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LIST OF ABREVIATIONS
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CCT - Computer Compatible Tape
CMS - Centre de Météonrologie Spatiale
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1 - INTRODUCTION gﬁ'ﬁm; gﬁﬁf&g

The main objective of this investigation was o map the
thermal gradients in french coastal zones for the period of one
year in order to enable a coherent study of certain vceanic Pea-
tures detcctable by the variations in the ses surfate temperature
field and their evolution in time. The phenomena examined were
meso-scale thermal features in the English Channel, the Bay of
Biscay, and the northwestern Mediterranean; thermal gradients gene-
rated by french estuary systems; and diurnal heating in the sea

surface layer,.
The investigation was conducted by the folinwing rescar-
chers : Dr. P.Y.DESCHAMPS (Principal Investigator); and Dr.M.CREPON,

Mr.J.M.MONGET, and Professor F.VERGER (Co-Investigators).

Appendix A gives related organizations and addresses.

2 - TECHNIQUES

2.1 - TECHNICAL ORGANIZATION OF THE INVESTIGATION

2.1.1. Documents

Every document received by the Principal Investigator
from NASA and concerned with the HCMM investigation was dnpli-

cated in order to provide the Co-Investigators with individual

5 SR R Rl

copies. When necessary, feedback was requested from the Co~Inves-

tigators.
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2,1.2, Photograshic sroducts

Two negative cransparencies were on standing order by the
Principal Investaigator, As they were received, one transparency
was archived at 1.0,A (Laboratoire d'Optique Atmosphérique,
Universicé de LILLE) and the other at ENS (Ecole Nationale Supé- .
rieure) from which additional positive prints were made for
each of tne {o~Investigators,

2,1.3. Dipgital products

a
Request orders for CCTs were collected from the Co-Inves-
tigators and submitted by the Principal Investigator. When re- |
ceived, he hnth cwatalogued the CCTs and forwarded copies to

the appropriate individuals,

- PHOTOGRAPHIC PRODUCT TECHNIQUES :

The photographic prnducts used within the investigation did

not require any special developing techniques.

- DIGITAL PRODUCT TECHNINUES

2.3.1, Diginal product rvacilities

Mogt of the ticilities used in the investigation are
located at C.T.AM.V. (Centre ide Télédétection et d'Analyse des

Milieux Maturels). fecle des Mines, where the processing of ?
remotely sensed datis hag been extensively developped for a .
variety of applicatiuns. The other investigators had the choice

of using this main facliliity or their own smaller, in-house q
facilities.

2.3.1,1., Digital pvoducb €ac111ty at LOA (Laboratoire d'Qptique e

WA ek e S aed e A S e BTN g e S e e e s b M L W G A G A M NI M G G S %0 U M . A D G G GN S -

ﬂQ-M--——M--‘all-la-"-_---—-----—-------

This facility is divided into the CII model IRIS 80
computer of the University with specific terminals located at
LOA, and a communicatioen link between the two locations. Main

processing is done cn the IRIS 80 computer.
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Pigital data may then be transferred and stored on
floppy disks at LOA, each containing 6 small scenes of 256x256
pixels. A small scene may be displayed on a PERICOLOR-system
colar graphic device (256x256 pixels). An HP 90825 A calculator
permits minor processing of the stored data. Additional outputs
of the processed data may be obtained on a graphic plotter an&bni
in the form of printer listings.

2.3.1.2., gigiggl_groducts_gggilities at CTAMN (Centre de @élé- ;

A - . - O e M W S S D TS M D G R W D S WS G N B W G S S W GED GRS S A e e i§

détection et d'Analyse des Milieux Naturels) b

The CTAMN was equiped with a self contained computer
syslem for image processing based on two HP 21 MX minicomputers. :
An improved computing facility, consisting of an array processor;
PS8 (Flomating Point System) has been implemented at CTAMN during

the investigation.

This system is linked to specific output devices such

as

- a VERSATEC printer/plotter with special gray scale
display software developped by CTAMN which allows
carcvography of satellite data using any given scale

and cartographic projection,

~ a BENSON ink-plotter with adequate software for
mapping with various symbols and colors, as well as

cartographic projection,

- a TEKTRONIX digitizer with associated graphics display
for landmark acquisition and input capability for ;

rectification or registration.

The main body of the CTAMN system‘is an interactive
image processing system TRIM-CIT ALCATEL. This versatile equip-
ment allows display and manipulation of images in a man-interac- :
tive loop. Image memory is 512 x 512 x 8 bits with an overlay
graphical memory of 512 x 512 bits. A realtime processor allows

color selection, pixel selection with cursor tracking, zooming,

and lateral displacement of the image.

B .. LR
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2.3.1.3. Digital product facility at ENS_(Ecole Nationale

- W W

Supérieure)

-

This facility is divided into :

- an IBM 370 main computer at CIRCE, the computer
centre of CNRS (Centre National de la Recherche Scientifique),

with special output devices : .
. a VERSATEC printer plotter and a BENSON

color printer plotter,

. a MODUOMP CLASSIC minicomputer located
at ENS which is linked to CIRCE, in .
association with a TEKTRONIC 4013 graphic
display.

P
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2.3.2. Digital product interpretation

The three laboratories working on the present invest.-
gation had already developped appropriate interpretation &echni—i
ques for the NOAA and LANDSAT satellites. As they are used for :
collaborative programs, there are many common points between
the techniques they have implemented on each of their own gdigital

systems.

2.3,2.1. Digital product interpretation at LOA

e R AR —— W D WD . D s W AR Gm GE W S R W R S e O S e . -

Digital data may be processed more or less routinely

o e

with the following options :

- pradiometric calibration if necessary,

- resampling for uniform scaling if necessary, .

T R SN

- smoothing,

e A

- stripes filtering. .

Localization and display of a typical scene (containing
1024 x 1024 pixels) is usually done in the following procedure :

- Display is attained by reducing the whole scene to 256x256
pixels after sampling every n pixels and every n lines. or

after averaging over an n x n pixel square,

- selection of a small scene (256 x 256 pixels) and visualiza-

tion at full ground resolution,
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= localization with reference to map locations and addition of
coordinates on the color graphic display,

- mapping of surface isotherms or isocontours on the pri.iev
plotter after the necessary filtering.

Computation and diiplay of a selected scena is possible
using the following methods : ’

- histograms,
- spatial spectrum of temperature variance density,
- structure functions of temperature variations,

- spatial cross-correlation function between two
different acquisition of the same aiea,

2.3.2.2. Digital product interpretation at CTAMN

e G G R e S D pu W M M (S Sup W AN GeS SND AN A e W M D DR W SR G S W W W wd

Upon receiving the HCMM data on magnetic tapes, the
processing was organized as follows :

"Quick look" of available data, at a scale of 1 : 2 000 000,
using a black and white printer plotter :

- transformation of data into surfane temperiture by using the

calibration curve,
- destriping of imagery

- isotropic filtering, to reduce the noise level, This algorithm
was constrained to local variance in order to leave untouched

the strong gradients along the coastlines,

- geometric cocrections in order to rectify the imagery at a

specified projection (ex.: LAMBERT),

~- display of sea-surface temperature as colored maps.

The following programs were used to produce.a conve-

nient automatic cartography. ~ j

The FRALISET program performs a fast and low cost '

riet

print-out visualization of a part of a given scene. The HCMR

digital counts were converted to alphanumeric characters.

L R R
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After sclectiun Ly the operator, each printed character was
associatecl Lo one r several pixels. the 1/500 000 scale appea-~
red to ba suitable fur the HCMM applications in the Bay of
Biscay. Isovropic Ciltering of the data could be applied once
or several times. Tha addit:lonal legend was selected by the
operators., Quc-put was uciie on the BENSON plotter both in black
and white and white 6 color prints.

2.4. GROUND TRUTH TECHNIQUES

Ground “ruth techniques were not assigned to
this specirir investigation. The necessary oceanographic and
meteorologicoa! data was ohitained either from routine observations
or from dedicated oceancographic cruises conducted by the follo-

wing organuizations.

2.4.1, Routine observaiions

Pericdical sea surface temperature measurements are per-
formed by the "Rescau National d'Observation de la Qualité du
Milieu Marin", in the french coastal and estuarine zones. As an
exemple, six stations ape sampled every week in the Loire estuary. | i
Some of these measurements were simultaneous with the HCMM data é i
(09/15/78 ; 05/28/79 4 04,;18/79). d

The "Etablissenent d-Etudes et de Recherches Meteorologi-
ques’ at the "Centre Océanvlogique de Bretagne!, Brest, performs
a statistical treabtmenv of the sea surface temperature field .
from the rontine observations of the merchant ships in the Bay
of Biscay. e Celtic Sea snd the Western English Channel. As
result of this analysis, a thermal map (SST-GASC) is produced

three times a month with a temperature accuracy of about 0,5°C. :

T

e

-

s v

Lighthouseboats also routinely measure sea surface tempe-
rature at several locations in the eastern British Channel and
the souther:u North Sea. They report these measurements through

the meteornlogical network.

2.4.2. Oceancgraphic cruiscs

Lrniidia

In addition to these routine procedures, this investiga-

tion had access to data from several oceanographic experiments

b L L
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conducted by various french organizations and complementary
to the objectives of the HCMM experiment

~ LION 78 (June to September 1978), a summer experiment
in the Gulf of Lions, Medilerranean Sea for the coastal
npwellings.

~ PHYGAS 78 (8 November 1978 to 2 December 1978) in the
Bay of Biscay,

- A drifting buoy experiment in the Bay of Biscay,

starting February 197¢, for the study of ocean dynamics,

- PROLIFIC (5 to 24 March 1979), an experiment in the
Lignrian Sea, to support remotely sensed data of sea
surface temperature and ocean color.

- Several cruises in the British Channel to support
remotely sensed data of sea surface temperature and
ocean color

, 19 to 29 June 1979, in the "Golfe de Saint Malo"
. 20 to 28 July 1979, in the "Golfe de Saint Malo"
. 4 to 14 September 1979, in the "Golfe de Saint Malo"
. SATIR 1, 17 to 27 July 1979, in the Celtic Sea

, SATIR 2, 3 to 22 September 1979, in the Celtic Sea.

No airbone temperature measurements were performed for
the HCMM experiment sirce specific request for this type of data

appeared within the investigation.

The major ommission in the ground truth data collection
was due to the unavailability of'BOHRA II, a french buoy pre-
viously anchored at a fixed station in the Mediterranean Sea,
about 100 km south of Marseille. BOHRA II was removed prior to
the AEM-A spacecraft launch for technical reasons. BOHRA II was
intended to support the investigation by continuously recording
the vertical thermal structure of the upper water layers. The
absence of this instrument seriously restricted the scope of the

studies relating to diurnal heating of the surface layer.

g v Syt che e
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3.1, -~ HCMR CALIBRATION -~ SEE APPENDIX B

3.2.

Several comparisons were made between HCMR
digital data and in situ measurements obtained in tho Bay
of Biscay - see Appendix B. HCMR radiometric temperatures
were found to be 7°C less than in-situ measurements of the
sea surface temperature. This difference is rather large
and cannot be accounted for solsly by the atmospheric cor-~

rection of water vapor absorption for which the mean computéd |

value was only a few °C (2 to 3°C)., A HCMR calibration bias
of several °C should probably have been added to the data
in order to derive more accurate absolute temperatures.
Still this calibration bias was not a severe problem for
the objectives of the investigation, because it appearsed
rather constant, and because HCMR data were only used as

relative temperatures.

COMPARAISON OF HCMR TO VHRR AND AVHRR DATA - SEE APPENDIX C

Comparisons were made of radiometric data oltai-
ned over the same marine area at the same time by botl: HCMR
and VHRR/NOAA-5, or by HCMR and AVHRR/TIROS-N. They domons-
trate a definite improvement in the radiometric quality
of the HCMR data over that of the VHRR, primarily in the
area of radiometric resolution,The comparison between
HCMR and AVHRR shows that these two instrusents have .
similar improved radiometric performances. The higher repe-
titivity of data acquisition and the possibility of a multi-
channel (3.7 and 11 Pm) atmospheric correction are in Favou;
of the AVHRR experiment, while the HCMR experiment offered
the unique advantage of delivering geometrically corrected
photographic and digital products. The ground resolution of
the HCMR instrument (2 500m) was better than the AVHRR expe-
riment (& 1 km) but the value of this feature is limited to
the studies of areas having a large surface temperature va-
riability at small scales, typically the coastal marine
areas and the sharp thermal fronts. While over some very
homogeneous oceanic areas, the spatial variability of the
SST field at scales below 5 km is too low to be detected by

+ho +wa Tnctrrmaamontc
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Data from AVHRR onboard TIROS-N and NOAA-6

can now be directly transmitted to CMS, LANNION, FRANCE
and it was this facility that did the processing for the

HCMM experiment. An atmospheric algorithm has been imple-
mented at CTAMN, which uses the equivalent radiometric
temperatures T3 and T4 in AVHRR channels 3 and 4 (3.7 and
11 pm), to determine the actual sea surface temperature,
To

To= 1.054 (1.42 T3 - 0.42 Ty4) + 1.13

(Tg,T3 and T4 in (°C).

This relation has been obtained by Mc CLAlN(l)
from a comparison between AVHRR data and actual surface
measurements over the Gulf Stream and is very close to the
one predicted by DESCHAMPS and PHULPIN(z)fvom theoretical

simulation :

TQ= 1.48 T3 - 0-48 T4 + 2.02.

3.3. - HCMR PRODUCTS

HCMM photographic products with a snitable
enhancement of the grey scale in the range ot sea surface
temperatures and a geometric correction were highly appli-
cable to the objectives of the investigation because they
enabled direct utilization of the data. In contrast, VHRR
and AVHRR photographic products from meteorological satel-
lites received at CMS, LANNION, FRANCE, have & staadard
enhancement for the meteorological needs in a large tempe-
rature range, which only permits the selection of cloudfree
areas : consequently, the main body of the work is held up
until after a heavy procedure of digital data processing

has been completed.

(1) Mc CLAIN, E.P., 1980‘— Multiple atmospheric-window techniques
for satellite derived sea surface temperatures. COSPAR/SCOR/
IUgRM Symp. "Oceanography from Space'", Venice, ITALY, May 26-30
1980. ‘

(2) DESCHAMPS P.Y., PHULPIN T., 1980 - Atmospheric correction of

coa cnnars +eamnoratiire neino channels at 1.7. 11 and 12 um.

P A
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In addition to providing a more extensive and accurate
overview of the Lhermal features in the french coastal
zones, {acilitaiing initial detection and mapping of thermal
eddies and fromts, etec.., the expediency provided by the
HCMM photographiv products allowed the investigators to
conduct a preliminary assessment of the data in order to
select the digital sets to receive processing and to recom-
mend guidelines foy further elaboration and analysis. This
consequent:ly a2llowed a wmore productive and efficient eva- =
luation of the data by the oceanographic community prior

to any computerized processing. .

A nmore derailed description of the results
achieved hy the experiment is given in section 4 and cor-
responds to the following outline.

(1) During the period of investigation, May 1978, May 1979,
HCMM photographic products used to make a qualitative

analysis of certain persistent thermal features :

- thermal fronts in the western British Channel, and
aorth of Balearic Islands, western Mediterranean Sea;

- large eddies north of the algerian and african coast;

- upwellings nerthwest of Portugal in the Gulf of Lions

and in tie western Mediterranean Sea.

(2) HCMM photegraphic productis were used to obtain an
assassment of she tfrequency of occurence of diurnal
heating of the sea surface in the Mediterranean Sea. »
Prior Lo the H{MM experiment, the importance of frequent
and extensive diurnal heating of the sea surface was .
unexpected, but its subsequent establishment leads to
the conclusion that for oceanographic purposes, daytime
satellite imagery should be used cautiously because the

SST fiecld may be interprated erroneously.:

(3) HCMM digital products were used to perform a statisticalz
spectral analysis of the mesoscale variability of the
SST field in the runge of scales 3-30 km, thanks to
the low noise level of the HCMR.,

T —
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4.1, - MESOSCALL VARIABILITY OF THE SST FIELD -~ SEE APPENDIX D

Using VHRR and HCMR infrared digital data, a
statistical analysis of the mesoscale variability of the
SST field was performed in order to characterize the
random properties of this field. The power law exponent,
n, of the spatial spectrum of variance density, E (k) w k™7
(k is wavenumber), was deduced from the computation of the
structure function of the SST. When the study was first

started on VHRR/NOAA-5, the range of scales was on the order:

of 40-100 km but HCMR data allowed an extension of the
study down to a scale of 3 km. From an examination of 11
VHRR and 9 HCMR scenes, in the range of 3-100 km, nh was
found to vary from 1.5 to 2.3, with a mean value of 1.8.
These values of n are on the order of those predicted by

turbulence theories.

However a discrepancy exists and further advanced
theories are needed to explain this experimental determina-

tion of the musoscale SST variability.

The feasability of the spectral analysis in the
range of scales 3-30 km was only made possible by the low
noise level of the HCMR data.

DIURNAL HEATING - SEE APPENDIX E

Daytimé HCMR data occasionally exhibited warmer
sea surface areas which extended over 10 to 100 km. The
warming was of several °C and easily detected on photogra-
phic products because these warmer areas usually have graded
margins that cannot be confused with the sharper boundaries

of other oceanic thermal phenomena.

These warmer areas were interpreted as a large
diurnal heating of the upper surface layer under low wind
speed conditions. Evidence of this is supported by several

arguments.

a
'g
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meters of the surface and is very rapidly destroyed by ilhe i

Mediterranean Sea where more than 10 % of marine surface

(1) Meteorological observations and analysis show that {
warmer areas are associated with low wind speed condj-~ ;
tions - i.e. anticyclonic conditions or coastal breeze i
effects.

SR T T v O T e

by the uneven sea surfuace directly toward the satellite
sensor - has been used to derive an equivalent wind

speed from the HCMR visible channel (feasible when »
observation is close to the specular reflexion of & )
flat sea). Warmer areasare always associated with changes

in the glitter patterns and decreasing wind speeds.

(3) Warmer areas disappear on consecutive nightime HCMR daba.%
Under low wind speed conditions, turbhulence i
induced in the sea surface by the wind stress is strongly
reduced, and most of the solar radiation ahsorbed is stored
in the surface layer without downward propagation. Theore-
tical simulations using a radiative and heat transfer model
have been performed. They predict large heating rates in
the upper metersand a maximum heating of several °C in the i
upper layer, and have been confirmed by in-situ measurements.§

Significant heating only occurs in the upper few ten centi-

nightime cooling.

HCMR data allowed us to discover that diurnal
heating of more than 1°C was affecting large areas. The
frequency of occurence was relatively high in the western
was affected one day or an other, while large diurnal heatﬁg
was very rarely observed in the North Sea (only one scene).
In strongly affected areas, daytime satellite data could
consequently yield misleading SST fields, leading to the
conclusion that a less deceptive picture of the‘SST field

is more likely to be obtained from observations restricted

to nightime or early morning when the surface layer is more

homogeneous,
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4.3. - RESIDUAL VLOW THROUGH THE DOVER STRAIT - SEE APPENDIX C

The time sequence of HCMM scenes allowed us to
outline the influence of meteorological conditions on the
residual current which flows to the N.E., from the British

Channel through the Dover Strait, and into the North Sea.
gglgmkl PAGE IS Southwestern winds enhance this residual flow, and, as a .
F POOR QUALITY result, the thermal effluent of the Rhine River is forced ]

northward along the Dutch coast in a very narrow coastal : i

R SIS T T e

; band, Northeast winds oppose the residual flow, reduce its %
S speed and deflected it toward the English coasi allowing :

' the Rhine thermal effluent ro expand seaward at a distance
of up to 25 nautical miles. A close correlation exists bet-
ween wind speed direction and the offshore spread of the
effluent.

