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ABSTRACT 

A PARAMETRIC MODEL OF CUMULUS CONVECTION 

The interaction of cumulus convection with larger-scale systems 

is perhaps the most fundamental problem confronting meteorology to

day. The main obstacle to the clarification of this problem, however, 

is the lack of understanding of the dynamics of individual cumulus 

clouds and of the processes by which they impart heat and mass to 

their surroundings. As a tool in the investigation of these subjects, 

a numerical time-dependent model has been developed that can sim

ulate the entire life -cycle of different types of cumuli under different 

environmental conditions. 

The model is basically one-dimensional and parametric. In this 

type of formulation the complex turbulent and microphysical phenom

ena are expressed in terms of cloud-scale variables, while the more 

straightforward dynamical and thermodynamical processes are treat

ed in detail in a prognostic fashion. Although the model is fundament

ally one-dimensional, the clouds are assumed to consist of two regions: 

a protected core and an exposed surrounding shell. The entire depth 

of the cloud is numerically simulated for each of these mutually inter

acting regions. 

The mixing between cloud and environment is parameterized in the 

model in terms of the turbulence intensity of the interior and exterior 

of the cloud. In this way. the commonly used but physically invalid 

assumption of similarity is avoided. Additional equations have been 

introduced in the model to predict the turbulence level of the cloud at 

all times. 

The internal circulation of the clouds and the attending redistri

bution of mass between levels is parameterized in the model in terms 

of the one-dimensional velocity field of the core. Laboratory and 
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theoretical information about spherical vortices is used in the para-

meterization. 

Results of several cloud simulations under different environmental 

and initial conditions are presented. These illustrate the capability 

of the model in simulating the entire life-cycle of cumulus clouds sub-

ject to different forcing conditions. 

Raul Erlando L6pez 
Atmospheric Science Department 
Colorado State University 
Fort Collins, Colorado 80521 
June, 1972 
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1. INTRODUCTION 

A numerical model of cumulus clouds is described in this disser

tation. This model was developed as a tool in the investigation of the 

effects of cumulus clouds on larger-scale circulations. The model is 

one-dimensional and parametric. In this type of formulation the com

plex turbulent and microphysical processes are expressed in terms 

of cloud-scale parameters, while the more straightforward dynamical 

and thermodynamical processes are treated in detail in a prognostic 

scheme. The parameterizations are observationally guided, and in

formation from measurements in the atmosphere and laboratory is 

used. 

Previous Parametric Models. The design of the present model 

was undertaken in view of the fact that the parametric models in exis

tence are too simplified for the purpose of investigating the interac

tions between cloud and synoptic scales. So, for example, the models 

developed by Simpson and collaborators (1965, 1969, 1971) Weinstein 

and Davies (1968) only consider the advancing edge of clouds and 

furthermore do not simulate the behavior of the cloud during its en

tire life cycle of growth and decay. Recently Weinstein has improved 

his model considerably (Weinstein 1970), but still the entire life cycle 

of the cloud is not considered, nor is the variation of the radius with 

time and height treated satisfactorily. Nevertheless, the present 
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formulation has drawn substantially from these earlier experiences 

with simplified conditions. 

Two-Dimensional Models. There is another group of cloud models 

in existence, which are two-dimensional, and treat the mixing pro-

cess from a mixing-length viewpoint (Ogura, 1962, 1963; Murray, 

1967, 1968; Orvill, 1965, 1968. 1970; Takeda, 1969). These, too, 

were found inadequate for our purposes in view of the large amounts 

of computer time and storage required, and in view of the several 

uncertainties and problems in their formulation. Some of the major 

limitations of these two-dimensional models are as follows: 

1. The difficulty of expressing turbulent entrainment 
and detrain~ent in terms of the mixing-length 
theory. Very little is known as to the values of 
the diffusion coefficients to be used and their 
fluctuations in time and space. In addition, ar
tificial implicit diffusion effects are produced 
by the various finite-difference schemes applied. 

2. Sound and short gravity waves come into the pic
ture with the necessity of filtering. The anelastic 
equations have then to be used for deep convection 
to assure a reasonable time increment in the finite 
difference integration schemes (Ogura and Phillips~ 
1962). This introduces the unsolved problem of 
the implicitness between vapor and dynamic pres
sures that makes the formal integration of the 
complete equations an impossibility at the present 
time. 

3. The necessity of working within confined vertical 
boundaries. The particular set of boundary con
ditions used can have a severe influence on the 
development of the clouds and their effect on 
the environment. 
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It was felt that at this stage it would be better to use a simpler one

dimensional model, free from many unsolved complications, to ob

tain the general features of the development of different types of clouds. 

In the first chapters of this paper the mathematical and physical 

framework of the present model is developed. Results are then pre

sented for different types of clouds, and their main features describ

ed. Lastly I the effect of different values of the parameters and 

conditions on the results of the model are discussed. 



II. BASIC ASSUMPTIONS (THE LAGRANGIAN FRAMEWORK) 

Geometrical Make Up. The clouds simulated in this study are as

sumed to be composed of two regions: a protected vertical core and 

an exposed surrounding shell. These regions are not isolated but in

teract with one another by a parameterized mutual exchange of mass. 

Only the shell. however. mixes directly with the environmental air. 

Each of the two regions consists of a vertical stack of adjacent par

cels or layers (Fig. 1). Each layer or parcel rises under its own 

local buoyancy but interacts with the others by exchanging hydrome

teor particles and mass. These layers by themselves are assumed 

to be vertically and horizontally uniform. Thus. in each of the sep

arate regions of the cloud. the dynamic and thermodynamic variables 

can change only in the vertical, as they take different values from 

layer to layer. However. although the model in this form is basically 

one-dimensional. some resolution in the horizontal is obtained by con

sidering the cloud to consist of two regions. In addition, information 

about the shape of the cloud can be obtained by careful consideration 

of the mass balance of each of the layers. 

Generation of New Parcels. At each time-step of the computations 

a new core parcel is generated at cloud base according to a prespeci

fied updraft pulse. The new parcel rises under the forcing of this 

subcloud-layer updraft and its own buoyancy. following the parcels 

that have gone before it. After some time (controlled by the subcloud 
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Fig. 1. Schematic representation of model cloud geometry. The 
right hand side of the picture illustrates actual vertical mo
tions and mass exchanges typically reproduced in the core 
and shell of the cloud. The left hand side depicts this same 
motion relative to the core. 



6 

layer forcing function and the drag of the falling rain) the generating 

updraft ceases and no more core parcels are produced. 

Computational Procedure. Each layer or parcel is followed in 

time, as an entity, in a Lagrangian way. That means that the dynamic, 

thermodynamic and microphysical equations are expressed in terms 

of substantial derivatives. The Lagrangian approach has certain ad-

vantages in the description of cumulus convection. The two principal 

ones are: 

1. The entrainment process can be handled as 
a flux of mass across a boundary rather than 
in terms of mixing length arguments. 

2. One gets rid of the problem of expressing 
the advective terms of the equations in finite 
difference form. 

At each time-step, new positions and new values for all of the var-

iables are calculated for each parcel. The ambient sounding is then 

interpolated to provide the corresponding environmental values of 

temperature, humidity and turbulence intensity for each of the new 

heights. This information is used in computing the mixing between 

cloud and environment, and the buoyancy of the parcels during the 

next time-step .. The equations are again solved simultaneously for 

each layer and the process repeated. 

In the next chapter the equations that are applied to each layer are 

described in detail. The general plan of the derivations is to treat 

the motion, continuity and thermodynamic equations in considerable 

detail, while the microphysical process, internal turbulence, rotation, 
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and the mixing with the environment are expressed as semi-empirical 

relationships in terms of large-scale cloud variables. 

Limitations of the Model. At this point, some of the limitations 

of this model should be brought out. 

1. The basic one-dimensionality of the model pre
cludes the treating of sloping updrafts in strong 
vertical wind shear conditions. In order to attack 
this problem. the horizontal equations of motion 
should be included, and provisions made for the 
pressure gradients generated across the cloud 
due to the horizontal drag suffered by the ascend
ing slanted currents. 

2. No dynamic pressure effects are allowed in the 
vertical. This again is a result of the basic one
dimensionality of the model. As in all one-dimen
sional treatments of convection, the vertical 
pressure gradient inside the cloud will have to be 
assumed equal to the hydrostatic pressure gra
dient of the environment. 

3. No attempt is made in this scheme to model the 
effect of the falling rain on the environment. In 
reality the falling rain usually produces consider
able sinking motion in the air around and beneath 
the cloud as a result of the evaporational cooling 
and drag produced by the hyrometeor water parti
cles. 

Warner's Critique ·of Steady-State One-Dimensional Models. War-

ner (1970) has criticized the existing .one-dimensional steady-state 

mDdels in the light of direct DbservatiDns .of clDud-tDP height and li-

quid-water content fDr shallDw nDn-raining Australian cumuli. These 

clDUd models were fDund tD be unable tD simultaneously predict values 

for the liquid-water content and cloud-tDP height in agreement with 

his DbservatiDns. Warner asserts that the reaSDn for this failure lies 

in the invalid physical bases of the mDdels. Thus. he argues that 
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contrary to the assumptions of one-dimensional steady-state models 

1. a cumulus cloud is not a steady-state process, 
2. the mixing at one level is not independent of 

conditions in higher levels, 
3. entrainment of environmental air into cumuli 

occurs not only at the sides but also at the top 
of the cloud, 

4. and that the assumption of similarity implicitly 
used in the formulation of the entrainment 
process is not applicable to cumulus clouds. 

The above criticisms are not applicable to the model described in 

this paper. The present model is time-dependent and treats the en-

tire depth of the cloud. Furthermore, the model allows interaction 

between different levels by virtue of internal vortex circulations in 

the cloud. In this way, a cloud layer can experience an extra exchange 

of mass from the surrounding layers in addition to the incorporation 

of environmental mass through the process of lateral entrainment. 

The mixing with the environment is also allowed to take place through 

the top of the uppermost cloud layer, not only through the sides. In 

addition, the flux of entrained air is assumed to be proportional to 

the turbulence intensity of the cloud layer. This formulation has been 

developed by Telford (1966) and Morton (1968) for the case of non-

similar plumes.' Thus, the assumption of similarity implicitly intro-

duced in previous one-dimensional parametric models, is not used in 

the present case. 



III. PHYSICAL FRAMEWORK OF THE MODEL 

(MATHEMATICAL FORMULATIONS) 

List of Symbols 

Geometric Variables 

B height of the cloud base 

r radius of a cloud parcel 

V volume 

v specific volume 

Z height 

DZ height of a cloud parcel 

Time Variables 

t 

dt 

time 

time interval 

duration of the forced updraft through cloud base 

Thermodynamic Variables 

cpa specific heat at constant pressure for dry air 

cpv specific heat at constant pressure for water vapor 

c pw specific heat at constant pressure for liquid water 

H totai enthalpy 

h total specific enthalpy 

ha specific enthalpy of dry air 

hv specific enthalpy of water vapor 

hw specific enthalpy of liquid water 
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Lv latent heat of condensation 

p pressure 

Pv water vapor pressure 

Q heat 

q specific heat 

T temperature 

Tv virtual temperature of the environment c 

Tv p 
virtual temperature of a parcel 

Xv mixing ratio of water vapor 

Xw mixing ratio of liquid water 

Mass Variables 

m 

dm 

dm t ro 

d.m 
1 

dm 
e 

p 

mass 

mass of dry air 

mass of water vapor 

mass of liquid water 

change in mass 

change in mass due to entrainment 

change in mass due to detrainment 

change in mass due to mixing due to internal cloud 
rotation 

internal change in mass due to condensation 

external change in mass due to mixing 

density of moist air 

density of environment 
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density of liquid water 

Pp density of a cloud parcel 

Dynamic Variables 

F 
form 

F turb 

u 

v 

w 

u l 

Vi 

Wi 

w 
o 

oW 

drag coefficient 

total frictional retardation force 

frictional retardation force due to external turbulent dis
sipation (form drag) 

frictional retardation force due to internal turbulent dis
sipation 

velocity component in the x-direction 

velocity component in the y-direction 

velocity component in the z-direction 

eddy component of the x-direction velocity 

eddy component of the y-direction velocity 

eddy component of the z-direction velocity 

maximum value of the forced updraft through cloud base 

rotation correction factor in the momentum equation 

difference in vertical velocity across a cloud layer 

Microphysical Variables 

a 

b 

threshold value of the cloud-water density at which the 
autoconversion process starts. Autoconversion is the 
process by which small cloud droplets grow by direct 
diffusion of water vapor into droplets of hydrometeor 
size (-100 jJ.) 

constant of proportionality between A. and the mass-median 
diameter of a partition of the total hydrometeor water 
mass 



D 

E 

f 

N 

No 

Q 
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diameter of a hydometeor 

efficiency of collection 

a fraction of the total hydrometeor water mass 

constant for the autoconversion equation 

constant for the collection equation 

number of hydrometeor particles per unit volume in the 
diameter range dD 

intercept of the Marshall-Palmer distribution for vanish
ing diameter 

total liquid water density 

cloud water density 

hydrometeor water density 

terminal velocity of hydrometeors 

terminal velocity of a particle with the mass-median dia
meter of the ith partition of the total hydrometeor water 
mass 

parameter in the Marshall-Palmer distribution inversely 
related to the total mass of hydrometeors per unit volume 

Turbulence and Turbulent Mixing Variables 

i turbulence intensity of a parcel 

e turbulence intensity of the environment 

e; entrainment constant 

L scale length of the turbulent fluctuations 

v mean velocity of entrainment 
ent 

v det mean velocity of detrainment 

v kinematic coefficient of viscosity 
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e=T -T buoyancy of a cloud parcel 
vp ve 

e' buoyancy fluctuations of a cloud parcel 

'T =ve ,2 intensity of the buoyancy fluctuations 

Physical Constants 

g 

R a 

E 

acceleration of gravity 

gas constant for dry air 

0.622 

Miscellaneous 

, (prime) cloud parcel 

" (double 
prime) entrained parcel 

(bar) average quantity over the cloud parcel 

Thermodynamic Equations 

A cloud is an open system that exchanges heat and mass with the 

environment. A particularly important aspect of this exchange is the 

dilution of the cloud's properties produced by the entrainment of dryer 

and cooler ambient air. As an entrained element comes inside a 

cloud parcel, heat, liquid water and water vapor are given to it from 

the cloud air until both systems attain the same temperature and com-

position. The final common properties will be intermediate between 

those of the environment and the original cloud. The rate of change of 

the cloud's temperature and composition as a result of this mixing can 

be determined by specifying the entrainment rate, the constraint of 
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final equilibrium, and by applying the first law of thermodynamics to 

both systems. Since the theory of open systems has not been dis-

cussed thoroughly in the meteorological literature, the thermodynamic 

equations for an entraining parcel will be derived in detail. 

Consider first a closed system; it can exchange heat with the en-

vironment through radiation and conduction, but mass cannot be trans-

ported across its boundaries. For such a system, the first law of 

thermodynamics can be written as: 

dCft = dh - vdp (1) 

where dq = dQ 
is the specific heat exchanged with the 

m surrounding (dQ is the total heat ex-

H 
changed with the surrounding), 

h = is the specific enthalpy. 
m 

V 
is the specific volume of the parcel, and v 

m 
dp is the change in pressure experienced 

by the parcel. 

Equation (1) in this form is independent of mass and as such can-

not be applied to an open system, whose mass changes through mix-

ing with the environment. If equation (1) is multiplied by the mass of 

the parcel (m) we obtain 

dQ + hdm = dH-Vdp (2) 

where dQ 

dH 
V 

is the total heat exchanged with the sur
roundings. 
the change in total enthalpy and 
the total volume of the system. 
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Equation (2) can now be applied to an entraining parcel. In this case 

dQ represents the heat exchanged with the environment through ra-

diation, conduction and mass transport. Notice that the total amount 

of heat gained by the parcel is composed of the heat dQ absorbed by 

the original mass m, plus the heat contained in the incorporated mass 

(hdm) after attaining the original temperature of the parcel. Equa-

tion (2) represents the first law of thermodynamics applied to an open 

system (Van Mieghem and Dufour, 1948). 

The cloud parcel and the entrained element are both open systems. 

Denoting with a prime the variables corresponding to the cloud and 

with a double prime those of the entrained element, we have the fol-

lowing system of equations: 

dQ' + h'dm' = dH ' - V'dp' (3a) 

dQII+ hlldmll = dHII_Vlldpll (3b) 

The mass of each system is composed of dry air, water vapor, 

and liquid water. So, 

(4a) 

(4b) 

where m , m • m are the masses of dry air, water vapor and li-
a v w 

quid water respectively. The total enthalpy of each system is the 

sum of the enthalpies of its constituents: 
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HI: 'h' 'h'+ 'h' ma a + my y mw w (5a) 

H": IIh II + IIh II + II h II ma a my y m. w (5b) 

where h • h • h are the specific enthalpies of dry air. water vapor 
a v w 

and liquid water. The specific enthalpies are a function of tempera-

ture (T) only, so that in terms of specific heats at constant pressure 

(6a) 

(6b) 

where c ,c ,c are the specific heats at constant pressure for 
pa pv pw 

air, water vapor and liquid water, respectively. The changes in the 

mass of the constitutents of each system can be produced by mixing 

d m (external changes) or by changes of phase d.m (internal changes). 
e 1 

The total change in the enthalpy can then be expressed as: 

(7b) 

or. in view of the definitions (5) and (6). 

I I hid I 'd I + hwd.m. + y jmy + h~ jm. 
(8a) 
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+ h Ad II + h "d. .. + h Ad. II 
W em. y I my • I m. (8b) 

The mixing process bl'twcen the cloud and entrained parcel can be 

visualized as taking place in the following manner: When the entrained 

mass is engulfed by the cloud parcel, an exchange of heat, water va-

por and liquid water takes place so that at the end the two parcels at-

tain the same thermodynamic state and are undistinguishable from one 

another. The entrained parcel can be thought of as either retaining 

its identity while coming to an equilibrium with the cloud parcel, or 

as breaking up into small elements that are scattered throughout the 

cloud parcel. and that individually reach a thermodynamic equilibrium 

with their surroundings. In mathematical form 

dQ I + hldml = -(dQ" + h"dm") 
(9a) 

(9b) 

(9c) 

(9d) 

Furthermore. the continuity of water substance demands that due to 

phase changes 

(10a) 

(lOb) 
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Equations (3a) and (3b) are now added together. and the definition 

of the mixing process (equations 9a to d), the constraints of mass con-

tinuity (equations lOa and b), and the expression for the total change 

in enthalpy (equations 8a and b) are substituted therein. After some 

algebraic manipulations one obtains 

( I I I) dT I (II II) II I I macpa + mv cpv + m.cp• 1- ma cpa + mv Cpv dT - V dp 

-Vlldpll + (hv'-hw')dimv' + (hvll-h~l)dimvll + (h~-h:')d.m: 

(h i hll)d I + w -. .m. = 0 

From the definition of latent heat we obtain 

L =hl_hl=hll-hll 
V V W v w 

(11) 

(12) 

where L denotes the latent heat of condensation. Furthermore, 
v 

hl_hll- (TI_TII) 
V V - cpv (13) 

hl-hll= (TI-TII) 
W • cpw (14) 

With these definitions equation (11) becomes 

( I I I )dT' (II II) II ma cpa + mv Cpv + m. Cpw + ma Cpa + mv Cpv dT = 

-L.,(djmv' + djmv
ll

) - (cpvd.mv' + cp.d.m.')( T'-TII) (15) 

+ V'dp' + Vlldpll 

At this point it is better to define the masses of water vapor and li-

quid water in terms of their respective mixing ratios: 

, 
I mv 

Xv = - = m l 

a 

E~ p'_ pi 
V 

(16a) 
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II 

E~ II = my xy = (16b) II p'!.. pll ma y 

Also 

'R ' m~RaT' 
V' = my yT 

P.' = (P'- Py') y (17a) 

IIR Til IIR Til 
VII = my y 

= ma a 
f?1I (p'!..PyIl) (17b) y 

The constraint of a common temperature and composition after mix-

ing require that 

T'+ dT' = Til + dT II 
(18) 

X~+dX~;: X: +dX: (19) 

In addition we impose the additional requirement that the final state 

is saturated so that the Clausius-Clapeyron equation holds 

€ Ly , dp; 
T'2 

dT = Ra-, 
Py 

(20) 

When equations (16a). (16b), (17a), (17b), (18), and (19) are intro-

duced in equation (15) we obtain. after some algebraic manipulation, 

r r;, II (' II) 'J [(' II Xly ( E + x~) L;]ll , 
l~ ma + ma ) cpa + rnv + rny cpy + rnwcpw + rna + rna) T'2 Ra ~ dT = 

L X'd' 
( ' II) Y Y P L (' ") II ( d' ')(' ") rna + ma P'_ p.' - y Xy - Xy ma - cpy ,my + cpwd.rn. T -T -

y 

(21) 

'T' II II 

( II 11)( 'Til) (rna ,rna T II) rna Cpa + myCpy T - + Ra p'_f?,dp - p"-p'1I dp 
y y 
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The preceeding equation can be greatly simplified by considering 

the fact that the enthalpy changes of the water vapor and liquid water 

are much smaller than the corresponding enthalpy changes of the dry 

air. This is so on account of the small water vapor and liquid water 

mixing ratios encountered in meteorological conditions,even in moist 

convection. The following assumptions can thus be made. 

Py« P '" 1: 100 

II 

Xv c pv « cpa ...... 1:1000 

X~ « E '" 1:600 

...... 1:200 (22) 

...... 1:1000 

d I (T' Til) II ( I II Cpv emv - «Cpama T -T ) ...... 1: 1000 

d '(T' Til) "( • ") c pw emw - «cpama T-T '" 1:200. 

In addition it will be assumed that both cloud and entrained parcels 

are at the same pressure before mixing and that the pressure changes 

experienced during the mixing process are the same and hydrostatic. 

Thus 

• II 

P = P = P 

dp' = dp" = dp = -pgdz (23) 

Under these assumptions equation (21) reduces to 
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dT'= (24a) 

If the process is saturated, the equation for the mixing ratio can be 

obtained from the definition of mixing ratio (equation 16a) and the 

Clausius-Clapeyron relationship (equation 20), by logarithmically 

differentiating both equations and substituting one into the other. Thus 

In the case that the cloud parcel becomes subsaturated, the condensa-

tion terms in equation (24a) drop out, as well as term (d) which rep-

resents the evaporation of cloud water to bring the entrained parcel 

to the saturated state of the cloud. Thus, equation (24a) reduces to 

, 9 
dT = - -dz

cp 

II 

.ma II (T'-T") - Evaporational 
ma + ma cooling 

(24b) 

The evaporation of liquid water now depends on the degree of subsa-

turation and the amount of liquid water present. The equation for the 

mixing ratio of the subsaturated parcel can be expressed as 

II 

dx~ = - .rna II (x~ - x~) + Evaporation 
rna + rna (25b) 
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The evaporation term will be discussed in connection with the micro

physical computations. 

Equation (24) describes the four principal thermodynamic pro

cesses experienced by an entraining cloud parcel. Term (b) repre

sents the dry adiabatic cooling undergone by the cloud parcel. Term 

(a) and the denominator modify this cooling in lieu of the released 

condensation heat. Terms (c) and (d) have to do with the mixing of 

cooler and dryer environmental air with the parcel. Notice that the 

dilution effect is distributed among both the cloud and entrained 

masses. 

Equations similar to (24) have been derived from basic principles 

by Dufour (1956) and by simplified or intuitive thermodynamical 

schemes by Stommel (1947) and Austin and Fleisher (1948). None of 

these formulations take into consideration that the entrained mass 

participates in the sharing of the total energy of the system. In the 

case of the detailed derivation by Dufour (1956). the problem arises 

because of the inaccurate representation of the mixing process be

tween the parcel and the entrained element. The consideration of the 

mass of the entrained parcel in equation (24) will be unimportant when 

the entrainment rate is small. However, in the case of actively

growing cumuli the ratio of entrained to cloud masses may be of such 

a large magnitude that its neglect could affect the simulation of the 

dynamics considerably. The magnitude of the entrainment rates ob

served in the present model will be discus·sed in subsequent sections. 
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Equations of Motion 

Basic Equations. The vertical equation of motion for a cloud par-

cel that does not interact with the environment can be written as 

dw I ap 
-=----g+F 
dt Pp az (26) 

where w, p, p and F represent the vertical velocity, pressure, 
p 

density and frictional retardation of the cloud parcel. The corres-

ponding momentum equation for an interacting or open parcel can be 

obtained by multiplying equation (26) by the mass m of the parcel 

mdw_ m ap 
------ - gm + mF dt p.. az 

p 

(27) 

Consider now an element of external air that is entrained into the 

cloud. It also can be regarded as an open system that suffers a change 

in momentum. Indicating the variables that refer to the cloud with a 

prime and those referring to the entrained mass with a double prime, 

we have the following system of equations: 

I I I api 
m dw =-..!!!.--gm'+m'F' 

dt p"'1 az 
p 

/I d /I /I /I m w _ m ap '1 + IIFII 
~--p"11 az -gm m 

p 

Upon addition we obtain 

(28) 

(29) 
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'd' "" , , " " m w + m dw _ m ap m ap (I + ") + IF' + "F" - ------~--g m m m m dt dt f!' az f! az 
p p 

(30) 

After mixing, both cloud parcel and entrained element will have 

attained the same velocity; i. e. , 

Dividing by dt we obtain 

w' + dW' = w"+ dw ll 

dW" dW' (w'-w") 
-dt- = -dt- + -'-'-d~t~":'" 

We further assume that the mixing proceeds at constant pressure 

(31) 

(equation 23 ) and that the density difference between the two systems 

is small. If these assumptions, and the definition of the mixing pro-

cess (equation 31) are introduced in equation (30), we can write 

dW'_ lap' m'F'+m"F" (w'-w ll
) mil 

(if--p'" az-- g + m'+m" - dt m'+m" 
p 

(32) 

The last term represents the change in momentum of the cloud par-

cel due to the entrainment of an element of air from the environment. 

