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Shallow cumulus convection: a validation of large-eddy simulation against aircraft and
Landsat observations.
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1. Introduction

In thelastdecades,large-eddysimulation(LES) hasbe-
comeanimportantnew tool in boundarylayerresearch.
It hasalreadybeenusedwidely to study the turbulent
structureof clearandcloudyboundarylayers.Although
encouraging,someimportantLES resultson cumulus
cloudsstill remainunsupportedby observations,mainly
due to the scarcityof suitablein-cloud measurements.
Forexample,evaluatingthe’top-hat’cloud-averagether-
modynamicsandturbulenceof LESagainstobservations
requiresmeasurementsin many natural clouds of all
sizesat variousheightsin a smallwindow of time. An-
other importantissuein the parameterizationof cumu-
lus convection is the mixing betweenshallow cumulus
cloudsandthedry air of their surroundingenvironment.

In this study LES resultson shallow cumuluscon-
vectionaredirectly evaluatedagainstin-cloudmeasure-
mentsby the NCAR C-130 aircraft during the Small
CumulusMicrophysics Study (SCMS) in Florida, Au-
gust 1995. An LES caseis constructedbasedon data
from surface-instrumentsand radiosondesof a certain
dayduringthis campaign,onwhichadiurnalcycleover
landwasobserved.Of boththeLESandtheaircraftdata,
conditionallysampledaveragesof first and secondor-
dermomentsof thermodynamicandturbulentproperties
arecalculated.Furthermorethelateralentrainmentrates
and the simplified budgetequationfor the vertical ve-
locity areevaluated.Finally, cloudsizedistributionsare
derivedfrom LES andcomparedto similar distributions
obtainedfrom a correspondinghigh-resolutionLandsat
5 imageof theSCMSarea.
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FIGURE 1: A mapof Florida.TheSCMScampaignwassituatednear
CocoaBeach,CapeCanaveral.Theground-stationsPAM1 andPAM3
areindicatedby theblackdots. Theareaof flight RF12andthearea
coveredby theLandsat5 imageareindicatedby therectangles.

2. SCMS

The Small CumulusMicrophysicsStudy(SCMS)took
placefrom July17until August13,1995in Florida,near
CocoaBeachjust north of CapeCanaveral (seeFig.1).
OnAugust5 aclearconvectiveboundarylayerover land
developedin the early morning. It deepenedin time,
andduring the courseof the morninga shallow cumu-
lus cloudlayerdeveloped.Thecloudswerecategorized
asshallow non-precipitatingcumuluswith a cloudfrac-
tion of 10-20%. This particular’golden day’ waspart
of aperiodin whichpersistentlyeverydayashallow cu-
mulustoppedboundarylayer developed. Observations
of thegeometricalandmicrophysicalstructureof thecu-
muluscloudsin thisperiodin SCMShavebeenreported
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FIGURE 2: The surfacelatentandsensibleheatfluxesasmeasured
by thePAM station.Theidealizedsurfacefluxesimposedon LES are
alsoplotted.

by Knight andMiller (1998)andFrenchet al. (1999).
The large scaleconditionsdid not changesignificantly
during this period,nor wherethey very largecompared
to the local forcing by the surfacefluxes. Thesecondi-
tionsmake August5 a suitabledayon which to basean
LEScase.

A portablemeteorologicalstation of the flux-PAM
type wereemployed in the SCMScampaign,for a de-
taileddescriptionseeHorstandOncley (1995)andMil-
itzer et al. (1995). It wassituatedabout50 km inlandto
thewestof CapeCanaveral(seeFig.1). It measuredthe
near-surfacefluxes of momentum,virtual temperature
andwatervapor. Thecorrespondingtimeseriesareplot-
ted in Fig.2. The temperatureandhumidity weremea-
suredat aheightof 2m. NearthePAM stationradioson-
deswerereleasedat intervalsof approximately3 hours,
giving the vertical profilesof the temperature,specific
humidity, wind-directionandwind-speed(seeFig.3).

