Grid Volumes 

Fig. 15 illustrates several e.xamples of truncated bores 
Iwated around grid point ~(1.0, .  The truncated box 
.exten& from the interface to the upper "solid" surface 
in all examples. The flux through the left-hand side of 
the box is detemhed by a modification of the averag- 
ing technique described above. The flu ca are caiculated 
from the products of LIP between the interface and the 
upper "solid" surface, and a linearly interpolated value 
of u, o and the property (f) to a mean isentropic level 
(8)  for each grid column. Note that in t!!is determination 
of Af:  the lower solid isentropic surface immediately 
above the interface has no role in these calculations and 
is asentially ignored. The flux through the wall is 
then detennined using the averaging technique d c  
scribed earlier. The same procedure is applied to the 
right side of the grid volume where either the bottom 
"solid" surface or both the bottom and tpe "dashed" 
surface intersect U B  (cases A1 and .I2 ; Fig. 15). 

When the top of the grid volume centered at  x(,.o, 
(case -4.3; Fig. 15) also intersects the interface within 
the 24x region, the flux through the wall is determined 
by a linear extrapolation of the flux whicb e.&,ts at the 
center grid column. In the example in Fig. 15, the flux 
through the right wall k given by 

Fro. 15. E u m p ~ a  of "tnrauted" iccnmoic b o x 3  h t  requk rn&atlon of h i t c  
difierendag. l o p  left howa m e.xatnple of twcated box louted at xct.~,  mth or u 
lower boundary. A,. AS and .An ue urmpla  of m a t e d  boxes rhm iacatropic rur- 
frca within an isentropic grid voluglc cmtmd at x , ~  8, i t e m x :  the !owep boundary or. 
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where @ X I  u the distance from the grid point on 
the interface directly below the central grid point of 
the box to the point where the top surface and the inter- 
face intersect. The incremental distance a, the length 
between the grid wall and the point of intersection, is 
given. by 

a- ([DXl-+Ax). (22) 

If a<O, the top surface intersects within the b o x  itself 
and the flu ththmugh the right side is set eqlal to zero. 

For we A2 and .43 the transport through the right 
W P ! ~  has to be accounted for in the adjacent b o x  
located about ~ ( 2 . 1 ,  (Fig. 15) to insure the conservative 
nature of the method. This is accomplished by specify- 
ing the transport through the left wail of the adjacent 
b o x  r ( t . 1 ,  as the sum of the individual transports cal- 
culated to the right of x(t.ol and ~ ~ l . 0 , .  This docs not 
imply the e.&tence of mass transpcrt through isen- 
tropic surfaces but only horizontal transport from two 
grid volumes to an enlarged, adjacent grid volume for 
which the mass and momentum tendencies are rep- 
resented a t  grid point ~ , 2 . ~ , .  

Initialization of Model 

The basic structure for the initialization of the hybrid 
numerical model is identical to Call's (19 i2 )  model for 
a jet streak. However, i7 this application, provisions 
had to be devciopd to extend the baroclinic structure 
throughout both domains of the model. The initial 
structure for the atmosphere was specified by the surface 
distribution of potential temperature 

and the lapge rate distdbution 

where the subscript 0 indicates values a t  the center of 

pacts the baroclinic structure to the center of the 
channcl. 

In this m ~ i e l  the surface potential temperature is 
applied to the lower boundary a= 1, while the ver t ia l  
variation of the potential temperature within the sigma 
domain is specified by vertically integrating 

A uniform pressure distribution of 1000 rnb a t  the 
earth's surface was assumed for the initial structure. 
The height z is initialized in the sigma domain from the 
hydrostatic relation (116). Although in these p r e l i -  
nary e.priments the height of tbe earth's surface was 
assumed to be zero, topography could be included with- 
out significant modification. 

In the isentropic domain, the pressure was determined 
by vertically integrating 

up to isentropic level 3 (see Fig. 1) where the l a p  rate 
Y is specified by (24). The layer between levels 2 and 3 
was assumed to be a transition region between the 
troposphere and stratosphere (see Fig. 1). The pressure 
distribution within this layer and above was pFncribed 
by ait5mat. methods to insure a realistic dwrease of 
wind s;eed with elevation in the stratosphere, thereby 
restricting the jet maximum to the tropopause region 
(Uccellini cf d., 1977). 

With the mass distribution specified in both model 
domains, thc winds were initialized by the gmtrophic 
appmximations, which are then utilized to initialize 
u in the sigma domain. 

APPENDIX D 

Conservatioc of Physical Properties for Isentropic 
Surfaces Which Move through the Interfrcr 

md for Folding Isentropic SurCaces 

chmnel, tad the-unplitudcs are spcdied by U., AT, During the coune of a model experiment, isentropic 
A and B (see Table 111). -4 scaling parameter y, corn- surfaces may rise or sink through the interface resulting 

TULZ XII. IPitiabtion puameten a d  diawion coc5deat: 0, is the potential tempmture rt crrth', M u e ,  
K the proportiondiW coorUat for the eddy diBurivity. - 

i 

Londtudinrl Latitudinrl 
Expvimcnt 0, A& Y AT amplitude unplitude Didurioo 

0,<0<31S K 61 -0.0 for El 

S.0X lo-' -0.68X 10' 
El hE2 285 3.4 A-3.0 B-2.u 

315<b<MO K K-0.1 for E2 



ia r gab or laa of arid p i n u  in the ismtropic donuin. 
Wbrn thb omur, special artificial adjustments must 
k mule to rrdirvibutt mur  and momentum among 
grid volwnar to insure that mass md momentum am 
COWNbd. 

If the poteatid temperature of the solid surface 
bacoma lea than the interface potential temperature, 
a grid point ia lort as the surface drop below the inter- 
face. In thh are, the pnrsure d u e  r t o d  at that point 
ia set e q d  to a predttennincd value which serves to 
flag submerged grid poinu If the potential temperature 
didtwcc between the top of r truncated grid volume 
md the interface ex& 10 IC, a grid point on r mlid 
&ace rLcr through the interface. The initid pressure 
for the emvlliag gnd point is s e e d  rhrough linear 
hterpohtion between the p m u r n  and ptent id 
tempemtum of the interface and the overl}ing k n -  
tropic surface. 

If a grid point on a duhed surface " drops ' below the 
interface (Fii. IM), the mus and momentum valua 
d the truncated volume predicted at the submerged 
d d  point (1,O) are preserved by adding these qurnti- 
tie to the grid volume (2,O) immediately above by the 

which q u i r e  that 

where the uterbk variable represents an adjusted 
value, while the non-asterisk variable represents the 
value predicted immediately before adjustment. An 
analogous adjustment is made for a*. After the adjust- 
menu are completed, AP(r.o,, u(1.0, and V(I.O, are flagged 
as submerged grid point values. This does not 
represent a physical vertical transport of mas  and 
momentum through an isentropic surface but a re- 
spcc3cation of the physical properties for a grid point 
x,¶.ol now repesentmg an enlarged truncated volume. 

i n e n  a dashed surface "emerges" (Fig. 16B), 
phyical properties must be redistributed between two 
grid poinu in a truncated grid volume in which only the 

Tm 14 Grid point r(l.o oa "brbd" iwatmpic surface mpnwnring grid 
vduw 1. (A) submerging ioto th bounduy lrycr; (B) emerging from the 
baradyr hya. xm.n in A fid point mprrwntiag fid volume I immedhttlv 
rbawqidvduwl. 
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grid point (2,O) existed before the emergence of (1,O). 
The situation is complicated by the need to initialize 
values of Ap, u and o for three time levels so the pre- 
dictive quations, approximated by thr filtered leap- 
frog scheme, can be solved at  the rew grid point. A 
value for Jp at  the emerged grid point (1,O) b deter- 
mined by a redistribution of m a s  prtdicied at  the 
(2,O) grid p i n t  (see Fig. 16B). This redistribution. 
dependent on the ratio of the vertical extent of the new 
grid volume ( j e t )  to the vertical extent of the entire 
volume (UJ, is accomplished by 

The u wind component (u;,~) is initialized by assigning 
u., the interface value. to the new grid point. To 
conplete t!:e adjustment within the two grid volumes 
and to ir -e  mass and momentum conservation, new 
valun u r  ~ssigned to the i?,O) grid point by 

which q u i r e s  that 

.in analogous approach is used to determine c*. This 
procedure is 31x1 appiied to initialize Ap, u rind v 
at  poifit il,W and adjust the parameters at (2.0) for 
the two previous time increments using the same ratio 
( M I  SB:) throughuut. This step simply divides an 
enlarged trunca:cd grid volume into a regular volun:e 
and 3 smaller truncated volume and d o n  not imply a 
vertical transport of properties through isen&pic 
surfaces. 

Deaven (1970) discussed the need to ~ l e d r  for io;ding 
isentropes and deep adiabatic layers to preserve the 
stability of the modei integrations. In this model. a 
limit is set to maintain A p  JB within the nnge 0.1 and 
300 rnb K-I. If adjustments have to be n rde  to set 
A p ' U  within the limits, mass is redistributed in the 
vertical. In thib way the pressure tendency from the 
interface to earth's surface remains unafiected and 
generation of spurious oscillations is minimired. 
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ABSTRACT 

On I8 September 1474, a cloud cluster growing in the GATE ship . m y  was examined using u ~ d t  
Ilylng close to one another at different heights, the geostationary satellite SMS-I. m d  du. nwinsonde 
a d  shp dua, with a view to elucidating mechanisms of convection. In this paper we concentnte 
analysis on cloudy convection in the motst layer. 

In  and above southerly surface monsoon llow approaching the cluster. clouds indigenous to the 
motst layer took the fonn of rows of tiny cumulus. and of arcs of cumulus mediocris, with pnerns 
different ltom those of deeper clouds. From satellite vls~ble inugez. ucs  were traced for penods 
exceeding ? h. krborne photomphy showed that the arcs were composed of m y  small clouds. 
Radar data showed that they ongnatcd Pfter prec~pituion. Appuently, throuphout thew l i fe  cycle, 
they perpetwed the pattern of an Inrtlatlng dcnx downdraft. Eventually they yielded iwiued cumulus 
conpstus. again bcvlng prec~pitat~on. k r c &  recorded the distnbut~on of thennodyn~~ ic  q m t l -  
ttes and wlnds at lltttudes within the mlxed layer. and at 537 and 1067 m. Thew dua indiutcd that the 
a m  persisted u mcwscde circuht~ons dnven by releue of iatent heat in the clouds, nther than betng 
dnven by the orig~rul density current at the surface. The cloudy circulrt~ons were vi~orous m u  and 
above cloud buc, becoming weaker upward through dutude 1 km. Thc entire mesosclle clrculauon 
systems were of horizontal scale roughly 40 km. 

The mcrorcale ckod patterns of the motst layer appued to play a primary role in heu tmsfer upwvd 
wlthin this layer. and contnbutd to the fofclng of rhowcnng m~dtroposphenc clouds. 

1. Introduction vection associated with the cluster was organized 

The Atlantic Tropical Experiment of the Global 
Atmospheric Research Rogram (GATE) was 
centered on an area near 8.j0N, 2.SoW during 
summer 1974. On 18 September 1974 (day 261) a 
growing cloud cluster was monitored using the 
satellite SMS-1, ships and aircraft. A preliminary 
synthesis of observations of this cluster was given 
by Warner : .i1. (1977). Suchrnan and Martin (1976) 
included data from day 261 in an assessment of wind 
measurements by satellite tracbng of clouds. and 
Suchman t r  01. (19TI) have given a preliminary 
description of the evolving circulation of the cluster. 
Warner and Austin (1978) have described statistical 
aspects of radar echoes of the cluster. As will 
be seen in Section 4. much of the shallow con- 

in a manner very different from the deep convection. 
It is the purpose here to describe the shallow con- 
vection in the lowest 2-3 km of the moist laver 
south of the cluster, which contained the surface 
monsoon air flowing nonhward toward the cluster. 
Warner er ol. (1980) treat the deep convection. 
These papers are condensed from a detailed report 
(Warner er 01..  1978). A future treatment will show 
how the cluster. occurring in relatively undisturbed 
conditions. was related to activity on larger scales. 