Note that the total mass of the system cloud-entrained air enters into 

the equation. This means that the entrained excess or deficit of mo-

mentum is distributed among the masses of both cloud and entrained 

parcels. 
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Change in Notation. From now on everything will refer to the 

cloud parcel; the primes will be dropped, and the entrained mass m" 

will be denoted by dm t (the increase in mass of the cloud parcel due 
en 

to entrainment). Furthermore, the assumption will be made that the 

environment is at rest (w" = 0). Equation (32) now becomes 

dw=_.L ap _ _ w dment+F 
dt p.. az g (m+dmen~dt p 

(33) 

where F represents the total retardation force on the system 

mIFf + m"F" 
( F = '+ " ). m m 

The Vertical Pressure Gradient. The usual procedure in dealing 

with equation (33) is to assume that the vertical pressure gradient in-

side the cloud is the same as the hydrostatic pressure gradient of the 

environment. In this way the classicalArchimedean relationship is 

obtained 

(34) 

where p is the density of the environment. Actually, the vertical 
e 

pressure gradients inside the cloud are determined by both hydrosta-

tic and dynamic effects. The dynamic components might be fairly 

large in the case of high liquid water contents. In this case the fall 

of water droplets through the updraft current can produce regions of 

convergence and divergence that affect the vertical pressure gradient 
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in the cloud (Lozowki and List, 1969; List and Lozowski, 1970). In 

a one-dimensional model these dynamic effects cannot be easily in-

corporated. However, comparisons of the results of this model with 

results from two-dimensional models that do incorporate these effects 

seem to indicate that the error in neglecting the nonhydrostatic terms 

is not critical at this stage. Since one of the purposes in developing 

this model is to have a fast and simple scheme to be applied to other 

problems, we feel confident that neglecting the dynamic effects of 

falling precipitation on the vertical pressure gradient is an adequate 

assumption for our present objectives. 

Effect of the Weight of the Retained Liquid Water. Il,l equation (34) 

the density p is made up of the density of the moist air plus the den
p 

sHy of liquid water in the parcel. Following Saunders (1957) and Das 

(1964) the effect of liquid water on the dynamics of the cloud is ex-

plicitly expressed as 

dw _ (P'-,o) _ ~ _ w UmIlll+F 
dt - 9 P 9 P (m+dmellt)dt (35) 

where now p is the density of the moist air of the parcel and Q is 

the total liquid water density. The drag exerted by the liquid droplets 

is actually the weight of the liquid mass. Their acceleration due to 

gravity is imparted to the air as the droplets either drift or fall at a 

terminal velocity with respect to the updraft current. 
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Frictional Effects. The last term (F) of equation (35) represents 

the total frictional retardation that the parcel experiences. It is the 

result of internal frictional dissipation and external drag. Due to the 

turbulent interior of the parcels, some kinetic energy of mean motion 

(cloud-scale motion) is converted into turbulent (subcloud-scale) 

energy. The subcloud scale motions can be organized in the form of 

a ring vortex or can be composed of random turbulent fluctuations. 

In the latter case the disSipation (F ) of mean momentum will be 
turb 

related to the working of the Reynolds stresses on the mean motion. 

This term will be derived in the section dealing with the turbulent in-

tensity of the cloud parcel. If the cloud parcel possesses an organ-

ized internal rotation, some of the kinetic energy generated by the 

buoyancy forces will be used to generate the internal vorticity. In 

the case of a Hill's vortex, for example (see Fig. 2), the kinetic 

energy of translation is only 7/15 of the total kinetic energy possessed 

by the vortex as a whole (Lamb, 1945). If the vortex were accelera-

ting due to buoyancy forces, the acceleration of the translationary 

motion would be only ..J7715 = .6834 times the total acceleration pro-

duced. This same factor will be applied to the buoyancy term of 

equation (35). The internal rotation of clouds in the atmosphere prob-

ably differs from the pattern of a Hill's vortex. Thermals in labora-

tory tanks, however, seem to rotate very much like Hill's vortices 

(Scorer, 1957; Woodward, 1959; Turner, 1959, 1963). Inview of the 



Fig. 2. Streamlines of the flow. relative to axes at rest, of the motion in and around Hill's spherical 
vortex. From Turner, 1963. 

r-:> 
co 
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lack of information of the internal rotation of clouds, it was felt that 

the assumption of a correction factor similar to that for a spherical 

vortex would be appropriate in our case. 

On the other hand, as the cloud moves through the environment 

some of its mean kinetic energy is used in setting the external air in 

motion around the parcel. This form drag is experienced by the top 

of the cloud and by those layers that move against slower-moving ones. 

In the latter case the faster-moving parcel displaces the air of the 

layer ahead and forces it to move around itself, thus losing some mo-

mentum. The classical expression for the form drag (Prandtl and 

Tietjens, 1957) is 

~W2 
C 1rr2 ~ 

D 2 
F'orm = - m + dment 

(36) 

where CD is the drag coefficient and 7r r2 is the cross-sectional 

area of the parcel normal to the direction of motion. 

With these formulations for the frictional retardation, equation 

(35) becomes 

where a is the HillIs vortex rotation correction of O. 6834. 

The buoyancy term in equation (37) can be expressed ir terms of 

the virtual temperature difference between cloud and environment. 



30 

Assuming that the pressure of the cloud parcel is the same as the 

pressure of the environment at the same height we obtain 

where T and T are the virtual temperature of the cloud parcel 
v ve 

and environment respectively. 

Mass Balance and Cloud Geometry 

Since we are working on a Lagrangian scheme, the mass balance 

of each layer is simple to calculate. Actually, only the entrainment-

detrainment process and the mixing between levels due to internal ro-

tation have to be considered. So, 

dm = dment _ dm det + dmrot 
dt dt dt dt (39) 

where dm
ent

, dm
det 

and dm
rot 

represent the change in mass due 

to entrainment, detrainment, and mixing due to rotation, respectively. 

Internal Rotation. When a parcel of air moves through the en-

vironment in which it is embedded, the retarding effects of drag and 

entrainment are initially concentrated in a thin layer around the par-

cel. A s a result, the air in the interior moves at a faster speed a-

gainst the advancing edge of the parcel and past the slower-moving 

sides. This pattern of convergence in the front and a shearing flow on 



31 

the sides can generate a vortex motion in which air from the center 

moves forward, decelerates, moves radially out and finally moves 

downward relative to the faster moving core. 

A vortex motion of this kind has been observed in laboratory ex

periments with dense bubbles falling in water (Scorer, 1957). The 

circulation pattern of the bubbles closely resembles spherical Hill 

vortices (Woodward, 1959). Fig. 2 portrays the streamlines of a 

Hill's vortex. Clouds are also observed to possess vortex circulations 

(Warner, 1970). Such a flow pattern probably exists in the cap and 

in those regions of a cloud where there is a negative vertical velocity 

gradient (velocity decreasing with height). This rotation has also 

been reproduced by two-dimensional numerical models of clouds 

(Ogura, 1962; Orville, 1965; Murray, 1967). 

In a one-dimensional model, ring vortex circulations cannot be 

reproduced, but have to be parameterized in terms of the mean ver

tical velocity fields. In the present model this rotation has been para

meterized in terms of the vertical velocity gradient across the layers. 

A vortex circulation is assumed to set in whenever a faster moving 

layer pushes against a slower moving one. The squeezed-out mass of 

the slower layer is then circulated backwards around the faster mov

ing one. (At this point the rotation correction factor is also intro

duced in the equation of motion as explained in the previous section). 

If the mass-transport by rotation were not considered, a ~harp in

crease in the radius of a squeezed layer would occur. In fact, the 
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From the change of mass given by (39). and assuming a cylindrical 

configuration. the radius of each layer can be obtained. 

Cloud Microphysics 

The microphysical cloud processes possess a high degree of com-

plexity. All we can attempt to do in a general model of cumulus 

convection is to simulate the combined. or bulk, effect of the hydro-

meteors on the dynamics of the cloud without going into the details of 

the growth and aggregation process of water particles. 

Following Kessler (1969) we have divided the total liquid water in-

to two parts: cloud water. composed of small droplets which do not 

fall relative to the cloud (less than about 100f.!. in diameter) and hydro-

meteor water. composed of drops which have a terminal velocity. 

relative to the cloud (larger than about 100 f.!. in diameter). So. 

where Q is the total liquid water content (gm/m 3) and Q and Q 
Cl Hy 

are the cloud and hydrometeor water contents. respectively. All of 

the newly condensed water vapor is initially put into the cloud water 

category. After the amount of cloud water increases above a certain 

threshold value. conversion of cloud to hydrometeor water takes 

place. (This scheme tacitly assumes that the condensation nuclei 

distribution can produce a broad spectrum of cloud droplets, and that 

given some time, some of the droplets will grow by diffw;;ion to 

hydrometeor size.) Once hydrometeor water is present. the collection 
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process takes place and the hydrometeor water increases at the ex-

pense of the cloud water. Some of the hydrometeors will fall out of 

the parcels, while some will fall in from the layers above. In general 

we will have 

~~CI = Generation - Conversion - Collection (43) 

~~H'f = Conversion + Collection - Fall out + Fall in (44) 

In the case that the layer becomes unsaturated, equations (43) and 

(44) become 

~~CI = -Conversion - Collection - Evaporation (CI) (43a) 

dQH'f = dt Conversion + Collection - Fall out + Fall in - Evaporation (Hy). (44a) 

Generation. The generation rate of liquid water through condensa-

tion is given by 

Generation = - ~~Iat. -
dt 

II 

rng (I ") 
I II Xy - Xy 

rna + rna 
( 45) 

The first right-hand term is given by equation (25) and represents the 

change of rate of the saturation vapor pressure of the cloud parcel. 
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Notice carefully that it is not equivalent to the net generation rate of 

liquid water through condensation, as some of the condensed water is 

used for the resaturation of drier entrained air from outside the cloud. 

This effect is represented by the second term of equation (45). 

Autoconversion. The autoconversion of cloud into hydrometeor 

water is initiated when QC1> a "'0. 5 gm/m 
3

. According to Kessler 

(op. cit. ) the rate of autoconversion can be expressed as 

( dQHy) =_(dQCI\ =K(Q -o),Qcl>a 
dt cony. dt Jconv• I CI 

(46a) 

=0 (46b) 

The autoconversion constant (K
1

) has been evaluated by Kessler as 

-1 
0.001 sec . 

Collection. To obtain the expression for the rate of collection of 

cloud water Kessler assumes that the hydrometeor sizes are distri-

buted according to the Marshall-Palmer law (1948): 

(47) 

Here D is the diameter of a hydrometeor and N is the number of 

particles in the diameter range dD per unit volume. N is the in
o 

tercept of the curve for vanishing diameter. Physically it is a mea-

sure of the total number of particles per unit volume. The order of 

f N f t 1 . . 0 7 -4 magnitude 0 or na ura raIns IS 1 m . 
o The parameter A is 

inversely related to the total mass of hydrometeor water per unit 

volume. Numerically it has units of m-
1 
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Now. the volume swept per unit time by a hydrometeor of diameter 

D with a terminal velocity V T is 

02 
-1T-V 4 T 

If E is the efficiency with which the cloud particles are caught, the 

growth in mass of the collecting hydrometeor is given by 

where the terminal velocity is related to the radius (Spilhaus, 1948) 

by the empirical formula 

(48) 

where VT is in m/sec when D is expressed in meters. The in-

crease in total hydrometeor mass per unit volume due to collection, 

can then be evaluated by integrating the rate of growth of each particle 

due to collection over all diameters, 

(49) 

-3 -1 
expressed in units of gm m sec • Assuming that the collection 

efficiency is the same for particles of all diameters Kessler (1969) 

obtains 

( dQHy\ = _(dQcl) = 6.96 X 10-4 E No•125 Q 00.875 
dt Icoll df ,coli 0 CI Hy (50) 



38 

Fallout Scheme (Partitioning of Falling Water into Eight Velocity 

Groups). To compute the amount of water falling out of a layer, we 

partition the total mass of hydrometeor water in each parcel into eight 

groups according to particle diameter. The diameter range of each 

partition is chosen so that each group contains the same mass. All 

the particles in the same partition are assumed to fall with the ter-

minal velocity of a particle with the diameter that divides the partition 

into two equal mass segments (mass-median). This procedure has 

proven to be superior to the scheme used by Kessler and by Simpson 

and Wiggert (1969, 1971), in which all the particles are assumed to 

fall with the terminal velocity of the droplet corresponding to the me-

dian diameter of the entire hydrometeor distribution. By having eight 

different terminal velocities for the water in a layer, the hydrome-

teors spread themselves downwards in a more realistic way. The 

high liquid water concentrations experienced in other experiments 

using a monodispersive droplet population is thereby avoided (Das, 

1964; Srivastava, 1964, 1967; Srivastava and Atlas, 1969). 

The rate of fallout of hydrometeor water per unit volume from a 

given layer can then be expressed as 

( dQH ) _ ~ ( I ) - 2/ 2 
dt y -? aQHy VTj 1Tr /1rr 6Z 

fall-out 1=1 

(51 ) 

where V
Ti 

is the terminal velocity of a particle with the mass

median diameter of the ith partition, and rand L::.z are the radius 
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and height of the layer. The fallout rate cannot be larger than QHyl dt. 

The terminal velocities can be obtained by using equation (48) once 

the mass-median diameters of the eight partitions are obtained. To 

calculate these we used a combined numerical-graphical approach as 

follows: The mass of liquid water per unit volume contained in the 

diameter range zero to D in the Marshall-Palmer distribution is 

given by 

(52) 

where P
L 

is the density of liquid water. This mass corresponds to 

a fraction f of the total mass of liquid water per unit volume QHy. 

So, (52) can be written as 

(53) 

We are interested in values of f = 1/8, 2/8, ••. 7/8. The integral 

in (53) can be evaluated analytically to yield 

The relationship between QHy and the parameter ~ can be obtained 

by integrating (52) between zero and infinity. Thus, 

(55) 
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So, from (54) 

Or, 

I-f = e-)'O(I+ AD +(>.~)2+ ~l) 
2. 3. 

Expanding the exponential and multiplying we obtain the series 

4 5 6 
I-f= 1_ (AD) + (AD) _ (AD) + ... 

4'3! 5-3! 6'3! '2! 
(57) 

Now, from equation (55) we see that A. is determined by the total 

mass of hydrometeor water present in a layer and that it fixes or de-

fines a specific Marshall-Palmer distribution. So, any other statistic 

that could define the Marshall-Palmer distribution corresponding to a 

given water density can be used to determine A. and vice versa. Now, 

the diameter that partitions the distribution into two groups with 

masses equal to fQ
Hy 

and QHy{1-f) is such a statistic. So we can 

set 

b 
~= om (58) 

where b is a fixed parameter depending on D, which is in turn a 

function of f. Equation (57) now becomes 

00 b4 +m . 
L m=O (4+m)6m! (59) 
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Equation (59) defines the ogive of the Marshall- Palmer distribution. 

It can be evaluated numerically for different values of ~ and plotted. 

The values of ~ corresponding to the central points of the eight equal 

mass groups (f = 1/8, 2/8. 3/8, ..• 7/8) can then be obtained gra-

phically. By using (58) and (48) the terminal velocities needed in 

equation (51) can be evaluated. 

The falling droplets in each of the eight size-groups of each layer 

are then distributed downwards according to their terminal velocities. 

Their displacement distances (V T. dt) are compared with the height 
1 

and thickness of the layers below, and the water is applied to the lay-

er in which it falls. By working from the top parcel downwards each 

layer will accumulate the water terminating at its height that has fall-

en from all the layers above. This water is added to the remaining 

hydrometeor water of the layer, and the sum is assumed to be re-

arranged into a new Marshall-Palmer distribution. 

The water that falls through cloud base is called precipitation. As 

the sub-cloud layer is not considered in this model, the evaporation 

of the rain as it falls into dry air is not specified. 

Evaporation. In the case that subsaturation is produced in a cloud 

parcel, some of the cloud and hydrometeor water is evaporated. Fol-

lowing Kessler (1969) the evaporation is given by 

( dQCI~ = 193 X I06N·35( I _ I ) Q.65 dt . 0 Xv XVlat• CI 
Ivap 

(60) 
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(61 ) 

here (x' - x' ) is the saturation deficit existing in the parcel. 
v Vsat 

Radar Reflectivity. The radar reflectivity is estimated from the 

new values of Q
Cl 

and QHy. By definition, the radar reflectivity 

factor is the summation of the sixth powers of the drop diameters: 

(62) 

But X. can be obtained in terms of the total hydrometeor mass den-

sity from (55). So, (62) becomes 

(63) 

The Mixing Process 

Most of the available information about the nature of entrainment 

has been obtained from laboratory experiments in which a parcel of 

denser fluid is dropped in a tank of still water (Scorer and Ronne, 
• 

1956; Scorer, 1957; and Turner, 1962a). These studies reveal that 

the entrainment mechanism is of a turbulent nature. Because of the 

turbulent fluctuations inside the denser parcel, cavities and protub-

erances develop on the surface, trapping environmental fluid and 

drawing it inside. In these experiments no mass is detrained from 

the parcel to the exterior. However, if the turbulence le~el of the 

tank is artificially increased (Turner, 1962a) detrainment occurs, the 
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eddies in the environmental fluid removing mass away from the parcel. 

Thus, entrainment seems to be dependent on the turbulence level of 

the parcel, while detrainment seems to be dependent on the turbulence 

level of the surrounding fluid. 

According to this evidence, Telford (1966) and Morton (1968) have 

suggested that the mean velocity of entrainment into a parcel (V t) 
en 

is proportional to the turbulence intensity of the cloud parcel (i), while 

the mean velocity of detrainment out of the parcel (V det) is propor

tional to the turbulence intensity of the environment (e). Thus, 

Vent = l i (64a) 

Vdet = te (64b) 

where E: is the entrainment constant and i and e are the turbulence 

intensities of the cloud parcel and the environment, respectively. The 

turbulence intensity is defined as 

(65a) 

(65b) 

here u', v' and Wi are the eddies of the x, y, and z velocity com-

ponents respectively. The subscript p and e refer to parcel and 

environment. The entrainment (~~ent) and detrainment (~r:det) 

rates are then the fluxes of mass into and out of the parcel. So, 

.. dment - 2-dt = pe Vent "r 6. Z (66a) 
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(66b) 

In order to evaluate these fluxes the turbulence intensities of the 

cloud and the environment have to be known at all times. The next 

section discusses the procedure used in the model to evaluate these 

quantities. 

Turbulence Intensity Equations 

In order to obtain information on the distribution of turbulence in 

a cloud, the kinetic energy equations for the fluctuating or turbulent 

motion can be considered. Since thes e are obtained by taking velocity 

moments of the momentum equations, correlations of the form u 'w', 

wIT' and Wi'2" are introduced. These can only be evaluated by intro

ducing equations involving higher order correlations, and so on. It 

is, however, more convenient to truncate the procedure by making 

assumptions about the form of the turbulence. In this case the differ

ent correlations are expressed, in approximate form, in terms of 

large scale parameters of the cloud flow. The justification for this 

procedure lies in the fact that the changes in the thermodynamic and 

dynamic variables produced by the process of turbulent entrainment 

are generally an order of magnitude smaller than the corresponding 

changes produced by cloud-scale processes. Thus. the terms involv

ing turbulent entrainment in the thermodynamic, momentum and con

tinuity equations can be determined to a lesser degree of accuracy 
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without introducing serious errors in the computed mean properties 

of the cloud. 

The Kinetic Energy Equation for Turbulent Motion. In general, 

the kinetic energy equation for the fluctuating motion of the cloud par-

cel (i) can be written as 

(67a) 

where G and D indicate generation and viscous dissipation, respec-

tively. Similarly, for the entrained parcel, 

(67b) 

Upon addition, and noting that because of the constrain of final equil-

ibrium 

we have 

(68) 

IId(I/2e
2
)0 m"I(.2 2) -m - -- I -e dt dt 2 

In view of the fact that the horizontal shear of the vertical winds are 

more concentrated in the cloud than in the environment, the genera

tion of turbulence intensity in the entrained element ( mil 4(1/ 2e 2) G ) 
. dt 
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will be small compared to the generation of turbulence intensity in the 

m' d(1/2 i
2
)G cloud parcel ( dt ). With this assumption. dropping the 

primes arid setting mil = dm', we have 

m d( 1/2j2)G_ I dm .2 2 
= m + dm dt m + dm dt (1/21 - 1/2 e ) 

m d(1I2 j2) 0 _ dm d(I/2 e2
) 0 

m + dm dt m + dm dt 

(69) 

The Generation of Turbulence. Morton (1968) has performed an 

order-of-magnitude analysis of the complete kinetic energy equations 

for the turbulence of plumes. Most of the following discussion is 

based on his study. The generation of turbulence intensity is believed 

to be principally produced from the horizontal shear of the mean ver-

tical wind between cloud and exterior, and by the turbulent fluctuations 

of the temperature field. The principal terms contributing to the gen-

eration of turbulence intensity are those representing the rate of work-

ing of the Reynolds stresses against the radial gradient of mean flow 

(u'w' :; ), and the rate of working of the fluctuating buoyancy w'e' 

on the velocity fluctuations. Thus 

d(1I2 j2) G ::: -.-. c)w JL -.-. 
dt U W c)r + Tve we (70) 

where u is along r, T is the virtual temperature of the environ-
ve 

ment and e' = (T - T )' is the fluctuation in buoyancy. The follow
vp ve 

ing assumptions about the form of the turbulence in the cloud are made: 
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(71a) 

(71b) 

- 1/2 
wlel 

"-I (t) iT (71C) 

where T =..Ji2 is the intensity of the buoyancy fluctuation. With 

these simplifications 

(72) 

The negative of the first term enters into the equation of motion as 

the retardation of the mean flow due to internal dissipation into tur-

bulence. 

The Dissipation of Turbulence. The viscous dissipation can be 

expressed as 

(73) 

In this expression according to Townsend (1956), AI is a constant of 

the order of unity and L is the scale of turbulence. Assume further 

that 

AI"-J I (73a) 

r"J5L (73b) 

(73c) 
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So. equation (73) becomes 

(74a) 

Under the same assumptions. the viscous dissipation for the entrain-

ed air can be approximated as 

d( 1/2 e2
) = ~ (1.) 1/2 .!.,$ 

dt 0 2 3 r 
(74b) 

Finally. by introducing the expressions for generation (equation 72) 

and dissipation (equation 74 ) into equation (69). the equation for the 

change in turbulence intensity of the parcel can be written as 

d i _ [I . W ( I )1/2 9 ] m 5 ( I )1/2 I [.2 e3 ~ I - - - 1- + - - 't' - - - - I m + -dm dt 3 r 3 Tve m + dm 2 3 rim + dm 

I dm (. e
2

) I 
- '2di"' 1- T m+dm (75) 

Equation of Buoyancy Fluctuations. To complete the system. an 

equation predicting the buoyancy fluctuation is needed. In this case. 

the environment air is assumed to be devoid of buoyancy fluctuations. 

In analogy to equation (69) we can write 

m d(1/2't'2)G_ m d(1/2t'2) I dm( 2 
= m+dm dt m+dm dt D - m+dm dt 1/2't') ,(76) 

where T:II R takes the place of i. The generation term is given 

by 

(77) 
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Assuming 

- (I )1/2 u'a' '''' 3' i't' (78a) 

ae e -,.., -ar r 
(78b) 

we write 

(79) 

The dissipation of buoyancy fluctuations by conduction can be express-

ed, according to Townsend (1959), as 

(SO) 

where B' is a constant of approximately 0.3, and L is the scale of 

the buoyancy fluctuations. Assume that 

8 ' ,.., 0.3 
(Sla) 

r ~ 5L (81b) 

~~ 1.2 3'1 . 
(SIc) 

So 

(82) 

Equation (76) becomes finally 

d't' = m (i)1/2 . .!. _ m (1.)1/2 it' _ dm· I 
dt m+dm 3 Ir m+dml.53 . r m+ dmdt 2 't' . (83) 
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Equations (75) and (83) are used in the model to obtain the turbu

lence intensity of the cloud parcel at every time step. The entrain

ment rate can then be evaluated using (66a). The turbulence intensity 

of the environment, necessary to compute the detrainment I ate} is 

obtained from the horizontal wind profile of the particular sounding 

used in the computations. This will be discussed in the following sec

tions. 

Initial Conditions (Boundary Layer Forcing) 

When soundings over tropical oceans are analyzed; the thermal 

stability of the sub-cloud layer stands out sharply. It iS J in factJ sur

prising that clouds exist at all. Even under moist, disturbed condi

tions J a surface parcel will not rise freely until it is two or three 

hundred meters above the lifting condensation level. Evidently a 

strong dynamic forcing in the sub-cloud layer is necessary to develop 

any deep cumulus convection. This forcing must also be capable of 

generating a steady flux of moisture through the cloud base for sev

eral minutes in order to produce and maintain the growth of strong 

cumuli. 

