
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 95, NO. D3, PAGES 2035-2045, FEBRUARY 28, 1990 

Clustered or Regular Cumulus Cloud Fields' 
The Statistical Character of Observed 

and Simulated Cloud Fields 

JORGE A. RAMIREZ 1 AND RAFAEL L. BRAS 

Massachusetts Institute of Technology, Cambridge 

The spatial distribution of cumulus clouds is assumed to be the result of the effects of convective 
activity on the thermodynamic environment. These effects can be parameterized in terms of a 
stabilization function representing the time rate of change of convective available potential energy. 
Using these results, a new inhibition hypothesis explaining the expected characteristics of the spatial 
distribution of cumulus clouds is postulated. This paper performs a verification of the inhibition 
hypothesis on real and simulated cloud fields. In order to do so, an objective measure of the spatial 
characteristics of cumulus clouds is introduced. Multiple cloud experiments are performed with a 
three-dimensional numerical cloud model. Skylab pictures of real cumuli are also used in the 
verification. Results of applying this measure to simulated and observed cumulus cloud fields confirm 
the inhibition hypothesis. 

1. INTRODUCTION 

In meteorology the term cluster or clump has been used in 
several very different contexts. Tropical cloud clusters refer 
to the groupings of cumulus clouds in tropical and subtrop- 
ical regions [Houze and Betts, 1981]; in this case, the term 
cluster comes about as a result of subjectively comparing the 
cumulus cloud field itself with the synoptic environment that 
contains it. Clustering has also been used in conjunction with 
mesoscale convective complexes, where again the term is 
used in order to differentiate the mesoscale from the synop- 
tic scale. In addition, the convective cells that occur in 
extratropical cyclones have been defined as clusters. These 
definitions have been given in purely subjective grounds. As 
implied above, the cluster label is given in order to differen- 
tiate two scales: the scale of the cloud field itself, on the one 
hand, and the scale of the ambient flow, on the other. 

The nature of the spatial distribution of clouds is a 
reflection of two effects: (1) effects due to mechanisms 
external to the convective process, which are always present 
in nature, and (2) effects due to mechanisms intrinsic to 
convection itself. Any heterogeneities present in any of the 
external mechanisms must be reflected in the nature of the 

cloud field. Clearly then, it is always possible to observe 
natural cloud fields at scales large enough to make them 
appear clustered. The character of the spatial distribution of 
cumulus clouds will tend to reflect the heterogeneous char- 
acter of the external forcing. The more fundamental question 
is whether or not atmospheric convection itself tends to 
induce a particular type of spatial distribution at the scale of 
several clouds. Is there an intrinsic property of the convec- 
tion process that induces a particular type of distribution? To 
answer this question, the analyses must be carried out at 
scales larger than a single cloud but smaller than the scale of 
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the cloud field; at the same time, an objective measure of 
spatial distributional aspects must be given. 

The spatial distribution of the convective cells can be 
described in stochastic terms. Either the spatial distribution 
of convective cells is purely random, or some kind of 
underlying physical mechanism is inducing deviations from 
randomness. The nature of the deviation from total random- 

ness can be of two types. Namely, cumulus cloud popula- 
tions will either tend to form groups or clusters, or they will 
tend toward a regular, gridlike distribution. Figure 1 gives a 
graphical description of these types of spatial distributions. 
For modeling purposes, determining whether any form of 
fundamental organization is present in cloud fields is of 
paramount importance. To do so, the question is, If the scale 
of observation is reduced to several cloud radii so that the 

effect of the heterogeneity in the external conditions is 
minimized, are real cloud fields clustered, random, or regu- 
lar? 

2. LITERATURE REVIEW 

The relative grouping of cumulus clouds has been the 
object of much attention by hydrologists and meteorologists. 
The predominant point of view is that cumulus clouds tend 
to occur in clusters or groups and that this tendency to form 
groups is a consequence of mechanisms fundamental to 
convection [Plank, 1969; Hill, 1974; Lopez, 1978; Randall 
and Huffman, 1980; Houze and Betts, 1981; van Delden and 
Oerlemans, 1982; Nakajima and Matsuno, 1988, etc.]. Re- 
cent papers, however, have questioned that point of view. 
Ramirez [1987], Ramirez et al. [this issue], Clark [1988], and 
Bretherton [1987, 1988] have indicated that the intrinsic 
characteristic of moist convection is a tendency to induce 
regular (as opposed to clustered) cloud fields. 

