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1. Introduction

Shallow cumuluscloud fields are inhomogeneousand
broken in structure,andthe individual cloudsareirreg-
ular over a wide rangeof scales.This complicatesthe
parameterizationof the radiative and transporteffects
of suchcloud ensemblesin GeneralCirculation Mod-
els (GCMs) (e.g.Arakawa andSchubert1974;Tiedtke
1989).Thishasbeenthemotivationbehindmany obser-
vationalstudiesof shallow cumuluscloud populations.
Such studieshave usedaircraft photographicimages,
radardata,satelliteimagesandotherremotesensingin-
struments.The functional form that bestdescribesthe
cloud sizedistribution is still a matterof debate(Plank
1969;Wielicki andWelch 1986;Lopez1977;Cahalan
and Joseph1989; Kuo et al. 1993; Bennerand Curry
1998).

Concerningthecloud fraction,small cumulusclouds
are the most numerousin the populationbut cover a
relatively little areaindividually. On the other hand,
large clouds individually cover a large areabut occur
relatively seldom. Due to this trade-off betweencloud
numberandcloudsize,it is not known a priori what is
the sizeof the cloudswhich contribute most to the to-
tal cloud fraction of the population. Observationalev-
idencewaspresentedby Plank(1969)andby Wielicki
and Welch (1986), which showed that an intermediate
sizebetweenthelargestandsmallestsizepresentin the
populationdominatedthecloud fraction. Thedominat-
ing sizevariesover the cumulusscenesstudied,but is
alwayswell-definedandintermediate.

In thisstudy, cloudsizedistributionsof shallow cumu-
lus cloud populationsare calculatedusingLarge-Eddy
Simulation(LES).Our aim is to critically compareLES�
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resultsto thehigh-resolutionobservationsof real cloud
populations,in order to evaluatethe representativeness
of cloud populationsasproducedby LES. To enablea
straightforward comparison,the samealgorithm is ap-
pliedasin observationalstudiesusinghigh-altitudepho-
tography or remotesensing,anda comparablenumber
of cloudsis sampled.Theuniversalityof thecloudsize
distributionsobtainedfrom LES is assessedby search-
ing for relevant scalesin a rangeof simulateddifferent
shallow cumuluscases.

2. The LES model and case descriptions

A detaileddescriptionof theKNMI LES modelusedin
this study is given by CuijpersandDuynkerke (1993).
Threedifferentshallow cumuluscasesareselectedfor
simulation, in order to assessthe universality of the
resulting cloud size distributions. Each LES caseis
basedon themeasurementsandobservationsmadedur-
ing the measurement-campaignof the corresponding
name.Thefirst caseis basedon theBarbadosOceano-
graphicandMeteorologicalExperiment(BOMEX) dur-
ing which marinesteadystatecumulusconvectionwas
observed for a period of several daysSiebesmaet al.
(2002). The secondcaseis basedon observationson
August5, 1995during the Small CumulusandMicro-
physicsStudy(SCMS).Onthisday, strongcumuluscon-
vectionwasobserved over land (Neggerset al. 2002b),
with a significantly larger surface fluxes comparedto
BOMEX. The third caseis basedon developmentof
shallow cumulusover land suchas observed on June
21st, 1997 at the SouthernGreatPlains(SGP)site in
Oklahomaof the AtmosphericRadiative Measurement
(ARM) program(Brown etal. 2001).

Several runswereperformedof eachcase,eachwith
a differently randomnizedinitial temperatureprofile in
orderto obtainasmany statisticallyindependentclouds
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for the calculationof the cloud sizedistributions. This
resultedin approximately

�������
	
sampledcloudsin each

case,which makesthestatisticalquality of theresulting
histogramscomparableto theobservationalstudiesmen-
tionedabove.

3. The method

Thecloudsizedistributionsof a cumuluscloudpopula-
tion is definedasthe integral over a probabilitydensity
function(pdf). Thispdf, alsoknown asacloudsizeden-
sity, is theprobabilityof occurenceof acloudof acertain
size. Cloud size decompositionscan be calculatedfor
someimportantpropertieswhich characterizethepopu-
lation, i.e. thecloud fractionandtheverticalmassflux
asa functionof cloudsize.