Cloud surveys over the tropical oceans (Malkus and Riehl, 1964) 

reveal that areas of deep convection are almost invariably associated 

with areas of synoptic convergence. The vertical velocity induced at 

the top of the boundary layer by the low level convergence can pro

vide the source of moisture needed for the production and maintenance 
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of deep clouds. Since less than 10/0 of the area of a disturbance is 

actually covered by active clouds, the local convergence beneath the 

clouds can be hundreds of times larger than the synoptic values. 

The precise mechanism by which the synoptic boundary layer con-

vergence is concentrated into smaller areas of intense inflow under 

the clouds is not well understood. Probably the actual mechanism of 

the cloud generation in disturbed conditions is a combination of both 

thermal instability and low-level dynamic forcing. Accelerating 

moist but unsaturated bubbles embedded in slowly rising boundary-

layer air can modulate the low-level convergence into scattered areas 

of intens e inflow. 

For lack of any detailed information on the initiation of cumulus 

clouds, we have assumed the existence of a local concentrated con-

vergence in the layer directly beneath the cloud base. This local 

convergence is assumed to have magnitudes 10
2 

to 10
3 

times larger 

than the synoptic values. The resulting forced updraft into the base 

of the cloud is assumed to vary in time as the positive branch of a 

sinusoidal curve, or 

W = Wo sin (ni) (84) 

where w is the maximum value, and T the duration of the forced 
o 0 

updraft. The value of w can be obtained from the assumed local 
o 

sub-cloud convergence ( V·w. ) and the height of the cloud base '(B) as 

Wo = -V·wo XB (85) 
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w = Wo sin ( ... ~o): forced updraft 

To: duration of forced updraft 
Wo: maximum value of forced updraft 

Wo = -V,wo x B 
v.\'4t: local convergence into cloud base 

B: height of cloud base 

~ 
1&1-:. ::::~::::~:::""To-:"-=-----""---------... -----.... --........ 1--. TIME 

Fig. 3. Schematic representation of the forced updraft function applied 
at cloud base during the initial growth period of the different 
clouds. 

Fig. 3 portrays these relationships. The mean updraft through cloud. 

base during the time interval T is equivalent to 2w /1f. The total 
o 0 

mass used by the cloud during the initial forcing period is 2p owoR2oTo. 

where Po is the density of the sub-cloud layer and Ro is the initial 

updraft radius. By specifying different values of the sub-cloud con-

vergence. the height of the cloud base and the radius, duration and 

peak value of the initial updraft through cloud base. different cumulus 

cloud types can be defined. The air entering at cloud base is assumed 

to have the mixing ratio of the surface air and a temperature such 

that saturation is achieved. 
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Computational Scheme. At each time step of the computations, 

equations (24), (25), (38), (39), (43), (44), (75) and (83) are integrated 

in time for each of the layers of the core and shell of the cloud. A 

forward finite-difference scheme is used. In this way new positions 

and new values for all the variables are calculated for each layer. 

The ambient sounding is then interpolated to provide the corresponding 

environmental values of temperature, humidity and turbulence inten

sity for each of the new heights. This information is used in compu

ting the mixing between cloud and environment, and the buoyancy of 

the parcels during the next time-step. The equations are again solved 

simultaneously for each layer and the process repeated. 

Whenever a core layer starts to overtake another, a rotation rou

tine is applied (equation 40) and a new shell layer is generated around 

the compressed core parcel from the mass that diverges out from it. 

In case that a shell layer already exists around the compressed core 

parcel, the diverging core mass is incorporated to the preexisting 

shell. 

Equations (24), (25), (38), (39), (43), (44), (75) and (83) are inte

grated in time for each of the layers of the shell independently of the 

core. At the end of every time step, however, the layers of the shell 

are interpolated with height to coincide with the positions of the layers 

of the core. This procedure simplifies greatly the computational 

scheme of the model. 
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A more detailed description of the computational procedure and of 

the computer program is being prepared and will be made available to 

interested individuals. 



IV. RESULTS 

The nature of a simulated cloud depends on the values assigned to 

the different controlling parameters. The basic ones are: 

1. the environmental sounding 
2. the level of external turbulence 
3. the height of the cloud bas e 
4. the magnitude, duration and size of the initial updraft at 

cloud base 
5. the entrainment and microphysical constants 
6. and the drag coefficient 

A great number of cloud types could be defined by specifying different 

combinations of the values of these parameters. In this section a few 

of the possible cloud simulations will be presented in detail for the 

purpose of illustrating the capability of the model. In addition, the 

sensitivity of the model to the different controlling parameters will 

be investigated by briefly describing a number of cloud simulations in 

which only one parameter is allowed to change at a time. 

Description of Three Basic Types of Cumuli 

Three typical maritime tropical cumuli will now be discussed in 

detail. They represent a cumulonimbus (Cb), a towering cumulus 

(TWG) and a small cumulus (Cu). 

Environmental Parameters. The environment sounding used for 

the simulation of these three typical clouds is representative of con-

ditions in tropical disturbances. It was obtained by averaging OOZ 

radiosonde data for disturbances in the Caribbean region, during Aug-

ust and September, 1968. Fig. 4 shows the sounding plotted on a 
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Fig. 4. Mean disturbance sounding, OOZ August and September 1968. 

tephigram. The turbulence level of the environment was computed 

from the corresponding wind profile. It was assumed that 

r -.-. _ cHI u''::,.,. u W --v-
c)l 

Ii -'-1_ v~V 
V -vw-- ~ 

(86a) 

(86b) 

where v is the kinematic coefficient of viscosity and u and v are 

the x and y velocity components for the mean sounding. The turbu-

lence intensity of the environment can then be evaluated as 

(87) 
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Fig. 5. Kinematic coefficient of viscosity used in computing the tur
bulence level of the environment. 

The values used for v were obtained from Frost (1948). Fig. 5 

shows the profiles used in the computations. The height of the base 

of the clouds was kept constant at 520 meters (950 mb). 

Initial Updraft Parameters. The values that characterize the 

initial sub-cloud layer forcing for the three typical clouds are listed 

in Table 1. In the case of the Cb a low-level forcing updraft with a 



Table 1. Parameters used in the simulation of three typical clouds. 

Entrainment Drag A utoconversion Cloud Local Computational Initial Duration of Maximum 
Constant Coefficient Threshold Base Convergence Time Radius Forced Up- Value of 

Height under Cloud Step draft through Forced 
Cloud Base Updraft 

E CD a B V·wo dt R T w 
- -1 0 0 0 

(gm/m3) (meters) (sec ) (sec) (meters) (minutes) (m/sec) 

Cb .3 .3 .5 520 10- 2 
7.5 2,000 20 5. 2 

TWG .3 .3 .5 520 5 x 10- 3 
7.5 1,000 15 2. 6 

-3 
Cu .3 .3 .5 520 5 x 10 7.5 500 15 2.6 
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radius of 2000 meters was applied at cloud base for a period of 20 

minutes. 
-2 -1 

The local low-level convergence used was 10 sec ,which 

with a cloud base height of 520 meters gives a peak updraft value of 

5.2 m/sec. The mean updraft during the forcing period is 3.3 m/sec. 

In the cases of the TWG and small Cu the duration of the initial up-

draft was 15 minutes for both clouds. A local convergence of 5 x 

-3 -1 
10 sec gave peak and mean updraft values of 2.6 and 1. 7 m/sec in 

both cases. The radius of the initial updraft for the TWG Cu, how-

ever, was 1000 meters while for the small Cu it was only 500 meters. 

Physical Constants. The entrainment and autoconversion con-

stants as well as the drag coefficient were kept the same for all three 

clouds. Their values are listed in Table 1. The reasons for choosing 

these particular values will be discussed in a latter section. 

Upper Boundary of the Cloud. Fig. 6 portrays the heights of the 

lower and upper boundaries of each of these three clouds plotted 

against time. In addition, the level of vanishing cloud liquid-water 

content (dashed line) and the region producing a 30 radar echo (shad-

ed) are also indicated. The Cb cloud rises to a height of 14km (150 

mb) while the TWG Cu and Cu attain maximum heights of 6.5 km (650 

mb) and 3 km (700 mb) respectively. The rate of ascent of the top of 

the cloud varies also with the size of the cloud, averaging 8 m/sec for 

the Cb, 4 m/ sec for the TWG Cu, and 2 m/ sec for the small Cu. Once 

the clouds reach their maximum height their tops sink back somewhat 
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those layers further up which contain some suspended liquid water. 

These clear layers keep interacting with the rest of the cloud by vir

tue of the internal circulations in the cloud, and with the environment 

through the processes of entrainment and detrainment. As hydrome

teor water continues to fall through the rest of the (visible) cloud, 

more layers will be depleted of their suspended water and the base of 

the (visible) cloud will occur at increasingly higher levels. Eventu

ally all that remains of the visual cloud is a thin layer containing a 

very small amount of liquid water. 

Sinking also helps to "dry" the cloud of its suspended liquid water. 

Thus. as downdrafts develop inside of the convective element, the re

sulting compressional warming leads to an increased evaporation 

which reduces the liquid water content of the sinking layers. Because 

subsidence in the cloud is associated with high concentrations of hy

drometeors, the collection process further adds to the depletion trend. 

These clear layers between the visual base and the lowest bound

ary of the cloud are composed of turbulent cloud air slowly pulsating 

up and down. The temperature of this clear cloud air changes from. 

slightly warmer to slightly cooler than the environment as the parcels 

oscillate in the vertical. The humidity in these layers is slightly 

higher than outside, although not in any appreciable amount. (Details 

about the thermal and dynamic structure of the clouds will be discuss

ed in connection with Figs. 8 and 11). It is difficult to determine 

from this one-dimensional model when to stop calling these layers 
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"cloud" and start naming them "environment". In the real atmos-

phere
l 

vertical and horizontal wind shears between the cloud region 

and the environment might lead to mixing and deformation on a scale 

larger than that of the turbulent entrainment and detrainment pro-

cesses. As a result of this mixing. the clear turbulent cloud region 

might be disintegrated and incorporated into the environment at a 

much faster rate than can be accomplished by detrainment alone. In 

the case of the three model clouds presented here, these layers of 

clear but turbulent cloud air maintain their identity even at the end 

of a computation period of about three hours of cloud life. However, 

because of the low kinetic energy level of these layers, and the fact 

that their thermodynamic properties are so similar to those of the 

environment, the effects of the clouds on the environment at these 

late stages are very small. 

Accumulated Rainfall. Fig. 7 illustrates the rainfall produced by 

each of the three typical clouds as a function of time. The cumulo-

nimbus produces a total of 240 acre-ft during its lifetime, while the 

towering and small cumuli produce 4 and. 3 acre-ft, respectively. 

Assume that the clouds were stationary and that the rain was falling 

underneath the clouds on a circular area having the radius of the ini-

tial cloud base. The rainfall for the Cb (Ro = 2 km) would then be 2.4 

cm; and it would be 0.2 and. 05 em for the TWG (R = 1 km) and small 
o 
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Figs. 8a-c. Time-height sections of the virtual temperature differ
ence (oC) between cloud core and environment for three 
typical clouds. 

Time-sections of Various Cloud Variables 

Virtual Temperature Difference. Fig. 8 portrays time-height 

sections of the virtual temperature difference between cloud core and 

environment for each of the three typical clouds. After 24 minutes 

of cloud life the virtual temperature difference at the top of the cumu-

lonimbus is 6
0
C. Five minutes later this difference starts to diminish 

rapidly. becoming strongly negative (-3. 50 C) as the cloud overshoots 

its equilibrium position. The overall virtual temperature difference 

of the cloud diminishes gradually with time so that after 44 minutes 
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the virtual temperature difference between cloud and environment is 

very small and negative. Throughout the cloud residue, the small 

virtual temperature difference alternates in time between positive and 

negative values with a period of about 10 minutes. This is mostly the 

result of up and down oscillations of the inert residual mass (see Fig. 

9). 

The time-height cross section for the towering and the small cumu-

Ius follow similar patterns except that the maximum virtual tempera-

ture difference is 4 and 1. 5
0
C, respectively. Also, the zone of 

negative virtual temperature difference observed at the top of the Cb 
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Figs. 9a-c. Time-height sections of the vertical velocity (m/sec) at 
the core of three typical clouds. 

at the time of overshooting, is not present in the TWG and small Cu. 

However, although a very slight positive buoyancy is present in these 

smaller clouds at the time of overshooting, the tops sink afterwards 

due to the weight of the considerable liquid water still present in the 

cloud. 
Vertical Velocity. Fig. 9 shows the time-height sections of ver-

tical velocity for each of the clouds. In general, the velocity patterns 

follqw very closely the virtual temperature difference distributions 

shown in Fig. 8. The maximum velocity attained by the cumulonimbus 

is 24 m/ sec while the towering and small cumulus reach peak values 
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of 8 and 4 m/sec, respectively. It is interesting to note that a weak 

downdraft develops in the lowest levels of the cumulonimbus after 20 

minutes of cloud life. At this time the hydrometeor liquid water con-

tent has reached a maximum concentration at those levels (see Fig. 

10) and the drag of the raindrops overcomes the Archimedian buoyancy 

still present at that height. The downdraft attains a maximum speed 

of 1. 5 m/sec, bringing the cloud air to the ground. As time progress-

es the downdraft extends higher up, so that after 40 minutes of cloud 

life the entire depth of the cloud is slowly descending. After forty 

minutes the bulk of the rain has fallen through, and the upper regions 
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Figs. lOa-c. Time-~eight sections of hydrometeor water content 
(g mlm ) at the core of three typical clouds. 

of the cloud mass rise slowly, only to cool and start descending again. 

From there on, the residual clear cloud air performs weak up and 

down oscillations with a period of about 10 minutes. The other two 

clouds follow similar patterns of development and decay, except that 

the magnitudes of the velocity and life intervals are smaller. 

Hydrometeor Water Content. The time-height sections of hydro-

3 
meteor water content (gm/m .) at the core of the three cloud types are 

displayed in Fig. 10. The peak concentrations attained by the cumu

lonimbus, towering and small cumulus are 4, 2, and. 75 gm/m 
3

, 
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respectively. These values are comparable to typical concentrations 

of total liquid water measured in hurricane clouds by Ackerman (1963). 

Peak values as high as 6 gm/m 
3 

of hydrometeor water have been re-

ported for tropical clouds over the Caribbean by Mee and Takeuchi 

(1968) and over south Florida by Simpson and Woodley (1968). In the 

case of the Cb, a zone of hydrometeor water accumulation develops 

at five kilometers of height. Zones of accumulation are found in the 

towering and small cumuli at a height of about one km. Shortly after 

the peak values of water are reached, downdrafts 'develop in the low-

er parts of the clouds, extending in time throughout the entire depth 
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Time-height sections of cloud water content (small 
droplets) (gm/m3) at the core of three typical clouds. 

The accumulation zones of hydrometeor water are 

present for about ten minutes only. As time progresses, the water 

content becomes much more uniform with height and of a gradually 

diminishing magnitude. No significant rain water is present in the Cb 

after about 48 minutes, nor after 32 and 30 minutes in the case of the 

Twa and small Cu, respectively. 

Cloud Liquid Water Content. Fig. 11 portrays the time-height 

sections of cloud liquid water content (concentration of droplets with 

diameter less than about 100\J.) at the core of the three typical clouds. 
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The maximum values reached by the three clouds are very close to-

3 
gether and range from 2 to 2.5 gm/m . 

3 
Values above 1 gm/ mare 

concentrated in the first 20 minutes of cloud life only. During this 

time the cloud updraft is very strong and the condensation rate (and 

attending production of small droplets) is consequently fast. After 

that~ as the updraft weakens and the hydrometeor water increases~ 

the concentration of small cloud droplets diminishes considerably as 

a result of the reduced condensation rate and the increased collection 

activity of the numerous hydrometeor particles. As rain water falls 

through the lower layers of the cloud, the cloud liquid water is 
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depleted by collection until these layers become devoid of any small 

suspended liquid water droplets. The lower limit of the visual cloud 

will be seen riSing as explained previously. In the case of the Cb, 

once the bulk of the rain droplets have fallen through, a weak updraft 

develops in the lower layers of the cloud at around 40 minutes. As a 

result of the weak ascent, a shallow layer of condensation occurs that 

is reflected as a small "cloud" underneath the main visible cloud 

mass. This "scud" cloud material is often observed around and un

derneath large cumuli. 

Geometrical Shape of the Clouds 

Figs. 12 to 14 represent the variation with time of the geometri

cal shape of the three typical clouds. Vertical profiles of the external 

radius of the clouds are presented at intervals of 4 minutes. The 

solid-line contours outline the portion of the cloud which would be vi

sible to the eye (1. e., cloud liquid water content non-zero). while the 

dashed lines delineate that part of the cloud mass without suspended 

liquid water and therefore invisible or clear. 

In particular, Fig. 12 illustrates the changes in shape that the Cb 

cloud experiences throughout its lifetime. In the very early stages of 

growth, the cloud appears as a flattened, shallow dome. After about 

12 minutes of life, considerable vertical development occurs and the 

cloud acquires a columnar profile as the upper layers accelerate. 

The top of the cloud, however, moves at a lower speed than the layers 
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immediately behind. This slowing down results from the form drag 

and the stronger diluting effect of entrainment experienced by the cap 

of the cloud. The velocity gradient across the upper layers results 

in squeezing and radial spreading of the mass of the cloud at the top. 

Because of the vortex rotation parameterized in the model (Fig. 2), 

the squeezed-out mass is allowed to rotate and move down along the 

sides of the cloud into the layers below. In this manner a gentle bulg

ing of the cloud is observed, instead of the unrealistically large ra

dial expansion that would be produced if the vortex motion were not 

taken into account. 

The top of the cloud soon overshoots its equilibrium level and 

starts sinking against the still rising layers below. Thus, gradual 

expansion of the upper layers occurs, which leads to the development 

of an anvil. Meanwhile, the vertical extent of the visual cloud has 

diminished, as the visual cloud-base appears at higher and higher 

levels. By 60 minutes only a shallow layer of cloud remains visible, 

extending horizontally to about 20 km from the axis of the cloud. 

The towering and small cumuli (Figs. 13 and 14) go through a sim

ilar pattern of profile changes, except that no anvil is developed. 

Only a slight bulging is experienced at the top and the visual cloud 

dissipates as a small flattened dome. 
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Fig. 13. Vertical profiles of the external radius (m) of the towering 
cumulus cloud at intervals of four minutes. Solid lines de
lineate the visible portion of the cloud (cloud liquid water 
content non-zero) while the dashed lines trace the contours 
of the invisible or clear parts (no suspended liquid water). 
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Comparison of Some Properties of the Shell and Core 

Vertical Velocity. Fig. 15 portrays vertical profiles of the ver-

tical velocity of the core and outer shell of the cumulonimbus" cloud 

at intervals of four minutes. The solid lines correspond to the outer 

shell and the dashed lines to the core of the cloud. It is interesting 

to note that the updraft velocity is considerably higher in the protected 

core than in the exposed shell. At some times this difference amounts 

to more than 10 m/sec. Thus, the protection from the diluting effect 

of entrainment afforded to the core by the shell is of considerable im-

portance to the dynamics of the cloud. 

The profiles also indicate the damping influence exerted by the 

form drag and increased entrainment that is experienced in the upper 

layers. In some instances, the deceleration from these effects is 

shown to be almost 10 m/sec in two km of height. 

Liquid Water Content. Fig. 16 shows vertical profiles of the total 

liquid water content of the core and outer shell of the cumulonimbus 



ClOlo PROfiLE Til'[: 4.0 MINS. 

.... 

- --
~, " .. 

AAOIU$I_,.~.I 

CLOU) PROfILF TIl'[: 16.0 MINS. 

j j 
3 3 
i i 

. - .... 

CLOU) PROfiLE Til'[: 28.0 MINS. 

.... 
; 
• J 
~ 
it 

'"' 
, .... .... -

CLOU) PROfiLE Til'[: 40.0 MINS. 

-
,"' 

(L:::l...,: 
.... ,. •.. " 

-.,;:: .. .. :'~.-

80 

ClOU) PROfiLE Til'[: 8.0 MINS. 

M'~------~------~ 

"" 

.... 
c: p 

~'" .... 

ItIDlusc.t.". 

CLOU) PROfiLE TIl'[: 20.0 "INS. 

.... 
, .... .... .... 

CLOU) PROfiLE TIl'[: 32.0 MINS. 

. - .... .... 

CLOU) PROfiLE TIl'[: 44.0 MINS. 

ClOU) PROfiLE Til'[: 12.0 "INS. 

M';-------~------~ 

.... 
L J. 

• - ... , .... 

IUOh ..... I.ul 

CLOU) PROfiLE Til'[: 24.0 MINS. 

.... 

.... 
, - .... 

CLOU) PROfiLE Til'[: 36.0 MINS. 

- r--------~------..., 

'H. 

.... 

ClOU) PROfiLE 

,.L~., 

=;;:: . . :~~~: 

Til'[: 48.0 MINS. 

MM;-------~------~ 

.... 

-

lUll ...... ''' •. 

Fig. 14. Vertical profiles of the external radius (m) of the small 
cumulus cloud at intervals of four minutes. Solid lines de
lineate the visible portion of the cloud (cloud liquid water 
content non-zero) while the dashed lines trace the contours 
of the invisible or clear parts (no suspended liquid water). 
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cloud at intervals of four minutes. The ordinate is calibra

ted in units of 1000 meters, while the abscissa' is calibrated 

in units of one m/ sec. 
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calibrated in units of 1000 meters, while the aoscissa is 
calibrated in units of one gm/m3. 
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cloud at intervals of four minutes. The solid lines correspond to the 

shell and the dashed lines to the core of the cloud. Again the differ-

ence between protected and exposed regions is very marked. In most 

cases the total liquid water of the core is twice the value for the shell. 

The profiles also indicate that the maximum liquid water is present 

at the middle of the cloud and that from here the values taper to zero 

toward both the top and the bottom of the cloud. 

Sensitivity of the Model to the Different Controlling Parameters 

and Initial Conditions 

Effect of Varying the Initial Updraft Radius. In order to investi

gate the importance of the radius of the initial updraft, three clouds 

were simulated with different initial radii, but having otherwise iden

tical parameters. Fig. 17 presents the growth curves (cloud-top 

height versus time) of the different clouds. The cloud having an initial 

radius of 2000 meters rose to a height of 10.5 km, while the clouds 

with a radii of 1000 and 500 meters attained maximum heights of 6,5 

and 3.0 km respectively. Thus, it can be seen that the radius of the 

initial updraft is a very strong factor in determining the overall dy

namics of a cloud. This influence is probably linked to the effect of 

entrainment on the thermodynamics of the cloud, which is dependent 

on the surface-to-volume ratio of the cloud parcels. Thus, parcels 

having smaller radii will be diluted more by the entrainment of dryer, 

cooler air than the parcels of larger dimensions. 
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Fig. 17. Comparison of the growth curves of clouds with different 

initial radii (R ) but having otherwise identical parameters. 
. o. -3-1 

(To = 15mms. D1V = -5xl0 sec ,CD = .3, Kl :::: .5, 

~ ::::.3, dt = 7.5 secs). 

Effect of Varying the Duration of the Initial Forcing. The impor-

tance of the duration of the initial updraft was similarly investigated 

by simulating three clouds with different updraft durations, but hold-

ing the other parameters (including the radius and peak value of the 

initial updraft) constant. Fig. 18 portrays the growth curves of the 

three different clouds. The cloud with an initial updraft lasting 10 

minutes attained a maximum height of 5. 5 km. When the duration of 

the initial forcing is increased to 15 minutes the cloud grows one km 

taller. However, increasing the forcing to 20 minutes has a much 

smaller effect. Thus, although the duration of the sub-cloud layer 
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forcing does control the overall dynamics of a cloud, a point is reach

ed when increasing the duration of the forcing does not greatly change 

the rate of ascent and the maximum height attained by the convective 

element. This point is probably controlled by other initial conditions 

such as the size and magnitude of the forcing updraft. 

Effect of Varying the Initial Convergence of Mass Under Cloud

Base. The sub-cloud layer convergence determines the magnitude of 

the initial updraft. Together with the radius and duration of the ini

tial forcing, it determines the amount of sub-cloud air available for 

storm growth. Its effect on the overall dynamics of a cloud can be 

ascertained by computing the growth curves of various clouds with 

different sub-cloud layer convergence but having all other parameters 

constant. Fig. 19 shows the growth curves for three such clouds. A 

cloud having a sub-cloud convergence of 10-
3 

sec -1 (peak initial up

draft of O. 5 m/ sec) reaches only a height of about 1. 5 km. On the other 

hand increasing the convergence of 10 -3 sec -1 (initial updraft maxi

mum of 2.5 m/sec) carries the cloud to a maximum height of 6.5 km 

in. A value of 10-
2 

sec-
1 

(5m/sec) increases further the maximum 

height of the cloud to 8.5 km. Thus, we can say that the value of the 

low-level convergence, together with the radius of the initial updraft 

are the two most important initial conditions in determining the over

all dynamics of a cloud. These two conditions, and the duration of the 

initial forcing, will determine the amount of latent energy supplied to 

the cloud from the boundary layer. 



6 

2 

o 8 16 24 32 

86 

..,.-To II 20.0 min. 
~-~ 

"-To' 15.0 mIn. 

