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Edwin Kessler and William C. Bumgarner 

ABSTRACT 

Time-dependent moist columnar convection is 
numerically modelled as an extension of Priestley's 
1953 study of buoyant dry elements in a turbulent 
environment. Soluti.ons are given of simultaneous 
equations for the vertical velocity, buoyancy, and 
cloud and precipitation content, in an air column 
moving under buoyancy and subject to continuous 
mixing of heat, momentum and moisture at a constant 
rate with its stationary environment. Thus, an up­
ward acceleration of air tends to be reduced by 
thermal diffusion and exchange of momentum with 
the ambient quiet atmosphere, but tends to be in­
creased by the release of latent heat of condensa­
tion. When the cloud content exceeds a prescribed 
threshold, a pararnetized autoconversion process 
produces some precipitation which is subsequently 
augmented by collection of.cloud. The weight of 
condensation products, the cooling by evaporation 
of cloud in entrained unsaturated air, and the cool­
ing that accompanies evaporation of precipitation 
in the subcloud layer, all tend to produce negative 
buoyancy. 

The distinctive velocity regimes characteristic 
of the model and akin to those discussed by Priestley, 
may be classified in terms of environmental lapse 
rate, moisture content, and the size and amplitude 
of the initiating and following disturbance. Damped 
Brunt-Vaisala oscillations occur in a stable dry 
atmosphere, or in a conditionally unstable, moder­
ately moist atmosphere when the starting perturba­
tion is weak. A stronger perturbation or more 
moisture produces cloud and precipitation, followed 
by a shower and downdraft, and then by damped B-V 
oscillations. Weak static instability is associate.d 
with sustained updrafts if the mixing rate is suffi­
ciently small, but for mixing rates above a threshold 
that depends on the environmental lapse rate and 
moisture content, the starting perturbation and 
resultant updraft are restored asymptotically to 
zero. 
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tionally unstable cases: a strong steady updraft 
may develop without precipitation beneath but with 
precipitation outside an implied area of strong up-
draft, when there is a strong starting perturbation, 
small mixing rate, an elevated condensation level, 
and a steep lapse rate. If these conditions are 
insufficiently pronounced, however, steady updrafts 
ultimately present in the model may be only moderate 
or weak, with precipitation beneath; or damped con-
densation oscillations or B-V oscillations may pre-
face restoration of the disturbed model atmosphere 
to zero motion in conditionally unstable cases. 
Great changes of the solutions, from one type to 
another, occur as one or more of the controlling 
parameters cross thresholds determined by values 
of the other parameters. 

The model suggests that a critical horizontal 
size and critical perturbation buoyancy must be ex­
ceeded in nature if sustained moist convection is to 
result in any given conditionally unstable lapse 
rate and moisture condition. A suggested upper 
bound to updraft diameter is identified with a 
critical Layer Richardson Number in the associated 
horizontal, vertically shearing· flow. The diurnal 
variation of energy-absorbing boundary-layer 
qualities is discussed in relation to the geograph­
ical and diurnal variability of thunderstorms, and. 
a number of studies are suggested to evaluate and 
improve the theory. 

NOTE 

The moist instability parameter, S , for atypical 
summer troposphere is about 0.8 m tstec 2 when the lapse 
rate is dry adiabatic rather than 0.4 m/sec 2 as in­
dicated on pages 9 and 38 and elsewhere. The latter 
value applies to a cooler atmosphere and should be 
used with a condensation function of smaller magni­
tude than is employed here. Some revisions are 
therefore indicated, but essential features of this 
paper are uneffected by the corresponding adjust­
ments of numerical values. The authors thank Mr. 
Pieter Feteris for discovering this error. 

2 



MODEL ·OFPRECIPITATION AND VERTICAL AIR CURRENTS l 

Edwin Kessler and William Bumgarner 

1. INTRODUCTION 

This study of a vertical, time-dependent, relatively 
simple numerical model of atmospheric moist convection repre­
sents an attempt to gain an appreciation of probable working 
relationships among important parameters. We here use much 
of the approach of Priestley (1953), who considered the motion 
and temperature ofa parcel of dry air moving under its own 
buoyancy, and subject to the turbulent transfer of heat and 
momentum with an unchanging environment at rest. The three 
modes of motion he derived depend largely on the scale of 
motion and not at all on the amplitude of an initiating dis~ 
turbance. In his asymptotic mode, the scale of motion is 
small, and the mixing rates for heat and momentum are corres­
pondingly large, and an initiating disturbance is damped even 
though the lapse rate is unstable. Related results for fluid 
motions controlled by molecular conduction and viscosity were 

. first discussed by Rayleigh (1916). The other modes treated 
by Priestley a~e oscillatory with stable lapse rates, and 
absolute buoyancy wi.th sufficiently unstable lapse rates and 
small mixing rates. The remarkable natural phenomenology, 
which we are seeking to model numerically, has been lucidly 
discussed by Scorer and Ludlam (1953), and by Ludlam (1963), 
among others. 

Our model uses continuity equations for air and water 
substa:nce with an equation, somewhat similar to one of 
Priestley's, that describes the variation of vertical air 
velocity in terms of thermal buoyancy, the load of condensa­
tion products, and entrainment of stationary environmental 
air. Another equation, analogous to another of Priestley's, 
relates variations of thermal buoyancy to vertical velocity, 
to the lapse rate and moisture content of the environment, and 
to the heat transferred during condensation or evaporation of 
cloud and precipitation. Our model may be regarded as an ex­
tension of Priestley's study to moist conditionally unstable 
cases, and in such cases, the amplitude of an initiating 

IDeveloped version of a paper first presented at the 
International Mete.orological Conference at Tel Aviv, 
Israel, Nov. 30 - Dec. 4, 1970. 
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disturbance appears as. an important determinant of-file form 
of followi.ng events. 

The use of a fixed profile of vertical velocity, vertical 
averaging where practical, and of approximate representations 
of some rather complex processes, produces relatively simple 
equations and facilitates comprehension while emphasizing 
some gross aspects of model atmosphere behavior. The solu­
tions explicitly refer to conditions in vertical columns, but 
an application of the Richardson Number with constraints join­
ing horizontal to vertical velocities provides a basis for 
estimating relationships between dimensional and distributional 
features of cellular atmospheric convection and environmental 
parameters. These proposed relationships suggest forecasting 
rules, and observational projects to test and improve the 
theory. 

2. MODELLING EQUATIONS 

The conservation and continuity of water substance in a 
vertical column are given by 

aM = -(V+w) aM 
at az 

Mav _ MW olnp k M az az + AC + CC - EP - 5' (1) 

am = at 
am alnp 

-waz + wG + mw~ - AC - CC +EP - ks(m-mo ) (2) 

Here M, always positive or zero, is the precipitation content 
of air; m when positive is the cloud content, and when negative 
is the saturation deficit; V, always a negative quantity, 
represents the terminal velocity of precipitation relative 
to the air; w is the vertical velocity of air, p is the air 
density, and G is a condensation function. The terms on the 
right-hand side of the precipitation equation model, in order, 
the vertical advection of precipitation, an effect of the 
divergence of the precipitation fall speed, an effect of the 
compressibili ty of air, the spontaneous crea.tion of precipi­
tation from cloud (autoconversion, AC), the growth of preci­
pitation hy collection of cloud (CC) , the evaporation of pre­
cipitation in dry air (EP)i, and the depletion of cloud and 

2As shown in table 1, the term AC is applied only where ( 
m exceeds the autoconversion threshold a, usually 1 gm/m 3

; 

the term CC is applied only where m is positive, i.e., 
where there is cloud; and the term EP is applied only 
where m is neg·ative, i.e., where the air is not satur­
ated. 
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Table 10 Mathematical Models of Microphysical Parameters 0 

Microphysical Process 
or Parameter 

Condensation and evaporation 
of cloud (gm m- 3 sec-I) . 

Drop-size distribution 
parameter (m- 4) 

Autoconversion of cloud, AC 
(gmm- 3 sec-I) 

Collection of cloud; CC 

Evaporation of precipitation 
EP (gm .m- 3 sec-I) 

Terminal velocity of 
precipitation (m sec-I) 

N 
o 

Mathematical 
Representation 

kl(m-a) (for m>a only) 

k ENo125mM°S75 exp(k z/2) 
2 0 7 
(for m>O only) 

k N 035mM°65(for m<O only) 
3 0 

Main Factors Used in This study 
(m-g-s units) 

H = 10 4 N = 10 7 k = 10- 4 

10- 3 0 1 
C = 3 x 1 k = 6.96 X 10- 4 

4 a = 2 
C =-3 X 10- 7 

E; = 1 k = 1.93 X 10- 6 
5 3 

k = 7 
10- 4 (k

7
=-dlnp/dz) 
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precipitation through a mixing of cloudy air with environmental 
air whose saturation deficit is given by m. Details of the 
terms in (1) and (2) that account for micr8physical processes 
are given in table 1. , 

f 
Equations (1) and (2) define the distributions of vapor, 1 

cloud, and precipitation density when microphysical parameters I 
and the vertical profile of the vertical air velocity are jl 

given. The derivation of these equations and the nature of 
their solutions have been discussed in depth by Kessler (1969).\ 

The components of a model for the vertical velocity in 
I-dimensional space have, so far, always involved several 
rather arbitrary features (Warner, 1970), partly because some 
important characteristics of cloud behavior are s'till not well 
understood, and because there is no proper basis for introdu­
cing the regulatory dynamic pressure without an explicit 
treatment of the columnar environment. In the models of 
Das (1964), Srivastava (1967), and Weinstein (1970), in a 
column of assumed height, the vertical velocity everywhere 
approximates a simple response to advection of vertical 
velocity and to the resultant of forces identified with local 
thermal buoyancy, water load, and drag or entrainment. We have 
chosen to simpli£y our problem by assuming that the vertical 
velocity has a parabolic vertical profile, and that its ten­
dency is determined by an average value of buoyancy and other 
forces in the column of interest. 

This approach contrasts also with jet mod~ls of Mason 
and Emig (1961) and o£ Squires and Turner (1962), and as well 
with the bubble model described by Scorer and Ludlam (1953), 
treated as a marching problem by Simpson and Wiggert (1969).3 

We write not of the growth of a cloud tower, but more of 
the development of an average concH tion. Thus, we assume 
that 

w= 
4w 

max 
H' 

Z2 
(z--) 

H 
(3) 

!This is obviously not a comprehensive review of other's 
treatments of moist convection but the reader may also 
wish to refer to the two-dimensional moist models of 
Arnason, et al., (1969), Murray (1971), Orville (1971), 
and Takeda (1971). 
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and 

i. e. I 

dW 2 
= at 3" 

dW max 
dt 

dW max 
dt = 1. 5 [A-kaL 

w max 

t 
/A-kaL/ 

Ht wmax ] - k 5wmax 

I 

( 4a) 

Here H, 10 4m in this paper, is the assumed height of the up-
draft column (or downdraft column, when w is negative), max 
A is the average acceleration associated with thermal buoy­
ancy4, in an implied upper or lower half layer of depth H/2, 
L is the average density of cloud plus precipitation in the 
vertical column, and ka=O.O~g/p is a factor to convert L 
to an equivalent acceleration. 

The coefficient k I , held constant over the model cloud 
lifetime in the present treatment, has been called the mixing 
rate by Priestley (1953). While we recognize that the mix-
ing rate, in nature, certainly varies in both space and time, 
and is partly self-determined during the evolution of a cloud 
or storm, we look here for insight from the calculated be­
havior of updraft columns whose uniform mixing rate is pre­
scribed. The reader may consult more comprehensive discussions 
on this important matter by Priestley (1953), by Scorer and 
Ludlam (1953), and by Turner (1963), who has provided a model 
whose solution, including element size, is related to an 
assigned turbulent velocity in the surroundings. 

While (4a) makes an allowance for the presence of conden­
sate, it also differs from Priestley's similar equation in the 
presenc6 of the second term on the right-hand side. This 
somewhat simulates drag, but its essential effect is to make 
tile value of w always drift toward that attained by an air max 
parcel at z=H/2 following its upward (downward) drift from 
z=O (z=H) according to the equation 

dw == A k dt .,... 5w, (4b) 

T-T T' 
4 In customary notation, A = ___ o_~. The shape of the 
vertical profile implies that oppositely directed forces 
act in the upper and lower parts of the buoyant column. 
This shape also crudely simulates the role of the strato­
sphere and lower solid boundary, respectively. 
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where A = A-kaL. When drag is absent, the e-folding fr:me-in 

(4a) is [H/(A-kaL]~, just the time required for a parcel to 

ascend from 0 to H/2 under the acceleration A-kaL. When kS=O, 

the reader can easily verify that both (4a) and (4b) assign the 
1 

value W(H/2)=( IAIH) 2X (sign A) to w under steady sta'te con-max 
ditions. When kS is as large as 10- 3 sec-I, the steady state 
values defined by (4a) and illustrated in figure 1, may be the 
lower by about 10 percent in practical cases. Finally, in 
this connection, we observe that the magnitude of L in (4a) 
must be given by solutions of (1) and (2) and that another 
equation is required to define A in (4a). 

A thermal buoyancy force develops as an air parcel is 
displaced from its equilibrium leVel in an atmosphere not 
neutrally stratified. In the case of continuing rising motion 
in a column extending upward from the surface, the entire column 
would eventually be composed of parcels originating near the 

0.14 
(\/ 
I 
u 0.12 41» 
." 

E 
~ 0.10 co 
oX 
l 
d 0.08 .. 
>-
0 0.06 z 
)! 
0 0.04 ::> 
m 
au 
> 0.02 
i= 
0 au 

0
0 

LL. 
LL. 10 20 30 40 
au 

MAXIMUM VERTICAL VELOCITY (m sec-I) 

Figure 1. Steady state maxima of vertical 
velocity in relation to effective buoyancy, 
as defined by equation (4a) in the text, for 
several values of the momentum mixing rate 
kS' and a height of the updraft column 
equal to 101tm. 
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surface, and modified by processes of precipitation development 
and entrainment during ascent. An analogous statement applies 
to continuing descent of air with the downdraft originating 
near a great height H. The magnitude of- thermal buoyancy 
developed depends on the environmental lapse rate, the gain of 
latent heat during condensation, the loss of sensible heat dur­
ing evaporation of mixed cloud, and the dilution of buoyancy 
that accompanies mixing of air in the convective column with 
outside air. The assumption embodied in (3) is consistent with 
the simple implicit representation of these processes in the 
following equation: 

aA 
at 

w 
= ~ [F S 

H 1 m 

- k6 { EM -

Sd-A x sign w] - kSA 

[m(z,O)] } (5) 

In (5), FI is the fraction of grid points where cloud exists 
(m>O) , welghted according to their relative contribution to 
the condensation rate. 5 Thus, in completely cloudy rising 
air, Fl=l and the bracketed term with its coefficient tends 
to cause the buoyancy to drift (with an e-folding time of 
Wmax/H) toward Sm' a parameter that depends on the_ static 

stability in the environment. S is the acceleration identified 
with the average temperature difference between the environ­
mental sounding and the temperature profile associated with 
moist adiabatic ascent of saturated surface air; S is posi­
tive when the lapse rate exceeds the moist adiabatrc rate. 

Examination of typical soundings in tropical atmos­
pheres, or in a summer atmosphere in the temperate zones, sug­
gests that S =0.4 m/sec 2 (corresponding to an average tempera­
ture excess Bf about 10C) is a representative value for moist 
ascent through an environment (of typical tropospheric depth) 
with a dry adiabatic lapse rate. Since, with downward satur­
ated motion, the bracketed expression tends to cause A to 
approach -8 , the tendency of the bracketed term in unstable 
moist air iW to amplify weak velocities of either sign. 

8 is also positive in a conditionally unstable atmosphere. 
It is ~he value of thermal buoyancy approached during dry des­
cending motion, with dry ascending motion causing the thermal 
buoyancy to drift toward -8d . Thus, the bracketed term on 
the right-hand side of (5) slmulates restoring forces during 

~8ee Appendix A. 

9 



----------upwa~d-or-d~wnwara-mut~on--of--dry-arr-rn-a--~oITdrtrorra~-ly-un~-~----~--------­

stable atmosphere. 

Sand S are always chosen so that their sum is 0.4 m/sec 2 

this c@rrespoRds to a condition of the summer troposphere. 
When 'both are 0.2, for example, the implied tropospheric lapse 
rate is midway between moist and dry adiabatic values. During 
marching calculations, S is reduced slightly and Sd is corres-
pondingly increased, wheW the subcloud layer is moistened by 
evaporation of precipitation. This feature, detailed in 
Appendix B, accounts for a loss of average buoyancy owing to 
sensible cooling of the subcloud layer. 

The term -kSA represents the dilution of thermal buoyancy, 
owing to mixing with the environment; we have chosen the same 
mixing rate for heat as for momentum at this stage of the 
investigation. 6 

The last two terms in brackets account for cooling effects 
of evaporation. The average rate of evaporation of precipita­
tion, EM' is calculated from grid-point values of the term EP 
in (1) and (2). The evaporation of precipitation is effective 
only in unsaturated air. 

The second term within the last brackets represents the 
rate of cloud evaporation, calculated where m<O and averaged 
over the depth H. This term can be understood when compared 
with an equation that represents both dilution and evaporation 
of cloud. Thus, at any point, we have entrainment's contribu­
tion to depletion represented in (1) as 

am(z,t) . 
at = - kS[m{z,t) - m(z,O)] , (6) 

where m{z,O) is the initial and ambient condition in the 
model. The term, -KSm(z,t), represents the mixing of cloud 
with saturated cloud-free air, and the term, k m(z,O), ob­
viously represents the added contribution to d~pletion that 
occurs because of evaporation in unsaturated entrained air 
(where m is negative). 

6 

In his 19S3 paper, Priest.ley discusses solutions 
with unequal mixing rates for heat and momentum. 

10 
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the rate of evaporation to the equivalent rate of change of 
acceleration attributable to evaporative cooling. 7 

3. SOME ELEMENTARY PROPERTIES OF THE MODEL 

Some properties of the mathematical model defined by (1) 
through (S) can be quickly learned by examination of simpli­
fied equations. 

3.1 Steady State Relationships Among Updraft 
Speed, Condensed Water Load, and Buoyancy. 

First we should know how the condensed water load, L, 
tends to vary with the updraft speed, w, and what values 
of A. would tend to exist in the model wP~fi associated values 
of Land w . In order to develop this knowledge, we have 
solved steW~9 state approximations to (1) and (2) by a Runge­
Kutta met~od that can be used whenever (w+V) is everywhere 
negative. Vertically averaged precipitation and cloud con­
tent in relation to updraft speeds and values of kS are 
plotted in figure 2. 

The rapid increase of water load with updraft speed in­
dicated in figure 2 implies that in a moist atmosphere, the 
effective buoyancy and updraft should increase only slowly 
with increasing thermal component of buoyancy. In figure 3, 
for cases with kS=O, we show explicitly how w depends on 
the thermal component of buoyancy in a dry mo~~f atmosphere 
and in a saturated updraft model whose condensed moisture 
content is illustrated in figure 2. It is evident that in 

7 k 6=Lg/Cp Tp, where L is the latent heat of evaporation, 

Cpis the specific heat at constant pressure, and p is 

the air density. A comparison of (4a) and (S) with 
Priestley's velocity and buoyancy equations is given 

8 
in App. C. 

Of course, this problem can be solved under more general 
conditions with marching calculations continued until a 
steady state is reached -- then the complete eqs. (1), 
(2), and (3), with w fixed can be used. The steady max . 
state conditions are closely approached after the longer 
of the times H/W and H/(V+w ). See Kessler (1969, 
pp. 72 and 80). max max 
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the moist case, additional buoyancy is utilized in supporting 
_______ I __ --':a~r""-e~1'-"'a~t-i"SLe~y~ar-ge~ncr-e~se-i-l'l-e0REle'fls-at-i-on---produ-cts-a-ccom-p~a'-;n~y~--

ing a relatively small increase in updraft speed. . 

It is very important to note that in a model atmosphere 
with an elevated condensation level, there are two families 
of solutions accompanying strong updrafts. In one of these· 
the condensed water load is essentially independent of the 
updraft speed, and neither precipitation nor cloud extend 
to the ground beneath the updraft column. This family is 
represented by the dashed lines in figure 4, applicable to 
an updraft column 6 km high. In these cases,.the model average 
water load is well defined by the height of the condensation 
level, with the average temperature or condensation function 
G, and the mixing rate k S ' 

3.2 Some Properties of the Buoyancy Equation 

It is immediately obvious that the primary control of 
vertical velocity and hydrometeor development resides in the 
buoyancy ~quation, (S). 
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Figure 4. Vertically averaged steady state 
condensed water content in relation to 
maximum updraft speed and initial (ambient) 
moisture profile, without horizontal m~x­
ing (from Kessler, 1969, p. 71). 
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---------Inspecti-Qrl-Q£-(--5-)-shGw-s-tha-t-t;h.e-~e-i_s-0n-1-y-0ne-SGU-~ee--------­
for buoyancy increases in a conditionally unstable atmosphere, 
viz., rising motion of cloudy air. Momentum mixing reduces 
buoyant effects and evaporation of cloud contributes to nega-
tive buoyancy, and both of the processes are independent of 
the updraft speed in this model. It is apparent then that 
buoyancy can be sustained in cloudy air only if the vertical 
velocity and associated condensation rate exceed some thresh-
old. A similar conclusion may be surmised from considera-
tion of our mixing law and Austin's work (1951), which shows 
how much colder than its dry environment initially cloudy 
air becomes as it mixes with environmental air and as the 
cloud evaporates. 

We now explore the associations among k , 8 ,w x' and 
m , which determine whether the thermal buoy~ncymA iW~reases, 
d£creases, or remains steady. As a preliminary to numerical 
calculations based on the complete equations, we use the 
following simplified form of (5), applicable to rising cloudy 
air in an environment whose average saturation deficit is 
mO (a negative quantity): 

aA w max (8 A) kSA + o .1kS m = ~ - -at H m 0 
(Sa) 

We supplement this with 
w 2 

. 

A 
max 

+ ksL = H 
( 4c) 

where the effects of mixing of momentum in the rising current 
are neglected. Relationships between Land ware of two kinds: 

L = .7Swmax - . 01 w~ax + • Olw~ax ' ( 7a) 

L = 5 (7b) 

The first corresponds to a curve shown in figure 2, and the 
second is a rough approximation for high-speed updraft cases 
such as illustrated by dashed lines in figure 4 (Kessler, 1969) 

Although there are inconsistencies in this treatment, 
they are not large enough to deceive us with respect to im­
plications of the solutions of (5a) illustrated in figures 5 
and 6. For parameter values specified by a plotted curve in 
these figures, aA/at > 0 in the region bounded by the curve 
and the ordinate m = 0; aA/at = 0 along a curve, and is 
negative to its le~t. This means of course, that the steady 
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-------l'--eel'l<i-i--e-i-en-th-at-±-s-imp-t-i-cr-c-in our use of-{ 4c) is consistent. 
with this analysis only along the curves. 