In hydrology, the literature has been flooded with stochas- 
tic cluster models of precipitation fields in space-time, which 
attempt to reproduce the observed phenomenological struc- 
ture of mesoscale precipitation events (see, for example, 
Kavvas and Delleur [1981], Gupta and Waymire, [1979], 
Ramirez and Bras [1985], and Rodriguez-Iturbe and Eagle- 
son [1987]). Based on the meteorological description, the 
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Fig. 1. Description of types of spatial distributions. 

majority of these models were constructed based on the 
assumption that the rain cells, embedded in the precipitation 
field, form clusters in space and time. Point processes with 
clustering characteristics were then postulated and, on the 
basis of agreement between simulated and observed fields, 
the hypothesis that convective rain cells tend to occur in 
clusters has been implicitly taken as true. 

Plank [ 1969], Lopez [ 1978], Leary and Houze [ 1979], and 
Houze and Betts [1981] are among many researchers report- 
ing observational studies of cloud systems that exhibit 
apparent groupings. Plank [1969] quantified statistical prop- 
erties of representative cumulus cloud populations over 
Florida. In particular, his statistics concentrated on the size 
distributions of the observed cumuli. These statistics are 

one-dimensional and do not account for spatial distributional 
characteristics. Plank concluded, however, that although the 
initial structure of the cloud fields was characterized by no 
apparent organization, there was a tendency for bigger 
clouds to grow at the expense of smaller ones, and a 
tendency for these clouds to occur in groups. This grouping 
tendency was ascertained subjectively. No physical hypoth- 
esis for this apparent grouping was put forward. 

Hill [ 1974], van Delden and Oerlemans [1982], and Naka- 
jima and Matsuno [1988] are among those who have ob- 
served or studied cloud clustering using numerical cloud 
models as experimental tools. Their experiments were per- 
formed with two-dimensional numerical cloud models, and 
some contained sustained external forcings, besides convec- 
tion. All these experiments conclude that precipitation- 
induced downdrafts, caused by evaporation of rainwater in 
the subsaturated subcloud layer, are important factors in the 
initiation of further convection nearby, thus inducing cloud 
clustering. The implication is that cloud clustering is an 
intrinsic property of precipitating convection. No objective 
statistical test on this grouping tendency was performed. 
Clearly, two-dimensionality should be expected to increase 
the relative strength of the convergence-induced updraft 
(one degree of freedom is lost), thus making it relatively 
easier to overcome the stable stratification of the planetary 
boundary layer (PBL). Analogously, large-scale forcing may 
help in producing additional convection. 

Randall and Huffman [ 1980] proposed the mutual protec- 
tion hypothesis to explain cloud clustering. Their thesis 
argues for clustering as a mechanism of self-preservation of 
convection. They suggested a simple linear stochastic con- 
ceptual model that parameterized the environmental effects 
of convection via a kernel of influence. Performing simula- 
tions with their conceptual model, they observe that clus- 
tered cloud fields are produced only when the kernel of 
influence is such that it implies a distribution of stabilization 
with a relative minimum at the cloud center. However, no 

objective test of cloud clustering was performed on their 
conceptually simulated cloud fields. 

Cahalan [ 1986] is the only investigator who has performed 
an objective statistical test to determine spatial organiza- 
tional characteristics of observed cumulus cloud fields. He 

concluded that his observed cloud fields had a tendency to 
clustering. His domain of analysis includes scales much 
larger than the cloud field itself. 

Other investigators have hypothesized that, under certain 
conditions, cloud fields are not clustered. On the contrary, 
they argue that cumulus clouds have a tendency to organize 
themselves into regular cloud fields, with a minimum dis- 
tance between clouds. A formal definition of regularity will 
follow later in this paper. Bretherton [1987, 1988] analyti- 
cally derived a subsidence radius associated with this mini- 
mum distance. The subsidence radius defines the region 
where cloud stabilization is acting, inducing convection 
inhibition. Clark [ 1988], using a three-dimensional numerical 
cloud model, shows that cloud fields exhibit dominant wave- 
lengths or scales, associated with particular ambient condi- 
tions. Ramirez [1987] and Ramirez et al. [this issue] propose 
an inhibition hypothesis for cloud field organization. Using a 
stabilization function, they show that the main thermody- 
namic effect of convection is stabilizing, thus inhibitory of 
further convection. This inhibition occurs over time scales 

comparable to the cloud development time and over spatial 
scales of the order of several cloud radii. The hypothesis 
states that this inhibition will result in a tendency for clouds 
to organize themselves in a regular (versus clustered) pat- 
tern. This means that there will be an underrepresentation of 
small distances between clouds. Note that cloud groups can 
still occur under their model. This paper intends to propose 
objective measures of spatial distributional characteristics 
and to verify the inhibition hypothesis. 