B (I 3

4.4. - TIDAL FRONTS IN THE WESTERN APPROACHES OF THE BRITISH
CHANNEL -~ SEE APPENDIX C

Tidal fronts occur in shelf areas where the tidal
currents are large enough to destroy the seasonal thermocline.

In shallow depths, the tidal currents induce turbulence that

mixes the water column. The warmer stratified and colder
homogeneous waters are separated by a tidal front that appears

as a surface thermal front on satellite imagery.

Tidal fronts in the western approaches of the
British Channel were first detected with {he VHRR., HCMM
nhotographic products have since been used to further ana-

lyse the time and space variability of these thermal fronts

during summer 78.

4.5. - UPWELLING AT THE CONTINENTAL SHELF BREAK IN THE BAY
OF BISCAY - SEE APPENDIX C

HCMM data confirm the existence of a permanent
upwelling phenomenon at the continental shelf hreak in the
Bay of Biscay. The upwelling is outlined by the appearance
of cold water in summertime. This has already been observed :
in previous VHRR data. From HCMM scenes, a more complete %
description and interpretation of the upwelling has been

obtained.
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(1) The upweiling is probably permanent, but is enhanced by
colder upwelled water in summertime when a seasonal ther-
mocline is formsd. On one occasion, January 17, 1979, warmer
water appeared in wintertime at the shelf break (HCMM scene
A-A 0265 - 01090); this is probably an intermediate warmer
water, possioviy ol Medibterranean, flowing out through the
Gibraltar Sirait, into the Atlantic, at a depth of several
hundred meteprs,

(2) The upwelling is more pronounced after spring tides,
which suggests that, the basic mechanism for the upwelling

is a tidal one. (On two occasions after spring tides, August
25 and September 21, 1978, HCMM scenes (A-A 0121-13260

and A-A 01458-13320} show very similar patterns of cold water
at the sheli break, with a maximum intensity between 48N-8E
and 46.30N- 5E where the tidal currents are at a maximum.

COASTAL _STUDIES IN THE BAY OF BISCAY - SEE APPENDIX F

The actiou of tidal currents in shallow
regions produces a tuvhulence that mixes the water column
and destroys the seasonal thermocline. The resulting colder,
homogenecus shelf water is separated from the warmer stra-
tified afishore water Iy a zone where the thermal gradient
is high. Thiz phenomenon, unexpected prior to HCMM obser-
vations, is similar 46 the tidal fronts in the western

approaches of the Bpitish Channel (section 4-4).

WESTERN MEDLTERRANEAN SEA TEST SITE

Results reported here are based on VHRR/NOAALS
and HCMM data.

.7.1. Results obtained with VHRR/NOAA-5

The rvegion of Ligurian Sea between Corsica and the
southern voast of France was studied in 100 VHRR/NOAA-5
images takan from the period 1975-79. The study revealed a
cyclonic surface circulation cuasi-permanent and emphasized

by its thermal pattern.
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gradient structure have been described and agree very well

with previous in-situ measurements. Low frequency waves in
the Ligurian Sea have been observed on time-series of
VHRR/NOAA-5 in December 1977, with associated wavelength
and phase velocity of 40 km and 0,18 m.s"l. These waves are
analysed in terms of large amplitude baroclinic waves as
those discussed in the theory of baroclinic instability.

A similar study using VHRR/NOAA-5 was done for
the Gulf of Lions, an area where coastal upwelling is common
in summertime. The data shows strong evidence for a relation
between the location of the upwelling and the contour of the

adjacent coastline. The phenomenon is much more intense along
straight coastal segments of 10 to 20 km in %ength than in !
the vicinity of capes and small bays. The whole imagery sug-
gests that the associated circulation in the surface layer

is strongly variable in space and time a fact verified by
in-situ measurements and consistent with the very real pre-

sence of wind induced eddies in the surface layer.

The effect of the Mistral wind on the Ligurian
current hag heen studied by using a time sequence of VHRR/
NOAA-5 data. The Ligurian current flows along the french
coast from the Ligurian Sea into the Gulf of Lions where a
frontal zone separates the Ligurian current and colder water
upwelled in the Gulf of Lions. It has been found that the ‘
surface flow associated with the current is stemmed by strong :
westerly winds and when the wind drops, the frontal zone moves .

westward at speeds up to 0.3 m.s~L.

4.7.2., Results obtained with HCMM - see Appendix C and G

HCMM photographic products allowed us to capture
several features of the large scale surface circulation in
the northern part of the western Mediterranean sea (see
Appendix C)
~ to study the seasonal variation of the mean location

of the front formed north of Balearic Islands, at the ;

juncture between the Atlantic current flowing from the

Gibraltar Strait to the north-east and the Ligurian cur-

rent flowing to the south-west along the southern coast g
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5.1. -

REVIEWS

- to confirm previous observations of cyclonic circulation
in the Ligurian sea and upwellings in the Gulf of Lions,

- to detect for the first time large anticyclonic eddies
(%~ 100 km diameter) in the southern part of the Mediter-
ranean Sea,

HCMM digital products were also used to make & w
statistical analysis of small cyclonic and anticyclonic eddies '
in the Ligurian sea (see Appendix G). P

5 - PUBLICATIONS

Included in this section are all the materials
published by the investigators on infrared remote sensing of
the sea surface temperature. Publications which pertain more
specifically to the HCMM experiment are marked with an

asterisk.
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- C.MILLOT (1979) - Wind induced upwellings in the Gulf of
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infrared measurements of sea surface temperature using ’
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The geometric correction performed on IICMM data
was partly disappointing. The accuracy with which it was per-
formed on the day or night products was generally of several
pixels. Occasionally, the vertical scale was different from
the horizontal scale : when transferred on to map locations,
there was a discrepancy between lines distances (500 m) and
pixel .distances (450 m), lacking correspondance to the nominal
value (470-480 m).

Additional geometric correction of digital data
for registering one HCMM scene to an other, was sometimes neces-
sary in order to arrive at a better accuracy. In some cases,
it would have been simpler to start from non geometrically cor-
rected data.

Photographic were products without problems in geometry
and were used to detect and map witth sufficient accuracy most

of the oceanic features.

PERIODIC NOISE

A periodic signal of variable amplitude was pre-
sent is the data when analysed by FOURIER transform or struc-
ture function, particularly along a line ; with a uvropical
period of 6 pixels. This was only a problem for the statistical
analysis of the sea surface temperature at the smallest scales
(less than 5 km).

CONTRAST OF THERMAL IMAGERY

Some of the standard photographic products were
not enough enhanced in the infrared channel, making it impos-
sible to derive from these images any formation over the ocea-

nic areas where temperature variations were small.
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This mainly occured on the day-infrared photo-
graphic products when the grey scale was then extended over
a large temperature range to adjust for the warm temperature
of land surtaces, Specific enhancement for the purposes of
oceanographic research would be very useful and is proposed
as a recommendation (section 8).

7 = TMAGE QUALXTY AND DELIVERY :

7.1 - IMAGE QUALILTY

7+3 -

Image quality was generally good except for those
periods curresponding to high noise levels in the thermal
channel. Another problem was the geomstry of the images (see
section 6-1), Defects oceasionally occured : stripes, or ano-
malous lines, grids of periodic black or bright pixels, but
did not seriously affect the objectives of the investigation.

TEST SITES COVERAGE

A list of the received data, photographic and digital
products, is givun in Appendix H.

Coverage was geanerally good over all the test sites,
and excellent in the Mzditerranean Sea, as excepted from the -
cloud cover analysis.

The major lack of cloudfree data was for studies of
estuarine thaearmal gradients during winter.

DELIVERY

Fhiotographic products started to arrive one year
after launch on a erratic schedule. It would have been prefe-
rable to receive them in chronological order, e.g. as complete
monthly data sets. This would have enabled a more efficient
and definite selection of the request orders within a given
period.
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Some of the digital data on requested were received
twice, some conmpletely omitted. Most of the tapes received con-

tained only une or two scenes, against a potential of 5 scenes
at the vepry minimum. The amount of tapes was increased conse~
quently : 200 tapes that were finally received were eventually
copied onto only 35 tapes.

8 - RECOMMENDATIONS

The following recommendation is specific to oceano-
graphic investigation of the SST field. It is our opinion that
in would be better to study photographic products (infrared ima-
geries) having a constant contrast temperature, i.e. a grey scale
expanded over a constant range of temperature (210°C) around the
mean climatological value of the SST.

9 - CONCLUSIONS

1° ~HCMR and AVHRR data were comparable quality for
oceanographic studies of SST. Both instruments show a large impro-
vement over the VHRR, primarily due to a ®pduction in noise level,
Repetitivity and multichannel atmospheric correction favour the
AVHRR, while geometric correction performed on suitably enhanced
HCMM photographic products is a great help to detection mapping

oceanic features.
2° - Day and night infrared HCMM data were used in a
number of studies of oceanic and coastal phenomena

- the interaction of the residual flow through the Dover Strait
with the Rhine River effluent,

- the¢ tidal fronts in the western approaches of the British
Channel,

- ﬁhe upwellings at the shelf break in the Bay of Biscay,
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- the formation of coastal cold water regions in the Bay of Biscay,

-~ the surface circulation and eddies in the Ligurian sea,
- the coastal upwellings in the Gulf of Lions,
- the thermal front north of the Balearic islands,

- large eddies associated with the Atlantic current north of
Algeria,

- statistical analysis of the mesoscale variability of the S5T.
3° - Day - night differences were used only for a

study of diurnal heating of the surface layer of the sea during
periods of low wind speed,
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Appendix B

GROUND TRUTH DATA and HCMR MEASUREMENTS

1) Periodical sea surface temperature measurements are performed
by the " Réseau National de la Qualité du Milieu Marin " along
the Atlantic shore. For example, in the Loire estuary, measure-
-ments are performed by the " Institut Scientifique et Technique
des P&ches Maritimes ", Nantes, every week, a+ 6 stations.on
09/15/78 |ASST measurements were made simultaneously by the HCMM
satellite and the I.S.T.P.M..
Results : for 2 stations A and B. Sea surface temperatures measured
I,8.T.P.M. were 290°.. Calculated temperatures from calibrated
count of HCMR were 283°C. Thus, in this particuler case, the temperatures

observed by the satellite were cooler than the ground truth by 2°.

2) The "Etablissement d'Etudes et de Recherches Météorologigues" situ-

ated at the "Centre Océanologique de Bretagne"”, in Brest, performs
a statistic treatment of sea surface temperature measurements in the
Bay of Biscay, the west of Channel, and the southern region of the
Irish sea (SST-GASC is the name of the processing). (Visualization of
the results) are printed twice a day and a thermography in this area
is produced three timesa month...The range of precision of these measure-
ments (obtained from merchant.ships) is about * 0.5°C.

From three HCMM scenes of good quality, comparisons were made between
. Satellite and SST~GASC measurements.

The following table presents results of this analysis.
For each station are given : temperature in °C from SST-GASC measure-
ments, temperature in °C calculated from calibrated count of the HCMR,
and difference between ground truth data and satellite measurement.

In each case, the satellite observed temperatures were cooler than
the ground truth (about 7°C). These results are similar to R.N.O.

observations.
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09/15/18 10/28/78

in Gulf of Biscay SST-GASC HCMM | &T SST-GASC HCMM AT SST-GASC HCMM | aT
L7°201/03°30W 17,1°C | 9,7°C | -6,4°C 17,9°Cc | 10,1°C 1 -T,8°C

4 7°00N/0L4 00w 17,8°c | 10,5°C | -7,3°C

h7°ooN/03°3ow 17,0°C | 10,1°C | -6,9°C 18°cC 10,8°C | -7,2°C 14,9°c | 8,3°C | -6,6°C
47°00N/03°00W 16,9°C | 9,7°C | -7,2°C 18,2°c | 11,2°c | -T7,0°C 14,9°c | 7,9°C | -7,0°C
46°4ON/03°30W 18,1°c | 10,8°C | -7,3°C 15,2°c | 8,7°Cc | -6,5°C

) onn -
46°LON/03°00W 16,8°c | 9,5°c | -7,3°c| 18,3°c | 11,2°¢c {-7,1°c| 15,1°c| 8,7°C |-6,4°C
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SEA SURFACE TEMPERATURES OF THE COASTAL ZONES
OF FRANCE OBSERVED BY THE H.C.M.M. SATELLITE
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ABSTRACT

The HCMM (Heat Capacity Mapping Mission) experimenta), satellite
was launched in April 1978 and provided data until 1980. Although the
basic objective of the experiment was the measurement of diurnal tempe-
rature variations of the earth's surface for applications to geology
and hydrology, the good performance of the HCMR (Heat Capacity Mapping

Radiometer) on board the satellite recommended it for use in oceanogra-

phic studies. The data were acquired in the form of photographic products
and magnetic tapes, and systematically utilized for evaluation of surface
temperature in french oceanic regions according to an investigation accep-

ted by NASA (National Aeronautics and Space Administration).

A comparison of the radiometric performances of the HCMR to those
of the VHRR (Very High Resolution Radiometer) and AVHRR (Advanced Very
High Resclution Radiometer) on board meteorological satellites is pre~-
sented, demonstrating the decisive gain in quality of the HCMR over the
VHRR for the observation of mesoscale structures in the ocean. The simi-

larities between the.radiometric properties of the HCMR and AVHRR are

also discussed.

The utilization of photographic products proved very suitable
since they had al;eady been geometrically corrected and enhanced in the
temperature range of the sea surface, consequently avoiding many of those
cases requiring involved computer treatment. Examples of results obtained
by photo interpretation of marine structures observed in the regions

relevant to the investigation (North Sea, British Channel, Celtic Sea,
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Bay of Biscay and western Mediterranean) are presented in this study.
From these, conclusions have been drawn regarding several oceanic phe-

nomena.

- The thermal effluent of the Rhine is affected by the tidal
residual current of the North Sea, The extent of the offshore diffusion
of the estuary system is influenced by winds from the NE and W which

respectively retard or accelerate the residual current.

-~ Images showing cold water along the edge of the continental
shelf strongly support the hypothesis of a mixing process due to inter-
nal waves generated by the action of tidal currents at the edge of the

shelf.

- Large scale eddy structures detected during the summer in the
western Mediterranean region around 6°E and 38°N may be linked& to a phe-

nomenon of barotropic - baroclinic instability.

- The presence of significant diurnal heating of the surface layer
(several °C) is related to weak winds in the Mediterranean, leading to
interpret with caution daytime SST (Sea Surface Temperature) satellite

observations made during the summer period.
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RESUME

L'expérience satellitaire H.C.M.M. a été lancée en avril 1978 avec
pour objectif de mesurer les variations diurnes de la température de surface
de la Terre, en vue d'applications en Géologie et en Hydrologie. Les bonnes
performances du radiométre H.C.M.R. a4 bord du satellite (NEDT de 0,3 °C,
résolution au sol de 500 m) l'ont aussi désignée pour des études en Océano-
graphie. les données fournies par le satellite ont couvert la période allant
de avril 1978 & juillet 1980. Ces données, sous forme de produits photogra-
phiques et de bandes magnétiques, ont été systématiquement utilisées pour
1l'observation de la température de surface des régions océaniques fran-

gaises, dans le cadre d'une investigation acceptée par la NASA.

Une comparaison des performances radiométriques du H.C.M.R. a
celles du V.H.R.R. et du A.V.H.R.R. des satellites météorologiques de la
NOAA est d'abord effectuée, mettant en évidence le gain de qualité décisif
du H.C.M.R. sur le V.H.R,R. pour l'observation des structures & moyennes

échelles en zone océanique, ainsi que la gualité radiométrique similaire

du H.C.M.R. et du A.V.H.R.R..

L'utilisation du produit photographique, particuliérement bien

adapté puisque corrigé géométriquement et augmenté en contraste dans la

gamme des températures de surface de la mer, s'est avérée fructueuse, évi-
tant dans la plupart des cas de procéder a4 un traitement informatique sou-
vent lourd. Des exemples de résultats obtenus par photo-interprétation pour
l'observation des structures marines dans les régions concernées par l'in-
vestigation (Mer du Nord, Manche, Mer Celtique, Golfe de Gascogne, Méditer-

ranée occidentale) sont présentés. En particulier, des conclusions ont été
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obtenues sur plusieurs aspects océanographiques :

- influence du courant résiduel 4 travers le Détroit du Pas de Calais sur
1'effluent thermique du Rhin ; la plus ou moins grande diffusion de cet
effluent & partir de la cbte est associée & des vents de secteurs Nord-Est
et Ouest qui respectivement freinent ou accélérent le courant résiduel ;

- les images obtenues sur l'apparition d'eaux froides en été & la limite du
plateau continental au large de la Bretagne soutiennent fermement 1'hypo-
thése d'un mécanisme déclenché par les ondes internes générées par les cou-
rants de marée 4 la rupture de la pente ;

- la détection de structures tourbillonnaires de grande amplitude (100 km)
en Méditerranée Occidentale dans la zone voisine de 6°E et 38°N en période
estivale ;

- l'apparition d'échauffements superficiels diurnes importants (plusieurs
°C) liés a4 des vents trés faibles, en Méditerranée : cela doit conduire &
utiliser avec suspicion les obsservations satellitaires de jour en périocde

estivale.




TINTRODUCTION

Examination of the earth's surface temperature field is now
becoming a common practice, The first space experiments in this area
were launched in the 60's, but it wasn't until the early 70's that the
VHRR experiment on meteoroclogical NOAA (National Oceanographic and At~
mospheric Administration) satellites permitted a systematic and fairly
precise observation of the temperature field of the earth's surface.
Although a large number of ocean phonomena have been studied in this
manner from space (see among other reviews, those by LEGECKIS, 1978,
and Mc CLAIN, 1980), examination of even pronounced ocean structures has
still been somewhat limited by the instrumental performances of the VHRR

(Noise Equivalent Differential Temperature, NEDT of 0.5 to 1°C).

During 1978, radiometers of a new generation were installed on
different satellites : the HCMR on HCMM ; the AVHRR on TIROS=-N ; and
secondarily, the CZCS (Coastal Zone Color Scanner) on NIMBUS-7. All
included channels in the infrared, and permitted a hope of improved
performance for observing the sea surface temperature field primarily by

a notable reduction in instrumental noise.

The present study essentially concerns the HCMR experiment

launched in April 1978, for which an investigation had been accepted

by NASA. The materials provided by NASA consisted of both photographic
products and magnetic tapes. The utilization of photographic products
was particularly well adapted to the purposes of this cceanographic study
since they were already geometrically corrected and enhanced in the

sea surface temperature range. A description of the satellite experiment
is first presented, then a comparison of the radiometric performances of

the HCMR to the VHRR and AVHRR, followed by the results obtained through

I e R

R e

Pt

R < T



c-6

photo interpretation of the marine features observed in the regions rele-

vant to the investigation.

II - THE HCMM SATELLITE EXPERIMENT

The fundamental objective of the HCMM space experiment was the
measurement of the diurnal temperature variation on the surface ¢of the
earth (solar heating during the day, radiative cooling at night) for appli-
cations to earth resources (geology, hydrology, etc...) For this, the HCMM
satellite was pluced at an altitude of 620 km in a sun-synchronous orbit,
circular, quasi-polar, characterized by an inclination of 97-79° and a
period of 97.2 minutes., The passage over the equator took place at appro-
ximatively 02 and 14 hours local time in order that data could be obtained
near the minimum and the maximum of diurnal temperature variation. The
radiometer onboard the satellite was a scanning radiometer that acquired
data in 2 channels : the visible and near infrared (0.5 - 1.1 um), and
the thermul infrared (10.5 = 12.5 um). Similar channels had already been
used on previous meteorological sateillites, but the purpose of the modified

instrumentation of the HCMM experiment was :

" (i) to significantly improve measurement in the thermal infrared by an
NEDT of 0.3°C and a ground resolution of 0.5 km (as opposed to an NEDT
between 0.5 and 1°C and a ground resolution of 1 km for the VHRR radiometer

of NOAA satellites), and

(11) to increase the possibility of obtaining maps of the day/night
surface temperature differences at 12 and 36 hour intervals. The main
objective of the HCMM experiment was to determine the thermal inertia

of the earth's surface with the intentions of : measuring variations of
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ground humidity and evapotranspiration of the vegetatisrn ; discriminating
d,fferent rock types and locating rineral beds ; and measuring the extent
of snow covered areas for thé purposie of forscasting runoff due to the
melting of ice. Moreover, the good performaice of the HCMR recommended

it for studles in oceanography.