40 

TIME (min) 

48 56 64 12 
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Fig. 19. Comparison of the growth curves of clouds with different 

initial forcings (convergence) under cloud base but having 

otherwise identical parameters. (R = 1, 000 m, T = 15 
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mins, CD = .3, K} = .5, e = • 3; dt = 7.5 sees). 
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The mechanism that determines the type of forced updraft that the 

boundary layer will produce in a particular case, is not well under-

stood. It is possible that the clouds themselves take part in control-

ling the production of boundary-layer forced updrafts. In the case of 

very large clouds, in particular, it is difficult to conceive how the 

large, strong, and long-lasting currents of sub-cloud air needed for 

development could be furnished spontaneously by the convective insta-

bility of the boundary layer. Instead, the clouds themselves could 

organize and control the sub -cloud layer so that it can produce the 

large mass-flux needed for the development of increasingly larger 

clouds. 

There are several mechanisms which can be responsible for the 

production of strong forced updrafts from the sub-cloud layer. The 

principal ones are: 

1. The concentration of large-scale horizontal wind shears in 
the boundary layer into small regions of intense positive 
vorticity. The strong frictionally induced vertical velocity 
could provide the forcing needed for the development of 
large clouds. 

2. The production of a local mass sink in the boundary layer 
by a rapidly ascending buoyant parcel. The rapid mass 
convergence that would result from the temporary mass 
sink could provide the steady flux of boundary layer needed 
for cloud growth. 

3. The development of downdrafts by the falling rain. 

4. The development of horizontal pressure gradients in the 
boundary layer as a result of a tall cloud riSing up in strong 
vertical wind shears. 
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Effect of Varying the Drag Coefficient. The drag coefficient is an 

indication of the retardation suffered by the cloud as it grows and 

forces the air to flow around it. The sensitivity of the model to this 

effect can be ascertained by simulating clouds with different coeffi

cients but with all other parameters constant. Fig. 20 presents the 

growth curves of three such different clouds. Assuming no drag coef

ficient results in a cloud that reaches the 8 km level in 26 minutes. 

Increasing the drag coefficient to .3 and. 6 the clouds attain the low

er heights of 6.5 and 4.5 km and also take longer to reach maximum 

development, 30 and 32 minutes respectively. The drag coefficient 

is thus a very important factor in controlling the overall dynamics of 

cumulus clouds simulated with the present model. The typical value 

used in the model is 0.3. This value was chosen a priori by consider

ing the typical ReynoldS number of the atmosphere and by reference 

to classical laboratory experiments of form-drag retardation on cy

linders (Prandtl and Tietjens. 1934). 

Effect of Varying the Autoconversion Threshold. The autoconver

sion threshold is an indication of the coloidal stability of the clouds. 

If the threshold is very high. rain particles (>1001-'-) will be slow in 

forming by the autoconversion process (diffusional growth). On the 

other hand, if the threshold is small rain particles will form very 

rapidly. The effect of this parameter on the dynamics of a cloud can 

be brought out by considering the growth characteristics of clouds 

having different autoconversion threshold but otherwise similar 
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parameters. This is shown in Fig. 21. Although values of the auto-

conversion threshold ranging from O. 1 to 1.0 were used no significant 

difference in the growth curves of the different clouds is observed. 

The microphysical processes as simulated by the present model ap-

pear to be rather insensitive to the autoconversion threshold. This is 

probably due to the high moisture content of the tropical sounding used. 
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Because of this, large cloud-water levels are invariably attained in 

the early stages of cloud growth. Thus, even if the autoconversion 

threshold is high, hydrometeor particles will be formed almost as 

rapidly as with low threshold values. Once these rain particles are 

present, the collection process dominates the picture and the impor

tance of the autoconversion threshold is overshadowed. 

Effect of Varying the Entrainment Coefficient. The sensitivity of 

the model to the value of the entrainment coefficient is indicated in 

Fig. 22, where growth curves for three clouds differing only in their 

entrainment coefficient are presented. The differences in the growth 

characteristics are very large. The cloud with no entrainment reaches 

a maximum height of 16 km and performs violent oscillations around 

its equilibrium level. A much lower height of 6.5 km is reached by 

the cloud having an entrainment coefficient of 0.3. The oscillations 

around its equilibrium level also become more dampened and slower. 

Increasing the entrainment coefficient to 0.6 further reduces the max

imum height of the cloud to only 3 km. The value used in this model 

for the entrainment constant is 0.3. This value was also chosen a 

priori by reference to laboratory experiments. 

Effect of Different Levels of Environmental Turbulence. In order 

to study the effect of the turbulence intensity of the environment on 

the development of a cloud, two different simulations were performed 

with identical conditions except for the kinematic viscosity coefficient 

used in equations (86). In one case, the values of Frost (1948) were 
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used, while in the other, the larger values of Gray (1966) represent

ing hurricane conditions were utilized (Fig. 5). The different growth 

curves are presented in Fig. 23. The effect of the increased turbu

lence of the environment is to stunt the growth of the cloud and to 

dissipate much faster the mass of the cloud, especially at the top. 

As a result, the vertical extent of the cloud is severely reduced after 

reaching the (already smaller) maximum height. The effect of an in

creased environmental turbulence acts both in a direct and indirect 

way. In the direct way, the mass of the cloud is eroded away rapidly. 

Indirectly. this reduced mass if reflected in a smaller radius, a large 

surface-to-volume ratio of the parcels, and consequently a much 

greater dilution and reduction of the intensity of the cloud. 

Effect of Varying the Computational Time Step. Growth curves 

for clouds simulated with different computational time-steps, but with 

all other conditions kept the same, are portrayed in Fig. 24. The 

effect of varying the integration interval from 3.75 to 15.00 seconds 

is very small. After several trials it was decided that a value of 7. 5 

seconds was the optimum one providing a very good compromise be

tween computer economy and accuracy of results. 
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ABSTRACT 

This report (Part II) discusses the magnitude and implication of 
the vertical circulation patterns of the tropical cloud cluster as de
rived from cumulus scale and meso scale considerations. It is to be 
compared with the vertical circulation patterns derived from broad
scale considerations as discussed by Gray (1972) in Part III of this 
series. 

A numerical model of individual convective clouds has been used 
to investigate the effects of a typical population of cumulus clouds on 
the large-scale features of a tropical disturbance. The typical cloud 
population has been determined from radar and synoptic data. Results 
show that the detrainment of cloud mass from the populatic..' produces 
a net cooling of the air around the clouds. This occurs bet"' ... use the 
cooling produced by the evaporation of the detrained cloud liquid-water 
overcompensates the detrainment of sensible heat excess. The typical 
cumulus population also induces a descending motion in the environ
ment in which the clouds are embedded in order to compensate for the 
net upward mass-transport of the clouds. The induced subsidence 
results in the warming and drying of the environment of the clouds. 

Using the typical cloud population, a heat and moisture budget for 
a steady-state tropical disturbance has been computed. UL 1er the 
assumption of steady-state, the heat liberated in the condensation of 
rainfall is exported to the exterior in the form of potential energy at 
the level of the disturbance's outflow after provision is made for the 
radiational losses. Inside the disturbance the warming resulting from 
the induced sinking motion is compensated by the net cooling resulting 
from detrainment plus the cooling resulting from infrared radiational 
losses. Similarly, the dryness resulting from the induced subsidence 
is compensated by the detrainment of water vapor and liquid water 
from the clouds. 

A mass budget of the disturbance further reveals that the required 
vertical mass circulation has a magnitude which is about five times 
larger than the synoptic mass circulation. The large-scale vertical 
mass circulation is in fact the residual between the upward mass 
transport by the clouds and the downward mass transport induced in 
the environment in which the clouds are embedded. The importance 
of the results of this investigation on the problem of hurricane de
velopment are discussed, and a scheme for the intensification of 
disturbances into hurricanes is presented. 

The vertical circulation requirements of the cloud cluster as de
termined by this cumulus and meso scale approach compare very 
closely with the independent larger-scale approach of Gray, 1972 
(Part III). 
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I. THE INTERACTION OF CUMULUS CLOUDS WITH 

TROPICAL CLOUD CLUSTERS 

Introduction 

The interaction between an ensemble of cumulus clouds and the 

large-scale features of a tropical disturbance can be visualized as 

taking place in two reciprocal modes. In one mode, the large-scale 

synoptic properties of a disturbance will determine the types of cumu

lus clouds that will be produced, and the relative numbers in which 

they will be present. In the other mode, once the cloud population is 

established, the large-scale characteristics of the disturbance will be 

altered by the collective influence of the individual clouds. The first 

mode of interaction, or the problem of what determines the type of 

cloud population present in a disturbance, will not be considered ex

plicitly in this investigation. However, the second mode of interaction, 

or the influence of the large scale on an ensemble of cumulus clouds 

will be implicitly considered by making use of a cloud population which 

is typical of tropical disturbances. This cloud distribution was ob

tained from actual radar observations and thus incorporates the in

fluence of the large-scale flow on the cloud ensemble. 

The way in which a group of cumulus clouds modify and control the 

large-scale features of a disturbance, will be studied in this investiga

tion by making use of the numerical model of individual cumulus clouds 

developed in Part I (Lopez, 1972). The main objective is to ascertain 
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the mechanism by which cumulus clouds impart heat to their environ

ment for the maintenance of the energy budget of the disturbance. 

The majority of the previous investigations of the interaction of 

cumulus clouds with large-scale circulations have been made in con

nection with the problem of hurricane development from weaker clos ed 

vortices. It is generally agreed that cumulus convection produces the 

energy necessary for hurricane development. However, the mecha

nism by which cumulus clouds impart their energy to their environ

ment is imperfectly understood. Most of the present hurricane models 

parameterize the effects of cumulus clouds in terms of the frictionally

induced vertical velocity at the top of the boundary layer (Ooyama, 

1963; Charney and Elliasen, 1964; Ogura, 1964; Kuo, 1965; Rosenthal, 

1970). The resultant vertical flux of boundary-layer air is assumed 

to rise in undiluted cumulonimbus towers. As condensation takes 

place, the temperature of these ascending currents will be warmer 

than the environment. This excess enthalpy is then assumed to be 

imparted to the surrounding clear air by an unspecified diffusion mech-

anism. 

The excess sensible heat that a cloud parcel has at a given time, 

however, is not available to the environment in its entirety. Most of 

it is converted into potential energy as the warmer parcel continues 

to rise. Only a fraction of this heat is given directly to the 
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environment when part of the cloud mass is detrained to the exterior. 

This exportation of sensible heat from the cloud, however, is coun

teracted by the simultaneous cooling produced by the evaporation of 

the detrained cloud water. The net result of the direct diffusion of 

cloud mass may even result in the cooling of the cloud's environment. 

Results of the cloud model, developed in Part I, are used in this sec

tion to compute the warming due to detrainment for different cloud 

populations and environmental conditions. 

Another way in which cumulus clouds interact with their environ

ment is by generating local mass sources and sinks by virtue of their 

large upward mass-transport. As a result, a cloud-produced conver

gence-divergence field is imposed on the environment. A compensa

tory downward transport of mass will then be induced in the cloud-free 

regions. With the usually stable stratification of the tropics, consi

derable compressional warming can result from the descending branch 

of the convective circulation. The model of Part I is also used to 

calculate the convergence-divergence field imposed on the environ

ment as a result of the upward mass transport performed by a typical 

population of cumulus clouds. 

The role of detrainment and subsidence on the energetics of a dis

turbance will be investigated in this section by performing a heat and 

moisture budget computation on the effects of a typical cloud popula

tion on the large-scale vertical pattern of temperature and humidity 
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of a mean tropical disturbance. The typical cloud population will be 

obtained by applying the results of the numerical cloud model on radar 

and synoptic data representative of tropical disturbances. 



II. THE EFFECTS OF DETRAINMENT FROM CUMULUS 

CLOUD ON THE ENVIRONMENT 

General Concepts 

As a cloud grows and decaysl some of its mass is given off to the 

environment by the process of detrainment. In this way excess sen-

sible heat, liquid water, and water vapor are exported to the surround-

ing air. The magnitude of these transports depends on the detrain::nent 

rate and the thermodynamic properties of the cloud. Thus I the rate 

at which a layer of an individual cloud gives off excess sensible heat 

can be expressed as 

dO = 
dt 

Cp (T'- Til) dmd 
dt 

(1) 

Here the primes refer to the cloud, the double primes to the environ

dmd ment, __ is the detrainment rate for the cloud layer and Q 

dt 
represents sensible heat. Similarly, the rates at which cloud air, excess 

water vapor, and liquid water are given to the environment by a cloud 

segment can be written as 

dma : dmd 
dt dt (2) 

dmy (I 11) dmd --: x-x --. 
dt y Y d t 

(:3 ) 
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dmw -- = 
dt (4) 

In these expressions x refers to the mixing-ratio of water vapor, ~l 

to the cloud liquid water content, and m and m to the mass of 
v w 

water vapor and liquid water) respectively. 

Consider now a group of active cumulus clouds. Assume that this 

field of clouds is surrounded by a large vertical cylinder of radius R 

which extends from the surface to the level of the tropopause. This 

cylinder is divided into horizontal layers of height .6.z and mass m 

(Fig. 1). The rate at which a layer of this enclosing cylinder receives 

excess sensible heat from the clouds can be obtained by adding the 

heating rates produced by each of the cloud segments contained in the 

layer. Thus, equation (1) becomes 

- - Cp - --. 
dO _ ~ (T 1 Til) dmd 
dt al cloud dt (5) 

legments 
in the layer 

The total heating of the cylinder during a long period of time, .6.t, 

can be obtained by integrating equation (5) with respect to time. Thus 

where N. is the total number of clouds type i that existed during 
1 

the time interval .6.t and 'l". is the lifetime of cloud type i. N. is 
1 . 1 
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HORIZONTAL SECTION 

Volume V 

Mass m 
Ocean surface 

Fig. 1. Geometrical set up for the computations of the effect of cu
mulus clouds on the surrounding environment. 

dependent on the total low-level mass available to form clouds of type 

i, and on the amount of sub -cloud layer mass that a cloud of type i 

uses during its growth period. The mass channeled into clouds of type 

i from the sub -cloud layer during the time interval .6.t is given by 

(7) 

where V'\Vo is the total convergence (synoptic plus subsynoptic) of 

sub-cloud layer mass into the clouds of the distrubance, Po is the 

density of the sub-cloud layer, B is the height of cloud base, R is 

the radius of the cylinder enclosing the disturbance and Q!. is the 
1 

fraction of the total mass -convergence going into clouds of type i. 

The sub-cloud layer mass used up by a cloud of type i during the 

forced stage is given by 

(8) 
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where r • wand t are the radius, velocity and duration of the forced 
000 

updraft through cloud base. Thus, the number of clouds of type i 

(N.) can now be obtained as 
1 

N = Total mass available from sub-cloud layer 
i Mass used by cloud i during its forced stage ' or 

(9) 

Equations similar to (6) can be readily derived for the increase in air 

mass, excess water vapor and liquid water produced by the process of 

detrainment for a layer of the cylinder surrounding the clouds. These 

equations have the following form: 

b. ma = Nl f"G dmd dt + N
2
jT, dmd dt + .00 (10) 

o dt 0 dt 

Am = Nj"G QcI dmd dt + N (T2QcI dmd dt + .. 0. (12) 
W lOp dt Uo P dt 

The net change in temperature of a section of the enclosing cylin-

der is produced by the combined effect of the direct diffusion of sen-

sible-heat and the evaporation of the liquid-water which is diffused 

from the clouds at the same time. Thus, the rate of temperature 

change of the layer can be expressed as 
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AT I 60 
At = (m + A mal Cp At 

L Amw 
(m + Ama)cp t;t . 

(l3) 

Similarly, the rate of moisture alteration is 

I Arnw 
":"(m-+"";'A-m-a'":') l0" . (14) 

In these formulas m is the mass of the layer of the enclosing cylinder 

and is defined as 

(15) 

Evaluation of the Net Heating 

Equations (13) and (14) were evaluated for fixed layers of 500 me-

ters by using the thermodynamic properties and detrainment rates 

that were computed for the three typical clouds of Part I. The temp-

erature and humidity of the environment were assumed to remain 

constant throughout the lifetime of the individual clouds. The inte-

grals of equations (6), (11) and (12) were then evaluated for each of 

the cloud types by adding up in time the contributions of the particular 

cloud to the heating of the specified layer. The integration was car-

ried out throughout the entire life cycle of the cloud in time steps of 

7.5 seconds. The denominator of equation (9) was calculated in a 

similar way by adding up the flux of mass through the cloud base dur-

ing the growing stages of the cloud in time steps of 7.5 seconds. 
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Although the radius of the enclosing cylinder and the averaging time 

interval At enter into the numerator of equation (9), these quantities 

do not have to be specified in the final.evaluation of the heating and 

moisture-alteration rates (see equations (13), (14) and (15». In order 

to determine absolute values for these rates, however, the total 

(synoptic plus sub-synoptic) convergence of subcloud-layer mass into 

the clouds (V·wo) and the distribution of cloud types (ai) have to be 

specified as external conditions to the model. 

For the time being, the heating rates will be computed for only 

one cloud type at a time, so that a i = 1. Later on, the different types 

of clouds will be apportioned according to a model cloud-population, 

and a computation will be made of their integrated effect on the en

vironment. Typical values of low-level synoptic convergence, ranging 

from 1 to 5 x 10 -6 sec -1, have been estimated for tropical distur

bances and cloud clusters (Lopez 1968, Williams 1970). The actual 

convergence of mass into regions of active convection, however, is 

probably several times larger than these values. The downdrafts 

generated by cloud growth and evaporation of rain will obscure the 

true value of the low-level mass convergence which is available for 

cloud formation (Riehl and Malkus 1958 and Gray 1972). If the rain

producing efficiency of the cloud population of a disturbance is known, 

an estimate of the total low-level convergence into the cloud (from 

synoptic and sub-synoptic sources) could be obtained from .the 
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associated rainfall data. In the case of the cumulonimbus simulated 

in :part I~ for example, the total rain produced was 240 acre-ft (3.0 

x 1011 gm of water) while the total mass of sub-cloud layer air flowing 

into the cloud throughout its growing stage was 0 m = 5. 6 x 10
13 

gm 

(equation 8). On the other hand, Williams (1970) calculated a mean 

rainfall of 2.5 cm per day for tropical cloud clusters over a 4
0 

lati

tude square area. This corresponds to a total mass of water of 2.5 

x A gm per day, where A is the area of the disturbance. That means 

that a total of N = 2. 5A/3. 0 x 1011 cumulonimbi of the type simulated 

in Part I would be needed to provide the observed daily rainfall, if 

only that type of cloud is assumed to be present in the disturbance. 

The total mass of sub-cloud layer air needed for the growth of those 

clouds in one day would be then N x om. This amount of low-level 

mass has to be supplied to these particular clouds in one day in order 

to account for the typically observed rainfall rates. Thus, from 

equation (7) 

Am =-V·\VoPo BA6t = Nx8m 

where D..t is an interval of one day. The equivalent low-level conver

gence into the sub-cloud layer of the disturbance can now be evaluated 

as 

The towering and small cumulus simulated in Part I would Similarly 
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-4 -1 -3-1 
require convergences of 5.8 x 10 sec and 1.6 x 10 sec if the 

cloud population of the disturbance was composed of only clouds of 

their type. 

These convergences are much larger than the synoptically evalua-

ted ones. The actual magnitude of the convergence of mass into the 

growing clouds, however, hinges on the rain-producing efficiency of 

the convective system (i. e., how much sub-cloud moisture is needed 

to produce a gm of rain water) and the mean rainfall rate over the 

area of the disturbance. The more efficient precipitator a cloud is, 

the less convergence of water vapor is needed to produce the same 

amount of rain. In the case of our simulated cumulonimbus, the 

efficiency is 40%, which would put this cloud in the category of "effi-

cient", and thus put the computed convergence values on the conser-

vative side. Similarly, a rainfall rate of 2.5 cm per day for a tropi-

cal disturbance is not large. Thus, a mass convergence into the sub~ 

-4 -1 
cloud layer of 10 sec does not seem unrealistic. For purposes of 

illustration, this last figure will be used in the computation of the 

heating and moisture-alteration rates. Recently, Betts (1972) has 

computed mass convergences into the cloud base of Venezuelan cumu-

-4 -1 
lonimbi as high as 5 x 10 sec 

-6 -5 -1 
If the observationally evaluated convergences of 10 to 10 sec 

are real, a large part of the mass required for the growth of clouds, 

as computed above, must come from the subsidence induced in the 

clear regions around the clouds by the penetration of the convective 

elements themselves. This extra vertical exchange can be very 
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significant in the momentum and heat budget of tropical disturbances. 

Some of these concepts will be explored later. 

Results of Detrainment from Cumulus Clouds 

Temperature Changes. Fig. 2 portrays the rate of change of the 

temperature of a disturbance as a result of detrainment of mass from 

different cloud-populations. For purposes of illustration no other 

heating and cooling mechanisms, such as subsidence or radiation, 

have been included. It is assumed that each of the populations is made 

up of clouds of only one type, present at all stages of their life cycle. 

-4 -1 
A low-level convergence of 10 sec has been assumed for all the 

cases. The solid lines in Fig. 2 indicate the net cooling or warming 

of the environment due to detrainment; dotted lines correspond to the 

direct diffusion of excess enthalpy; dashed lines represent the cooling 

due to the evaporation of detrained liquid water. 

The net temperature change of the tropospher~ as a result of de

trainment alone, is -0. 24
0

C per day for the population of cumulo-

nimbi (Cb), while in the case of towering (TWG) and small cumuli 

(Cu), the net tropospheric temperature change is -0.16 and -0.06oC 

per day, respectively. In the last two cases the cooling is concentra-

ted in the lower layers of the troposphere with mean loe al cooling 

rates of 0.26 and O. 15
0

C per day. In all three cases the cooling due 

to the evaporation of detrained liquid water is the dominant effect. 

Thus, in the case of the population of Cbls the warming due to direct 



16 
A. CUMULONIMBUS 

14 

«~.~~.~ 
12 

10 

E 
:.:: B 

l-
X 
C) 

6 W 
X 

4 

2 

0 
-.6 ~4 -.2 

.. 

0 .2 

14 

B. TOWERING 

CUMULUS 

-.4 ~2 o .2 

•••• ••• SENSIBLE 

----- EVAPORATION 

-- TOTAL 

C. SMALL 

CUMULUS 

-.4 

HEATING RATE (OC/day) 

.2 

Fig. 2. Vertical profiles of the temperature-alteration rate of a 
tropical disturbance produced only by detrainment of mass 
from different types of cloud popUlations. No other heating 
and cooling mechanisms, such as subsidence or radiation, 
have been included. A low-level convergence of 10-4 sec- 1 

has been assumed in each of the cases. Solid lines indicate 
the net cooling or warming resulting from detrainment; dotted 
lines correspond to the direct diffusion of excess enthalpy; 
dashed lines represent the cooling due to the evaporation of 
detrained liquid water. A. Cloud population entirely con
sisting of cumulonimbi. B. The same for towering cumuli. 
C. The same for s mall raining cumuli. 

diffusion of excess enthalpy amounts to only O. 07
0

C per day, but the 

evaporational cooling is 0.31 °c per day. The direct sensible warm-

ing produced by a population of TWG eu's is barely positive in the 

middle of the cloud layer, while in the case of the small Cu's the effect 

is entirely negative. This indicates that in the smaller clouds the 

mean excess enthalpy is very small or negative. 
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The vertical profile of temperature-changes due to direct diffusion 

of heat from Cbls shows a direct cooling of the environment at very 

high and very low altitudes. The lower cooling-maximum arises from 

the fact that in the early stages of growth the saturated air feeding in

to the clouds through cloud-base is colder than the environment. This 

is a direct consequence of the initial conditions assumed in Part I. 

whereby the mixing ratio of the air feeding into the clouds is that of 

the surface. but the temperature is that which produces saturation at 

cloud base. The upper cooling at high levels is mainly a product of 

the overshooting of the top of the clouds. The high detrainment re

sulting from the large surface area of the clouds at those two altitudes 

serves to emphasize the effect of the cooler temperatures inside the 

cloud. 

Moisture Changes. Fig. 3 portrays the corresponding moisture

alteration rates produced only from detrainment effects by the popula

tions of Fig. 2. For purposes of illustration no other moisture

changing mechanisms. such as subsidence. have been incorporated. 

The solid lines indicate the net rate of change of the humidity of the 

environment; this net change is produced by the detrainment of excess 

water vapor (dotted lines); and by the evaporation of detrained liquid 

water (dashed lines). 

The total tropospheric moisture increase from pure detrainment 

effects produced by the population of Cbls is 0.48 gm/kgm .per day. 
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Fig. 3. Vertical profiles of the moisture-alteration rate of a tropical disturbance produced by detrain
ment of mass from different types of cloud populations. No other moisture-changing mecha
nisms, such as subsidence, have been included. A low-level convergence of 10- 4 sec- 1 has 
been assumed in each of the cases. Solid lines indicate the net rate of change of the humidity 
resulting from detrainment; dotted lines correspond to the direct diffusion of excess water vapor; 
dashed lines represent the increase in mixing ratio due to the evaporation of detrained liquid 
water. A. Cloud population entirely consisting of cumulonimbi. B. The same for towering 
cumuli. C. The same for small raining cumuli. 
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In the case of TWG and small Cu the equivalent tropospheric change 

is 0.31 and 0.13 gm/kgm per day respectively. The largest moisture 

increases occur in the lower two kilometers of the atmosphere in all 

three cases; local changes of about 1 gm/kgm per day are produced 

in that region. In all cases the diffusion of water vapor is the domi

nant effect. Thus, in the case of the population of Cb IS the increase 

in the moisture of the environment due to the diffusion of excess water 

vapor amounts to 0.36 gm/kgm per day, while the water vapor pro

duced from the e:raporation of detrained cloud liquid water is only 

0.12 gm/kgm per day. 