TheC-130operatedby theNationalCenterfor Atmo-
sphericResearch(NCAR) carriedinstrumentsmeasur-
ing turbulence,thermodynamicsand microphysics. A
detaileddescriptionof the instrumentationon this air-
craft and the statisticalquality of the resultingcloud-
averagesis givenby Rodtsetal. (2002).Theliquid water
content( ��� ) of thecloudsis obtainedfrom aParticleVol-
umeMonitor (PVM) (Gerberet al. 2001). Immediately
after take-off, the aircraft madea vertical soundingup
to 4 km, giving the vertical profilesof the temperature
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FIGURE 3: Radiosondesoundingsof a) the potential temperature�
and b) the specifichumidity 	 nearstationPAM3. The idealized

profilesbasedon the verticalascentof flight RF12at 18:00UTC are
plottedasblacksolid lines,andthe initial LES profilesat 12:00UTC
asgrey solid lines.

andspecifichumidity in the flight area. This was fol-
lowed by a descentto lower altitudeswherethe clouds
werelocated.Threeconsecutive hoursof measurements
throughthe wholecloud layer thenfollowed. The area
of flight RF12 on August 5 is shown in Fig.1. These
measurementsareusedto calculatetheconditionallyav-
eragedcloud-profilesin thecloudlayer.

3. The LES case

The aim is to constructa casefor LES of which the
developmentin time staysas closeas possibleto the
rangeof differentkind of measurementsmadeduringthe
day. Oncethatis achieved,theresultingcloudproperties
can be studiedand comparedto the available in-cloud
observationsin detail. Unfortunatelyno detailedmea-
surementswereavailableof theradiativeandlargescale
forcingson theboundarylayerin SCMS.Therefore,the
LES caseis designedto reproducethe heightsof cloud
base,cloudtop andtheinversionasobservedby theair-
craft andthe radiosondes,usingthe large scaletenden-
ciesasa tool for calibrationandtheradiosondeprofiles
andthemeasuredsurfacetime-seriesasaconstraint.The
resultinginitial profilesaredisplayedin Fig.3. A sinu-
soidshapeis assumedfor thesurfacesensibleandlatent
heatfluxes,seeFig.2. After several testrunsa net tem-
peratureforcing of -3 K/day is assumed.The moisture
forcing is setto zero.A moredetaileddescriptionof the
LEScaseis givenby Neggersetal. (2002b)
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FIGURE 4: Thedevelopmentof thecloudlayer in time in LES.The
level of minimum buoyancy flux is plottedto indicatethe top of the
well-mixeddry-convective layer.

4. Results

TheLES modelusedin this studyis describedin detail
in CuijpersandDuynkerke (1993).TheLES simulation
wasperformedon a domainof 6.4kmx 6.4kmx 5km.
Thecorrespondinggrid-spacingwas50mx 50mx 40m.
A periodof 12 hourswassimulated,covering the day-
time cycle from 07:00 to 19:00 local time (which cor-
respondsto 12:00UTC to 00:00UTC). In orderto get
reliablestatistics,all cloudaveragesarecalculatedover
the three-hourperiodfrom 18:00to 21:00UTC during
which the in-cloud measurementswere taken by flight
RF12. The resultingcloud layer in LES is shown in
Fig.4.

Figures 5 and 6 show that given the correct ini-
tial and boundaryconditionsLES reproducesthe ob-
served cloud-averagethermodynamicvariablesof tem-
perature,moistureand liquid watercontent,aswell as
themarginal positive cloud-averagebuoyancy. Further-
moretheverticalcomponentof thein-cloudturbulentki-
neticenergy (TKE) in LESagreesremarkablywell with
theobservationsin SCMS,seeFig.7a.Finally, cloudsize
distributionswerederived from the vertically projected
cloud populationsof both LES andthe Landsatimage.
First thesizeof eachcloudwascalculatedasthesquare-
root of its vertically projectedarea,afterwhich thehis-
togramscould be built (Neggerset al. 2002). Figure
7b illustratesthatthepowerlaw-exponentsat thesmaller
sizesin LES andLandsatarecomparable.In bothLES
andLandsatthis scalingregime is boundedby a scale-
break,atapproximatelythesamecloudsize.