3. INHIBITION HYPOTHESIS 

Ramirez et al. [this issue] have measured the thermody- 
namic effects of convection on the surrounding environment 
as a function of the changes in conditional instability induced 
by the convective overturning. A well-defined stabilization 
kernel has been identified and shown to have a spatial 
distribution with a maximum at the cloud [Ramirez et al., 
this issue]. 

Stabilization profiles as well as the spatial distribution of 
cumuli within cloud fields are manifestations of a fundamen- 

tal property of the convection process that produces them. 
Observed stabilization functions indicate that convection 

reduces the available potential energy for further convec- 
tion. The conditional probability of cloud occurrence in the 
neighborhood of an existing cloud is reduced with respect to 
the unconditional probability of cloud occurrence. The con- 
vection process is inhibitory of further convection. 

A new hypothesis with respect to the spatial distribution 
of cumuli within cloud fields was then suggested by Ramirez 
et al. The inhibition hypothesis states that under completely 
homogeneous external conditions and assuming a spatially 
random distribution of cloud-triggering mechanisms 
(CTMs), the spatial distribution of cumuli in the resulting 
cloud field must tend toward a regular distribution, as 
opposed to either random or clustered, because cumulus 
clouds tend to reduce the available energy for convection, 
thereby inhibiting further convection nearby. This hypothe- 
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sis disagrees with currently suggested hypotheses in two 
ways. On the one hand, the inhibition hypothesis suggests 
that, under homogeneous external conditions, cumulus 
cloud fields should be regular. The accepted view is that they 
are clustered. On the other hand, the inhibition hypothesis 
implies a reduction in convective activity, while currently 
proposed hypotheses imply convection enhancement [Naka- 
fima and Matsuno, 1988] and mutual protection against 
cloud dissipation [Randall and Huffman, 1980]. 

The verification of the inhibition hypothesis involves 
several aspects. First, objective definitions of the spatial 
characteristics of the distribution of clouds must be devel- 

oped. Second, real and simulated cloud fields must be 
subjected to the proposed measures. This paper introduces 
such measures and presents results of applying them to real 
and simulated cloud fields. Real cloud fields were obtained 

from pictures taken during Skylab missions. Simulated cloud 
fields were obtained using a convective cloud model devel- 
oped at the National Center for Atmospheric Research 
(Clark [1977] and others; see Ramirez et al. [this issue] for 
details). As is presented later, the numerical model produces 
cloud fields which are regular,. as predicted by the inhibition 
hypothesis. Real atmospheric cumulus cloud fields are also 
shown to be regular, as opposed to random or clustered. 

4. OBJECTIVE DEFINITION OF SPATIAL DISTRIBUTIONAL 

ASPECTS 

Two different approaches for the objective definition of 
spatial distributional aspects are available. The first deals 
with the spatial distribution of points (hereafter referred to as 
point analysis). As such, clouds are represented by points 
distributed over a given area. The second takes into account 
the finiteness of each cloud and so deals with the spatial 
distribution of finite-sized cells (hereafter referred to as 
clump analysis). An entire branch of probability theory and 
of statistical analysis exists to study distributions of spatial 
patterns using both viewpoints. 

A standard for complete spatial randomness (CSR), 
against which observed distributions in space can be com- 
pared, is needed. The purpose of the comparison is twofold: 
(1) to determine whether a given cloud field is completely 
random or not, and (2) to determine the nature of the 
deviations from CSR, if they exist. 

The homogeneous Poisson process in a plane is the 
simplest possible stochastic mechanism for the generation of 
completely random spatial patterns. Its realizations define an 
ideal standard for CSR. A homogeneous Poisson process is 
defined by the following: (1) the counting process, N(A), has 
a Poisson distribution with mean AA, for A > 0; and (2) given 
N(A) = n, the n events form an independent random sample 
from the uniform distribution in A. That is, any location in A 
is as likely as any other to be the location of occurrence of 
one of the n events. This second condition implies indepen- 
dence, and so it would be violated if, for example, the 
existence of a cumulus cloud enhances or inhibits the 

occurrence of other clouds in its neighborhood. The pro- 
posed objective test for the inhibition hypothesis is then 
simple. First, the hypothesis that the spatial distribution of 
clouds is totally random is tested. This test is based on 
sample statistics for which theoretical distributions are 
known under CSR conditions. Second, if the CSR (Poisson) 
hypothesis is rejected, the nature of the deviation is deter- 

mined: that is, if the distribution is more grouped than 
expected under CSR, the field is labeled clustered; if less 
grouped than expected under CSR, the field is labeled 
regular (see Figure 1). Probabilistically, the deviation is 
measured in terms of the conditional probability of cloud 
occurrence. If the conditional probability of cloud occur- 
rence is lower than under CSR conditions, the cloud field is 
regular; if it is higher, then the cloud field is clustered. 