The vertical profiles show a maximum increase in the moisture 

of the environment at a height of about one kilometer. Thes e maxima 

are related to the large water vaJX>r excess of the saturated air in the 

low levels of the cloud during its initial stages of growth. As the 

cloud parcels rise, however, entrainment reduces the water vapor 

excess so that the amount given to the environment by detrainment 

becomes smaller with height. The fact that at higher altitudes the en

vironment is close to saturation, further reduces the rate of moisture 

excess exportation which depends on the difference of water vapor 

content between cloud and environment (see equation (3». 

Other Evidences of the Direct Cooling Action of Cumulus Clouds 

Direct sensible-temperature decreases, around and after cumulus 

convection has taken place, have been reported by Kinnenmonth (1970) 
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from data of the VEMHEX project of 1969. Further evidence of the 

direct cooling action of cumulus clouds is the lower troposphere cool 

temperatures found in tropical disturbances and waves of the easter

lies (Riehl, 1945). It is interesting to note that in the study of one 

thousand Pacific trade wind cloud clusters, Williams (1970) found no 

appreciable tropospheric warming or surface pressure falls even 

though the rainfall was appreciable. The average cloud cluster pre

cipitation was computed to be 2.5 cm per day for a 4
0 

latitude square 

area. The 1500 calories/per cm
2 

per day liberated through the con

densation of this rainfall resulted in no tropos pheric warming even 

though the ventilation of the storms was small. Recent computations 

by Gray (1972a) also indicate that it is impossible to explain the tro

pospheric sensible temperature balance around the globe. which is 

required by the rainfall observations, without invoking a direct cloud 

sensible-cooling which averages about two thirds of the net tropo

spheric radiational cooling. 

The "Cooling Tower" Hypothesis 

The results of the computations performed in this section indicate 

that by itself, detrainment of air from active cumuli produces a net 

cooling of the air in which the clouds are embedded. The evaporation 

of detrained liquid water overcompensates for any direct difussion of 

sensible heat from the clouds. Even in the case of vigorous cumulo

nimbi with temperature excesses of 5 and 6
0
C, enough liquid water 
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is present to produce a net cooling effect on the environment. It is 

interesting to note, in this regard, that regions of high enthalpy ex

cess are cO"'1led to regions of high cloud liquid water content (see 

Figs. 6 and 10). If the results of the computations presented here 

are verified, the classical view (Riehl and Malkus, 1958) of cumulus 

clouds providing heat to the environment through direct diffusion must 

be revised. It appears that as a result of detrainment alone (direct 

diffusion of cloud mass), cumulus clouds act as "cooling towers" 

instead of performing the often hypothesized warming role (Ooyama, 

1963; Charney and Ellissen, 1964; Ogura, 1964; Kuo, 1965; Rosenthal, 

1970). 



III. THE CONVERGENCE - DIVERGENCE PA TTERN INDUCED 

BY THE CLOUDS 

General Concepts 

The vertical transport of mass by individual clouds produces local 

mass sources and sinks that are reflected on the environment as re-

gions of divergence and convergence. At any particular level the mag-

nitude of this divergence field will depend on the change of mass of 

the individual clouds present at that location. In turn, the rate at 

which the mass of a layer of an individual cloud changes is determined 

by the internal vertical advection of mass, and by the mass gained 

and lost through entrainment and detrainment. Thus, 

dm 
df= (dm) + (dm\ (dm\ 

dt ADVECTION Cit JENTIAINMENT - dt JDETRAINMENT (16) 

The rate of entrainment and detrainment are given by equations (66a) 

and (66b) of Part I while the advection term can be conveniently esti-

mated from the rate of change of the geometry of the cloud segment. 

So~ 

(dm) _ ..! (pvr2 Az) dt ADVECTION - dt 
= 2vr Az d(pz) + vr2 d (PAZ) 

dt dt (17) 

where r, p and .6..z are the radius, density and height of a cloud 

layer. 
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Consider now a group of clouds surrounded by the same control 

volume used in the last section. The combined change in mass ex-

perienced by all the cloud segments contained in a layer of the enclos-

ing cylinder can be expressed as 

dm = \,8m 
dt L St 

~" cloud 
segments 
In the layer 

(18) 

By integrating equation (18) over a long period of time, .6.t, the total 

mass change experienced by the clouds can be expressed as 

j 'lidm r12dm r'3dm 
6 m = Nl Cit dt + N210 dt dt + N~ dt dt + 0 o. ~ (19) 

where the different symbols have the same meaning as in the last sec-

tiona 

The average divergence in the layer of the cylinder during a large 

period of time, .6.t, can now be expressed as 

16m Vow:--- , m 6t (20) 

where m is given by equation (15). If the values of .6.m, m and N. 
1 

from equation.: (19), (5) and (9) are introduced in equation (20), the 

expression for the mean divergence of the layer becomes 

[ {
'Gdm {:r2dm {T3dm ] 

Q1 -d dt + Q2 - dt + a 3 -. - dt + •.. 0 

o t 0 dt 0 dt (21) 
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Evaluation of the Divergence Profile 

Equation (21) was evaluated for fixed layers of 500 meters by using 

the geometry and the entrainment and detrainment rates computed for 

the three typical clouds of Part I. The integrals of equation (21) were 

evaluated for each of the cloud types by adding up all the changes in 

mass of the particular cloud in specified layer. The integrations were 

carried out through the entire life cycle of the cloud in time steps of 

7.5 seconds. As in the last section, populations of only one cloud 

type were considered and a low-level convergence into the clouds of 

10-
4

sec-
1 

was assumed. All other parameters entering into equation 

(21) have the same values as those in equations (6), (11) and (12). 

Results of Divergence Computations 

Fig. 4 portrays the vertical profiles of divergence computed from 

equation (21) for different cloud populations. In the case of the cumu

lonimbus population, the convergence and divergence produced directly 

by the clouds is concentrated at very low and very high altitudes, 

while in the intervening regions very little effect is noticed. The con

vergence at very low levels is the reflection of the mass -sink that 

results from the continuous ascent of low-level air into the base of 

the growing clouds. As these growing clouds penetrate through the 

environment, the surrounding air is pushed aside and local mass

sources are produced along the path of the ascending curr~nt. 
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However, as the source of low-level air is gradually cut off and while 

the top of the cloud is still buoyant, local mass-sinks are induced in 

the environment a s a result of the shrinking radius of the stretched 

cloud stems. These two effects tend to cancel one another among 

clouds of different growth stages, so that in the mean, no marked 

convergence or divergence is observed throughout most of tte cloud 

layer. The cloud air penetrating high altitudes, however, accumulates 

continually at the equilibrium level of the clouds. Consequently, a 

region of high horizontal divergence is induced in the environment at 

around 12 kilometers. An anvil also develops at this location. The 

large convergence at around 13-14 kilometers results from the fast 

subsidep.ce of negatively buoyant cloud air that has overshot the equil

ibrium position and captured surrounding air particles. A large a

mount of entrained environmental air is brought down from higher 

levels together with the descending cloud mass. This sinking motion 

tends to further emphasize the large divergence of mass at around 12 

kilometers. This large divergence region has also been observed by 

Williams, 1970, and by Reed and Recker, 1971. It will be interesting 

to explore the implications of this effect on the vertical transport of 

horizontal momentum as well as on the dynamics of severe storms 

under vertical wind shear. 

The divergence profiles for the towering and small cumuli have 

the same top and bottom features as the profile for cumulonimbus 

clouds. The middle regions, however, are somewhat different. Here 
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the mass -sources resulting from the penetration of the growing clouds 

are not completely compensated by the shrinking of the radius. The 

divergence and convergence maxima present in the middle regions of 

both profiles were a result of local subsidence inside the clouds a

gainst parcels that were still rising. This multiple "anviling" can be 

seen in the radius profiles of Figs. 12 and 13. The effect of these 

smaller clouds on the divergence profile has been greatly exagerated 

by requiring that they produce by themselves a rainfall rate typical 

of a tropical disturbance. In reality, however, a considerable amount 

of the rain is produced by the larger Cb clouds. Thus, in the case of 

a combined typical population of Cb, TWG and small Cu, the effect of 

the smaller clouds will not be as marked as indicated in Fig. 4. The 

problem of a combined population of clouds will be considered in Sec

tion IV. 

The Effect of the Divergence Field Produced by the Clouds 

The divergence field that results from the growth of the clouds 

will induce a downward flow of mass around the clouds to compensate 

for their upward mass transport. In this descending branch of the 

convective circulation, potential energy is converted into sensible 

heat, and the temperature of the environment is raised. The resul

tant warming, however, will be compensated by the cooling produced 

from the evaporation of detrained cloud-water and by the cooling re

sulting from long-wave radiational loses •. In addition, some of the 
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high-level mass-divergence will result in compensatory sinking mo

tions away from the clouds, in the clear areas outside of the distur

bance. Depending on the magnitude of this sinking current, a net 

warming of the clear areas around the disturbance could result after 

compensating for the radiational loses of the cloud-free air. 

The divergence profiles presented in this section are not to be 

compared to the synoptic profiles that have been obtained for tropical 

disturbances by Williams (1970), and by Reed and Recker (1970). The 

present profiles are a result of the upward mass transport of the 

clouds alone, and do not include the effect of the downward sinking 

motion that will be induced in the clear areas around the clouds. It 

is the difference between the upward and downward mass transports 

that produces the large-scale divergence profiles that are reflected 

in the synoptic data. The problem of the compensatory sinking motions 

in the clear areas around the clouds, and the net divergence profile 

produced, will be considered in Section V and in Part III of this series. 



IV. A MODEL CLOUD POPULATION 

Radar Information 

A realistic assessment of the role of convection in the heat and 

moisture budgets of tropical storms should take into consideration the 

type of cumulus population present in the disturbance. The combired 

effect of all the convective elements depends on the proportion in 

which the different cloud types are present. So for example, if most 

of the low-level moisture convergence is chanelled into small cumuli, 

only a fraction of the storm's latent heat input can be realized as sen

sible heat. Not only is the magnitude of the latent-heat release de

pendent on the cloud population, but also its distribution with height. 

Although it is realized that cumulus convection is of utmost impor

tance to the energetics of disturbances, very little effort has been 

devoted to investigating the types of clouds present in tropical cloud 

clusters. Holle (1968) has performed some studies on tropical oceanic 

cloud populations. His results, however, do not intend to answer the 

question of what are the different types and relative frequencies of 

cumulus clouds present in a disturbance at a given time. 

During the 1968 Barbados Meteorological Experiment the author 

flew with the Navy's Weather Reconnaissance Squadron Four into a

bout a dozen tropical disturbances in the West Indies region. The 

scope of the airborne, 10 cmAPS-20 radar, was photographed on every 

other scan. From these sequential pictures the life-times of the new 
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individual echoes that appear on the scope every five minutes have 

been estimated. Clusters of individual echoes have not been consider

ed. Very large echoes are probably composed of several individual 

cells and their life-times would not be representative of individual 

convective elements. It is felt that by considering only individual iso

lated echoes. a frequency distribution of echo-duration can be obtained 

that is representative of the entire population of convective elements. 

whether they appear singly or in clusters. From more than 600 indi

vidual echoes the histogram of Fig. 5 has been constructed. This echo 

life-time distribution is typical of all the disturbances encountered. 

Several different stratifications of the data were tried (amount of 

cloud cover. surface pressure. latitude. range. time of the da.y,~tc. ) 

with no significant departure from the form of the overall average 

distribution. 

The average echo life-time for all the data is 14.5 minutes. This 

is smaller than the average for hurricanes obtained by Senn, Hiser 

and Low (1959). 32 min; and by Senn and Stevens (1965). 35 minutes. 

However. they have not considered echoes of short duration (10 min

utes or less). On the other hand, McIntyre (1956) has found 17 min

utes to be the average for hurricane situations by tracing echoes 

which lasted from 4-1/2 to 46 minutes. Nevertheless, these previous 

studies and the present one agree on the fact that both in hurricanes 

and tropical disturbances, there are many more short-live~ echoes 
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than there are long-lived ones. A similar conclusion can also be 

derived from echo life-time distributions obtained for middle latitudes 

for both winter and summer storms (Blackmer, 1955; Battan, 1953). 

It is reasonable to assume that in general, the long-lived echoes 

are wider and taller than the short-lived ones (Battan, 1953; Senn and 

Stevens, 1965). In the case of the present data it has not been possible 

to determine quantitatively the horizontal and vertical sizes corres

ponding to the different life-time categories. The available evidence, 

however, suggests that, qualitatively, the longer-lived echoes are 

indeed wider and taller than the short-lived ones. This would tend to 

indicate that the cloud populations of tropical disturbances are com

posed of a majority of small cumuli, some towering cumuli, and a 

few cumulonimbus towers. Thus, a large portion of the latent heat 

contained in the low-level moisture input is not realized as sensible 

heat since condensation in clouds of small vertical extent is severely 

limited. This fact must be taken into consideration if the effect of 

cumulus convection on tropical disturbance energetics is to be properly 

evaluated. 

A Cloud Population from Radar and Numerical Model Data 

It is interesting to note that, although in very small numbers, 

there are some clouds in Fig. 5 that produce echoes of very long dur

ation (50-90 mins). One or two of such long-lived echoes were de

tected in each of the disturbances considered in this study. In order 
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to produce these persistent echoes. a local source of low-level mass 

of long duration is necessary. With the present model it has been 

possible to produce radar echoes lasting 40 to 50 minutes by forcing 

an 8 km wide updraft through cloud base. for 40 minutes, with a peak 

speed of 5 m/ sec. It is hard to visualize such a persistent low-level 

forcing without postulating the existence of a strong mesoscale or

ganization of the sub-cloud layer. When considering echoes of long 

duration, we are probably dealing with cloud systems that have organ

ized the planetary boundary layer so that it can provide a constant 

source of low-level mass for the close reformation of individual con

vective cells of a shorter life-span. The simulation of such a meso

scale cloud system is beyond the scope of the present cloud model. 

'Thus, it will be assumed that the effect on the environment of a cloud 

having a 60 minute radar echo is equivalent to the effect produced by 

two clouds having a 30 minute echo; similarly. a 90 minute echo cloud 

will be represented by three 30 minute-echo clouds and so on. 

Using the results of the cloud model developed in Part I, some in

formation can be obtained about the distribution of cloud sizes corre

sponding to the echo life-time distribution of Fig. 5. Thus, Fig. 6 

has been prepared from the results of the numerical model by plotting 

the radar-echo duration versus the maximum height attained by clouds 

of different initial conditions. Forthis diagram it has been assumed 

that the minimum reflectivity (Z) detected by the radar corresponds 

to 30 decibels (10 Log
lO 

Z). It can be seen that maximum cloud height 
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Fig. 5. Frequency distribution of echo life-times. 

and echo duration are closely correlated so that clouds exhibiting 

long-lived echoes penetrate high into the troposphere. The maximum 

height obtained by a cloud, however, is not a good representation of 

its overall size: clouds with small initial radii can rise to high al-

titudes providing that the initial forcing is intense and of a long dura-

tion (s ee Figs. 17, 18 and 19 in Part I). On the other hand, the total 

mass of sub-cloud layer air flowing into a cloud during its growing 

stage is a better indication of the overall size of a convective element. 

Fig. 7 shows the duration of the radar-echo as a function ,of the total 
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model of Part I by assuming different initial conditions. It 
is assumed that the minimum reflectivity (Z) detected by the 
radar corresponds to 30 decibels (10 Logl O Z). Arrows 
identify the three typical clouds described in detail in Part I. 

sub-cloud layer mass-input for clouds of different initial configuration; 

for facility of presentation~ the abscissa has been plotted on a log-

arithmic scale. Values of 400 to 2,200 meters have been used for the 

initial radius, 5 to 20 minutes for the growth period, and 2.5 to 5.5 

m/sec for the maximum updraft velocity through cloud base. Clouds 

having radar echoes lasting more than 40 minutes have been composed 

of two or three clouds with shorter lived echoes. It seems that good 

correlation exists between echo duration and the amount of mass 
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Fig. 7. The relationship between radar-echo duration and the total 
sub-cloud layer mass-input for clouds simulated with the 
numerical model of Part I by assuming different initial con
figurations. The same criteria for the existence of a radar
echo used in Fig. 6 is also used in this figure. Arrows iden
tify the typical clouds described in detail in Part I. 

necessary for cloud growth. It is interesting to note that there is a 

very rapid decrease in echo duration with decreasing mass input for 

the smaller clouds (those utilizing 0.1 x 10
13 

gm or less for growth). 

Clouds with mass inputs less than about 3 x 1011 gm do not produce 

"detectable II radar echoes. On the other hand, clouds having very 

long radar echoes require large amounts of sub-cloud layer mass to 

grow. 
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growth stages. The observational evidence contained in Fig. 
5 and the results of the numerical model of Part I presented 
in Fig. 7 have been used. The mass -input classes correspond 
to the echo-lifetime classes of Fig. 5. The corresponding 
echo-lifetimes are indicated in parenthesis. Arrows identify 
the three typical clouds described in detail in Part I. 

Using the curve of Fig. 7 and the radar information in Fig. 5, a 

typical cloud population for trade-wind tropical disturbances has been 

developed. This is shown in Fig. 8 as the frequency distribution of 

classes of clouds having different amounts of sub-cloud layer mass-

inputs during their growth stages. The class-intervals of the distri-

bution of echo duration (Fig. 5) have been translated in terms of sub-

cloud layer mass-input classes using the relationship between life-

time and mass -input given by Fig. 7. From this diagram it can be 

seen that the majority of the clouds in a tropical disturbance are small, 
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The classes correspond to the echo lifetime classes of Fig. 
5. The corresponding echo lifetimes are indicated in paren
thesis. The large arrow indicates the median of the distri
bution. 

processing individually only a very small amount of sub-cloud layer 

air. The very few large clouds, on the other hand, process a large 

amount of sub-cloud layer mass during their growth stages. The rel-

ative importance of the collective effect of the clouds in each category 

can be obtained by computing from Fig. 8 the mass used by each class 

as a fraction of the total sub -cloud layer mass utilized by all of the 

clouds in the population. The results of this computation are portrayed 
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in Fig. 9. The large arrow indicates the median of the frequency dis

tribution, i. e., fifty percent of the clouds in the population use more 

and fifty percent of the clouds in the population use less sub-cloud 

layer mass than the median cloud-type. It is interesting t< ote also 

that the largest fifty percent of all the clouds process approximately 

the same amount of low-level mass as the smallest fifty percent. So, 

although less important individually, the small clouds, due to their 

large numbers, have as much participation in the vertical mass and 

energy transports as the larger but less frequent cloud cells. 

The ordinate of Fig. 9 is the Q'i of equations (11), (12) and (21); 

i. e., the fraction of the total low-level mass convergence going into 

the different classes of clouds. Using these values of Q'i , the com

bined effect of the typical cloud population can be evaluated from the 

above mentioned equations. A representative cloud from each of the 

classes of Fig. 9 has been used. The characteristics and defining 

parameters of each of these clouds are listed in Table 2. For each 

type of cloud the corresponding radar-echo lifetime class is listed 

together with the actual echo duration; radius, duration and peak 

speed of the generating impulse; maximum height attained; accumula

ted rain; percent of total sub-cloud layer mass used by the cloud class; 

and sub-cloud layer mass used by the typical cloud. Notice that 

clouds having echoes lasting 45 minutes or more have been assumed 

to consist of two or three cells of shorter echo duration. 



1 

2 

3 

4 

5 

6 

7 

8 

• 
1 

Class 
Number 

"9 (6+4) 

10(7+3) 

11(7+3) 

12(7+6) 

-13(7+6) 

14(7+7) 

15(7+7) 

Radar-echo 
Duration 

Class (min) 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

Table 2. 

Characteristics of the Typical Clouds of a Tropical Disturbance 

Actual to 
Radar-echo (meters) 

Duration (min) 

4.0 500 

9.5 466 

16.0 924 

20.0 1,000 

25.5 1 .8.3 3 

26.0 2,247 

36.5 2,000 

36.5 2,000 

46.0 2,247 
1.000 

52.5 2,000 
924 

52.5 2,000 
924 

62.5 2,000 
2,247 

62~5 2,000 
2,247 

73.0 2,000 
2,000 

73.0 2,000 
2,000 

TO 
(m1n) 

5 

10 

10 

20 

1 5 

20 

20 

20 

20 
20 

20 
10 

20 
10 

20 
20 

20 
20 

20 
20 

20 
20 

Wo Max. Ht. 
(m/sec) (meters) 

2.5 2,032 

2.5 2,645 

2.5 5.352 

2.5 6.759 

2.5 10,111 

2.5 12,347 

5.5 14,115 

5 . 5 14,115 

2.5 12,347 
2.5 6,759 

5.5 14,115 
2.5 5,352 

5.5 14,115 
2.5 5,352 

5,,5 14,115 
2.5 12,347 

5.5 14,115 
2.5 12,347 

5,,5 14,115 
5.5 14,115 

5.5 14,115 
5,5 14, 115 

Accum. Rain 
(acre-feet) 

.05 

• 13 

1 .44 

5.35 

30.66 

80.72 

240.14 

240.14 

86.07 

241.58 

241.58 

320.86 

320.86 

480.28 

480.28 

ex • 6 mi 
(per~ent)(units of 10 13gm) 

2.30 .044 

1.28 .076 

2.30 .297 

5.05 .696 

8 .. 16 1 .754 

11 .. 08 3.514 
C/.:) 

12.17 5.568 -.l 

7.06 5.568 

8.91 4.210 

8.88 5.865 

7.67 5.865 

4.70 9,,082 

4.70 9.082 

3.11 11.136 

4.59 11.136 
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Class 

Number 

16(7+6+4) 

17{7+6+4) 

18(7+6+4) 

Radar-echo 
Duration 

Class (min) 

80 

85 

90 

Tab 1 e 2. ( Con ti n u e d ) 

Characteristics of the Typical Clouds of a Tropical Disturbance 

Actual ro 
Radar-echo (meters) 

T Q (m,n) 
Dura ti on (mi n) 

82.5 2,000 20 
2,247 20 
1,000 20 

82.5 2,000 20 
2,247 20 
1,000 20 

88.5 2,000 20 
2.247 20 
2,247 20 

Wo Max. Ht. 
(m/sec) (meters) 

5.5 14,115 
2.5 12,347 
2.5 6,759 

5.5 14,115 
2.5 12,347 
2.5 6,759 

5.5 14,115 
2.5 12,347 
2.5 12,347 

Accum. Rain 
(acre-feet) 

326.21 

326.21 

401.58 

a" 15m· 
(per~ent)(units ol l013 gm ) 

3.74 9.778 

2.73 9.778 

1.48 12.596 

w 
CO 
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It must be emphasized at this point that the purpose in developing 

this typical cloud population is to obtain an order of magnitude estimate 

of the effects of an ensemble of different types of cumuli on the atmo-

sphere of a disturbance. The limitations imposed by the quality of 

the radar data, the accuracy of the numerical model and the assump-

tions about the structure of large embedded cloud systems do not 

warrant the use of this derived cumulus population for detailed energy 

balances of tropical storms. With these restrictions in mind the 

"typical ll cloud population will now be used to compute the alteration 

rate of temperature, moisture and mass produced on the synoptic 

scale of a tropical disturbance as the result of sustained cumulus con-

vection. 

The Effect of a Typical Cloud Population on the 

Disturbanc e 's Atmosphere 

Figs. 10, 11, and 12 present the vertical profiles of temperature, 

moisture and mass alteration rates imposed on the environment by the 

cloud population of Fig. 8. As before, these curves represent the 

effect of the clouds alone and do not include the effects of the compen-

satory sinking induced in the regions around the clouds. A low-level 

-4 -1 
total convergence into the clouds of 10 sec has been assumed. As 

noted in Section II, this high convergence is necessary to explain a 

production of 2. 5 cm of rain per day over the disturbance region. The 

shape of these profiles are not much different from those corresponding 
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Fig. 10. Vertical profile of the temperature-alteration rate of a tropi
cal disturbance produced by detrainment of mass from the 
cloud population of Fig. 8. No other heating and cooling 
mechanisms, such as subsidence or radiation, have been in
cluded. A low-level convergence of 10-4 sec-1 has been 
assumed. The curve represents the net cooling or warming 
rate resulting from both detrainment of excess sensible 
heat and evaporation of detrained cloud liquid water. 

to a population consisting entirely of cumulonimbus clouds (Figs. 2a, 

3a and 4a). It appears that the effect of including smaller clouds in 

the population is to reduce the magnitude of the rates of heat, moisture 

and mass alteration produced by the Cbls, and to make the distribution 

of the rates with height more uniform, especially in the lower layers. 
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Fig. 11. Vertical profile of the moisture-alteration rate of a tropical 
disturbance produced by detrainment of mass from the cloud 
population of Fig. 8. No other moisture-changing mech
anisms, such as subsidence, have been included. A low
level convergence of 10-4 sec- 1 has been assumed. The 
curve represents the net change in humidity resulting from 
both detrainment of excess water vapor and evaporation of 
detrained cloud liquid water. 
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Fig. 12. Vertical profile of divergence imposed on a tropical dis
turbance by the upward mass transport performed by the 
cloud population of Fig. 8. The effect of the downward 
compensatory sinking motion induced in the clear areas 
around the clouds is not included. A low-level convergence 
of 10-4 sec -1 has been assumed. 





v. THE INTERACTION OF A MODEL CLOUD - POPULATION 

WITH THE SYNOPTIC FEATURES OF A TYPICAL TROPICAL 

DISTURBANC E 

Introduction 

The model cloud-population described in the last section will now 

be used to investigate the interaction of an ensemble of cumulus clouds 

with the synoptic flow features of a tropical disturbance. The inter

action between cloud and synoptic scales takes place in two reciprocal 

directions. Firstly, the large-scale synoptic flow and the static sta

bility of a disturbance determine the different types of cumulus clouds 

that will be produced and the numbers in which they will be present. 

