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

In thelastdecadeslarge-eddysimulation(LES) hasbe-
comeanimportantnew tool in boundarylayerresearch.
It hasalreadybeenusedwidely to study the turbulent
structureof clearandcloudyboundarylayers.Although
encouragingsomeimportantLES resultson cumulus
cloudsstill remainunsupportedby obsenations,mainly
dueto the scarcityof suitablein-cloud measurements.
For example evaluatingthe’top-hat'cloud-averagether
modynamicandturbulenceof LES againstobsenations
requiresmeasurementg mary natural clouds of all
sizesat variousheightsin a smallwindow of time. An-
otherimportantissuein the parameterizatiomf cumu-
lus convectionis the mixing betweenshallov cumulus
cloudsandthedry air of their surroundingervironment.

In this study LES resultson shallav cumuluscon-
vectionaredirectly evaluatedagainstin-cloud measure-
mentsby the NCAR C-130 aircraft during the Small
CumulusMicrophysics Study (SCMS) in Florida, Au-
gust1995. An LES caseis constructechasedon data
from surface-instrumentand radiosonde®f a certain
dayduringthis campaignpnwhich adiurnalcycle over
landwasobsered. Of boththeLES andtheaircraftdata,
conditionally sampledaveragesof first and secondor-
dermomentsof thermodynami@andturbulentproperties
arecalculated Furthermorehelateralentrainmentates
and the simplified budgetequationfor the vertical ve-
locity areevaluated.Finally, cloudsizedistributionsare
derivedfrom LES andcomparedo similar distributions
obtainedfrom a correspondindnigh-resolutionLandsat
5imageof the SCMSarea.
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FIGURE 1: A mapof Florida. TheSCMScampaigrwassituatechear
CocoaBeach ,CapeCanaeral. Theground-station®AM1 andPAM3
areindicatedby the black dots. The areaof flight RF12andthe area
coveredby theL Landsat imageareindicatedby therectangles.

2. SCMS

The Small CumulusMicrophysics Study (SCMS) took
placefrom July 17 until August13,1995in Florida,near
CocoaBeachjust north of CapeCanaeral (seeFig.1).
On August5 aclearconvective boundarylayeroverland
developedin the early morning. It deepenedn time,
and during the courseof the morninga shallov cumu-
lus cloudlayerdeveloped.The cloudswerecateyorized
asshallov non-precipitatingcumuluswith a cloudfrac-
tion of 10-20%. This particular’golden day’ was part
of aperiodin which persistentlyevery daya shallov cu-
mulustoppedboundarylayer developed. Obsenrations
of thegeometricandmicroptysicalstructureof thecu-
muluscloudsin this periodin SCMShave beenreported
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FIGURE 2: Thesurfacelatentandsensibleheatfluxesasmeasured
by the PAM station. Theidealizedsurfacefluxesimposedon LES are
alsoplotted.

by Knight and Miller (1998)and Frenchet al. (1999).
The large scaleconditionsdid not changesignificantly
during this period,nor wherethey very large compared
to the local forcing by the surfacefluxes. Thesecondi-
tionsmake August5 a suitableday on which to basean
LEScase.

A portable meteorologicalstation of the flux-PAM
type wereemployed in the SCMS campaign for a de-
taileddescriptionseeHorstandOncley (1995)andMil-
itzeretal. (1995). It wassituatedabout50 km inlandto
thewestof CapeCanaeral (seeFig.1). It measuredhe
nearsurface fluxes of momentum,virtual temperature
andwatervapor Thecorrespondingimeseriesareplot-
tedin Fig.2. Thetemperatureand humidity were mea-
suredat a heightof 2m. Nearthe PAM stationradioson-
deswerereleasedtintervals of approximately3 hours,
giving the vertical profiles of the temperaturespecific
humidity, wind-directionandwind-speedseeFig.3).

The C-1300peratedy the NationalCenterfor Atmo-
sphericResearcNCAR) carriedinstrumentameasw
ing turbulence,thermodynamicsand microptysics. A
detaileddescriptionof the instrumentatioron this air-
craft and the statisticalquality of the resulting cloud-
averagess givenby Rodtsetal. (2002). Theliquid water
content(q;) of thecloudsis obtainedrom a Particle Vol-
umeMonitor (PVM) (Gerberet al. 2001). Immediately
after take-off, the aircraft madea vertical soundingup
to 4 km, giving the vertical profiles of the temperature
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FIGURE 3. Radiosondesoundingsof a) the potentialtemperature
6 andb) the specifichumidity ¢ nearstationPAM3. The idealized
profilesbasedon the vertical ascenbf flight RF12at 18:00UTC are
plottedasblack solid lines,andtheinitial LES profilesat 12:00UTC
asgrey solidlines.
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and specifichumidity in the flight area. This was fol-
lowed by a descento lower altitudeswherethe clouds
werelocated.Threeconsecutie hoursof measurements
throughthe whole cloud layer thenfollowed. The area
of flight RF12 on August5 is shavn in Fig.1. These
measuremen@reusedto calculatethe conditionallyav-
eragedtloud-profilesn thecloudlayer.