4.1 Point Analysis 

The grouping characteristics of a point pattern can best be 
understood by concentrating the analysis on the distribu- 
tions of the distances between events, particularly on the 
small distances. In general, evidence against CSR would be 
their excess or deficiency. A methodology based on these 
distributions was introduced in this context by Ramirez 
[1987], and it is used below. 

Tests are performed on the following distributions: (1) the 
distribution of nearest-neighbor distances G( ) and (2) the 
distribution of point-to-nearest event distances F( ). Theo- 
retical expressions for these distributions under the assump- 
tion of CSR are available [see Ramirez, 1987, and references 
therein). For finite areas, the above distributions depend on 
both the actual number of events n in the given area, and on 
the shape and size of the area A. These distribution functions 
characterize the first- and second-order properties of a CSR 
process. They can be used as a measuring standard in order 
to define whether arbitrary point patterns are completely 
random in space. 

Besides the comparison between empirical and theoretical 
distributions for F( ) and G( ), tests are performed on 
some particular sample moments and statistics. Among the 
latter is the kth smallest interevent distance, with asymptotic 
null distribution, 

-1 2 n(n- 1)triAl r k--•X22k 

where X22• is the Chi-square distribution with 2k degrees of 
freedom. 

An additional sample statistic that concentrates on the 
small distances is the sample mean of the nearest neighbor 
distances, •. Under CSR, • is normally distributed with 
mean and variance, 

E(y) = «(n-llAI) 1/2 q- (0.051 q- O.042n-l/2)n-il(A) 

and 

Var (y) = 0.070n-21AI q- 0.037(n-SIAl)i/21(A) 

where l(A) denotes the perimeter of A. Significantly small 
values of y indicate aggregation or clustering, and signifi- 
cantly large values indicate regularity. 

4.2. Clump Analysis 

The idealization of clouds as points in space, although 
acceptable, imposes a restriction on the results of point 
analysis. Most reports of clustering are based on observa- 
tions of cloud photographs or radar echoes, where the areal 
extent of the cloud appears explicitly. A subjective, but 
incorrect appreciation of clustering can be easily made when 
looking at finite-sized objects in space. 

Objects of finite size, when uniformly distributed over a 
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Fig. 2. CITEST: Complete cloud field, 35 min. 

given area, will randomly overlap to form clumps. The 
distributions of the number of clumps, of their sizes, and of 
their separations are characteristics that could help in deter- 
mining whether these clumps are the result of chance alone, 
or whether they are the result of interactions between the 
individual elements. Without an objective measure, clumps 
that form due to the overlapping of cells but that still follow 
a completely spatially random distribution in space, may 
subjectively be judged as clusters. However, there may be 
processes which will exhibit more clumps, or less clumps 
than would be expected from chance alone. Such deviations 
would then indicate that some kind of interaction is taking 
place among the elements of the population. 

In the suggested test, clouds are represented by circular 
cells whose diameters follow a given distribution function. 
The CSR standard is obtained in this case by a process in 
which cells are distributed in a plane with their centers 
randomly and independently located, that is, following a 
Poisson distribution in space. It can be shown [Ramirez, 
1987] that the probability distribution function of clump sizes 
Pn is 

pn=Pl(l--Pl) n-I (1) 

where pn is the probability of an isolated clump of size n and 
P l is the probability that a cell of any diameter is isolated. 
Equation (1) represents the probability mass distribution of 
clump sizes for a random distribution of cells of different 
areas. 

Assuming that cell diameters are distributed according to 
a simple distribution function ft)(' ), it can also be shown 
that the probability P l that a cell of any diameter is isolated 
is 

pl = ft)(d') exp --•- (d' 2 + 2d'D + V + D •) 8d' 

where D and V are mean and variance of the distribution of 
diameter. 

The mean number of isolated clumps of size n is 

NPI(I -pl) n-I 
C n -- (3) 

n 

The mean number of isolated clumps of all sizes, TC, is 

* Np• In p• 
TC = • C n -- 

p•-I r•=l 

(4) 

The general methodology to be followed for clump analy- 
sis of simulated and observed cloud fields is similar to that 

used for point analysis. In this case, the sample statistics are 
the distribution of clump sizes Pn given by (1), the mean 
number of isolated clumps Cn given by (3), and the expected 
number of clumps of all sizes TC given by (4). 