Secondly, once the cloud population is established, the large-scale 

fields of temperature, moisture and momentum will be altered and 

controlled by the collective influence of the individual clouds. The 

first type of interaction has been tacitly incorporated in the character

ization of the model cloud-population presented in Figs. 9, 10, 11 and 

12. Here the types of clouds present and their relative frequencies 

were obtained from radar observations, while their actual numbers 

and characteristics were determined from the typically observed rain

fall rate and the vertical distribution of temperature and moisture in 

a tropical disturbance. The numerical cloud model, serves as the 

linking agent that combines all of these pieces of information into a 

coherent model of the cloud population that is determined by the large-
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scale flow. The second type of interation, that by which the clouds 

modulate and alter the synoptic scale, will now be explored further 

by computing a heat and moisture budget for a typical tropical distur

bance. 

One of the most interesting features of tropical disturbances is the 

fact that despite the copious amounts of rain produced in a day, the 

majority of the storms travel for hundreds of miles over the oceans 

without apparent change in intensity. Williams (1970) has considered 

a sample of 1257 individual satellite-observed trade-wind clusters 

over the Pacific Ocean. Of these, 537 were classified as conservative, 

166 developed into tropical storms or typhoons, and the rest were 

either in the formative or dying stages. While the conservative clus

ters were tracked in the satellite pictures for 12 -18 degrees of long

itude, no appreciable tropospheric warming or surface pressure falls 

were detected even though the rainfall was computed as 2.5 cm per 

day. Thus, the typical tropical disturbance can be considered as con

stituing a quasi-steady state system. In the following only the con

servati ve steady-state cloud clusters will be considered. 

Interaction of a Steady-State Disturbance with the Environment 

Since the steady-state condition implies that the total moisture 

content of the system must stay constant, the same amount of water 

that precipitates out of the clouds of such a disturbance must be brought 

in from the outside in the form of evaporation from the ocean surface 
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and by low- and-middle-level synoptic water-vapor convergence. Con

versely, the heat released by the condensation of this rain-water must 

be exported to the exterior of the disturbance if the steady-state bal

ance is to be met. The mechanism by which this is accomplished, 

however, is not direct. Firstly, the latent heat of condensation is 

converted into potential energy insomuch as air from lower levels is 

lifted up and carried aloft inside the clouds. Because of this vertical 

mass-transport, a convergence zone is produced at the top of the dis

turbance that generates an outflow region at high levels. Finally, 

potential energy is exported to the outside as mass leaves the distur

bance. Under steady-state conditions, the potential energy advected 

from the disturbance plus the long-wave radiational losses must be 

equal to the energy released through the condensation of rain-water. 

The mass that leaves the disturbance at its outflow layer must be 

compensated by a region of convergent inflow further down. Actually, 

Willhms (1970) has found mass convergence into the conservative 

clusters all the way from the surface to 400 mb. Furthermore, it is 

this low- and-middle-Ievel convergence that brings into the distur

bance the water-vapor necessary to establish the observed net rain

fall rates. Accordingly, the water-vapor convergence into the con

servative clusters was found by Williams to be equivalent to a rainfall 

rate of 2 cm per day. Forty-three percent of this moisture conver

gence occurred under 900 mb, while fifty-seven percent was found to 

come from convergence in the layer between 900 and 400 mb. 
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In general, we can view the steady-state tropical disturbance as a 

system that takes in the latent heat contained in the low- and middle-

level water-vapor convergence, converts this latent heat into potential 

energy, and, after subtracting the net long-wave radiational loses, 

exports potential energy to the environment at the layer of divergent 

mass outflow. With the above mentioned heat, water- and mass-

balance restrictions imposed on the disturbance as a whole, the dif-

ferent effects of the individual clouds on the disturbance's atmosphere 

should cancel one another, so that no change in the mean vertical 

profiles of temperature and moisture should be apparent. 

The Interaction of the Model Cloud Population 
With the Disturbance's Atmosphere 

In computing a heat and water budget for the interior of the dis-

turbance, the principal feature to be considered is the compensatory 

descending current that will be induced in the cloud-free region as a 

result of the divergence-convergence pattern established by the clouds 

(Fig. 12). The resulting dry adiabatic compression will release 

sensible heat to the environment. This heating will be compensated 

by cooling due to evaporation of cloud-liquid water (Fig. 10) and by 

long-wave radiational loses. The sinking motion will also result in 

the drying of the cloud-free regions. This will similarly be compen-

sated by the detrainment of water-vapor and liquid-water from the 

different types of clouds present (Fig. 11). The advection of environ-
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mental mass into the disturbance's atmosphere is another source of 

heat and moisture that should be included in the heat and water budgets. 

In a quantitative form we can express the change in temperature 

of a horizontal slab of the disturbance's atmosphere as 

d T = dTsUISIDENCE + dTRADIATlON + dTADVECTlON + dT DETRAINMINT 
(22) 

The change in temperature due to subsidence can in turn be written as 

d T SUBSIDENCE = (dT _..i.) Ws dt ~ 
dz cp 

(23) 

where ~~ is the lapse rate of the disturbance, c~ is the dry adiabatic 

lapse rate, W is the vertical velocity of the cloud-free regions, and 
s 

dt is a small interval of time. The vertical velocity W can be ob
s 

tained from the vertical integration of the divergence profile presented 

in Fig. 12 after provision is made for the advection of mass in and 

out of the disturbance by the synoptic divergence profile. The radia-

tion term has been obtained from tropical data presented by Cox (1969). 

His infrared cooling profile for low, middle and high cloud conditions 

was esteemed adequate for the representation of the long-wave radia-

tion processes in a tropical disturbance. The corresponding short-

wave warming profile was computed for similar cloudiness structures 

using the radiation model described in Manabe and Strickler (1964). 

The change in temperature due to advection of environmental air into 

the disturbance can be expressed as 



48 

T ) dmad 
dT ADVECTION = (TENVt.ONMENT - I DISTU .. ANCE m (24) 

where dm is the amount of mass advected into the disturbance dur-
ad 

ing a small interval of time dt. This advected mass can be evaluated 

from the convergence profile obtained by Williams (1970) for conserva-

tive cloud-clusters. The changes in temperature due to detrainment 

from the clouds can be written as 

( Q .1:.) dm .... 
dT DETIAINMENT = TCLOUDS - T DISTUIBANCE - cl c

p 
m (25) 

where Qcl represents the cloud liquid water content of the population. 

In order to evaluate this term the mean detrainment rate and the mean 

cloud temperature and liquid-water content of the cloud population un-

der consideration must be known. These terms can be obtained by in-

tegrating over the lifetime of the clouds used in the typical cloud 

population, and combining the contributions of each type of cloud ac-

cording to their relative frequencies as was done in equations (1) to 

(14). Fig. 10 portrays the vertical profile of the term dT t . 
de ramment 

under the assumption that no other thermodynamic effects are present. 

In the case when radiational cooling and sinking warming is present, 

however, the amount of warming or cooling experienced will be largely 

dependent on the difference between the clouds mean temperature and 

the resultant temperature of the disturbance. 
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The change in the mixing-ratio of water vapor of a horizontal layer 

or slab of the disturbance can also be expressed in the following form 

d)t = d X SUISIDENCl + d X ADVEC.1I0N + d X DElRAINMfIolT 

The contribution due to subsidence is 

d X SUl510ENCE 
= dx 'II dt 

dz 5 

(26) 

(27) 

where ~~ is the vertical gradient of mixing-ratio in the disturbance's 

atmosphere, and the other terms have the same meaning as in equa-

tion (23). The change in mixing-ratio due to advection becomes 

d lC. ADVECTION 
) dmad = (lC. ENVIRONMENT - X DISTURIANCE m (28) 

Similarly, the water vapor contribution of the detrainment from the 

clouds can be written as 

( Q ) dm ... t dx DETRAINMENT = )(CLOUDS - XDISTUIIANCE - cl m (29) 

where the same considerations of equation (25) apply. 

Results of the Heat and Moisture Budget 

Equations (22) and (26) have been integrated for a period of 24 

hours in time steps of 15 minutes. Every fifteen minutes the change 

in temperature and moisture of 500 meters-thick layers of the distur-

bance were found, and new temperature and mixing-ratio profiles 

were computed. These new values were used to evaluate the new 
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Fig. 13. Vertical profiles of the different heating terms of the heat 
budget of a steady-state tropical disturbance. 

changes, and so on. Figs. 13 and 14 portray the accumulated effect 

of each of the terms of equations (22) and (26) for the time interval of 

one day. The final temperature profile was within O. 2
0

C of the initial 

(environmental) temperature, while the mixing-ratio profile was with-

in 0.1 gm/kgm of the initial values. 

The values with height of the different terms of the heat budget of 

the disturbance are shown in Fig. 13. A mean tropospheric cooling 
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Fig. 14. Vertical profiles of the different terms of the moisture bud
get of a steady-state tropical disturbance. 

of 1. OOC is experienced during a day due to radiational losses (dotted 

line). This cooling is compensated by the much larger warming pro-

duced by the induced sinking motion (dashed line). This sinking pro

duces a mean warming of 7. 5°C per day, the largest warming being 

experienced in the lower half of the disturbance's atmosphere (lSoC). 

Notice that due to the induced ascent at high levels, a local cooling 

of about 5°C results at around 200 mba The net effect of detrainment 



52 

is felt by the disturbance as a mean cooling of 6.1 °C. It is interesting 

to note how the subsidence warming is modulated by the cooling due 

to detrainment. This close adjustment is a result of the dependence 

of the subsidence-warming term on the difference between the dry 

adiabatic lapse rate and actual lapse rate of the disturbance (see equa-

tion 23). As the detrainment cooling changes the lapse rate of the 

disturbance, the sinking warming changes in the opposite sense. 1\ s 

a result, there is a tendency in the long run for a close comrH:nsation 

of both effects. The effect of advection of environmental air is very 

o small compared to any of the other terms (,.... -0. 1 C). 

Considering the different terms of the humidity budget (Fig. 14), 

it can be seen that there is a very good balance between the subsidence 

and detrainment effects, while the advection of environmental air con-

tributes very little to the total moisture budget. The dryness produced 

by the subsidence of cloud-free air is balanced very closely by the 

detrainment of water-vapor and cloud liquid-water at all levels. This 

close adjustment is a result of the dependence of the detrainment term 

on the difference between the mixing-ratio of the cloud and that of the 

disturbance (see equation 30). As a result, there is a tendency for 

the clouds in the long run to compensate exactly for the dryness pro-

duced by subsidence. 

In the light of these results it becomes evident that in order to ex-

plain the role of cumulus clouds in the energetics of a tropical distur-
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bance, both the ascending and descending branches of the cumulus 

convection circulation have to be considered. The effect of the ascend

ing branch (upward mass transport inside the clouds) is to cool and 

increase the moisture of the disturbance by the process of detrainment, 

and to induce a compensatory sinking motion around the clouds. The 

effect of the induced descending branch of the convective circulation 

around the clouds is to warm the disturbance by converting potential 

energy into sensible heat, and to decrease the humidity of the air 

around the clouds by bringing down upper air of lower water vapor 

content. 

In the quasi steady-state disturbance, the effects of the two branches 

of the convective circulation and of radiation balance one another so 

that the temperature and moisture profiles stay constant in time. 

From the point of view of the total disturbance, the heat, which is li

berated in the condensation of the two or three centimeters of rain 

produced in a day, is used to compensate for the radiational losses 

and the exportation of potential energy to the general tropical circula

tion. 

Vertical Mass Circulation in a Steady-State Disturbance 

Fig. 15 portrays the different components of the vertical mass cir

culation present in a steady-state disturbance. Curve A (solid line) 

represents the mean upward mass transport that the model cloud pop

ulation is required to perform in order to produce a rainfa'll rate of 
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2.5 cm per day. This means that the mass-transport by the clouds es

tablishes the divergence profile shown in Fig. 12. Curve B (dashed

dot line) represents the upward mass transport resulting from the 

synoptic divergence profile of Williams (1970). The difference between 

the required (curve A) and the synoptic (curve B) upward mass trans

port must be compensated locally inside the disturbance by a down

ward mass transport in the clear regions between clouds. This down

ward mass circulation is portrayed in curve C (dotted line). It is 

this sinking motion that releases sensible heat to the disturbance's 

atmosphere as noticed previously. The compensation for the remain

ing upward mass circulation (the synoptic contribution) occurs outside 

the disturbance. Adding this downward-outside contribution to curve 

D, the total downward branch of the mass circulation of the disturbance 

is obtained (curve D). For purposes of illustration it has been as

sumed that the subsidence occurring outside takes place over an area 

equal to that of the disturbance. 

Developing Disturbances 

The previous computations apply to the case of a steady-state 

tropical disturbance, i. e., a system that exports at high altitudes (in 

the form of potential energy) the latent heat advected into it at low

and middle-levels. This type of disturbance represents the typical 

cloud cluster that travels for several days over the oceans with no 

appreciable change in intensity. The heat liberated in the condensa-
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Hon of the two or three centimeters of rain produced in a day is ex

ported as potential energy to the general tropical circulation in which 

the cloud-cluster is embedded, after provision is made for the dis

turbance's own radiational losses. 

The response of the large-scale flow to the energy exportation of 

a disturbance, however, can result in drastic changes in the synoptic 

features of the region. This is the case of hurricane development. 

The interaction between a disturbance and the surrounding flow can be 

viewed in the following way: A tropical disturbance as a whole takes 

in environmental mass at low- and middle-levels, and exports mass 

at high altitudes. To satisfy this synoptic upward mass -transport, 

a compensatory sinking motion is induced in the air surrounding the 

disturbance. In this way, the potential energy produced by the cloud 

cluster is converted outside of the cluster into sensible energy. The 

degree of the resultant warming depends, however, on the scale on 

which the compensatory sinking occurs. If the subsidence takes place 

over a broad region, a slight warming is experienced which is prob

ably used to compensate for the radiational cooling of the area. (This 

idea is developed in the second paper of this report). If the compensa

tory subsidence occurs over a small region near the disturbance, how

ever, enough compressional warming could take place to explain 

hurricane development. In fact Oliver and Anderson (1969) have found 

from satellite observations that the majority of hurricanes form 

around a circulation center that develops in the clear area ahead of 
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the convective region. The study of the large-scale flow features 

leading to a concentrated compensatory descending current is beyond 

the scope of this investigation. However, there are reasons to believe 

that the broad-scale flow at the level of the disturbance's outflow (--200 

mb) might be the controlling factor. Thus, if the wind pattern at that 

level allows the outflow from the disturbance to be spread over a 

broad region, only gentle subsidence and warming will occur. How

ever, if the upper-air wind pattern blocks somewhat the outflow, 

strong local subsidence and considerable warming might develop near 

the disturbance. The convective activity would then organize itself 

around the resulting warm-core low-pressure region. Further studies 

along these lines could provide considerable insight to the physics of 

hurricane development from weak tropical disturbances. 



VI. SUMMARY 

A numerical model of individual cumulus clouds has been used in 

this section to investigate the effects of cumulus convection on the 

large-scale features of tropical disturbances. A cloud population 

characteristic of tropical disturbances has been determined from ra

dar and synoptic observations. With the help of the numerical cloud 

model, the effects of the typical ensemble of cumuli have been calcu

lated. One major effect consists of the detrainment of cloud mass 

which will cause a direct transport of excess sensible heat, as well 

as cooling of the surrounding clear air as a result of the evaporation 

of the detrained cloud liquid-water. The net effect was found to be 

one of cooling as the evaporation overcompensates for the diffusion of 

excess sensible heat. In this regard, cumulus clouds should be con

sidered as a basic "cooling tower II as opposed to a "hot tower II concept. 

The other effect produced by the typical population is the induction of 

a descending motion in the environment to compensate for the upward 

mass-transport of the clouds. The induced subsidence will result 

in the warming and drying of the environment. 

Using all of this information, a heat and moisture budget for a 

steady-state tropical disturbance has been computed. Under steady

state assumptions the heat liberated from the condensation of rain

water is exported to the environment in the form of potential energy 

at the level of the disturbance's outflow. At the same time, the water-
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vapor necessary to produce the rainfall is imported into the distur

bance in the form of a low- and middle-level mass convergence. In

side of the disturbance, the warming resulting from the sinking motion 

is compensated by the net cooling resulting from detrainment plus the 

cooling resulting from infrared radiational losses. Similarly, the 

dryness r , .. .':~ulting from the subsidence is compensated by the detrain

ment of water, 'por and liquid water from the clouds. 

The convergence of mass at low- and middle-levels into the dis

turbance as a whole, and the high altitude outflow of mass from the 

disturbance, will in turn induce a descending motion in the clear air 

surrounding the storm. The warming will be large or small depending 

on the scale at which the subsidence occurs. Under favorable situp.

tions the warming could be large enough to produce hydrostatically 

the low pressures needed for the organization of a tropical disturbance 

into a full-fledge hurricane. The present numerical model of cumulus 

clouds has proven to be useful in investigating the interation of cumuli 

with the large scale features of tropical disturbances, and it is ex

pected that future investigations using this tool will result in the clar

ification of the problem of formation of hurricanes from a weaker 

disturbance and in the maintenance of the tropical general circulation. 

It was quite unexpected that the cloud cluster dynamics as deter

mined by this cumulus and meso scale approach would correspond so 

well with the cloud cluster dynamics as determined by Gray (1972) in 

Part III of this series where the characteristics of the individual cu

mulus are not involvedo 
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ABSTRACT 

This manuscript (Paper III) discusses the magnitude and implication 

of the vertical circulation patterns of the summertime tropical atmo

sphere as derived from large scale consideration. It is to be compared 

with the vertical circulation patterns derived from cumulus scale con

siderations as discussed by Lopez (1972a, 1972b) in P?pers I and II. 

From the large scale it is shown that very significant extra up- and

down "local" vertical motion is occurring beyond what would be pre

scribed by the "mean" or synoptic scale flow patterns. This typical 

unresolved and mass compensating extra up- and-down vertical circula

tion pattern can be specified from satellite observed and calculated 

cloud cluster scale (_40
) mass, vapor, energy and rainfall-evaporation 

budgets. The method of determining this extra "local" vertical circula

tion and its magnitude are presented and discussed. Results are very 

closely comparable with those obtained by Lopez (op. cit. ) from an 

independent small scale approach through modeling of individual cumu

lus elements. These two independent approaches from different scales 

of consideration give very similar results. This "local" vertical cir

culation is shown to be fundamental for the mass, vapor and energy 

balances of the tropical atmosphere. Other discussions of the char

acteristics of the cumulus convective atmosphere are made. 

ii 





I. INTRODUCTION 

The manner by which cumulus clouds and the broader-scale flow 

patterns interact with each other is not well understood at this time. 

It is very important that we come to grips with the physics of this in

teraction problem. Many meteorologists feel this to be a fundamental 

requirement to improved understanding and prediction of large-scale 

atmospheric flow patterns. 

The author feels that a significant expansion of our knowledge on 

this problem is possible from the meteorological information already 

on hand if we organize our various facets of information in a judicious 

way. This is the purpose of the following discussion. 

This research discusses the required mass. water vapor. and energy 

budgets of the summer. oceanic Trade Wind-Equatorial Trough belt 

from about 50 to 25
0 

latitude. These budgets are obtained from re

solving into a mutually consistent pattern the available broad-scale 

(meso. synoptic. and zonal) observational knowledge on the mass. water 

vapor J and energy information in this region. 

It will be shown that the accomplishment of these balances requires 

a very substantial "local" up- and-down vertical circulation with con

densation and reevaporation rates much larger than the observed rain

fall-evaporation. This paper specifies the magnitude of this vertical 

circulation and water vapor recycling, and then discusses the resulting 

energy requirements. It also compares these mass-vapor-energy 
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budgets derived from broad-scale considerations for the cloud cluster 

with the same budgets obtained by Lopez (Papers I and II) from incor

poration of individual convection elements from his cumulus life cycle 

model. It will be shown that both approaches, one from the large scale 

going downward in scale (broad-scale approach), and the other using the 

individual convective elements and going upward in scale (cumulus scale 

approach) do indeed mesh with near identical mass-vapor-energy bud

get results. The meshing of these independent approaches from differ

ent scales of consideration lends confidence to the results to be shown. 



II. DATA SOURCES 

To deal with the tropical belt in a realistic way, it was indispensable 

that representative information be obtained on the typical tropical belt 

lapse rate cor :litions, vapor contents, divergences, shears, etc., 

associated with the satellite observed tropical cloud clusters, the other 

variable cloud areas, and with the clear regions. To accomplish this, 

the author performed extensive radiosonde data composite analysis of 

satellite observed cloud and clear areas in the Western Pacific and the 

West Indies. These regions have the only oceanic radiosonde networks 

from which associated wind-temperature-moisture information could be 

obtained. 

Figs. 1 and 2 show the locations of the radiosonde networks which 

were used to composite the digatized satellite meso-scale cloud clusters, 

the other variable cloud regions, and the clear regions. This was ac

complished for the three summer seasons of 1967-1969. Figs. 3-6 

show the locations of the composited cloud clusters and clear areas 

within these networks. Clusters and clear areas were divided into two 

latitudinal groupings; those poleward and equatorwards of 18
0

• The 

methods of compositing, and a discussion of the data limitations, in

accuracies, etc. have been made in an earlier report by Williams (1870l 

The reader is referred to this report for more information. Fig. 7 

shows typical views of these satellite observed tropical clusters and 

clear regions. 
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There were 557 clusters and 223 clear areas in the Western Pacific 

and 539 clusters and 212 clear areas in the West Indies networks which 

are included in the data composites. 
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Fig. 3. Location of cluster regions in the West Pacific. 

Fig. 4. Location of clear regions in the West Pacific. 
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Fig. 6. 
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Location of cluster regions in the West Indies. 
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CLUSTER 

CLEAR AREAS 

Fig. 7. Typical portrayal of cluster and clear regions. 



III. GENERAL TROPICAL BELT RAINFALL, WATER VAPOR, 

AND ENERGY BUDGET CONSIDERATIONS 

Tropospheric conditions in the whole tropical belt of summer are 

considered. This includes the trade wind and equatorial trough regions 

from approximately 50 to 250 of latitude. Oort and Rasmusson (1971) 

have shown (from data derived from MIT Department of Meteorology 

rawinsonde tapes) that this tropical area is mass, vapor, and energy 

budget-wise a very self contained region. Their data indicates that the 

net tropospheric energy divergences in the summertime latitudes from 

5_250 latitude are very small in comparison with the net tropospheric 

radiational cooling. They show, that for mean tropospheric conditions 

over this region,the vertical motion averages but a few mb/day, mer

idional induced water vapor changes average only about 0.1 gm/kg and 

that meridional induced advective cooling-warming rates (averaged 

through the troposphere) are less than 0.1 °c / day. In comparison, 

local vertical motion to accomplish the required rainfall and balance the 

net radiation cooling must be of the order of 100 mb/day, and evapora

tion-rainfall must average about 0.5 cm/day (or 1. 30 C latent heat 

equivalent for the whole troposphere). Thus, in comparison with net 

tropospheric radiational losses, the summertime meridional fluxes 

in the broad tropical belt where cloud clusters exist can be largely 

neglected. Each latitudinal belt must very closely meet its own energy 

budget requirements. The longitudinal or Walker circulations allow 
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for some individual longitude budget imbalances, but these largely 

cancel in the global latitudinal averageo Fig. 8 shows that the net 

meridional divergence of energy is very small in comparison with the 

net radiation loss. It will be assumed that this broadscale estimate also 

applies to the summertime oceanic regions by themselves. 

0.8 

0.4 

>-
~ 0 
....... 
u 
° -0.4 

-0.8 

-1.2 

Mean Sensible Temperature Gain-loss by Meridional Transfer (T) 

vs. Radiational Loss for Layer 950 - 150 mb ( °C/day ) 

SUMMER 
(Negative T Means Sensible Temp. Gain ) 

t t IT 
~T t i 

t ~ 
t t 

R R R R R R R 

L !!l. - 0.2 
Eq.-Pole R 

I, 

R 

l 

Eq. 20° 30° 65° Pole 
LATITUDE 

Figo 8 0 Comparison of mean tropospheric temperature change due to 
all meridional energy convergence sources (T) by wind sys
tems vs. net tropospheric radiation los s (R) in (OC / day) for 
summero Meridional energy convergence obtained from 
Oort and Rasmusson (1971). Note lack of any appreciable 
energy convergence in Equator to 20 0 latitude belt .. 
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Table 1 

ESTIMATES OF EQUATOR TO 30 oN NET RADIATION 

COOLING IN THE LAYER FROM 1000-150 mba (oC /DA y) 

(This tropical region has little seasonal variation) 

Model 
Determinations 

Measurements 

London (1957) 

Davis (1963) 

Rogers (1967) 

Dopplick (1970) 

Average 

Cox and Suomi (1969) 
Measurements 

(with Davis Short-Wave Values) 

Vonder Haar (1971) 

o 
Eq-30 

1.12 

1.11 

1.18 

1.13 

1.14 

1.37 

Over the tropical oceans the ratio of sensible to latent heat trans-

port is felt to be very small (Sellers. 1965). Assuming negligible 

sensible heat transport. the self-contained nature of the tropical belt 

requires that the tropospheric radiation loss of about 1.3-1. 40 C/day 

(see Table 1 for various net radiation loss estimates) be balanced by 

an average summertime rainfall-evaporation rate of about 0.5 cm/day. 