In figure 5, where the model environmental lapse rate 
is everywhere midway between dry and moist adiaha.tic values, 
consider environmental moisture m- = -10. With an average 
condensed water load of 5 gm/m 3

, ~e thermal buoyancy identi­
fied with the updraft velocity and water load alone, would 
decrease with time owing to effects of diffusion of buoyancy 
and evaporation of cloud, unless condensation were produced in 
an updraft column whose maximum were 7 m/sec or more. If the 
updraft were a little stronger than 7 m/sec, aA/at would be 
positive, and both A and w would increase until the speed 
of about 34 m/sec were att~ffied. Thus, with other parameters 
fixed, the magnitude of the initiating disturbance in this 
conditionally unstable case determines whether the, subsequent 
airflow will decline' (as a damped oscillation) or become the 
steady updraft condition analogous to Priestley's absolute 
buoyancy. 

The curves for various values of k5 may be related to 
the horizontal dimension of disturbances (see sec. 5) and 
they reflect the storage of latent instability in a con­
ditionally unstable atmosphere. They suggest that stronger 
amplitudes are required with smaller scale disturbances' to 
produce persistent updrafts in conditionally unstabie cases. 
For a specified environmental lapse rate, stronger amplitudes 
of an initiating disturbance are also required in drier atmos­
pheres. The curves also indicate that for each condition of 
environmental moisture and lapse rate, there is a size of dis­
turbance below which no perturbation, however large, can pro­
duce a persistent updraft. 

In figure 6, the plots are for various values of the 
lapse rate, with the mixing rate or size of the disturbance 
held constant. These lead also to inferences like those dis­
cussed above, and support the concept that the amplitude 
of disturbances necessary for sustained convection should in­
crease as the lapse rate stabilizes. 

We should note that the role of the amplitude of an 
initiating disturbance as a strong determinant of the form.of 
following events, is a feature peculiar to the conditionally 
unstable cases. In cases of absolute stability (y>y ) or 
instability (y<ya ), the form of the model solution after a 
long time depend~ only on the scale of the phenomenon, and 
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___________ ~~__.=__=_:h:_e~a_:_m,-'p"--l_;_i~t--=uC-Cd"-'e=-, of an ini ti ating_dis_turhance_,_as-dis----___ -----
by Priestley. 9 

Of course, forecasters have long thought that strong 
dis"turbances, e. g., cold fronts, have an important role in the 
initiation of local storms, so this is not a new concept. It 
is also embodied in others' numerical models. For example, 
Squire's and Turner's model updraft (1962) is sustained only 
when the upward flux of air at cloud base exceeds a critical 
threshold. 

We should bear in mind that these results are rather 
critically dependent on the form of the mixing law incorpor­
ated into the models. Eventually, we must have models in 
which the mixing rate is a dependent paramete"r. 

3.3 Relationships Among Updraft, Water Load 
and Rainfall Rate During Updraft Oscillations 

We now turn to fundamental properties of the oscilla­
tions involving updraft, condensed water load, and rainfall 
rate. Byers and Braham (1949) discussed such oS9illations 
in terms of observational data gathered during the Thunder­
storm Project, and solutions of various numerical models have 
since illcluded such oscillations. Kessler (1969, pp. 72-73) 
obtained condensation oscillations as solutions to a simple 
analytic model based on inferences from his kinematic study. 
When such oscillations occur, their approximate period may be 

(k -c ) 2 
T = 2n/(k G- 5 3 )~ 8 4 , 

(8) 

where C3 has the magnitude IV/HI or about 10- 3 • We must note 
that these condensation oscillations do not occur in the model 
when the water load is independent of the updraft speed. Such 
independence may occur with high-speed updrafts and an ele­
vated condensation level (see fig. 4), and the updraft then 
monotonically approaches a positive value representing 
equilibrium among forces of buoyancy, water load, and drag. 

In the present numerical context, we first examine the 
coupLed oscillations with ks = 0, with (1), (2), and (3) 

9 

This statement may be modified for a narrow range of un­
likely moist cases in which Y<Y

d 
and the mixing rate is 

large. 
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otherwise unchanged, and with (4) and (5) simplified as"" ~"­
below: 

aw max 
at = A - kSL, A = constant. 

With the simplest case of a saturated model atmosphere, 
the time variations of w ,surface rainfall rate R , and L 

max 0 

for the case where A=.04m/sec 2
, are shown in figure 7. The 

average period of 1650 sec, shown in figure 7, is very close 
to that defined by (8). 1 e I 

We may also note the excessive rainfall defined by these. I 
marching calculations. In light of earlier discussion, it is I 
clear that our combinations of a very moist environment with 
substantial thermal buoyancy are unrealistic, since an inde­
fini tely small perturbation would be amplified and sus"tained 
and heat would be transferred upward in a nearly saturated 
real atmosphere before the implied static instability 
becomes so large. 

3.4 Role of Buoyancy in Updraft Oscillations 

Figure S shows time variations of w for various value~ 
of A, \<Ti th all other parameters held fix~a:: In accordance 
with the analytic theory, the periods and phases are practicaJ 
unaffected by changes of A. For very large values of A" 
hO'(ft7ever, there is a phase shift associated with the nonlinear 
relationship between updraft speed and water storage. As the 
updraft speed tends to exceed about 10 m/sec, the locus of 
maximum water storage is displaced upward to the upper half 
of the convective column, whence a longer time is required fo] 
descent to the ground after the updraft d~creases. The up­
draft speeds and average water loads (not shown) wi th.each 
value of A are close to values along the uppermost curve 
in figure 2. 

3.5 Magnitude of the Condensation Function 
in Relation to Updraft Oscillations 

Figure 9 shows the effect of varying the condensation 
function in this simple numerical model. The period of con­
densation oscillations increases with l//G, as indicated by 

10 

With k S=10-2 and G=1.5xlO- 3 , (S) yields T=1636 sec when 
k5=0 and C3=10-3. This agreement is at least partly 
fortuitous, because C

3 
cannot be precisely related to 

the more general problem. 
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the results of analytic theory, (8). It would be interes. 
to test this result by comparing the periods of shower deve.i. 
ment in warm and cold air masses, as revealed by radar echoes 

3.6 Role of the Height of the Condensation 
Level in Updraft Oscillations' 

1 

Figure 10 shows the effect of varying the initial mois- I 
'ture content when the thermal buoyancy is great enough to pro~! 
duce an updraft speed larger than the fall speed of precipi- I 
tation. As the moisture content decreases, the condensation! 
level rises, and the updraft develops longer initially in thel 
longer absence of a substantial water load. (This does not I 
wholly correspond to the more general model discussed in I 
sec. 4 below, where delay of condensation has adverse I 
effects on buoyancy.) The regime of high-speed steady up­
drafts occurs when an updraft strong enough to hold precipi­
tation aloft develops before significant precipitation forms 
from cloud. Such high-speed updraft cases have been dis­
cus~ed by Kessler (1969, p. 73). 

3.7 Simple Oscillations 

The numerical model has simple oscillations (Brunt, 1927) 
as solutions, as well as condensation oscillations. The formE 
correspond to the oscillatory mode discussed by Priestley. 

In the case where condensation and mixing are absent and 
vertical displacements and buoyancy forces are small, (4) 
becomes 

aw max 
at 

and (5) becomes 

~ 1.5·A 

w S 
max d 

H 

The second equation, when integrated, becomes 

Sd 
A = -H' (z-zo) , 

, 

and substitution of this expression for A in·to the first 
equation yields 
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In the stable case, Sd>O, and the height of a parcel and all 
other variables then oscillate with the common period 
T = 27T/I1. 5Sd!H, tabulated in table 2. Corresponding results~ 
of the numerlcal model discussed in section 4, lie within : 
10 sec of the tabulated values, suggesting the adequacy of I 

the finite difference scheme. 11 . 
Table 2. Period T afSimple Undamped Osaillations 

in Relation to Buoyanay Parameter Sd' 

* 

Sd (m/sec 2
) Equiv. Lapse Rate Y * T (sec) 

0 Yd 
00 

.1 0.25 (3Yd + Ym) 1620 

.2 0.50 (y d + Ym) 1148 

.3 0.25 (Yd + 3y ) 936 
m 

.4 Ym 
811 

2.0 0 363 

Based on an assumed mean environmental tempera-
ture of 250 K, . and depth H=lOIt m. See also App. 

3.8 Further Discussion of Asymptotic 
Cases -and Absolute Buoyancy 

C. 

Priestley denoted the asymptotic case as that where, 
aJ.though the lapse rate is unstable, an initiating perturbatio 
is monotonically reduced to zero. This trend responds to ef­
fectsof mixing, analogous to the effects of molecular viscos­
ity and conduction treated in classical papers. Our equations 
admit similar solutions. 

1 1 
. When mixing is preSent 

T=27T/ [ (L 5Sd /H)-k5/4] 
by values' of k5 much 
critical damping. 

the period is 
and so is .essentially unaffected 
smaller than those associated wi tr 
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r. 
\ 

-----------'---:r-=-Con-s-±de-r-(-4c
) ana-(S)-in relation to updrafts in a dry 

mosphere, i.e., w>O and L, F l , EM and Em all identically 
zero. Then we have-

With 

defined, 

and 

aw 

[A 1~lt 

awmax 
at 

viz. , 

max 1.5 -at 

aA w . max 
(Sd + A). at = H 

M 0, 'steady = = at 

.w 
max 

ksHA 
= ---

Sd+A 

wmax] -k w 5 max , (9) 

- k A 
5 (lD) 

state relationships are 

(11) 

(12) 

. The limiting value of S for steady upward motion is 
given by (II) with A = 0. TRus, steady states with vertical 

m~tio~ occur when Sd < -~ k s
2 H. Magnitudes of Sd ,larger than 

the indicated threshold are associated with the monotonic 
growth of any disturbance, however small, toward an asymptote 
of vertical velocity defined by (II) and (12). Equation (II) 
is not satisfied by smaller magnitudes of S , and smaller . 
negative values are associated with reducti8n of disturbances 

to zero. The motion resulting when Sd<-~ k s
2 H corresponds to 

priestley's absolute buoyancy, and when - (2k~H/3) '::'Sd'::'O, we 

have cases like those denoted as asymptotic by Priestley. In 
the present treatment, of course, both modes of motion develop 
monotonically toward an asymptote after the effects of an 
initiating disturbance have been manifested, but we will re­
tain Priestley's concept of the asymptotic case as that where 
the trend is toward zero velocity. 

Figure 11, an extension of table 1 in Priestley's paper, 
illustrates solutions of (II) and (12) at the asymptotic 
boundary and in the region of abso.lute buoyancy. . Inspection 
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Figure 11. Steady state relationships in the absolutely buoy­

ant region corresponding to Sd<-; k~H, with H=104 m, as 

defined by (9)-(12) in the text. Sloping c~rves are 
labeled with values of mixing rate and the associated 
size of a cylindrical element, as suggested by Priestley 
and Richardson (1926), (eq.(13) in our text). The aver­
age thermal buoyancy for a particular element si·ze and 
superadiabatic lapse rate shown on the abscissa is shown 
by th~ str~ight lines sloping downward from left to 
right. Any ordinate value may be regarded as the 
approximate speed attained by an element in a cylindri-
cal column of indicated size, rising from zero to 
5000 m in an environment with indicated lapse rate. 
(See also Appendix C.) 
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t-
.. l..;--fS}sIlOWS !:halO asymptofic cases should also occur 
a saturated atmosphere whose lapse rate exceeds the moist 

adiabatic; since the water load is closely related to updraft 
speed when updrafts are weak, the solutions will be altered 
by condensation oscillations from the monotonic behavior 
expe.cted in the dry case. Also, since the water load opposes 
posi ti ve buoyancy, we expect the asymptotic boundary to lie 
further from'S =0 in the moist case than from S =0 in the 
dry case. BecWuse of the great complexity of tHe moist 
equations, we have not attempted a detailed analytic study 
of the moist asymptotic family, but a numerical solution is 
illustrated in section 4. ' 

4. SOLUTIONS OF THE COMPLETE NUMERICAL MODEL 

4.1 General Comments 

Finite difference calculations based on the complete 
model «1) through (5» have been made with many values of 
the regulating parameters and a 41 grid-point column. The 
computer program presented in detail in appendix E uses for­
ward time differences and centered space differences and is 
simply an expanded version of the program described by Newburg 
and Kessler (K~ssler, 1969, p. 80). 

The following di'scussion deals exclusively with cases 
where the updraft is initiated by a starting perturbation 
buoyancy, i.e., an initial assigned value of A. Subsequent 
development in model conditionally unstable situations may 
depend greatly on the magnitude of this input parameter for 
reasons discussed in section 3.2. 

We describe five types of solutions given by the model, 
viz., (a) in stable dry cases, simple damped o~cillations; 
(b) in moist stable or conditionally unstable cases, cloud and 
precipitation development which may lead to a shower (a kind 
of condensation oscillation), followed by damped simple oscil­
lations; (c) an updraft that becomes steady-, and is accompanied 
by steady rain at the ground; (d) an updraft that becomes 
steady and strong (15-40 m/sec) without precipitation beneath, 
but, in a moist atmosphere, with precipitation implied out­
side the area beneath the strongest updraft; and '(e) with 
weak absolute instability, disturbances restored monotonically 
and asymptotically to zero when the mixing rate is suffi­
ciently large. With larger absolute instability than type 
(e), steady updrafts with cloud and precipitation -(types 
(c) and (d» develop in a moist model, or sustained updrafts 
without cloud develop in a dry model. 
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The types of solution, somewhat arbitrarily defined, 
to drift from (a) toward (d) as the environmental lapse ratb" 
and the perturbation buoyancy increase, and as the mixing rat~ 
decreases, i.e., as the implied horizontal dimension of the 
updraft area increases. With a given conditionally unstable 
lapse rate, solution (b) is less favored when the moisture 
content of the environment is: high, but solution (d) is most 
favored by less-than-saturated moisture conditions, i.e., by 
a somewhat elevated condensation level, or by a large thres­
hold for cloud conversion (large value of a in the autocon­
version term AC in (1) and (2». The transitions between 
solution types (b) and (c) and between (d) and (e) appear to 
be discontinuous for small changes of input parameters across 
thresholds, as suggested by the discussion in section 3.2. 
Types (a) and (b) correspond to Priestley's oscillatory solu­
tions and (c) and (d) to his "absolute buoyancy" .. Type (e), 
in a dry atmosphere,is quite analogous to Priestley'sasymp­
totic case, but in a saturated atmosphere, for example, with 
the lapse rate slightly more unstable than the moist adia­
batic, updraft behavior following a starting perturbation 
may be described as an asymptotic decline of the mean with 
superimposed condensation oscillations. 

4.2 Sample Solutions 

Solution types (a), (b), and (d), are represented in 
figures 12 and 13. Among the parameters used in the calcula­
tions, only the starting perturbation buoyancy is different 
in these two cases. other parameters are as listed in 
table 1 and as follows: mixing rate k

5
=3xlO-l+ sec- 1 ; environ­

mental and starting moisture m = -4 + 8xlO-l+ z - 4xlO- 8 z 2 )g.m/n 
The perturbation buoyancies coi2res~onding to, figures 12 and 
13 are 0.025 m/sec 2 and 0.05 m/sec , respectl vely, and are 
equivalent to average starting temperature excesses of 
approximately 0.7 and 1.4°C. 

At the top of figure 12 is a time-height port.rayal of thE 
development of cloud, precipitation, and vapor distributions 
in the weak perturbation case. Beneath that, on the same ti~ 
scale, the magnitudes of the maximum updraft, average con­
densed water load, and rainfall rate at the ground are plotte, 

wi th the thermal component of buoyancy. The th:ird series. of 
plots illustrates terms contributing to dA/at. The plot of 
<SA represents (w /H) [F l S ~A x sign w]in (5), or the m max m 
effect of vertically moving cloudy air. The plot of <SAd' 
represents -(w /H[(1-F1 ) (Sd) + A x sign w] or the max _ 
effect of vertically moving unsaturated air. The contributio 
of vertically averaged evaporation of precipitat~on and cloud 
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---------:::;;;.c~~esen-t;ed-by-cM and-e:-,-re-sp-ect:i vely. Tlie -fourth plot 
re$ents aA/at or the sum of 'all the contributions to 

harige of ·thermal buoyancy, including small values of -kSA 
ot separately depicted. 

In physical terms, the development of updrafts and hydro­
eteors in the complete model showri in figure 12 is regulated . 
s follows: An upward air current develops immediately after 
he start in response to the input perturbation thermal 

The thermal buoyancy immediately starts to decline, 
artly as a result of mixing of updraft air with environmental 

air (-k A), but more because the enviromental lapse rate is 
stable ~or vertical motions of dry air (oA d ). As saturation 
is attained,· condensation occurs. Then the term oAd decreases 
and oA becomes a prominent contributor to positive buoyancy 
in themexamples given since an appreciable vertical velocity 
accompanies condensation. The thermal buoyancy then deClines 
less rapidly and, indeed, the thermal component increases 

... ' again after 300 sec. The increase corresponds to a more 
rapid addition of heat of condensation, than the rate of com~ 
bined losses of sensible heat associ.ated with mixing of am­
bient and environmental air, and evaporation of cloud. 

Meanwhile, however, condensation products are accumulating 
in the updraft column, and since the effective buoyancy is 
related to both its thermal component and water load, this in­
crease of condensation products has an important effect on the 
updraft. In figure 12, the rate of increase of condensation 
products combined with the rate of increase of thermal buoyancy 
results in a decline of the effective buoyancy (A-kaL) , and 
a reduction of the updraft speed after 300 sec. By now, sub­
stantial amounts of precipitation have formed in the updraft 
column, and descent of precipitation toward the ground is 
hastened as the updraft weakens. When precipitation falls' 
into the subcloud layer, its partial evaporation there pro-

. duces a substantial contribution toward negative thermal 
buoyancy. The downdraft in figure 12 starting at about 
1600 sec is attributable to dominant effects of the water 
load, in the presence of a residual small positive thermal 
buoyancy. 

As precipitation falls rapidly out of the descending 
air column and the cloud evaporates, we have the case of des­
cending dry motion in a stable environment, and a restoring 
upward buoyancy increases. The subsequent record is that 
of a simple oscillation. 

The early developments illustrated in figure 13 are 
similar to those in figure 12. Because of the stronger 
starting thermal perturbation, however, the vertical velocity 
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Figure 12. Development of cloud, precipitation, buoyancy, 
and. updraft speed in a weakly perturbed model atmosphere. 
The text includes a detailed discussion. 
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Figure 13. Development of hydrometeors, buoyancy and 
updraft speed in a model atmosphere with a starting 
thermal perturbation twice as large as illustrated 
in figure 12. The text gives detailed discussion. 
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is larger in figure 13 when condensation begins. This pro' 
duces a more rapid recovery of the thermal buoyancy, whose 
rate of increase exceeds the contrary tendency of the in­
creasing water load. Therefore, the updraft continues to 
increase, precipitation is he·ld aloft, and· the high-speed 
steady updraft case develops. The precipitation aloft 
qiverges there, and descent toward the ground is implied in 
adjacent regions where the updraft is not so strong. 

Numerical examples with weak absolute instability are 
shown. in figures 14 and 15. Figure 14, based on a dry case, 
illustrates the dependence of the ultimate steady state solu­
tion on the environmental stability parameter Sd' and its . 
independence of the starting thermal perturbation A. Thus, I 
with k5 = 10- 3 sec-I, Sd = -.01 m sec- 2

, the updraf~ tends with\ 
time toward 0.75 m/sec, whether or not the starting pertur­
bation produces a starting transient in excess of that value. 
For all values of Sd between zero and -6.66 x 10- 3 , the only I 
steady state is zero vertical velocity, and trends toward \ 
zero are shown for the same two starting perturbations used \ 
to illustrate the absolutely buoyant cases. 

Figure 15 illustrates the numerical solution of a moist 
absolutely unstable case. Here the environment is completely 
saturated and S =+0.025 m sec.- 2 , corresponding to a maximum 
attainable aver~ge excess temperature in the ascending 
column of about 0.6e. with a starting perturbation 
A =.01 m sec- 2 and a mixing rate of 3xlO- 4 sec- 1 , updrafts 
a~tain a maximum value near 3.5m/sec, and a rainfall rate of 
55 mm/hr occurs; then these and associated parameters decrease 
to negligible values in about 3 hours. Total rainfall beneath 
the model updraft column in this example i$ about 22 rom. When 
the model instaPility S is sufficiently increased, or the mix­
ing rate kc; reduced whi~e a saturated environm~nt i·s maintained 
updrafts and other parameters drift through the regime of 
damped condensation oscillations toward the type (c) steady 
condition. This development of rain at the ground may also 
depend on microphysical processes so active, or updraft 
development s.o slow that the formation of precipitation from 
cloud occurs when the updraft speed has not yet attained the 
fall speed characteristic' of precipitation. With faster up­
draft development or slower cloud-conversion processes, the 
end result tends toward high-speed updrafts without precipi­
tation .beneath, when instability is great. 

Because we have not accounted for a stabilization of ~he 
atmosphere necessarily associated with the rapid ascent. of 
part of it, the examples given may be thought to exaggerate 
the intensity and duration of events. Thus, the perturbation 
buoyancY,used for figure 12 may lead to little or no rain in 
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Figure 14. Development of vertical velocity with time, with 
two absolutely unstable lapse rates, and two starting distur­
bances. With k 5=10-3 sec, updrafts approach 0.75 m/sec when 
S =-.01 m sec- 2 , and. approach zero asymptoticCllly when 
S~~-6.66XlO-3m sec- 2

• 

a more comprehensive model, and figure 13 would more logically 
portray vertical motion of limited duration. Nevertheless, 
an implication of this study of perturbation buoyancy effects 
may still be valid. The weaker perturbations would tend to 
be damped, and the duration of events established by the stronger 
perturbations should depend on the strength of sources of fresh 
air similar to that overturned in the convective process. 

4.3 Distribution of Solution Types in Relation 
to Model Input Parameters. 

The distribution 
corresponds fairly to 
Along the abscissa is 
content at z=O, i.e., 

of solution types shown in figure 16 
our expectations based on section 3.2. 
the initial and environmental moisture 
the magnitude of C. in the equation . 0 
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Figure 15. Updrafts, thermal component of buoyancy, pre­
cipitation rate at the ground, and accumulated precipi­
tation in relation to time in a saturated model atmos­
phere with a super-moist adiabatic lapse rate. The 
decline of updrafts to zero, analogous to Priestley's 
asymptotic cases, is accompanied by condensation os­
cillations in the moist model. 

m = C - (2C /H)z + (C /H 2 )Z2. The starting perturbation is 
plottgd aloRg the ord~nate. Interior lines show the loci 
of the solution types referred to in section 4.1, when all 
parameters except those indicated on the ordinate and abscissa 
are as given in section 4.2. 

As the mixing rate k5 declines, the area occupied by 
type d solutions in a diagram like figure 16 increases, as 
suggested by figure 5. Increasing the autoconversion thresh­
old has a similar effect, since this reduces the accumula­
tion of condensation products and increases the effective 
buoyancy. 