5. MULTIPLE CLOUD EXPERIMENTS 

5.1. Introduction 

In order to study the actual effect of cloud evolution on the 
development of mesoscale cloud patterns, two multiple- 
cloud experiments were performed with the three- 
dimensional numerical cloud model. These experiments are 
labeled C 1TEST and C2TEST. Only results from C ITEST 
are presented below (C2TEST yields similar results.) 

5.2. C! TEST 

The basic characteristics for both CITEST and C2TEST 

are identical to those for SITEST [Ramirez et al., this issue]. 
However, instead of a single instantaneous initialization, the 
cloud field is produced by a random surface heating forcing 
function (cloud-triggering mechanisms). The spatial distribu- 
tion of the surface heating rate S* was specified as 

(2) Fig. 3. CITEST: Precipitating clouds, 45 min. 
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TABLE 1. Description of Simulated and Observed Cloud Fields Tested for Inhibition Hypothesis 

Field Time, min Total Number of Clouds 

CI TEST: Complete Cloud Field (Precipitating and Nonprecipitating Clouds) 
35 35 84 

40 40 198 

45 45 228 

CITEST.' Precipitating Clouds Only 
40 40 29 

45 45 98 

Skylab Photographs: Real Cloud Fields 

Skylab 
Identification Field Name Description 

SL3-28-050 SL3-28 

SL3-28-050 SL3-28A 

SL3-46-209 SL3-46 
SL4-52-263 SL4-52 
SL4-141-4415 SL4-141 

SL4-143-4608 SL4-143 

Atlantic Ocean, -300 km south of 
Bermuda 

Atlantic Ocean, -300 km south of 
Bermuda 

Mediterranean Sea near Israel 

Coro, Venezuela, continental cumuli 
Eastern Atlantic SW of Portugal 
Continental cumuli Montevideo, Uruguay 

S* = 100. + 900.Rf(x, y) (5) 

where Rf(x, y) is a random number between zero and 1, 
distributed in space as a Poisson random field. S* is given in 
W/m 2. Observe that the random component of (5) has a 
magnitude much larger than the deterministic component. 
This ensures that any nonrandomness (deviation from the 
Poisson distribution of CTMs) appearing in the resulting 
cloud field must be induced by the convective process. If 
convection had no effect on further convection, the resulting 
cloud field should have a statistically indistinguishable dis- 
tribution from that of the CTMs, which according to (5) is 
completely random in space. No radiative effects or surface 
fluxes of latent heat (i.e., evaporation from the ground) are 
included in the simulations. In essence, no structured exter- 
nal forcing is used; only the random CTMs can externally 
trigger cloud formation. Figures 2 and 3 show the multiple 
clouds of experiment C1TEST. The complete cloud field is 
shown in Figure 2. The precipitating clouds only are shown 
in Figure 3. Although only one time is shown, its results are 
typical of all other times. These figures show the cloud field 
as seen directly above the midpoint of the horizontal do- 
main. There seems to be no apparent grouping of individual 
clouds, even though some clouds appear to have formed 
clumps, that is, some clouds have merged. As the time 

increases, the density of clouds increases considerably, and 
there seem to be more clumps. These comments are also 
applicable to the fields of precipitating clouds only. Table 1 
gives the number of clouds in C1TEST at various times for 
the complete cloud field and for precipitating clouds only. 
The results discussed below are also applicable at all other 
times, though. 

5.2.1. Tests on complete simulated cloud fields. Fig- 
ures 4-7 give the empirical distribution functions (EDF) of 
the nearest neighbor distances and the point-to-nearest 
neighbor distances plotted against their theoretical counter- 
parts under the CSR assumption, for C 1TEST results. These 
plots are constructed in such a way that a CSR process 
would produce a straight line at 45 ø. This CSR line is also 
included in the plots to help identify the nature of the 
deviation of the observed distributions from the CSR distri- 

bution. Confidence intervals (99%) are also given. 
Nearest neighbor distances provide an objective way of 

concentrating on only the small interevent distances. Figure 
4 shows the EDFs of the nearest neighbor distances from 
simulated cloud fields. None of the computed G( ) is 
completely confined within the upper and lower 99% confi- 
dence intervals. Furthermore, a strong deficiency of small 
nearest neighbor distances indicates not only that the cloud 

1 1 

o {• 0 :'12 .... 
0 1 0 1 

G.(Y) •*(Y) 