The data were available in the form of photographic products and

digitalized magnetic tapes. Each scene covered an area 700 x 7Cuv km2 and

contained the following information :

(1) diffuse albedo (or reflectance) from the channel in the visible ;
(ii) surface temperature from the channel in the infrared ; eventually
{1iii) day/night temperature difference, and

(iv) thermal inertia,

II1 - COMPARISON BETWEEN DIFFERENT RADIOMETERS (KCMR, VHRR and AVHRR)

Radiometers of the same type as the HCMR have been operational
for the past few years for measurement, on an observational basis, of
- the earth's surface temperature : the VHRR on NOAA satellites (NOAA 3 to5)
from 1972 to 1978 ; the AVHRR on TIROS-N and NOAA 6 in 1978 and 1979, and
recently (April 1981) on NOAA 7 which replaced TIROS-N. The performances
of these radiometers are compared to those of the HCMR and summarized in
Table 1. Note that the HCMR and AVHRR exhibit respectively a gain in
radiometric quality (product of NEDT by the ground resolution) by a fac-
tor of 3 and 5 times over the VHRR.

In order to demonstrate the gain in radiometric performances of

the HCMR over the VHRR and to evaluate its impact on the measured tempe-
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rature field, the HCMR data acquired 10 May 1978 at 2 h TU on the Bay
of Biscay have been compared to those of the VHRR acquired 11 May 1978
at 8 h TU on approximatively the same area centered at 45°30' N - 4°30'W.
An eddy v 50 km wide is clearly visible in the HCMR data (Fig. 1-a) while
it appears cnly weakly in the VHRR data (too noisy) (Fig., 1-b). The refi-
ned quality of the HCMR data has allowed the detection and study of even

those structures having weak amplitudes (less than i°C).

Fig. 2 gives the spatial spectrum of variance density cof the sea
surface temperature E(k) (whera k is the wavenumber) for the same region
{64 x 64 kmz) corresponding to the preceeding eddy, drawn from the data
of the VHRR and HCMR and calculated in the direction of the satellite
track. The E(k) spectra, which characterize the surface temperature varia-
bility in the study region, tend tc a limit at high wavenumbers, equal
to the variance of the noise (divided by T (when T is the sampling
rate of the data : 1 km in the case of the VHRR ; 0.5 km in the case of
the HCMR). Cansequently the observed noise level is 0.03 (°C)2 in the
case of the HCMR and 0.6 (°C)2 in the case of the VHRR - i.e. 20 times
more elevated for the VHRR. Note also in Fig. 2 that the physical infor-

- mation begins to be significant at wavenumbers greater than 1/40 (km-l)
in the case of the VHRR, and 1/5 (km-l) in the case of the HCMR. This
indicates that in such an area of weak variance, the analysis of the

surface temperature field is liwited, due to noise, to a scale greater

than 40 km in the case of the VHRR and to 5 km in the case of the HCMR.

A similar comparison was made on data acquired almost simultane~
ously by the HCMR and the AVHRR, 17 ijuly 1979 in the Bay of Biscay (12 h 45
TU for HCMR, 15 h 15 TU for the AVHRR). The AVHRR data were acquired by

the receiving station LANNION, France, and were not geometrically correc-
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ted. The figures 3~a and 3-b present an enhanced visualization of an eddy
structure of amplitude greater than 100 km in the south eastern region

of the Bay of Biscay. The comparison of Fig, 3~-a and 3~b shows a similar
quality in the restituted temperature f£ield by the HCMR and AVHRR that

is confirmed by spectral analysis (Fig. 4). The spatial spectrum of tem=~
perature variance density, E(k), corresponding to the western portion

of the eddy structure, was calculated in the direction of the satellite

track.

In this oceanic zone, it seems that the surface temperature
field could be characterized by E(k) v k-z. The determination is limited
at high wavenumbers by the noise level: of the radiometers : 0,02 (°C)2
for the HCMR, and 0.01 (°C)2 for the AVHRR. This dependence of the spec-
trum on wavenumber has not been explained by any turbulence theory
(DESCHAMPS et al., 1981). Note also in Fig. 4 that for the two experi-
ments, the physical information begins to be significant at a scale
greater than S km. This indicates that the relation between noise level
and ground resolution by the radiometers is not optimal for study of
surface temperature in those oceanic zones where variance is weak, par-

- ticularly in the HCMR case. A better compromise would be to have a variance

of noise less than 0,01 (°C)2 and a ground resclution on the order of 2 Xkm.

This comparative study emphasizes the following conclusions.

(1) The quality of the radiometric performances of the HCMR (ground
resolution and NEDT) as compared to those of the VHRR, shows a net

improvement in the observation ¢f sea surface temperature field and its

application to oceanography.
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2) The analysis of the spatial spectrum of teiperature variance density
shows that the interpretation of the data is generally limited by radio-
metric performances (noise level) at scales below 5 km in oceanic¢ regions.
One can also sunclude from this analysis that a NED T less than 0.1°C
and a ground resolution of 2 km give more optimal radiometric performances

for the study of surface temperature in oceanic regions.

3) 'he HCMR data has the potential of being very useful for the detailed
analysis of the sea surface temperature field, particularly in coastal

regions, due to a ground resolution of 500 m.

4) The HCMR/HCMM and AVHRR/TIROS-N, NOAA 6 have comparable radiometric
performances. The repetitivity and the existence of a channel at 3.7 im
for atmospheric correcticn (DESCHAMPS and PHULPIN, 1980) are in favor of
the AVHRR; however, the HCMR has the unique advantage of delivering the
photographic products and digital data radiometrically and geometrically

corrected, which enables direct utilization.

IV - OCEANOGRAPHIC PHENOMENA OBSERVED OFF THE FRENCH COAST

Due to the operational features of the VHRR experiment on board

the NOAA satellites, it has been possible since the 70's to systematically
observe from space the surface temperature of french oceanic regions. Direct
reception of the data at CMS (Centre de Météorologie Spatiale) in LANNION,
France, has been routinely employed, being limited only by the radiometric
performances of the VHRR and by the presence of clouds in the instrument
field of view. In regions of the British Channel and North Sea, submitted

to a continual regime of atmospheric perturbances, the cloud cover has the
effect of considerably reducing the quality of observation from space, ho-
wever, the meteorological situation in the Mediterranean is much more fa=~

vorable.

#




c-11

The utilization of channels in the visible for discriminating re-
gions of clouds and the time scales of atmospheric perturbations (generally
much shorter than comparable oceanic perturbances) has permitted effective
observation even though the presence of clouds has often rendered difficult

those dynamic studies requiring continual survey of the phenomena of in-

terest,

An HCMR with improved radiometric perforﬁance was launched in
April 1978 with the hope of providing more detailed observation of fine
structure phenomena. The photographic products provided by NASA were
particularly appropriate since prior geometric correction and enhance-
ment in the temperature range of the sea enabled direct: interpretation of
the data.
From May 1978 to May 1979, the HCMR provided approximatively 1000 such
images of french oceanic regions that have since been examined and ana-

lysed.

That which follows is a presentation of the work accomplished on 3 regions

of study (figure 5) : the southern portion of the North Sea (zone 1)

;
the western British Channel, the Celtic Sea, and the Bay of Biscay (zZone 2) ;

- and the northwestern Mediterranean (zone 3). On the photo images, the

darkest shades correspond to either the lowest temperature (thermal infra-

red channel) oz to the lowest reflectance (visible channel).

ZONE 1

The Thermal effluent of the Rhine

Systematic observations of the effluent from the Rhine~Meuse-

Escaut system have been obtained by the HCMM experimental satellite and '
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are presented in figures 6 and 7.

On entering the sea, the effluent is entrained by the circulation cha-
racteristic of the southern portion of the North Sea. The mean residual
circulation (NIHOUL and RONDAY, 1975) is directed from the south west

to the north east (fig. 8) and the current tends to flow in a straight
line from the Dover Strait following the isobaths deeper than 30 m which
are located at the center of the southern Bight. It moves off the dutch
cohstline at the level of the Rhine-Meuse-Escaut estuary system permitting
the ef{luent~to diffuse offshore-i.e. westward. At the Frisonnis archipe-
lago the current more or less follows again the dutch coast.

The interaction of the effluent (warmer in summer, colder in winter)
with the residual circulation is complex, but an examination of the pho-

tos shows that it can be separated into 2 parts :

- The southern portion of the effluent (Escaut and Meuse) has a tendahcy

to flow towards the southwest before being entrained by ‘the residual cur-
rent, forming a diffuse wedge-shaped plume along the belgian coast. This

is particularly visible during the winter period shown in figure 7. A
LANDSAT image {figure 9) reveals that sediments are transported southward
in a similar manner. The southern region receives fresh water of lower den-
sity ejected by estuary system but the energetic action of tidal currents

rapidly destroys and prevents stratification in the marine environment.

- The northern position of the effluent (Rhine principally) is generally
entrained directly toward the northeast and forced along the dutch coast
by the residual current (figure 6 during the summer). The effluent forms
a pronounced offshore boundary separating the non stratified atlantic
water in the center from the coastally stratified water. In northern sec-
tion, stratification is made possible by the combined actions of trans-

poxt of less dense fresh water and the higher values of the SIMPSON-~HUNTER




S SR e

C-13

parameter (NIHOUL, 1980) which governs the stability of stratification. Un-
like NIHOUL's model, the one's developed by PINGREE (1978) doex not indicate
this tendency toward increased stratifjcation along the dutch coast from the

city of the Haye to Texel Island (Fig. 10).

An examination of the meteorological situation (mean wind speed direc-
tion and speed) for the period May-June 1978, reveals the interaction between
the residual current and the thermal effluent. In the situation of winds do-
minating from the west (4=-10 June), the northern portion of the plume is ob-
served to extend along the dutch coast in the direction of the ¥Frisonnis Ig=-
lands (see the observations of 4 and 9 June). On the other hand, when winds
were from the northeast (16-19 and 25-31 May, 14-20 June) a broad seaward
dispersion of the plume (typically 40 km) is noted (observations cf 18, 30
May ; 19-20 June). During 19-20 June, following relatively strong winds from
the northeast, cold unstratified water, encountered offshore the Frisonnis
Islands, penetrated southward along the dutch coast. The offshore transport
of freshwater rapidly diffused and was then insufficient to maintain stra-

tifacation near the coast, which is in agreement with the diminution of the

SIMPSON-HUNTER parameter.

The diffusion system of the northern portion of the thermal effluent
is'interpreted as being connected to changes in the residual current that
arise as a consequence of wind action. Western winds tend to create a wind
driven current which contributes to intensif§ the residual current,
particularly along the dutch coast (PINGREE and GRIFFITHS, 1980), where it
forces the effluent shoreward while entraining it farther to the north.

When the winds are from the northeast they counteract the flow of the resi-
dual current, reducing its speed and deflecting it toward the english coast,

thus permitting a broad seaward diffusion of the thermal effluent and only
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limited northward entrainment.

Observation of the thermal effluent of the Rhine-Meuse-Escaut system by
photographic products of the HCMM enables the following conclusions to be
drawn, which are also supported by results based on numerical simulation
(NIBOUL and RONDAY, 1975) of the circulation in the southern Bight of the

North Sea :

- The average circulation is directed from the southwest to the northeast

away from the Dover Strait (NIHOUL and RONDAY, 1975).

~ The western winds reinforces the residual current toward the dutch coast,
whereas winds from the northeast oppose this current and deflect it toward

the english coast (PINGREE and GRIFFITHS, 1980).

- Stratification is absent to the south of the Rhine-Meuse-Escaut estuary

system, but present to the north along the dutch coast (NIHOUL, 1980) where

it is maintained by the transport of freshwater from river outflow.

ZONE 2

A - TIDAL FRONTS WEST OF BRITTANY AND IN THE WESTERN BRITISH CHANNEL

Figures 12-a and 12-c show HCMR observations of tidal fronts in the
western approaches of the British Channel, west of Brittany (Ushant front),
near the cape of Cornwalls (front of Scilly Islands), and between Ireland
and England (front of the Irish Sea). These fronts have been known for a
long time (already observed by DIETRICH, 1950) and the mechanisms forming
them have been studied by various authors (SIMPSON and HUNTER, 1974 ; FEARN-

HEAD, 1975, PINGREE and GRIFFITHS, 1978 ; GARZOLI, 1979).
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These fronts are produced by the action of tidal currents which mix the
water column in the shelf region when the depth is shallow and the tidal cur-
rent speed, U, is high, and eventually destroy the summer stratification. As
a result, surface water is colder and a well-marked surface thermal front se~

parates the regions of stratified and homogenous waters.

The stratification is governed either by the SIMPSON-~HUNTER parameter,
S = 1og10(H/cDU3) (SIMPSON and HUNTER , 1974) oy by the parameter S' = H/02
(GARZOLI, 1979) where CD is the drag coefficient (CD = 0.0025). According
to PINGREE and GRIFFITHS, when s < 1 (H/U3 1ls expressed in cm-2 s3) the

medium is stable and stratified, and when S > 2 mixing occurs and the £luid

1

becomes homogeneous. In the model of GARZOLI, H/U2 =1 cm 52 is the criti-

cal value beyond which stratification no longer takes place. The thermal front

appears at the boundary between the stratified and homogeneous waters.

Fig. 13 shows locations of the fronts predicted by FEARMNHEAD (1975), and
PINGREE and GRIFFITHS (1978). These positions, already captured by NOAA satel-
lites (SIMPSON et al., 1978 ; PINGREE and GRIFFITHS, 1978), are confirmed
by HCMM observations. Note also in fig. 12-a and 12-c that the lishant front,
though pronounced at the level of Ushant Island (Vv 3°C), progressively disap-
pears farther north. This is explained by the fact that the gradient of S or
S"is weaker in the northern portion than around Ushant Island (weaker tidal

currents and the slope less steep) rendering the separation between the stra-

tified and homogeneous regions less distinct.

On the image of 25 August, and less clearly on that of 21 September, one
can observe a phenomenon mentionned by PINGREE (1979) ; colder and more homo-
geneous water east of the front of Brittany diffusing westward in fingers per-

pendicular to the margin of the front. According to PINGREE, these intrusions
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of cold water play an important role in the mechanism of expanding thermocline

erosion which occured during this period (the end of the summer). As surface

heat was reduced, the front progressed westward.

The positions of these fronts are subjected to changes due to a variety

of factors,

= Variations of the tidal coefficient can double the amplitude of the tidal

current.

- The evolution of energy and heat exchanges at the surface throughout the

season can create conditions of different stratification.

- The wind can be a dominant factor in regions of weak tidal current (SIMPSON

et al., 1978).

- The phenomenon of advection may play a role, advancing the front margin

(GARZOLI, 1979).

HCMR observations show the evolution in the position of the Ushant front
during May-September 1978 (FPig. 14). The position is very fluctuating. Note
an eastward displaccment, due to increased stability of the stratified water,

is absent during May-September in contradiction to studies by PINGREE (1975)
and GARZOLI (1979),
Moreover, in Fig. 14, the situation of May 21 is different from that of

26 May in that the front is displaced more than 100 km westward at 49°30' N.

These observations occured before and after a period of strong tidal coeffi-

cients, the meteorological situation being the same during 15-26 May with rela-

tively weak winds in the northern sector. These observations suggest the follo-

wing hypothesis : the currents became more important between 21 and 26 May,
and as S and S' parameters diminished, the stratification was progressively

destroyed in the region where the front was localized on 21 May. In response

to the diminufiion in the S and S' parameters, the thrust of the front advanced

to greater depths (westward) until H was large enough to render ineffective

e
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the tidal currents on the destruction of the stratification.

B - OBSERVATIONS ON THE EDGE OF THE CONTINENTAL SHELF

Summer satellite observations (PINGREE, 1979, DICKSON et al., 1980) show
a band of cold water situated at the edge of the continental shelf, where the
ocean bottom drops from 200 m to several 1000 m. This band of cold water (repor-
ted by PINGREE from VHRR data in 1976-1978) persisted from July to September
between 5° and 10°W. DICKSON et al. Presented observations in May and June 1979
obtained from AVHRR data, in which the band of cold water followed the edge of
the continental shelf from the south of Ireland (11°W) to the south of Britta-
ny (4°W). The explanation for this phenomenon that appears as an upwelling re-
mains uncertain. Based on the works of KILLWORTH (1978), DICKSON advances the
hypothesis of an interaction between Kelvin waves and the shelf break, an inte-
raction which is intensified by the presence of canyons. The theory proposed
by KILLWORTH supposes winds dominate from the northwest, blowing parallel to
the slope. HEAPS (1980) suggests an upwelling generated at the shelf break when
winds dominate from the southwest. Note, however, that satellite observations
generally correspond to a cloudfree situation associated with an anticyclone
high over the Bay of Biscay and the British Isles, and that the resulting winds
were frequently from the east. This is contrary to the preceeding theory unless
one admits to a shift of a few days between meteorological £crcing and the

response of the sea.

During the period May 1978-1979, 10 HCMR images focussed on the edge of
the continental shelf. These permitted a pinpointing of phenomena and enabled

the following observations to be made.

1) The well established band of cold water corresponds to the local destruc—
tion of the thermocline under the action of a mixing process linked to the

presence of the shelf limit. This band appears in May-June at the onset of
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summer when the thermocline is formed, and disappears in the autumn (october)

when the stratification is destroyed.

2) The phenomenon is more intense after spring tides, (Fig. 12-a from 25 August
1978, and Fig. 12-c from 21 September 1978), whereas during the period of neap
tides, the band of cold water appears as a more diffuse feature (Fig. 12-b

from 15 September 1978). The physical process provoking this upwelling of cold
water has a possible a relation to the interaction of tidal waves with the edge

of the shelf.

3) One can follow an evolution of phenomerna during the course of the summer.
Early in the season (a period of weak stratification) a narrow band of cold
water (several 10ths of km) was observed on the edge of the armorican and cel-
tic shelves from south of Ireland to 46°N - 4°W in the Bay of Biscay. At the
end of the summer (a period of strong stratification), the band of water had
expanded and was particularly intense between 5 and 9°W though not discernable
on the segment oriented NW-SW at the edge of the shelf from 49°N = 11°W to
46°N - 4°W. The observations of 25 August and 21 September 1978 are typical
of this. Both were obtained near the close of the sping tide period. The
zones of more intense phenomena which correspond to the colder water are lo-=
cated in precisely the same regions for both documents. It is worth emphasi-
zigg that the part of the shelf edge between 5 and 9°W colncides whith the
segment where the slope of the shelf break is larger (it varies between 0.05
and 0.1, whereas in the region farther north, the slope is less than 0.03)
and where the tidal currents are stronger (1.5 knot during spring tide).
This group of observations indicates a direct correlation between the pre-
sence of cold water along the edge of the continental shelf and the amplitude
of the tidal current. MAZE (1980) has shown that the passage of a barotropic
tide over the slope can generate an internal baroclinic wave (elevation of
the thermocline) of an amplitude of the same order as the depth of the ther-

mocline, thereby suggesting an explanation for the appearance of cold water
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at the surface, The amplitude of the internal wave is increased by the speced
of the current and the inclination of the shelf break. The appearance of cold
water is restricted to the summer, i.e. when the thermocline is pronounced,
and to areas where the strongest currents and steepest slopes are encountered,
as in the situation along the coast of Brittany. The observation of 25 August
1978 shows clearly a complex system of internal waves of wavelengths approxi-
mating 50 km which correspond tothomaofintexnalwaves(ci =1m s'l) having a
tidal period. The stationary regime of the internal waves is occasionally vi-
sible between the south of Brittany and the shelf break where it seems to be
in resonnance within the limited conditions constituted by the shape of the

basin.

