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1. Inftfroduction

The latent heat released by ensembles of cumulus clouds essentially
contributes fto the energetics of many synoptic scale disturbances.

The fact that the horizontal scale of an individual cumulus cloud is
some orders of magnitude smaller thana large scale disturbance has two
major consequences: (i) the collective effect of a cumulus cloud
ensemble and its large scale interaction is to be investigated; (ii)

if this interaction is fo be included into a large scale model, it
cannot be incorporated in full detail but by some parametric procedure.
In the following an observational and Theoreffcal description of these

two aspects of cumulus cloud populations is discussed.

Z. Observational and numerical information

2.1 Geometrical structure of individual clouds

The phencmenological picture of a cloud can be described by its maxi-
mum area a_ (or radius r) and height Z and the life-time 2¢. Ob-
servational statistics allow to deduce some relationships between

these parameters:

(i) Large cumulus clouds have a long ljife-time and vice versa:
a
C
— = ¢ = constant
T

The cumulus cloud attains its maxihum area a_ after the growing periodn
i.e. at the state of maturity, when the cloud also reaches Its maxi-
mum depth z - Then the decay phase starts, during which the cloud
substance is eroded intfo the large scale environment. Both the grow-
ing and decay periods last about a half |ife-time v , i.e. with

respect to area and height the clouds undergo an almost symmetrical

|Tfe-cycle (see e.g. radar studies by Cruz, 1973; Singler, 1975).
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(ii) Deep cumulus clouds are correlated with a large radius r and

vice versa,which leads to the aspect-ratio v:

r

“q

= Yy = constant

This width~-depth ratio v can physically be explained using the

following qualiftative arguments; the entrainment factor

>

i
N
=

-

which is observed to be inversely proportional (a: constant of pro-
portionality) to the cloud radius, determines +the dilution rate of
the cumulus, its buoyancy and consequently its maximum Sepfh z. (wher
buoyancy or kinetic energy vanish); e.g. a small dilution rate A

is coupled with a large radius and depth of The cloud.

Different classes of cumulus clouds may be characterized by different
magnitudes of the parameters c, Y (and perhaps ). At least two main
structures can be distinguished: non-precipitating and precipitating
clouds {(or shallow and deep convectioni. The change in structure

depends on the intensity of the entropy-flow by which the clouds are

related to the undisturbed or disturbed large scale situation.

2.2 The statistics for a cloud ensemble

Within a large scale unit area F a population of individual cumulus
clouds can be described by tThe following cloud number distribution

function depending on the cloud radius r:

1

n (r) K exp (- Br)
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Obscrvations of cloud populations under disturbed and undisturbed
situations support such a relationship (see e.g. Plank, 1969;
Ruprecht, 1974; or Cho, 1978; Lopez, 1976 for a log-normal dis-

tribution). The parametcers K, B can simply be derived from ob-

servations of the total number No and area cover of clouds A = ¢of,
o
{g: fractional cloud cover), assuming an infiniftely large radius
. . 2
spectrum and a circular cloud area, a = 7 I !
w [ee)
| s -1 . 2 -3
N = >n (r) dr = K R ; A= fooroon (r) dr = 27 K B
o] o}
o} o)
or vice versa, from K and B one can determine Ao and NO

Introducing the width-depth ratio y one can derive a similar profile

for the cloud tops, so that an average cloud layer depth / can be
derived
1 1
Z =5 ;ooz n (r) dr = —
5 r BY
o

This cloud depth distribution is also observationally verified under
undisturbed situations; under disturbed conditions a bi-model distiri-
bution function, if really observed, may give a more appropriate

description.

2.3 Some results from numerical modelling

Sommeria’s (1976) comprehensive model simulating moist convective

boundary layer processes has been evaluated to corroborate The ob-

cerved roelationships (sections 2.1 and 2.2) and to test their
significance (Beniston, 1977). For the relationships hetween cloud
area and half |ife-time (expansion rate c = aC/T) and between radius
and depth (aspect ratio y = r/zT) the linear regression is well

supported at a high level of significance. The number density dis-
tribution n (r) which is exponential in cloud radius, is found fo

be simulated at the 99%-significance level.
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3. A Parameterization

3.1 Individual cloud

In agreement with the observations (section 2) a simple one-dimen-
sional, fransient cumulus cloud model can be derived with the |ife-
cycle being included. Assuming a vertically constant (time-integrate
cloud mass flux m. (Fraedrich, 1973) one obtains a horizontal mass
balance for o rising parccl, where entrainment ch (= Bmc/az) is
balanced by defrainment, the latter being realized by the area ex-
pansion aC/T = ¢ of the visible cloud. This lcads to the following

mass continuity equation

a

C_
ch—p?———O

where fturbulent fluc%uafions (parameterized and described by entrain
ment, first term) lead to the observed cloud area expansion (second
term). Thus, lateral detrainment dI = Amc = p aC/T = .const. is
completely balanced by entrainment, so that mass flux m. remains
constant; final deftrainment df = mcﬁzul occurs within a layer depth
when the ascending cloud parcel has reached the maximum height z. .