Fig. 4. CITEST' Nearest neighbor distance distributions for complete cloud field. Theoretical distribution under CSR 
is G*( ). Empirical distribution for complete cloud fields is GI( ). 
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'Fig. 5. C 1TEST' Point to nearest event distance distributions for complete cloud field. Theoretical distribution under 
CSR is F*( ). Empirical distribution for complete cloud fields is FI( ). 

fields are not from a CSR process but, more important, that 
they are distributed more regularly (not clustered) than a 
CSR process. The computed distributions imply that there 
are significantly fewer clouds separated by small distances 
than would be expected if the cloud field were completely 
random or clustered. There seems to be a minimum inter- 

event distance between clouds, in agreement with the inhi- 
bition hypothesis [Ramirez, 1987; Ramirez et al., this issue] 
find with results by Bretherton [1987, 1988]. 

The point-to-nearest event distribution deals with dis- 
tances from an arbitrary point in the given area to the nearest 
event and as such is a surrogate measure of the empty spaces 
in the field. Thus this distribution is the formal complement 
of the G(y) distribution in the sense that an excess of the 
large distances over those expected under CSR conditions 
would indicate a regular distribution of clouds. The com- 
puted EDFs of the point-to-nearest event distances are 
plotted in Figure 5. The observed distributions indicate that 
the tendency is to exceed the theoretical distribution, par- 
ticulady for large distances. This test also leads to rejection 
of CSR in all cases. Regularity is strongly suggested by 
estimates above the upper 99% confidence interval enve- 
lopes. 

It is clear that for a fixed number of clouds distributed over 

identical areas, a more grouped field will exhibit an excess of 
small interevent distances and, in particular, a smaller min- 
imum interevent distance. The opposite should be true if the 
clouds are less grouped than under CSR conditions. Conse- 

quently, in determining grouping characteristics based on 
interevent distances, a powerful statistic is the kth smallest 
interevent distance, Tk, whose null distribution under CSR 
conditions was introduced previously. For the simulated 
cloud fields analyzed, a test based on the X 2 distribution of 
the minimum interevent distance, T•, implies that for the 
analyzed field, the minimum interevent distance is signifi- 
cantly larger than if the cloud field were random or clustered. 
A test based on the distribution of the sample mean of the 
nearest neighbor distances overwhelmingly rejects the CSR 
alternative (see Table 2), in favor of a regular distribution. 

Except for the early times in the evolution of the cloud 
fields (before 30 min), the results of the clump analysis (using 
finite areas for clouds) also show no evidence of clustering or 
randomness. On the contrary, there is a strong rejection of 
CSR in favor of regularity as evidenced by an excess in the 
total number of isolated clouds (see Table 3). 

5.2.2. Tests on the precipitating-clouds-only cloud 
fields. Most works reporting clustering of rain cells have 
been based on analyses of radar echoes, which can detect 
mainly precipitating clouds. By choosing to study the fields 
of only precipitating clouds, it is possible to determine if, 
when viewed isolated from nonprecipitating clouds (as 
would be the case, with radar echoes), the resulting cumuli 
exhibit distributional characteristics typical of clustered 
fields. Table 1 also describes the precipitating cloud fields 
analyzed. Two times are presented, although as before, the 
analysis yields identical results for other times as well. 

1 1 

o 1 o 1 
O*(Y) 

Fig. 6. CITEST: Nearest neighbor distance distributions for precipitating clouds. Theoretical distribution under CSR 
is G*( ). Empirical distribution for complete cloud fields is GI( ). 
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o I o 1 
F*(Y) F*(Y) 

Fig. 7. CITEST: Point to nearest event distance distributions for precipitating clouds. Theoretical distribution under 
CSR is F*( ). Empirical distribution for complete cloud fields is FI( ). 

The EDFs of the nearest neighbor distances are shown in 
Figure 6. For the earlier time there seems to be no dominant 
tendency, and CSR can not be rejected. However, it is clear 
that for the later times there is a marked deficiency of small 
nearest neighbor distances. Thus the hypothesis of CSR 
must be rejected in favor of a regular distribution. 

The point-to-nearest event distance distributions, whose 
EDFs are shown in Figure 7, confirm the above conclusions. 
Note the excess of empty spaces for the later time. 

Table 2 also presents the results of the minimum inter- 
event distance statistic for the simulated precipitating 
clouds. The hypothesis of CSR cannot be rejected for the 
earlier time, while for the later time, when the number of 
precipitating clouds has increased, the same statistic 
strongly rejects the hypothesis of CSR. These results are 

also confirmed by the statistic based on the sample mean of 
the nearest neighbor distances (see Table 2). 

