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1. Introduction

Shallov cumuluscloud fields are inhomogeneouand
brokenin structure andthe individual cloudsareirreg-

ular over a wide rangeof scales. This complicateshe

parameterizatiorof the radiatve and transporteffects
of suchcloud ensemblesn GeneralCirculation Mod-

els (GCMs) (e.g. Arakava and Schubertl974; Tiedtke

1989).This hasbeenthe motivationbehindmary obser

vational studiesof shallav cumuluscloud populations.
Such studieshave usedaircraft photographicimages,
radardata,satelliteimagesandotherremotesensingn-

struments. The functionalform that bestdescribeghe

cloudsizedistribution is still a matterof debate(Plank
1969; Wielicki and Welch 1986; Lopez1977; Cahalan
and Joseph1989; Kuo et al. 1993; Bennerand Curry

1998).

Concerninghe cloud fraction, small cumulusclouds
are the most numerousin the populationbut cover a
relatively little areaindividually. On the other hand,
large cloudsindividually cover a large areabut occur
relatively seldom. Due to this trade-of betweencloud
numberand cloud size, it is not known a priori whatis
the size of the cloudswhich contribute mostto the to-
tal cloud fraction of the population. Obsenrational ev-
idencewas presentedy Plank (1969) and by Wielicki
and Welch (1986), which shaved that an intermediate
sizebetweerthe largestandsmallestsizepresenin the
populationdominatedhe cloud fraction. The dominat-
ing size variesover the cumulusscenesstudied,but is
alwayswell-definedandintermediate.

In this study cloudsizedistributionsof shallawv cumu-
lus cloud populationsare calculatedusing Large-Eddy
Simulation(LES). Our aimis to critically compareLES
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resultsto the high-resolutiorobsenrationsof real cloud

populations,jn orderto evaluatethe representatieness
of cloud populationsas producedby LES. To enablea

straightforvard comparison the samealgorithmis ap-

plied asin obserationalstudiesusinghigh-altitudepho-

tograply or remotesensing.anda comparablenumber
of cloudsis sampled.The universalityof the cloud size

distributions obtainedfrom LES is assessetly search-
ing for relevantscalesin a rangeof simulateddifferent
shallav cumuluscases.

2. TheLESmodel and case descriptions

A detaileddescriptionof the KNMI LES modelusedin
this study is given by Cuijpersand Duynkerke (1993).
Threedifferentshallov cumuluscasesare selectedfor
simulation, in order to assesghe universality of the
resulting cloud size distributions. Each LES caseis
basedon the measurementand obsenationsmadedur-
ing the measurement-campaigof the corresponding
name. Thefirst caseis basedon the BarbadosOceano-
graphicandMeteorologicaExperimen{BOMEX) dur-
ing which marinesteadystatecumuluscorvectionwas
obsered for a period of several days Siebesmeet al.
(2002). The secondcaseis basedon obsenationson
August5, 1995during the Small Cumulusand Micro-
physicsStudy(SCMS).Onthisday, strongcumuluscon-
vectionwasobsered over land (Neggerset al. 2002b),
with a significantly larger surface fluxes comparedto
BOMEX. The third caseis basedon developmentof
shallav cumulusover land such as obsered on June
21st, 1997 at the SouthernGreatPlains (SGP) site in
Oklahomaof the AtmosphericRadiatve Measurement
(ARM) program(Brown etal. 2001).
Severalrunswereperformedof eachcase,eachwith
a differently randomnizednitial temperatureprofile in
orderto obtainasmary statisticallyindependentlouds



for the calculationof the cloud size distributions. This
resultedn approximatelyt - 10* samplectloudsin each
case which makesthe statisticalquality of theresulting
histogramsomparabléo theobsenationalstudiesnen-
tionedabove.