Previous estimates (Budyko. 1956) indicate that this is about what the 

summertime tropical rainfall-evaporation rates are. Evaporation of 

O. 5 cm/ day will be assumed everywhere. For simplicity the net tro-

pospheric radiation cooling and the energy of evaporation w~ll be taken 

to be constant and everyWhere balanced as in Fig. 9. 



12 

,CLOUD VARIABLE CLOUD 
I 

CLEAR PEG ION 
!CLUSTER I REGION I 
I I 

(40%) 
I 

r- 0.5 
, (20%) I I (40%) 

- I 0 0 0 
---- ~------ - - -- - - - - - -

- 2 -0.4 -0.4 -0.4 
- --- ~-- ---- -- -- - - - -- --

>- 3 -. -0.9 -0.9 --0.9 .c 
E - -- - -- - - - - -- - - - - - - -

r- 4 ... -1.4 -1.4 -1.4 
I 0 

i 
..... 

~ - ---- --- - - - - >- -- - - .- - -
~ 

., ., 
5 w -1.5 ." -1.5 ." -1.5 ." 

0:: ......... ......... ......... 
~ ~ (.) 

:;:) ---- ----- - -- - .,.... - -- -- - !.. en --- 6 en -1.7 -1.7 -1.1 
LLJ z z z 
0:: ---- 2 r----- --- 2 1-- -- --- - 0 

r- 7 Q.. -1.9 ~ -1.9 ~ -1.9 i= 
~ ~ 

- -- -- Q ------_. 0 r- -- - -- - - Q 
~ < ~ 

r- 8 -1.9 a:: -1.9 a:: -1.9 a::: 

~----------- --- ---------
r- 9 -1.6 -1.6 -1.6 

1------ - - - - - - - - -- --1-----
I- 10 -1.5 -1.5 -1.5 

I I 
I EVAP. I EVAP. 
10.59m/cm2da~ 0.5 gm/em2 day 

EVAP. 
0.5 gm/cm2 day 

: RAIN: NO RAIN NO RAIN 
12.5 gm/cm2dayl 
I i 

Fig. 9. Assumed net radiation cooling, evaporation, and rain in the 
three tropical regions. 

Although evaporation is rather uniformly distributed, rainfall is 

typically concentrated in meso-scale cloud clusters, taking up but 15-

20% of the area of the tropical belt. Here the total tropical belt evap-

oration falls out as rain in average amounts of 2-3 cm/ day (Williams, 

1970). Other regions possess cloudiness but with negligible amounts 

of precipitation. The dynamics of the rain, cloud, and clear regions 

must be quite different. Each region has its own distinctive mass, vapor, 

and energy budget which should be individually treated. 
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CLUSTER AREA 
(2.5 em/day rain) 

VARIABLE CLOUD 
AREA 

(negligible rain) 

Fig. 10. Rawinsonde composite of variable cloud region was taken in 
the hatched region surrounding the cloud cluster (shaded area). 

Simplified Division of Tropical Belt. To expedite understanding of 

the tropical belt it has been divided into three meteorological regions. 

These are: 

1) Cloud cluster regions taking up about 20% of the area of the 
tropical belt and having average rainfall of 2. 5 cm/ day. 

2) Variable cloud regions taking up about 40% of the area of the 
tropical belt which have scattered to broken cloud conditions 
but have no applicable rainfall. The average temperature and 
dew point conditions of this region were obtained from com
positing the regions around the cloud cluster as seen in Fig. 10. 

3) Clear regions taking up about 40% of the area of the tropical 
belt. 

Fig. 11 and 12 show individual composites of the temperature and 

dew point for each region obtained from the rawinsonde compositing 
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procedure. It is observed that no significant temperature differences 

exist between the three regions and that horizontal temperature advec

tion must be near zero. The three regions are primarily contrasted by 

their middle and lower middle tropospheric moisture differences. 

Fig. 13 portrays these three typical regions in idealized cross

section form. OLse~ .'ational research of Chang (1970), Frank (1970, 

1971), Wallace (1970), Hayden (1970), and Martin and Suomi (1972) give 

general support to the above area percentage classification. 

Each region will now be discussed in more detail. We will first es

tablish the area divergence and "mean" vertical motion profiles. 

Clear Area Region. This is the simplest region. The net radiation 

cooling as portrayed in Fig. 9 is assumed to be exactly balanced by a 

sinking compressional warming of about 25-30 mb/day. Composite of 

the winds around the clear areas independently verify this magnitude of 

sinking motion. The small decrease of water vapor content as a result 

of this sinking drying is made up at higher levels by vapor advection 

from the variable cloud regions. 

Cloud Cluster Region. The composited cloud cluster data of the 

Western Pacific (Williams, 1970) and the West Indies (Gray, 1972 -

report to be issued in the near future) show that the meso-scale clus

ter of about 4
0 

latitude width has a deep, nearly constant convergence 

up to about 400 mb and a strong concentrated divergent outflow layer 

at 200 mba Fig. 14 shows the way in which the data was composited. 

Reed and Recker (1971) and Yanai (1971) have obtained or' implied 

a similar mass composite profile for a number of easterly waves and/or 
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COMPOSITING OF DATA RELATIVE 

TO MESO-SCALE CLUSTER 

WEST EAST 

x x 

( X - UPPER AIR SOUNDINGS) 

x 

Fig. 14. Illustration of compositing scheme and rectangular grid cen
tered on cloud cluster. 

cluster systems in the central Pacific. Other information from tropical 

disturbances indicate a similar vertical convergence arrangement. This 

cluster convergence pattern up to 400 mb is responsible for an average 

o 2 
4 cluster water vapor inflow of about 1.5-2.0 gm/cm per day (see 

Williams. p. 46). This is necessary for a mean cluster rainfall of 2.0-

2.5 cm/day if 0.5 cm/day evaporation is occurring underneath the clus-

ter. Some eddy flux of water vapor into the cluster is also occurring. 

These cluster rainfall estimates have been independently verified from 

Pacific atoll and island rainfall data composited with respect to the 

clusters. 
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MEAN VERTICAL MOTION PATTERN (mb/day) 

IN VARIOUS REGIONS 
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Fig. 15. 

The cloud clusters and the clear areas are thus regions which im-

port water vapor. The "mean" upward circulation at low levels as 

determined by the cluster convergence profile does not, however, carry 

sufficient water vapor upward to account for the observed upward water 

vapor advection at low levels. It is necessary to hypothesize a large 

extra "local" up-moist and down-dry circulation to accomplish all of 

the required upward vapor transport. 

Variable Cloud Region. Given the average vertical motion pattern 

of the clear and cluster regions, the mean vertical motion of this region 

is solved for as a residual. This motion is downward everywhere ex-

cept in the boundary layer. Fig. 15 portrays the mean vertical motion 

for the three regions in mb/day. 
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As the variable cloud region must export water vapor to both the 

cluster and the clear regions, it is also necessary (as with the cluster 

region) that a large "local" upward vapor transport against the down

ward vapor transport of the "mean" circulation takes place. The char

acteristics of these "local" circulations must now be discussed. 



IV. DETERMINATION OF LOCAL CIRCULATION 

The required local circulation in the cluster and variable cloud 

regions are determined from the need for upward vapor transport that 

cannot be accomplished by the "mean" or average upward circulation. 

The required upward water vapor transport (in gm/cm
2 

per day) by the 

"local" circulation at any level (~zi) is obtained by adding the surface 

evaporation (E f ) to the integrated net inward horizontal water vapor 
s c 

advection qH and subtracting from these two quantities the vapor 

carried upward (in gmt cm 
2 

per day) by the mean circulation (q ) and 
z 

the vapor which has been condensed to rain (R). The required upward 

"-vapor transport by the local circulation at any level, (qz')' is thus 
1 

given by 

Upword ) (,orj,nnea1) cn
, 

Transport (Evapn,.-) Vapor Ad- Carried 
of Vapor by tion From + vcction 

by Hean 
"local" cir- = sfc I From sfc 

I Circula- I culation at 
, I tion at 

level i I I to level i I level i I 
I I I I 

.. I I I - I 
qz .. (Esfc) + (qH) - qz. - R , or 

i I I I l. I 
I I I I p. 
I , Pi I - Tfl. aqs aqs oqe 0 .. +J iE. qz Evap· sfc qz (00 - + 00 (---) 2E. 

I qH
i 

g m ap R. ap ap g 
i I sfc I sfc 

I I 

where p is pressure 

g is gravity 

i highest level of consideration 

qs saturated specific humidity 

(1) 
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specific humidity of the environment 

mean upward moist circulation 

is the local up-moist and compensating down-dry 
circulation 

denote local circulation 

denote mean circulation 

Figso 16 and 17 show comparisons of the required upward water 

vapor transport by the mean and by the local circulations for the cloud 

clusters and for the variable cloud regionso In the variable cloud re-

gions all the upward vapor transport must be accomplished by the local 

circulationo In the cluster the local circulation is dominant at lower 

levels, the mean circulation at higher levels. The circulations have 

equal magnitude at 800 mba 

Once the required upward vapor transport by the loe al circulation 

(qzi) has been specified at every level, the equal magnitude up-moist 

and down-dry local circulatior:(W,. ) necessary to accomplish this up-
1 

ward vapor transport is determined at each level from the equation 

"-

U1. = 
.l. 

(qzi) (g) 

(qs - qe) 
, (2) 

where ~zi is in units of gmt em 
2 

day and the other symbols have been 

defined with equation (1). 

Fig. 18 shows the magnitude of this required local mass compensa-

ting up-moist and down-dry vertical circulation in mb/day .(dashed lines) 
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Fig. 18. Comparison of mean vs. local vertical circulation in the var
ious tropical regions. The clear region has no local circula
tion • 

. for both the cluster and variable cloud regions and compares it with the 

mean circulation in these regions. At cloud base (-950 mb) this re-

quired local circulation is no less than 360 and 265 mb/day respectively. 

By contrast the mean circulation is only 20 and 0 mb/day respectively. 

Low level convergence gives ~ indication of the actual vertical cir-

culation in operation. 

The "local" circulation is thus seen to be a fundamental component 

to the upward vertical transport of water vapor in both the cluster and 

in the variable cloud regions. At lower levels it is responsible for 

most of the upward water vapor transfer. Despite its importance, this 

mass balancing up-moist and down-dry "local" circulation. is typically 
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unresolved by synoptic analysis. It is time that we come to a general 

understanding about its very large magnitude and probable important 

role in the vertical circulation processeso 



V. COMPUTATIONAL PROCEDURES AND REQUIRED VERTICAL 

CIRCULA TIONS 

With the definition of the three distinctive tropical regions and the 

general discussion of the self contained nature (lack of significant out-

side meridional transports) of the tropical belt, we are now in a position 

to estimate the complete mass, vapor, and energy budgets for each 

region separately. A steady-state assumption for each region has been 

made. 

The computational steps are made in sequence and are outlined by 

the flow diagram shown in Fig. 19. After the whole tropical belt bud-

gets have been made, the individual region budgets are made for 

1) divergence for mean vertical motion, then for 
2) water vapor, then for 
3) local circulation, then for 
4) resulting energy requirements. 

Individual Region Divergence and Mean Vertical Motion. The me-

thod of determining this has been previously discussed. Figs. 20 and 

21 show the divergence and mean vertical motion profiles. 

Determination of Individual Region Water Vapor Budgets. These 

were made in a way similar to the mass budgets. The cluster vapor 

convergence vertical profile was determined from the composite radio-

sonde information. The clear region vapor budget was specified by the 

rate of drying of each region due to the mean sinking motion. The var-

iable cloud region vapor profile was obtained as a residual of the cluster 

and clear regions. 
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As the rainfall of the cloud cluster is approximately five times the 

amount of the evaporation underneath it, it is obvious that a substantial 

vapor import must take place. This vapor import is accomplished by 

two processes: 

1) Convergence of vapor from the surface to 400 mb due to the 
mean 'convergence profile as seen in Fig. 20. This accounts 
for most of the Vapor convergence into the cluster. 

2) Eddy advection of vapor into the cluster beyond that specified 
by the divergence. This occurs primarily in the lowest 50-
150 mb and is analogous to the extra vapor advection into 
squall lines when they overtake lower level air, as discussed 
by Newton, (1963). Typically, dryer downdraft air leaves 
the cluster on the upwind or east side while moister lower 
level air enters the cluster from the downwind or west side. 
This brings about a net moisture advection into the cluster. 
Zipser (1969, and personal communication) has discussed the 
large drying from downdrafts which occurs in clusters. 
Cluster surface winds are but half of the winds at the 800-900 
level, as seen in Fig. 22. 

An estimate of the vertical distribution of vapor advection into the 

cluster below any level p. from these two processes can thus be ob-
1 

tained from the equation 

Vapor Transfer 
by Convergence 

Extra Vapor into Clus
ter at Lower Levels by 
Relative Motion 

Pi p. I I 
Vapor Advection 

into Cluster 
op i c J f

1 V-V 

= ~2 • q g + lIqi D 
§.E. (3) 

g 

where 

Aq. 
1 

sfc sfc 

is the pressure at any level 

vapor difference between that entering and leaving 
cluster at any level - typically 1-5 gm/kg at lower 
levels. 
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V. is the wind at any level in the cluster 
1 

V is the cluster velocity 
c 

D is the width of the cluster - taken as 4
0 

latitude. 

The main contribution of the second term on the right of (3) comes 

in the boundary layer. Here the speeds are substantially less than the 

cluster velocity. The vapor advection determined from (3) is shown for 

the cluster on the left portion of Fig. 23. Note that half of the vapor 

advection comes in the boundary layer (surface to 950 mb). 

As previously shown in Fig. 16, the mean circulation in the cluster 

carries a small fraction of the required upward transport of vapor 

necessary to produce the 2.5 cm/day mean rainfall. The rest of the 

upward vapor transport must be carried by the "local" circulation. 

Figs. 24-25 and Table 2 discuss in more detail the water vapor 

characteristics of the cloud cluster. Figs. 24-25 contrast level by level 

the upward vapor transports and the vapor released to rain by the mean 

and by the local circulation. It is to be noticed that about three-quarters 

of the cluster condensation going to rain comes from the mean circula-

tion,while the local circulation is primarily responsible for the recycling 

of vapor as most of its condensation is reevaporated in its compensating 

sinking motion. Table 2 explicitly lists all of the parameters going into 

the cluster condensation, rainfall, and local circulation determination. 

It should be realized that the 2.5 cm/day rainfall is not occurring 

everywhere within the cluster but is probably concentrated in local rain 

areas (some along squall lines) taking up but 10% or less of the 40 wide 
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cluster. In addition it is likely that only about 10 to 20% (or 0.2 to 0.40/0 

of the entire tropical belt) of the rain areas have active towering cumulus 

or cumulonimbus updrafts in operation. A similar scaling of the rel-

ative areas of the updraft, the rain regions, weather systems, etc., 

has been presented by Riehl and Malkus (1958). Even though the con-

vective activity is highly concentrated within the cluster, the lack of 

appreciable temperature and water vapor gradients across the cluster 

allow for an area average treatment of the mass, vapor, and energy 

budgets" 

The clear and variable cloud region vapor budgets are also shown 

in Fig. 23. The clear regions import vapor at upper levels to balance 

their sinking drying motion (.36 gm/cm
2 

per day) and export this vapor 
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into the l:x>undary layer. Together with its evaporation of 0.5 gm/cm
2

, 

2 
the boundary layer accumulates vapor at a rate of .86 gm/cm 0 The 

clear areas are thus source regions of water vapor. This is due pri-

marily to their boundary layer divergence. At upper levels they import 

vapor. 

The variable cloud region exports the vapor which it receives from 

its evaporation--that is 0.5 gm/cm
2 

per day. Above the boundary layer, 

it exports. 86 gm/ cm 
2 

per day which can only occur if the vapor is 

carried to upper levels by a substantial local circulation. Below cloud 

base the variable cloud region imports. 36gm/cm
2 

per day. 

Fig. 23 illustrates the mode by which the clear and variable cloud 

regions supply their evaporated vapor to the clusters. 

Individual Region Local Circulations. This has been adequately dis-

cussed in Section 3. The clear areas have no local circulation. The 

required up-moist and down-dry circulation of the other two regions is 

obtained from equation (2) with the required individual level upward 

transports specified in Fig. 23. As previously shown in Fig. 18, this 

local required vertical circulation is exceedingly large in the lower 

troposphere. 

Determination of Individual Region Energy BUdgets. Once the re-

quired regional net downward motion (W d) from both the mean and local 

circulations has been determined, the compressional warming, the water 

vapor recycling, and the net cloud cooling can be obtained for each 

region from the need to maintain steady-state conditions. As previously 
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discussed. inter-regional temperature advection influences are negligible. 

Thus. at each level. the sensible temperature budget must be given as a 

balance between 

~ink~g ~ , Cloud Induced ~ + ~ Net ~ o • + = or 
Warmmg Temperature Changes adiation 

Wd(rd-re) + ClOUd Sensible ~ + 
R = o I (4) 

Temperature Warming 
+ Evaporation Cooling 

where r d and r e are the dry and environment lapse rates. Lopez 

(1972a) has shown in his entire life cumulus model that direct sensible 

temperature diffusion from cumulus to their environment is very small. 

and in comparison with the evaporational cooling induced by the cumulus, 

can be neglected. Most of the cloud-induced sensible temperature changes 

result from liquid water evaporation on the sides of the cumulus during 

their growth and throughout the cumulus' interior as they die. This is 

pictorially portrayed in Fig. 26. 

The sensible temperature budget of the summertime tropical belt is 

largely determined by the balance between sinking warming and by evap-

orational and radiational cooling. Thus. 

Sinking Warming Evaporation + Radiation 

L(~q) + R (5) 

where ~q represents the amount of cumulus liquid water converted to 

vapor per unit mass and time. Throughout most of the summertime 
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tropical belt, the sinking warming and evaporation cooling are much 

larger than the radiation cooling. 

Figs. 27-29 portray the vertical profile of the terms of equation (5) 

for each of the three tropical regions and for the entire tropical oceanic 

belt. In all but the clear regions, the primary balance is between the 

sinking warming and the evaporation cooling with the radiation cooling 

of much less local importance. It was not previously expected that the 

local cloud induced warming and cooling rates would be so large in 

comparison with the radiational cooling. 

Fig. 30 shows the very large local recycling of water vapor for each 

of the tropical regions. Each region losses vapor through subsidence 
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drying. For steady conditions to prevail, the individual clouds must 

furnish an equal amount of vapor either by (1) direct vapor diffusion out 

from the clouds, or by (2) advection or mixing of liquid water (to be 

evaporated) out from the clouds. Both of these processes are accom-

plished from the sides of the clouds or throughout the region occupied 

by the clouds as they die, as implied in Fig. 26. 

The relative magnitude of these two processes of vapor replacement 

to the sinking motion is specified in Figs. 31-33 for each of the tropical 

t'egions. It is seeh that in the lower levels most of the vapor replace-

mertt COntt3S from direct diffusion or advection of vapor out from the 

blOl1d. At middle and upper levels most of the vapor replacement comes 
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three tropical regions. 
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Fig. 31. Cluster required water vapor replacement to sinking motion 
to maintain steady state conditions and portion of vapor re
placement coming from evaporation (on the right). 
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Fig. 32. Cluster required water vapor replacement to sinking motion 
to maintain variable cloud region conditions and the portion 
of vapor replacement coming from evaporation (on the right). 

from evaporation. This is a result of higher liquid water detrainment 

from the cumulus at upper levels and the lower upper level water vapor 

contents. The percentage of water vapor replacement by evaporation 

to total required water vapor replacement is shown on the right side of 

these figures. It ranges from 20-25 percent at 900 mb to 80-90 percent 

at 500 mbA 
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Fig. 33. Required advection of water vapor into the clear region to 
balance its sinking drying and maintain its steady state. 

The large magnitude of this required vertical circulation and its 

consequent very large energy and vapor sources and sinks should be 

appreciated by those who wish to urrl erstand tropical circulations. 



VI. ACTUAL OR PROBABLE VS. REQUIRED VERTICAL 

CIRCULATIONS 

The previous sections have discussed the required "mean" and 

"local" vertical circulation necessary to satisfy simultaneously mass~ 

vapor~ and energy needs. These mean and local required circulations 

must continually be in operation. But this does not specify all the 

vertical motion going on. Besides these required circulations there is 

an extra or "probable I I additional local circulation which does not in

fluence the mass, vapor, or energy budgets and can only be roughly 

estimated. This extra mass balancing local circulation is the additional 

up-dry and compensating down-dry circulation which accompanies 

broadscale forced upward motion (often associated with layered clouds) 

and the up-moist and compensating down-moist downdraft circulations 

associated with heavy rainfall. Any additional forced up-dry circula

tion must be balanced by a compensating down-dry motion. Similarly, 

any additional moist downdraft motion must be balanced by a compensa

ting moist upmotion. These additional mass balancing circulations, 

whose magnitude can only be roughly estimated, must be added to the 

already determined required up-moist and down-dry circulations t~1 

arrive at the actual or here defined probable real vertical cirl'ubti~)l1 

which is occurring. Fig. 34 portrays the author's estitn:li t , l)C tilt' 

actual vertical circulation occurring in the cluster l'l'gion:-; pl't'donsly 

discussed. Seven classes of vertical circulation:-; ~lrc :-;!10\\"1l, four 
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Fig. 34. Estimated complete vertical motion pattern of the cluster 
region. Numbered individual vertical motion components are 
discussed below. 

moist and three dry. The moist or saturated motion has been shaded. 

These seven vertical circulations are: 

1) Mean upward motion as determined from the radiosonde 
cluster data (see Fig. 21). This has a maximum value of 
180 mb/day at 350 mba It has been assumed that the mean 
circulation goes up-moist. 

2) Required local up-moist circulation with maximum value of 
about 350 mb/day at 950 mba 

3) Required local down-dry circulation with maximum vahle of 
about 350 mb/day at 950 mba Circulations 2) and 3) must 
mutually balance each other. 

4) Probable extra down-moist circulation as results with satur
ated downdrafts with rain. Maximum values assumed in 
lower troposphere of about 200 mb/day. This estimate is 
quite subjective. 

5) Probable extra moist updraft to balance the moist downdraft. 
Motions 4) and 5) are mutually balancing. 

6) Probable extra up-dry motion from meso or synoptic scale 
forced vertical motion as must be present to produce layered 
clouds. 
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Fig. 35. Estimated complete vertical motion pattern of the variable 
cloud region. Numbered individual vertical motion compo
nents are as discussed for the cluster region. 

7) Probable extra additional down-dry motion to balance the 
forced up-dry motion of 6). Motions 6) and 7) are mutually 
balancing. 

If this estimate of the typical cluster vertical circulation is not too in-

accurate, then we are forced to accept the reality of a very large re-

cycling vertical circulation which, in the lower half of the troposphere~ 

is from one to two orders of magnitude larger than the mean cluster 

upward motion. The implication of this very large local recycling cir-

culation for vertical momentum and other dynamic influences may be 

substantial and requires careful consideration. The divergence pattern 

implied by the vertical motion of Fig. 34 exactly fits the mean diver-

gence pattern of Fig. 20. Surface to 400 mb cluster convergence is due 

to the increase in downward motion being larger than the increase of 

upward motion. 

Fig. 35 shows the author's estimate of the actual or probable ver-

tical circulations occurring in the variable cloud region. Again, it is 
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AVERAGE MAGNITUDE 
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Fig. 36. Assumed total vertical motion in the clear regions. 

to be noted how large the actual up-and-down local vertical circulations 

are in comparison with the mean vertical motion. 

In the clear regions only a small extra or "probable" up-dry and 

down-dry circulation must be added to the mean circulation as shown 

in Fig. 36. This extra up- and-down dry circulation is thought to be due 

to boundary layer turbulent mixing. 

Fig. 37 shows the author's estimate of the vertical profile of the 

average of the absolute magnitude of the ~, the required, and the 

probable vertical motion occurring for the entire oceanic tropical belt 

of summer. These local vertical circulations are very large even 

though we are averaging over the whole tropical region. 

It was not expected that such a large required up-and-down compen-

sating vertical circulation would be present at lower levels. Reed and 
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ENTIRE SUMMERTIME 
TROPICAL BELT ABSOLUTE 
MAGNITUDE OF THE MEAN 
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CIRCULATIONS 

100 200 300 
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Fig. 37. Comparison of the magnitude of the mean and the local ver
tical circulations for the entire tropical belt of summer. 

Recker (1971) have also deduced from broad-scale considerations that 

a large lower-tropospheric recycling circulation must be present, but 

their estimates are not as large. The implication of this large vertical 

circulation for the dynamics of the lower troposphere must be very 

great. The vertical momentum transfer by this extra circulation is 

probably very significant to inhibit establishment of vertical wind shears. 

It is observed that the vertical wind shear from cumulus cloud base 

to middle tropospheric levels in cumulus convective situations is typ-

ically very small. Table 3 shows the very high magnitudes of the "local" 

up and down circulation to the "mean" circulation at cloud base. An 

explanation of the lack of vertical vorticity balance and the need to 

hypothesize substantial sub-synoptic or cumulus vertical vorticity 
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transfer, as has been discussed by Williams (1970), Reed and Recker 

(1971), Gray (1972b) and Holton and Colton (1972), is likely to be asso-

ciated with this strong vertical circulation requirement. 