An alternate presentation of solution types is illustratec 
in figure 17. This diagram represents the development with 
time of vertical velocity for conditions depicted by an ordi­
nate value A = 0.025 in figure 16~ The upper shaded area in 
figure 17 re8resents the condition of continuing precipitation 
at the ground, and the lower shaded area of figure 17 falls 
in figure 16's region of showers. Between these two lie cases 
of high-speed updrafts without precipitation at the ground be­
neath the strongest updraft. Below the shower area, the air 
motion is fairly described by the theory of simple oscillatiom 
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Figure 16. Types of solutions of the complete numerical 
model in relation to environmental moisture and starting 
thermal perturbation. Simple oscillations (Type a) ap­
pear at lower left, solitary showers (Type b) are in­
dicated by a triangle, high-speed updrafts without preci­
pi tation beneath (Type d) are indicated by an arrow , 
and continuous precipitation at the ground (Type c) 
is represented at the lower right. Isopleths in the 
right side of the figure indicate the steady values of 
maximum vertical velocity ultimately attained with solu­
tion Types c and d. All of the illustrated solutions 
way between moist and dry adiabatic values and for mixing 
rate k s=3xlO- 4 sec-I. 

We again emphasize that these results are quite depend­
ent on the form of mixing law we have somewhat arbitrarily 
chosen; the further theoretical development of mixing models 
applicable to large cumulus clouds, and the testing and re­
finement of this aspect of cloud models should be matters 
of high priority. 

As one of many possible analyses involving the micro­
physical parameters, we illustrate the effect on the distri­
bution of solution types, of change of the particle-size 
distribution. If N were 105m-4 instead of 107m-4 as in 
figure 16, the part~cle sizes would be increased by a factor 
100'25 = 3.162, for the same water content. Other factors 
would also change, however. The faster fall speeds of the 
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Figure 18. Same as figure 16, except the drop-size dis­
tribution parameter is 10 5

, and the precipitation 
formed aloft corresponds in size, fall speed, and 
some other characteristics to small hail. 
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------------;:~a_rger parficles (V IX N . n-5) would be associated with a 
greater fallout, and di~inished precipitation content M. 
On the other hand, the accretion rate of precipitation for 
cloud would be smaller (AC IX N .125) because of the less 
numerous particles; cloud dens~ty m would rise and the net 
decline of L would be leSs than that of M. ~or caSes where 
precipitation falls into the subcloud layer with either value 
of N , the rate of evaporation of precipitation in that layer· 
woula be reduced since EP IXNo · 35 , but it is obvious that the 
effects of EP on the buoyancy would be larger if some 
evaporation occurred where there had been none before. The 
complicated interactions of these and some other model pro~ 
cesses are automatically accounted for when calculations are 
made with the changed value of N. The result of about 30 
such sets of calculations have b&en the basis for figure 18, 
which shows a larger area of steady precipitation and a 
smaller area of hi.gh-speed updrafts than in figure 16. There 
are implications in figures 16 and 18 of possible significarice 
for those who strive to reduce the incidence of damaging hail. 
Further development of models should help to clarify whether 
hail formation affects the intensity of updrafts and, for 
example, surface winds in real storms. 

5. COMMENTS ON THE SIZE OF THUNDERSTORMS AND 
EFFECTS OF THE PLANETARY BOUNDARY LAYER 
ON STORM DEVELOPMENT 

5.1 Size in Relation to Mixing Rate 

The parameter kS can be related to the size of the up­
draft column. Following Priestley (1953), this appears 
worthwhile, although before much further study, the authors·· 
expect to indicate size to an accuracy of little better 
than an order of magnitude. The equation Priestley used 
becomes in rngs units 

-1 sec , 

D = 0.04 k S- 3 /
2 meters, 

where D is the diameter of a cylindrical column. This 
relationship is plotted in figure 19. 
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'Figure 19. Horizontal extent of a rlslng column 
vs. mixing rate, according to an equation used 
by Priestley (1953). 

5.2 A Critical Richardson Number in Relation 
to Storm Size and Intensity 

1 
\ 
\ 
i 
1 

t 

I 

We have discussed in sections 3.2 and 4, the concepts of 
a critical size and buoyancy required to initiate sustained up 
drafts. We need also to inquire into criteria for a maximum 
size and in this connection it seems that an effect of a cir­
culation on itself may be significant. A vertical current is 
associated with inflow below and outflow above, hence with a 
vertical shear of the horizontal winds, arid Richardson (1920) 
has given us a criterion for the breakdown of a vertically 
shearing cur~ent~ 

i 

considerl, a cylindrical column of radius R and height H., 
At the height\H/2, we assume that the updraft is w . The 
flux through £he level H/2 is thus 'ITR2p w and dYR£inuity 
requires that \Pis be matched by an inwWr~a¥lux of air below 
the level H/2. 'Then 
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Rw max, 
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if we neglec.t the difference between p and p.. Above the 
level H/2, an equal outward flux is as!¥ociateB. with the wind 
speed u. Then the average shear of the horizontal wind is o 

A U - u; 2Ow· 
Ll U '" 0 ... = max 
6.z '" H/2 H2 

, (14) 

and a Richardson Number involving mean quantities is 

g 6.0 
o XZ 
(6. u/ 6.z) 2 

(15) iii = , 

where 6.8 is the difference of potential temperatures between 
height z=H and z=O, and D is the diameter of the updraft 
column. We have neglected the vertical variation of air 
density in this part of the analysis; it can readily be in~ 
cluded, but although the variation .through a great depth is 
substantial, the effect of this variation of air density on 
the shear calculation is quite small. 

. Richardson proposed the value Ri=l as the criterion for 
an increase of a turbulent perturbatlon although we now 
recognize that parameters other than R. are important with 
respect to the growth and spread of turbulence (Pao and 
Goldburg, 1969). Atmospheric turbulence seems usually to be 
initiated with R.~ 0.25; the value unity is treated here be-
cause real circulations are associated with substantial 
irregularities. In the deEth H=lO~ m of a typical summer 
troposphere, we have also e ~ 320 K, and 6. e ~ 50 K when the lapse 
rate is moist adiabatic. 

The discussion of (4b) suggests that when mixing is weak 
or absent, the vertical velocity at a specified height is 
approximately proportional to the square root of the effective 
buoyancy. Approximate relationships involving the water·load, 
maximum updraft speed and thermal component of buoyancy are 
illustrated in figure 3, whence we suggest, for a column 10~ m 
high, 

1 

W ~ .25 (A H) ~ 
max 
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(high estimate of 
water load included) 
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or 

.1 
W . ~ (AH) 2 

max (no water load) (16b) . 

Examination of a tephigram shows that, in the absence of 
diffusion, t:,6 "and the mean thermal component of buoyancy., A., 
are approximately related in a cloudy updraft, representative 
of tropical conditions, by 

A :;:::: (17) 

whence 

w2 :::::: 5xl.O- 4 [5xIO- 3 H-t:,e)H [high H2O] ( 18a) max , 

w2 '" 8x10- 3 [5xIO- 3 H-Lle]H [no H
2

O] (18b) '" max 

Then 

D2 
'" 

g t:,6 (19) - ,..., 
H2 4e R. 

~ 
[8xIO- 3 (5xIO- 3H - t:,6)] 

when there is no condensed water, or four times this quantity 
when there is "a high wate"r load, If the envirgnmental lapse 
rate is nearly moist adiabatic, i.e., ~e ~ 5xlO 3H in a tropi­
cal atmosphere, the updraft is very weak, and D2/H2 is very 
large. When the lapse rate is midway between moist and dry 

. adiabatic, i.e. ,t:,e~2.5xIO-3H, we have D2 near unity for 

.. H2 
small water 1oads;orabout 4 when the .wat~r load corres-
ponds to that accompanying precipitation at the ground. Thus 
with environmental average lapse rates intermediate between 
moist and dry adiabatic values, we expect storms to range in 
breadth from a dimension about the same as their height 
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--------71(-row-wat-e-r-l-o-a-d-)-,-'Eo aBout twice that broad when the water 
'load is high. J.2 

Figure 20 shows the diameter of cylindrical updraft 
columns 10 km high at whose edge the layer Richardson Number 
is unity, in relation to the lapse rate and maximum updraft 
speed. Thus, isopleths sloping downward from left to right 
are loci of estimated maximum size in relation to lapse rate 
and updraft speed, larger horizontal sizes being quite prone 
to disruption by turbulence of their own making. The two, 
curves plotted in figure 20 rising from left to right, repre­
sent W as defined by (18 a and b)-. The region between may 
be tho{f~fit of as 'a probable locus of maximum storm sizes. 
When a vertical perturbation is large enough to be amplified 
by the buoyancy it produces, its velocity may grow toward· the 
upper bound initially, because the water load is initially 
small. If the horizon~al size of the perturbation is larger 
than the dimensions indicated along the upper curve, it should 
break down into circulations of smaller sizes. After the dis­
turbance becomes a storm, the water load increases; then the 
updraft may decrease and the maximum size may drift toward a 
larger value indicated along the lower curve. If the storm 
size were strongly regulated by the maximum updraft that 
occurs at any time during development, the maximum sizes 
would be better indicated by the upper curve (smaller sizes) . 

Of course, this Richardson criterion is only suggestive 
of maximum storm sizes. With Scorer and Ludlam (1953), we 
believe that the entrainment of environmental air and the con­
ditioning of environmental air by towers are factors encourag­
ing growth but we know too little of these processes. We 
note that a cell must be limited by the availability of un­
stable air, exhausted in proportion to WD2. A very large 
uncertainty is associated with our use of ~8 in (15). To the 
extent that ~e is more appropriate, for example, our theory 
would define sW'taller sizes. Furthermore, the vertical shear 
in a storm's environment may tend to add on a storm's downshear 

l~ 

When storms form in a line, we suggest that low-level con­
vergence and high-level divergence occur in the direction 
normal to the line~ The magnitude of the associated shear 
is then twice that given in (14) and the factor 16 appears 
in place of 4 in the denominators of (15) and (19). Thus, 
we look for the width of long storm lines to be perhaps 
half the diameter of cylindrically shaped storms. The 
factors favoring lines or ,cylinders may affect size also, 
of course, in still unknown ways. 
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Figure 20. The maximum diameter of model updraft 
columns not prone to breakdown by turbulence of 
their 'own making. The l;imiting criterion is de­
fined in this chart with R.unity, and an updraft 
column 10 4 m high. The r~lationship between 
~e and moist and dry adiabatic lapse rates shown 
on the abscissa applies with a surface tempera­
ture and dewpoint of about +24C, corresponding 
to a summer thundery' atmosphere in temperate 
latitudes. 

side to the shear of the storm circulation itself, thus, add­
ing to the factors tending to limit a storm I s growth. 1 3 

The foregoing analysis has not utilized all elements of 
our theory, which could be used more carefully to define the 
sizes of convective elements large enough to be sustained in 
the presence of horizontal diffusion and small enough not to 
be the cause of their own turbulent breakdown. For example, 

,we might examine an array of figures like figure 16 prepared 

I 3 

And, possibly, contributing to the development of new 
storms on the downshear side of old ones. {See sec.5.3. 
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--------zior-dtl-ferent.values of Ene environmental lapse rate . and k 5 , 
along with figures 19 and 20. It seems, however, that an 
effort involved in this refinement would be better directed 

I 
\ 
i 
\ 

at this 'stage toward further examination of' the theory I s pre­
mises. It is encouraging though, to note that the range of 
storm diameters (5-25 km) suggested by this simple theory is 
similar to that observed (see fig. 21, but we need also to 
be mindful that the radar echo boundaries are not.identical 
with uodraft boundaries) . . 

5.3 Inferences for storm Behavior and Empirical Tests 

We give here a rather speculative topical commentary on 
thunderstorm behavior as it is or may be,in light of the 
theory. 

(1) Role of Perturbations. Perturbations are emphasized 
in this theory. Unless their horizontal dimension 
and amplitude are above a critical size that depends 
on environmental parameters, sustained model con­
vection does not occur. We are, therefore, led in 
forecasting to renew our surveillance of possible 
perturbation sources, and to examine data obtained 
by experimental observational networks that can 
shed more light on the connection between starting 
perturbations and real thunderstorms. 

(2) Diurnal and Geographical Variations of Storm 
Behavior. The maximum frequency of thunderstorms 
and tornadoes over·most of the United States occurs 
during the evening hours rather than during the 
hottest part of the day at the ground (Flora, 19~4; 
Rasmussen, 1970); some of Rasmussen's data is ii'lus­
trated here as figure 22. Consider that during the 
early afternoon, the horizontal dimensions of dis­
turbances in the planetary boundary layer (PBL) are 
apt to be small because of a steep lapse rate in 
that layer. Then we expect towering clouds that 
develop to be small in proportion to their roots, 
and to suffer correspondingly large losses of 
buoyant energy by entrainment of ambient air. Dur­
ing the evening and at night, however, the boundary 
layer becomes internally stable, while often retain­
ing its essential warmth with respect to higher 
layers .. Then larger convergence areas can exist 
in the PBL without breakdown, and the PBL should 
also then admit gravity waves whose propagation 
and superposition may be significant for the ini­
tiation of sustained deep convection. We also note 
a related effect in the PBL which may contribute to 
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Figure 21. Photographs of the PPI display of the 
NSSL WSR-57 radar, May 13, 1968 (top) and 
April 16, 1969. Range marks are at intervals 
of 20 nmi. The size of cells within a group 
may be associated with a moist conditioning 
of air by the cells themselves, requiring an 
approximation to 6e in equation (15) in place 
of ~e. Cell sizes ~nd intensities appear to 
be characteristic of the occasion, and pre­
sumably, the air mass. 
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----------------r---------~EBe 06servea--dlurnal variation of convective storms; 
the stronger coupling of a deep air ~ayer with ter­
rain at midday should inhibit the involvement in 
deep convection of the boundary layer air, the prin­
cipal reservoir of vigorous storms' energy and 
moisture. 1 II 

Figure 22 shows that early afternoon storms are 
prominent along the Gulf Coast, in the Rocky Moun­
tains, and in the Appalachian Mountains. We may ex­
pect mountain topography to provide strong local-heat 
sources that would promote overturning during the 
hottest part of the day at the ground, on the scale 
of topographical irregularities. With regard to the 
afternoon maximum of thunderstorm activity along the 
Gulf Coast, indicated in Rasmussen's data, we note 
that our theory indicates that smaller scale convec­
tion can be sustained in moister atmospheres. Thus, 
the smaller scale of convection inferred for the 
unstable boundary layer characteristic of midday, 
may give rise to absolute buoyancy when the air is 
sufficiently moist. The early maxima along the 
Gulf Coast should also be promoted by the sea breeze, 
and in Florida by peninsula-induced convergence 
(Frank, et al., 1967). 

(3) The Highly Turbulent Nation of Thunderstorms. 

1 1+ 

Our application of Richardson's theory suggests a 
fresh view of storm turbulence. The air in the en­
vironment of a storm may be nonturbulent in the 
presence of its own vertical shear because it is 
only conditionally unstable. When this air is suf­
ficiently lifted by the storm circulation, however, 
it becomes cloudy and its Richardson Number becomes 
zero or negative. Then its vertical shear would 
contribute to the amplification of ubiquitous small 
disturbances. The shear of the environment would 
also act to induce some shear in the column of warm 
air rising from low altitudes in the storm core, 
with promotion of the multi-turreted boiling appear­
ance so characteristic of storms. 

We also propose that the rapid changes of cloud forms, 
commonly witnessed in late afternoon over land areas, 
are associated with a rapid transition at this time 
of the boundary layer from an unstable layer strongly 
coupled to terrain, to a thin stable layer overlain 
by a deep, warm, and moist decoupled layer. 
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HOUR OF MAXIMUM FREQUENCY 
OF THUNDERSTORMS 
LOCAL SOLAR TIME 

Figure 22. Local solar time of maximum thunder­
storm frequenqy over the. United States. 

We might use aircraft and Doppler radar to in-
vestigate the turbulence within storms in relation j 
to vertical shear in the storm environment. . 

(4) Right- and Left-Moving Storms, and Storms That Split. 
Severe storms commonly move markedly to the right 
or to the left of the mean-layer winds ,right­
movers being more frequent. Explanations have in­
volved availability of atmospheric moisture and 
dynamic effects including effects of storm rotation 
(Newton, 1960; Fujita, 1968; Charba and Sasaki, 
1968; Kuo, 1970). We particularly note Fankhauser's 
repor€(1971) which includes discussion of one of 
the class of storms that move with the wind while 
not severe,and to the right of the wind while 
severe. During a nonsevere period, we expect the 

44 



I 
I 
I , 

horizontal momentum of storm air to adjust more 
nearly to the average in the environment because 
its slower ascent gives it more time to do so. 
During a severe period, however, the more rapid 
replacement of storm air by fresh low-level air 
would be associated with a greater difference be­
tween the horizontal motion of storm air and en­
vironmental air, and more of a barrier effect. 
Then the air at mid-levels would tend more to flow 
around the storm with its speed enhanced by the 
Bernoulli effect as shown in figure 23. Then 
the· greatest vert.ical shear would be in areas on the 
southeast and northwest sides of the storm, and local 
disturbances ~at are always present would be ~ost 
prone to grow in these areas. Investigators have 
noted that the right- and left-moving storms are 
actually associated with new cell development on 
their southeast and northwest sides,' respectively. 

This explanation of the motion of severe storms 
is quite incomplete, but along with the other'pro-

.posed explanations, it seems deserving of ~urther 
investigation, including, of course, 'study of the 
factors that may favor development on one or the 
other of the southeast or northwest sides. 

Radar observ.ations of storms often shows a 
splitting into right- and left-moving parts (see 
Farikh~lUser,. 1971, fig. 20). The storms that split 
and their fragments are often large and intense. 
Perhaps the splitting is an effect of the circula­
tion on itself, ~s suggested in section 5.2. 

(5) Propagation of Storms. Severe storms and showers 
sometimes move ahead of the cold front often identi­
fied as their primary cause, while on other occasions, 
the storms may remain along the causal front. I~ 
terms of our theory, the latter condition would be 
identified with disturbances which are, in some 
sen~e, of subcritical size and/9r amplitude. 

In a nearly homogeneous conditionally unstable 
air mass, the 'largest disturbances ahead of a 
storm line may be produced by the ~lready existing 
storms. In addition to the well-advertised effect 
of cold air underrunning, we may consider the 
effect of the storm circulation in changing the 
vertical shea+ of the horizontal'wind near the 
storms. Then the propagation of storms, i.e., the 
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Streamlines of 
undisturbed 
component of 
low level flow 

Figure 23. To the extent that a severe storm acts 
as a barrier in potential flow, the speed of a 
typical southwesterly flow aloft would be most 
increased in the shaded areas on northwest and 
southeast sides of the storm. The intensified 
vertical shear near these areas might then pro­
vide a source of energy for the amplification 
of small vertical disturbances to a magnitude 
where conditional buoyant energy would become 
available. The resultant motion of the whole 
storm complex would correspond to left- and 
right-moving storm cases when new development 
is favored in northwest or southeast areas, 
respectively (Hammond, 1967; Haglund, 1969; 
Fankhauser, 1971, esp. his figures 6B and 16). 

direction of development of new storms, may be toward 
the place where the vertical shear is locally en­
hanced, and the pace of storm propagation should 
depend on the environment~s instability and already 
existing shear. It seems worthwhile to investigate 
the Richardson Number as a forecasting parameter. 

6. CONCLUDING REMARKS 

The principal results of this work are discussed in the 
Abstract and Introduction, and in sections 4 and 5. The forms 
of model convection given by the theory are summarized in 
figure 24. . 

__________ ~ ______________ 46~ __________________ ~~1 



Asymptotic reductit;m 
of disturbances with 

Low speed 
updrofts with 
,",precipitatio 

beneath 
Parameter" 
dependent 

" region "'-

" 

coQdensation 
osci I lations 

High speed ' "-
updrafts without "-

prec ipitation beneath 

Unstable 

1<t 
m 

SATURATED ENVIRONMENT 

Stable 

S <0 
m 

mixing rate 

Monotonic 
asymptotic 

reduction 
of d isturbonr.es 

Sustained Updroft 

Unstable 

DRY ENVIRONMENT 

Stable 

Sd=O Sd>O 

l=td t>td 

Figure 24. Modes of model air motion in relation to lapse 
rate and mixing rate in dry and saturated model environ­
ments. The location of boundaries of the parameter­
dependent region depends on the amplitude of model dis­
turbances and microphysical processes. The more compli­
cated conditionally unstable cases are discussed in 
section 4.3. 

Our model emphasizes the importance of substantial per­
turbations for initiation of sustained convection in condi­
tionally unstable cases. Thus, we sense a confirmation of the 
widely held belief that more accurate forecasting of convec­
tion will depend greatly on more detailed observations of per­
cursor phenomena. The practical importance of improved 
theories should lie in their indication of the types of 
weather data that should be obtained and processed for appli-
cation to storm-forecasting operations. . 

It may be worthwhile to test some features of the model 
further. For example, solutions might be obtained with 
various shapes of the environmental moisture profiles, but 
with the total vapor content held constant in order to esti­
mate the effect of the vapor distribution on the occurrence 
and intensity of convection. The atmosphere's ability to 
store its instability against the occurrence of a disturbance 
of sufficient amplitude and horizontal size might be evaluated 
further by use of the model. Atmospheric data might be studied 
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to evaluate tile role of env1ronmental--~IT~ar-on-th~-proPaga-'------~-----------­
tiori of real storms, and the development of storms in real 
cases might be investigated in light of combined effects of 
large-scale disturbances and boundary layer effects dis-
cussed in section 5. ' Perhaps some useful new forecasting 
parameters or rules could be discovered. 

The reader may have already considered several ways by 
which the present model could be improved. For example, hail 
could be treated more realistically by requiring that the 
drop-size parameter N increase during descent of precipita­
tion through a meltin~ level. Or, with the aid of some care­
fully designed constraints, the parabolic vertical velocity 
profile might be replaced by a distribution more reflective 
of local, rather than average, buoyancy. We judge the first 
modification would probably not change the conclusions sub­
stantially, nor significantly enlarge their scope~ The 
second would probably affect the answers considerably, but 
one wonders how far to carry a model, as simplified as this 
one is with respect to entrainment processes and environmental 
effects on the vertical gradient of pressure. We note also 
that features such as these are already present in other 
models. 

,Perhaps more important at this stage than ad hoc improve­
ments to our model, are further theoretical and experimental 
examinations of entrainment mechanisms, of the turbulent' 
breakdown or growth of organized disturbances, of energy 
dissipation in the boundary layer, and of the coupling be­
tween the boundary layer and higher layers. The,Se processes 
and rel'ationships must be critical ingredients of a realistic 
numerical model of time-dependent deep moist convection in a 
'two- or three-dimensional space. 

Finally, we emphasize that a great virtue of a numerical 
model is its susceptibility to improvement based on empirical 
tests and theoretical reasoning. Especially where facilities 
are available, as at the NSSL, to observe phenomena on the 
scale of thunderstorms, contemporaneous s,tudy of storm models 
and observational data can provide much valuable guidance and 
more rapid evolution of new, knowledge. 
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APPENDIX A 

THE CONDENSATION PARAMETER Fl 

The condensation parameter Fl is proportional to the 
rate of evaporation of cloud throughout the vertical air 
column. It accounts for the variable rate of condensation 
or evaporation of cloud with altitude. 