3. Themethod

The cloudsizedistributionsof a cumuluscloud popula-
tion is definedasthe integral over a probability density
function(pdf). This pdf, alsoknown asa cloudsizeden-
sity, istheprobabilityof occurencef acloudof acertain
size. Cloud size decompositiongan be calculatedfor
someimportantpropertieswvhich characterizeéhe popu-
lation, i.e. the cloud fraction andthe vertical massflux
asafunctionof cloudsize.

Eachcloudn in the populationis first givena unique
linearsize/,,, definedasthe squareroot of its vertically
projectedareaA?,

by = /A5, @)

Next all the cloudsaresortedby their sizewhich results
in histograms.This algorithmis describedn full detalil
by Neggersetal. (2002a).Thetotal numberof cloudsNV

presenin the domainat a certaintime is definedby the
integral of the correspondingloudsizedensity N (1):

NE/O N(d, 2

wheretheterm N (1) is the numberof cloudsof sizel in
thedomain.Theverticalprojectedcloudfractiona® of a
cloudfield is definedasthe ratio betweerthe vertically
projectedareacoveredby all cloudsandthetotal areaof

height
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FIGURE 1. Several differentmeasure®f a single cumuluscloud,
shown in aschematiazertical cross-section.

thedomain.Thecloudfractiondecompositiom? isthen
definedby

2N(®)
LoLy,

o = / PO, () ®)
0

where L, and L, arethe horizontaldimensionsof the

domain. This meansthatonce N is known o? is also

known. Finally, the massflux decompositiom(l) is de-

fined asthe height-aeragedmass-fluxof all cloudsof

sizel,

m= /Ooo w(ldl, (4)

wherem is thetotal massflux.

4. Objectives

The ultimategoalis to find out if a universalfunctional
form existsfor thecloudsizedensitythatcontainsamin-
imum but enoughnon-unversalparameterso apply to
all situations. However, thereis no agreemenbn the
this yet. For example, several possiblecandidatesare
mentionedin the literatureto describethe decreasing
cloudsizedensity V' asobsenredin naturalcloud pop-
ulations. The mostfrequentlymentionedpropositionin
recentyearsis thepower-law (CahalarandJoseph989;
Kuoetal. 1993;BennerandCurry 1998),

NI =al. (5)

A scalebreakis definedas the cloud size at which
this functionalrelationbreaksdown (the sizewherethe
power b suddenlychanges). Mary scale-break$ave
beenreportedin obsenational studies,awaysat a dif-
ferentcloudsize,andit is notyetknown which physical
processontrolsits position.

The cloud size densities\/ (1) obtainedwith LES in
this studyare alsofitted with powerlaws, asthe corre-
spondingparametersf thisfunctionalform areavailable
in the literaturefor mary real cloud fields. The agree-
mentbetweertheobseredandsimulatedhe power-law
exponentss anindicationof how realisticthe simulated
cloud populationsactually are. Theseresultsare then
usedto examinethe universality of the functionalform
thoughtto be applicableto the cloud size density To
this purposesomethe size densitiesfrom the threedif-
ferentcumulusregimesare scaledwith relevantparam-
eters,in orderto reducethe problemof reconstructing
thecloudsizedensityto a minimumnumberof parame-
ters. Finally the underlyingrelationsbetweerthe cloud
size density and the decomposition®f cloud fraction
and massflux are usedto explain the typical shapeof
thesesizedecompositions.
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FIGURE 2. The normalizedcloud size density A’*/N of a) the
BOMEX, SCMSandARM cases.The solid line correspondso the
linearfit N*/N = 1.121 — 0.70logl, basedon the pointswith cloud
sizessmallerthanthescale-breakize.Panelb) shavs the samedensi-
tieswith thecloudsizedividedby their scale-breakize.