A major GATE objective is to assess the interac- 
tions of air motions on different scales. This paper 
documents interact~ons between clouds indigenous 
to the moist layer and clouds of the mid-troposphere. 
and describes related events in the subcloud layer. 
An attempt is made to assess the role of the moist 

L layer clouds in ven~cal exchanges of energy. The 
1 b x n t  fi\mlon: eoddd bbontoty  for .\tmosphmc paper is chiefly concerned w~th arcs. the reader 

Sc~enca. NASA. Greenbelt. MD 20771. may like tint to inspect the final figure-a schemruc. 
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T a u  I. TLIIHI (GMf) of purye of the &raft u tbr comers of the boa circuit. defined by latitudes 8.34' and 456'N. and longitudes 
211' and 22W'W. (The l ~ ~ l h  leg w u  ibw-. %m west to erst. then c u t  to west, in succession.) - - 

Comer 
Altitude 

Aircnh (m) Dl (NEI 4 (SE) 0, (SW D, ( N W  

SobrrIiir (NCAR) 12500 13% 1607 1618 1631 

1341 1400-03 1422-24 1444-47 
USCIU) ( N O M )  UU# INS- 12 

I ~ I  1101-1645 1555-32 1553-31 

I343 1109-11 1436 1502-04 
m-6 (NOAA) 1067 1528-32 

1 n 7  1702-1659 1635 1608- I558 

1342 1406- 10 1433-37 1459- 1502 
EICCP. (NCAR) 537 4 35 1524-28 

1717 l a - 5 2  1623- 19 1555-32 

1 3 9  1421-25 1447- 1501 1324-27 
U K C l M  238 & 52 1549-53 

175 1 IZ9-25 1703- lW6 1613-16 

Black (1978) shows satellite photographs of two but the lowest camed time-lapse movie camens; 
arc patterns which he associates with large cumulus cloud maps wen made using the methods of Ronne 
clouds. That in Black's Figs. 9 and 10 may have (1959) and Warner (1978). Turbulent heat fluxes 
been similar in nature to the arcs described here. were obtained from a gust probe on the DC-6 
Black calls for coordination of satellite and ground- (Bean er al . .  1976). 
based data. Here we provide this, and obtain a view 
of the arcs as self-perpetuating mesoscale entities. 
arising from and bearing the pattern of an initiating 
cold air outflow concomitant with rainfalr. and 
eventually yielding isolated cumulus congestus, 
again bearing rain. 

After a brief description of sources of data in Sec- 
tion 2, a representative serological sounding is 
shown in Section 3. and maps of both shallow and 
deep clouds in Section 4. Arc patterns in the moist 
layer art traced in Section 5; they showed per- 
sistence over 2 h. Aircraft traverses through arcs 
art examined in Section 6, aircraft soundings and 
surface conditions in Section 7 and turbulent fiuxes 
in Section 8, to throw light on how the arcs persisted 
and on the nature of the air circulations associated 
with them. A summary is given in Section 9 and 
conclusions are drawn in Section 10. 

a .  Aircrafl data 

Five aircraft simultaneously boxed a square of 
side 150 km which encompassed towen of the 
cluster. The different aircraft and flight altitudes, and 
the times of passing the box corners, are given in 
Table I. The tint box circuit was accomplished 
between 1340 and 1550 GMT by three aircraft in 
tbe low-level moist layer (up to 2.3 km) and one at 
-6 km. the second between 1550 and 1750 GMT 
with m additional aircraft at altitude 12.5 km. The 
. i r ed  meuured tbcrmodynamic and wind data. Ail 

b. Sorellire dara 

From the geostationary satellite SMS- I ,  visible 
and infrared images with resolution - 1 km and 8 km. 
respectively, were obtained every 15 rnin. and used 
for following cloud developments and obtaining 
winds by cloud tracking (Suchman and Manin, 1976). 

c. Radar data 

Precipitation echoes wen recorded digitally by 
the 5 cm radar aboard the Canadian ship Quadra. 
situated near 903'N. 2F36.S'W. This radar. and the 
data. have been described by Warner and Austin 
(1978). A three-dimensional scan cycle was com- 
pleted every 5 min except during the period 1 4 4 3 -  
1614 GMT. 

d.  Rawinsonde dara 

Soundings from ships of the GATE B and NB 
scale arrays have been used in this study, in their 
original form as supplied by the Center for Experi- 
ment Design and Data Analysis (NOAA). 

e. Ship data 

thennodynaa~ic and wind data from the booms of 
the ships Dallas (at 8"3?'N, 22'3 1 ' W) and Oceanog- 
rapher (at 7044'N. ??014'W were compared with the 
all-sky movies taken aboard these ships. Profiles 
from the Dallas boundary layer instrument system 
[(BLIS) Gantang t r  al.. 19771 were examined. 
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FIG. 1 .  1629 GMT. Echoes from the Qitadra mdar. sltuared near P 3 ' N .  22'36 S'W. 
Antenna elevation 0.35'. Maximum range 210 km. Min~mum m n p  20 km (lim~ted by 
clutter from the sea). Contours o f  redectiv~ty at the thresholds 16. Z.1 and 35 dB above 
I mm' m-s (dBn-equivalent to rainfall at about 0.3. 1.3 and 9 mm h'', m r u u d  by 
r v e m g i n ~  over bins o f  area 18 kma. The box was that flown by the aircntt. The cloud 
cluster was growing In the east half o f  rhc bor. Dtpits refer t o  he~ghts  (km) of  echo 
corer o f  rekctlvity resching ?9 dBZ. 

. radar view of the cluster, showing the positions 
of the aircraft circuit and of the ships, is given in 
Fig. 1. 

The 1500 GMT Occclnogmphcr sounding, shown 
in Fig. 2, appears to have been representative of 
undisturbed conditions southwest of the growing 
cluster. which was propagating slowly southwest- 
ward at -2.5 m s-'. I n  the sounding. several layers 
characteristic of the marine tropical atmosphere 
(Riehl, 1954) can be identified. The moist layer 
reached -2.2 km. It contained a mixed layer of 
depth roughly 500 m. Surface winds at the Oceanog- 
rapher reached 6-7 m s-I hom the south. The 
moist layer was capped by a stable layer. where the 
air was very dry and winds were lignt and from the 
northeast or east. 

At -4.5 km (600 hPa), the air wm moist. In this 
humid layer the winds wen nonherly at -6 m s'', 

and the stratification was conditionally unstable. 
There was a stable layer at 5 km. (There were 
many stratus and stratocumulus patches ai -2 .5  
and 5 km.) 

Above 6 km the air was dry, with easterlies that 
persisted up to 8 km, at 7 m s-' in this dry layer. 

4. Cloud maps from the Bnt circuit 

The cloud maps shown in Fig. 3 were obtained 
using a 35 mm side camera on the US-C130 (with 
black and white film), and a 16 mm camera in the 
nose. The aircraft flew at -130 m s-I. and photo- 
graphs were taken :very 5 s (or -650 m). Mapping 
was based chiefljl on the C130 right side camera. 
and followed the method described by Ronne ( 1959,. 
For an aircraft flying steadily past a cloud with a 
side-pointing cine-camera of constant frame rate. 
the range of the cloud is nearly proponional to the 
time or the number of frames of film required for 
it to pass across the field of view. If the position of 
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?lo. 2. 1500 O m .  T e p h w  $om Ocranormphrr rituued .( T U ' Y .  
tT12'W. Mid l i :  dew point (To)  and temperuuru (n: dashed line: moist 
dLkt (of cons- Rornby's 0,). Ven ia l  K.k is height (km) above the m. 
Fl@h levels d the a i r e d  are indiutd. Windr ue rbown every SO0 m. 
with om barb - 5 m 8''. h v d  of tiny cumulw c l o d  is indicated. 

tbe 8ircnft is known for any arbiavily chosen 
&me, then the cloud position may be plotted on a 
plan view mrg. The position of the aircraft w u  
known to a nominal precision of 2-4 km by inertial 
nawtion. The plotting technique was of com- 
pamble accuracy (Snow er 41.. 1979.  To And the 
heifit of a cloud element, its elevation w u  meu- 
und relative to the horizon; its height then fol- 
lowed from the mge.  Cloud h~eights obtained from 
the ClM side camera w e d  to within a few 
hundred meten with heights derived from an 
algorithm of Mosher (1973). which yields the height 
of a cumulus top u a f'unction of visible and infra- 
red brightness #en by satellite. Compuisons art 
detailed in Table 2. Nominal accuracies in the maps 
art a few lcilometen in the horizontal and -300 m 
in the vmid. 

At 1437 GMT, while the aircraft were near the 
southwest comer of the box, the satellite morded 
the pattern of visible brightness showr in Fig. 4. 

Across the east side of the box a cirrus shield was 
prominent. Isolated bright patches wen mostly 
groups of cumulus, in the southerly anticyclonic 
flow in the moist layer (Suchman et al.. 1977). 

The Ant circuit by the USC130 was made be- 
tween about 1341 and 1445 GMT. Rior to this. the 
aircmft flew across the box, crossing the middle 
at 1303. The resulting cloud map is presented in two 
pans. Fig. 3a shows active cumulus tops with 
heights in the interval 2.5 km to the maximum, 
dxceeding 13 km in the northeast comer of the box. 
Fig. 3b shows tops below 2.3 km, and the horizontal 
limits of cimu anvils. The pictun is not complete, 
puricularly of the s m 9  clouds, because they were 
very numerous, and photographic coverage was 
not obtained simultaneously over the whole area. 

Fig. 3a shows relatively few clouds in the south- 
west pan of the box. and mom to the northeast. 
with greater heights. At the time, the cloud cluster 
was growing in the northeast corner, and propagat- 
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in8 slowly into the box. A cloud with top exceeding 
13 km was observed by satellite n e u  D,. Most 
cumulus clouds taller than -3 km tended to k 
aligned in bands of orientation about 21S0, roufily 
9 km apart. 

Fig. 3b shows that low clouds were amnged 
differently from the cumulus and cumulonimbus 
clouds shown in Fig. 3a. A region to the northeast 
was occupied by bands of altocumulus at 2.9 km. 
of orientation about 1 W  and spacing -3 km. 

In the west part of the box, many of the small 
clouds were ananged in arcs. They were composed 
of cumulus mediocris sometitnes reaching roughly 
the top of the moist Iayer (2-3 km). One such 
arc, obscured firom satellite view by a cirrus layer 
over the nonh side of the b ~ x ,  has been docu- 
mented by 'Narner (1978); this arc is shown in Fig. 5. 
The clouds leaned backward, in a manner corn- 
spondine with winds decreasing with height upward 
from the top of the mixed layer (Fig. 2). Low-level 
winds were toward the inside of the arcs. 

At the lowest end of the scale of convective mo- 
tions, there were many tiny cumulus fractus, of 
linear dimension -500 m, with bases at about 300- 
700 m. These wen aligned in rows oriented nonh- 
south, with separations of 1 or 2 km alone and be- 
tween rows. The rows were aligned approximately 
with the scrface wind. Tiny cumulus also appeared 
in front of the arcs (Fig. 5). 

In conne~tion with the tiny cumulus, Fitzjarrald 
(1978) has used the Oceanographtr acoustic sounder 
data to examine the dominant horizontal scale ( I )  of 
free convection in the moist layer. For the period 
0827- 1225 GMT on day 261, he gave the dominant 
local period of fluctuation as 6.25 min, the wind 
speed as 7 m s-I, the depth of the mixed layer 
(2,) as 450 m, and the Monin-Obukhov length 
(L) as - 119 m. The Ant two numben yield I - 2.6 
km, the second that -Z , /L  = 3.8. The non- 
dimensional horizontal wavelength 112, = 5.8. His 
Fig. 7 then indicates that this constitutes a relatively 
low instability. with a relatively large horizontal 
wavelength. The number 2.6 km cornsponds quite 
well with the spacing of the tiny cumulus along 
rows shown by the mapping. The information on 
the rows of tiny cumulus is consistent with the 
finding of LeMone and Pennell(1976, Fig. 160) that 
the rows resulted from forcing below cloud base 
associated with longitudinal mll circulations, 
oriented roughly along the wind direction. Tiny 
cumulus in font  of the arc shown in Fig. 5 were 
aligned parallel to the arc, apparently transverse 
to the wind direction rather than dong it. 