The cloud properties can be deduced by the well-known entrainment

equation which, from the physical point of view, belongs to this Typ

of cloud model. Thus, conserved quantities | can directly be deduced
(IC, 1 refer +o the cloud and the targe scale environment) h
3|
c
5 = Al = IC)

There are some good approximations of conserved quantities for this

simple cloud model (with top-hat profile) describing the thermo-
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dynamic and dynamic behaviour; the moist static energy h = cpT +
gz + Lg, the total water content | + q for non-precipitating clouds,
and a pseudo-potential vbrficify or ’Ertels Wirbelinvariante’

1
W = (g + f) p oah/3z.

Thus, given the large scale T-distribution and the cloud base
boundary conditions, the complete mass and |-budgets of individual
clouds can be determined for any prescribed radius r (or cloud fop z_,
knowing the aspect ratio y for disturbed or undisturbed situations).
The large scale I-values in the subcloud layer may define the cloud
base conditions lro~' To where, however, the cloud pseudo-potential

vorticity has a negligibly small value (WO oW

[ = 0 because 3h /3z~0)
co c

3.2 Cloud ensemble

With the observed structural and statistical relaTionsh{ﬁs (section 2),
and the model of the individual cloud (section 3.1) the cloud ensemble
can simply be established: the vertical variations of the mass budget
(vertical mass flux, lateral and final detrainment) and the budget

of Tthe conserved quality | ("compensating subsidence'", lateral and
final detrainment of the cloud property IC), by which the cloud

ensemble interacts with its large scale environment (Fraedrich, 1977).

Tweo addilional paramelers of the enscemble will bhoecome impufTanf: I\

A
characteristic cloud layer depth Z which in dircetly related 1o Lhae
average depth Z of the cloud population and determined by the radius

of +he averaqge cloud area AO/No using the aspect ratio vy:

o -1 0 —
L o=y N \/Z Z
o
The tolal mass recycling ralo of tho cloud ensemblo dua to Tho [ifa-
cyelo of 1he individual clouds by which the cloud ensemble modifies
the environment.
7
§ = F ' 5 s (d, + d,) dr dz
C I f



-100-

3.3 Large scale interaction

The interaction of a cumulus cloud ensemble and the large scale

environment is twofold:

(i) Apparent large scale sources are produced by fthe cloud ensemble:

due to compensating subsidence, lateral and final defrainment.

(ii)Y A closure condition for the cloud population statistics has to

be defined in addition to the large scale boundary conditions in fThe
cloud free environment and at cloud base fto yield a complete

description of the cloud ensemble or the apparent sources, respectiv
By this closure the 5hape of the distribution function (i.e. K and B

has To be determined:

(a) an observational closure provides information on the total
number No and area cover Ao of the cloud ensemble from which K and B
can be deduced (section 2.2); (b) a large scale model-closure provid:
the information on the characteristic depth 2 of the cloud ensemble
layer,(l.e. where the large scale divergence 6?-;3: = 0 changes it
sign) and on the mass recycling rate GC (i.e. which most efficiently
modifies the large scale, if it is as large as the absolute large

A
scale mass flux or ventilation: p | w] ? = SC at Z).

The basic ascumplion for any such closure is the significantly great
relaxation time of the large scale (~loo hours) compared to the clou
population (r1Y% hours). Physical interpreftations and additional in-

formations on this transient cloud ensemble and its large scale inte

action can Le obtained from Fraedrich (1976, 1977).
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4., Outlook

Several investigations can be emphasized for future work. The

relationship between cloud ensemble statistics and large scale para-

metcrs, i.e. the closure conditions, should be observationally
documentcd, numerically simulated and perhaps physically understood

in order to completely establish the scale interaction. There still
remains the question, whether one dimensional cumulus clouds are
sufficient 1o describe reality. Especially, observational and numerical
experiments for vorticity budgets are needed to test The momenium
transfer as it is parameterized by fthe conservation of "Ertels Wirbel-
invariante’ or pseudopotential vorticity (see Fraedrich, 1974). Then,
the step to proceed to two or three dimensional convective systems
might turn out to be useful (or not) from the parameterization poin®

of view.
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