On one occasion observed in the winter (Fig. 12-e from 16 January 1979)
a band of warm water along the slope was shown extending very shoreward into
the Bay of Biscay. In the location of the cold upwelling usually present off

northwest coast of the iberian peninsula, warm water is also observed, having

the appearance of a warm upwelling. It is difficult to attribute the phenomenon

to the resurfacing of Mediterranean water because its depth is on .the order
of 1000 m. The hypothesis of a mechanism of advection linked to wind induced
circulation in the Bay of Biscay can be equally advanced. This would imply
current values (on the order of 1 m. s-l) established over an extended time

{on the order of a week).

C - COOLING ON THE CONTINENTAL SHELF DURING THE AUTUMN PERIOD

Starting in September, the surface layer begins to cool and become homo~

geneous to progressively greater depths. The mechanism is more rapid and abrupt

in shallow areas, such as coastal zones (2 < 20 m). At the end of September,
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cold water that began to appear at several localized points along the sou-
thern coast of Brittany to Gironde (Fig. 12-c), had, by the end of October,
formed a continuous coastal band extending to the 50 m isobath (Fig. 12-4).
Note that when the thermocline is in complete erosion, cold water spans the
entire shelf and extends seaward as successive intrusions with the charac-
teristic scale of 20-50 km. Observations in the winter period of 16 January
and 27 February 1979 (Fig. 12-e and 12-f) show a persistant band of cold ho-
mogeneous coastal water that extended to the 100 m isobath forming a distinct
front of several °C; south of Brittany.

ZONE 3

, A = NORTH BALEARIC FRONT

-,

Figs 15-a, 15-b and 15-c provide observation§ of the north balearic
frent on 11, 16 July and 12 August 1978. This frdnt results frow circulating
waters in the western Mediterranean which are characterized by a substantial
surface current (LACOMBE and TCHERNIA, 1972) (extending to a depth of approxi-
matively iSO m) of atlantic water and which flows eastward along the algerian
coast in leaving the alboran Sea (Fig. 16). West of Algeria, the current stems

and divides into 2 branches ;

- One continues in the eastward direction along the african coast to the strait

of Sicily where it penetrates into the eastern Mediterranean.

- The other curves northeast, merges with the Ligurian current, and follows
along the southern coast of France and Spain. This circulation forms two cy=-
clonic rings, one in the Ligurian Sea and another trapped around Balearic

Islands which generates the north balearic front.
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In Fig. 15~a, 15-b and 15-c, one can detect twomajor oscillations in the
front ; the first along the coast of Spain around 4°30' E and the second around
8°E and 42°N. The average position of the front during the summer of 1978 can
be seen in Fig, 17. Note the southward displacement at 7°E, from May tc August
which can be related to wind action dominating from the NW that produces upwel-
lings along the coast of Gulf of Lions and entrains the circulation to the

south (MILLOT and WALD, 1981).

Aside from this general form, the north balearic front induces small
scale meanders (typically 10-20 km) in response to baroclinic instability in
the frontal zone (radius of deformations ; several km). Equally notable is an
anticyclonic ring near the coast of the french-spanish border, which corres-

ponds to the deviation of the Ligurian current by the Cape of Creux.

B - LARGE SCALE EDDIES OFFSHORE THE ALGERIAN COAST

On the observations of 11, 16 and 21 July (Fig. 15-a, 15~b and 15-¢),
two large anticyclonic eddies, having dimensions approximating 100 km, are
clearly visible, They are practically stationary and centered at 38°N - 7°E,
A weak propagation E - NE is noted. These eddies are revealed by the entrain-
ment of colder water derived either from upwelling on the algerian coast (cape
Bougaroun) or by cold water flewing along the sardinian coast. Although they
have been systematically observed by satellite photos during the summer period,
their origin still remains unclear. They could be linked to experiments made
in a rotating tank (GRIFFITHS and LINDEN, 1981) in which similar undulations
were attributed to a combination of barotropic and baroclinic instabilities.
The horizontal scale L. (100 km), of the ocean eddy is in partial agreement

E
with the theory of baroclinic instability :

.
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Lg ® T Ry
with RH, the radius of deformation :

--1- é—p—‘i/zﬂ
R, =% (gh 5 ) = 20 km

where B = 150 m is the depth of the surface layer of the atlantic water ;
3

%? = 3.107” is the relative difference in density between the surface water

and deep water ; £ ¢ 0.9(10-4) s-1 is the Coriolis parameter at the latitude
in consideration ; and g is acceleration due to gravity. Fig. 15-c of 21 July
seems to support the following. From eddies forming along the algerian coast
at 3°E, there seems to be an amplification developing into rings from 5°E.

Elsewhere, between S5°E and 9°E, anticyclonic eddies seem to induce smaller

cyclonic rings along the algerian coast.

The observation of 16 July reveals a remarkahle phenomenon between
Balearic and Sardinia Islands around 40°N. The surface temperature field
is very inhomogeneous. Structures more or less organized in bands 5 to 10 km
wide give the surface temperature field a filamentiolis appearance for which
the following explanation is proposed. From 5-8 July, a violent wind from
the northwest, the Mistral, blew on the Gulf of Lions, entraining the thrust
of the north Balearic front toward the south (particularly pronounced on the
image of 11 July). Then just prior to 16 July, the winds were thremely weak

»

resulting in minimum surface agitation and the cold water entrained southward

to 40°N mixed with atlantic surface water in a series of warm and cold pockets;

elongating in the direction of the current. During such a period, the direc~
tion of warm and cold fingers of water can be considered as an indication of
the direction of the surface currents ; this being equally evident in the

region of the large scale eddies on 16 July (38°N).
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C = THE LIGURIAN CURRENT AND UPWELLINGS IN THE GULF OF LIONS

The situation in the liguro-provencal basin is well illustrated in
Fig. 15~e, 12 August 1978, A cold water mass is located in the center of '
the basin bounding by a contrastingly warm water circulation that follows
along the coast of Corsica, Italy and France (WALD and NIHOUS, 1980). The
interface between the central water-and the coastal current exhibits a series
of deformations having an anticyclonic tendency and wavelengths of v 50 km, ﬁ

particularly in the northern portion. This process has been outlined by CREPON

et al. (1980), and is analogous to deformations in the polar front of the at-

mosphere and due to a phenomenon of baroclinig instability.

After flowing along the french coast, the Ligurian current penetrates
into the Gulf of Lions, where it encounters coastal summer upwellings pro-
duced by strong gusts of winds from north (Mistral) and west (Tramontane)
(Fig. 15-d, of 22 July and 15~e, of 12 August 1278). The image of July 22

gives a clear view of the extent of these upwellings created by the strong

winds of the preceding days (17-21 July). Colder water appeared on the coast
in diverse locations ( MILLOT, 1979) : cape of Adge, mouth of the Rhone,
capé Sicié and,in spreading seaward , was deflected to the right of the wind

ag a consequence of Coriolis aceceleration.

The southward expansion of the cold upwelling extends to 100 km south
of Marseille and is an important feature. The LANDSAT image of September 1976
(Pig. 18) confirms the mechanism that at the time of the upwelling, coastal
sediments were entrained offshore at the cape of Adge and tended to describe
an anticyclonic circuit. Only the western border of the upwelling generated T"
at the mouth of the Rhone, is visible, but significant entrainment of suspen-
ded material farther south is apparent. ‘ i

These phenomena have been numerically modelled by KUA and THOMASSET (1982), ;
and good agreement has been obtained between the satellite observations and §

the results of the model.
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Following release from the tipwelling, the Ligurian current flows along
the slope of the continental shelf of the Gulf of Lions and entrains towards
the southwest those masses of ccld water upwelled east of Marseilles (Fig. 19,
for 12 August 1978).,

5 - IMPORTANT DIURNAL HEATING DETECTED BY THE HCMR IN CONDITIONS OF WEAK WINDS

During the period extending from May 1978 to August 1978, a large amount
of data acquired daily on the Mediterranean by the HCMR revealed marine zones
of similar spatial structures in both visible and thermal infrared channels.
Fig. 20 shows an example of these features ; one located in the area between
Corsica and the southern coast of France, and the other in the area near the
eastern coasts of Corsica and Sardinia. One observes higher temperatures in
the infrared channel (Fig. 20-b) and at the same time, important changes in
the reflectance in the visible channel (Fig. 20-a). These structures have
been identified as significant heating of several degrees, of the first few
centimeters of the surface layer during periods of weak wind (DESCHAMPS and
FROUIN, 1982).

The changes in reflectance observed in the visible channel are interpreted
as variations in "glitter", -i.e. in the specular reflection of direct solar
radiation of the agitated sea surface. During the period arocund the summer
solstice, the geometric conditions of observation were favorable for the de-
tection of glitter phenomenon in the western portion of the scenes. Glitter
is usually pronounced when the sea is relatively calm, and a maximum in re-~
flectance occurs when the direction of satellite observation is near that of
the specular reflection of the sunlight., One such patch of uniform brightness
is noticeable in southwestern portion of Fig. 20-a. In the case of a very calm
sea, the reflection of the surface becomes almost specular and a reduction of
reflectance can usually be noted, because it is very fmprobable that the angle
of the satellite observatiori would be aligned exactly in the direction of the

specular reflection.

Fig. 20-a illustrates this reduction in reflection : two phenomena are
presented with the more or less brilliant areas corresponding respectively to
weak and zero winds. The fact that the change in sea surface agitation can
produce an increase or reduction of the observed reflectance has already been
mentionned by Mc CLAIN and STRONG (1969), and LA VIOLETTE et al. (1980).
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When the surface agitation due to wind stress decreases, the heating
of the surface layer increase3 (HASSE, 19271). In the absence of wind, the
gain in temperature is almest entirely determined by the local absorption
of sclar radiation. The effect is that the diffusivity in the upper layer
tends towards the limit value given by the thermal molecular diffusivity
which, on a scale of several hours, is insufficient for distributing the
heat to deeper layers. Thus one can observe substantial diurnal heating

of several degrees in the surface layer.

The meteorological ohservations (Fig. 20~d) are in good agreement
with the fact that the zones of weak winds correspond to zones of weak re-

flectance and strong diurnal heating.

Radiative cooling during the night rapidly destroys most of the diurnal
heating at least in the upper surface layer. The evidence of diurnal heating
can then be established by>making a comparative analysis of successive day/
night observations Fig. 20-¢c gives the difference between day and night
temperatures at 12-hour interval, corresponding to the day time image shown
in Fig, 20-b and furnished by NASA : the warm anomalies are always present

yet very well correlatedto variations in reflectance in the visible channel.

From May 1978 to August 1978, approximatively 60 images were obtained
on the western Mediterranean, among 34 of which it has been possible to iden=-
tify several marine regions showing significant diurnal heating of more than
1°C and involving surface areas of dimensions ranging from 1Q to 100 km. The
frequency of these events is therefore of conseguence in the Mediterran=aan.
Diurnal heating seems much weaker in the near Atlantic and the North Sea
where the authors have been able to observe only one scene possessing this
phenomenon. Because regions such as the Mediterranean can 5e strongly affec-
ted by diurnal heating, the measurement of the sea surface temperature field
obtained by daytime satellite observation may be without any oceanographic
significance and should be restricted to night or early morning when the sur-

face layer is more homogeneous,

6 - CONCLUSIONS

In this study, photographic products and numerical data provided by the

HCMM experiment have been systematically utilized. Two types of conclusimns

s,

:
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can be drawn from this, The first bears onthe adequacy of the experiment
itself and the pictorial documents provided for the aim of the research :
observation of the sea surface temperature field, The other conclusions put

in evidence some results of oceanographic interest.

The comparison of the radiometric performances (product of ground re-
solution by resolutiocn in temperature, NEDT) between the HCMR and the VHRR
indicates a gain by a factor of 7 in favor of the HCMR, a gain similar to
that of the AVHRR which makes them comparable for selected operations. This
gain is decisive and essential for observation of mesoscale structures (10-
100 km) in the ocean. Evidence has been provided as much by the study of the
spatial spectrum of temperature variance density as by certain original obser-
vations which can be found in section 4 (large scale eddies in the western
Mediterranean) .

The photographic products provided by NASA, already geometrically correc-
ted and enhanced in the sea surface temperature range, greatly facilitated the
interpretation of the data obtained. It avoided heavy computer treatment
that is necessary with certain meteorological satellites (data of the VHRR and
AVHRR) . It also greatly improved the smount and quality of possible interpre-
tations through an economy of means and by facilitating a more rapid and wider
dissemination tp the community of involved and interested oceanographers. A
similar treatment of AVHRR data, furnishing operational items of similar pho-
tographic products corresponding to the needs of oceanographers, would cer-
tainly enahle the use of satellite data complementary to in-situ measurements,

.

to progress more rapidly.

Even though the HCMR and AVHRR have potentially comparable radiometric
performances, the AVHRR of TIROS-N and NOAA-6 has certain advantages : increa-

sed repetitivity that is essential for eliminating the effect of cloud covera-

_ge, correction of atmospheric emission by means of a channel centered at 3.7um,

and operational character of the experiment until the mid 8Q's.

The analysis of the HCMR photographic products has permitted conclusions

to be drawn on several aspects of oceanography :

-~ the influence of the residual current, as it passes through the Dover Strait,
on the thermal effluent of the Rhine, and the rather broad offshore diffusion
of the effluent associated with winds from the northeast or west which respec~-

tively retard or accelerate the residual current,

kB e e o
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~ the analysis of images obtained revealing the presence of cold water in the
summer along the edge of the continental shelf to the west of Britanny firmly
supporting the hypothesis of an upwelling mechanism produced by the action of
tidal currents over the slope of the shelf break,

- the detection of large scale eddy structures (100 km) in the western Medi-
terranean around 6 E - 38°N during the summes, probably due to a phenomenon
of instability of the baroclinic - barotropic type,

- the frequent appearance of significant d4iurnal surface heating (several °C)
linked to weak winds in the Mediterranean, that should lead one to use with

caution the daytime observations of the summer season.

The results presented here reflect upon a fairly restricted period :
May 1978 to May 1979. It is evident that in the coming years, the infrared
images of the AVHRR satellite will continue to be of broad interest to the
oceanographic community by offering systematic and repetitive observations

and by, for example, filtering cloud cover for the study of temporal changes
in ocean-atmosphere phenomena,
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1. - Satellite observations in the thermal infrared of the Bay

of Biscay region around 45°N and 4°30'W (a) by the VHRR, 10 May
1978 at 8h TU and (b) by the HCMR, 11 May 1978 at 2h TU. Each grey
shade corresponds to (a) 0,1°C and (b) 0,3°C. In the center of
these images one notes the presence of an eddy approximating 50 km
in diameter, basely visible on the VHRR image due tho instrumental
noise get clearly distinguishable on the HCMR image.

2. - Density spectrum of variance of the surface temperature field
for the same region (64 x 64 km®) in the Bay of Biscay obtained
from HCMR and VHRR data. The direction of analysis corresponds to
that of the satellite track.

3. - Satellite observations in the thermal infrared of the Bay of
Biscay 17 July 1979 (a) by the HCMR at 12h45 TU and (b) by the
AVHRR at 15h 15 TU. Each grey stade corresponds to (a) 0,2°C and

(b) 0,1°C. One notice the presence of a large eddy structure appro-

ximately 300 km wide.

4. - Density spectrum of variance of the surface temperature field
for the same region (64 x 64 km2) in the Bay of Biscay obtained
respectively from HCMR and AVHRR data. The direction ¢f analysis

corresponds to that of the satellite track.

5. = French oceanic regions : southern portion of the north sea
(zone 1), the British Channel, the Celtic sea, and Bay of Biscay

(zone 2), the north-western mediterranean (zone 3).
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6. - HCMM observations of the thermal effluent of the Rhine-Meuse-

Escaut system during the summer season. Significant offshose dif-
fusion on images (a), (b), (e) and (f) (A-A 0022-12470,

A-A 0034-13110, A-A 0054-12470 and A-A 0055-02030), effluent
abutting the coast on images (c) and (d) (A-A 0039-13050 and
A-A 0044-12570).

7. - HCMR observation A-A 0263-01320 of thermal effluent of the

Rhine-Meuse-Escaut system during the winter reason (14 January 1979 1

at 2h TU). The southern position of the effluent flows toward the

southewast forming a diffuse, wedge-shaped plume along the belgium
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8. - Residual circulation in the southern position of the north
sea, according to NIHOUL and RONDAY (1975). Stream lines in

104 m%/s

9. - Landsat image of 12 June 1975 showing the transport of
sediment (clear shades) from the Meuse-Escaut system toward the
sounthwest along the belgian coast.

10.~- Value of the SIMPSON-HUNTER parameter, $, in the southern "
portion of the North Sea : (a) according to the model of PINGREE '
and GRIFFITHS (1978), and (b) according to the model of NIHOUL ¥
(1980). The S values greater than 2 correspond to a stratifield '
medium; value less than 1, to a homogeneous medium; and values

of 1.5 to a system in transition where thermal fronts can be

encountered.

11.~ Mean wind speed and direction on the surface in the southern
position of the North Sea for the periods of (a) 8-31 May 1978,
and (b) 1-20 June 1978.

12.a - HCMM observation A-A 0121-13260 in the thermal infrared
channel for 25 August 1978 at 13h26 TU. Tidal fronts at the
entrance of the Manche. Relatively cold water at the shelf break

and offshore of Brittany.

12.b - HCMM observation A-A 0142-13190 in the thermal infrared
channel for 15 September 1978 at 13h19 TU. Following a period of
weak tidal coefficients, the band of cold water at shelf break and

offshore Brittany is less distinct. 5

12.¢c - HCMM observation A-A 0148-13320 in the thermal infrared
channel for 21 September 1978 at 13h31 TU. Tidal fronts at the
entrance of the Manche, near Cape of Cornwalls, and between Ireland
and England. Relatively cold water at the shelf break offshore of

Brittany., Upwelling along the coast of Spain.

12.d - HCMM observation A-A 0185-13180 in the thermal infrared
channel for 28 October 1978 at 13h18 TU. Cooling on the continental
shelf in the autumn season. Note the characteristic structure cor-

responding to turbulent offshore diffusion of cold coastal water.
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12.e - HCMM observation A-A 0265-02090 in the thermal infrared

channel for 14 January 1979 at 2h09 TU. Relatively warm water at
the limit of the continental shelf southeast of Brittany, in the

Bay of Biscay along the coast of Spain.

12.f - HCMM observation A-A 0307-01530 in the thermal infrared
channel for 21 February 1979 at 1h 53 TU. Note the band of cold
water along the french coast.

13.- Tidal fronts in the summer season at the entrance of the
Manche and in the Celtic Sea as predicted by the models of (a)
FEARNHEAD (1975) and (b) PINGREE and GRIFFITHS (1978).

14.- Evolution of the tidal front position at the entrance of
the British Channel during the period of May through September
1978, deduced by HCMR observations.

15.a - HCMM observation A-A 0076-01590 in the thermal infrared
channel for 11 July 1978 at 1h59TU. North Balearic front. Large

scale eddies offshore of the african coast.

15.b - HCMM observation A-A 0081-01510 in the thermal infrared
channel for 16 July 1978 at 1h51 TU. Apart from the large scale
eddies offshore of the Algerian coast, note the irregularity of

the surface temperature field between Baleares and Sardinia.

15.¢c - HCMM observation A-A 0086-01450 in the thermal infrared
channel for 21 July 1978 at 1h45 TU. Eddies forming along the

Algerian coast and expanding toward the coast.

15.d - HCMM observation A-A 0087-02020 in the thermal infrared
channel for 22 July 1978 at 2 h02TU. Coastal upwelling in the
Gulf of Lion.

15.e - HCMM observation A-A 0108-01510 in the thermal infrared
channel for 12 August 1978 at 2h 02 TU. Coastal upwelling in the

Gulf of Lion. Liguro-Provencal Current.