Eachcloud � in thepopulationis first givena unique
linearsize ��
 , definedasthesquareroot of its vertically
projectedarea��� 
 , ��
�� � � � 
 (1)

Next all thecloudsaresortedby their sizewhich results
in histograms.This algorithmis describedin full detail
by Neggersetal. (2002a).Thetotalnumberof clouds�
presentin thedomainat a certaintime is definedby the
integralof thecorrespondingcloudsizedensity� ����� :

� � � �� � ������� �"! (2)

wheretheterm � ����� is thenumberof cloudsof size � in
thedomain.Theverticalprojectedcloudfraction #
� of a
cloudfield is definedastheratio betweenthevertically
projectedareacoveredby all cloudsandthetotalareaof
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FIGURE 1: Several different measuresof a single cumuluscloud,
shown in aschematicverticalcross-section.

thedomain.Thecloudfractiondecomposition%&� is then
definedby# � � � �� % � ������� �"! % � �����'� �)(*� �����+-,
+-. ! (3)

where
+-,

and
+-.

are the horizontaldimensionsof the
domain. This meansthat once � is known % � is also
known. Finally, themassflux decomposition/0����� is de-
fined as the height-averagedmass-fluxof all cloudsof
size � , 1 � � �� /0������� �"! (4)

where

1
is thetotalmassflux.

4. Objectives

Theultimategoal is to find out if a universalfunctional
form existsfor thecloudsizedensitythatcontainsamin-
imum but enoughnon-universalparametersto apply to
all situations. However, thereis no agreementon the
this yet. For example,several possiblecandidatesare
mentionedin the literature to describethe decreasing
cloudsizedensity� asobserved in naturalcloudpop-
ulations.Themostfrequentlymentionedpropositionin
recentyearsis thepower-law (CahalanandJoseph1989;
Kuoetal. 1993;BennerandCurry1998),� �����2� #3��465 (5)

A scale break is defined as the cloud size at which
this functionalrelationbreaksdown (thesizewherethe
power 7 suddenlychanges). Many scale-breakshave
beenreportedin observationalstudies,alwaysat a dif-
ferentcloudsize,andit is notyetknown whichphysical
processcontrolsits position.

The cloud sizedensities� ����� obtainedwith LES in
this studyarealsofitted with power-laws, asthe corre-
spondingparametersof thisfunctionalformareavailable
in the literaturefor many real cloud fields. The agree-
mentbetweentheobservedandsimulatedthepower-law
exponentsis anindicationof how realisticthesimulated
cloud populationsactually are. Theseresultsare then
usedto examinethe universalityof the functionalform
thoughtto be applicableto the cloud size density. To
this purposesomethe sizedensitiesfrom the threedif-
ferentcumulusregimesarescaledwith relevantparam-
eters,in order to reducethe problemof reconstructing
thecloudsizedensityto a minimumnumberof parame-
ters. Finally theunderlyingrelationsbetweenthecloud
size densityand the decompositionsof cloud fraction
andmassflux areusedto explain the typical shapeof
thesesizedecompositions.
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FIGURE 2: The normalizedcloud size density 8 �
/N of a) the

BOMEX, SCMSandARM cases.The solid line correspondsto the
linearfit 8 �

/N 9 :<;=:?>@:BADC@;FEGC logH , basedon thepointswith cloud
sizessmallerthanthescale-breaksize.Panelb) showsthesamedensi-
tieswith thecloudsizedividedby their scale-breaksize.

5. Results

Thecloudsizedensitiesof thesimulatedcloudpopula-
tions aredescribedwell by a power-law at the smaller
sizesin all cases,seeFigure 2a. This scalingcovers
roughly one decadeof cloud sizes,with a power-law
exponentof -1.70which is comparableto observations
(CahalanandJoseph1989;BennerandCurry1998).Ap-
parentlythis power-law decayof thecloudsizedensity
is a robust featurein LES. In all casesthe scalingarea
is boundedby a scale-break,above which numberof
cloudsdecreasesmorerapidlywith size � .