With many active towen reaching stable layers, 
much stratus was present (a feature seen less often 
in the undisturbed Caribbean). The deep clouds 
produced anvils at about 13 km (Fig. 3b). Their 
leadinu edges spread from slightly south of east at 

FIO. 3. 1300 to 1443 GMT. a (top). Active tops (outlined 
by contours) in the he@t in tml  2.5 to > I 3  km. b (battom): 
Clouda ol hrMt <?.J km. uni rnv~ lr  tduhed). Thin solid 
lines represent rrcs of clouds. N u m h  am hr~fiu ~km) above 
tbm sm. ud timer of meuunmmt. The c m n  D, to D, define 
th box circuit (see Tibk 1 ). 

-2S m s". Towers reaching different levels in the 
troposphere produced individual anvil plumes. An 
isolued remnant of anvil at 8.5 km was oriented 
along 142 (rather than -W as at 13 km,. Many 
stratus and stratocumulus patches at -2.5 and 5 km 
ue not portrayed here. 

5. M a s s &  pattern seen by satellite. radar and 
akl=aft ~ h d o q r p h ~  

A 16 mm movie loop of visible satellite images of 
the boxed area has been made. with time intervals 
of 15 min. In this movie. it is possible to follow 
several =-shaped mesoscale patterns over periods 
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T A ~ L ~  2. Cloud topl by photoq.mmeuy, and cloud f o p  (and bases) lrom urcllite dru by Modr*'s (1975) method. (MclDAS is the 
mancomputer interactive dau rctcsr system at the Univcnity of Wisconsin.) 

- .  _I 

Height Time 
Cloud aup position Ikm) ! G m  McIDAS position Top (bar) Time Comment 

- - -  

W N  2 1 2 W  -2.5 l a 7  2.1 (0.2) Inactive Ac 

4 '  ?I%.5' 2.6 1408 1.8 (0.3) 1407 lrolated Cu rr end 
8'51.3'N t124.9'W 1.9 1422 of diu~p.tcd h n d  

F6.J' 2f010' to 21.1 1' 3.8 1392 3.2 (0.6) High top on Cu band 

m . 3 '  2174' 4.6 (?  9) 1322 - - , -, - , . - - - 
4 4 (3.3 1337 Motion: 3.7 m ~"~030.  

9'13' 2132' to 21'33' 6.1 1331 Anvil mmnmt 
Y O '  2 1'40' 1422 Dissipated 

9 J' 2 1'9' 10.5 I117 

9'3 5' 21'17' 9.4 I Motion: 4 m ~"1030. 
433' 21°15* 8.9 1237 

437 2128' 8.3 1348 Anvil m m m t  

PI4.J' 21'3' 13 1349 412.1' 21'3.2' I?.? 1351 

.-. - 
.- 

8 '  21.4' I S  1621 V16' ? 1-22' 14.4 1807 Highest rowcn by each 
method 

exceeding an hour. Three such patterns arc shown graph for that time. The arcs were composed 
Figs. 6a-6c. The square box was slightly distorted essentially of small clouds. as represented dia- 
in the movie. to the shape shown in the figure. It gnmmatically in Fig. 3b. 
is possible to pick out the positions of these pat- A frame from the US-CIS0 nose camen movie 
terns at 1437 in Fig. 4. t9e visible satellite photo- at L428:35 GMT '5 shown in Fig. 7. The aircraft 

FIO. 4 143- GMT v,stble vtelltre Image. fhc cloud clustrr IS seen r t  nfit 
center, cnth rnvtl ;inus surrmtng northwesward. north betnu dp the pqc.  T?I~ 
box c~rcutt I* shown by pecked Itno. r r~de  was L O  km long. Ltght 5duu.l 
line3 sh9w the Iautudes 9 ~d IYV. md lon~tudes 20. I md 1?W 
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FIG. 5. 1322 G.W. Composite of photographs looking nonh from the US-CIJO aircnlt flying at altitude 3.7 km on the nonh side 
of the box circu~t. High rowen of the cloud cluster were to the cast and routh o f  the a ~ r c d .  Anvil c l m r  from them wat overhead. 
I n  the right foreground is an arc of clouds. moving from roughly the west-southwest Itcward the nghtl Cumulus m e d ~ a n s  In 
the ue were of marlmum he~ght about 2.7 km. They leaned ba~kward. A h~gh rower rat left) reached 9 Am. I t  apparently 
originated from rhc arc. Tiny cumulus preceded rhe arc. Sore the evidence of organlzatlon in thzlr pattern. Slajor features 
have been mapped In W m e r  ( 19781. 

was flying nonhward a: altitude 6.5 km, coming up 
on the arc shown in Fig. 6c. The faint diffuse line 
seen in the satellite view (Fig. 4) is revealed as an 
arc of cumulus ~rdiocris .  preceded bv tinv cumulus. 
From the satellite movie. ~t was evident that while 
the arc patterns propagated consistentlv, their 
composition conlinuously changed. with small 
clouds dissipating and being replaced by new clouds. 
of lifetime much less than the pattern. Near the west 

side of the box. the velocity of propagation was 
from about 198" at 6 m s-I. matching lne ..ind near 
cloud base. Cloud bases were at 500 m (near the 
top of the mixed layer) and higher. The pattern 
velocities measured from the satellite movie loop 
rhow that previous estimates from aircraf? photo- 
grammetry (Warner er 01.. 1977) were much too 
great. 

The origins of the arcs and their relationships to 

Fla. 6. Matrons of a s  tnccd Frrm %atelllte movle. The west s~de D, D, of  
the a r c d l  br: c l r c ~ l t  IS r h o m .  &tined bv the Iarltudes 8.34' m d  4 5 6  N. 
md longtudes :lY' m d  1-?3'W, the box wu rllghtlv dlsloned from sq~ure 
t h a p  In [he movte. 
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FIO. 7. l4?8:35 GMT. F n m e  from nose camen movie of 
US-C130 rircnn. taken rt altitude 0.5 km wh~le U y i n ~  nonh- 
ward on the fin( CIKUII. coming up on the arc shorn in 
FIBS. 6c md 9. 

other features were examinerl. Contour analyses 
were drawn by haid at an easily discerned thresh- 
old of brightness, close to the edec of the visible 
cloud. seen in projected frames ~t the movie loops. 
These mapc, at quaner-hour intervals from 1205 to 
I435 GM'T, appa r  in Figs. 8 and 9. Superimposed 
on the contour analyses are alphanumerics repre- 
senting radar reflectivity. transcribed manuaiiy 
from radar maps as ~llustrated in Fig. 1 of Warner 
and Austin (1978). These represent averages over 
IS kmz. The relationships between alphanumerici. 
reflectivity Z and rainfall ra!z R are shown in Table 3 
(for :hne difirent expressions for Z,  as indicated, 
the middle column in the tabic is preferred). 

In Figs. 8 and 9, attention is drawn to the arcs in 
Figs. 6;; and 6c. respectively. by small arrows indi- 
cating the directions of pattern motion. Occasionally 
dashed lines appear, where the leading edge of the 
arcs was marked by faint rather than bri.gt,, clouds 
as seen from the sateilite. From echo top plan posi- 
tion indicator maps (Warner and Austin. 197P), 
occasional digits within small squares show peak 
heights (km) of echo cores. Here a "core" ex- 
ceeded reflectivity 29 dBZ and occurred within 
groups of echoes associated with the arcs. 

The radar echoes ar? quite well correlated with the 
brightness contours. The correlation is not perftc~; 
this is to be expected. because once :diing rain- 
drops of size exceeding 0.5 mm and u ith number 
densities large enough to yield a radar echo have 
appeared. small cloud droplet populations are de- 
pleted by coalescence or evaporation. It seems 
from Figs. 8 and 9 that the area of ndar avenglng 
I 13 km:) is rather large. Both satellite brightness 
maps and the ndar  alphanumencz plve nther a 
coarse view of the 3c:ivttv. 

Considenng first the arc shown in Figs. 6a and 8. a 
close associat~on w~th echoes was apparent unt11 
12.15. .At 1?05 there was bright c:vud. but few 
echoes. More echoes appeared after I!?!, with cores 
&en reachlng an altitude of 6 km. The pnlstent  

arcs were a favored location for generation of 
new echoes. 

The system shown in Figs. 6b and 8 appe;*red just 
as a short-lived group cf echoes wv. ;;ssipnrqng. 
'The mesoscale patterns apptar -19  ,lave been 
generated in association with ec. 1. apt swse-  
quently to have given rise to aew ciwds am echoes. 
The same applies to the pattern shosn in Figs. 
6c and 9. 

Attention is drawn to a riiig of mean diameter 
roughly 70 km discernible in Fig. 8 between 1305 
and 14C)T. r* 3 straddling ihe nonh side of the box. 
(The nonh side roughly bisected this feature at 
1335.) The arcs of Fig. 6a ..v.zre on its southwest 
border. It moved north-nonkcastward with the 
low-levei flow. 

Finally. it may be seen that tcnoes persisted 
intermittently near the Dnlltrs during the period of 
Fig. 9. Echo cores reached 4 km. Cloud tops 
probabiy reached 5 or 6 krn where winds were from 
the 1,nnh. rather than from the south as in th= mixed 
layer. Winds averaged through the thickness of such 
deep cleuds were near zero; this prokibly accounts 
for the 9ersis:cnce. 

The above observations imply that tale mesoscale 
arcs were self-regulating. in a la:+er near the 
surface in which wtnds were from the south-south- 
west. This corresponds roughly to the lowest kilo- 
meter. Prec~pitation cores extending into the lower 
middle troposphere apparently gtnerattd new meso- 
scale patre~ns, and new cores in turn were generated 
by them. 

We may now look from the satellite at a rela- 
iively large area. roughly an order of magnitude 
greater than the ares of Fig. 4. Figs. IOa- lOc are 
photographs of intermediate scale at 1422. 1637 and 
1825 GMT. respectively. A separate drawing shows 
corresponding points of reference. Relatively clear 
air nonh and west of the cloud cluster is readily 
seen in Figs 10: the cluster is toward the lower 
nght in each p~cture. with cirrus streamers extend- 
ing nonhwesrward. West and southwest of the 
cluster, the bands of lower ~roposph-.-.c cJouds 
represented in Figs. ?a and 4 may be seen. .4 closer 
look is necessary to see the lesse: clouds like those 
;hewn in Figs. 3b. 6 and '. Much fine tracery is ap- 
parent. .At i63f and 1822 arcs wCre numerous. 
convex toward roughly the nonh or nonneast. in the 
direcrion of w~nds near the slirface. Thelr mcfius of 
curvature was about 40 km. and scale slze 
roughly JO km.  

4 cornpanson of the series of prints in Fig. 10 
with the cloud motlon rields at 1330 and 1500 G31T 
by Suchmail and btaztn (1976). and at 1130 and 
1500 by Chatters and Nonon r 19:"). quggested tenta- 
tively that the arcs appeared withtn the molst 
southerly !low wher! this elrceeded a ccnaln speed. 
roughly 5 m s-I. 
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FIG. 9. Maps d vtuble satellite bnghlncu and -Jar rtflectlvtries as In FIS 8 Sro3ses 
show the locations of the sh~ps Quadru (at 9.3 3 .  22.36 !'Wi and D'11lds tat ?!:'%, 
231'W. Solid umws md dash& lines rtfcr to the arc pattern show tn Ftg. bc The 
p h o t e  Fig. 7 was taken st 1428.35 from i n  dtltudc of 6 5 km. !he posltlon mJ field 
of view YC shown wcth m open urou ~n the panel for 1435. 

6. Aircraft t n v e r u s  through mesoscale arc patterns 

In this section aircraft data are displayed. which 
can partly explain how the arcs persisted for up to 
2 h. while being composed of elements of indi- 
vidually much sholrer lifetimes. 