16.- Summer surface circulation in the Mediterranean, according

to LACOMBE and TCHERNIA (1972).
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17 .- Seasonal positions of the North Balearic front during

the summer of 1978,

18.- LANDSAT image of September 1976. Upwellings in the Gulf
of Lion, Coastal sediments entrained offshore and very much to
the south in the case of the upwelling produced at the mouth of
the Rhone.

19.- Diagram illustrating the situation on 12 August 1978 *
(Fig.15.c). After driving various masses of cold upwelling ligurian
water the progression of the current is interrupted by a later »

upwelling released near the Cape of Sicily.

20.- Diurnal heating in the western Mediterranean (a) HCMM obser-
vation A-A 0038-12440 in the visible channel on 3 June 1978 at
12h44 TU. Note bright patches (high reflectance) to thc coast and
west of Corsica and Sardinia. (b) idem (a), but in the thermal
infrared channel. Note the warmer water to the east and west of
Corsica and Sardinia., (c) Day/night temperature difference from
HCMM observations obtained on 3 June 1978 at 1h50 TU (night)

(A-A 0038-01500) and 12h44 TU (day). The darker shades correspond
to cooler diurnal temperatures. (d) Meteorological situation on

3 June 1078 at 12h TU.

21.- Diurnal heating in the North Sea. (a) HCMM observation

A-A 0034-13120 in the thermal infrared channel on 30 May 1978 at
13h 10 TU. Note the warm patch east of Scotland in the center of
the dark (cold) field. (b) HCMM observation A-A 0035-02280 in

the thermal infrared channel on 31 May 1978 at 2h30 TU. The warm
patch has disappeared during the nigﬁt. (c) Meteorological situa-
tion on 30 May 1978 at 12 h TU.
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Table 1 - Performances of the different radiometers on bo

ard the
satellites
NEDT (300 K) Ground Resolution Repetitivity
VHRR/NOAA Ve 0.5 to 1K 1 Km 2/day
AVHRR /ggig?g” e 0.1 1 4/day
HHCMR /HCMM R 0.3 0.5 1/day
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(a)

(b)

1. - Satellite observations in the thermal infrared of the Bay
of Biscay region around 45°N and 4°30'W (a) by the VIHRR, 10 May
1078 at 8h TU and (b) by the HCMR, 11 May 1978 at 2h 1TU. Each grey
shade corresponds to (a) 0,1°C and (b) 0,3°C. In the center of
these images one notes the presence of an eddy approximating 50 km
in diameter, basely visible on the VHRR image due tho instrumental

noise get clearly distinguishable on the HCMR image.
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2. - Density spectrum of variance of the surface temperature fiecld
for the same region (64 x 64 kmz) in the Bay of Biscay obtained
from HCMR and VIIRR data. The direction of analysis corvresponds to
that of the satellite track.
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4. - Density spectrum of variance of the surface temperature field .WM'
for the same region (64 x 64 km?) in the Bay of Biscay obtained L
respectively from HCMR and AVHRR data. The direction of analysis

corresponds to that of the satellite track.

MR | oo



v - e
e A T

= i

e

5

SO°N

ORIGINAL PAGE IS
OF POOR QUALITY

.~ EN LBH

CH[ANNE

(

NETHERLANDS

(zone 1)

Southern portion of the north sea

oA T LR R T, TR

L o i

el




e e e ————— YTy "
o PRI S R

. ,CORNWA!
50°N v[ c . tl
) om=—""
/ a( CELTIC SEA Ciisegl s | pne s
? CHANNEL

45°N

5, = (zone 2) : The British Channel, the Celtic sea, and Bay of

Biscay

o T <

T+ R L

¥

aop
T

Eﬁv g

i

Lo

BRI T



NN . PP )
bt e .

terranean.

i

aléaric Ist,

OF POOR QUALITY

ORIGINAL PAGE IS
The north-western med

(zone 3)

3

. = : e e e - s PR ot w..Atﬂ»,,n«.ug
. - i - - - s
i ORI R




UR'&A' Iﬂt_ ‘ I\JL. ‘s
OF POOR QUALITY

PR "" '- 5 ". P

18 may 78, 2h30 TU

30 may 78, 13hll TU

6. (@), (b) - HOM cbservations A=A 0022-12470 (a) and A-A 0034-13110 (b) of
the themal effluent of the Rhine-Meuse-Escaut

t system during the summer sea-=
son. Sigme¥gmant offshore diffusion
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6. (¢c), (d) - HOM cbservations A-A 0039-13050 (c¢) and A=A 0044-12570 (d) of

the thermal effluent of the Rhine-Meuse-Escaut system during the summer sea-

son. Effluent abutting the coast.
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() : 19 june 78, 12h47 TU (£) 20 june 78, 2h03 TU

6. (e), (f) = HCMM observations A-A 0054-12470 (e) and A-A 0055-02030 (f)
the thermal effluent of the Rhine-Meuse-Escaut system during the summer sea-

son. Significant offshore diffusion.
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7. - HCMR observation A- A 0263-01320 of thermal effluent of the
Rhine-Meuse-Escaut system during the winter reason (14 January 19790
at 2h TU). The southern position of the effluent flows toward the

southewast forming a diffuse, wedge- shaped plume along the belgium

coast
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10.- Value of the SIMPSON-NUNTER parameter, S, in the southern
portion of the North Sea : (a) according to the model of PINGREE
and GRIFFITHS (1978), and (b) according to the model of NIHOUL
(1980). The S values greater than 2 correspond to a stratificld
medium; value less than 1, to a homogeneous medium; and values

of 1.5 to a system in transition where thermal fronts can be

encountered.
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position of the North Sea for the periods of (a) 8-31 May 1978,
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12.b - HCMM observation A-A 0142-13100 in the thermal infrared

channel for 15 September 1978 at 13h19 TU. Following a pericd of
weak tidal coefficients, the band of cold water at shelf break and

of fshore Brittany is less distinct
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12.c - HCMM observation A-A 014%-12320 in the thermal

infrared

channel for 21 September 1078 at 13h31 TU. Tidal fronts at the

entrance of the Manche, near Cape of Cornwalls, and between Ireland

and England. Relatively cold water at the shelf break offshore of
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12.d - HCMM cbservation A-A 0185-13180 in the thermal infrared
channel for 28 October 1078 at 13h18 TU. Cooling on the continental
shelf in the autumn season. Note the characteristic structure cor-

responding to turbulent coffshore diffusion of cold coastal water.



12.e - HCMM observation

channel for 14 January 107G at

the limit of the continental shelf southeast

Bay of Biscay along the coast of Spain
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Abd-Prodicted Fronts

Stratified

e
Transitional

Fig.13

«wmmPredicted Fronts

N.50-

13.- Tidal fronts in the summer season at the entrance of the
Manche and in the Celtic Sea as predicted by the models of (a)
FEARNHEAD (1975) and (b) PINGREE and GRIFFITIIS (1978).
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14.- Evolution of t.he tidal front position at the entrance of
the British Channel during the period of May through September
1978, deduced by HCMR observations. ’
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HCMM observation A- 7 500 in the thermal infrared

channel for 11 July 1978 5 I. North Balcaric front. Large




ORIGINAL PAGE
BUACK AND WHITE PH’OTOGRAPH

15.b - IlICMM observation A-A 0081-01510 in the thermal infrared

channel for 16 July 1078 at 1h51 TI Apart from the large scale
eddies offshore of the Algerian coast, note the irregularity of

the surface temperature field between Baleares and Sardinia.
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15.¢ - HCMM observation A-A 0086-01450 in the thermal infrared
channel for 21 July 1978 at 1hd4s5 TU. Eddies forming along the

Algerian coast and expanding toward the coast.



15.d - HCMM observation A-A 0087-02020 in the thermal infrarcd

channel for 22 July 1078 at 2 hO02TU. Coastal upwelling in *'.c

Gulf of Lion.
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16.- Summer surface circulation in the Mediterranean, according
to LACOMBE and TCHERNIA (1972).
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17 .- Seasonal positions of the North Balearic front during
the summer of 1978.
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18.~ LANDSAT image of September 1976. Upwellings in the Gulf
of Lion. Coastal sediments entrained offshore and very much to

the south in the case of the upwelling produced at the mouth of
I I

the Rhone.
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Diagram illuscrating the situation on 12 August 1978

(Fig.15.¢). After driving various masses of cold upwelling liguriar

water the progression of the current is interrupted by a later
upwelling relecased near the Cape of Sicily.
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20, (a) : HCMM observation A=A O003I8-12440 in the visible channel

on Y June 1078 at 12 H.44 U, Note bright patches (high

—anr

reflectance) to the coast and west ot Corsica and

dinia.
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20, = (c) : Day/Night temperature difforence from HCMM

observations

obtained on 3} June 1078 at 1 H.S50 'H (night) (A-A 00138-
01500) and 12 H.44 TU (day). The darker shades corres-

pond to cooler diurnal temperatures.
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ABSTRACT

Satellite infrared data have been used to investigate the mesoscale varinbility of the SST (sea surface
temperature) field, A statistical analysis of the $ST field has been performed by means of the structure
function, Results give the equivalent power.law exponent n of the spatial variance density spectrum
E(k) ~ A", The exponent n was found to vary from 1.5 to 2.3 with a_mean value of 1.8 in the range of
scales 3~100 km which is in agreement with previous one-dimensional analysis from shipborne and air-
borne mensurements, These observed values of n are discussed and compared with the vilues predicted

by turbulence theories,

1. Introduction

Present-day satellite infrared radiometers permit
the determination of the mesoscale SST (sea surface
temperature) field on an operational basis thanks to
their improved radiometric performances, which
typically are of a few tenths of °C for a nadir resolu-
tion of 1 km* This gives a potential tool for a sys-
tematic investigation of mesoscale thermal features
such as thermal fronts, eddies and plumes which
have been already observed and studied by means of
IR pictures orderived SST maps. In addition to these
observable features, a part of the SST field must
be considered as random and containing some other
information which can only be retrieved by a statis-
tical analysis—e.g., the spectral density of variance.

Attempts to compute the spatial spectrum of the
SST have previously been made by McLeish (1970),
Saunders (1972a) and Holladay and O'Brien (1975),
from airborne infrared measurements along an air-
craft track. Examples of mesoscale spectrahave also
been determined from shipborne measurements
(Voorhis and Perkins, 1966; Fieux er al., 1978).
Satellite observations give a unique opportunity to
investigate the mesoscale variability of the SST field,
down to scales of 1 km, at any given time, with a
frequency which is limited only by the cloud cover.
In the present study, we intend to demonstrate the
feasability of using satellite data to obtain statistical
parameters of the mesoscale SST field.

2. Statistical analysis of the SST field
Studies of the variability of the temperature (or
any scalar) ficld usually make extensive usc of spec-

0022-3670/81/060864-07505.75
© 1981 American Meteorological Society

tral methods, i.e., the computation of the density
spectrum of the scalar variance by means of Fourier
transformation or autocorrelation function, to obtain
a typical power law which characterizes the vari-
ability of the temperature field and which can be
related to turbulence theories. In the present study,
the structure function has been employed in order to
more accurately determing the power-law exponent.
in the presence of the large noise level found in
satellite infrared data,

a. Structure function

If the SST field is considered as being an.isotropic
random process with bomogeneous increments (at
least locally), the structure function can be com-
puted as

Drr(h) = WB[T(x + h) — T(x)P*, (1)

where T(x) is the temperature at .x, 1 the spatial
scale, and an overbar denotes an average operator.
In the following, k denotes the wavenumber of the
formk = h~4,

The main advantage of the structure function D (/1)
when compared with the spectrum of the variance
density E(k) or with the autocorrelation function
B(h) is that its experimental determination is more
accurate and much less affected by random varia-
tions because only ingrements are taken into account
(Panchev, 1971). Anexample is given in Fig. 1 where
both E;(k) and Dr(h) have been computed and are
shown for the same sample of the SST field, meas-
ured by the AVHRR (Advanced Very High-Resolu-
tion Radiometer) experiment on board the TIROS-N
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from AVHRR data, {7 July 1979, over the Bay of Biscay
{45°30'N, 4°30'W). The dashed line indicates the radiometer
noise level.

satellite. This example shows clearly that the struc-
ture function is more regular than the spectrum,
allowing an easier determination of the characteristic
parameters, e.g., the power-law exponent given by
the slope when using logarithmic coordinates.

4
b. Interpretation of the structure function

i
The structure function D(h) represents the statis-
tical influence of a point upon other points at distance
h. For a homogeneous and isotropic random proc-
ess, D(/t) and B(h) are linked by

D(h) = (B(0) ~ B(h)]. @

As B(#) and E(k) are the Fourier transformations

P, Y. DESCHAMPS, R, FROUIN AND L., WALD 865

of each other, D(/t) may thus be related to E(k)
(Panchev, 1971);

D(h) = j: (1 - cos2mkmER)k, ()

for a one-dimensional analysis.
In the inertial range, the spectrum is usually char-

acterized by .
' E(k) ~ k™", 4)

From (3), it can be shown that the structure function
may then be written as

D(h) ~ h=?, (&)
whers
n=p+1 (6)

when n > 1 in order to respect the convergericé of
the integral (3) «t small scales. The exponent 2 of the
spectral density thus can be alternately determined
from the structure function using (6), if the field under
study is homogeneous,

Two kinds of error may affect the satellite-based
determination of the SST field—instrumental data
noise and atmospheric effects,

Although the structure function has the advantage
of being much more regular than the spectrum, the
study of the structure function and of its shape is
generally limited by the noise level at the smallest
scales. This effect is illustrated in Fig. 1b, where
the observed slope giving the power law exponent
of the structure function decreases from ~1 at large
scales to zero at the smallest scales.

In the particular case of random fluctuations due
to an instrumental white noise, both the spectral
density and the structure function reduce to con-
stants £, and D, with E, = a/k,, D, = oy, where
o, is the noise variance and &, the upper wavenum-
ber limit of the spectral analysis. This noise con-
stant adds to the actual structure function of the
SST, which restricts the exponent determination at
the largest scales where the noise constant may be
neglected [D, < D(/1)]. When necessary, a suitable
spatial smoothing may reduce the noise, with a cor-
responding degradation of the ground resolution.

Smoothing also introduces a bias in the determina-

_tion of the structure function. If Dp(h) is the struc-

ture function of the smopthed field, and Q is the
convolution square of the smoothing function F it
may be shown (Matheron, 1970), that

Dyth)y =D »Q - A, M

where * is the convolution operator and A is a con-
stant, i.e.,

A

J ” D(u) Q(u)du 8)

-

ORIGINAL PAGE IS
‘ OF POOR QUALITY

ety o R A § 8 T T

g



866 JOURNAL OF PHYSICAL OCEANOGRAPHY VoLume 1}

When F is the spatial average ina square of side a,
A = D(a)/3 for p = |, As with the noise constant,
the influence of the bias introduced by smoothing
rapidly decreases when /t increases, and is less than
10% at h > 3a, Above this scale, the influence of
smoothing can then be neglected (A< D(m).

The atmospheric transmittance 7, in the 10.5-12,5
um channel generally used on satellites, mamly de-
pends on the atmospheric water vanor content'and
typically varies between 0.9 and 0.3 (Kneizys et al,,
1980), The radiometric temperature T; measured
from space must thus be expressed as

Ty = 1Ty + (] ~ )T, 9

where Ty is the water temperature and T, an ap-
propriate mean air temperature, From (9) it is ob-
vious that the structure function compuvcd from
satellite data depends not only on the variations of
Ty but also of T, and 7, Atmospheric variability
generally is assumed to be at larger scales than
oceanic variability, so that atmospheric fluctuations
could be neglected at scales < 100 km, Neverthe-
less, the satellite determination of the structure func-
tion may on some occasions be partially contami-
nated by air temperature and water vapor variations,
but it is very unllkely that this would occur over
the open sea where it can be assumed that atmos-
pheric parameters are stable within the scale range.
A further study involving satellite and surface meas-
urements along the same track would: have been
necessary in order to resolve this problem. Assum-
ing a constant atmosphere,

Tg(x + /l) - TB(.’C) = "’[Tw(x + M - Tw(.\‘)] (10)
Dyyrym = 7D, 7, (1), (Im

where the influence of the atmosphere affects only
the determination of th# structure function ampli-
tude, and not the determination of the power-law
exponent p, Because the atmospheric transmittance
cannot be ‘accurately determined over the ocearns,
only one parameter of the structure function can be
determined from a. satellite; this is the power-law
exponent p obtained from the slope of the curve ina
log-log plot,

The hypothesis of the homogeneity of the random
field must be verified, otherwise erroneous deter-
minations of the exponent could be obtained. For
example, a frontal zone would have a spectrum E,(k)
~ k2, but D{(h) ~ h?* Since these exponents are
close to the physically expected values, it is neces-
sary to carefully check the homogeneity of the SST
field and to remove the existing trend if nccessary.
When the mean horizontal SST gradient 87/dx is
small, it is sufficient to takg g

(0T/3x)*h* < D(h) (12)

over the'study range of scales; otherwise, the stand-
ard procedures must be applied to detrend the data,

TARLE |, Radiometer pcrformancu of the satellite
upedmems used in this swdy,

Ground moluulon No&u equlvalcm

Satellite at nadie . lemperature
experiment (km? difference (°C)
YHRR/NOAA-S 1 0.8
HCMR/HCMM 0,28 0.3
AVHRR/TIROS:N 1 0.1
3, Kesults

The results of two independent but complementary
studies are hereby presented, The first study deals
with data obtained from the VHRR (Very High-Res-
olution Radiometer) on board NOAA-S, and was
limited to the range of scales 40100 km because of
the large level of instrumental noise. The improved
radiometric performances of the HCMM (Heat
Capacity Mapping Mission) data,—i.e., a nadir res-
olution of 0.5 km and NEDT = 0.3 K (see Table 1)
—allowed us to extend the study down to scales of
3 km, The visible channel was used to select cloud-
free study areas in the northeastern Atlantic Ocean
and the Mediterranean Sea, Only areas in which no
large-scale specific features were viewed on fully
enhanced images were considered homogeneous and
used in this study,

Locations are shown in Fig. 2 and dates are given
in Table 2. At each location, the one-dimensional
structure functions were computed in four directions,
6 = 0 (across the satellite track, i.e., approximately
east to west), w/4, m/2 (along the satellite track)
and 37/4.

Examples of the scomputed structure functions are
given in Fig. 3 for. VHRR/NOAA-3 and in Fig. 4 for
HCMM. The results generally show that the SST
fieldis not exactly isotropic. Nevertheless, the struc-
ture functions, if not equal, are roughly parallel on
a log-log plot, so that the anisotropy is confined
in the amplitude A(6), i.e.,

Drr(8, h) = A(B)I? (13)

but the slope p remains very nearly isotropic.

Values of p from 0.5 to 1.3 have been observed in
this study with an estimated accuracy of ~0,1, Using
YHRR/NOAA-5 data, 44 estimations of p were made
in the range of scales 40~100 km, and HCMM data
were used to make 37 estimations in the range of
scales 3-30 km. The corresponding histograms of
the observed p are given in Figs. 5a and 5b. The
most frequent values are 0,9~1.0 and the mean val-
ues are 0.8 (3-30 km) and 0.9 (40~100 km) with a
standard deviation of ~0.2. About 90% of the ob-
served values are distributed between 0.5 and 1.1.
The results correspond to a mean value of the power-
law exponent of the spectrum n of 1.8 in the wave-
number range 0.01-0.3 km™!,
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Fi6, 2, Geographical focations of the different study areas for HCMM data (triangles) and VHRR data (circles).