The parameter Fl is given by the sum of weighting func­
tions calculated at each grid point where m>o, i. e., where 
cloud exists. The individual weights are proportional to the 
product of the condensation function with the vertical velo­
city at the grid point. The sum of the separate weights 
yields the number F proportional to the rate at which cloud 
is condensed (or evlporated) throughout the updraft column in 
rising (or descending) cloud-containing air. As applied in 
(S), F provides a rough accounting of the latent heat ex­
changee during the condensation and evaporation accompanying 
vertical motion of cloudy air; when cloud is absent every­
where, Fl=O. 

The condensation function C.F. as given in table 1, is 

4w 2 

C F max ( -~ ) (C + C ) .. = H zH 4 Sz, (A-I) 

where Cs is a negative quantity. A normalized weighting func­
tion is obtained when (A-I) is divided by its average value. 

in the depth H times the number of 
weighting function, W.F., is 

. H grld points h. Thus, our 

Z2 
6 (z-H) (C 4 + 

H (C 4 + Cs ~) 
(A-2) w. F. = 

When cloud exists at every grid point, .the sum of the weights, 

. n 2 -1 . 
Fl,lS -'---, l.e., very nearly unity. 

n'2 

The above discussion applies in cases where H~ - C4/CS . 
When H> - C4/C S ' the condensation function is set to zero where 
z> -C 4/CS' and the weighting function is calculated on the 
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basis of a revised equation that considers the moisture con­
tent only in the lower part of the updraft column. 

The condensation parameter F
J 

is plotted in figure A-I 
in relation to the height of the oase of a cloud that extends 
downward from a height H=IO km. -
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Figure A-I. The curved line is the 
condensation rate parameter FI in 
relation to the height of the base 
of a cloud extending downward from 
10 km. 
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APP.ENDIX B 

ADJUSTMENT OF Sm AND Sd DURING 

EVAPORATION IN THE SUBCLOUD LAYER 

The following adds a detail to section 4 of the main 
text: 

Specific values of the assigned parameter Sand Sd are 
associated with a specific class of combinationsmof model en­
vironmental moisture and lapse rate conditions .. The environ­
mental conditions are, in turn, associated with a model con­
densation level and an average temperature excess or deficit 
following the motion of moist and dry parcels. Thus, Sand 
Sd are related to the space-averaged thermal buoyancy m of 
a non-entraining parcel which rises dry adiabatically to the 
convective condensation level arid moist adiabatically thereafter. 

When rain falls into the subcloud layer, that layer is 
moistened and cooled by evaporation. A tendency to change 
the buoyancy during this process is roughly accounted for by 
the term EM in (5). We need also to account for the change 
that has occurred when evaporation of precipitation has pro­
ceeded to some limit with corresponding cooling of the sub­
cloud layer. The average buoyancy is then less than in the 
case of parcel ascent without precipitation, implied in the 
original choice of S . m 

The effect on buoyancy of a lowering condensation level 
is roughly represented by a change in S based on the change 
in surface moisture represented by m ~ The value, m . t 
determines the (steady state) heightOot the correspond~ng 
convecti ve condensation level (z ). With mixing neglected, 
the relationship between z and €he saturation deficit at 
time t, at the ground, m(o;t), is 

where k =_Cllnp 
7 dZ 

ti on (see tab Ie 
of Z , (B-1) is 

c 

and C
4

+C5 z is the assumed condensation func-

1, page 5 of main text). For small values 
closely approximated by 
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Z = -3.3xl0 2m t- meters c 0, 
(B-2) 

when C • 3xlO- 3 and C = -3xlO- 7 • 4 5 

The computer program uses the value of m at z=O to esti­
mate the amount by which the moisture content has been changed 
in the subcloud layer as follows: 

(a) 

(b) 

(c) 

The startinq convective condensation level z is c,o 
calculated with (B-2). 

The average saturation deficit m applicable to the 
layer O<z<z is calculated from ~e initial (environ­
mental) moi~tu~e profile in that depth, as weighted 
by the factor Z /H. 

c 

At every time step, the computer changes S accord­
ing to the implied average cooling of the ~ower 
level indicated by the current value of m t accord-
ing to the equation: 0, 

m -m o,t 0,0 
m 

(B-3) 
0,0 

where the factor 0.1 has the same basis as the co­
efficient for the evaporation term in (5). 

As an example, suppose that input S =0.2, . 
corresponding to a lapse rate interme~iate between 
the moist and dry adiabatic rates, and suppose 
that the environmental moisture is given by 

m = ~3+6xlO-4 z-3xlO- e Z2 
Z,Q ' 

(B-4) 

then z =10 3 meters and m =-.27. When evaporation of 
preciprtation has increa~ed surface moisture to 
mo,t=-l.S, for example, we have 

= .1865 
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-------------Th-e--paramere-r-----s~s simurEaneously altered so that the 
equality Sm+Sd=0.4 c2ntinues to be satisfied (see page 10). 

It seems that a correction to the term for evaporation 
of cloud should also be given ina cloud layer beneath the 
original CCL. A more comprehensive approach would facili­
tate the desired use of more rigorous arguments. 
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APPENDIX C 

COMPARISON OF VERTICAL VELOCITY AND BUOYANCY 
EQUATIONS WITH THOSE OF PRIESTLEY'S MODEL 

Here we compare Priestley's thermodynamical equations 
with those of this paper as specialized for application to 
a dry atmosphere. Priestley's equations [( 7) ... and (?) in his 
1953 paper], applicable to parcels, are 

dw aT' = ~ - k w 
dtT 1 

(C-l) 

e 

~~' = (w ::e + r) - k 2T' , (C-2) 

where aT laz is the lapse rate in the environment, r is the 
magni tud~ of the dry adiabatic lapserate-, T' is the temper­
ature difference between the parcel and its environment, and 
kl and k2 are mixing rates for momentum and heat, respectively. 

Our dry equations, as presented in section 3.8, are 

aw 
1.S [A - I~I t wmax ] 

max = - k w at S max (9) 

w aA 
[Sd + A ] - kSA 

max 
at = H 

(10) 

In Priestley's notation, the thermal buoyancy Ath is 
gT' represented by ~ ,and dT our potential thermal buoyancy Sd 

is defined by e ~e ( az e + r). In other words, Sa is 

the average value of the acceleration that would act on an 
air column lifted from the surface to level H with individual 
temperature changes -r, in an environment whose lapse rate is 
aT laz. In our equations, we have equated the mixing rates 
fof heat and momentum, and denoted them as k

S
' With these 
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comparisons, we rewrite Priestley's equations in our 
notation: 

dA = _2w 8 - k A 
dt H d S 

(C-la) 

(C-2a) 

As discussed in section 3.8, (9) and (10) define steady 
state relationships 

and 

w 
max = 

kS HA 

8
d

+A 

( 11) 

(12) 

For values of 8 < - ~ k 2 H, solutions of (9) and (10) drift' 
asymptotically ~oward3values of w, 8 and A defined by the 
simultaneous solutions of (11) and (~2). The solutions, 
corresponding to Priestley's absolute buoya~cy, are plotted 
in figure 11, page 24 of main text. When -3 k S

2 H < 8d ~ 0, ' 

corresponding to the region called asymptotic by Priestley, 
(11) is not satisfied by any positive or negative value of 

A and the only steady state solution of (9) and (10) is 
zero vertical velocity, also approached asymptotically from 
any disturbed starting state. When 8d > 0, a statically 
stable model condition, a disturbance is followed by damped 
oscillations as discussed by Priestley and in section 3.7. 

In our notation, Priestley's abso1utely buo¥ant region 
,is defined by (C-la) and (C-2a) where 8

0
<-0.S ks H. Priestley's 

asymptotic region in his model exists wfien -.SkS2H<8d~0. 

It is interesting to compare the critical diameters, 
D , that define the boundary between absolute buoyancy and 
tRe asymptotic region, as defined by priestley's model'and 
by this one as specialized for the dry case. By combining 
the thresholds defined above with the relationship (.13) in 
the text, we obtain for our theory 

DC = - 0.03 (~) 3/4 meters 
Sd ' 

(C-3) 
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and 

D 
c 

H 3/4 
= - 0.025 (--) meters 

Sd 
(C-4) 

for Priestley's. Equation (C-3) has been applied to determine 
some of the relationships illustrated in figure 11. The 
difference between (C-3) and (C-4) is, of course, much smaller 
than the uncertainty in our knowledge of the applicability of 
our mixing rate concept. 
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APPENDIX D 

CALCULATION OF STEADY STATE VERTICAL PROFILES 
OF PRECIPITATION IN STEADY VERTICAL AIR CURRENTS 

In order to investigate certain features of steady state 
solutions without resorting to extended marching computat~oBs, 
the equations for cloud and precipitation [( 1) and (2) J are 
added together 

a (M+m) = at '- (w+V) aM _ w Clm + wG + (m+M)w Cllnp _ MClV az Clt Clz Clz 

(0-1) 

In the steady state, the time derivative is zero, and 
with wand V of the same order in a moist atmosphere, we 
neglect m since usually m«M in such cases. Then (0-1) 
becomes 

o = - (w+V) ClM + wG + Mw Cl~nzp - M av ~ k M 
az 0 az 5 

(0-2) 

\

. Note (table 1, page 5

v

) __ t;hatl~,may b(ke g/iv

2

e)n as 

koM exp 7z (0-3) 

Then 

Clv V aM k7 az = 8M -az + 2 v . 

Substitution for ClV and solution for ~M yields 
az oz· 

aM 
az 

k 
w(G+M ClInE) - M(-2 V+ k

S
) 

= az 2 
'w + 1.12SV 

(D-4) 

(0-5) 

This equation is solved numerically by a fourth order 
Runge-Kutta method for the first three poi~ts and a faster 
Milne predictor-corrector method for the remaining points 
(see NBS, 1964, p. 896). Physically, the upper boundary 
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condition is MH=O. with that condition, 

is also zero and the numerical technique 
a starting value M=10-7 at z=H is used. 

aM 
however, az at z=H 

fails. Therefore, 

The integration proceeds from z=H downward. If w+l.125V 
remains negative throughout the integration, the solution is 
realistic. In other cases, the problem as given is inade-
quately posed. 

Figure D-l lists a representative calculated M-profile .. 
A small computer such as the ISM 1620 yields such a profile 
with the program listed in figures D-2 a,b,c in about 5 min 
of calculation time. 
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II/MAX= 5.00M/SEC 
NO= .10000000E+08 
MO= .10000000E-06GM/M**3 
DH= -50.000M 
K5= .00000000E-50 

Z M DM/DZ 11/ V W+l.125*V 
10000.0 .000000 -.44444E-ll -.00000 -1.13170 -1.27317 
9750.0 .000969 -.10561E-04 .48750 -3.52085 -3.47346 
9500.0 .006478 -.35740E-04 .95000 -4.40870 -4.00979 
9250.0 .019927 -.73992E-04 1.38750 -5.01049 -4.24930 
9000.0 .044532 -.12494E-03 1.80000 -5.47147 -4.35540 
8750.0 .083436 -.18835E-0;3 2.18750 -5.84468 -4.38776 
8500.0 .139721 -.26392E-03 2.~5000 -6.15631 -4.3758~ 

8250.0 .216371 -.35117E-03 2.88750 -6.42146 -4.33664 
8000.0 .316226 -.44941E-03 3.20000 -6.64974 -4.28096 
7750.0 .441917 -.55767E-03 3.48750 -6.84768 -4.21615 
7500.0 .595794 -.67467E-03 3.75000 -7.01996 -4.14745 
7250.0 .779854 -.79884E-03 3.98750 -7.17002 -4.07877 
7000.0 .995655 -.92827E-03 4.20000 -7.30052 -4.01308 
6750.0 1.244252 -.10608E-02 4.38750 ·-7.41353 -3.95272 
6500.0 1.526121 - .11940E-02 4.55000 -7.51072 . -3.89956 
6250.0 1.841113 - • 13253E-02 4.68750 -7.59345 -3.85513 
6000.0 2.188417 -.14520E-02 4.80000 -7.66287 -3.82073 
5750.0 2.566549 -.15715E-02 4.88750 -7.71997 -3.79746 
5500.0 2.973361 -.16811E-02 4.95000 -7.76558 -3.78628 
5250.0 3.406085 -.17784E-02 4.98750 -7.80048 -3.78804 
5000.0 3.861393 -.18614E-02 5.00000 -7.82535 -3.80352 
4750.0 4.335484 -.19284E-02 4.98750 -7.84082 -3.83343 
4500.0 4.824191 - • 19782E-02 4.95000 -7.84750 -3.87844 
4250.0 5.323091 -.20099E-02 4.88750 -7.84594 -3.93919 
4000.0 5.827629 -.20233E-02 4.80000 -7.83669 -4.01627 
3750.0 6.333234 -.20185E-02 4.68750 -7.82025 -4.11028 
3500.0 6.835426 -.19961E-02 4.55000 -7.79712 -4.22176 
3250.0 7.329909 -.19570E-02 4.38750 -7.76778 -4.35126 
3000.0 7.812645 -.19023E-02 4.20000 -7.73270 -4.49928 
2750.0 8.279911 -.18335E-02 3.98750 -7.69229 -4.66633 
2500.0 8.728336 -.17518E-02 3.75000 -7.64699 -4.85286 
2250.0 9.154912 -.16589E-02 3.48750 -7.59717 -5.05932 
2000.0 9.556998 -.15562E-02 3.20000 -7.54322 -5.28612 
1750.0 9.932308 -.14449E-02 2.88750 -7.48547 -5.53365 
1500.0 10.278889 -.13265E-02 2.55000 -7.42425 ..,..5.80228 
1250.0 10.595081 -.12020E-02 2.18750 -7.35984 -6.09232 
1000.0 10.879505 -.10725E-02 1.80000 -7.29252 -6.40409 
750.0 11.131001 -.93881E-03 1.38750 -7.22254 -6.73786 
500.0 11.348622 -.80161E-03 .95000 -7.15010 -7.09387 
250.0 11.531571 -.66154E-03 .48750 -7.07541 -7.47234 

.0 11.679196 -.51907E-03 -.00000 -6.99864 -7.87347 

LBAR= • 47279037E+01 GM/M**3 

Figure 0-1. Steady state profiles of prec~pitation and 
motion parameters based on Runge-Kutta calculations 
with a simplified numerlcal model. 
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---------c----SoI:t1T1-ON-o~PREC1P~AlION-CONTE"'I1'"ROM-THE-S_T~Af)Y__s-T-A-"E-E(il\;fA;-I-eN~OOl-0'------------

C NSSL NO. 71-18 00020 
C WRITTEN FOR IBM ,1620 00030 
C VERSION 3 00040 
C MODIFICATION TO INCLUDE K5*M 129 ,)UL 1970) 00050 
C VERSION 2 - COMPUTES LBAR - ALLOWS PRTING OF EVERY IP H 00060 
C SSW 2 ON STEPPING IS STOPPED AND NEW DATA READ 00070 
C DATA CARD 00080 
C HTOP TOP OF COLUMN 00090 
C WMAX VERTICAL VELOCITY 00100 
C XMO STARTING PERTURBATION OF M 00110 
C XNO DROP DISTRIBUTION PARAMETER 00120 
C OELH HEIGHT INCREMENT 00130 
C IVP IF NON ZERO. V IS HELD CONSTANT AT CKl*EXPICKZ*Zl 00140 
C IP OUTPUT' EVERY IPTH LEVEL 00150 
C XK5 I/P PARAMETER 00160 
C IC IF NON ZERO READS' A SECOND CARD FOR SPECIAL RESTART 00170 

C 

DIMENSION Y(4) .DY(4) 00180 
PLNP=-I.E-4 00190 
CK2= 0.5*PLNP 00200 
XMOU=O.1 00210 
READ 700.HTOP.WMAX.XMO.~NO.OELH.IVP.IP.XK5.IC 00220 

700 FORMATI5FI0.0.2I5.FI0.0.I5) 00230 
600 FWMAX=4.0*WMAX/HTOP 00240 

XM-XMO 00250 
CKla 38.6*XNO**I-.125) 00260 
H=HTOP 00270 
DH=-DELH 00280 
r,px=O 00290 
PUNCH 800.WMAX.XNO.XMO.DH.XK5 

800 FORMATI79X.IH9./5HWMAX=.FI0.2.5HM/SEC./5H NO=.E15.8. 
I/SH MO=.ElS.8.7HGM/M**3./SH DH=.F9.3.1HM. 
2/SH KS=.ElS.8./) 

IFIIYP)3.4.3 
3 PUNCH 803.CKl.CK2 

803 FORMAT I 18HV HELD CONSTANT AT.FI0.2.SH*EXPI.E9.2.3H*Z» 
4 PUNCH 804 

804 FORMATI6X.IHZ. 12X. IHM.eX~ SHDM/DZ.l0X.l HW.l0X.lHV.eX.9HW+l. i2S*V) 
IFIIC)10.11.10 

10 READ 700.XM.H 
11 DH2cDH*0.,S 

CPTS"'-H/DH 
CP"CPTS 
XLo:O.O 
LB=1 
COMPUTE FIRST 3 PTS. BY 4TH ORDER RUNGE-KUTTA. 
EXECUTE PROCEDURE ZOO 
X=XM 
ZaH 
EXECUTE PROCEDURE 100 
EXECUTE PROCEDURE 300 
Yll'=XM 
DO Z I=Z.4 
XKlaDHZ*FUN 
Z=H+DHZ 
X=XM XKl 
EXECUTE PROCEDURE 100 
XKZaDHZ*FUN 
X=XM XKZ 
EXECUTE PROCEDURE 100 
XK3-DH*FUN 
Z=H+DH 
X=XM XK3 
EXECUTE PROCEDURE 100 
XK4=DH*FUN 
XMaXM+IZ.0*IXKl+XK3)+4.0*XK2+XK41/6.0 

00300 
00310 
003Z0 
00330 
00340 
00350 
00360 
00370 
00380 
00390 
00400 
00410 
00420 
00430 
00440 
00450 
00460 
00470 
00480 
00490 
00500 
00510 
00520 
00530 
00540 
00550 
00560 
00570 
00580 
00590 
00600 
00610 
00620 
00630 
00640 
00650 
00660 

Figure ~~2a. List of program used to 
prof~les . shown in fi'gure D-1. The 
program ~s, k_7/2 elsewhere' in this 
eter CKl is Ro elsewhere. 

calculate 
parameter 

report and 

the 
CK2 
the 

vertical 
in this 
param-
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________________ ~------------~~~~~E~C~U~T~E~P~R~O~C~E~D~U~R~E~2~C~O~~--------~-----------------------------------006~~I------------

H=H+DH 0.0.680. 

t 
1 
I 

t 
I 
;\ 

ij 

C 

Z=H 0.0.690. 
X=XM 0.0.70.0. 
EXECUTE PROCEDURE ICC 0.0.710. 
EXECUTE PROCEDURE 30.0. 0.0.720. 
YCI'=XM 0.0.730. 
DV(I'=FUN 0.0.740. 

2 CCNTINUE CC7Sa 
USE MILNE'S METHOD FOR THE REMAINING POINTS. 0.0.760. 
CPTS=CPTS-3.C 
CI=o..o. 
H3=DH/3.0. 
FH3=4.*H3 

20. H=H+DH 
T=DV C 4 HDV C 2, 
X=YCI,+FH3*CT+T-DVC3" 
Z=H 
EXECUTE PROCEDURE 10.0. 
X=YC3'+H3*CDVC3'+4.*DVC4'+FUN) 
XM=X 
EXECUTE PRo.CEDURE 20.0. 
EXECUTE PRo.CEDURE iCo. 
EXECUTE PROCEDURE 30.0. 
YCI,=Y(2) 
YC2'=Y(3) 
Y(3)=YC4' 
YC4'=X 
DVC2'=DV(3) 
DVC3'=DVC4, 
DVC4,=FUN 
CI=CI+I.o. 
IFCCI-CPTS)20..30..30. 

30. I.B=3 
EXECUTE PRo.CEDURE 20.0. 
XL~XL/CP 

PUNCH. 80.6.XL 
80.6 Fo.RMATC/.SHLBAR=.EI7.8.8H GM/M**3) 

Go. TO. 1 
C**PRo.C. TO. CALCULATE FUNCTION** 

BEGIN PRo.CEDURE 10.0. 
W=FWMAX*Z*CI.o.-Z/HTo.P) 
G=3.E-3-3.E-7*Z 
iFCIVP'10.1.IC2.lo.I 

0.0.770. 
0.0.780. 
0.0.790. 
0.0.80.0. 
0.0.810. 
0.0.820. 
0.0.830.' 
0.0.840. 
o.C8So. 
0.0.860. 
0.0.870. 
0.0.880. 
0.0.890. 
0.0.90.0. 
0.0.910.· 
0.0.920. 
0.0.930. 
0.0.940. 
0.0.9So. 
0.0.960. 
0.0.970. 
0.0.960. 
0.0.990. 
0.10.0.0. 
0.10.10. 
0.10.20. 
0.10.30. 
0.10.40. 
CIo.So. 
0.10.60. 
0.10.70. 
0.10.80 
0.10.90. 
0.110.0. 
0.1110. 
0.1120. 
0.1130. 
0.1140. 
0.1 ISO.' 
0.1160. 
0.1170. 
0.1160. 
0.1190. 
0.120.0. 
0.1210. 
0.1220. 
0.1230. 
0.1240. 
0.12So. 

'0.1260. 
0.1270. 
0.1280. 
0.1290. 
0.130.0. 
0.1310. 
0.1320. 

10.1 V=CKI*EXPCCK2*Z) 
IFC X) 10.6.10.4.10.4 

10.2 IFeX)IC6.IC7~IC3 
10.7 V=o..C 

10.6 
90.0. 

60.5 

10.3 
lic 
III 
112 

10.4 

10.6 

10.5 

Go. TO. nO. 
PRINT 90.0..Z.X 
Fo.RMATC6HM IS NEG.2EI7.8) 
PUNCH 8CS.Z.X 
Fo.RMATCFIC.I.FI3.6.9H M IS NEG) 
XMC=XMO*IC.o. 
IFeXMC-XMCU)600..60.0..1 
V=CKI*CX**.1251*EXPCCK2*Z) 
IF C W ) I 0.4. 1 1 1 • 1 0.4 
IF C V ) 10.4. I 12'. 10.4 
FUN=G 
Go. TO. 10.5 
WV=W 1.12S*V 
FUN=CW*CG+X*PLNPI-CCK2*V+XKSI*X)/WV 
IFCSENSE SIIIITCH 2) 10.6.'1'0.5 
PAUSE 
GO. TO. 1 
Co.NTINUE 

Figure D-2b. Continuation of figure D-2a. 
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eND PROCEDURE 100 
C**PROC. TO COMPUTE LBAR** 

BEGIN PROCEDURE 200 
IF(XM)210.210.202 

202 GO TO (204.206.208).L8 
204 XL=XL+0.5*XM 

LB=2 
GO TO 210 

208 XL=XL-0.5*XM 
GO TO 210 

206 XL=XL+XM 
210 CONTINUE 

END PROCEDURE 200 
C**PUNCH PROC.** 

BEGIN PROCEDURE 300 
IPX=IPX-l 
IF(IPX)302.302.304 

302 IPX=IP 
PUNCH 802.Z,X.FUN,W,V,WV 

802 FORMAT(FI0.1,F13.6,E13.5,2Fll.5,F14.5) 
304 CONTINUE 

END PROCEDURE 300 
END 

Figure D-2c. Continuation of figure D-2a. 