The UK-C130 aircraft tlew within the t.uxtd 
layer, alternately at nominal aliitudes of 238 bnd 
52 m, or pressures of 985 and 1007 hPa. The Electn 
flew just above the mixed layer at nomlnu altl- 
tude 537 m (949 hPa), the DC-6 at 1067 m (891 
hPa). The Electta had side-pointing movie cameras 
with a framc interval of 4 s (-430 m); the DC-6 had a 
nose cameta with a frame interval of 5 s (490 rnl 
From the electra movies, frames were noted for 

which the aircraft was flyi;~r; through elther clear 
air. fields of tiny currult~s fractl~s of I~c ta r  dimension 
-500 m. or fields of ;urnulus mediocris. or was 
penetrating a cloud. Using the nose camera on the 
DC-6. was possible to do the same analysis, and 
also to discern the presence of ran.  

The DC-6. Electra and UK-C 130 dew slosc to one 
another in the molst laver during the box clrcults. 
Their recordings of thermodynarn~c data. tnade 
available by SCAR, wrll be compared for a portlon 
of the first box circuit. from about 1437 GXIT. when 
the aircraft were near the southwest comer D,, until 
1500 GMT. when they reached the northwest corner 
D,, the UK-Cl!O following 25 mln behind the other 
two. They flew nonhward through the arcs shown 
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fruu 3. IMu Jlibntiw [from Warner a d  Austin (1978); 
column 3 is added h m  Austin md G d s  (1979)]. 

Rdnhll nu (mm h-9  ftom 
Alpha- Rellmivity 

numeric ( d m  IIK) R1- 170 R1-* 230 RIa 

in Figs. 6b and 6c. Time series plots of data from the 
aircraft. with time running h m  right to leit. .arc 
shown in Fig. 11. 

Looking in Fig. 11 at temperatures ( T )  and dew 
points (To) for cases of cloud penetrations, it seems 
that the aircraft instruments responded well to sud- 
den changes. Effects of rain on temperature meas- 
urements-a notorious problem-are not involved 
hem. Penetrated clouds were small; therefore ef- 
fects of sensor wetting are neglected. At the right of 
Fig. 11 uncertainty bars for density may be found: an 
increase in density corresponding to the bars could 
be caused by changes of - 0 . X  in T or -1.Z0C in 
To. Changes in plotted densities slightly exceeded 
those ~ndicated by the uncertainty bars. Potential 
temperatures fluctuated relatively widely. 

During the intervals shown in Fig. 11, the aircraft 
flew fint through the arc shown in Fig. 6c, and then 
through that shown in Fig. 6b. Using the McIDAS 
system to superimpose the aircraft track D, to D, on 
full resolution visible satellite images at 15 min 
intervals, the times of passage of the three aircraft 
through the arcs shown in Figs. 6c and 6b were 
determined. The arc in Fig. 6c was -4.5 km wide 
in the satellite view; cross-hatching in the middle of 
Fig. 11 indicates its position from the satellite. 
cross-hatching near the left of Fig. 11, at later 
times, likewise shows the passages through the 
leadhg edge of the arc shown in Fig. 6b. 

Comparing in Fig. 11 the hatched position from 
the satellite images with the cloud data from the 
Electra and DC-6 (central strips in the diagram), 
there is close correspondence between the hatching 
and the notations C which indicate flight through 
an environment containing cumulus clouds pene- 
trating through the flight level. This environment 
is illustrated in Fig. 12, a photograph from the 
nose camera of the DC-6 at 1448: 19 GMT. The nota- 
tions of cumulus cloudiness (C) show that cumulus 
convection extended in latitude further :han the 
brightest clouds picked out in the satellite images. 

Comparing the notations of cumulus cloudiness 
and tiny cumulus (C and T in Fig. 11) with the 
traces of temperature and dew point (T and To). it 
seems that the air of the arcs, containing clouds. 
featured relatively low temperatures and high dew 
points at the levels of the DC-6 and the Electra. 
Near the surface with the U K - C 1 3 0  such anomalies 
do not appear at the times of passage of the arcs 
indicated from the satellite images. Shortly after 
1510 GMT the UK-C130 briefly encountered low 
temperatures and high dew points, with changes 
of wind. Satellite photographs indicate that 
probably these phenomena were associated with 
activity to the south of the arc shown in Fig. 6c. 

The arc to the north is relatively difficult to recog- 

TABLE 4. Cloud and sounding dam from Fig. I I for arc shown in Fig. 6c (Schematic is shown in Fig. 16). Wind corrections 6,. b, 
are h e  both box circuits. [Lower values are from Grossman's (1977) method.] 

Winds at 1067 m U .  v 3.0, 3.5 2.5. 2.8 3.0, 2.0 0.6. 0.3 
m s-I dq- I  4.61220 3.81'221 3.64236 10.5, 0.2) 

-6Tl8z (K km-') 5.6 5.8 5.8 
Cloud tops (m) -800 
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FIG. 10. Visible satellite images (a) 1422. (bt 1637 and (c) 
1812 GMT. Thc drawing shows lines o f  latitude and lon#itude 
reco@lizable in the photos: also the box circuit. and the approxi- 
mate locations of the snlps Dallas (0) and 0ceano.qrophrr 10). 

FIG. I I. l i m e - m e s  ploo o f  data from three aircnfr, for the west side of the f in t  box circuit. The plots are keyed to gco. 
g n p h d  location. shown in the mlddle. (Note that 0.1' o f  latltude - 11.1 km.) Cross-hatching indicates the posltlons of the 
arcs shown in Figs. 65 and 6c. as derived From f;lU resolution vlslble satellite Images. 

.At the but is ttme for the UK-C130. The f int  plot upward from the base IS the density (pb of  air sampled by the 
UK-CI!O at I ?  s intervals. based on I! s avenges (and nonnallzed by transfer to the nominal pressure 98s h R  at constant 
potentul tempenrurrl. The next two plot! an dew polnl I T,I and temperature IF, respectively. plotted every 6 s 
from I s avenges rwlthout adjustment for pressure vuiatlons). Next come venlcd aIr velocities I W ) ,  plorted every 6 s from 
6 s avenges. Next come wlnds d n w n  u shon bubs (at IS s intervals from I! s averages). after applying the corrections 
Owen In Table J. Winds were from roughly the south: north is upward in this representation o f  winds: a scale hlgher up 
In the diagnm on t k  right shows the lengrh o f  barb of  sped  ? m s-I. The next stnp going upward is tlme for the 
Electn. then denslty from the Electn (with normalization to 949 hPak then To. f. W and wnds. From the nomlnai venical 
ur velocltles W from the E l u r n .  a constant 4.6 m s-' h u  been tubtracted. The next :tnp shows blocks comspond~ng 
to t tmo  when the Elcctra w u  In cloud: above thnt is a chanctenzar~on of the ;onvectlve field thrrugh whtch the arcraft 
w u  flvlng; L means clear ur: T llight shadlng) means that tlnv cumulus surmunded the Elcclra: C (darker shadins) means 
that cumulus medians surrounded the arcran. The centnl smp ~n :he Jlagnm shows the latitude as the arc& flew 
nonhward at longtude 2I.J'W. 

The upper rnlddlc pan o f  the diagnm shows data ploned for the DC3 in the wme manner u for the Electn. The 
ven1c.l arr velocltles thown (not avatlable from the NC.4R m~crofilm 1 r dua l  were abstracted lrom data over one shon 
tllght leg. The mean uver :he leg may not have h e n  exactly zero. so ~ t s  removal may mean a (very small) sv!temat~; b tu .  

The K-4 charsctenuuon IS sllghtlv dflerent from that of the Electra. The OC-4 dew for much of the time below stratus. 
and often In mlst. In the fin1 stnp upward from the mlddle of the d i y r j m .  L means that the ur below w u  clear: T ~ l i l h t  
shading) mnns that tlnv cumulus wert below: C (darker shrd~ngj means that tumulur reached 1067 m. flight level. In 
the recond stnp. m n  crs opposed to the cloud) IS indicated bv the letter R. Times on the mlnute when the skv  overhead 
was clear are denoted bv L. at other umes there w u  stratus overhead. DC-6 densltles were normd~zed :o 891 h R .  

.At the top of the figure M plots of vlnual potential temperature Q, and of pseudo-equivalent potential temperature 4, 
[calcuhed bv Simpson 9 I 1 9 3 )  method]. Plots for the dlrrerrnt arcran are supnmpsed.  a1 I? 5 ~ntewals from I! r avenpr?. 
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FIG. I?. 1448: IPGMT. Fnme from nore camera movie of DC-6 
aircraft. taken at altitude about 1067 m whlle fl)ln# nonhuard on 
the fint CIKUII. u~t lun the cumulus environment oithe arc shown 
in Flg. 6c. 

nize in Fig. 11. By 1522, when its posttion was 
penetrated by the UK-C130, no bright clouds associ- 
ated with it were present along the aircraft tnck 
(see Fig. 6b); i t  was moving nonheas:ward away 
from the track and losing its identity. 

One other arc was penetrated at low levels. by 
the Ekctra flying southward at altitude 35 m at 
161236 (Fig. 131. As it flew toward the arc. tempen- 
tures dropped and dew potnrs rose just as tiny 
cumulus clouds were encountered. The wind ic- 
creased and veered (from 6 m s-"190" to 9.3 m s-'1 

(reaching 0.6 m - ~ ' ~ )  and downdrafts may be seen 
in the record from the Electra. On either side of 
the arcs. above the mixed layer, convective in- 
stability decreased to nearlv neutral and occa- 
sionally stable values. Around the active cumulus 
of the arcs PE was relatively high. probably a result 
of vertical transport from near the sea. Relatively 
low absolute values of 8, on either side of the arc 
of Fig. 6c. with clear skies (L). high temperatures 
and low dew points, suggest subsidence. 

Third. one may consider air motions in clouds. 
These generally involve both updrafts and down- 
drafts on the cloud scale. in adjacent horizontal 
locations. These cannot readily occur if there is no 
vertical shear of the wind. With shear. one may 
visualize updrafts and downdrafts readily coexisting 
with a circulation having horizontal vonicitv 
(Mrtlkus, 1952). In our case the difference in hori- 
zontal wind between the Electra and DC-6 was a 
few meters per second. Updrafts in the clouds ap- 
pear to have reached roughly 2 m s-'. It seems 
that the shear was favorable for the release of 
instability in small clouds. Fig. 1'1 shows a close-up 
view of some of the clouds of the arc of Fig. 6c: 
individual members of this am were slender and 
ephemeral. The clouds appear similar to the small 
cumuli examifled bk Telford and Wagner (19-4). 
who found that they moved with a velocity close 
to that of air near the surface, and featured out- 
ward motion near the tops. The clouds seem akin 
to "hummock" echoes seen by acoustic sounder 
aboard the Oceanographer (Gaynor and Mandics. 

195") and then decreased and backed to previous 
values. within a period of -1 min or 6 km. This 1 9 : ~  1 I I 8:6~ 
suggests a compact pattern of convergence followed CLEAR I tlm Cu 1 I CLEM l TINY cu 
by divergence-of ascent in front with descent I 
(of dense air) behind. The airciaft then ascended 
from altttude 35 m back up to about 540 m. passing WINOS ( 3  MIS 7 1  I?6 
below the base of a vigorous cumulus (at 1614:JOl. 
and then entering clear air. This arc was closely 
associated wlth precipttating clouds, and the cold I r,cr~ 
gust described may. have been associated with pre- - W 

sipitation. 
Why did the arcs persist for such a long time'? 