The amplitude of the structure functions varied
from 10~ to 10~ (°C)* at & = 40 km. Even after
spatial smoothing, it was noted that the noise level
tended to slightly reduce the estimated values of p
because the siructure function of the noise is a con-
stant (p = 0), This is particularly true when the
noise level (5 %X 107 (°C)? for the HCMM data, 3
X 10~* (°C)? for the VHRR/NOAA-J after smooth-
ings) is of the same order as the structure function
(see Fig. 1), Whenever possible. the estimates of p
were corrected tor this effect, but the effect could
partly explain the lowest values of D

On the other hand, a mean horizontal thermal
gradient would give D(/#) ~ h*, The areas studied
were carefully selected to avoid the existence of
thermal gradients which would increase the estimate
of p toward larger values; nevertheless some in-
fluence on the data could remain, Both of these ef-
fects, noise level and horizontal thermal gradients,
could partly but not totally explain the spread of the
results around the mean value, between 0.5 and 1.3,
which remains significadi, There i$ no evidence of
correlation between the estimates of p and the cor-
responding geographical locations or seasons but,
nevertheless, we would guess that it is probably
necessary to involve physical processes in the ex-
planation of the observed p values.

4. Discussion

Using (6) and'the results from this structure func-
tion analysis, we obtain a spectral density power
exponent with a range of 1,5 < n < 2.2. This agrees
fairly well with the previous results reported by sev-
eral authors either from shipborne measurements

(Fieux ¢t al., 1978), or from airborne measurenents
(Saunders, 1972a), for the one-dimensional tempera-
ture spectra {(see Tablc 3), Holladay and O'Brien
(1975) attempted to reconstruct the two-dimensional
SST field from the tracks of the aircraft survey and
found n = 3 for the isotropic part of the two-dimen-

TaBLE 2, Summary of the different arens studied,

Experi-
Area Date Location ment
Eastern 19 Mar 1978 33°00'N, 28°00'E  VHRR

Mediterranean 05 May 1978 34°00°N, 15°00'E  VHRR
8, 08 May 1978  33°00’'N, 29°00'E  VHRR
: . 14 May 1978 33°30'N, 28°30'E  VHRR

17 May 1978 33°30'N, 26'00'E  VHRR

Western 29 Sep 1977  41°00’'N, 04°00'E.  VHRR
Mediterranean -~ 29 May 1978 39°05'N, 07*1S'E HCMM
Sea 29 May 1978  40°05'N, 06*55'E  HCMM

11 Jul 1978 38°S5'N, (4°S0'E HCMM
11 Jul 1978 41°SS'N, 06°55'E. HCMM
26 Jul 1978 39°20'N, 06°1S'E  HCMM
28 Jul 1978 38°15'N, 03%45'E  HCMM
28 Jul 1978  38°35'N, 05*0S'E  HCMM
28 Jul 1978  3T°40'N, 07°25'E  HCMM
14 Aug 1978 38%90'N, 03°00'E  VHRR
14 Sep 1978 40°25'N, 06°J0'E  HCMM
14 Sep 1978 40°35'N, 11°55'E . HCMM
14 Sep 1978 41°40'N, 06°4S'E  HCMM
Northeastern 11 Sep 1977  46°00'N, 06°30'W VHRR
Atlaniic Ocean 14 Sep 1977 45°00'N, 07°00'W  VHRR
06 Jan 1978  46°30'N, 09°00'W VHRR

10 May 1978  46°00'N, 08°00'W VHRR
11 May 1978  45°15'N, (4°40'W  HCMM
11 May 1978 38°35'N, 11°45'W  HCMM
18 Jun 1978 46°00'N, 08°3S'W HCMM
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slonal spectrum, which probably is an overestima-
tion of the value due to the smoothing of high wave-
numbers produced by the SST mapping procedure,

The experimental values, 1.5 < n < 2,3, must be
compared with those given by turbulence theories.
All of the theories assume the existence of an in-
ertial range, i.e., that the considered scales are far
from the energy sink and source scales, It is not
evident that the range of scales 3-100 km in the
ocean is an inertial one, The scales of input and
sink of energy remain puzzling {see a review in
Rhines (1977) or Woods (1977)), The final energy dis-
sipation occurs at molecular scales but larger scales
play a role via internal and surface wave breaking.
These waves may also generate motion at large
. scales via non linear processes (Hasselman, 1971).
The interactions between internal waves and meso-
scale eddies are uncertain. Miiller (1974) predicts
that internal waves gain energy from eddies, while
the critical-layer absorption theory of Ruddick (1980)
suggests the opposite. The typical scales of internal
waves are to the lower limit of the studied range
and interactions may occur.

Input of kinetic energy related to wind is found at
scales of the same order as the wind waves (100 m),
and the meteorological systems (1000 km or more).
Energy inflow due to thermiadynamic forcing is found
at even large scales. All of these scales are one or
two orders of magnitude smaller or greater than those
studied. At some locations, interior processes such
as baroclinic instability may also play an important
role in converting energy tiirough nonlinear mech-
anisms. The scales of these phenomena are on the
order of one to six times the internal radius of defor-
mation, depending on the physics of the problem,
This radius is of approximately 50 km in the open
ocean and 7 km in the Mediterranean sea. If these
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physical processes are of importance in the area
studied, the 3-100 km range is not an inertial one.
In fact, we cannot specifically determine whether
or not the 3-100 km range Is an inertlal one from
our observations: by looking at Fig. 3 and 4, one
can notice that the structure functions do not ex-
hibit any peak characterizing a very energetic scale
in the range we deal with, but this may only mean
that the energy inputs are from outside the studied
range,

.In the range of scales 3~100 km, horizontal scales
are larger than vertical ones, and the observed vari-
ability may be considered a quasi two-dimensional
process. Therefore the observations can be related
to the n values predicted by the theories of two-
dimensional mrhulence (Kraichnan, 197t) and of
geostrophic turbulence in the atmosphere (Charney,
1971), These theories take into account either the
conservation of energy and of enstrophy (half of the
mean square of the vorticity) in the case of Kraich-
nan's theory, or the conservation of energy and of
the pseudo-potential enstrophy (Charney). Both of
these theories agree when predicting the power law
of the kinetic energy spectrum: Ex(k) ~ k=%, But
the relations between current and temperature are
not obvious and the different mechanisms involved
lend to drastically different theoretical power laws
for the temperature variance spectrum. Kraichnan's
theory, considering that temperature is a passive
contaminant implies that E4(k) only depends on &
and on the dissipation rates of enstrophy and tem-
perature variance. Then, from a dimensional analy-
sis, E;{k) must follow a k~' power law. Charney
made use of the perfect gas law and of the hydro-
static relation to compute a relation between the
temperature and the streamfunction and he found the
same law'for E{K) as for Ex(k), i.e., Ef{(k) ~ Ex(k)
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~ k=3, Also, assuming E,(k) ~ k™3, Saunders (1972b)
deduced a temperature variance spectrum Ey (k)
~ k=3, by the use of the thermal wind equation,
These examples demonstrate how results may be
very different according to various vitthors, In this
study, the mean observed value of (.8 for n is far
from the assessiment (n = 5) made by Saunders but
falls between the Kraichnan and Charney predic-
tions (n = | and 3), This discrepancy may be due to
the fact that the conditions of the theories have not
bee fully met and namely that the study range is
not an inertial one.

Three-dimensional theories of turbulence (Kolmo-
gorov, 1941; Bolgiano, 1962) or space-time variabil-
ity theories of internal waves (Garrett and Munk,
1972, 1975) report values of n close to those found
in our study (1.7, 1.4 and 2, respectively), but the
physical basis of their hypothesis can hardly be ex-
tended to the mesoscale range.

We may also notice that several experimental
studies of air temperature variability mention values
of n in agreement with our study at similar range
of scales (100~ 1000 km). See reviews by Gage (1979)
and Panchev (1971), Some of these results are ob-
tained by using spectral analysis on time-series data
and equivalent wavenumbers are computed by using
Taylor's relation, As the validity of this relation is
dubious for such scales, these time-series. results
must be viewed skeptically, But as for the oceano-
graphic observations, there is no atmospheric theory
to explain the observed results,

In summary, the power law exponent n of the
spectral temperature variance observed in the range
of scales 3-100 km is nearly 2. This is very dis-
cordant with the values predicted by turbulence the-
ories which are widely spread around this value.
Results and conclusions from the present study are
very similar to the experimental results published
by Saunders (1972a) nearly a decade ago but it is
emphasized that further advanced theories are still
needed in order to explain the experimental deter-
mination of the mesoscale SST variability,
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5. Conclusion

This study has proven that it is feasible to es-
timate the random properties of the SS'T field in the
mesoscale range 3-100 km from satellite infrared
data. As compared with previous analysis of ship-
borne and airborne observations, the use of satel-

TABLE 3, Summary of observed mesoscale SST variability,

Range of
*  Authors scales (km) Power-law exponent n Comments
Saunders (1972) -« 3=-100 22201 ‘one-dimensional, surface temperature,
v airbome Infrared sensor
Holladay and Q'Brien (1975) 3-20 k] two-dimensional, SST maps from
, aircraft surveys
Fieux et al. (1978) 1-64 2 one-dimensional, surface temperature,
. ship-towed sensors .
This study 3~100 15<n<23 a=18 two-dimensional, surface temperature,

satellite data
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lite data allowed us to perform more systematic
study, including the isotropy of the SST field, Using
the structure function, the power-law exponent n
of the SST field variance density spectrum can be
retrieved with good accuracy (=0,1), A mean value
of 1.8 and a standard deviation of 0,2 have been
found in the range of scales 3~ 100 km, and extreme
values of 1.5 and 2.3 have been observed.

The results give rise to several questions; 1) Is the

range of scales 3~100 km an inertial one? 2) If yes,

is there any turbulence theory which would explain
the spectrum power law observed? 3) If not, at which
scales are the inputs of energy and to which proc-
esses are they related? At the present time, further
investigations, both theoretical and experimentai,
are needed to interpret the physical mechanisms and
parameters involved in the mesoscale variability of
the SST field, ' .
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Day-night surface temperature differences measured in ths infrasvad
(10.5-12,5 um channel) by the HCMM satellite exXperiment frequaently show largs
diurnal heating (several "C) of the upper layer of the ocsan during summer months .
in the Mediterranean Sea, win the wind speed is low. Whaen observed in ths 0.5-
1.1 um channel, glitter reflectance - i.8. direct solar radiation specularly :
reflected towards the sensor - corralates with diurnal heating. Glitter reflec- E
tance has been modaled to retieve an equivalent wind spead, and cbserved diur-
nal heatings, AT, rapidly decreasa from their maximum valus of about 5 °C as the
wind spesd, U, increasss. A mean diurnal heating of nearly 1 °C i3 calculated
for the marine coastal areas of southern france in summar time. During this
pariod, satellite cbsaervations should be restricted to night and sarly morning

orbits, or to periods of high wind spsed (U » 5 m.a-1) at noon and during the

aftarnaoon.
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A daily variatio: &a tha tewperature of the surface layer of the oceans
is known to be producsd by diurnal hesting due o absorbed solar radiation. The
amplitude of ths daily temperature vaiiation is usually small because of tur-
bulant mixing which usuvally prevalls aver the molecular thermal diffusivity.

A solar irradiance of 1000 w.muz* whey absorbed in a mixed layer of 10 m, wouldw
giva a heating rate of only 0.1 *C par hodr, and a daily variation of less than:*
0.5 °C. If the turbulan® mixing is roducer and the mixed layer is less than 1 m
thick & heating rate of 1 °C par nour miay be expected and daily variations of
saveral °C should be obsaprved. With tha uxception of very shallow watars, large
diurnal surface tampiraturs varisticns Lo open ocesans correapond to low wind
spesds becauss turbulancs in the uppar surface layer is mainly induced by the

surface wind strass.

From a theorgtival aimulatinn of radiative and heat transfer in the upper
ocean layer, HASSE (1871) predictsd thal tha deviation of the ssa surfacs

tempsrature (SST) To from sne Luls favperaturs T 0 takan at 10 meter depth should

1 ‘
i
vary as y

i

™ k3 ‘1

whara Q is the solar irradiatcs, U, the wind spsed, and C, = 3.5 10" when §

2
is expressed in w.m‘z, U in m.s“1. Accoreuing to HASSE, Eq. (1) is only valid for
U2 m.s'q, but tha avitsnoe that the S8T diursal variations incrsase when U

decrpasas is supported by several observatiops ¢ ROMER (1969), STOMMEL st al
(1970) ocecasionaly found giurnal variations of nors than 1 °C at very low wind
speads =~ 1.8. for U < 2 m.s”qa‘Thsse observations were neverthslsss rastrictad

to a sipgle location and wera isolated ovents.
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Satellits infrarad radiomaters offer the opportunity to more systama-
tically investigata sucn large #diurnal variations of the SST. The first satal-
lite experimant %o provide adequate capabllity for this purpose was the HCMR
(Heat Capacity Mapping Radiomster) expariment launched in late April 78 with
an improved temparature rasolution (0.3 °C) and a nearly noon overpass. Rasults
from this experiment &re hereby reported in ordar (i) to investigate large di-
urnal SST variations at low wind spaads (i1i) to give an assessment of the rela-
tive frequency of such an event and its impact on the detarmination &f the SST

field in such areas as the Mediterranean Sea whera diurnal heating is frequent.

II - OBSERVATIONS OF DIURNAL HEATING FROM HCMR SATELLITE DATA

II-1 =~ The HEMR sxperiment

The basic cbjsctive of the HCMR experiment is the measurament of vari-
ations of the sgarth surfacs tamperature for applications to earth resources
(geology, hydrology...). For this purposae, the satellits is sun-synchronous
and crossas the squataor at about 2 a.m and 2 p.m local time so that surfacs
temperaturs data are oﬂbtained close to the minimum e;nd the maximum of the diur-

nal variation. Satsllites altitude is 620 km, and orbit inclination is 98.87°.

The HCMR consists of a two-channel scanning/imaging radiometer, with a 0.5-1.1 pm ?

spectral bandwith in the visible and 10.5-12.5 um in the thsrmal infrared. Si-
milar chapnels have been used on previous metsorclogical satellites, but the
interests of the HCMR experiment are (1) & large improvament of the radiometric
performancaes in the tharmal infrared channel for which the temperature resolu-
tion is 0.3 °C and the nadir ground resolution is 500 m as cﬁmperad with 0.5 to
1 °C and 1 km for the previous VHRR/NOAA satellites, (ii) the new ease with

which the user can obtain diffsrential surface temperature maps between day and

I
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night at 12 or 36 hour intarvals. The HCMR aiperiment was originally designe:x
to produce thermal insrtia data for 5611 and geology applications but the very
good parformances of HCMR are also suitable for oceanographis studies. Data
ware receivad from NASA (National Administration for Space Research) through an
investigation concerned with sea surface temperatures of thse coastal zones of

France.

Availabis HCMR data are photographic or digital products covering a
700 x 700 km square scens. The following informaticn i1s displayed :
(1) diffuse surface albedo or reflectance in the visible channel (day only),
(2) surfass temperaturs from the ipfrarsd channel,
(3) surface temperature difference between day and night,
(4) thermal inartia, which was not used in the presant study. About 1000 scanes
covering the coastal zones of France ware recsived during the May 1878 - May 1879
period. Examplas of the photographic products are given for two arsas ipn ths
Wastarn Mediterranaan Sea (Fig. 1) and in ths North Sea (Fig. 2)) whesrs largs

diurnal variations of the 38T were abssrved.

II-1 - Oiurnal heating and glitter (sun glint) patterns

A large number of the data rasceived for the Mediterransan Sea during
May, June, and July of 1978 gxhibited very interesting and concordant featuress
in both the visible and the infrared channels, as shown in Fig. 1 betwean tha
Island of Corsica and the Southern coast of France, and also closs to the sast
coasts of Corsica and Sardinia. Warmer areas in the thermal channel are asso-

ciated with brightness changes in the visiblse.
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The observed brightness changes in the visible are idantifiad as glitter
or supglint patterns - i.s. spacular reflexion of direct ;glar radiation by the
wavy saa surface. During the concerned time period around the summer solstice,
the observation angle of the HCMR imagery was very close to the angle of the
specular reflexlion of direct solar radiation in the wastern part of the scenes.
This favors thae observation of glitter patterns. Glittar generally increases
when the wind decrea598and the sea surface becomes calmer and more specular.
The surface exhibits a maximum brightness when the obsarvation angle is close
to that of the specular reflexion of solar radiation : a homogaenecus bright
area is thus noted in the south-west part of Fig. 1-a. For very calm seas, the
surfacae reflexion becomes nearly specular, and a brightness decrsass: may be
observed, because it is very unlikely that the observation angls be strictly in
line with the specular reflexion. Both processaes are present in the northwest
part of Fig. 1-a, whers bright and dark areas respectivgly correspoend to weak
and nul wind speeds. The fact that smoothing of the surface could produce sither
an increase or a decrease of the glitter brightness was previously mentionned
by LA VIOLETTE st al (1980). A physical and detailed description is given in the
Appendix, to aid in a further quantitative analysis of the data. The dark pat-
terns in a mean bright glitter can thus be clearly interpreted as nul wind and
calm sea areas, which obviously favour greater diurnal heating of the upper
layer of the ocsan because the heat transfer to desper ocean layers is limitsd

by reduced turbulent mixing and thermal diffusivity.

I1I-3 - Meteorological cbservations

Evidence of a large diurnal heating corresponding to low wind speed
conditions is also given by corrslative meteorclogical observations. Surface
observations are presented in fig. 1-b for the case of the Mediterranean Sea,
and in Fig. 2-c for another case fpund in the North Sea where, due to higher

latitudes, glitter is almoést always unobservabls. On Fig. 2-a a large warm
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spot was detectad by HCMR in ths niddle of the Nbrth Sea which was colncident
with the center of an anticyclone high whare nul wind speéd was reported. Warmer
areas observed in ths Maditeyransan Zsa on Fig. 1-b are also colncident with

low or nul wind spaeds, but thoe opserved wind field is much mors complicatad
because most of the reporting cuszstal wsather stations are affected by some
breeze effects which are superimpeserd upon an anticyclone high. Cloudfree
satellite SST observatinns are fregusntly acguired during similar anticyclonic
situations with moderate wind speeds., It muat be outlined that satellite esti- .
mations of SST may thus be aystematlaally affected by diurnal heating, and a

tentative statemant of this is uiscussded 1n section III-4.

I1I-4 - Day-Night observatinns

At least in the upper layers, hsat Joss during the night very rapidly
destroys most of the diurnal heating, which was produced during day time. Evi-
dence of a diurnal heating may thus bs found from a comparative analysis of
two successive day atd night observaticns at 12 rour intervals. For the two
cases given in Fig. 1~b and Z-a, *ths corrsspondirg night observations (Figs. 1-c¢
and 2-b) show a much move constant $37 $iels and the warmer features noted du-

ring day time disappear.

Figure 1-d gives the result of tha computed day-night temperaturs dif- .
ferences after the proper calibratiocn algorithms have been applied b§ NASA.
These differences present the advantage of being independent of tﬁe mean mesos-
cale SST field and allow nhancemant of the diurnal heating, which again clo-
sely correlates with glither patterns in the visible channel. Day-night tempe-~

raturs differences arg user? in the following for a more guantitative analysis

of diurnal heating.
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II1 ~ DEPENDENCE OF DIURMNAL HEATING ON SEA STATE AND WIND SPEED

The obsarved diurnal heatings were further quantified by analysis to
derive their relationship with the sea stats and:ths wind speed. Day-night
temperature diffsrences were correlated to the reflectance of the 0.5-1.1 um
channal. This reflectance, mostly due to sun glitter, is related to the surface
alope variance and to a mean wind speed using the statistical model of COX

and MUNK (1954).

III-1 - Dj.urnal heatirng anrd glittar mflectanca

Day-night temperature differences (Fig. 1-d) - i.s. SST diurnal varia-
tions - show peatterns similar to the glitter patterns (Fig. 1-a), on June 3, 1878.
Fig. 3 gives the result of the correlation obtained when ths diurnal heating,
AT, is plotted as a fupction of the glitter reflectancs, Pg’ in a small study

area east of Sardinia. I% iz evidant that a closs correlsation exists and AT

rapidly decrsases when pg increases. To further interpret that fact, pg has to

ba related to the wind spesd, or mors exactly to the statistics of surfacs slopss.