Oi3jO 
01340 
01350 
01360 
01370 
01380 
01390 
01400 
01410 
01420 
01430 
01440 
01450 
01460 
01470 
01480 
01490 
01500 

. 01510 
01520 
01530 
01540 
01550 
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APPENDIX E 

COMPUTER PROGRAM FOR THE COMPLETE NUMERICAL MODEL 

E.l. Finite Difference Forms 

The finite difference techniques employed are a logical 
extension of the program discussed by Newburg and Kessler 
(Kessler, 1969). Equations (1) and (2) are rewritten in the 
form 

aM ( aM +BCM at = - w+V) az ' (E-l) 

am -w am + BSM 
at = az (E-2) 

The finite difference forms for the interior points are: 

M(z,t+k) = M(z,t) + ~h [(V(z-h,t) + w(z-h,t» M(z-h,t) 

-(V(z+h,t) + w(z+h,t» M(z+h,t)] 

+ ~ [BCM(z+h,t) + BCM(z-h,t)], (E-3) 

m(z,t+k) = m(z,t) + ~h [w(z-h,t) m(z-h,t) - w(z+h,t) m(z-h,t)] 

+ ~ [BSM(z+h,t) + BSM(z-h,t)] , 

where 

M(z,t) = ~[M(Z+h,t) + M(z-h,t)] 

m(z,t) = ~[m(Z+h,t) + m(z-h,t)] 

At the lower boundary, the form is 

M(o,t+k) = M(o,t) + ~ [M(o,t)V(o,t)-M(h,t)V(h,t)] 

+ k[BCM(o)-M(o,t)PW(o)] 
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m(o,t+k) = m(o,t) + k[BSM(o)-m(o,t)PW(o)] (E-8) 

where PW=~w. At the grid point adjacent to the upper 
boundary, z the cloud equation is handled in a special manner 
if w > 0 (see footnote, p. 78). There, 

m(H-h,t+k) = m(H-h,t) + ~ [m(H-2h,t) w(H-2h,t) 

-m (H-h, t) w (H-h, t) ] + k BSM (H-h) i (E-9) 

and on the top boundary 

M(H,t+k) = C
9

i m(H,t+k) = m(H,t) (E-IO) , 

In the precipitation equations (E-3) and (E-5), the 
averaging procedure generally causes a "fictitious" leaking 
(effective diffusion) of precipitation boeht upward and down­
ward. Upward leaks in the model are self-stabilizing and 
have a natural counterpart in the upward motion of small drops 
among size-distributed precipitation particles. However, 
downward leaks from the base of a precipit~tion column, 
in the presence of general upward motion of precipitation, 
must be prevented in the model, because these can be self­
amplifying under certain conditions and radically alter the 
character of the solutions. 

At each point in height and time, we calculate 

-(V+w) ~~ - llM~ ~h [(V(z-h)+w(z .... h» M(z-h,t) 

-(V(z+h) + w(z+h» M(z+h)] + BCM(z) (E-ll) 

Wherever llM is positive, then 
1 

M(Z,t+k)- M(z,t) + k llM, (E-12) i 

where M is given by (E-5). 
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Where M(z,t) = 0 and ~M is zero or negative, however,'we 
check M(z-k,t). If M(z-k,t) =.0, then M(z,t+k) is set to zero. 
Also, if M(z-h,t) is positive, but there is no cloud at z, 
i.e., if m(z,t) ~ 0, then M(z,t+k) is set to zero. 

The finite difference forms for the vertical velocity 
and buoyancy equations, (4) and (5), are the standard forward­
differencing schemes without averaging. 

In the difference equations, a condition is placed on 
the time step kto insure stability. At the beginning of each 
time step, the smallest k of the following four is chosen: 

. . 1 k ( 1 ) • 8h • 8h 1 f k 
In1. t1.a DELK, I V + Wmax I " I Wmax I 'T:dwl· I 

max d"li 
becomes less than 1.0 sec, the calculations are terminated. 

Since negative values of M are physically impossihle, 
the program tests M at all grid points at each time step and 
any negative M is set to zero. 

E.2. Options 

A. The initial conditions, and the first 10 time steps 
are always printed out. All other time steps 
printed are multiples of any whole number, such as 
every 5th or every 7th. 

B. Either of two equations can be used to define the 
fall speed of precipitation'Eviz., V(z)=C6+c 7z, 
or V(z,t) = kb/p(Z)N

O 
-.125M 0, where 

p(z) = 7xp (k 7z/2), where C6 ' c 7 ' k O' k 7 , NO' and 
EO are 1.nput param~ters. 

C. The initial values of m(z) can be read in from 
cards or can be computed by the program from the 
equation: 

The initial values of M(z) are always zero for all z, 
except that M at z-H can be a specified positive 
constant. 
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D. It is possible tci reenter the program at either one 
of two problem tames, t l , or t

2
, if t 1<t2 . If t 2=O, 

the program terminates at t]. If t2 >t" each time 
step beyond tl is pr}nted unEil t2 is reached. This 
option is useo mainly for debugging. 

E.3. Arrangement and Format of Input 
and Output Data Cards 

A. Input data cards for initial run. The first card 
is blank and is used in the program for comparative 
purposes. 

Column 

1-6 

7-12 

13-18 

19--24 

25-30 

Card 1. Title card containing any alphanumeric 
information in columns 1-72. (If blank, it causes 
termination of execution.) 

Card 2. Control card (Format is 516). 

Program Notation 

IP 

IN 

IN 

KN 

NT 

72 

Contents 

This value determines what time 
step multiples will be printed 
out. 

This value determines which fall 
velocity equation will be used. 

If 1; V(z)=C
6 

+ C
7

z . 

If 2; V ( z , t) = k 0/ p (z) NO -. 1 2 5"M
E 

0 

This value allows for re-entry. 
If 1; initial run. 
If 2; re-entry run. 

This value determines whether 
m (z, 0) will be read in or whether. 
it will be calculated by the 
program. 

If 1; calculated by the program. 
If 2; read in. 

The starting time step, always 
zero on initial runs. 



I 
I 
f 

B. 

Cards 3-10. Data cards containing~Lob~eID-Conatants~---­
(format is 6E12.5). The order of the constants and 
parameters on the data input cards are shown below. 
The format for each data input value is 
+ x .. xxxxxE + xx, with the sign starting in columns 
1,13,25,37, 49, and 61. 

Card 3 contains h,k,H,w I max tI' t 2 · 
Card 4 contains CO' Cl ' C2 ' C4 ' C5 ' C6 · 
Card 5 contains C7 ' Ca' C9 ' CIO ' CIl ' C3 · 
Card 6 contains EO' E

2
, E3 · 

Card 7 contains k O' k
l

, k 2 , k
3

, NO· 
Card a contains y, t, AR, RP, k7 (t,AR, 

used for continuation runs only) . 

Card 9 contains So' ka' k 9 , k 4 , k 5 , k 6 · 

Card 10 contains Sm' Sd' F4 , ts· 

and RP are 

Cards lIon: Data cards containing initial values 
of m (z). These cards, the first of which is illus­
trated below are accepted as input only if the 
value in column 24 of the control card is 2. Of 
course, these cards are never used for a reentry. 

Column 

1-12 
13-24 

-25-36 
37-48 
49-60 
61-72 

Contents 

m(O,O) 
m(zl'O) 
m(z2'0) 
m(z3'0) 
m(z4'0) 
m(z5'O) 

The format is 6E12.5 and the cards are continued 
until the values m(z,O) are exhausted, and finally, 
a blank terminator card. 

Punched output: Every run produces punched output 
cards headed by a card with Tl repeated across it. 
These cards contain the program control values, the 
problem constants and values of m and M at the last 
computed time step. 

C. Input Data Cards for a Continuation Run: The Tl 
header card is removed from the punched output and 
the two cards described below are added to the back 
of the deck: 
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(1) Title card with any alphanumeric information 
in columns 1-72. 

(2) Data card, format 6E12.5, showing t, in 
columns 1-12. 

E.4. Computational Products and Program Lists 

Figure E-1 (a-e) are selections from the printed 
products of the computer program, whose output is also illus­
trated in figure 12. Program input parameters are listed and 
explained in table E-1. Tables E-2 and E-3 explain the head­
ings of various columns of the printed computational products 
(figs. E -1 (b-e». A listing of the complete program is given 
in figure E-2. 
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Input 
Parameter 

h 

k 

H 

TabZe B-1. Program Input Parameters (fig. E-1aJ.* 

computer 
Notation 

DELH 

DELKI 

H 

WMAX 

Tl 

T2 

co 

Cl 

C2 

C3 

C4 

C5 

C6,C7 

C8 

C9 

CIO 

Cll 

EO 

E2 

E3 

XKO 

Typical Value 
or Range 

H/IOO 

k = h/2wmax 

10 3 -10 4 

0.0 

3000-10,000 

3000-10,000 

o to -10 

-2C x 10- 4 
o 

Co X 10- 8 

o 

o 

1 

o 
• 5 

o 

.875 

. 125 

.65 

-38.6 

75 

Explanation 

Vertical increment. 

Time increment used if machine 
computed DELTA T<k. .. Used to 
insure smooth transition from 
cloud only to cloud plus 
precipitation. 

Height of the updraft column. 

Initial vertical speed. 

Time when printout of all time 
steps begins. 

Time when computations stops. 

The initial value of m is 

m = Co + Clz + C2 z 2 unless m(z,O) 

is input. 

Coefficient in alternative m~x~ng 
law (not used in this study). 
This is not the same C

3 
that 

appears in Eq. (8). 

The generation condensation 
function is G = C4 + C5 z. 

The fall speed of precipitation 
can be V=C

6 
+ C

7
z. (Not used in 

this study.) 

Divides first condensation 
products between precipitation 
and cloud; when there is unity, 
all condensation forms cloud. 

Value of M at z = H . 

Coefficients in the equation 
a=C lO + Cllz' which describes 

the height variation of the auto­
conversion threshold. 

Exponent to M in fall speed 
equation. 

Exponent to M in accretion term . 

Exponent to M in evaporation term. 

Fall speed can be 

V = [kO/P]N~.125 MEa. 



Input 
Parameter 

t s 

y 

Table E-l. Program Input Parameters (fig. E-laJ. (Cont 'd. oj 

computer 
Notation 

XKl 

XK2 

XK3 

XK4 

XK5 

XK6 

XK7 

XK8 

XK9 

XNO 

SZER 

SMOIST 

SDRY 

F4 

TSTEP 

GAM 

Typical Value 
or Range 

10- 3 to 10- 4 

6.96 X 10- 4 

1.93 X 10- 6 

1 

10- 3 to 10- 4 

0.1 

10- 4 

1 

10 7 

o to 0.4 

100. 

o 

Explanation 

I 
Coefficient to cloud conversion te~ 

j 

Coefficient to cloud collection ter~ 
. I 

Coefficient to evaporat1on term. } 

Multiplier of first bracketed term I 
in Eq. (5). 

Mixing rate. 

Factor to convert evaporation rate 
to buoyancy tendency. 

d(~~P) (p is time-independent, hori 

zontally uniform air density. 

Factor to convert water load to 
equivalent acceleration. 

Multiplier of evaporation-of-cloud 
term. 

Drop distribution parameter. 

Starting perturbation buoyancy; 
Ao in text. 

o - moist ad lapse rate, 
0.4 - dryad lapse rate. 

See Sm' 

Effect of subsiding storm environ­
ment on Sm' (Not used in this study 

Printing increment in seconds for 
summary tables. 

When y t 0, the initial values of 
m are adjusted to reflect a verti­
cal displacement of air in advance 
of marching calculations (see 
(Kessler, 1969, eq. 12.4, p. 43; 
y = 4.d). 

* The order of entries here is not the same as the order in which they are 
entered on input data cards or printed by the program. All of these 
entries are part of the computer program listed in figure E-2, though 
all are not repeated in figure E-la. 
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Table E-2. Explanation of P:I'intout Column Heade:I's 
(fig. E-lb.,a). 

Title on Computer Printout Quantity 

CLD H20 

PRECIP H20 

SM*DIV(W) 

CM*DIV(W) 

CLDCNVRSN 

ACRTN + EVAp t 

CNDNSTN 

RR 

AR 

m 

M 
maw 

az 
M aw 

az 
kl (m-a) 

E2 
[k2/P(Z)]NO·125 M m 

E3 + k N .3 5M 3 0 

wG 

m 

3.6MV at (z=O) = rainfall 

rate in mm/hr. 

J T 3.6MVdt=accumulated 
rainfall in mm. 

t The accretion term is calculated when m>o and the evaporation 
term is calculated when m<o. 
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Tab le E-:3. 

Title on Computer 
Printout 

T, TIME 

EVPRECIP 

FI 

RR 

EVCLOUD 

SDRY 

-K5*SBAR 

DELTA S (M) 

DELTA S(O) 

WMAX 

LBAR 

DW/DT 

M(O) 

AR 

SMOIST 

SBAR 

Explanation of Column Labels in 
Printout Summary Tables (figs. E-ld~e). 

Quantity 

t in seconds 

(k N • 3 5mM. 6 5 ) 
3 0 

(column average) 

Condensation-evaporation parameter 
(See App. A) 

-k A 
5 

(Diffusion of buoyancy) 

k 4w 
+ -H F (S -S * sign (w) ) tt 

1 m 

w max 

L 

dw 
dt 

M (1) (Precipi t-ation at ground) 

Accumulated rainfall in rom 

Sm 

A 

ttThe factor w in these terms is -![w (t-k)+w (t)]. max max 
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CLOUO VERS ION 9 RUN 37 

OELTA H = Z50. 

ZOo 

H 10000. 

W~AX O. 

11 5000. 

CO '"' -4. COOOCE+OO 

CI = 8.000nOE-04 

CZ = -4. OOOOCF-OIJ 

C4 = 3.00000E-03 

C5 '"' -3.0000DE-07 

C6 O. 

C7 O. 

C8 1.00000E+OO 

C9 O. 

CIO 5.00000E-OI 

CII · O. 

C3 O. 

EO I.Z5000E-OI 

EZ 8.7'5000E-Ol 

E3 6. 50000F-0 I 

KO = -3.86000E+Ql 

KI 1.00000E-04 

KZ 6.96000E-04 

K3 · 1.93000E-06 

K7 = -I.OOOODE-Olt 

NO 1.OOOQOE+07 NO ••• IZ5 = 7.49894E+OO NO ••• 35 Z.81838E+OZ NO •• -.125 = 1.33352E-Ol 

5ZER = Z.50000E-OZ 

K~ I.OOOOOE-OZ 

K9 · 1.OODOOE+OO 

K4 1.00000E+OO 

K5 3.0Doooe-04 

K6 · I.OOOOOE-Ol 

5'015T Z.OOOOOE-Ol 

SORV Z.OOOOOE-Ol 

F4 = o. 

Figure E-la. Table of input parameters prepared by the 
main computer program. The listed parameters have 
been applied in calculations whose results are 
illustrated in figure 12. 
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TIME STEP NUMBER 40 

HE tGHT CLO H20 PREC IP H20 
MFTERS GRAMS/CUBIC METER 
10000. -2.B42E-14 O. 
9')00. 3.000E-Ol 2.t30E-03 
9000. 6. 306E-Ot 1.125E-OZ 
[1.')00. 9.S76E-Ol 3.881E-02 
8000. 1.ZlBE+OO 9.993F-02 
7500. 1.442E+OO Z.1)48E-Ol 
1000. 1.510E+OO 3.416E-Ol 
6500. 1.648F+OO S.003E-Ol 
6000. 1.704E+OO 6.197[-01 
5500. 1.752F.+OO 6.637E-Ol 
5000. 1.1'31E+OO 6.115E-Ol 
4'500. 1.1'5SE+OO 4.118F-Ol 
4000. 1.6Z9E+00 3.0alE-OI 
31)00. 1.36I)E+OO 1.579E-OI 
lOOO. 9.419E-Ol S.136E-02 
2500. '3.859E-Ol 1.0'l7E-02 
2000. -3.022E-OI O. 
1'500. -1.099E"'OO o. 
1000. -1.994E ... 00 o. 
500. -Z.Q1ZE+OO o. 

O. -4.00CE+00 o. 

FALL SP V V + W 
METERS PER SECONO 

o. O. 
-3.836E+00 -3.088E+00 
-4.601E+OO -J.189E+OO 
-'5 .. 246E+00 -3.23SE+OO 
-5.158E+OO -3.231E+00 
-6.143E+OO -3.1a9E+OO 
-6.401E+OO -3 .. 09ZE+OO 
-6.533E+OO -2.949E+OO 
-6.545E+OO -2.764E+OO 
-6.438E+OO -2.'539E+OO 
-6.215E+OO -2.271E+OO 
-5.67BE+00 -1.91BE+CO 
-5.42BE+Qa -1.641Et-OO 
-4.868E+00 -1.2B4Et-OO 
-4.1B4E+OO -8.152E-Ol 
-3.303F+OO -l.4S9E-QI 
o. 2.521E+00 
O. 2.009E+00 
o. 1.41SE+00 
o. 7.483E-Ol 
o. o. 

DELTA T = 20. T\ ME' 182. SECONDS 

B(CLDI BfPRECIP) SM*OIVIW) CH*OIV{WI ClO CNVRSN ACRTN+EVAP 
GRAMS PER CUBIC f"'ETf;R PER SECOND GRAMS PER CUBIC lIIIETER PER 

4.461E-17 O. 4.461E-ll O. O. O. 
-4.390E-04 1.164E-06 -4.239E-04 -3.009E-06 O. l.iS1E-OS 
-1.131E-04 9.573E-05 -1.919E-04 -1.'t13E-05 l.106E-OS 1.0leE-OIt 
-1.149E-03 It.296E-04 -1.052E-Ol -4.ZllE-05 4.576E-05 4.460E-04 
-1.14SE-03 1.209E-03 -1.166E-0'3 -q.4~2E-05 7.319E-05 1.28SE-03 
-2.684E-03 Z.546E-03 -1.13ZE-03 -1.601E-04 9.411E-0~ Z.134E-03 
-3.835E-03 4.282E-03 -9.e58E-04 -2.le2E-04 1.070E-04 4.612E-03 
-4. B65E-03 6.044E-03 -1.160E-04 -Z .356E-04 1.148E-04 6.4Q4E-03 
-5.318E-03 1.405E-03 -5.350E-04 -1.946E-04 1.204E-04 1.e9SE-03 
-5.015E-03 1.n5E-03 -Z.150E-04 -1.042E-04 1.252E-04 8.410E-03 
-3.535E-03 1.465E-03 O. O. 1.28IE-04 1.760E-03 
-1.OZIE-03 5.88ZE-03 2.155E-04 1.500E-05 1.255E-04 6.010E-03 

1.933E-03 3.1l3E-03 5.113E-04 9.693E-05 1.129E-04 3.1l3E-03 
4.4Z9E-03 1.744E-03 6.426E-04 1.436E-05 8.646E-05 1.6alE-03 
5.e\1E-03 5.160E-04 5.9S2E-04 3.602E-05 4.419E-05 4.1l3E-04 
5.91SE-03 4.46ZE-05 3.029E-04 8.291E-06 O. 4.261E-05 
5.142E-03 O. -2.e46E-04 O. O. O. 
3.579E-03 O. -1.20eE-03 O. O. O. 
1.2ISE-03 O. -Z.504E-03 O. O. O. 

-2.043E-03 O. -4.1geE-03 O. o. O. 
-6.279E-03 o. -6.2l9E-:C) O. o. O. 

CNDNSTN 
SECOND 

O. 
1.llBE-OIe 
4. 23SE-O~ 
9.006E-04 
1.501E-03 
Z.201E-03 
2.961E-03 
3.150E-03 
'.5Z1E-03 
5.z.sE-03 
5.ee6E-03 
6.410E-03 
6.1atE-03 
6.964E-03 
6.9ZZE-03 
6.6ZZE-03 
6.028E-03 
5.IC'E-03 
3.B14E-03 
'2.125E-03 
O. 

WfoIAX= 3. <EHI6'5f+OO seAR= 1.13435E-02 LBAR= 1.13198E+OO DW/DT= -1.4333eE-03 WMEAN= 3.92"'31E+OO 

RAINFAll IN MILLIMETERS PER HOUR MIlliMETERS OF ACCUMULATED RAINfAll 

TIME STEP NUMBER 90 

HE IGHT eLD H20 PREC IP H20 
METERS GRAMS/CUBIC METER 
10000. -2.S4ZE-14 o. 
9500. 1.164F-Ol 3.93BF-03 
9000. I.SZBE-Ot 1. '302E-02 
8')00. 1.831E-Ol Z.989E-02 
eooo. 1.353E-OI 5.619E-02 
1500. h.I13E-02 9.622E-02 
1000. -2.049E-02 1.519E-OI 
6500. -1.03SE-OI 2.30IE-OI 
6000. -1.B44E-Ol 3.382E-Ol 
5500. -2;590E-OI 4.e45E-OI 
5000. -3.25IE-OI 6.713E-OI 
4500. -3.812E-Ol 9.244E-Ol 
4000. -4.ZBOE-Ol 1.232E+00 
3500. -4.72IE-OI 1.603E+00 
3000. -5.327E-Ol Z.032E+OO 
2500. -6.454E-Ol 2.500E+00 
2000. -B.544E-Ol 2.962E+00 
11)00. -1.19BE+00 3.33BE+00 
1000. -1.691E+o'O 3.511E+OO 

1)00. -2.342E+00 3.384E+00 
O. -3.0B4E+00 2.913E+OO 

FALL SP V V + W 
METERS PER SECOND 

O. O. 
-4.143E+00 -4.659E+00 
-4.692f;+00 -5.671E+OO 
-5.011E+OO -6.464E+00 
-5.365E+00 -7.t06E+OO 
-5.5139E+00 -1.629E+00 
-5.712E+OO -8.056F.+00 
-5.929Et-OO -8.403E+OO 
-6.068E+00 -8.67SE+OO 
-6.190E+OO -8.B82E+00 
-6.Z95E+OO -9.015F.+00 
-6.383E+00 -9.075E+OO 
-6 .. 453E+00 -9.064E+00 
-6.504E+OO -8.979E+OO 
-6. '535E+OO -8. B19E+00 
-6.t;40E+OO -8.580E+OO 
-6.516E+00 -8.256E+00 
-6.451E+OO -1.837E+OO 
-6.33ZE+OO -1.311E+OO 
-6.146E+OO -6.663E+OO 
-5. BB4E+OO -5. 88"tE+OO 

Del TA T = 20. TIME = \182. SECONDS 

BteLO) B(PRECIP) S .... OlV.WJ C ... *OIV(W) CLO CNVP-SN ACRTN+EVAP CNONSTN 
GRAMS PER cuelc METER PER SECOND GRAMS PER cuelc METER PER SECOND 

-3.Z36E-\1 O. -3.236E-\1 O. O. O. O. 
-1.lllE-06 1.075E-OS 1.193E-04 4.036E-06 O. 1.6B5E-06 -8.113E-OS, 
-2.Z2SE-04 4.ze3E-05 1.665E-04 1.le6E-05 o. 3.354E-OS -3.014E-04 
-6.303E-04 8.llBE-05 1.464E-04 z.~e2E-05 O. 6.1geE-05 -6.533E-0' 
-1.150E-03 1.ll1E-04 9.243E-05 3. eeOE-05 O. e.562E-05 -1.093E-03 
-1.101E-03 1.069E-04 3.SISE-05 5.41SE-05 O. 6.044E-05 -1.60IE-03 
-2.Z65E-03 5.661E-05 -9.33IE-06 6.919E-05 o. -3.214E-06 -2.15ZE-03 
-2.e16E-03 4.144E-05 -3.S41E-05 1.e59E-05 o. -2.IBE-05 -2.120E-03 
-3.459E-03 l.e40E-OS -4.200E-05 1.103E-05 o. -4.959E-05 -3. 279E-03 
-3.ge4E-03 -4.16IE-05 -2.949E-OS S.511E-OS D. -e.1nE-OS -3.e05E-03 
-4.42eE-03 -1.411E-04 o. o. o. -1.313E-04 -4.210E-03 
-4.166E-03 -3.19IE-04 4.34IE-05 -1.053E-04 o. -1.910E-04 -4.650E-03 
-4.915E-03 -5.S01E-04 9.147E-O,) -2.B06E-04 o. -2.666E-04 -4.919E-03 
-5.029E-03 -9.621E-04 1.613E-04 -5.47'5E-04 o. -3.489E-04 -5.051E-03 
-4.e15E-03 -1.5ceE-03 2.426E-04 -9.254E-04 o. -4.594E-04 -5.0ZIE-03 
-4.419E-03 -Z.216E-03 3.614E-04 -1.423E-03 o. -6.368E-04 -4.e04E-03 
-3.515E-03 -3.314E-03 5.831E-04 -2.023E-03 o. -9.4l3E-04 -4.312E-03 
-2.00IE-03 -4.605E-03 9.552E-04 ~2.66IE-03 o. -1.421E-03 -3.102E-03 

2.329E-04 -S.989E-03 1.546E-03 -3'203E-03 o. -Z.09IE-03 -2.161E-03 
3.l66E-03 -1.113E-03 Z.400E-03 -3.461E-03 o. -2.814E-03 -\.54IE-03 
6. S91E-03 -1.!>52E-03 3.5I1E-03 -3.311E-03 O. -3.36IE-03 O. 