First. the traces for the DC-6 and Electn in Fig. 11 
show that the environment of clouds of the arcs 
featured relatively low temperatures and high dew 
points and air densities. Adjacent clear air featured 
opposite chmcteristics. implying that it did not 1610 1615 I 620 
tend to undercut the motst u r .  Anomalies en- GMT 

countered by the UK-Cl30 we notewonhy for their F I ~ ,  ,,. of. d.Ia lrom El ectrr, for pPn 
absence. (Those at 1507 GYlTare discussed below.) th, ,,,, ,ide of the =and box i,rcult. the  base ,, prrr jun 

Second. values of 6,. g e n e d l ~  increased with at flight level. then dew polntr. temperatures and ulnds plotted 
height. indicattng stability ; but it is remarkable that In the mmc wav as In Fis. I I .  F l i e t  envtmnments of clear alr and 

the for the UK.C\)O and Electra merge in the m y  curnuius u t  tiidiiild. ??X E!LI:~ 6. 3dd.l ?k be "f I 

cur nu;^^ .,out! u about 161r.U GYf It penetrated a 1Inv 
arcs, ~ndicating neutral stability below cloud base. iumulur ,, 16,824. b,ltude ,, a, the Letten 

Values of e, In the WCS decreased with height. ,,d I) next to gusty w w l r  ~ndlcate lnfemd convergence fol- 
indicat~ng convective instabtlitv . Weak u p d d s  lowed bv d~vervnct .  

OHIGC~AL PAGE IS 
OF POOR Q U A L m  
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IWL 10. N 22.W 
DESCENT 1508 - ASCENT 1513 

U T  10. N 21.6. W 

TEC 9.2. N 22.3. W 
DESCENT 1607 

-- ASCENT 1615 
T/VL 8.8. N 22.5' W 

U, 8.C N 21-P W 
DESCENT 1633 - ASCENT 1645 

T 8.6. N 21-5* W 

I 9.3. N 21.1. W 
DESCENT 1707 - ASCENT 1711 

L 9 . C  N 21.1. W 

FIG. 14. Soundings from the Electra plorted on Im- 
pnd College tephtgrams. Isop1e:hs shown of pressure. 
tempemure. spccliic h u m ~ d ~ t )  and dry and pseudo- 
equtvalcnt potent~d tempenrures Righi environments. 
locat~ons and ttrnes are ~ndlcated I see text for detatlst 
See Fig 4 for {ocattons 

1978). Doppler venicd speed in hummock echoes 
exceeded 2 m s-'. 

Water vapor mixing ratios in the lesser pans of 
the ranges encountered by each of the three air- 
craft were compared with nwinsonde and BLIS 
data (not shown here). These ~mplied that each 
aircraft encountered alr which had subsided from 
altitudes 00- IOOO m above flight tevel. 

Striking In the recordings are the very low dew 
points and values of dc- encountered by the UK- 
C I30 at 1 0 7  and 1506. well sourh of the arc of Fig. 
6c. This "dr) hole" involved weak descending mo- 
tlon and high densities (although the air was rela- 
tively warm) I t  impl~es subsidence from a height 
of several kilometers: apparently a discrete package 
of alr of low ~, was dnven down as a vigorous local 
return c~rculation due !o a cloudy updnfr. and 
thereafter mobed dong near the surthce. Satellite 
Images show that relatively deep clouds here 
present near ihc CK-Clli) at this time. 

shown in the tephigrams in Fig. 14. Descents a n  
represented by dots, ascents by continuous lines. 
The circumstances of the soundings a n  noted. For 
instance, "IIC!L IWN ??OW" indicates that the first 
dotted descent sounding at 1508 GMT was begun 
in a cloud (I).  continued within a field of cumulus 
mediocris (C). and concluded in clear air (L), near 
the location 10%. ?2'W (see Fig. 4). The ascent 
at 1515 started within a field of cumulus mediocris 
(C) and ended in a field of cumulus (TI, roughly 
0.4' further east. These soundings indicate that 
cloudiness was associated with a warm. mcllst 
mixed laye.. and that clear areas were relatively dry. 
The last soundings. at 1707 and 1715. were made to 
the nonh of the cluster. Its wake was stable. 

Conditions in the lowest LO m above the sea, 
as assessed from the ship Dallas. were broadly 
undisturbed-meaning an absence of low-lying 
persistent stable air masses associated with rain. The 
surface layer did show relatively minor variations 
associated with small clouds. ..\ singular feature of 
this day was that the temperatures of the sea, and 
of the alr at 10 m. were alike to within a few tenths 
of a degree-the measurement uncertainty. Tur- 
bulent heat fluxes upward over the lowest 10 m 
ranged around 70 W m-?. relatively small, and were 
dominated by the latent nther  than sensible heat 
component. 

In order to understand the difference between 
the regimes of tiny cumulus before the arc shown 
in Figs. 6c and 11, the arc itself and the clear air 
behind it. Table 4 is presented. It supplements the 
data in Fig. I I .  The temperature lapse rates ( -ST 6:) 
in the interval 238-537 m were apparently close 
to but less than adiabatic with the clouds. and 
stable In the clear alr beh~nd the arc The next 5 0 0  m 
were stable-sim~lar In all cases. 

W~nds were corrected for systematic overestl- 
mates along ( b,, and across I h,) the direction of 
flight, (see Grossman. 19'7. Careful appllsatlon of 
Grossman's method for finding h, and h,. by choos- 
Ing turns in relativelq undisturbed air. lelded dl- 
verse values. On day 261 the aircraft flew arqund 
the box circuit first antisyclonical!). and then 
cyclonically. so that measurement errors had an 
equd and opposite ct%ct In the two cases. T h ~ s  
allowed cho~se of hZ and b ,  In such a ,#a) as to 
minlmlze In a least-squares sense the diiferences 
In 11 and in I between the first and second circuits. 
for each o i  the four sides of the b o ~  c~rsuit. Thts 
method seemeti to be the best of several ~ i t e m a t ~ ~ e s .  

Table J shows winds tv~iccll of the tin\ c'umulus. . . 
the cumulus and the iiear air. at the different lebels. 7 .  bundings d c r i v d  from aircrafl. and ="*ace wind conecuons b ,  m,j b, are shoua 2: ngh; co~ditions of the table. I t  mav be seen that for the Electra and ' 

At four tlmes during the two box c~rcuits. the DC-6. appllcat~on f Grossman's method In the ab- 
Electra descended from 537 m to 35 m. and re. sence of the mformat~on from the circu~ts would 
turned. Eight soundings were thus obtained. as have led to 11 components I m s-I less than those 
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FIG. I! 1420 30 ro iJ22.30 GMT Time-renes plots of DC4 
Jar2 From rhc top, ~enurbation air s p e d  (rn I ' ' \  upward 
1 t, 1, nonhward I t  ! and eastward I I: ): water vapor dens~ty 
,g m-') p , ' .  :ernprature T '  and vinlul temperature T. ("C). 
~ n d  fiuncs :. a t  . . I  1 s ' .  p, i v  md T'w Stnps at rhc hortom 
t h o w  uhen !he DC-6 was ~n cloud ( i )  or m n  t R ) .  and when tr 
was f l y ~ n g  over ;!ear srr I Ll or rmons ;umulus CIOUJS ICL)  

adopted. Such uncenaint~es limit ~nferences about 
the shear of the wind. 

I t  seems safe to conclude that tiny cumulus and 
cumulus of the arc featured a maximum of wind 

speed at cloud base (a maximum of c). Perhaps 
surprising is that wind directions were least at 
cloud base: a uniform turning with height was ex- 
pected. but the measurements indicate that this 
was not the case. That the vertical gradient 
aular < 0 throughout remains uncertain. The arcs 
moved from about 19P at 6 m s-I (Section 5). This 
corresponds with winds near cloud base. Telford 
and Wagner (1974) found that small cumuli moved 
at a sperd closely related to that of surface air; the 
present results seem consisteot with theirs. Wind 
speeds decreased in the arcs from front to rear at 
537 and 1067 m. Thisimplies vertical confluence into 
thesr levels: mesoscale subsidence is inferred, con- 
sistent with the speed maximum near cloud bas; 
and the stable stratification in the rear of the arcs. 

8. Turbulent flux data from aircrln 
From the DC-6 aircraft at altitude 1067 in. veni- 

cal turbulent fluxes of sensible and latent heat 
were evaluated. They were means over runs of 
various lengths. at intervals around botb box cir- 
cr~its (Bean et al.. 1976). Examining individual traces 
of penurbation quantities, as in Fig. 15. and compar- 
ing these with turbulent fluxes obtatqed by integra- 
tion over a total of 35 diverse runs, it was de- 
duced that turbulent fluxes of appreciable rnagni- 
tude, on the order of hundreds of watts per 
square meter, were accomplished almost entirely b) 
individual cumulus clouds. All of 18 cloudy up- 
drafts penetrated by the DC-6 dunng the diverse 
chosen runs were negatively buoyant. Upward 
turbulent heat fluxes arose from moist cold updrafts. 
the moisture being of greater influence than the low 
remperatures. (Not all cloudy updrafts were mess- 
ured; those with rain were excluded. owing to 
deleterious effects on temperature measurements.) 
The clouds sampled were like those shown in the 
photograph Fig. 12. They were mosil) sampled at an 
~ltitude close to their maximum, and were mostly 
dtssipatlng. Moist cold updrafts near the summlts of 
clouds s~ich as these In [he northeast trades were 
found by Wexler and blalkus 11938). The active 
stage of a cloud is much briefer than the dissipating 
stage. so the finding need not be surprising. It is 
significant here in comparison w~th findings from the 
Electra: at 337 m penetrated clouds were roughl! 
neutrally buoyant. The clouds appear to hake 
genented eddy k~netic energy at levels above cloud 
base but mostly below 1067 rn. T h ~ s  1s confirmed 
by weaker updrafts at :06: m than at 537 m in Fig. I I .  

Data from both [he DC-e, and the Electra 1mp1) 
that turbulent fluxes In the moist layer are mostl! 
accomplished by cumulus zlouds: that mesoscale 
atr circulations were driven pnmanly by cumulus 
clouJs. The data funher lead to the conslus~on 
that the conversion of potential to eddy klneth: 
energy took place mostly at alrlt.~des between 
cloud base and I km. 
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FIG. 16. Schematic diagram of an arc. b a d  on that shown in Figs. 6c m d  11. The clouds were 
composed of a succession of thermals rising in wind shear (see Fig. 5). and have been sketched 
after the manner of Scorer (1978. pp. 335 and 408). From Table 4. numbers arc tcmpenture lapse 
ntes between the levels of night indicated. m d  winds u c  dnwn u short b& as in Fig. I I. From 
distributions of t), and dc.  the ktter S means stable. N neutral. m d  U convect~vely unstable. The 
system moved northward (from nght to leR). Updrafts occumd at the clouds' ledin8 edges, down- 
drafts behind. The cleu ur  belund the arc was warm. dry and stably stntified. implying subsidence. 

9. Summary and discussion 

Conditions of cloudiness in the moist layer. in 
southerly ant~cyclonic monsoon flow approaching a 
growing cloud cluster. have been examined. using 
airborne and satellite photography, aircraft and ship 
thennodynamlc and wind data. and radar and 
rawinsonde data. 

Unlike middle and upper tropospheric cloud 
formations, the moist layer featured arc and ring 
patterns. and rows of small cumulus. 

The smallest clouds. called "tiny cumulus", were 
of linear dimension -500 m or less; their bases were 
at 500 to 700 m. These clouds were iiumerous just 
in front of arcs of clouds in the motst layer. with 
separations of 1 or Z km aiung and between rows 
aligned with the wind shear. The data are consistent 
w~th a finding of LeMorte 4,1d Pennell (1976. Fig. 
16a) that such clouds resulted from forcing below 
cloud ba;e associated with roll circulations. Such 
patterning appeared to occur mostly along the 
direction of the flow. Also. tlny cumulus were 
aligned parallel to the arcs, i.e.. across the direc- 
tion of the flow. 

The arcs of clouds were very striking. .4 sche- 
matic drawing of one is given in Fig. 16. They were 
composed of cumulus mediocris reaching roughly 
the top of the moist layer ( 2 - 3  km). Winds near 
the surface were toward the inside of the arcs. The 
arcs moved with a velocity close to that of the winds 
nelv cloud base. Chile composed of cumulus 
mediocns individually short-lived. the patterns per- 
sisted for more than an hour traveling steadily. 
They appeared near radar-detected precipitation. 
They dissolved finally into p a t c h c ~  ~lrf c~lrnc!nc 
congestus. with radar-detected showers. 