This magnitude of cluster vertical circulation fits the estimates of 

Lopez (1972b) which were derived independently from a cumulus model-

ing approach which will be discussed in Chapter VIII. 

Table 3 

The top of the boundary layer "mean" vs. "local" required and probable 

up and down vertical circulation. All values are in mb/day. 

Variable Whole 
Cluster Cloud Clear Tropical 
Re~ion Region Area Belt 

A. Absolute value of 
mean circulation 20 0 10 10 

B. Absolute value of 
required up or 
required down 360 265 0 200 
"local" circula-
tion 

C. Absolute value of 
probable up or 

820 probable down "local" 340 25 300 

circulation 

Ratio of A to B 1/18 0 1/20 

Ratio of A to C 1/40 0 2/5 1/30 



VII. PROBABLE TROPICAL REGION VAPOR AND ENERGY 

BUDGETS 

The extra vertical circulation beyond that required to meet mass

vapor-energy budgets results in additional warming-cooling and conden

sation-evaporation rates. These must be added to the required values. 

They are believed to be close to the actual (or probable) rates of change 

really occurring. Figs. 38 and 39 show the author's estimates of the 

probable energy and vapor balances occurring within the cluster. In 

comparison with the radiation cooling and rainfall rates, these mu

tually balancing cluster energy and vapor exchange rates are indeed 

very large. 

Even for the entire tropical belt these probable energy and vapor 

exchanges are very large in comparison with the radiation cooling and 

rainfall rates. They are shown in Figs. 40 and 41. 

Figs. 42-43 portray tropospheric averages of the mean, required, 

and probable vertical circulation and the same values for the sinking 

warming--evaporation cooling rates for each of the three regions and 

for the entire tropical belt. Fig. 44 shows the large magnitude of con

densation-evaporation to rainfall. For the whole tropical belt probable 

condensation-evaporation is about 6 times larger than rainfall; required 

condensation-evaporation about 3-1/2 times rainfall. 
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Fig. 42. Comparison of individual region mean vs. local circulations. 
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VIII. COMPARISON OF CLUSTER VERTICAL CIRCULATIONS 

OBTAINED FROM THE BROAD-SCALE MODEL OF THIS 

PAPER WITH THOSE OF CUMULUS SCALE 

MODEL OF LOPEZ (Paper II) 

Lopez (1972b-Paper II) has discussed the cluster vertical circulation 

as determined from a life cycle cumulus model in conjunction with radar 

and composite radiosonde cluster data. This cluster model, derived 

independent of the approach of this paper from cumulus and cluster 

scale consideration alone, will now be compared with the cluster model 

of this paper, derived from tropical belt and cluster-scale consideration 

without any cumulus-scale knowledge. Fig. 45 briefly outlines in flow 

diagram form how the two models were developed and how they were 

meshed for comparison. 

Fig. 46-48 show the comparison of the two models with regard to 

their local vertical circulations, their sinking warming and evaporation 

cooling rates, and their water vapor loss-gains. One can clearly see 

how close each of these models were in specifying the required mass, 

energy, and water vapor budgets. This lended consistency and more 

credibility to the results of each approach. To ultimately verify cumu-

lus-broaderscale interaction models, this inward meshing of the dy-

namics from opposite scales of consideration should always be a desired 

goal. 
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Fig. 46. Comparison of the cloud cluster vertical circulation as de
termined by the broad-scale model of this report and by the 
cumulus model of Lopez (1972b). 
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Fig. 47. Comparison of each model's subsidence warming and evap
oration cooling. 
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IX. PARAMETERIZATION OF MOIST PROCESSES 

This paper has demonstrated the very large vertical circulation of 

the tropical atmosphere. It has shown that the summertime tropical 

atmosphere meets its mass-vapor-energy budgets in a rather complex 

way. The authors (Gray and L6pez) feel that it is very difficult (or im-

possible) at the 'present time for any numerical model of tropical motion 

to adequately come to grips with the real problems of i."""'orporating the 

cumulus convection in terms of the broader-scale fl. w. This will 

probably not be fully possible until we have more empirical information 

and general scientific consensus and understanding of 

1) the individual cumulus dynamics with their characteristic mass, 
momentum, vapor, and sensible temperature rearrangements. 
This requires a good whole-life individual cumulus model. 

2) the large magnitude of the local vertical circulation here 
described 

3) the association of cumulus number and relative size distri
bution with various broad-scale features such as 

a) low-level mass and moisture convergence 
b) other broader-scale flow features such as the low-level 

relative vorticity and the tropospheric vertical wind shears, 
etc. 

This knowledge will only come from an increase of our observational 

sampling of the tropical atmosphere and the cloud cluster. A judicious 

sampling and study of our already collected data (radiosonde and satell-

ite) in the Western Pacific and in the West Indies will help to answer 

many of these questions. The coming GA TE experiment and other trop-

icalland experiments will hopefully help to fill many of the empirical 

gaps in our observation knowledge. 
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Fig. 49. Outline of proposed scheme for relating the broadscale flow 
to the number and size distributed of the cumulus. 

The authors feel that the cumulus parameterization scheme which 

will finally prove workable will be one which handles the cumulus pro-

cesses separately from the main working model. 

We must first establish empirical relationships giving the association 

of the broadscale flow to the number and size of the cumulus (as in Fig. 

49--Model B) and also empirical information on the influence of the 

cumulus on the surrounding circulation (as in Fig. 50--Model C). Only 

when this type of empirical evidence is obtained can we proceed con-

fidently to an actual parameterization scheme as is speculatively pro-

posed in Fig. 51. Here, the cumulus induced changes as determined by 
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Fig. 50. Outline of proposed scheme for determining the influence of 
the cumulus on the surrounding circulation. 

Models Band C are fed back to the basic working model (A) and new 

broadscale flow patterns specified at each time step. 

In this figure the basic working model (A) uses already determined 

cumulus-broadscale relationships as given by Models Band C to spec-

ify its next timestepso Empirical relationships of Models Band Care 

determined before Model A is run. Models Band C calibrate the cu-

mulus with the broadscale flow. They must be based on empirical 

knowledge. They have yet to be realistically specified. Field programs 

and other research with observations should help to better specify the 

inputs of these auxiliary models. 
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Separate Treatment of Cumulus Cloud. In that the cumulus cloud 

is such a distinctive physical unit, it would appear that it should be 

independently treated probably in a fashion similar to that discussed by 

Lopez (Paper II). The physics of the cumulus-broadscale interaction 

may not necessarily be overcome by applying the primitive equations 

to even smaller grids and time steps without additional insight into the 

character of the individual convective elements. At the same time 

cumulus parameterization schemes based on abbreviated or oversimplified 

cloud model schemes may prove to be inadequate at really coming to 
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grips with all of the real life cycle cumulus influences. The author 

feels that the minimum degree of cumulus model sophistication that will 

prove workable is probably that of whole-life one-dimensional model of 

Lopez (1972a). In any rate, we will probably not be able to settle this 

question until we have a generally accepted sophisticated whole life cu

mulus model to which the simplified cumulus models C"tl'l lJe compared. 



x. DISCUSSION 

Large Vertical Recycling. The large vertical recycling of air that 

has been discussed is a function of two primary tropospheric processes 

1) the direct radiational cooling of the troposphere, and 

2) the direct cooling nature of the cumulus clouds as they evap
orate and die. 

These two processes combine to produce substantial cooling of the at-

mosphere. especially in the lower troposphere. The net radiational 

cooling of the troposphere of about 1 °c J day is well known and accepted. 

The idea of the cumulus cloud as "a direct cooling agent - an indirect 

warming agent" has yet to be fully appreciated or accepted. To under-

stand how the troposphere balances its radiation loss it is of fundamental 

importance to understand how condensation warms the atmosphere. Cu-

mulus clouds. whether causing precipitation or not. do not directly act 

to warm the troposphere. In fact, cumulus clouds directly cool the en-

vironment in which they exist. By what mechanism then do the cumulus 

clouds act to balance the tropospheric radiation loss and at the same 

time directly cool? 

As paradoxically as this may initially appear, this is indeed who.t 

goes on in the troposphere. The latent heat released from cumulus 

(both precipitating and nonprecipitating) goes primarily into potential 

energy gain and increasing the temperature of the rising parcel to that 

of the environmental temperature. The small extra (above environment) 

temperature increases of 1
0 

to 2
0 

of the rising parcel (which is required 
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for buoyancy) does not warm the environment unless it directly mixes 

out from the cloud at a higher temperature. The rising parcel typically 

continues rising until it loses its buoyancy and temperature excess. It 

~ mixes to the environment at a temperature little different (or even 

cooler) than that of the environment. This does not warm the environ
I 

mente Any diffusional or advective heat transports out from the rising 

(and warmer) cloud parcel are more than overcome by the evaporation 

of the residual cloud liquid water particles around the cumulus or when 

they die. Individual small cumulus last only 5-10 minutes; Cbls only 

about 25-30 minutes. The residual liquid particles which remain after 

the vertical motion in the cumulus has stopped cool the environment in 

and around the dying cloud at a rate of 2.4 °c for every gm/kg evaporated. 

Being an open system, the cumulus converts all its condensation heat to 

potential energy and exports this to the surrounding environment. Even 

though rainfall may have occurred, there is typically no warming, but 

a local cooling of the environment. This is not to say that the total 

effect of the condensation to the "closed system" of the globe or hemi-

sphere has not been one of warming. It has. The dry adiabatic sinking 

at some other location (to satisfy mass balance) has more than compen-

sated for the local cooling if there has been rainfall. In this way the 

cumulus act in a delayed action sense. They produce a local sensible 

cooling, but a global averaged warming can result. 

There is supporting data for this physical explanation: . 

a} direct sensible temperature decreases around and after 
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cumulus convection has occurred. as reported by Kininmonth 
(1971) from data of the VEMHEX project of 1969. 

b) the lower tropospheric cool nature of the raining tropical 
cluster and easterly wave, as substantiated by Riehl (1945) 
and many others since.. Why does this condensation not warm 
the environment? 

c) the lack of any tropospheric warming (or surface pressure 
falls) in an observational study of one thousand Pacific trade
wind cloud clusters by Williams (1970). The average observed 
and calculated rainfall for these clusters was 2-1/2 cm per 
day for a 40 latitude square area. This 1500 calories/cm2 

per day condensation energy release led to no tropospheric 
warming even though vertical wind shears and horizontal 
sensible temperature advective influences were small. Where 
did the heating go? Again, primarily to potential energy to 
be export to the surrounding environment. 

d) the direct cumulus cooling found by L6pez (1972a) in his whole 
life cycle cloud model. 

e) the maximum warming of the hurricane centers. Here the 
highest temperatures are found in the center subsidence region. 
The maximum upward motion in the eye wall convection area 
has lower temperatures. A diffusion of sensible temperature 
into the eye-wall cloud is necessary to maintain its tempera
ture (Shea, 1972). 

We must thus view the cumulus precipitation warming process as one 

in which the cumulus initially cools the local environment but at the same 

time acts to warm the outer environment by compensating dry subsidence. 

The subsidence warming is larger than the local evaporation cooling and 

leads to a net large scale tropospheric sensible temperature warming. 

The warming occurs at the place where the sinking motion exists. Lo-

cal warming can,at times,occur if the compensating sinking motion takes 

place near the rising motion as is the case with tropical storm genesis 

in regions of small vertical wind shear (Gray, 1968). 
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Fig. 52. Graphical portrayal of how an up-moist and down-dry vertical 
circulation can balance the radiation and evaporation energy 
losses. 

The primary energy input to the troposphere can thus only come 

from a continuous up-moist and down-dry vertical circulation which 

acts to balance both the radiation and evaporation cooling as shown in 

Fig. 52. 

This energy gain is paid for by a continuous water vapor loss. The 

clear area down-dry portion of this vertical circulation is continuously 

losing vapor which, for steady state, must be replaced by the cumulus. 

This is accomplished by vapor diffusion and by evaporation as shown in 
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Fig. 53. 

Fig. 53. This figure shows how the cumulus acts to increase the water 

vapor in the sinking air around it by both diffusion of vapor from the 

cloud and by liquid water evaporation on the edge of the cloud as the 

cloud dies. 

There are now a number of meteorologists which are coming to 

think of the warming mechanism of the cumulus as resulting from com

pensating subsidence of the environment. The author has found general 

physical agreement on this idea in personal discussion and from the 
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papers R. Lopez (op. cit.), Pearce and Riehl (1969), K. Ooyama (1971, 

1972), M. Yanai (1971, 1972), and J. Charney (1968). In addition, 

some of these researchers, like Lopez (op. cit.), Kinnemonth (1971), 

and Betts (1971, 1972, and personal communication), are now also ac-

cepting the idea of the cumulus cloud acting as a direct cooling agent. 

The earlier findings of Riehl (1945, 1965) and Elsberry (1966) on the 

lower tropospheric cooling of easterly waves might also be interpreted 

as generally supporting this point of view. Caution in literal interpre-

tation of the "hot tower" hypothesis of Riehl and Malkus (1958, 1961) 

needs to be exercised. Their demonstration of the dominant role of 

vertical transports of mass occurring in selective cumulus or cumulo-

nimbus towers is indeed correct, but these Cb towers are (from the 

immediate environmental warming point of view) "cool" and not "hot". 

They act to directly cool and not warm the environment. A "cooling 

tower" hypothesis does not, however, imply that the individual cumulus 

towers play any less fundamental role than that envisaged by Riehl and 

Malkus. The main problem of the cumulus acting as a direct heating 

rather than as a cooling source is that the required vertical circulation 

is reduced to unrealistic low values. 

At a recent NCAR workshop on cumulus parameterization at Boulder, 

* Colorado, a general concensus on the large required recycling of the 

cloud cluster atmosphere was arrived at by the author, Lopez (1972a, 

* July 10-14, 1972 
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1972b), Yanai (1972), Ooyama (1972), Rodenhaus (1972), and Zipser 

(1972). 

Rate of Recycling in Generation of Individual Cumulus Elements. 

The general stability of the cloud cluster boundary layer and the need 

for a lifting mechanism to initiate parcel condensation until free con-

vection is obtained is generally accepted. This requires that substantial 

mechanical forcing be applied in order that buoyant elements be initiated. 

As discussed by Lopez (1972a), it is not possible to generate cumulus 

over the oceans without mechanically forced cloud base vertical vel-

ocities of 1-5 m/sec. Underneath his cumulus (cu), towering cumulus 

(TWG) and cumulonimbus (Cb) .. he must have average local convergences 

-3 -1 
during their forced ascent stages of about 3-6 x 10 sec • These values 

are one to two thousand times larger than the synoptic convergence. 

Table 4 lists the required mean forcing parameters used in his simulation 

of the three sizes of cumulus. Even if the active cumulus take up but 

one percent of the cluster area, these convergences are 10-20 times 

larger than that specified by synoptic convergence. The only way the 

extra convergence under the cluster cumulus can occur is by a large mass 

recycling mechanism which is 10-20 times greater than the synoptic 

mass convergence. Betts (1972) has composited wind data around grow-

ing cumulonimbus clouds in Venezula and he finds convergence (for re-

gions 2-5 times larger than L6pez's Cb cloud base areas) in the sub

cloud layers of-2x10-
3
sec -1, quite closely comparable with the required 

cumulonimbus boundary layer forcing of L6pez's model. The recycling 
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dry and moist downdraft air which penetrates into the boundary layer 

from upper levels is thus the primary source of mass forcing for buoy-

ant parcel initiation. Were the cluster cumulus to be forced only by the 

-6 -1 . 
synoptic convergence of 3-5 x 10 sec ,then the low level mass forc-

ing requirements would permit only 1/1000 of the cluster area to be 

occupied by parcel ascent if all the mass sent into Cb'~· or only 1/500 

of the area if occupied by all towering cumulus or by all cumulus par-

cel ascent. Lopez's (PaperII) radar data shows that the areas of the 

cluster occupied by active cumulus clouds are typically 10-20 times 

larger than these amounts. Given the typical cloud cluster synoptic 

convergences and stable lapse rate conditions, the fundamental require-

ment of large up- and-down mass recycling 10-20 times greater than 

the mean vertical mass flow at cloud base is clearly evident. 

Table 4 

Parameters used in Lopez's (1972a) simulation of cumulus 

Cloud Cloud Mean Forced Initial Duration of Mean Value 
Type Base Convergence Radius Forced up- of Sinsoid-

Height under Cloud draft through ually Forced 
during its Cloud Base Updraft 
initiation 

~.\V R T w 

(meters) 
-1 

(sec ) 
o 

(km) 
o 

(minutes) 
o 

(m/ sec) 

Cb 520 -6x10 -3 
2.0 20 3. 3 

TWG 520 -3x10 -3 
1.0 15 1. 7 

Cu 520 -3x10 
-3 

0.5 15 1. 7 
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Relationship of Cluster Mass Recycling to CISK Mechanism. It is 

obvious that synoptic-scale boundary layer induced frictional conver-

gence from Ekman wind veering or the "so called Conditional Instability 

of the Second Kind (CISK)" mechanism as defined by Charney and Eliassen 

(1964) plays only a small direct role in the cluster upward mass trans-

fers necessary to initiate the cumulus. This does not negate the funda-

mental need of the cluster for frictionally induced synoptic scale con-

vergence, but it dictates that the primary direct function of the CISK 

process is to act as a mechanism for water vapor convergence. Unless 

the low levels of the cluster are continuously fed with water vapor, then 

the rain processes would act to decrease the cluster vapor and the re-

sulting higher buoyant stability of the dryer environment would put un-

realistically high requirements on the boundary layer mass forcing. 

Cumulus convection could not be sustained. This point has been em-

phasized by Rodenhaus (1971). 

* The very high correlation of boundary layer relative vorticity with 

cumulus convection along frontal zones, squall lines, on the cyclonic 

shearing side of the trade wind, in tropical storms, etc., illustrates 

what a fundamental role the low level frictional forcing plays in allow-

ing the cumulus recycling mechanism to get going. The general lack 

of cumulus convection in anticyclones and other regions of negative vor-

ticity where weak lower level friction divergence is occurring is primar-

ily due to the sinking induced drying of the environment. 

* The terms "boundary layer" and "sub-cloud layer" are used syn-
onymously. This refers to the layer from the surface to 850 mb. 
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To understand the high correlation of cumulus convection with 

boundary layer convergence and the CISK mechanism, one must fully 

appreciate the powerful influence of relative humidity on cumulus buoy

ancy. Figs" 11 and 12 showed that the major difference between the 

cluster and clear regions is in the relative humidity above 950 mb. 

Table 5 compares the temperature difference between a lifted parcel 

and the environment for the cluster and clear regions. In this table the 

parcel has been lifted from a condensation level of 950 mb with assumed 

entrainment rates of zero, 10 and 20 percent per 100 mb of parcel ascent. 

This table clearly shows the very strong dependence of parcel ascent 

on environment relative humidity and entrainment. A 100/0 per 100 mb 

entrainment rate would lead to a 450 mb parcel minus environment 

temperature of -1. 6
0

C in the cluster as compared with -6. OOC in the 

clear areas. These are very large differences. 

The cluster divergence profile of Fig. 20 is a result of the combined 

low-level frictional forCing mechanism and the cumulus feed-back of the 

up-and-downdrafts. Cluster convergence above the boundary layer is 

primarily a consequence of the cumulus. Middle level convergence is 

necessary to feed the accelerating downdrafts. Fig. 34 shows that the 

400 to 950 mb increase of the total downward motion is greater than the 

950 to 400 mb increase of the total upward motion. This middle level 

convergence leads to additional water vapor convergence. 

After boundary layer convergence has initiated and sustained an 

updraft impulse to the level of free convection, an accelerating upward 
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TABLE 5 

CLOUD CLUSTER VS. CLEAR REGION BUOYANCY PARAMETER FOR MOIST 
ASCENT FROM 950mb 

Relative Cumulus Parcel Temperature Minus Environ-
Humidity ment Temperature COC) 
(percent) For Environment For Environment 

No Entrainnv t Entrainment of Entrainment of 
10% per 100mb 20% per 100mb 

rJl en en 
.:: .:: ~ en 0 0 0 

C\! 'M 'M 'M 
(J) 00 00 00 
1-1 en ~ 

(/J (J) (/J a 1-1 < 1-1 1-1 p::: 1-1 
Pressure (J) (J) (J) OJ 

+J 1-1 +J 1-1 +J 1-1 +J 1-1 
Level (/J C\! (/J C\! rJl C\! en C\! 

;:l (J) ;:l (J) ;:l (J) ;:l (J) 
...-I ...-I ...-I ...-I ...-I ...-I .-I ...-I 
U U U U U U U u 

950 80 66 0 0 0 0 0 0 

850 77 55 +1.0 +0.7 +0.2 -0.8 -0.6 -2.6 

750 70 40 +1.6 +1.3 0 -2.2 -2.8 -4.8 

650 65 30 +2.0 +1.6 -0.2 -3.2 -3.7 -6.8 

550 58 24 +2.7 +2.2 -0.8 -4.4 -5.2 -8.5 

450 52 20 +3.0 +2.6 -1.6 -6.0 -7.0 -11.3 

growth occurs which produces changes to the middle and upper tropo-

spheric levels. If the updraft is sufficiently intense such that down-

drafts and rain are produced, then further upsetting and influence to 

the middle and upper tropospheric levels occurs. The sharp increase 

of stability near the 200 mb level produces a rapid deceleration and 

mass divergence at this level. The accelerating downdrafts of the mid-

dIe and lower troposphere produce cluster convergence at these levels. 

Even though middle and upper level broadscale responses to the indivi-

dual cumulii occur, this does not negate the fundamental role of the 

boundary layer in initially dictating these responses e 
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Influence of Large-Scale Boundary Layer Convergence. The physics 

of the individual cumulus (as discussed by L6pez), shows that the cloud 

cluster's mass convergence does not produce enough mass forcing 

underneath the individual cumulus such that it can directly release very 

much of the vapor convergence to rain. The cluster's convergence is 

too weak. Vapor accumulation is prevented and a steady state is ob-

tained only by the establishment of an additional vigorous vertical mass 

recycling into the boundary layer. This extra up-moist and down-dry 

recycling would carry vapor upward and act to reduce the boundary 

layer vapor. The intensity of the recycling would increase until a bal-

ance was obtained between the overall cluster vapor convergence-evap-

oration and the cluster rainfall. At this point the downward mass flux 

into the boundary layer would be strong enough to produce enough mass 

forcing under en~:>ugh ascending parcels such that cluster rainfall of 2.5 

cm/ day can occur. 

Degree of Recycling. This degree of recycling may be defined as 

the ratio of the required absolute upward vertical motion at the top of 

the boundary layer, I w upl ' to the mean vertical motion,-W , at this 

level, orlwupl!w • The ratio is dependent upon the magnitude of 

the cluster water vapor accumulation from evaporation and convergence 

to the rainfall which the boundary layer mass convergence would pro-

duce from parcel forcing without recycling. Using Lopez's cumulus 

-6 -1 model and the cluster observed mass convergence of 3 x 10. sec the 

ratio of vapor accumulation to rainfall induced from the broadscale 
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boundary layer forcing by itself was found to be about 20 or 30 to 1. 

-6 -1 
Boundary layer convergence of 3 x 10 sec produce only enough mass 

forcing to the ascending parcel for a rainfall of about 00 1 cm/ day. For 

cluster rainfall of 2.5 cm/day, an additional mass source about 25 times 

greater than that of the mean boundary layer convergence is required. 

The downward mass penetration from upper levels associated with the 

recycling mechanism is this additional mass source. 

The CISK mechanism must thus be viewed not as a direct cumulus ---

producing process, for in this it is ~ too weak, but instead ~s ~ E!.-

quired "trigger" for recycling. As far as cumulus convection is con-

cerned, the most important aspect of the CISK mechanism is not the 

magnitude of the direct boundary layer mass convergence but rather the 

associated water vapor convergence. 

Possible Importance of Recycling for Vertical Momentum Transfer. 

In that the cluster sinking warming and the evaporation cooling largely 

balance each other and in that the up- and-down recycling mass largely 

balance, one might argue that it is not important to deal with the recyc-

ling mechanism directly but only with its net influence. From the clus-

ter mass and energy budgets this may be a reasonable conclusion; for 

the water vapor and probably for the momentum budgets it is not. The 

correlation of the recycling up and down motion with specific humidity 

has been shown to be very large. It seems likely that there would also 

be a significant correlation of the recycling motion with horizontal mo-

mentum. If this proves to be the case, then the recycling process has 
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feed-back momentum influences which would also have to be parameter

ized along with the energy ones. 

Definition of Planetary Boundary Layer. In this paper the planetary 

boundary layer is viewed as that layer where surface mechanical-driven 

gust-scale eddies ( -50-500 m size) exist and decrease in density and in

tensity with height. Over the oceans this layer is ;, pically one-half to 

one km thick (Gray~ 1972c) and is primarily associated with the sub

cloud layer. To define the boundary layer with respect to a mixed layer 

which is dependent on the depth of the cumulus convection, as some re

searchers propose, is the obscure the important difference between 

gust-scale mechanically driven processes and cumulus thermally driven 

processes. The large vertical mass recycling portrayed in this paper 

show that a definition with respect to the top of the cumulus always puts 

the boundary layer near the tropopause in cluster situations and near 

950 mb in clear situations. The top of this mixed layer is too variable. 

For simplicity the author proposes that the term "boundary layer" be 

used to apply only to the usual Ekman layer where surface generated 

mechanical gust-scale eddies are dominant. As long as surface winds 

are present, the mechanically driven gust-scale exchanges of this low

est km layer are always present regardless of the existence or degree 

of cumulus activity above. 
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