WMAX= -2.11 933E+OO S8AR= 9.00BllE-04 lBAR= I. Z9129E+00 DW/DT= -1.2131eE-OZ WHEAN= -2.B4665E+OC 

Figure 
at 
in 

RAINFAll IN MILLIMETERS PER HOUR MILLIMETERS OF ACCUMULATED RAINFAll 

3.6*RR :I: 6.17674E+OI 

E-lb. Profiles 
selected times, 
figure 12. 

AR = 3.31213E+00 

of moisture and 
from the same 

motion parameters 
results illustrated 
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TIME STEP NUMBER ISO 

HE=[GHT CLO H20 PREC[P H20 
fo'ETERS GRAMS/CUBIC METER 
10000. -2.B42E-14 
9S00. -R. 2~SE-02 
9000. -1.731F-Ol 
8500. -Z.16QE-Ol 
AOOO. -3.Q16E-Ol 
10;00. -5.310£=-01 
1000. -6.94AE-Ol 
6S00. -B;6BOE-OI 
6000. -1.051E+00 
5500. -1.231E+QO 
5000. -1.417E+00 o. 
4500. -1.586E+00 O. 
4000. -1. 7 35E+00 O. 
35t)0. -1.8b2E+00 O. 
lOOO. -1.964E+00 o. 
2500. -2.044E+00 
2000. -2.106F+00 
1500. -2.1S5E+OO 
1000. -2.1gef+01) 
500. -2.231E+OO 

O. 
2.419E-06 
4.666£=-06 
S.5S0E-06 
4.529E-06 
2.2BOF-06 
4.510E-01 
O. 
O. 
c. 

o. 
2.4~9E-OS 
2.273E-04 
C).002E-04 
2.409E-OJ 
4.834E-03 o. -1.215E+OO 

FALL SP V V + W 
"HERS PER SECOND 

o. O. 
-1.644E+00 -1.807E+OO 
-1.140E+OO -2. Q49E+OO 
-1.73SE+OO -2.172E+OO 
-1.649E+OO -2.198E+OO 
-1.476E+OO -2.1lC)E+OO 
-1.176E+00 -1.896E+00 

D. -7.79BE-OI 
O. -B.226E-OI 
O. -B.483E-OI 
O. -8. S69E-OI 
O. -8.483E-Ol 
o. -B.226E-OI 
O. -7.79BE-OI 
O. -7.19RE-OI 
O. -6.427E-01 

-1.512E+OO -Z.060E+OO 
-1.944E+OO -2.381E+OO 
-2.252E+00 -2.56lE+00 
-2.484E+OO -2.64 7E+OO 
-2.64JE+OO -2.643E+00 

DELTA T = 20. TI ME = 2982. SECqNDS 

BICLDI eiPRECIP' SM*DIVIW, CM*DIVIW' CLO CNVRSN ACRTN+EVAP CNONSTN 
GRAMS PER CU81C METER PER SECOND GRAMS PER CUBIC METER PER SECOND 

-1.037E-17 O. -1.037E-.17 O. O. O. o. 
-3027SE-OS -9.927E-09 -2.710E-OS 7.94IE-IO O. -1.004E-08 -2.599E-OS 
-1.147E-04 -3.215E-08 -5.052E-OS 1.362E-09 O. -3.226E-08 -9.B50E-OS 
-2.368E-04 -S.716F-OB -7.072E-OS 1.417E-09 O. -S.717E-08 -2.093E-04 
-3.891E-04 -7.278E-08 -8.703E-05 9.914E-IO o. -1.268E-oe -3.502E-04 
-S.6ISE-04 -6.295E-08 -9.79SE-05 4.160E-IO O. -6.284E-08 -S.130E-04 
-7.436E-04 -2.S39E-08 -1.014E-04 6. SBOE-11 O. -2. B3SE-OB -6.89SE-04 
-9.2SIE-04 O. -9.499E-OS O. O. O. -8.714E-04 
-1.096E-C3 o. -7.668E-OS O. O. O. -1.OSIE-03 
-1.248E-03 O. -4.512E-OS O. o. O. -1.219E-03 
-1.372E-03 O. O. O. O. O. -1.36BE-03 
-1.462E-03 . O. S.784E-OS O. O. O. -1.490E-03 
-1.S13E-03 O. 1.266E-04 O. O. 0; -1.S76E-03 
-1.SI8E-03 O. 2.038E-04 O. O. O. -1.618E-03 
-1.471E-03 O. 2.B66E-04 O. O. O. -1.609E-03 
-1.368E-03 O. 3.729E-04 O. O. O. -1.S39E-03 
-1;198E-03 -1.I77E-06 4.610E-04 -5.447E-09 O. -1.16SE-06 -1.40IE-03 
-9.S13E-04 -5.137E-06 S .S04E-04 -S.804E-08 O. -S.022E-06 -1.186E-03 
-6.17SE-04 -1.303E-OS 6.414E-04 -2.627E-07 O. -1.2S3E-OS -8.86SE-04 
-1.860E-04 -2.S6SE-OS 7.344E-04 -7.908E-07 O. -2.417E-OS -4.939E-04 
3. S08E-04 -4.1 B8E-OS 8.298E-0r, -1.764E-06 O. -3.866E-OS O. 

WHAX,= -8.56878E-Ol SBbR= -4.412S7E-03 LBAR~ 3.43176E-04 DW/DT= -S.SI281E-03 WMEAN= -9.12006E-0 I 

RAINFUL IN MilliMETERS PER HOUR MILLIMETERS OF ACCUMULATED .A1hFAll 

3.6*RR 4.60029E-02 AR = 1.03271E+OI 

T [ME S rEP NUMBER 220 DELTA T = 20. TI ME = 4382. SECONDS 

HF JGHT CLD H2O PREC IP H2O FAll SP V v + W 8tCLO' eiPRECIPI SH*DIV(W' CM*OIVtw, CLD CNVRSN ACRTN+EVbP CNDNSTN 
MFTERS GRAMS/CUBIC METER METERS PER SECOND GRAMS PER CUBIC METER PER SECOND GRAMS PER CUDIC METER PER SECOND 
10000. -2.842E-14 O. o. O. -S.423E-18 O. -S.423E-18 Q. O. O. O. 
9500. -1.040F-Ol O. O. -9.768E-02 -4.200E-06 O. -1.78SE-OS O. O. O. -1.359E-OS 
9000. -2.IS7E-0"i O. O. -I.BSIE-OI -3.SHE-OS o. -3.293E-OS o. O. o. -S.15IE-OS 
8S00. -3. 396E-0 1 o. O. -2.622E-OI -8.821E-OS O. -4.535E-05 O. O. O. -1.09SE-04 
8000. -4.170E-Ot O. O. -3.290E-OI -I. S72E-C4 O. -5.460E-05 o. O. O. -1.B32E-04 
1500. -6.279E-OI o. o. -3.8S6E-OI -2.373E-04 o. -~.989E-OS o. o. O. -2.683E-04 
7000. -7.91lE-01 o. o. -4.319E-OI -3.233E-04 O. -6.038E-OS o. o. o. -3.606E-04 
6500. -9.6SIE-OI o. o. -4.678E-Ol -4.104E-04 o. -5.S24E-05 O. o. O. -4.SS8E-04 
6000. -1.147E+OO O. O. -4.935E-OI -4.936E-04 O. -4.377E-OS O. O. O. -S.49SE-04 
5500. -I.334E+OO O. O. -S.090E-OI -5.681E-C4 O. -2.546E-05 O. O. O. -6.37SE-04 
SOOO. -1.521£+00 O. O. -S.14IE-OI -6.312E-04 o. o. o. o. O. -7.ISSE-04 
4500. -1 .. 710E+00 o. O. -S. 090E-0 I -6.7?4E-04 O. 3.262E-OS O. O. o. -7.79IE-04 
4000. -1.890E+00 o. Q. -4.935E-OI -7.036E-04 O. 7.213E-OS O. O. O. -8.2~2E-04 

3500. -2.062E+00 O. O. -4.678F-Ol -7.063E-04 O. 1.180E-0' O. o. o. -a.464E-04 
3000. -2.222E+QO o. o. -4.319E-Ol -6. 823E-04 O. 1.696E-04 o. O. O. -8.414E-04 
2500. -2 .. 36RF+OO O. O. -3.856E-OI -6.2B3E-04 o. 2.2S9E-04 O. O. O. -8.049E-04 
2000. -2.499F.+O.O O. O. -3.290E-Ol -5.411E-04 O. 2.86IE-04 O. O. O. -7.326E-04 
1500. -2.614E+OO O. O. -2.622E-OI -4.177E-C4 o. 3.49IE-04 O. O. O. -6.203E-04 
1000. -2.71lE+OO c. O. -1.8SIE-OI -2.548E-04 O. 4.139E-04 O. O. O. -4.636E-04 
500. -2.794E+00 O. o. -9. 768E-02 -4. 813E-OS O. 4.797E-04 O. O. O. -2.S83E-0' 

O. -2.865F.+OO o. o. O. 2.062E-04 O. S.467E-04 O. O. O. O. 

W"'AX'= -5.14111E-Ol SBAR= 2.13504E-03 LBAR= O. OW/DT= 3.71312E-03 WMEAN= -4.76580E-CI 

RAINFALL IN MILLIMETERS PER HOUR MILLIMETERS Of ACCUMULATED RAINFALL 

3.6*RR O. AR = 1.03284E+Ol 

Figure E-1c. Continuation of figure E.-lb. 
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CLOUO VERSION 9 RUN 37 

T EYPREC I P FI RR EYCLOUO 
6 102. O. O. o. O. 

11 202. O. 7.35609E-OZ O. -9.l6463E-07 
16 302. O. 4.53615E-Ot O. -7.90916E-06 
21 402. O. 6. Z9606E-Ol O. -1.2676SE-OS 
26 502. O. 7.17070E-Ol O. -1.56494E-D5 
31 602. o. 7.59258E-01 O. -1. 72957E-05 
36 702. O. 7.59258E-01 o. -1.72957E-05 
41 802. -~.80537F-09 7. 99800E-0 1 O. -1.90537E-05 
46 902. -1.32119E-07 7. CJ9800E-Ol o. -1.90537E-05 
51 1002. -b.OZ77lE-07 7.99800E-01 6.71518E-06 -1.90537E-05 
56 1102. -2. 14936F.-06 7. 99800E-0 1 6.66939E-04 -1.90537E-05 
61 1202. -5. 95755E-06 7. 99800E-0 1 4.10167E-02 -1.90537E-05 
66 1302. -1.27423E-05 7.5925 8E-0 1 6.4083lE-Ol -1.729S7E-05 
71 1402. -2.19422E-0~ 7.59258E-Ol 4.18235E+QO -1. 72957E-05 
76 1502. -3.17923E-05 1.59258E-Ol 1.42734E+OL -1.72957E-05 
81 1602. -4.06166E-0~ 6. 73106E-O 1 3.12767E+Ol -1.41110E-05 
86 1702. -5.03338f-05 1.93800E-01 5.02425E+Ol -2. 73659E-06 
91 1802. -5.99254E-Or; 5. AOO78E-OZ 6. 35590E+Q 1 -7.0ltZ6AE-07 
96 1902. -6.24261f-05 2.25750E-02 6.50653E+Ol -2.56098E-07 

LOI 2002. -5.63549E-05 5.15625E-03 5.45660E+Ol -5.48780E-08 
106 2102. -4.48350E-05 O. 3.838QSE+Ol O. 
111 2202. -3.19180E-05 0., 2.3456lE+Ol O. 
116 2302. -2.07789E-05 O. 1.29903E+Ol O. 
121 2402. -1.26798f-05 O. 6.78323E+00 O. 
126 2502. -7.41451E-06 O. 3.41732E+00 O. 
131 2602. -1t.23540E-06 O. 1.66666E+OO O. 
136 2702. -2.38984E-06 O. 7.75634E-Ol o. 
141 2802. -1. 32836E-06 O. 3.32925E-Ol O. 
146 2902. -6.81845E-07 O. 1.23391E-Ol O. 
1~1 3002. -2.83807E-07 O. 3.44369E-02 O. 
156 3102. -7.09707E-oe O. 4.89540E-03 O. 
161 3202. -1.03776E-ll O. O. O. 
166 3302. O. O. O. O. 
171 3402. O. O. O. O. 
176 3502. O. O. O. O. 
181 3602. O. O. O. O. 
186 3702. O. O. o. O. 
191 3802. O. O. O. O. 
196 3902. O. O. O. O. 
201 4002. O. O. O. O. 
206 4102. O. O. o. O. 
211 4202. o. O. o. O. 
216 4302. O. O. O. O. 
221 -4402. O. O. O. O. 
226 4502. O. O. O. O. 
231 4602. O. O. O. O. 
236 4702. O. O. o. O. 
241 4802. O. O. O. O. 
246 4902. O. O. O. o. 
251 5002. O. O. o. O. 

Figure E-ld. 
trated in 

S unrrnary tab le 
figure 12. 

of 
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SORY -I(S*SBAR OELTA S("' OELTA S(DI 
2. OOOOOE-O I -6.08080E-06 O. -7.678~6E-05 

2.00000E-Ol -3.20982E-06 6.8791IE-Ob -9.6H02E-05 
2.00000E-Ol -1.38179E-06 4.57131E-05 -5.76439E-05 
2. OOOOOE-O 1 -1.22415E-06 6.10709f-05 -3. "242E-05 
2.00000E-Ol -1.70169E-06 6.56It04E-05 -2. HI13E-05 
2.00000E-Ol -2. 31420E-06 6.3QQ60E-05 -2.19197E-05 
2.00000E-Ol -2.93453E-06 5.91397E-05 -2.06803E-05 
2.00000E-Ol - 3. 52395E-06 5.86242E-05 -1.65057E-05 
2. OOOOOE-O 1 -4.07172E-06 5.55604E-05 -1.59325E-05 
2. OOOQOE-O 1 -4.52614E-06 5.28593E-05 -1.5390'5£-'05 
2.00002E-0 1 -41.88Z69E-06 5.04817E-05 -1.48153E-05 
2.00028E-Ol -5.10547E-06 4.82235E-05 -1.H204E-05 
2.00206E-Ol -5.09915E-06 4.22141E-05 -1.59044E-05 
2.00861E-Ol -4.67776E-06 3.3708IE-05 -1.26043E-05 
2.02422E-Ol -3.18693E",06 1.9.1t764E-05 -7.18020E-06 
2.05086E-01 -2.34471E-06 -3.12252E-01 1.75435E-07 
Z. 0864 7E-Q 1 -8.10988E-07 -6.28935E-06 2.77661E-05 
2. 12606E-0 1 -2.21923E-07 -3.37142E-06 6. 165HE-05 
2. 16390E-Ol -3.89418E-07 -1.63399f-06 8.229~2E-05 

2.19546E-Ol -1.08400E-06 - 3.8 8099E-07 8.78428E-05 
2.21862E-Ol -2.04342E-06 o. 7.76322E-05 
2.23355E-Ol -2.19681E-06 O. 4.91388E-05 
2. 24169E-0 1 -2.96445E-06 O. 1.58386E-05 
2.24486E-01 -2.47122E-06 O. -1.34681E-05 
2 .24459E-0 1 -1.43998E-06 o. -3.17314E-05 
2.24204E-Ol -1.94849E-07 O. -3.62807E-05 
2.23197E-Ol 9.24126E-07 o. -2.82506E-05 
2.23291E-01 1.59505E-06 o. -1.08123E-05 
2.22723E-Ol t.66863E-06 O. 8.37221E-06 
2.22116E-Ol 1. 19389E-06 O. 2.29444E-05 
2.21490E-Ol 3.91559E-07 O. 2.88172E-05 
2.20860E-Ol -4.63918E-07 O. 2.60276E-05 
2.20241E-Ol -1.10023E-06 O. 1.46239E-05 
2.19641E-Ol -1.32755E-06 o. -1.6667CE-08 
2.19059E-Ol -1.11918E-06 O. -1.32997E-05 
2. 18494E-Ol -5.84938E-07 O. -2.09230E-05 
2 .17946E-0 1 7.91428E-08 O. -2.18835E-05 
2. 17414E-Ol 6.69242E-07 O. -1.58367E-05 
2.16898E-Ol 9.98329E-07 O. -5.25952E-06 
2.16397f-Ol 9.89232E-01 O. 5.89601E-06 
2.15911E-Ol 6.76444E-07 O. 1.41275E-05 
2.15"39E-01 1.86282E-07 O. 1. 738'8E~C5 
2 .14982E-0 1 - 3. 24579E-07 O. 1.53971E-05 
2.14538E-Ol -6.91481E-07 O. 8.49856E-06 
2.14107E-Ol -8.24242E-07 O. -3.38973E-01 
2.13688E-Ol -6. 88735E-07 O. -8.32804E-06 
2.13283E-Ol -3. 55966E-0 7 O. -1.30288E-05 
2.12889E-Ol 5.79982E-08 O. -1.36805E-05 
2.12507E+Ol 4.21894E-07 O. -1.00283E-05 
2.12136E-Ol 6.38612E-07 O. -3.51005E-06 

the same results illus-
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CLOUD 

STEP 

6 
11 
16 
21 
26 
3\ 
36 
41 
46 
51 
56 
61 
66 
71 
76 
81 
86 
91 
96 

101 
106 
111 
116 
121 
126 
131 
136 
141 
146 
151 
156 
161 
166 
111 
176 
181 
186 
191 
196 
201 
206 
211 
216 
221 
226 
231 
236 
241 
246 
251 

VERSION 9 RUN 37 

TIME WMAX LBAR OWIDT MIO) AR SMOIST SBAR 

102. 3. 26133E +00 O. 2. 2~608E-02 O. O. 2.00000E-OI 2.02693E'-02 
202. 4. 86996E+OO 1.81431E-03 1.01125E-03 O. O. 2. OOOOOE-O 1 1.06994E-02 
302. 5.16726E+OO I. 29246E-0 I -1.04l58E-03 O. O. 2.00000E-01 4.60596E-03 
402. 4.97509£+00 3.55911E-OI -2. ~1431E-03 O. O. 2. OOOOOE-O I 4.08049E-03 
502. 4.14050E+00 5.9413IE-01 -2.99195E-03 O. O. 2.00000E-01 5.61230E-03 
602. 4.41650E+00 8.13164E-01 -3.3052IE-03 O. O. 2.00000E-01 1.11402E-03 
102. 4.12001E+00 1.00131E+00 -2.52289E-03 o. O. 2. OOOOOE,-O I 9.18115E-03 
802. 1.90998E+OO 1.16255E+00 -I. 63658E-03 O. O. 2.00000E-01 10 11465E-02 
902. 3.142HE+00 1.30454E+00 -1.62095E-03 O. O. 2.00000E-01 1.35124E-02 