Table 3 gives the clump analysis results, also corroborat- 
ing the tendency to regularity in precipitating clouds of finite 
size. 

6. REAL CLOUD FIELDS: SKYLAB PHOTOGRAPHS 

It is desirable to use real cloud fields in order to confirm or 

qualify the inhibition hypothesis. In order to do so, cloud 
photographs, taken by astronauts during several Skylab 
missions [NASA, 1977], are used. Table 1 briefly describes 
the regions pictured in the six photographs used. Figure 8 
shows one such scene. The photographs used comprise 
cumuli both over the ocean and over the continents. The 

TABLE 2. Results of Statistical Point Analysis on Simulated Clouds 

Minimum Interevent Distance Test: / ,2 

Significance 
Field n(n - 1) trial-1T12 v Level (a) 

C1 TEST (Complete Cloud Field) 
35 22.867 2 0.00001 
40 48.290 2 -- 

45 121.807 2 -- 

CITEST (Precipitating Clouds Only) 
40 3.86565 2 0.145 

45 29.6775 2 -- 

Mean of Nearest Neighbor Distance Test 

Standard Normal Variate Test Result 
Field for Sample Mean CSR Significance 

C1 TEST (Complete Cloud Field) 
35 2.702 reject for regularity 0.007 
40 7.100 reject for regularity -- 
45 10.661 reject for regularity -- 

CITEST (Precipitating Clouds Only) 
40 -0.548 accept CSR 
45 4.191 reject for regularity 0.0001 

Here, •, is degrees of freedom. Dash shows significance level a < 10 -5 
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Field 

30 

35 

40 

TABLE 3. Results of Statistical Clump Analysis on Simulated Cloud Fields 

Distribution of Clump Sizes 

Clump Size Lower Theoretical Upper 

C1 TEST (Total Cloud Field) 

Observed 

1 5 6 7 7 

Total 6 7 7 7 
1 55 67 84 82 

2 0 7 11 1 

Total 68 75 84 83 
1 78 95 120 155 

2 16 25 35 15 

3 4 9 13 3 

4 0 3 7 1 

Total 118 134 151 174 

C1 TEST (Precipitating Clouds Only) 
35 I 5 5 5 5 

Total 5 5 5 5 

40 1 23 27 29 29 

Total 26 28 29 29 

45 I 60 72 90 94 
2 2 10 16 2 

Total 76 83 94 96 

50 1 86 103 123 164 

2 13 21 32 6 

Total 122 133 149 170 

continental areas used are flat with no major orographic 
obstacles. Most of these cumuli can be the result of contin- 

ued heating from below and so are, qualitatively, approxi- 
mately duplicated by the simulated CITEST and C2TEST. 

Performing point analysis on the six real cloud fields 
produces results identical to those presented before for the 
simulated data sets, namely, no evidence of clustering at all, 
strong rejection of the CSR hypothesis, and more important, 
a strong indication that the fields are regular, again suggest- 
ing that the main effect of convection tends to inhibit, as 
opposed to enhance, further cloud formation nearby. 

Figure 9 shows the EDFs of the nearest neighbor dis- 
tances. All estimated EDFs show a marked deficiency of 
small nearest neighbor distances, thus rejecting the hypoth- 

Fig. 8. Skylab SL4-143: Cumulus cloud field over Montevideo, 
Uruguay. 

esis of CSR and indicating a strong regularity of the observed 
fields. 

Computed EDFs of the point-to-nearest event distance 
distributions are shown in Figure 10. The above conclusions 
are further confirmed. 

Table 4 presents the results of testing the minimum 
interevent distance. Except for cloud field SL4-52, this test 
overwhelmingly rejects the hypothesis of CSR. Table 4 also 
shows the results of tests based on the sample mean of the 
nearest neighbor distances. The hypothesis of CSR is re- 
jected for all fields, and regularity is strongly suggested. 

The evidence produced by clump analyses on the real 
cloud fields (Table 5) again indicates a strong regular distri- 
bution of cumuli. This is reflected in an excess of isolated 

clouds and an excess in the total number of clumps (includ- 
ing clumps of size one cloud). This analysis does not show 
any evidence of clustering at all. The hypothesis of CSR is 
overwhelmingly rejected in favor of regularity. 