1 Two of the arcs were penetrated by the DC-6 
aircnft at 1067 m, the Electm 3t 537 m and the LTK- 
C130 at 238 and 51 m. At the higher two levels the 
envtronment of clouds of the arcs featured low 

temperatures and high dew points and densities. 
while clear air on either side of the arcs featured 
opposite characteristics. There were no anomalies in 
the mixed layer which could firmly be linked with 
the arcs shown in Figs. 6b and 6c. One other arc 
penetrated at altitude 35 m by the Electra showed a 
convergence-divergence . couple involving dense 
air, of dimension about 6 km; this arc was near 
radar echoes at the time of sampling. 

- 

Vinual potential temperature 8,. increased with 
height, indicating stability, except between low 
levels and 537 rrr in the arcs. where 9, became 
about the same at 537 m as in the mixed layer 
(indicating neutral stability). 

Near the clouds, dr decreased with height 
through tale aircraft levels, indicating convective 
instability. In clear air. between 537 and 1067 m. 
this lapse rate sometimes became stable. The above 
stability data are tentatively represented by the 
annotations stable (S). neutral (F') and convectivel) 
unstable (U) in Fig. 16. 

The arcs in Figs. 6b and 6c featured a wind speed 
maximum near cloud base (Table 4). Updraft 
speeds in the clouds appear to have been com- 
parable with the vector difference of horizontal 
winds through their depth-a condition favorable to 
overturning. Individual cumulus in the arcs leaned 
in the direction of the shear-backward with respect 
to their motion (3s shown by Malkus ( 19531. 

Aircraft measurements of turbulent ven~cal 
fluxes showed that they were dominated by cumulus 
clouds, and that at 1067 m the latent component of 
the heat flux was generally greater than, and of 
opposite sign to, the sensible heat component. ..UI 
!he cloud flux data from the DC-6 ~rivolved nega- 
tively buoyant clouds at 1067 m. (Fluxes were not 
obtained in large clouds.) The penetrated clouds ap- 
peared to Se dissipating. near :he end of thetr 
growlng stage. with upward deceleratton In the pre. 
vailing stable stratification. At 537 m w~th the 
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Electn, penetrated clouds were rouahly neutrally 
buoyant. It appears that most of the generation of 
eddy kinetic enevy by clouds of the moist layer 
occurred below -- 1 km. 

In view of the longevity of the arcs. an absence of 
special effects in the records from UK-(2130, and 
the evidence of generation of eddies of kinetic' 
energy by clouds, it seems appropriate to perceive 
the arcs as self-sustaining entities rather than 
merely the cloudy manifestatioris of an original 
density current. 

Schereschewsky (1975, Fig. 1) presents a photo- 
graph like some of ours. showing an arc of tilted 
clouds bordering one side of a circular clear area. 
Black (1978) shows two arc patterns which he 
associates with large cumulus clouds. That in 
his Figs. 9 and 10 may have been similar to the arcs 
described here. The arc in Black's Fig. I1 is a p  
parently merely a border between a tiny cumulus 
regime and clear air. a CirSe different from the active 
arcs of day 251. It i s  ii~teresting that Black writes: 
"Sometimes adjacent cumulus cloud arc lines inter- 
sect: this produces very strong ascending motions 
and generates a new cumulonimbus cloud system, 
which starts the whole process over again." Sec- 
tion 5 provides documentation of a scale-interac- 
tion process reminiscent of this. 

Lease and Matthews (1978) document a conti- 
nentd cloud arc with coordinated satellite and air- 
craft measurements. Their observations seem like 
ours. They interpret them in terms of continued 
influence of downdraft air following deep con- 
vection, rather than in terms of a self-sustaining 
disturbance. The extensive tropical downdraft 
documented by Zipser (1969) persisted as a density 
cumnt  until 0710 LT 1 April 1967, but may have 
yielded a self-sustaining arc of clouds by 1330. 

parently they were driven by constantly renewed 
convection, which refreshed the original density cur- 
rent at the surface. Downdrafts of convective 
scale were shown by vertical air motions measured 
by the aircraft. and suggested by short-lived 
variations of horizontal wind near and below cloud 
base, by vertical changes of wind and by the ap- 
pearance of the clouds. Downdrafts on the meso- 
scale behind the arcs were suggested by clear 
skies, stable stratification and a reduction of wind 
speed at 537 and 1067 m behind the arc shown in 
Fig. 6c. The self-perpetuating arcs of the moist 
layer, with downdrafis on both the cloud and meso- 
scale, seem similar to the self-perpetuating squall 
lines of the troposphere, with downdrafts on both 
the cloud and mesoscale (Zipser. 197n. The moist- 
layer convection appears to. have had a pri- 
mary role in stirring the layer. Processes driven 
from the surface appear to have dominated the 
lowest 500 m; heat transpon further upward appears 
to have been accomplished largely by the arcs-and 
patterns of deeper clouds. The presence both of 
horizontal convergence at the surface of 7- x s-I 
(Jalickee and Ropelcwski. 1979) and a mixed layer 
capped by a stable layer (Figs. ? and 14) may be 
reconciled in terms of net upward fluxes in clouds 
and subsidence in mesoscale clear areas. 

Triggered by precipitation, the arcs in turn 
yielded new centers of nin.  When the latter 
appeared. they locally dominated the low levels. 
Thus there was interaction between convection on 
the vertical scale of the moist layer with convec- 
tion on a scale of roughly 6 km. While the arcs of the 
moist layer were a component of the forcing of 
showering clouds, probably the number density of 
the latter was controlled not by the arcs, but by 
overall conditions of the mid-troposphere. . . 

J U ~ ~ ~ U  by the lircraf and photo- .~c~nor.(tdgmrnr3, We thank G e o h y  dus t in  of 
graphs respectively. McGill University for radar data. and Margaret 

Vender " (I%') have found many .Anne LeMone of NC.\k for Electra dux data and 
rings of clouds in the tropics. of inside diameter helpful comments, R. E. J ~ ~ G ~ , , ~ ~  R. F. H ~ ~ ~ -  
roughly 6° kmq both shall0w and mann, among others of NOh.A's Boundary Layer 
convection. and lasting on the order of I0 h. These Dynamics G ~ ~ ~ ~ ,  to the DC-6 data, were usually associated with less refognizably CIaude Ronne of the Woods Hole Oceanographic omzed 'lauds. A complete was in Institution helped us with photography. Ron Holle 
rhis work (Fig. 8. 1305-1405 GMT). It moved at of the National Hurricane and Expe"menta! 
the same velocity as other moist layer formations. Meteorology assisted in  making the Other rings may be perceived in Fig. 10. cloud maps, with William Snow and Eribeno 

10. COIIC~US~OM 
Varona of the University of Virglnta. David R. 
Fitzjarrald and Gary Barnes asslsted us with ship 

The analyses suggest that the moist layer on Jay data. Michael Garstang and Mary Morris have 
261 was dominated by features of honzontal di- given us continual support. We thank Bob W~lliams 
mension roughly 40 km and Lifct~me roughly ? h. at the Nat~onal Climatic Data Center. .Sshevil;e 
We infer that arc patterns were triggered by dense for prompt and cheenng provision of data. We 
downdraft air accompanying mnfall. Bearing the thank Colleen Leary for her very thorough and 
pattern of the Initial forcing, the arcs persisted. Ap- helpful review 
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Satellite Detection of a Long Cudng  C h  Plume 

~ Y M O N D  WEXLER A N D  WILLIAM C. SIILLMAN 
NASNGoddard Spacr flu& Crnrrr. Gnrnbrlr. MD 20771 

9 Nor& 1978 

Cims plumes have been known to extend long 
distances ahead of storms. The cue of 23 Aupust 
1978 is notewonhy because a long cirms plume, as 
detected by the GOES E satellite, made a sharp 
anticyclonic turn and travelled a total disunce of 
2800 km from the genemting thunder-storm, as 
determined from satellite imagery. 
The surface m p  for 1800 GMI', 23 August 1978 

(Fig. 1) shows an open wave over South Dakota with 

an east-west warm front extending to Lake Huron. 
Showers and thundentonn covered a large area 
irom Minnesota across Lake Michigan into Ontario. 
The 200 mb maps for 0000 GMT 24 August (Fig. 2! 
showed r ridge centered over the Gnat U e s  
with the wind flow curving anticyclonidy to New 
England and then toward the southwest over the 
Atlantic due to a sharp trough off the coost. Wind 
speeds rinsed from about 50 to 70 kt. The nwin- 

fro. I .  S i u b a  mrp 1800 OM7 23 Aryuu 1978. 
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sondeat 12OOGMTforFIint. Michipn.in the thunder- extended from the stonn area cuivin~ tow& the 
storm region shows the tropopause to be at 200 mb. southeast over Maine and to the south and southwest 

The GOES E image for 1430 GMT (Fig. 3) showed off the Atlantic Coast with the tip visible about 
two c i m s  plumes extending from the storm area 300 km ENE of Cape Hatteras. The infrared imagery 
over the Great Lakes into New York and ther: for 1900 GMT (Fig. 5 )  showed a similar pattern. 
curving sharply southward over New England. Five The minimum equivalent blackbody temperature 
hours later at 1930 GMT (Fig. 4) a single plume (T,) of the clouds in the active thunderstorms over 

FIG. 3 GOES E V I S I U I C  l m u c  1430 (7W 3 4up~s: 193 

5 3 5  



Ft . 4. GOES E v ~ s ~ b l e  Image 1930 GMT 23 August IWB. 
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northern Michigan was about 214 K. This tempera- 
ture corresponds to a height of about 12.5 km (just 
above the 200 mb level). It may be expected that 
the cirms plume would be at about the same alti- 
tude. However. because of the lower emissivity of 
the cirrus plume the observed TB was considerably 
higher. In a relatively dense portion of the cirrus 
off t t c  Massachusetts coast T, w s  226 K. Assuming 
an emissivity of cnity for the thunderstorm cloud 
top. the emissivity of the dense portion is 0.74. 

The speed of movement of the leading edge of a 
cirrus plume is not necessarily equal to the wind 
speed because of evaporation of the ice particles. 
During the 5 h period from 143d ;o 1930 GMT (Figs. 
3 and 4) the leading edge moved a distance of 

about 550 km. giving a speed of 30 m s-'. This is in 
good agreement with the 200 mb winds from New 
England to the Middle Atlantic stat:s. This may 
indicate that cirms evaporation may not have been 
too imponant. 

The open wave over South Dakota is outlined by a 
thin band of dcud in the visible imagery at 1930 
(Fig. 4). The infrared imagery at 1900 (Fig. 5) shows 
that these clouds were relctibrly w m  and at rela- 
tively lo& elevations. The co!d air to the nonh of 
the front was relatively shailow in this region. Fur- 
ther to the east over Michigan the temperature con- 
trast across the front was greater and the cold air 
deeper and there was considerable overrunning and 
active convection. 
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RAIN OBSERVATIONS IN 1 ROPlCAL STORM CORA 

T. T. Wilheit, A. 7. C. Chmg. J. L. King, 8nd E. 0. R@rs, Goddud- 
F I i ~ h t  CW*, R. A. N h n ,  B. M, Krupp, ?nd H. Sid&lin@&, Computer 
%urns Corporatioft, 8. C. D m ,  U.S. Air fom, and J. Strrtigos, Gangm 
lnstiruts of TahtmIcroy 

h a v e  miacwave obscfvations were made in tropical storm Cora rt 
19.35 and 94CHz. Thcs  obnrvrtions suggest that 94GHz u r p  
proprutc for mapping the extent of rain over either l r d  or ocean 
bc'kgrounds and that some rainfall mtenrit); measurement is also 
ponibk. 
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Trdce Gas Concentrations, Intertropical Convergence, Atmospheric Fronts, 
and Ocean Currents in the Tropical Pacific 