1002. l.58845E+OO 1.43"50E+OO -1.42968E-03 1.88285E-06 ~.92096E-08 2.00000E-01 1.50811E-02 
1102. 3.44925E+OO I. 56114E +00 -1.31485E-03 1.12190E-0~ 3.81438E-06 1.99998E-01 1062156E-02 
1202. 3.30917E+OO 1.69007E+00 -1.354HE-03 4.36580E-03 3.22218E-04 1.99972E-01 1.70182E-02 
1302. 3.08387E+OO 1.81518E+00 -4.22892E-03 5.02517E-02 6.97944E-03 1.99194£-0 I 1.69972E-02 
1402. 2.50144E+00 1.91165HOO -8.26313E-03 2.66293E-OI 6.31109E-02 1.99139E-01 1.55925E-02 
1502. 1.'51026E+OO 1.93082E+OO -1.23330E-02 7. 92929E-0 I 3.022~OE-Ot 1.97518E-01 1.2623IE-02 
1602. 1.30524E-01 1.81755E+00 -1.57779E-02 1.59241E+00 9.23192E-01 1.94914£-01 7.81590E-03 
1102. -1.51004E+00 1.55359E+OO -1.62300E-02 2.42689E+00 2;05913E+00 1.91353E-Ol 2.10329E-03 
1802. -2.97397E+00 1.22089E +00 -1.1534IE-02 2.99096E+OO 3.66069£+00 I. 87394E-0 I 7. 39745E-04 
1902. -3.86552E+OO 8 .641t07E-0 1 -4.88973E-03 3.05389E+00 5.47684E"00 1.83610E-Ol 1029806£-03 
2002. -4. 09986E +00 5.49920E-01 1.01181E-03 2.61167E+OO 7.15973E+00 1. 80454E-0 I 3.61335E-03 
2102. -3.708.92E+OO 3.18167E-01 9.89126E-03 1.91064E+00 8.45464E+OO 1.78138E-01 6.81139E-03 
2202. -2.44928E+00 I. 12092E-0 I 1.53410E-02 1.23308E+OO 9.30548E+00 I. 76645E-0 I 9.32290E-03 
2302. -8.89258E-OI 8.93636E-02 1.50132E-02 7.29238E-01 ~.80103E+OO 1.15831E-01 9.8815IE-03 
2402. 4.6963IE-01 4.56672E-02 1.09088E-02 4.09300E-Ol 1.00617E+01 1.75514E-01 8.23740E-03 
2502. 1.33307E+00 2.3H6IE-02 5.10126E-03 2.22522E-01 1.02046E+Ol 1.7554IE-01 4.79994E-03 
2602. 1.61597E+OO 1.15596E-02 -2."025E-04 I. 17540E-0 I 1.02126E+0 I 1.15796E-01 6.49496E-04 
2102. 1.34229£+00 5.56957E-03 -6.2344IE-03 5.9553IE-0'2 1.03052E+01 1.76203E-01 -3.080UE-03 
2802. 5.843\1E-01 2. 41268E-03 -8.82820E-03 2.80806E-02 1.03199E+OI I. 16709E-0 I -5.31682E-03 
2902. -2.81251E-01 9.29981E-04 -7.94933E-03 1.16208f-02 1.03259f+01 I. 17217E-01 -5.562I1E-03 
3002. -9.61135E-01 2.55350E-04 -4. 16167E-03 3.73735E-03 1.03279E+Ol 1.77884E-01 -3.97963E-03 
3102~ -1.28739E+00 3.45764E-05 -8.74347E-04 6.5988If-04 1.03284E+OI 1.78510E-01 -1.30510E-03 
3202. -1.22084E+OO 3.21370E-09 ~.40596E-03 O. , 1.03284E+0 I 1.79140E-OI 1.54639E-03 
3302. -1.3918IE-OI O. 6.39435E-03 O. 1.03284E+OI 1.79759E-OI 3.667~2E-03 
3402. ' -6.64969E-02 O. 6.72407E-03 O. 1.03284f+01 1.80359E-01 4.42518f-03 
3502. 5.4766IE-OI O. 4.92985E-03 O. 1.03284f+01 1.809HE-OI 3.13060E-0] 
3602. 9.28819E-OI O. 2.03084E-03 O. 1.03284f+01 1.81506E-OI 1094~79E-03 

3702. 1.01477E.CC O. -9.473 77E-04 O. 1.03284E+OI I. 82054E-0 I -Z.63809E-04 
3802. 7.71262E-OI O. -4.13006f-03 O. 1.03284HOI 1.82586E-OI -2.2308If-03 
3902. 2.99675E-01 O. -5.34086f-03 o. 1.03284E+01 1.83102E-OI -3. 32776f-03 
4002. -2.21484f-01 O. -4.688~4E-03 O. I. 03284E +0 1 I. 83603E-0 I -3.29144E-03 
4102. -6.20013f-01 O. -2.15460E-03 O. 1.03284f+01 1.8408~E-0 I -2.2548IE-03 
4202. -8.00709E-01 O. -3.91908E-04 O. 1.03284E+01 1.8456If-01 -6.20940f-04 
H02. -1.4194IE-OI O. 2.21l55E-03 O. 1.03284HOI 1.85018E-01 1.08193E-03 
4402. -4. 39849E-0 I O. 3.93748E-03 O. 1.03284f+01 1.85462E-01 2.32494E-03 
4502. -2.58616 E-02 O. 4.14~30E-03 O. 1.03Z8~f+01 1.858~3E-OI 2.74747E-03 
4602. 3.54763f-01 O. 3.08221E-03 O. 1.03284E+01 1.86312E-OI 2.29578E-03 
4702. 5.~4549E-OI O. 1.29427E-03 O. 1.032S4E+OI 1.86 717E-0 I 1.18655E-03 
4802. 6.49399E-OI O. -6.20252f-04 O. 1.0328~f+01 1.8nIlE-01 -1.93327E-04 
4902. 5.00828E-01 O. -2. 57344E-03 O. 1.0328~f+0 I 1.81493E-0 I -1.42631E-03 
5002. 2.01065E-01 O. -3.39253E-03 O. 1.03284f+01 1.87864f-01 -2.12871E-03 

Figure E-le. Continuation of figure E-ld. 
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C****ONE DIMENSIONAL CLOUD MODEL KESSLER/BUMGARNER**** 
-----------.C------,;rS-SC-1'f0-Tr';'T9 

C VERSION 9 - 11 SEP 1970 
C MODIFICATION 11 MAR 1971 
C ALLOWS FOR INCREASING H TO ABOVE 10000 METERS 
C SUPM NOW A FUNCTION OF MIO.TI AND MDBAR 
C VERSION 8A - 03 AUG 1970 
C ADDED PRINTED COLUMNS AND NEW LABELING. 
C VERSION 8 - 15 ~UL 1970 
C DELK AS FUNCTION OF DW/DT 
C VERSION 7 - 13 ~UL 1970 
C WEIGHTING FUNCTION USED IN CALCULATION OF F1 
C VERSION 6 - 18 ~UN 1970 
C CONTROLS AVERAGING OF PRECIP. 
C VERSION 5 - 02 ~UN 1970 
C VERSION 5A - 08 ~UN 1970 
C IN DS/DT EQN WMEAN REPLACED BY 1.5*WMEAN 
C VERSION 5B - 10 ~UN 1970 
C VERSION 5B RESTORED TO VERSION 5 LEVEL PLUS 
C ADDING 1.5 TO THE DW/DT EQN 
C CORRECTION MADE 20 MAY 1970 
C SDZER IS NOW NEGATIVE ON INPUT AND I~ THE COMPUTATION 
C MODIFCATION OF DS/DT EQUATION TO ACCOUNT FOR BOTH POSITIVE AND 
C NEGATIVE BUOYANCY 
C MEAN WMAX BETWEEN TWO STEPS REVISION MADE 26 SEP 1969 
C INTRODUCES A DYNAMICAL CONSTRAINT ON IHE VER'IICAL vELOCllY 
C MODIFIED 22 SEP 1969 
C REVISION OF KESSLER/NEWBURG 9157 CLOUD~ AND RAIN PROGRAM 
C MODIFICATION STARTED 19 SEP 1969 
C 

C 
C 
C 
C 
C 
C 
C 

C 

C 

c 
C 
C 

COMMON CMPI 201 I .SMPI 201 ) .• BCMI 201 I .BSMI 2011 .TCMl 1201 I. TSMI (201 I • 
ITM2(2011.TM34(201,.TM(201,.V(20I,.VWI20I'.£(2UI,.XMVI2Ul'. 
2XMI(201,.ICOM(18) 

COMMON DELH.DELK.H.WMAX.T.Tl.NT.L2.L3.X.RR.AR.IH.DELKI.IHP.XH. 
lXL8AR.SBAR.SMOIST.SDRy.SZER.F4.WMEAN.DWDT.INFILE.OUTFLE.CARDP. 
2CO.Cl.C2.C3'C4.C5.C6.C7.C8.C9.CI0.CII.CI2.EO.E2.E3.~Nu.~Nl.~N2. 

3SN3.XKO.XKl.XK2.XK3.XK4.XK5.XK6.XK7.XK8.XK9 
DIMENSION G(2011.PW(201).W(2011.CMFI2011.~MFI2011.CMEOI2Ull' 

1CME2(2011.CME312011.ZHOF(201,.THOF(2011.SV(700.91. 
2SMPSV(2011.CFF(2Ull 

INTEGER OUTFLE.CARDP.PRTTBL 

LOGICAL UNITS FOR I/O 
INFILE I/P CARDS 

MAIN PRINTER O/P 
'PUNCHED O/P 

OUTFLE 
CARDP 
PRTTBL AUXILIARY PRINTER O/P 

INFILE=5 
OUTFLE=6 
CARDP=8 
PRTTBL=10 
THE FIRST NTLIM TIME STEPS ARE ·PRINTED 
NTLIM=10 
LTDtM=700 
LTSIIICH=1 
READ A BLANK CARD 
READ(tNFILE.I001 LANK 

90 READ(INFILE.I001 tCOM 
DO 97 1=1.18 
IF ( iCOM( I.I-LANK) 98.97.98 

97 CONTINUE· 
CALL EXIT 
IP TIME STEP PRT INCREMENT 
IN VELOCITY TYPE 
IN cl INITIAL RUN. =2 REENTRY 

Figure E-2a. List of the complete program for 
marching calculations. 
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00010 
00021)--------------
00030 
00040 
00050 
00060 
00070 
00080 
00090 
00100 
00110 
00120 
00130 
00140 
00150 
00160 
00170 
00180 
00190 
00200 
00210 
00220 
00230 
00240 
00250 
OU260 
00270 
00280 
00290 
00300 
00310 
U032u 
00330 
00340 
00350 
00360 
00370 
00380 
00390 
U04UO. 
00410 
00420 
00430 
00440 
00450 
00460 
00470 
00480 
00490 
00500 
00510 
00520 
00530 
00540 
00550 
00560 
00570 
00580 
00590 
00600 
00610 
00620 
00630 
00640 
00650 
00660 

,/ 



---------+---IC-- kN. - : iC1IrCOLA,E M (Z. 0). :2 READ IN 

it 
I 

\ 
i 

C 

C NT - INITIAL TIME STEP NO. 
98 READ (INFILE. 120) Ip·, I N • ..JN.KN.NT 

READ (INFILE.II0) DELH.DELK1.H.~MAX.Tl.T2 
READ (INFILE.IIO) CO.Cl.C2.C4.C5.C6 
READ (INFILE.II0) C7.C8.C9.CIO.Cl1.C3 
READ (INFILE.IIO) EO.E2.E3 
READ (INFILE.II0) XKO.XK1.XK2.XK3.SNO 
READ (INFILE.II0) GAM.T.AR.RP.XK7 
READ (INFILE.II0) SZER.XK8.XK9.XK4.XK5.XK6 
READ (INFILE.II0) SMOIST.SDRV.F4.TSTEP 
IH = H/DELH+l.0 
GO TO (81.80) • ..JN 

80 READ (INFILE.IlCl) (CMP("I).I=I.IH) 
READ (INFILE.II0) (SMP(I)'I=I.IH) 
READ (INFILE.IIO) eSMPSVel).I=l.IH) 
READ (INFILE.IIO) SBAR.SUPM.SD~D.BARMD 

C NE~ HEADER FOR REENTRV 
READ (INFILE.IOO) ICOM 
READ (INFILE.II0) Tl 
DO 2 1"1.IH 
CMEO ( I ) CMP e I) ** EO 
CME2(1) = CMP(I) ** E2 

2 CME3el) = CMPII) ** E3 
81 DELK2 = O. 

~RITE(PRTTBL.9001) ICOM 
9001 FORMAT(IHl.18A4.//IH .12X.IHT.5X.8HEVPRECIP,10X.2HFI.12X.2HRR. 

1 8X.7HEVCLOUD.9X.4HSDRV.9X.8H-K5*SBAR.5X.I0HDELTA SeM).4X. 
2 10HDELTA SeD» 

DELK2=0.0 
TEN3 = 1000. 
TH6 .= 3600. 
HLIM=10000. 
IHLIM=HLIM/DELH+I.0 
IHLIMP=IHLIM+1 
lONE 1 
IT~O 2 
L2 .. 
L3 : 
KTI " DELKI 
I HI = IH-l 
IHS2=IH/2+1 
X=IHI 
X = X/20. 
IHP = IHI/20 
XH = IHP 
IFISNO)4.5.4 

4 SNI= SNo**e.125) 
SN2 = SNO **1.35) 
SN3 = 1.0 / SNI 
GO TO 6 

5 SNl=O.O 
SN2=0.0 
SN3=0.0 

6 HKKK=DELKI/DELH 
CONSTANT REDUCED FACTORS 
XK3SN2=XK3*SN2 
SMSD=SMOIST+SDRV 
GRDPT=IH 
XK4H=XK4/H 
XK6GRD=XK6/GRDPT 
XK95G=XK6GRD*XK9 
ZI ,. 0.0 
LT=O 
TVH=2./H 
FVH=4./H 

Figure E-2b. Continuation of figure E-2a. 
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OWOT=0.4 
TLIM=TSTEP 
TVTH=I./(2.*OELHI 
CON4=FVH*WMAX 
DO 20 1=1 .IH 
IFII IHLIMI450.450.452 

452 GIII=O.O 
GO TO 454 

450 GII,=C4+C5*Zl 
454 PWIII=II.0-TVH*ZII*C0N4 

WIII=CON4*IZl*ll.0-ZI/HlI 
ZlIl = ZI 
RHOF=EXPIXK7*ZI*0.51 
THOFIII=XK2/RHOF*SNI 
ZHOFIII~XKO/RHOF*SN3 

XMOIII=CI0 + Cl1*ZI 
XMIII)=XMOII) 
GO TO 182.19).JN 

82 CMEOI I) 0.0 
CME21 I) = 0.0 
CME31 I) = 0.0 
CMPII) .0.0 

19 ZI = ZI+0ELH 
20 CONTINUE 

C CALCULATE PARTIAL Fl 
IFIH HLIM)460.460.464 

464 CON1=1./IHLIM*IC4/2.+IC5-C4/HI*HLIM/3.-IHLIM**2*C51/14.*H»* 

C 

1 IHLIM/OELHII 
DO 466 I=IHLIMP.IH 

466 CFFIII=O.O 
GO TO 468 

460 CON1=6./IH*IC4+C5*H/2.1* I H/DELH)I 
468 DO 462 1=1.IH 
462 CFFIII=CON1*IZIII*II.-ZIII/H»*GIII 

IFIGAMI61.8.61 . 
61 EXL"EXPIGAM) 

DO 62 1=1. IH 
ALF = ZII) * H / IIH-ZII» * EXL + ZII» 
Z2 = ZII) ** 2 
·ALF2 = ALF**2 
TX = Z I I) - ALF 
TY = Z2 - ALF2 

62 SMPII) = CO + Cl*ALF + C2*ALF2 + C4*TX + .5*C5*TY 

8 
7 

9 
89 

1 

456 
457 

GO TO 3 
GO TO 19.7) .KN 
READ ILNFILE.I10). ISMPII).I=I.IH) 
GO TO 3 
GO TO 189.603).JN 
DO 1 I = 1 • I HL I M 
SMPII)=IZII'*C2+CI)*ZII)+~0 
IFIIHLIM-IH)456.3,3 
DO 457 1=IHLIMP,lH 
SMPII)=O.O 

3 
CALCULATE MEAN INITIAL CLOUD VALUE 
SUPM=SMOIST 
SDWD=SDRY 
SBAR=SZER 
ZC=-340.*SMPll) 
BARMD=O.O 
DO 600 1=1. I H 
IFIZC-ZII»600.60 2,602 

602 IF(SMP( I ))604.600.600 
604 BARMD=BARMD+SMPII) 
600 SMPSVII)=SMPII) 

IF(SMP(I»606.605,606 
60S eARMp-O.O 

Figure E-2c. Continuation of figure E-2a. 

86 

01330 
01340 
01350 
01360 
01370 
01380 
01390 
01400 
01410 
01420 
01430 
01440 
01450 
01460 
01470 
01480 
01490 
01500 
01510 
01520 
01530 
01540 
01550 
01560 
01570 
01580 
01590 
01600 
01610 
01620 
01630 
01640 
01650 
01660 
01670 
01680 
01690 
01700 
01710 
01720 
01730 
0·1740 
01750 
01760 
01770 
01780 
01790 
01800 
01810 
01820 
01830 
01840 
01850 
01860 
01870 
01880 
01890 
01900 
01910 
01920 
01930 
01940 
01950 
01960 
01970 
01980 

, .. -' 



________ + _______ ,GO---.O-603 

606 BARMO=BARMD*XK6GRD/SMPll1 
603 GO TO C21.23) .IN 

21 00 22 l=loIH 
22 VII) = C6+C7*Zlll 

GO TO 25 
C REITERATE ENTRY POINT 

23 00 24 1=1.IH 
24 VCI)=ZHOFII)*CMEOII) 
25 IFCT Tl)16.13.13 
13 WRITEICAROP.1301 

WRITEICAROP.1001 ICOM 
wRI TEl CAROP. 120 I IP. IN. I TWO. 10NE.NT 
WRITECCAROP.1101 DELH.DELK1.H.WMAX.T1 
WRITE(CAROP.110) CO.C1.C2.C4.C5.C6 
WRITECCARDP.1101 C7.C8.C9.C10.C11.C3 
WRITECCAROP.II01 EO.E2.E3 
WRITECCAROP.l101 XKO.XK1.XK2.XK3.SNO 
WRITECCAROP.110) GAM.T.AR.RP.XK7 
WRITECCAROP.I10) SZER.XK8.XK9.XK4.XK5.XK6 
WRITECCAROP.110) SMOIST.SORy.F4.TSTEP 
WRITECCAROP.110) (CMPCI).I=l.IH) 
WRITEICAROP.1101 CSMP(I).I=l.IH) 
WRITECCARDP.l10) CSMPSVCI).I=l.IH) 
WRIT~CCAROP.110) SBAR.SUPM.SOWD.BARMD 

C COMPUTE RAINFALL IN MM/HR 
16 VWC11 = WC11 + V(1) 

RF=ABSCCMP(1)*VWC1)/TEN3) 
RR ,. RF * TH6 
RA=CRF+RP)*0.5*OELK2 
AR = AR + RA 

C COMPUTE NEW DELK (TIME STEP) 
AB1 ,. ABS C VWCl n 
DELK = OELK1 
HK=HKKK 
OKK,.10000. 
IFIDWOT)680.681.680 

680 OKKa1.0/ABSCOWOT) 
681 00 27 1=2.IH 

VWCI) = WCi) + VII) 
GO TO C27. 17) .IN 

17 AB2 = ABSCVWCI») 
IF CABI-AB2) 26.27.27 

26 AB1 = AB2 
27 CONTINUE 

IFCWMAX - AB1) 92.92.91 
91 A81 = WMAX 
92 GO TO 19029.181.IN 
18 IF CA81) 29.29.10 
10 KT = C.8*OELH)/AB1 

IF CKT-1) 14.11.11 
14 L3 ,. 2 

CALL PRT 
II IF CKT-KTI) 28.29.29 
28 DELK = KT 

HK = DELK / OELH 
29 IFCOELK-DKK)9029.9029.9030 

9030 DELK=OKK 
HK=OELK/OELH 

C COMPUTE WATER LOAD CXLBARI 
9029 XLBAR=O.O 

00 220 1=1 tlH 
IFISMPCI)200.200.201 

200 XLBAR=XLBAR+CMPCI) 
GO TO 220 

201 XLBAR=XLBAR+CMPCII+SMPCI) 

Figure E-2d. Continuation of figure E-2a. 
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220 CONTINUE 
XLBAR=XLBAR/GRDPT 
XK5C3=XK5+C3*ABSIWMAXI 
XK59=XK5C3*XK9 

C CALCULATE DW/DT 
BETA=SBAR-XKS*XLBAR 
ZKl=SQRTIABSIBETAI/HI 
DWDT=I.5*CBETA-ZKl*WMAXI-XK59*WMAX 

C CALCULATE NEW WMAX AND WMEAN. 
WMAXP=WMAX+DELK*DWDT 
WMEAN=0.5*IWMAXP+WMAXI 
CON4=FVH*WMEAN 

C CALCULATE DW/DZ AND W USING WMEAN 
DO 207 1=1.IH 
PWI!I=ll.0-TVH*ZII)I*C0N4 

207 WC!)=CON4*ZIII*ll.0-ZII)/HI 
C COMPUTE BICLOUO).SIPRECIPI 

AEVAP=O.O 
CLEV=O.O 
CFl=O.O 
DO 44 J=I.JH 
IFISMPCI)-XMOII»30.30.31 

30 TM<!CI)=O.O 
GO TO 34 

31 TM2111=XK1*CSMPCII-XMOII)1 
34 IFCSMPII»35.37.36 

C EVAP IS NEG 
35 EVAP=XK3SN2*CME3(1)*SMPCI) 

AEVAP=AEVAP+EVAP 
TM:34(1)=EVAP 
GO TO 49 

37 TM34CII=0.0 
GO TO 9449 

36 TM34111=THOFII)*CME211)*SMPCI) 
CLEV=CLEV+SMPSVCII 

9449 CF1=CF1+CFFCI) 
49 TCM1(1) = CMPII) * PWIII 

TSM1(1)=SMPII)*PWCII 
TMIII=WII)*GII) 
TSM5=C8*TMII) 
TCM5 = TMCI)-TSM5 
TTT=XK7*WI I I 
TSM6=TTT*SMPI!) 
TCM6=TTT*CMPIII 
BCMCI)=TCMlll)+TM2CI)+TM34111+TCM5+TCM6-XK5C3*CMPCI) 

44 BSMII)sTSM1III-TM2CI)-TM3411)+TSM5+TSM6+XK5C3*ISMPSVII )-SMPIl» 
AEVAP=AEVAP*XK6GRO 
CLEV=XK5C3*C~EV*XK95G 

C COMPUTE NEW SBAR BUT HOLD AS HSBAR 
C 00 NOT OPTIMIZE - SPLIT FOR PRINTING PURPOSES 

SK5: XK5C3*SBAR 
S4W=l<:K4H*WMEAN 
SSGW=SBAR 
IFIWMEANI674.673.673 

674 SSGW=-SBAR 
673 SOELSM=S4W*CF1*CSUPM-SSGW) 

SOELSD=-S4W*Cl.O-CF11*CSOWO+SSGW) 
SUM=SK5+CSOELSM+SOELSO) 
IFCSBAR+SUPMI676.675.675 

675 SUM=SUM+CAEVAP+CLEV) 
676 HSBAR=SBAR+OELK*SUM 

IFCIP-11500.S00.S03 
503 IFCT TLIM)404.400.400 
400 TLIM=TLIM+TSTEP 

GO TO C500.404).LTSWCH 
500 IFILT-LTOIMI501.S011502 

Figure E-2e. continuation of figure E-2a. 
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502 LTSIlICH=2: ________________________________ 033TO' _____ ---
---------+-----~~~G~O~ TO 404 03320 

I 
\ 
: 
\ 
t , 

501 LT=LT+l 03330 
SVCLT.l )=T 03340 
SVCLT.2)=IlIMAX 03350 
SVCLT.3)=XLBAR 03360' 
SVCLT.4)=DIlIDT 03370 
SVCLT.5)=CMPC1) 03380 
SVCLT.6)=AR 03390 
SVCLT.7)=SUPM 03400 
SVCLT.8)=SBAR 03410 
SVCLT.9)=NT 03420 
IlIRITECPRTTBL.9000)NT.T.AEVAP.CF1.RR.CLEV.SDIlID.SK5.SDELSM.SDELSD 03430 