5. Results

The cloud sizedensitiesof the simulatedcloud popula-
tions are describedwell by a powerlaw at the smaller
sizesin all cases,seeFigure 2a. This scalingcovers
roughly one decadeof cloud sizes,with a power-law
exponentof -1.70which is comparabldo obsenations
(CahalarandJosepl 989;BennerandCurry 1998).Ap-
parentlythis powerlaw decayof the cloud size density
is a robustfeaturein LES. In all caseghe scalingarea
is boundedby a scale-breakabove which number of
cloudsdecreasemorerapidly with sizel.
Theseresultssuggesthat the powerlav-exponentis

case-independengndthat scale-brealsize is the only
relevant variablescale. Thereforewe further scalethe
cloud size densitieshy non-dimensionalizinghe cloud
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FIGURE 3. The normalizedprojectedcloud fraction decomposition
aP *IN of a)the BOMEX, SCMSandARM cases.Thelinearfit cor
respondingo Figure2ausing(3) is alsoplottedasasolid line.

sizewith the scale-brealsize (seeFig. 2b). The data-
collapsein this figure of all caseover all sizescorrob-
oratesthe ideaof a universaldescriptionof the whole
cloudsizedensity alsoabove the scalebreak.In thisre-
gion clearly anotherexponentapplies,or perhapseven
atotally differentfunctionalform. NeverthelessFig.2b
illustratesthatthe scale-brealkizeis theonly variable.

The projectedcloud fraction decompositiona? is
uniquelydeterminedby the numberdensity\/, see(3).
Figure3aindicateghattheintermediatenaximumin o
is locatedat the positionof the scale-brealn A Figure
3b shavs a? non-normalizedn linear axes(acommon
formatin mary presentation®f obserational results).
Thetotal projectedcloudfractiona? in eachcaseis the
surfacecoveredby thehistogram.Thefactthatthedom-
inating sizein a” is intermediateresultsfrom the exis-
tenceof thescale-breakn A/. In accordancevith obser
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FIGURE 4. Cloud size decomposition®f the BOMEX, SCMSand
ARM caseof theverticalmassflux .

vationswe dofind ascale-breakn LES,withb = —1.70
belov andb < —2 above the scale-brealsize. Because
a?(l) ~ 1(+2) via (3) this impliesthata? (1) increases
with [ below the scale-brealanddecreaseabove it, and
hencea dominatingsize which is intermediate. This
shaws that the existenceof the scale-brealin A is es-
sentialfor the presenceof an intermediatedominating
sizein o?. Knowledgeof the positionof the scale-break
directly givesthe dominatingsizein the projectedcloud
fractionandvice versa.

In themass-fluxdecomposition(l) asshovnin Fig.4
the dominating size is even better defined, although
shifted somevhat towardsthe larger sizescomparedo
the projectedcloud fraction decomposition.The small-
estcloudsin the spectruncontrikute closeto nothingto
the vertical transport mainly becausef their very low
verticalvelocities.

6. Discussion and Conclusions

Theseresultsshow thatthe cloudsizedistributionspro-
ducedby LES resemblehoseof real cloud populations
on severalimportantpoints,suchasthe powerlav expo-
nentof —1.70 andthe presenceof a scalebreak. The
cloud sizedensitiesshav a remarkableuniformity over
thethreesimulateccasestheonly variantbeingthe posi-
tion of thescale-breakandwith it theintermediatelom-
inatingsizein the cloudfraction. This featurefacilitates
the parameterizatiof thesedensities. Which process
actuallysetsthe scale-brealsizeremainsunclearandis
not answeredn this study The LES conceptwould be
asuitablenumericalaboratoryto furtherinvestigatethis
phenomenoffe.g.Jonler etal. 1999).

The intermediateposition of the dominating cloud

sizeshaws thatthe cloudswhich aremostimportantfor
the projectedcloud fraction and vertical transportare
not of resolution-scaldéut are significantlylarger. This
is corvenient,for the sub-gridmodel of LES playsan
importantrole in the dynamicsof the smallestclouds,
while the larger cloudsare resolhed better by the dis-
cretizedgoverning equations. We find herethat those
larger, betterresolhedcloudscontributemostto thetotal
projecteccloudfractionandmasslux of the population.
The smallestclouds contritute closeto nothingto the
verticalmasstransport.
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