.VASA. Cddord Space Flrthr Crnrrr. Ct-ttnMr. ,W~ryland 

Sh~pborrd masunmenu of rtmosphercc q n .  CO. and CH, and or dlwlvrd CO In surfrcc waten 
have been carrlcd ou~ In tha qurtortal PmBc on r crulse from Ecuador to H ~ ~ A I I .  frhttl and Prnrmr In 
March and Apnl d IV?J. and dunnu tranut from Lu, An#als to Antrrct~ca In November and h ~ m b c r  
of 1972. T raasu  m u l u  comblnrd with convent~onal mcteorologlsal data and with utelllto tmatp from 
N~mbur 5 md the defense metrorologtcal rrtellrtr project (DMSP). hare pravldcd dmrlptlons of the 
~ntrnroplcal ~mnrewncr zones (ITCZ) near 01'8. 102.s and 03.3. IS4*U In Xlrrch of 1974. ncrr 
04'8, 96-U In April or 1974, and near OJ'N. 139.W rn November of 197:. In all cam the ITCZ mms to 
bc IWalcd nonh ofthe south quatonal current (SEC) as shown by dlwlved CO peaks in surfre uaten 
In Apnl of 1974 a ' m n d '  IfCZ was ubserbcd near 01's. 102** j u t  south of the SEC .4 st~tronrry 
front near Hawall 1iQ.N. I47'* tn March of 19.4 was ~nwstlgated. The ITCZ u ~ s  marked b? Iluht 
sh~funs wnds near a tone of heavy cloud corer and prrctpltatlon In the eastern frop~cal Plcific 
atmospheric "Rn Insrcsa J~st~nctly north oithc JTCZ and thus ser*a as an tnd~crtor for the ITCZ CO 
and CH. do not always Incrcw colncldent *tth rtmospher~c "Rn. The atmosyhcr~c I'otum ot' :he 
statlonary front mar Hawrli arc In many way* umllar 10 those oberred for the ITCZ The front IS 

marked by cloud cover. pmlplrrtton tone and ll#ht sh~it~ng wnds "Rn. CO and CH. Increase 
sqntficantly khlnd thc front In suhtdln# alr uhtch w u  tracd back to the .4s1an conltncnt The VdrlJIlOfl 
of atmospheric ORn. CO and CH. with ttme and atosraph~cai rrer obcr the quator141 Paofic seems to be 
a conyucncl oflusanal varlatlons of ihc trrdr wind field and lanu range transport ro the cmtrrl Pucltic 
from 4aa and lo the a t e m  quatonal Paeltic from horth Jnd Central .\rncr~or 

I~TROOUCTIO~ (CH, largely o i  natural or~gtn) In !he atmosphere of the 

ln [he lroplCal pdClfic belwccn troplc*I Pacific. Dissolved CO dcterm~nat~ons in Pacltic sur. 

atmosphere rnd ocxan occur. which ma) great!? influence face waters are ~ncluded. The measurement o f  CO a,-d CH. 

and climate ascaw of ,he of marine environment background levels IS Important to under- 

the [roplc-l pacific the global envlronmcnt. ,ncrrvrcd ~ t ' n d l n ~  :he ~ l o b a l  CO cycle ~n the brosphcre of the oceans 
tentton Jlven rmntl) to lnvatlgstlng the lnteractlon and continents ILinnmbom rr  a i  . 19'1. Srllrrand Glehl. lY?:]. 
of [he ;radeulnd fields ulth the equdtorlal current systems lhe Impact of  an'hro~o~enlc C0 cmlwlons upon lhe natural 

lmm~r. 1 ~ : - ~ l ,  foi the PUrPoK of ~orCCIJtlng ~1 ~ ~ f i ~  ;?cle [S:c. I9"l J n j  associated changes !he tropospheric 

south .\mer)~- becaux oj ,u cconomlc lmpllaat,ons ['ace gas budgets [C~r:em dad F l ~ h m ~ n .  1'.'1. and the FOS- 

[H.r.rtkr. 197": Bdrntrt. IYl'b; Wyrrkt r r  of . 19761 and to slble Impact on global s l~mrte [b'curg r r  a1 . Ig'b] 

underst~ndlng [he ni3tlsnshlp betmen atmospheric carbon anai~tlsaI technlquu for lhc determlnatton Co. CH4 

dloa~de and Pacllic sea surface tcmpcrarufc as an ~ndicator of mRn are Very sensl'lve' and hare good prrcacsn 

rlr Interactton (,V rwr,, clnd Wmw. 197:1, accuracy which i l low UK of thee gases u atmospherrc tracers 

amplea o f  wtelllte ~ t u d l a  arc the mognltlon o i  long waba at C0 *"' lo drstlngursh 'Ir G' (' ''- 
r sea surface :empcraturc front In the troptcal Pacltic [Lc 0.10 ppm CO\ or continental ongln. apt it all^ with rnthropo- 

jrckts. 13"1. ihe ylobal mdpplng of ~tmospher~c temperature Senlc lnducnce (0 10-1 ppm: [H'tiAnrss rrr ctr 19-51 '"Rn IS ~n 
prohla Jnd the oi \rpor ,lqurd excellent tracer for cont~nenlal air obcr remote ocean areas. 
o,er the I,,r,, nr lg-:l; t,,cobsen.rtton oimcso,. besru* IPRn orrglnatcs dlmost exclus~bel? irom [he contl- 

c.lc edJ! Jynamlu :roplcal pacific isr ,,,,,R,4 nd m t s .  where rtmospherlc radon levels can reach sc\cral hun- 

Lzgrc4u I\)"]. and the ~ n a l } s ~ s  o i  rdvcctlon in ;he Peru dred pCt m ' I ,  whlie the ocean IS r very weak Iourte of "'Rn. 

Current (ir,,rrcl, 19':bl fhls paper 1s An attempt corrclate ma"ne atmosPhcrtc back~rounJ 'e'els ma! be 1 PC; 

r number o i  jarrmeten rne~surcd from 3 ~ h l p  u l th  satell~te m - a  sr  Icu [bvrlAnrss rt d l .  1974, 13.5. b~dlAmtnp irnd C:r- 

imaga. I t  IS not meant ro be rll rncluslte but rather to serw as menu. 191J]. CH, ;an rcr\e as Jn indicator ai !he lTCZ 

r nlmulant to other researchen In t h ~ r  area. We rcpon hen  " 'Is hemispheric dlfferencer 

neasurcmcnts (mRn, natursll~ f l w e  gas :=ulU of three interhemlrpherls croulnps In 

occurring radlotctlbc gas. I , ,  - 3 Y da)s). i f rbon monoa~de \larch rnd  \ p r ~ l  13'4 iturrng r irulse from Ecuador to HJ- 

4 ,CO. of Jnthropolenlc and orrg,n ,, *all. f and Panama are reported. along with hovcmbcr 
19:: rcsulls obtained 03 J ;rulse from Lss 4npcles to the 

i,rr\r:#nc 2 I*-0 5 ,  I ~ C  .\mcr~un itwphrr~zal C nlan 4nlalc:1c The la-4 results nslude rnai!>ls 01 d :rontar $\stem 

5 39 .. 
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I. Cruiw track of USNS Hayo, in Much-Apnl. 1974 and pan of auiw mck of USCG Glrcrrr In November 1972. 

m d  wc ia ted  atmospheric trace  as levels n a r  Hawaii. 
Wather satellite imaga and conventional meteorolog~al 
analyses were used to relate trace gu levels to atmospheric 
phenomena. Dissolved CO mePsursmcnu and sea surface tem- 
pcn tum were used to delineate equatorial currenu. 

Radon ('Rn; was determined in air samples through radio- 
activity meuuremmts or described by Lmon [1973]. CO and 
CH, w m  determined rn air and water samples by gas chroma- 
t qnphy  accordin8 to Swrnnrnon rr a/. (19683 and Swinnrnon 
d Linnrnbom (19673. The cruise track of USNS Haya in 

Fig. 2. Tma g u  md metwrolo#ml drw dunng translc QI ITCZ In 

March 1974 

1972 and pan of the USCGS Glacier 1972 track are shown in 
Figure 1. Meteorological observations taken dunng ;he Hayes 
leg from Guayaquil, Ecuador to Hawaii in March 1974 w e n  
analyzed with rheaid of Nimbus 5 satellite Imager and conven- 
tional weather maps from the National Meteorological Cen- 
ter. The Nimbus J clcctr~cally scannlng microwave radiometer 
(ESMR) depicts ocunlc prccrpitat~on areas [Wilhrir rr d.. 
1976; Kiddrr a d  Yon drr Hmr. 19771 and was us4  to locate 
the ~ntertropical convergence zone (ITCZ) and a frontal zonc. 
The N~mbus 5 6.7-rm temperature humidity infrared radiom- 
eta (THIR) imagcs were useful In analyzing tropospheric 
dynamics near a frontal zonc [ R r y r n r t  a/.. 19761. Throughout 
the 1974 Hayes cruise. daily imaga (vtsible and rnfrarcd) were 
obtained from the U.S. Air Force defense meteorologrcal sat- 
dlite project (DMSP). 

Ecuador to Hawaii. March 1974. lTCZ nearOlO.V: IO2O W 

A sharp rise to high =Rn levels ' ~ r c h  6. Ilm) GMT 
(Figurs 2). implies the arrival of cor. -, arr. because =Rn 
origlnatu almost exclus~vely from r r i  nntrnents whrle the 
ocean surface is only aweak (Ilb).sourcc jr)-i'inrss cr dl.. 1974. 
197s: Wilkrnin~ and Clrmenrs. 19iSj. No srgnrficant changes 
of atmospheric CO and CH, colnclde wlth the *Rn peak. 
which suggau a continental source lack~ng in vegetatron and 
industrial activity. The increase In mRn at W'N. accompanied 
by a local wind sh~ft from Sand W to NW on March 5 (GMT) 
and to N and finally persistently NE on the mornrng of March 
6 (GMT) rndicata the locatron of the ITCZ at thrs Irtltude. 
The DMSP visrblc Image taken at 1557 GMT on .March 6 
shows :he 3onhan edge of the maximum cloudiness zone 
( M a )  [ S d n  rr uf.. 19761 at about M'N, conststent with 
cloud cover observat~ons aboard Haya (Figure 2 )  T*o 
ESM R Images taken early on March 7 (Figure 3) dearly dcptct 
the location nf  the ITCZ by a band of prccrprtatron. Radon 
lncrcoxd after the ram stoppcd on March 6. The l i~atlcjn of 
Haya south and north of the ITCZ and surface trajectories 
datved from conventtonal meteorolog~cal anirlvses (Figure 6) 
have beer xnmpowd on the ESMR Image In Frgure 3. 
Figure 6 ~nows that southeast trade wlndr from :he southern 
hcmrspherc, origrnatlng near the coast of South .America. 



dominated the flow south o f  the ITCZ. North o f  the ITCZ 
northeasterly trades originating over southern Mexico account 
for the elevated mRn. CO and CH, exhibit similar behavior cn 
both sides o f  the ITCZ. Dissolved CO levels in  surface sea 
water [Swinnerron cr 01.. 19761 (Figure 2) show a clear maxi- 
mum. and the peak coincides with the westerly flowing south 
yuatorini  cumnt  (SEC) as shown by Swinnrrron rr 01. [1976]. 
The coldat surface water temperature wa9 observed at the 
same location as the dissolved CO peak (Figure 2). The ITCZ 
is located near the northern boundary of the SEC. This is 
consistent with earlier observations which relate the ITCZ 
location to the quatorial cumnt  system [Wynki cr d.. 1976; 
Wyrrki. 1974; Tmchiya. 19741. The location o f  the ITCZ a p  

I pears to be between the boundary af the colder SEC and the 
warmer north quatorial current (FEC) is also apparent from 
the sea surface temperature. The north quatorial  counter 
current (NECC) is probably not developed at thls time o f  the 
year when the [TCZ is at its southernmost location [qvrrki. 
14'74: Tmchyo. 19741. 

Toliiri to Panama. April 1974, ITCZ near Ole,V: 86' W ' 

Results obtained on the Haya  leg from Tahiti to Panama in  
April 1974 near the quator  are shown in Figure 4. Radon 
increase disttnaly in  two steps. On April 13 and 14 the mRn 
rises from South Pacific oceanic background levels to about 6 

pCi m-' indicative of continental influence. CO increases to an 
average of about 0.12 ppm which is more Lhan double the 
previously prevailing southern hemisphere oceanic back- 
ground levels. CH, also increase significantly from an average 
o f  about 1.35 pprn to an average o f  about 1.43 ppm. The 
second sharp '"Rn peak on April 17 indicates substantial 
continental influence but CO and CH, remain unchanged. At 
0000 G M T  on April 14 the local winds measured aboard ship 
changed from persistently ESE to pcrslstently ENE. indicating 
a probable area o f  horizontal convergence near IaS 102'W. 
On the afternoon of April I5  and throughout April 16 the local 
atmosphere was almost calm. Light alrs encountered at 0000 
GMT on Aprtl 17 changed from ESE to ENE and SE. in- 
dicating another probable horizontal convergence at SeN 
86%'. 