Two well-known parameterizationsfor shallow cumu-
luswhichmakeuseof conditionallysampledfieldswere
testedon theSCMSdata.Thelateralmixing rateof the
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FIGURE 5: a) The liquid waterpotentialtemperature
��


andb) the
total specifichumidity 	� . Thecloudcoreis definedasthefractionof
thecloudyareawhich is alsopositively buoyant.
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FIGURE 6: a)Theliquid watercontent	��
 andb) thevirtual potential
temperatureexcessof thecloudsover theenvironment

� ���� � � . The
moistadiabatstartsatcloudbase.

cloudensemble� is definedby�������� � � � � � � � ���
(1)

Thesuperscript denotestheaverageoverall theclouds
at a certainheight.

�
canbeoneof thevariables!"� or ��#

conservedfor moistadiabaticascent.SiebesmaandCui-
jpers(1995)first used(1) to calculatelateralentrainment
ratesin LES. Figure 8a shows that the magnitudeand
thedecreasewith heightof � calculatedfrom theSCMS
dataconfirmtheLESresults.Theuseof ��# in (1) givesa
somewhatsmallerentrainmentrate.

SimpsonandWiggert (1969)formulateda simplified
budgetequationfor thecloudverticalvelocity,$% &&�'

(*),+.-0/ 1 243657+8(*),+.-0/ 9 :<;=+8>
(2)
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FIGURE 7: a) The cloud-averagevertical velocity variance?A@B . b)
Log-log scaleplot of thecloudsizedensityC DFEHG . Thesolid line rep-
resentsthefit C DFEHGJI ELKNMPORQTS .
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FIGURE 8: a) LateralentrainmentratesbasedU of V�W�XZY\[]T^ . b) The
simplified budgetequation(2) for the vertical velocity of the cloud,
basedonRF12data.Theshadedareasrepresenttherangebetweenthe
entrainmentratesresultingfrom theuseof V�W�X_Y`[]`^ in (1).

Thisequationstatesthattheaverageverticalacceleration
of thecloudis controlledby buoyancy

; +
minuslateral

mixing. The mixing term is enhancedby a factor
3

to
accountfor the impact of pressureperturbations.The
buoyancy is reducedby a factor

:
to accountfor loss

of potential(gravitational) energy to sub-plumeturbu-
lence.SimpsonandWiggert(1969)suggested

3 1 %
and: 1 /a

. The operationalECMWF modeluses
: 1 ba

,
and as an intermediatewe choose

: 1 b/ . Figure 8b
illustratesthat for the SCMSmeasurementsthe budget
(2) is reasonablyclosed,reproducingtheobservedsmall
cloud-averagevertical accelerationat the heightswere
thecloudis positively buoyant.

5. Conclusions

Theseresultssupportthecredibility of theresolvedther-
modynamicsandturbulencein LES in general,anden-

courageits useasatool for testinghypothesesanddevel-
opingparameterizationsof shallow cumuluscloudpro-
cesses.For example,thetypical lateralentrainmentrates
found in LES are supportedby the in-cloud measure-
mentsin SCMS.Secondly, the simplified budgetequa-
tion of SimpsonandWiggert (1969)proved to be rea-
sonablyclosedfor thesedata.

The evaluationof the cloud sizedensityshowed that
next to realisticcloudensembleaveragesLES produces
realisticshallow cumuluspopulations.Thecomparison
betweenLandsatandLESemphasizestheuniversalityof
the functionalform which describesthecloudsizeden-
sity in shallow cumuluscloudpopulations(seeNeggers
etal. 2002)
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