9000 FORMATC1H .16.F8.0.8C1PE14.5» 03440 
404 IFCT TI)4B.S8.58 03450 

48 IFCNT-NTLIM)54.54.51 03460 
51 IFCNT-CNT/IP)*IP)55.54.55 03470 
54 CALL PRT 03480 
55 IFCIP-l)655.655.656 03490 

655 IlIRITECOUTFLE.8001 NT.DELK.T 03500 
800 FORMAT C lHI27X·. 19HT IME STEP NUMBER .15 .7X.l0HDEL TA T .F4.0.7X. 03510 

17HTIME = .F6.0.8H SECONDS) 03520 
WRITECOUTFLE.801) 03530 

801 FORMAT C7HOHEIGHT.3X.19HCLD H20 PRECIP H20.3X. 9HFALL SP V.4X.5HV 03540 
1 + W.6X.6HBCCLD).4X.9HBCPRECIP).3X.42HSM*DIVIW) CM*DIVIIlI) CLD CNV 03550 
2RSN ACRTN+EVAP.3X.7HCNDNSTN/7H METERS.4X.17HGRAMS/CUBIC METER.6X.l 03560 
37HMETERS PER SECOND.8X.32HGRAMS PER CUBIC METER PER SECOND.5X.32HG 03570 
4RAMS PER CUBIC METER PER SECOND) 03580 

DO 657 K=l.IH 03590 
~=IH l-K 03600 

657 IlIRITECOUTFLE.802) ZCJ).SMPC~).CMPC~).VIJ).VIlIC~I.BSMC~).BCMC~I.TSMl 03610 
lC~I.TCM11~).TM2C~).TM34C~).TMC~) 03620 

802 FORMA'T C lH .F6.0.1X.1PE10.3.1X.lPE10.3.3X.lPElO.3.1X.1PE10.3.2X.1P 03630 
lEl0.3.1X.1PElO.3.1X.5C lX.1PE10.3» 03640 

656 NT=NT+l 03650 
T=T+DELK 03660 

C COMPUTE NEW VW IV+W) FOR MIDPOINT 03670 
DO 208 l=l.IH 03680 

208 VWCII=VCI)+WCI) 03690 
C COMPUTE MCCLOUD) AND MCPRECIP) 03700 

CMF(1)=CMPC1)+HK*CCMPC1)*VC1)-CMPI2)*VC2)+DELH*CBCMC1)-CMPCll* 03710 
lPIlI(1») 03720 
SMFCI)=SMPC1)+HK*CDELH*CBSMC1)-SMPC1)*PWC1») 03730 
DO 60 1=2.IHl 03740 
DELVW=CVWCI-l)*CMPCI-l)-VWCI+l)*CMPCI+1»*TVTH03750 
IFIWMEAN)9470.9470.9472 03760 

9472 IFCI IHS219473.9470.9470 03770 
9473 IFICMPCI»9462.9462.9470 03780 
9462DELM=DELVIlI+BCMCI) 03790 

IFCOELM)9463.9463.9471 03800 
9463 IFCCMPCI-l»9464.9464.9480 03810 
9480 IFCSMPCI»9464.9464.9471 03820 
9464 CMFCI)=Q.C 03830 

GO TO 60 03840 
9471 CMFCI)=0.5*CCMPCI+11+CMPCI-11)+DELK*OELM 03850 

GO TO 60 03860 
9470 CMFCI):0.5*CCMPCI+l)+CMPCI-l)+DELK*CBCMCI+l)+BCMII-1»)+DELK*DELVW 03870 

60 SMFCI)=0.5*CSMPCl+l)+SMPII-1)+HK*CWCI-1)*SMPII-l)- 03880 
1Il1CI+l)*SMPII+1)+DELH*CBSMCI+11+BSMCI-1»» 03890 

IFCWMEANI9460.946l.946l 03900 
9461 SMFCIH-l)=SMPCIH-1)+HK*ISMPCIH-2)*WIIH-2)-SMPIIH-1)*IlIIIH-l)+ 03910 

lDELH*BSMIIH-l» 03920 
9460 CMFIIH)=C9 03930 

SMFIIH) = SMPIIH) 03940 
DO 65 l=l.IH 03950 
IFCCMFCI»70.70.72 03960 

Figure E-2f. Continuation of figure E-2a. 
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70 CMF'« t ",0.0 
CMEOC I )=0.0 
CMEZC I) = 0.0 
CME3C I) : 0.0 
GO T.O 73 

7Z CMEOCI) CMFCI) **EO 
CME2CI) = CMFCI) **EZ 
CME3CII • CMFCI) **E3 
CMPe I':CMFC II 

73 SMPCII"SMFCII 
65 CONTINUE 

IFCIHLIM-IH)471,71,71 
471 DO 472 1=IHLIMP,IH 

IFCSMPCII)473,47Z,472 
473 SMPell=O.O 
472 CONTINUE" 

71 DELKZ=DELK 
RP .. RF 

C COMPUTE W FOR NEXT TIME STEP 
WMAX=WMAXP 
CON4"FVH*WMAX 
DO Z06 1"1,IH 

Z06 WCI)=CON4*ZCII*CI.0-ZCII/HI 
C SET NEW SBAR,SUPM,SDWD 

SBAR=HSBAR 
SUPM=SMOIST+BARMD*CSMPSVCll-SMPClll 
SDWO=SMSO-SUPM 
GO TO CZ5,Z31,IN 

C OUT PUT INFORMATION FOR EACH TIME STEP 
56 CALL PRT 

IFCTI-TZI661,660.660 
661 Tl=T2 

IP=I 
GO TO 655 

660 NC=O 
00 300 L=I,LT 
NC=NC-l 
IFCNCI302,302.304 

302 WRITECOUTFLE,9001 ICOM 
900 FORMATCIH1,16A4,//IH ,6H STEP,4X,4HTIME,6X,4HWMAX,10X,4HLBAR. 

1 10Xo5HOW/OT,9X.4HMCOI. 12X,2HAR. 10X,6HSMOIST.IOX,4HSBAR ./) 
NC=56 

304 NT=SVCL,91 
WRITECOUTFLE,9021 NT.CSVCLoKI,K=I,61 

902 FORMATCIH ,I6,F6.0,7CIPEI4.5)1 
300 CONTINUE 

WRITECPRTTBL.I401 
140 FORMATU///I 

GO TO.90 
100 FoORMATC16A41 
110 FORMAT C6ClPEI2.5» 
120 FORMAT C 1016) . 
130 FORMAT C30HTITITITITITITITITITITITITITITII 

END 

Figure E-2g. Continuation of figure E-2a. 
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_________ + ______ --sS\;laRotJT-IN~PRT 
C PRINT ROUTINE FOR I/P DAtA AND SELECTED TIME STEPS 

COMMONCMP 1 201) .SMPI 20 1) .BCM 1 20 1) .BSM(201).' TCMl (201) • TSMI 1201 ) • 
1 TM2 1.201). TM341 201) • TMI 201) .V(201) .VW(201) .Z( 201 ) .~MO( 201). 
2XMI(201).lCOMI18) 

COMMON DE~H.DE~K.H.WMAX.T.Tl.NT.~2.~3.X.RR.AR.IH.OE~KI.IHP.XH. 
IX~BAR.SBAR.SMOIST.SDRV.SZER.F4.WMEAN.DWDT.INFI~E.OUTF~E.CARDP. 

2CO.Cl.C2.C3.C4.CS.C6.C7.C8.C9.CI0.Cll.CI2.EO.E2~E3.SN0.SN1.SN2. 
3SN3.XKO.XKl.XK2.XK3.XK4.XKS.XK6.XK7.XK8.XK9 

INTEGER OUTF~E.CARDP 
WRITEIOUTF~E.400) 

GO TO 1 1.38) .~3 
GO TO 12.4) .~2 

2 ~2 • 2 
IF CXH-X) 36.3.36 

3 WRITEeOUTF~E.I00) ICOM 
WRITEIOUTF~E.lSS) OE~H.OELKI.H.WMAX.Tl 

WRITEeOUTFLE.210) CO.Cl.C2.C4.CS.C6.C7.C8.C9.CI0.Cl1.C3 
WRITEeOUTFLE.2SS) EO.E2.E3.XKO.XKl.XK2.XK3.XK7 
WRITEIOUTFLE.30S) SNO.SN1.SN2.SN3 
WRITEeOUTF~E.3S0) SZER.XK8.XK9 
WRITEIOUTF~E.360) XK4.XKS.XK6.SMOIST.SORV.F4 
WRITEIOUTFLE.400) 

4 J = IH 
S wRITEeOUTF~E.SSO) NT.OELK.T 

wRITEIOUTFLE.600) 
10 wRITEeOUTF~E.6S0) ZIJ).SMPeJ).CMPIJ).veJ).VWeJ).BSMIJ).BCMIJ).TSMl 

IIJ).TCMIIJ).TM2CJ).TM34IJ).TMIJ) 
J7'J-IHP 
IF CJ) 40.40.10 

36 WRITEIOUTF~E.700) 
T=Tl 
GO TO 99 

38 WRITEIOUTF~E.8S0) 
T=Tl 
GO TO 99 

40 WRITEIOUTFLE.I000) WMAX.SBAR.X~BAR.DWDT.WMEAN 
WRITEIOUTF~E.600) 

WRiTEIOUTF~E.900) 
WRITEIOUTF~E.9S0) RR.AR 

99 RETURN 
100 FORMATelH .29X.18A4) 
ISS FORMAT I11HODE~TA H = .F4.0/2HOK.7X.2H= .F4.0/2HOH.7X.2H= .F6.0/11 

1 HOWMAX : .IPE8.1/3HOTl.6X.2H= .OPF6.0) 
210 FORMAT 13HOCO.6X.2H= .IPEI2.S/3HOC1.6X.2H= .IPEI2.S/3HOC2.6X.2H= • 

I1PEI2.S/3HOC4.6X.2H= .IPEI2.S/3HOCS.6X.2H= .IPEI2.S/3HOC6.6X.2H= • 
21PEI2.S/3HOC7.6X.2H= .IPEI2.S/3HOC8.6X.2H= .IPEI2.5/3HOC9.6X.2H= • 
31PEI2.S/4HOCI0.5X.2H= .IPEI2.5/4HOCl1.5X.2H= .IPEI2.S. 
4/3HOC3.6X.2H= .IPEI2.S) 

255 FORMAT 13HOEO.6X.2H= .IPEI2.5/3HOE2.6X.2H= .IPEI2.5/3HOE3.6X.2H= • 
I1PEI2.S/3HOKO.6X.2H= .IPEI2.5/3HOKl.6X.2H= .IPEI2.S/3HOK2.6X'2H= • 
21PEI2.S/3HOK3.6X.2H= .IPEI2.S/3HOK7.6X.2H= .IPEI2.S1 

305 FORMAT 13HONO.6X.2H= .IPEI2.S.10X.llHNO**.12S = .IPEI2.S.10X.I0HNO 
1**.3S = .IPEI2.S.10X.12HNO**-.12S = .IPEI2.S1 

3S0 FORMATISHOSZER.4X.2H= .IPE12.S./3HOK8.6X.2H= .IPEI2.S. 
1/3HOK9.6X.2H= .IPEI2.S1 

360 FORMATI3HOK4.6X.2H= .IPE12.S./3HOKS.6X.2H= .IPE~2.5./3HOK6.6X. 
12H= .IPEI2.S./7HOSMOIST.2X.2H= .lPEI2.S./5HOSDRV.4X.2H= 
21PE12.S./3HOF4.6X.2H= .IPEI2.5) 

400 FORMAT (IHl I 
S50 FORMAT I1H027X.19HTIME STEP NUMBER = .15.7X.l0HOE~TA T = .F4.0.7X. 

17HTIME = .F6.0.8H SECONDS) 
600 FORMAT C7HOHEIGHT.3X.19HC~D H20 PRECIP H20.3X. 9HFA~~ SP V.4X.5HV 

1 + W.6X.6HBCCLDI.4X.9HBIPRECIPI.3X.42HSM*DIVIWI CM*DIVCWI C~D CNV 
2RSN ACRTN+EVAP.3X.7HCNDNSTN/7H METERS.4X.17HGRAMS/CUBIC METER.6X.l 
37HMETERS PER SECONO.6X.32HGRAMS PER CUBIC METER PER SECONO.SX.32HG 

Figure E-2h. Continuation of figure E-2a. 
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00010 
-00020 
00030 
00040 
oooso 
00060 
00070 
00080 
00090 
00100 
00110 
00120 
00130 
00140 
001S0 
00160 
00170 
00180 
00190 
00200 
0021,0 
00220 
00230 
00240 
002S0 
00260 
00270 
00280 
00290 
00300 
00310 
00320 
00330 
00340 
00350 
00360 
00370 
00380 
00390 
00400 
00410 
00420 
00430 
00440 
004S0 
00460 
00470 
00480 
00490 
OOsOO 
oosiO 
00S20 
00S30 
00S40 
OOSSO 
00S60 
00S70 
00S80 
00S90 
00600 
00610 
00620 
00630 
00640 
006S0 
00660 



00670 
------------------4RAMs-eE~-CuaLC_MEI~£E~OND~)==~_=_=~~~~~~~~~~=_~~ 

650 FORMAT (lH oF6.001XolPElO.3o1XolPElO.3.3XolPE10.3.1X.1PE10.3 oZXolP-- ~OogO'--------------------
lElO.3.1XolPElO.301X.5(lX.IPEI0.3)) 00690 

700 FORMAT (IHl.47HNO EXECUTION. H/DELTA H IS NOT DIVISIBLE BY ZO.) 00700 
800 FORMAT(/IHO) 00710 
850 FORMAT (IHO.5ZHEXECUTION STOPPED. DELTA-T COMPUTATION LESS THAN 00720 

1.) 00730 
900 FORMAT (IHOoZZX.3ZHRAINFALL IN MILLIMETERS PER HOUR 0 llX.35HMILLIME 00740 

ITERS OF ACCUMULATED RAINFALL) 00750 
950 FORMAT (IHO.Z6X.lZH 3.6*RR .IPEIZ.5oZZXo7HAR oIPEIZ.5) 00760 

1000 FORMAT(/lHO.5HWMAX=.lPE13~506X.5HSBAR=olPE13.5.6X.5HLBAR=. 00770 
1IPE13.5.~X.6HDW/DT=.lPE13.506X.6HWMEAN=.lPE13.5) 00780 

END 00790 

Figure E-2i. continuation of figure E-2a. 
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E.5. Machine Requirements and Timing 

This program is coded in full USASIstandard FORTRAN IV 
and has been run without modification on an IBM 7090, IBM 
360/50, and CDC 6400. The core requirements are a 112 K 
partition on the 360/50 and a 60 K octal partition on the 
6400. The running time on the 360/50 is about 30 sec CPU time 
per 100 steps with every 10th step printed. Required logical 
unit numbers for input/output files are unit 5, card input; 
unit 6, printer; unit 8, card-punched output; unit 10, 
auxiliary print file. 

93 



-1 

NATIONAL SEVERE STORMS LABOI't4TORY 

The NSSL TechhicClI MemorClhda, beginning with No. 28, contiru .. the sequence established by the U. S. 
Weather Bureau National Severe Storms Project, Kansas City, Missouri. Numbers 1-22 were designated NSSP 
Reports. Numbers 23-27 were NSSL Reports, and 24-27 appeared as subseries of Weather Bureau Technical Notes. 
These reports are available from the National Technical Information Service, Operations Division, Springfie Id, 
Virginia 22151, for $3.00, and a microfiche vers.ion for $0.95. NTIS numbers are given below in parentheses. 

No. National Severe Storms Project Objectives and Basic Design. Staff, NSSP. March 1961. (PB-168207) 

No. 2 The Development of Aircraft Investigations of Squall Lines from 1956-1960. B. B. Goddard. (PB-168208) 

No. 3 Instability Lines and Their Environments as Shown by Aircraft Soundings and Quasi-Horizontal Traverses. 
D. T. Williams. February 1962. (PB-168209) . 

No. 4 On the Mechanics of the Tornado. J. R. Fulks. February 1962. (PB-168210) 

No. 5 A Summary of Field Operations and Data Collection by the National Severe Storms Project in Spring 1961. 
J. T. Lee. March 1962. (PB-I65095) 

No. 6 Index to the NSSP Surface Network. T. Fujita. April 1962. (PB-1682 12) 

No. 7 The Vertical Structure of Three Dry Lines as Revealed by Aircroft Traverses. E. L. McGuire. Aprii 1962. 
(PB-1682 13) 

No. 8 Radar Observations of a Tornado Thunderstorm in Vertical Section. Ralph J. Donaldson, Jr. April 1962. 
(PB- 174859) 

No. 9 Dynamics of Severe Convective Storms. Chester W. Newton. July 1962. (PB-163319) 

No. 10 Some Measured Characteristics of Severe Storms Turbulence. Roy Steiner and Richard H. Rhyne. July 1962. 
(N62-1640 I) 

No. II A Study af the Kinematic Properties of Certain Small-Scale Systems. D. T. Williams. October 1962. (PB-168216) 

No. 12 Analysis of the Severe Weather Factor in Automatic Control of Air Route Traffic. W. Boynton Beckwith. 
December 1962. (PB-168217) 

No. 13 5OD-Kc./Sec. Sferics Studies in Severe Storms. Douglas A. Kohl and John E. Miller. April 1963. (PB-1682 18) 

Field Operations of the National Severe Storms Project in Spring 1962. L. D. Sanders. May 1963. (PB-168219) No. 14 

No. 15 

No. 16 

No. 17 

No. 18 

No. 19 

Penetrations af Thunderstorms by an Aircraft Flying at Supersonic Speeds. G. P. Roys. Radar Photographs and 
Gust Loads in Three Storms of 1961 Rough Rider. Paul W. J. Schumacher. May 1963. (PB-168220) 

Analysis of Selected Aircraft Data from NSSP OperatiOns, 1962 •. T. Fujita. May 1963. (PB-16822I) 

Analysis of Methods for Small-Scale Surfoce Network Data. D. T. William,s. August 1963. (PB-168222) 

The Thunderstorm Wake of May 4, 1961. D. T. Williams. August 1963. (PB-168223) 

Measurements by Aircraft of Condensed Water in Great Plains Thunderstorms. George P. Roys and Edwin Kessler. 
July 1966. (PB-I73048) 

No. 20 Field Operations of the National Severe Storms Project in Spring 1963. J. T. Lee, L. D. Sanders and D. T. 
Williams. January 1964. (PB-168224) 

No. 21 On the Motion and Predictability of Convective Systems as Related to the Upper Winds in a Case of Small 
Turning of Wind with Height. James C. Fankhauser. January 1964. (P&l68225) 

No. 22 Movement and Development Patterns of Convective Storms and Forecasting the Probability of Storm Passage at 
a Given Location. Chester W. Newton and James C. Fankhauser. January 1964. (PB-168226) 

No. 23 Purposes and Programs of the National Severe Storms Laboratory, Norman, Oklahoma. Edwin Kessler. 
December 1964. (PB-I66675) 

Nt', 24 Papers on Weather Radar, Atmospheric Turbulence, Sferics, and Data Processing. August 1965. (AD-62 1586) 

No. 25 . A Comparison of Kinematically Computed Precipitation with Observed Convective Rainfall. James C. Fankhauser. 
September 1965. (PB-168445). 



No. 26 Probing Air Motion by Doppler Analysis of Radar Clear Air Returns. Roger M. Lhermitte. May 1966. 
(PB-I70636) 

No. 27 Statistical Properties of Radar Echo Patterns and the Radar Echo Process. Larry Armijo. May 1966. The 
Role of the Kutta-Joukowski Force in Cloud Systems with Circulation. J. L. Goldman. May 1966. (PB-I70756) 

No. 28 Movement and Predictablity of Radar Echoes. James Warren Wilson. November 1966. (PB-I73972) 

No.29 Notes on Thunderstorm Motions, Heights, and Circulations. T. W. Harrold, W. T. Roach, and Kenneth E. 
Wilk. November 1966. (AD-644899) 

No. 30 Turbulence in Clear Air Near Thunderstorms. Anne Burns, Terence W. Harrold, Jack Burnham, and 
Clifford S. Spavins. December 1966. (PB-I73992) 

No. 31 St~y of a Left-Moving Thunderstorm of 23 April 1964. George R. Hammond. April 1967. (PB-174681) 

No. 32 Thunderstorm Circulations and Turbulence from Aircraft and Radar Data. James C. Fankhauser and J. 1. Lee. 
April 1967. (PB-174860) 

No. 33 On the Continuity of Water Substance. Edwin Kessler. April 1967. (PB-175840) 

No. 34 Note on the Probing Balloon Motion by Doppler Radar. Roger M. Lhermitte. July 1967. (PB-175930) 

No. 35 A Theory for the Determination of Wind and Precipitation Velocities with Doppler Radars. Larry Armijo. 
August 1967. (PB-176376) 

No. 36 A Preliminary Evaluation of the F-l00 Rough Rider Turbulence Measurement System. U. O. Lappe. October 1967. 
(PB-I77037) 

No. 37 Preliminary Quantitative Analysis of Airborne Weather Radar. Lester P. Merritt. December 1967. (PB-I77188) 

No. 38 On the Source of Thunderstorm Rotation. Stanley L. Barnes. March 1968. (P8-178990) 

No. 39 Thunderstorm - Environment Interactions Revealed by Chaff Trajectories in the. Mid-Troposphere. James C. 
Fankhauser. June 1968. (P8-179659) 

No. 40 Objective Detection and Correction of Errors in Radiosonde Data. Rex L. Inman. June 1968. (PB-180284) 

No. 41 Structure and Movement of the Severe Thunderstorms of 3 April 1964 as Revealed from Radar and Surface 
Mesonetwork Data Analysis. Jess Charba and Yoshikazu Sasaki. October 1968. ·(PB-183310) 

No. 42 A Rainfall Rate Sensor. Brian E. Morgan. November 1968. (PB-183979) 

No.43 Detection and Presenta tion of Severe Thu nderstorms by Airborne and Grou nd-Based .Rada rs: A Comparative 
Study. Kenneth E. Wilk, John K. Carter, and J. 1. Dooley. February 1969. (PB-183572) 

No.44 A Study of a Severe Local Storm of 16 April 1967. George Thomas Hoglund. May 1969. (P8-184-970) 

No.45 On the Relationship Between Horizontal Moisture Convergence and Convective Cloud Formation. Horace R. 
Hudson. Morch 1970. (P 8-191720) 

No.46 Severe Thunderstorm Radar Echo Motion and Related Weather Events Hazardous to Aviation Operations. 
Peter A. Barclay and Kenneth E. Wilk. June 1970. (PB-I92498) 

No.47 Evaluation of Roughness Lengths at the NSSL-WKY Meteorological Tower. Leslie D. Sanders and 
Allen H. Weber. August 1970. (PB-194587) 

No.48 Behovior of Winds in the lowest 1500 ft in Central Oklahoma: June 1966 - May 1967. Kenneth C. 
Crawford and Horace R. Hudson. August 1970. 

No.49 Tornado Incidence Maps. Arnold Court. August 1970. (COM-71-00019) 

No.50 The Meteorologically Instrumented WKY-TV Tower Facility. John K. Carter. September 1970. (COM-71-oolOS) 

No. 51 Papers on Operational Objective Analysis Schemes at the National Severe Storms Forecast Center. 
Rex L..lnman. November 1970 •. (COM-71-00136) 

No.52 The Exploration of Certain Features of Tornado Dynamics Using a Laboratory MacIel. Neil B. Ward. 
November 1970. (COM-71-oo139) 

No.53 Rawinsonde Observation and Processing Techniques at the National Severe Storms Loboratoiy. Stanley L. Barnes, 
James H. Henderson arld Robert J. Ketchum. April 1971. 
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