DMSP images on April 5. 6. 7. and from 13 through I 7  
show two distinct maximum cloudiness zones (MCZ's) [Sadler 
et al.. 19761 at about 5's and S O N  o f  the qua to r  with a zone 
o f  low cloudinas extending between the MCZ's from the coast 
o f  South Amertcan to about 1 10°W along the quator .  This is 
also evident In the 0500 G M T  March f ESMR image (Figure 
3). The cloud band at 5"s has b u n  prcv~ously observed in 
January through March sateilitt averages [Andmon er d.. 
19741. Its strength seems to virY and at times it docs not 
develop at all [ ~ n d c r s o ~  er a/.. 19741. The typ~cal features arc 

ESM R 

0700 GMT ' MARCH 1974 0500 GMT 7 MARCH 1974 
ORBIT a6040 

Fis. 3. Satell~~e rnrcrowave data for March '. 19.4. Darknas over ocean Jrtpc 1s proport~onal !o tiquid water suntent. 
and [he l w t ~ o n  o i  the lTCt IS shown 5y the ~ i n e  oi rJin 
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Fig. J. Tncc gu and mncoroloj~cal data in the quatorial a m  
Apnl 19.4. 

shown i n  the DMSP image (visible) token on Apri l  I 7  at 1748 
GMT, with the location o f  Hayes at about 5.N 86.W marked 
(Figure 5). -Rn. local wind, cloud cover observations aboard 
ship, and the DMSP image show. the location of the ITCZ 
between 4' and 5.N at 86'W a. the nonhern edge of the M C Z  
in  this a m .  =Rn. CO. and CII, increases on April 13 and I 4  
occur at the northern edge of the southern M C Z  at about 2.S 
104"W (Figure 5 )  just before entering the low cloudiness zone 
which is verified by ship observations (Figure 4). The ITCZ 
north of the qua to r  at 4-S'N. 86.W is located north o f  the 
SEC as indicated by the dissolved CO valua in  Figure 4 
[Swinnrrron rr a/.. 19761 and also found in  the March 1974 
data (Figure 2). The CC peak in  the SEC is better documented 
in the April data and coincida with the coldat sea surface 
tempemturn and cloud f m  sk ia  (Figura 4 and 5). The first 
=Rn rise and the atmospheric CO and CH, i n c r m a  occur at 
the southern dissolved CO peak flank. where sea surface tem- 
peratures decrease to their lowest observed levels probably 
indicating the most pronounced portion of the SEC and input 
from the Peru Current [Wvrrki, 19651. I t  is tempting to attr~b- 
ute the significant atmospheric CO increase to emanation of 
the gas from the SEC wtth its greatly supersaturated CO levels. 
I t  must be cautioned, however. that such oceanic super- 
saturation is not na*ssanly accompanted by enhancement o f  
CO in  the overlying air. For example. Figure 2 shows also a 
substantial peak o f  dissolwd CO tn the SEC with no apparent 
effect on the atmospheric CO level. Wh~le a contribut~on o f  
CO from the ocean surface to the atmosphere cannot be ex- 
cluded [Linntnbom t f  d.. 19731. i t  seems more likely the CO is 
mostly advsted with the mRn and CH, tn this area. .A.To- 







H a w i i r o  Tahiti. . W a d  1974, lTCZnmrOJ8N, IH8W;and dissolved CO peak i n  the water. The m u l u  do not show the 
La, A q t l t s  ro Anrarrrircr, Nouml.- - 1972, rCZnearOS*iV. SEC to be a measunble source o f  CO in the atmosphere. 
,3P0 W Soma o f  the results of the Hayes cruise i n  the central Pacific 

The shipboard measuremenu near the quator  in  March 
1974 on the H a y a  leg from Hawaii to Tahiti are shown tn 
Figure 9. R a u l u  for the 1972 November Glacier equator 
crossing have been partially replotted from Swinntnon t r  al. 
[I9761 and Wilkniu er aL [I9731 in Figure 10. A DMSP visible 
image taken on March 28, 1974, over the central Pacific is 
shown in  Figure I I. Figure 9 shows that mRn. CO and CH, 
gradually decrease from the northern into the southern hemi- 
sphere. Thae values reflect the low background levels o f  
northern and southern hemisphere marine air south o f  about 
16%. Local winds shifted from E and EYE to ESE-and SE at 
about 0400 G M T  on March 26 tndicat~ng the location of the 
ITCZ at roughly 3'N. I S a W .  Heavy ratn occurred at 0600 
G M T  on March 26. and shower activity was encountered at 
1000 and 1400. delineating the prcc~pitation zone associated 
w ~ t h  the ITCZ. This precipttation zone coinctda with the only 
M C Z  o b ~ n e d  north of the quator  (Figures 9 and I I ). From 
the dissolved CO data. indicating the westward flowing SEC. 
and the sea surface temperatures. the ITCZ at O!"V. 154Ow is 
located north o f  the SEC. The atmosphenc CO values drop to 
their lowest and steadiest level at about the location of the 

in  March 1974 are in strlking contrast to those obtained In 
November 1972 aboard Glrcizr about 1000 km to the east 
(Figure I). I n  November of 1972 the ITCZ was located at 
OSaN. 139.W as rndtcated by the local winds wh~ch blew 
steadily from the NE before 2100 G M T  on November 22, and 
then steadily from the SE after 2200 G M T  (Figure 10). Periods 
o f  calm wlnds were recorded at 1400 and 2000GMT. and light 
ain from SW-S were observed at 1600 and 1800 hoitrs. The 
M C Z  extended from about I18N to S8N. the prccipitatton 
zone reached from about I08N to 5"N. After decreasing, mRn 
and CO attained southern hemisphere marine background 
levels at the ITCZ. as did CH, Especially mRn was much 
higher north o f  the ITCZ than in 1974. and CO was also 
elevated tn atmospher~c samples in the northern hem~sphere. 
The diuolved CO peak exh~blts a greater maximum in th~s 
area [Swrnnrrron n a/. .  19761. The l l C Z  is north of the SEC as 
in  all other cases. Again from Figure 10 the SEC has no 
apparent efect on the atmospheric CO levels which drop to 
the~r  lowest values at the SEC. In  1972, mRn Increaser to 
pronounced conttnental levels just north of the ITCZ. and 
CHI exh~blts typtcal northern and southern hemisphere back- 
ground levels north and south o f  the ITCZ. 
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MUCH tst. t o n ,  

Flu. 9 Trace gas and meteor log~crl data during equatorial c:outnp I:om Huwa~r to T ~ h ~ t t  In SI~rch 1974. 

In conslderlrlg the dlfferenccs between the i972 and 1974 
r a u l u  in the central qua tona l  Paclfic, we neglect :he 1000 km 
diAerence tn equator crossings as a major factor tn this area. 
where the east-west extenston of the Pacific from Central 
Amenca to Southeast Asia is about 17.000 km. Rather the 
observed difertnces probably raul t  from a combination of 
several facton. The most likely uplanatlon lies in the seasonal 
variations of the wade wlnS  systems and the location of the 
ITCZ [Wyrrkr. 1965, 1974: Tsuchiya, 1974;. In March 1975. S- 
10 kn winds from E and ENE gradually changed to 5-10 kn 
from ESE and SE winds at the ITCZ. no wlnd minimum was 
observed. In Sovembcr 1972, 15-25 kn wlnds from EYE and 
N E  prevalled irom 20'3 to 6 ' 3 ,  a wlnd minimum was ob- 
~ W e d  at 5 9  s t  the ITCZ, while 10-1s kn winds from the SE 
xrurrcd between 04" and 02's. 

In the late March 1974 crossing the ITCZ w a s  IK a south- 
ernmost location at O3'N and not very strongly developed as 
seen from ship ob~rvat lons  and satellite photos (Figures 9 and 
I I). Therefore, a vrry gradual change from the northern to 
southern hem~sphere 1s observed. In November of 1972 the 
ITCZ war at a .nore northerly locauon, and strong K E  and SE 
trade wlnd field :xisted. separated by a wind minimum at the 
ITCZ. A strong MCZ was observed north of the ITCZ. Thus a 
better defined atmospheric boundary exlrtrd between the 
northern and southern hcmisphera which is reflected and 
delineated In the atmosphmc trace gas levels. 

in con?panng these rcsulu wlth studta of the trade wtnd 
system over the Prclfic from long-urm obwrvat~ons 11956 
1972). the following can be wrd. hccord~ng to Bamrrr (197'aj 
and Wvrrkl (19751 the N E  trades are strongat in the lint half 
of the year and weaker In :he second 9alf of the year. The 
southeast t rada  In the southern hcmtspherc show 3 reversed 
behavlor belng strong in the second half of  the year and weak 

In the first half. While the present results (Sigures 9 and 10) 
agree with prior observations (8arnrtr. 19?7a: Wynki.  19741 as 
far as the SE trades arc concerned. they do not agree for the 
N E  trades, which were much stronger in November of 1972 
than ~n March of 1974. This may be a consquence of short 
term fluctuation$ .n the trade wtnd systems or of local dtstur- 
bonca which are not reflected rn the :&year averages of 
Bamcrr (19770~ rnd  Wyrrkr [1975]. It 1s interesdrg to note that 
1972 war an 'El Nifio' year wlth November 1972 near the 
minimum in the southern oscillatton index (Sol),  v~hlle March 
1974 measurements occurred near a mantmum of the SO1 
[Wyrrkl. 19761. This situation which lnfluenccs the trade wind 
system eonstderably [W~, r rk~ .  1C76] may have afecred our 

Shipboard measurements of atmospheric mRn, CO, and 
CH, and of diuolved CO in surface waters have been carrted 
out in the quatorial  Pacific. Varlatlons in the mRn and CO 
levels wrth time and geograph~cal area exceed by far the Jna- 
:ytlcrl enor  Itmlts. mRn and CO can serve as tracers for 
atmospheric phenomena and help to del~neare equatcrtal 
ocean currents. 

Trace pu measurements and standard meuorologrcai ob- 
~ r v a t t o n s  aboard shtp tn combination wtth weather s~rellrte 
image from Nimbus 5 and the defense meteorologlcal sateiltte 

and w t h  convent~onal meteorologlcal charts. make 11 

possrblc to study small and mesoscale atmusphertc phenomena 
dver the Paclfic and to relate :hem to air mass movements. 

Tha  combtnrtron of methods enable Investigations of the 
lTCZ and of frontal zones over the Pacrfrc. The potencisl o i  
this Jpproach could be :,;:her enhanced by wbng d ~ r n t  sdtei- 
lrte reraout   board shlp by 'targeting' measurements and ob- 





F i  I .  DMSP vlslble lmale at ZlW GSlT on Starch 3. 1974. ~llustrattng the rather cloud free quulonul rq lon 
throuahout the late March transtt. The locatl~n o i  the USSS Ha)n at 1:'s. I5I'W IS rhoun by the crou. 

the Gulf o f  Tchuantcpr; [Stunpf and Lqrrkis. 1977). These 
wtnds are u w d  by cold alr outbreaks d r w m  by anticyclones 
onglnalrng In  Canada [ S ~ u m p f a d  kgrcl-u. 197-1. The cold 
w penetrates south over rne l s thmw of Tehuaalrpcc (south- 
ern M u t c o )  and out over the qua tona l  Pac~hc. Thae 'north' 
wtnd e p t w d a  occur 10-IS hmes each *Inter. most frcqrlently 
f rom Sovembcr through 4 p n l  and may be the cause ofs~gnrfi- 
a n t  atmospheric trace gu Suctuauons over the astern equa- 
tonal Paafic. 
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