Theseresultssuggestthat the powerlaw-exponentis
case-independent,and that scale-breaksize is the only
relevant variablescale. Thereforewe further scalethe
cloud sizedensitiesby non-dimensionalizingthe cloud

a)

b)

FIGURE 3: Thenormalizedprojectedcloud fractiondecompositionIKJ � /N of a) theBOMEX, SCMSandARM cases.Thelinearfit cor-
respondingto Figure2ausing(3) is alsoplottedasasolid line.

sizewith the scale-breaksize(seeFig. 2b). The data-
collapsein this figureof all casesover all sizescorrob-
oratesthe idea of a universaldescriptionof the whole
cloudsizedensity, alsoabove thescalebreak.In this re-
gion clearly anotherexponentapplies,or perhapseven
a totally differentfunctionalform. Nevertheless,Fig.2b
illustratesthatthescale-breaksizeis theonly variable.

The projectedcloud fraction decomposition%&� is
uniquelydeterminedby thenumberdensity� , see(3).
Figure3aindicatesthattheintermediatemaximumin %&�
is locatedat thepositionof thescale-breakin � . Figure
3b shows %&� non-normalizedon linearaxes(a common
format in many presentationsof observational results).
Thetotal projectedcloudfraction #
� in eachcaseis the
surfacecoveredby thehistogram.Thefactthatthedom-
inating sizein %&� is intermediateresultsfrom the exis-
tenceof thescale-breakin � . In accordancewith obser-



FIGURE 4: Cloudsizedecompositionsof the BOMEX, SCMSand
ARM caseof theverticalmassflux L .

vationswedofind ascale-breakin LES,with 7M� N � 5PO �
below and 7RQ NTS above thescale-breaksize. Because%&�U�����WV �YX 4[Z (]\ via (3) this implies that %&�U����� increases
with � below thescale-breakanddecreasesabove it, and
hencea dominatingsize which is intermediate. This
shows that the existenceof the scale-breakin � is es-
sentialfor the presenceof an intermediatedominating
sizein %&� . Knowledgeof thepositionof thescale-break
directlygivesthedominatingsizein theprojectedcloud
fractionandviceversa.

In themass-fluxdecomposition/ (l) asshown in Fig.4
the dominating size is even better defined, although
shiftedsomewhat towardsthe larger sizescomparedto
theprojectedcloud fractiondecomposition.Thesmall-
estcloudsin thespectrumcontributecloseto nothingto
the vertical transport,mainly becauseof their very low
verticalvelocities.

6. Discussion and Conclusions

Theseresultsshow that thecloudsizedistributionspro-
ducedby LES resemblethoseof realcloudpopulations
on severalimportantpoints,suchasthepowerlaw expo-
nentof N � 5PO � and the presenceof a scalebreak. The
cloudsizedensitiesshow a remarkableuniformity over
thethreesimulatedcases,theonlyvariantbeingtheposi-
tion of thescale-break,andwith it theintermediatedom-
inatingsizein thecloudfraction.This featurefacilitates
the parameterizationof thesedensities.Which process
actuallysetsthescale-breaksizeremainsunclearandis
not answeredin this study. TheLES conceptwould be
asuitablenumericallaboratoryto furtherinvestigatethis
phenomenon(e.g.Jonkeretal. 1999).

The intermediateposition of the dominatingcloud

sizeshows thatthecloudswhich aremostimportantfor
the projectedcloud fraction and vertical transportare
not of resolution-scalebut aresignificantlylarger. This
is convenient,for the sub-gridmodelof LES playsan
importantrole in the dynamicsof the smallestclouds,
while the larger cloudsare resolved betterby the dis-
cretizedgoverning equations. We find herethat those
larger, better-resolvedcloudscontributemostto thetotal
projectedcloudfractionandmassflux of thepopulation.
The smallestcloudscontribute closeto nothing to the
verticalmasstransport.
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