Using the statistical distribution of surface slopes from COX and MUNK
(1955), a modsl was developped to relates the glitter reflectance to the wind
spead. This model is detailed in the Appendix. Results indicate that Pg could
sither increase or decrease with wind speed pg presents a maximum value for
a given wind speed valus, both of which depend on solar and observation angles
through Gn (tg Gn is the surface slope allowing specular reflection toward the
sensor). Fig. 4 gives the relatianship between‘eg and the wind speed, U, for
Qn = 8°, 10°, and 12°, corresponding to the area previously studied for
AT = fipg). In this case Pg increesses repidly at the lower wind speeds and then
is rather constant for U > 3 m.s"1 so that U can be astimated with a good accura-

gy from Pg, anly when U < 3 m.s'1. The study has thus to be limited to this
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wind speed range. It shculd also be notad that Pg is physically linked to the
surface slope variance, and only statistically to the wind speed. Local anomalies
may thus occurs, in particular when the fetch of the wind over the ssa is va-
riable. Keaping precautions in mind these, we may now transform AT(pg) into

AT(U) which is given in Fig. 5.

III-2 - Diurnal heating and the wind speed

The first point to bs noted on Flg. 5, which gives the diurnal heating
as a function of the wind speed, is that AT rapidly decreases from several °C
to 1 °C when U increasaes up to 2 m.s-1. The scatter of observations AT(U) on
Fig. 2 is remarkably less than AT(pg) on Fig. 3, because the varistions of Pg
with changss of observation angles within the study arsa have been eliminated.
A fit of AT{(U) on Fig. 5 would give :

AT = 0.4 UV 4 0.5 (2)

(4n °C for U in m.s-q)

Some uncartaintiss relatad to the model pg(U) have previously been outlined.
Additional errors may be due to armcsmherio effects on the measured radiances.
An aerosol atmospheric reflectance of about 0.02 was estimated from the mini-
mum reflsctance within the scene [pg=13] and substracted in the 0.5-1.1 um .
channel. Day-night temperature differsnces have not been corrscted for atmos-
pheric emission in the infrared. This approximation would be valid only if

the atmosphere were to remain the same betwesn the two satellite overpasses,

but a bias due to a change of atmospheric parameters - i.e temperature and
water vapor concentration - could have occured which would possibly change

the 0.5 °C constant found in (2). Lastly, the observed AT are certainly undep-
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estimated by a factor 1, the atmospheric transmittance in the 10.5-12.5 um

band, for which t typically equals 0.7 for a midlatitude summer atmosphers.

The results may be compared to the values predicted by HASSE (1971},
Using a mean solar irradiance at sea lavel § = 900 w.m'2 in (1), AT is found
to vary as 1.5 Tk (U in m.s-ﬂ)- This formula is shown in Fig. 5 and when com-
pared to HCMM observations, gives a systematic overestimation of the diurnal
heating fo U < 3 m.s-1. Elsewhere, the HASSE formula dves not respact a limit
value of AT when U = 0. As pointed out by HASSE, the results of the model given
in (1) can not be applisd to the lower wind speed range because the model used

.

by HASSE refers to a steady state assumption not respected by scalass of a few

hours.

III-3 - Limit value of the diurnal heating

Fig. 5 and other HCMM scenes with large diurnal heatings indicate that
diurnal heatings do not exceed about 5 °C, and that a limit value should exist

at low wind spesd. This valuemay be obtained by solving the heat transfer

eguation :

dT(z,t)

dF (z,t) _ _ dT(z,t)
a2

d
dz (k(z) dz P dt

) #
(3)

for k(z) = km‘ the thermal molecular conductivity of seawater - i.a no turbulent

diffusivity is assumed at U = o. Eg. (3) was solved using the following condi-

tions :

(2, = , & - F
F(z,t) = F(o,t) g(2) o (4)
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whera F(o,t) is tha solar irradianis ot ssa levael, F° the heat loss by the

surface, and

g(z; = L a.,. &Kp("'&izl (5)

where 8, Ki arg given in Tabls 1 snd wara obtained from a fit of g(z) accor~
ding to the work of PRUVOST (1875). g(2) 18 considered indepandent of time in
(4) which is a rather good approximation since the underwater penetration of
the direct solar radiation i close to the nadir even at low solar elevation
angles. A homogeneous layar was assuned to exist just below the surface. The
depth z, of this layer is defined similarly tec the model of KRAUS and TURNER
(1867) : the variation of potential ensrgy produced by sclar radiation and
surface hsat loss 15 squal %o the work of the wing stress on the sea surfaca,
i.8. nul for this study noss whaere we lack For & limit value of AT at U = o,
Under thesa conditions, AT varitance correlated well with the net heat budget
of the surface :

AT ® C {£(a,t) - Fo) de ()

where C = 0.65.10°° K.J~7 m?. For the HCMAM observations or June 3, 1978,

t
% ° (Flo,t) - FOJ dt was sstimated to ba & mean valus of about 600 w.m'z,
o o
over a period of 4 hours(in fact a maximum value of 900 W.m 2 at noon at satsl-

»

lits overpass) and ws found :

AT . = 598 °C ) (7)
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This vaiue 1s in agreement with the obsarvations reported in Fig. 5.
At the lower wind speed, the nbserved diurnal heating is widely scattered
with. in the range ¢f 2 < AT < 4 °C, and thus below the sstimated limit valus.
The large variations of the observed AT at U = O may be explained by the fact
that Eq. 6 requires a nul wind speed during the entirs heating period pre~
cweding the obaervation, i.s. several hours, which is very unlikely. The scatter
of the diurnal heating at U = O therefore is probably linked to the time vari-
ations of the local wind speed.

II1I-4 - Fraguency of diurnal heating

From May 13 to August 28, 1978, 80 HCMM scenes taken over the Waestern
Mediterranean Sea were sxamined o which about 34 scenes exhibited large (ty-
pically mere than 1 °C) diurpal heating of particular areag of 10 to 100 km
width. Relative frequency cf the event is rather large, and.is enhanced in
some areas which are affected Ly o breeze effect and where the wind systemati-
cally becomes nul at some distance from the coast. Table 2 gives relative fre-
guencies of low wind speeds (U < 3 m.a-q) at some stations along the Coast of
France during the summer months (from DARCHEN (1874)). The frequency of nul wind
allowing a diurnal heating of more than 1 °C 1s between 10 and 30 %. The fre-
queancy of low wind speed (1 < U < 3 m.s'1J is from 20 to 50 %, allowing a diur-
nal heating of about 1 °C. From these frequencies, N1 and Nz‘ a mean heating

AT.was calculated as

AT = 2.5 N+ N, (8)

and is also given in Teble 2. The mean diurnal heating ranges from 0.5 to 1.5 °C

along the south coast of France with a maximum on the French Riviera (Cap Fsrrat).!

il

e
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IV_- CONCLUSION OF POOR QUALITY

The present investigation, using SST satallita ocbservations from the
HCMM experimant has shown a high fraquency of large diurnal hsatings (mcre
than 1 "C) of the sea surface during summer months in such areas as the
Mediterranaan Sea where low wind speeds are very frequent. This shows that
satellite observations made at noon and during the afternoon should be rejec- '
ted, or at least checked to eliminate those corresponding to low wind speed *
(U<3 m.a-1]. If not, a systematic bias coild be introduced in the SST ana-

lysis of some areas, particularly the marine coastal areas affected by a sea-

land breaze effact.

Using simultaneous observations of the glitter reflectance, the diurnal
heating was correlated to the wind speed. Diurnal heatings of about 0.8 °C
ware found for U = 2 m-s-1. which 1s two time less than the formulation given
by HASSE (1971). A maximum diurnal heating of 5 °C is found for nul wind con-
ditions, which is in agrsement with the value calculated from the radiative and

heat transfer squations assuming the .hermal diffusivity is only molascular.
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Glitter refers *o direct solar radiation reflected

by the sea surface. This reflection is specular for a planar sur-

face. When there is wind, the surface is agitated and consists .

£ elements which are statistically distributed around the horizon-

tal nlane. This produces a more or less bright spot of variable

dimensions which is commonly called glitter.

The radiance Lg reflected by the agitatad sea surface
can be expressed (COX and MUNK, 1956)

| E:_S.R(m) p (A=1)
tg=—™73
4 u M '
and the equivalent reflectance Pq will be expressed as
ng T R(w)
P T E. " d ° (A-2)
ss 4 HhyHn

wnere E:.s i.s the direct solar radiation at sea level,

R{w) is the reflection coefficient of water at a given indicence w,

p is the probability of encountering a properly oriented surface

clement,

uv = cosev ’ “s = coscg, M, = cos@n, respectively define the zeni-

thal angles of the obsexrvation direction, the direction of incidence,
pis the probabil;ty of encountering a properly oriented surface element,

By T cosev, Hg ® coses. By cosen. respectively define the zenithal

angles of the observation direction, the direction of inciuence, and their
bisector,

.

$ is the angle between the incidence and observation planes

n 2cosw (A-3)

i et 5 -

s mrmemin bR

pomier

B 1|
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! 1
cos2W = +( - 2]5.( 2 Ly
Halytil=ng 1~y 2cos ") {A»4]
£
From a atudy of aerial photographs of glitter patterns, CUX and MUNK {1554)
developped p in a Gram Charlier series which in a filrst approaximstion s

reduced to a gaussian distribution, with revolution symmstry :

5 .2
1 (tg en)
P=—s exp-—
L o (A-5)
-
with o2 = 0,003 + 5,12.10 g -1 % 0,004 (A=G)
for 1< U< 14 ms T,

Figurs 6 gives an example of the glitter spnt pg thus compuind as
a function of solar zenithal angle for differant values of W, ana for a
nadir viewing (OV = (). In mscordance with the recilprocity principlae, by
permutation tos,evj. Fig. 6 also gives p’g as a functlon ot tho ohwervation
angla, for a sun at the zenith (03 = 0). For a given angle pg presante a
maximum, pgm' at a certain value of T which is relatad to wina spsed. o

m
and pgm ara given by :

2 2, ay " “- \
qm - tg On vn 1‘ (A=
R(w)
Pam 2 2
gm - {A~8]
4 UMMy (I-uy )

The dashed curve in Fig. 6 envelops the pr: .seding curvas and rapresents

the maximum glitter pgm as defined by (A-8).
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Figure 1 - Diurnal heating in tha Western Maditerransan Sea @

Figure 2

(a) -

(b)

(c) -

(d)

f

(g) =

Day HCMM scana A-AO038-12440 on June 3, 1975 at 12.44 TU,
Image centar is at 40.54°N, 011.04°E. Visible channel !
darkar tones are lower reflectances. Note the bright pat-
tornas Eaat and West of Corsica and Sardinia.

Same as (a) but infrared channael : darker tones are coldar
surface temperaturss. Nots warmer waters East and West of
Corsica and Sardinia.

Night HCMM scene A-A0038-01480 op June 3, 1978 at 1.49 TU.
Infrared channal : darker tones ara colder temperaturas.
Day-night temperatura diffserences betwean HCMM scanes ob-
tained on Juna 3, 1978 at 1.48 TU (night) and 12.44 TU (day).
Darker tones are smaller diurnal heatings.

Mataorologlcal situation on June 3, 1878 at 12.00 TU.

= Diurnal heating in ths North Sea :

(a) -

(b) ~

(c) =

Day HCMM acens A-A0034-13120 on May 30, 1978 at 13.12 TU,
Image centar is at 54.27°N, 00.01°E. Infrared channel :
darker tones are coldar watars. Note the warm (bright) spot
betwaen Scotland and the tnp‘right of the image whare a
tharmal front is shown close to Norway.

Night HCMM scene A-A0035-02280 on May 31, 1878 at 2.28 TU.
Image center is at 56.13°N, 03.00°E, Infrared channel :
darksr tones ars colder waters. The warm spot disappsared
during the night.

+

Metmorological situation on May 30, 1878 at 12.00 TU,

o= cmen et e

.



Fiwure 3 = Day-night temperature dif-farence va glitter reflectance on June 3,

1978, for a study araa East of Sardina.

Figura 4 ~ Retrieved wind spead va glitter rarlestanca for the atudy araa.
Figurs 5 - Day-night temperatura differance vs ratriaved wind spead for the
study area. The solid-dusiiad line shows the diurnal heating obtai-"

ned from HASSE (1971), which is valid only at ¥ < 2 mes T, .

Figure 6 - Glitter reflectance vus znnithal viewlng &ngls, for a sun at zenith,
and several wind speeds fram 0 to 15 m.s‘ju Maximum glitter reflec-

tance 1s given by a taghad line.
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solar irradiance.

Table 1 - Costficisents a,, ki in (5) for water penetration by

b ki Mt o e s - Pt b

1 041

. 2 ' 139

3 : 211
4 : .24

5 ' .37

3ies.9
201.18

13.05

e

i e



Table 2 - Relative frequencies of low wind speeds :

N1 :nul N2 ! Beaufort forces 1 and 2 (1 < U < 3 m.s-1J.
during June, July and August in the French Mediterranean
coastal area, (DARCHEN, 1974). An astimate of the mean

diurnal hsating AT is given in column (3).

:( Station N, N, 9 AT °C
l Cap Bear 16.0 26.9 0.67
| séte 9.5 i 42.3 0.66
- Panégues ; 21.3 26.8 0.80
:
Cap Camarat |  10.8 46.6 0.74
icap Ferrat i 35.1 50.4 i 1.38 !
Zap Corse ‘ 18.4 35.5 ‘ 0.82 |
Pertusato . 6.4 21.0 ! 0.37
; 42° N-6Z . 7.6 /
E
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‘igure ' J > scene 0038- 10 on June 3, 1878 at 12.44 TU.
center is at 4 4OE isible channel
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5 . 1c

Figure 1 - (e) - Meteorological situation on June 3, 1978 at 12,00 Tu.
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Figure 2 - (¢} - Meteorclogical situation on May 30, 1978 at 12.00 TU,
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Figura 6 - Glitter reflectance vs zenithal visuwing angls, for & sun at zanith,
and several wind speeds from O to 15 m.s-1. Maximumr glitier raflec-

tance is given by e dashed lins.
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Appendix F

SATELLITE EVIDENCE OF COLD WATER AREAS NEAR, ISLANDS

ALONG THE SOUTH BRITTANY SHORE

J. CASSANET

Laboratoire de Géographie de 1'Ecole Normale Supérieure,

1, rue Maurice Arnoux, 92120 MONTROUGE, FRANCE.
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From HCMM digital products processed at ENS, five scenes of high quality
ware selected for study because of thelr cléar resolution of cold water
araas around islands and shoals along the south Brittany shore, Tidal cur-
rents that induce turbulence in shallow depths and destroy the seasonal
thermocline are responsible for the well-mixed cold coastal water that is
separated from the warmer stratified offshore water by a transitional zone

of high thermal gradient. Satellite measurements are compatible with ground
truth data analysis.
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I INTRODUCTION

Infrared satellite imagery (spectral band 10,5 d¥m - 12,5 um)has been
used to provide sea surface thermographies. For example, the HCMM and
NOAA 5 imagery enabled the detection of the Ushant front which subsequen~
tly became the basis of various studies because of its importance in the
distribution of phytoplancton.

The spatial and thermal resolution of the HCMM thermographies is more
refined than that of the NOAA 5 thus providing better images of the frontal
regions in the shallow shelf water along the coast of Brittany.

The thermal structure of these shallow ccastal waters is not yet well-
known. Cold water areas and high thermal gradients near reefs, shoals and
Islands in the shelf region of the Bay of Biscay appeared several times
in HCMM data. These areas are typified by their shapes and dimensions.

In this paper, they are described in relation to hydrological and mete-
orological conditions, and possible interpretations according with othex

observations are suggested.
II DATA ANALYSIS

Several HCMM photographic produsts (from May 1978 to November 1978)
were studied because of their clear presentation of the existence and de-
velopment of thermal boundaries and cold water areas. Due to the broad
range in the dimensions of such phenomena (50 to 1000 square kilometers),
digital products processing was applied.

Five scenes, to the area between BelleIle, Yeu Island, and the Loire

estuary, were selected for an in-depth study :

06/10/78 : A-AOO45-13160-2 : Day TR
08/19/78 : A-A0115-02180-3 : Night IR
08/31/78 A—AO1?_':T-"13380-2 : Day IR
09/15/78 : A-A0142-13190-2 : Day IR
10/28/78 : A-A0185-13180-2 : Day IR

o 2
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Geometric correction, resampling for uniform scaling (1/500 000), and
smoothing were applied to them before automatic sea surface temperature
cartography. Results are given for three scenes in figures 1,2, and 3.

III HYDROLOGICAL AND METEOROLOGICAL CONDITIONS

HCMM scenes were registered from June to October 1978. During this pe-~
riod, the flow of the Loire river was not very strong. It fell from 800 ma.s
(06/10/1978) to 250 m3/s during summer and autumn months. This last value
is very weak considering that in the winter, the flow of the Loire can
exceed 5000 ma/s. Thus in all five cases, the influence of the river flow
was trivial in comparison to the tidal stream, and could be neglected.

In the Bay of Biscay shelf reglon, the presence of bottom stress modi-
fies direction and veslocity of tidal currents. Thus the role of bathymetry
in the dynamics of coastal currents is very important. For example, vaeloci-
ties near the shorz are : 3 to 4 knots in the south of the "Presqu'ile de
Quiberon"; in the "Passage de la Teignouse" ; 2 to 3 knots in the west of
Noirmoutier island ; and 1 or 2 knots betyaen Yeu island and Noirmoutier
island. Spring to neap ratios vary from 1,6 to 2. The contribution by off~
shore tidal currents has not yet been established (about 0,5 to 1 knot
between Belle Ile island and Yeu igland) but should not be neglected.

In these five cases, meteorclogical conditions were very similar : Anti-
cyclonic weathex, high pressure, low pressure gradients, weak winds, low

night-temperature, high day-temperature.
IV COLD WATER AREAS ; DESCRIPTION

On the five different scenes, two typical cold water areas can be seen :
- An important circular area east and north of Belle Ile Island
in the "Passage de la Teignouse", and around Houat and Hoedic
islands.
- The important area in the shape of. an "S", betweeh Yeu Island
and Noirmoutier Island.
These two areas are surrounded by warm waters. We emphasize the similarity
between the contouring of the cold water areas and the - 20 m isobath (see
fig. 7).
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: Automatic

Fig. 1
cartography (06/10/78)
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IV.1 : 06/10/78 and 09/15/78

Thermal gradients neay islands are important : 2°C/5 ka.
It is worth noting that the shapes of the cold vater areas
are very similar. However, the typical "S8" which was very near
Noirmoutier island on 09/15/78, one hour before high water
(spring tide) is further off shore on 06/10/78, one hour after low water
(neap tide). This corresponds to the dynamics of tidal currents
wvhich flov into the bay of Bourgneuf, north of the Noirmoutier
island.

Iv.2 : 08/19/78

The cold water area of Belle Ile island and the cold water
area of Noirmoutier ¥sland nearly join above shoals in front of
the "Presqu'ile de Guérande". At the hour of the passage of the
satellite pass occured during the high water of a spring tide (tiAAl

coef : 1.00)
w INE MO e 19 O ADUT 198 e NP OO MUY s ZNE CITEME OF LASTUAINE X LA LOINE
EaleBe  ~ MONTHOLEE -« U CASSANEY
- -

Ll
-

HENNE
IR IR IR

FRACARTE - WASION 1.1
LLASAALNGNLALANAALANLANAL
LISSAGE %% (D)

LIGNES 3502 A6 M
COLONNES 482 A 688 M

Fig. 2 : HCMM automatic cartography : sea surface temperature (08/15/78)
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Pig. 4 : 08/31/18

Clouds over
Belle Ile

Fig. 5 : 09/15/18

IV.3 : 08/31/78 and 09/15/78

In both figures 4 and 5, the satellite pass occured annroxirately one ]

aour prior to high water, but a difference ammears in the tides
08/31/78 : neap tides (coef. : 0,68)

09/15/78 : spring tides (coef. : 0,94) 4
Figures 4 and 5 show that cold water are particularly w.de-sprea-

-ding near islands during spring tides.