7. CONCLUSIONS 

When an objective measure of the spatial distribution of 
clouds was used on simulated and observed cloud fields, the 
spatial distribution of cumuli was shown to be regular, as 
predicted by the inhibition hypothesis. There was no evi- 
dence whatsoever of tendencies to form clusters. Since for 

the analyzed cloud fields there were no heterogeneities in the 
external mechanisms or external forcings, the change in the 
character of the spatial distribution, from spatially random 
for the cloud-triggering mechanisms to spatially regular for 
the resulting cloud field, must be intrinsic to the convection 
process itself. The inhibition hypothesis is verified in these 
cases. 

The fundamental question of whether there is an intrinsic 
property of atmospheric convection that induces a given 
form of spatial distribution has been answered by isolating 
the convective process from other external forcings. It has 
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Fig. 9. Skylab: Nearest neighbor distance distributions for Skylab cloud fields. Theoretical distribution under CSR is 
G*(). Empirical distribution for complete cloud fields is GI(). 
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Fig. 10. Point to nearest event distance distributions for Skylab cloud fields. Theoretical distribution under CSR is 
F*(). Empirical distribution for complete cloud fields is FI(). 
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TABLE 4. Results of Statistical Point Analysis on Skylab Cloud Fields 

Minimum Interevent Distance Test: X 2 

Significance 
Field n(n - 1) •rlA1-1T•2 v Level (a) 

SL3-28 17.796 2 0.00014 
SL3-28A 20.572 2 0.0000386 
SL3-46 53.994 2 -- 

SL4-52 1.360 2 0.5068 
SL4-141 54.97 2 -- 

SL4-143 22.09 2 0.000019 

Mean of Nearest Neighbor Distance Test 

Standard Normal Variate Test Result 
Field for Sample Mean CSR Significance 

SL3-28 2.544 reject for regularity 0.011 
SL3-28A 3.143 reject for regularity 0.0017 
SL3-46 4.198 reject for regularity 0.0001 
SL4-52 9.174 reject for • 

regularity 
SL4-141 4.847 reject for regularity • 
SL4-143 3.528 reject for regularity 0.0005 

Here, dash indicates significance level a < 10-5; v, degrees of freedom. 

been shown that convective processes modify the thermo- 
dynamic environment in such a way that they induce a 
regular distribution of cumulus clouds. This environmental 
modification was encoded in a stabilization function whose 

main component was the stabilizing effect of the subsidence- 
induced drying and warming of the PBL thermodynamic 
conditions [Ramirez et al., this issue]. Thermodynamic 
effects of convection are inhibitory of further convection. 
How significant is this effect when compared with other 
convectively induced dynamical processes? Nakajima and 

TABLE 5. Results of Statistical Clump Analysis on Skylab 
Cloud Fields 

Field 
, 

Distribution of Clump Sizes 

Clump Size Lower Theoretical Upper Observed 

SL3-28 1 24 37 48 55 
2 4 9 15 8 

Total 42 50 58 63 
SL3-28A 1 25 37 50 62 

2 4 10 17 6 

3 0 3 9 1 
Total 42 52 61 69 

SL3-46 1 77 94 129 145 
2 12 21 31 11 

3 2 6 11 1 

Total 111 124 146 157 
SL4-52 1 39 50 65 73 

2 6 14 19 15 
3 1 5 12 2 

Total 60 72 82 90 
SL4~141 1 50 70 88 145 

2 14 23 38 23 
3 3 10 17 4 

Total 94 114 127 172 
SL4-143 1 51 66 85 113 

2 7 16 26 8 

3 2 6 13 1 

Total 80 91 106 122 
, , 

Data based on real cloud fields from Skylab photographs. 

Matsuno [1988] suggest that the intrinsic property of atmo- 
spheric convection is to induce further cloud formation due 
to convergence caused by the spreading out of the cold 
downdraft in precipitating clouds. However, they base their 
statements on two-dimensional simulations. Clearly, real 
atmospheric convection is inherently three-dimensional. 
One should expect convergence effects to be more important 
in two-dimensional domains. In our simulations with a 

three-dimensional numerical cloud model, even those clouds 
that were precipitating did not induce clustering. This seems 
to suggest that there is a threshold of conditional instability 
or of convective available potential energy that determines 
which effect will dominate the solution. In our model clouds, 
this threshold seems to be quite high, so that no single 
experiment produced clustered cloud fields in agreement 
with real observed cloud fields and other theoretical studies 

[Bretherton, 1987, 1988]. This threshold may be artificially 
low in two-dimensional cloud models, so that cloud fields 
generated with such models are exaggeratedly forced to 
clustering. 

It is clear, however, that aside from mechanically induced 
mechanisms, unforced convection cannot induce clustering. 
On the contrary, the intrinsic property of its thermodynamic 
effects is that they inhibit further convection, thus producing 
regular distributions of clouds. 
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