Sy waryr— B — ]



T g— - - R p— T -

r-8

v.k : 10/28/178

Thermal structures are less visible and their contouring is
less distinct due to the overriding presence of shallow coastal cold

wiater during this season. However a thermal front is visible, parallelling
the shore. This appears more clearly on HCMM pictures of Nov, 78 and
Jan. 79.

v

Fig. 6 : HCMM scene (10/28/78) ; sea surface temperature v

INTERPRETATION

Each studied scene shows that the contouring of cold water areas

corresponds fairly well to the isobaths. These areas are situated
in zones where tidal streams are important. 1ae water depth ana tne

current velocity have a fundamental part in spreading the cold water
area.

Several authors have already emphasized the importance of tidal
currents in the formation of thermal fronts separating two water masses
with different temperatures, especially near shoals and islands
(FEARNHEAD, 1974).
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During spring and summer, in reglons of sufficient depth and weak
currents a seasonal thermocline is established cffshore, separating
warm gSea surface waters and cold bottom waters.

In shallow waters more in shore, tidal currents create a turbulence
which mixes the water column and presents the formation and development
of the thermocline, It is for this reason that the sea surface tempe-
rature is colder in thase shelf regions than it would be if thermocline
existed.

The presence of this thermal front around British Isles, between
stratified water and well mixed water has been studied by PINGREE and
GRIFFITHS (1978)., These authors have proposed a numerical model to
determinate the position of the thermal fronts iy the equation :

h
Cyq ot , Where : h is the water depth

S = log

Cd is the bottom drag coefficient
u is the current velocity
They have predicted the position of the front in zones where 1<S<2
and have proposed following clussification :
§>2 : stratified water
S = 1,5 : transitional Wabter
S<1 : well mixed water.

The importance of the term h/u3 in the localisation of fronts on the con-
tinental shelf has been shown by SIMPSON, ALLEN and MORRIS (1978).
RAILLARD (1976) described the formation of Ushant front and GARZOLI
proposed for this front, a critical value of the Richardson number for
determining the boundary between stratified watexr and well mixed water.
She has proposed : ‘ h/u2 {1 in well mixed water
h/’ue 51 in stratified water

V.2 Results :

We applied these numerical models to qux study xegion, from
Belle Ile island to Yeu island. Figure T shows stations where the watex
depth:and currents were calculated. For each stamion, h, u, h/u2
and*s were calculated.
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According to these numarical models, water should be stratified in sta-
tions A and S (h/u2 >1 ;8 > 2),
Water should be well mixed in stations F,G;H, T,R, M,P,Q, where h/u2 and
S are less than |,
h/u2 and S reach critical values in stations E, L, N, R, in function
of hydrological situations.
The boundaries between stratified and well mixed watexs are shown in fig.
8. The h/u2 = | limit presents the same shape as the - 20 m isobath. This
result is in accordance with HCMM scenes.

Effects of diurnal heating are clearly visible on HCMM scenes, espe-
clially in the bay of Bourgneuf where water depth is less than 10 or 15 m.

»

Ground truth data and satellite measurements

Data collected from sea cruises (fig. 9) provide a picture of the ver~
tical thermal structure near Yeu island. For example, during summers 1964
and 1965, the thermocline in B is situated between 18 and 30 m. This depth

of thermocline seems to correspond with depth of transitional zone between
stratified water and well mixed water,
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This study suggests that three factors are important in the location
of thexmal fronts :
- depth of the water column,
- strength of the tidal currents,
- distance from the thermocline to the sea floor,
We proposed in Fig. 10 a shematic intexpretation for cold water area
observed near Yeu island (09/15/78), according to previous results and

observations.
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Fig. 10 ¢ Sea surface temperature section XY
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CONCLUSION

In this investigation, sea surface temperature measurements £rom HCMR
data were used for the examination local and coastal thermal structures
which had not been observed before from other satellites. Cold water areas
near shoals and islands were revealed. In these regions, tidal currents
in shallow water create a turbulence which destroys the thermocline so
that the sea surface of the well-mixed water is clearly visible by its
cooler temperature, and is separated from stratifled water by a transi-
tional zone where the thermal gradients are two degrees higher. Numerical
models proposed in the study of thermal fronts near Brittany and British
Isles can be applied to this specific case with a fairly good fit.
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MESOSCALE EDDIES DETECTED IN THE LIGURIAN SEA BY SATELLITE INFRARED RADIOMETERS

« = A STATISTICS THROUGH THE YEAR

L. WALD

Centre de Télédétection et d'Analyse des Milieux Naturels
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Introduction

Recent AVHRR and HCMR infrared images of the Ligurian Sea have revealed,
thanks to the improved radiometric performances of these instruments, a

much more complex surface temperature field than one could infer from pre-
vious VHRR observations. The images exhibit mesoscale eddies and tongues of
colder or warmexr waters, which glve a characteristic inhomogeneous aspect

to the surface temperature f£ield. This spatial variability captured on satel-
lite imagery has already been reported by DAHME et al (1971) and STOCCHINO

and TESTONI (1977) from in situ experiments.

NELEPO et al. (1978) argued that the temperature field in the homogeneous
layer is, to a large extent, subordinated to the pattern of the eddy field of
the mesoscale perturbations. Thus, the investigation and modelling of the
processeés generating the horizontal singularities in the homogeneous layer
are an ilmportant and inseparable stage of the research into mesoscale varia-

bility of the ocean that has developed with the employment of remote sensing

techniques .

with this in mind, and also with the intention to better assess the mooring
positions during the DYOME in situ experiment (the DYOME experimént is a
part of the GARP Med-Alpex program), the C.T.A.M.N. entered upon a statis-

tical study of mesoscales eddies detected in the Ligurian sea.

Inventory of mesoscale eddies detected in the Ligurian Sea

AVHRR scenes were used, along with a few HCMR ones. All data were geometri-
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cally corrected in order to obtain the same projection for the different
images. No filtering or smoothing was applied to the data. By displaying
the data on the interactive processing system TRIM of the C.T.A.M.N., the
central axis and diameter of the eddies were determined, and stored with
additional information concerning date and rotational direction (cyclenic,

anticyclonic) of the eddies.

out of seventy-five cloud-free images examined over the course of a year,
thirty-nine exhibited mesoscale eddies (52 %) and the total number of eddies
detected was eighty-nine (table 1). Note, that the frequency of anticyclonic
eddies is three times more numerous than cyclonic ones. However except for
May, June and July, the montly samples did not contain lenough observations’
to be representative of the situation. The dilameter of the eddies ranged
between 20 and 50 km with a mean value of 30 km, and was independent of the
rotational direction.In figure 1, the central axes of the eddies are plotted.
One can notice that most of the eddies are located south of the midline of

the Ligurian Sea oriented NE-SW.

Discussiqg

In the Ligurian Basin (figure 2), the general circulation is cyclonic in

the surface and intermediate waters. However currents from the east and
west of Corsica merge north of Cape Corse creating instabilities in the
mean flow. Eddies are generated to either side, with the predominant number
being produced N.E. of a.line joining Nice and Calvi. This result. is close

to SALUSTI's conclusions (1979) which were based on the work of Mc CREARY
and WHITE (1979). It is likely that the presence of a sand bank in the tra-
jectory of the mean flow contributes to the distribution and complexity of

the eddy pattern. Unlike the Gulf Stream meanders which tend to produce

o
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anticyclonic eddies north of the current and cyclonic ones south of the
current, the mechanism generating eddies in the Ligurian basin appears more
anomalous. To achieve a more complete undexrstanding of the phenomenon, wind

effect, residence time, and displacement speed of the eddies must be examined.
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Table | - Summary of mesoscale eddies detected through the year in the

Ligurian Sea.

Month Images Images with Number of eddies
analysed |mesoscale |' anticyclonic cyclonic]  total =
eddies
January 1 0 0 0 0
February 7 5 1 7 8
Maxch 8 3 5 0 5
April 6 1 1 0 1
May 13 5 7 4 i1
June 5 3 4 0 4
July 9 7 13 3 16
August 9 6 15 2 17
September 7 5 11 9 20
October 3 2 4 0 4
November 2 o 0] o (o]
December 3 1 3 0 3
Total 75 39 66 23 89

a




b g o L i Lo b o i e e e bl ol e, s SN N T . Ty R e e s e M e e i e T e L o Bl i e L Bole ot i e it i b i Al

P LA 2 P e
<
e ™ 3D 23 HM
-9
b . B Sw >4 2
L
P2 TSI GFOoODT iy Y @RS RS . oz -
L
§ @O *= - -
:
“ 2092 IS DD
g e SO D~ T
L
- S TesD
< -+
TEeESdn T e DO IS
4 -
- L TR T IS T
TSI GPITOIONISITIIVESIITORI TGt S I D3NS I
Ll
oo >

7
\u
0
O
y 0
)
v
0
0
U

-
o
¢
v
6
M

2
"soecc PTOoOCOOoOOe oD
muu.vy.v COSTOIS S
-ooec= sTocesan o
‘ ﬂ---'ﬂ TooDoOOoOO = “
_ "
J -0 s T = T OO
_ “0-03 =moococo0Do “
1 W‘OQO - R T R T
" .“09.0 CO0C9009 0000 O0TSSIDTODSDoDeEeCED S m
“ 'm ”..000 PSP 0TODDOTODIITCOATTIDS OO o
v“‘...‘.ﬂ P OO0DIDDOPTOODVDNOICSICTTIOUDIDTIID ITSBO D .Mw-
. m“ rml@).vb EE A LA AT T T LR TR LR L RT T X . F FR v
‘ b . » . ’ & e A o o oE e s a )
< 'w Teoesae ¢ PV TODODIP O PIDITOIT ITIITSTO
M.“.u..o L L - E- R B B E- N B B 3 - B0 B L b E K- N B .
“ imoosss DOV IDIRTIDSTITE 2 .“
h“dﬂ“u 2oceconaa@cass s 33 22 2 “
.hauu““ =4 DDPITIISD TTTT LTI I IIDI L °
ﬁﬂﬂ“ﬂd - TIOOOTIODTITEE IOV - TN “
a ﬂ'.'ﬂﬂﬂbﬂﬂ«uﬂ.ﬂ. L e T R E - R Rl N R -
m...“'un..“oo. uuou.oounaouuuoua.u““n¢°u “
oo P SoIIID TOTITIO IS 2 -EEE X T E 2 K E 3 0
“ﬂ“‘,ﬁi““;‘OJd“““ O T IT 3079330 339 T2E IS n
,v MO-.OGOCGDGCCU 0PSO DTIODTINVCITTOSODS TO .w
M“..nﬂ““dﬂ““““ﬂl TESoT°S9 i3 oo — t
“".““ﬁ““.ﬂ,!h““ 2 E- I F X FEE I B X X E N F LN B B B R X K .
H...-GO“GUJJ“G 000D SDTDDIDDITNDITSIOTIIOI -m
V N...ﬂdﬂﬁﬂdtﬂﬂﬁ SV IDCDODLIOSDIT™ 23S
"..‘DOI"O““JI‘JJ 2028 33D TDODOULOIIOTODITODICD .
D99DODODDIDD TS0 OMNIOISTSTISTDIDOITOS 2 J
NDOODTUTODDTOOSD D OODDOODTODITODIDDIIODII2SDOD T -9
L ET F R R 3B BB B Re D TTO9D ITIITTOOTDIDIOI T2 ot
LR B T I . . B * 2 2 - - Dy - 3 2 > .mw.
PTODIOTTOOODT IO 2PDT IVTOT SIS 230 23V 2 r
-\ 2TOSCCOODoSSIVNOO 22DV ODODIOT DD DI D
rosscoso9T=2o0 3= 2VWIFITIIIPIISTITII2aDS T3 3¢



Saoo:e T

=~~~ -

f =2 o~ =

A T S T TR Y Y
P

60000
g ot
G0 0
0
[/}
v d
puw
(VI O 1}
VI O VI
I R O VI 1}
Jonnh
[V I VI
VI VI
oo 0u
[V I S I
Bt 0 0 9

CosESSocCcCoooota e
- =
oo OSCe
=

=R - T-F_-R-R-3-F-F-F-E_%-3 - %]
F=]

EERE

Te
== =

) 04

y R

[V 00
[FR I | IV [ WY
VR TI| BV J  H I O (I
w0 00N huan
Gw oD ubnn e
[ SO | A VI V2 A VI O
[ O VI AV R BV ) SO 1 S 1 A
VR PO VI O O O Y A
B 000 F 0606 ou
[T T | I T VRV VA 1
G 00 6800eY U
L1 RO F VI A I VIV O
(PR IV IO O VS O I 1R
e RO HUODDON
(O VO VIRV IO VRO VOO 1 I
(VI I VI S O OO OV VI O
oo 008 06000 4w
N a0 0000000y
VRV VIO T VI I VR T
[T TIVO FH O TH NO TE  V
E 0NN N00
Yo 0006000000
w o 000U 0 nn
PRSI A R O+ B IR | RO T O 1}
LIPS O 1

Fig. l.a - Location

2501 LAR LML S LTAGL, UL LINIRAT

G-6

ORIGINAL PAGE 18
OF POOR QUALITY

SRLRIZRONPIVTLIDY
000 HUBODONOOUUUUYD
Q0UNeUDULOOODDODOD
TR EEEEEEREREREE
T O O A
TEREEEEREREREY 40
JOU 0L DU UL/
A00 B0 AUn 0 0o
EREEEE NN 1y
RN NN 0

TEEENEN
d0 0
00U

IO C O T OC OO OoC o ST

TR | I

o0 ]
0006 ]
gouy i
bgu g ]
Uk ]

NEEEEINERN

L T I O O R A
[ /I IV R VA AV | G0
]

of mesoscale cyclonic eddies

cCooo S OotEo S = A

PO COSCE S ST *coacc

b04

OBSSS

V\amsmocococoooosaoof oo

oo oSSNiCoc oo Ooio oS

oo couo o e T

bl
E 51

sooocesfoosoooos

= w I~ o e Y el Py

1140

G o 1) !) ﬂ

BGeGhaons

gunn U ]

[ I T I I

g & 0 3 T
t fpon
)] Ll
il (]
0}

R
v T

(BT I (O 1O &
unenn
g

god G u
ved o
NOL G

6 4h 00

T T
7949
nuges q
000004
VI I VI |
du i Q
i 006wt
PRI I | DO
LI I I VR
VI I IR | I VI H
40080600
O O T O VI
V) I I I VR
by 0 H 004
Py LN ey g
NeInHun e
[TV R I Y O
VN VIR IR VY | IR+ Y
oo d 6N
(I R R VA I
R R Y A S T
[ VIO ) B R VO 1
LI I A RV
Wb 462484
TR

» Z3 O R

=

]
bl
]
1]
7
i

t
h
i}

]
)
ﬂ
D]
il
i}
0}
]
il

A1 o s sneal 4

T A T S S KR €S S

.

P ol ]

i

.

»i




G~7

IS
QUALITY

ORIGINAL P
OF POOR

-

™

h B

LR Y

0

cvaoon

9 ¢

a

L

" 0 . v L

v

1.b - Location of mesoscale anticyclonic eddies

Fig.




ORIGINAL PAGE I8
OF POOR QUAL|TY

F ] ¢ 1} ‘l'A‘;: ‘- ki"?!‘l "!L +h );?L;J.}k,“ ka4 “! "h“'”&fd‘??;.s 5'}3\‘0 53.?.‘;%’57343;‘3\33?333 ¥ z‘;ﬁ%"i ooy aﬁn‘; S TN [
I TR I TR IR A T B O R T N I T (2N A VI O VO | IO A O RO I O O TR A
o W Uww oy e BT s e R 000G 00NN ey ow G b
. P VIS "I (NI SO VA SN (AN PR I TIN ON TANINS TR A TR | B ¢ VTNV A/ S 1 IO VI VA OO S VRN Y SR B AN T
5 SRR B8 T VAN TSN SN S OO 1 T A | A A PO SRS S MO VI MR 1A T 'OE I RV RO VO 0 IO A 1 A PR TRV O (SR PR O A (R /O A 1
s ek b N R EREE R NIRRT R B BB R B /I TN B S VI A I VI
U S I BFTIRRYORS Y A | A NI SO (R S B VY T S TR s ] [V} oY b an B g hH Ny
. P AT O TR I ' I (R AN TRRRVRRS | VO I VT VI 06 B I I T T S
e g B g RO BE aW oed e h Wb T4 B L R hog LN
wonoap o o o B b oy oo oW By TR SR TR I O T T
ST TRV | AR I VR N Y A h s o0 Lo % oe g
s [-JTON P IO VI S T (ST ¢ SO PP S S O 1 |3 B MY B o ou

. i .

d N a9
IR BT T
hoah o3

H J

VIR PR (O Y (O | I RN TR S S T
. R BT B R L B AR BT O [T
T n g W oo d g 080 L e .

=
&

S TR L T
"

i I a o v o
8 (1R A R T P
H G| S A T 1

h

f- R -
=%
£
-
&

ER VRN IRV | S SRR VRN PREY S BE O

[ TRV | AN TRV VY SRR TR

DI IRV I I A I 1 T | O

YR TR | R VS T T R VRN BT

G 960 85 v i ftaan

[E A S R AR /R PRRTR | '

w v §.6 5 % 0 vt

" VI T A B (I T 0oy

i [ RTI {I  SUR VIR YRR R B | A VIR

i BB 2 5 v fioa

Hi d 6 ou [ P! [

1Y) [T BR TR TR A B [ T T I A VT I ) Wou ) Pow g oy @5 ” i 3 LT B ;! ]

W . O UGw o @4 L w b ot LA IR RO (VIR R YOO A VI S (R A VB IO VARV VR | D R SR ¢ S DO 14 Y

s [TRREYIRE "V (T R PR BENYRR St SNERY S Y ST RS BRSO S | NPYRN P RN AN R O T S A | S By P S A B (R VRV
TRV IR VIR S B MRT N A B I S VS ST R PO VRN YN S (U W | (| ) S R I V R S VINR SRR T PR TRV R . PR

T Y TN S /NN VI VIR VIR IR VRY A O VI A O 20 VO NN O B 1 D 2 L 20 SO+ O (O Y

I B T I S O VR (2 | TS Y TR TN SO T TSN I (N K I T A R (RS R G (R Ry B s b

¥ ' W ' T T RO PR OV VR TN T O N AT | N (R o @ PG,
t ER ¥ 1] " ¥ L | I Y 11 L2 l‘, T ) 5:‘ u 7 LU Y] . J + LA ¥

Fig. 1.b - Location of mesoscale anticyclonic eddies




PR R TR RE———

B s it i L. i wd U L o b e e

S |y np—

T ) sssssgisssssrs
/2// 4%?22é32?‘=="““ wincs Y,

T
o / .
. // )
r//// /7 Sete7, 7 /)

T ok or
7 LoNs

Cape Géor )\ >

LKL )
o i
/ /, '/ i i :
///Z// //// ,,/ Lk MED!.‘ER,R{*N;AQ

D ke

CSEA.
Fig. 2 - The mean oceanic circulation in the North Western part of the

Mediterranean Sea (after WALD et NIHOUS, 1980).

<, b i e



ORIGINAL PAQE IS
OF POOR QUALITY

I rine
/ v Mean clré;ulotlon///l /

o =t

Fig. 2 - The mean oceanic circulation in the North Western part of the

Mediterranean Sea (after WALD et NIHOUS, 1980).




‘ank

ppendix H , ORIGINAL PAGE 13
Appenet . OF POOR QUALITY

The §ollowing Listing glve zhe date, Jdentification and Loecation oy
center of image of HCMM dcenes recelved
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