3. TheLEScase

The aim is to constructa casefor LES of which the
developmentin time staysas close as possibleto the
rangeof differentkind of measurementmadeduringthe
day Oncethatis achieved,theresultingcloudproperties
can be studiedand comparedto the available in-cloud
obsenationsin detail. Unfortunatelyno detailedmea-
surementsvereavailableof theradiatve andlargescale
forcingsontheboundarylayerin SCMS.Thereforethe
LES caseis designedo reproducehe heightsof cloud
basecloudtop andtheinversionasobseredby theair-
craft andthe radiosondesysingthe large scaletenden-
ciesasatool for calibrationandthe radiosondeprofiles
andthemeasuredurfacetime-serie@saconstraint.The
resultinginitial profilesaredisplayedin Fig.3. A sinu-
soidshapés assumedor thesurfacesensibleandlatent
heatfluxes,seeFig.2. After severaltestrunsa nettem-
peratureforcing of -3 K/day is assumed.The moisture
forcingis setto zero. A moredetaileddescriptionof the
LES caseis givenby Neggersetal. (2002b)
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FIGURE 4. Thedevelopmentof the cloudlayerin timein LES. The
level of minimum buoyang flux is plottedto indicatethe top of the
well-mixeddry-corvective layer

4. Resaults

The LES modelusedin this studyis describedn detail
in CuijpersandDuynkerke (1993). The LES simulation
was performedon a domainof 6.4kmx 6.4kmx 5km.
Thecorrespondingrid-spacingvas50mx 50mx 40m.
A periodof 12 hourswas simulated,covering the day-
time cycle from 07:00to 19:00local time (which cor
respondgo 12:00UTC to 00:00UTC). In orderto get
reliablestatistics all cloud averagesare calculatedover
the three-houmperiodfrom 18:00to 21:00UTC during
which the in-cloud measurementsere taken by flight
RF12. The resultingcloud layer in LES is shown in
Fig.4.

Figures5 and 6 shav that given the correct ini-
tial and boundaryconditionsLES reproduceghe ob-
sened cloud-areragethermodynamicsariablesof tem-
perature moistureand liquid watercontent,aswell as
the maginal positive cloud-areragebuoyang. Further
moretheverticalcomponenbf thein-cloudturbulentki-
neticenegy (TKE) in LES agreesemarkablywell with
theobsenationsin SCMS,seeFig.7a.Finally, cloudsize
distributionswere derived from the vertically projected
cloud populationsof both LES andthe Landsatimage.
Firstthesizeof eachcloudwascalculatedasthesquare-
root of its vertically projectedarea,after which the his-
togramscould be built (Neggerset al. 2002). Figure
7hillustratesthatthe powerlav-exponentsatthesmaller
sizesin LES andLandsatarecomparableln bothLES
and Landsatthis scalingregime is boundedby a scale-
break,at approximatelythe samecloudsize.

Two well-known parameterizationf®r shallav cumu-
luswhich make useof conditionallysampledieldswere
testedon the SCMSdata. The lateralmixing rateof the
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FIGURE 5: a) Theliquid waterpotentialtemperatured; andb) the
total specifichumidity ¢;. The cloudcoreis definedasthe fraction of
thecloudyareawhichis alsopositively buoyant.

.5 T T T T .5 T T T T
a) by
A RF12 cloud
r B r ---- LES cloud |+
/ — LES core
S - moist adiaba}
| 2= — _|
pA
T E A
= - S5l : -
- - | g
< = /
f=y 2 1
(7] (%}
L2 2 a
A RF12cloud | 1 s -
---- LES cloud 1 !
— LES core
- moist adiabat
| 0.5— |
PR I I R | . . | .
0 1 2 3 4 -1 0 1 2
q, [g/kg] 60-9, [K]

FIGURE 6: a) Theliquid watercontentgf andb) thevirtual potential

temperaturexcessof the cloudsover the environmentd¢ — 8,,. The
moistadiabatstartsat cloudbase.

cloudensemble is definedby
O = (¢ 3) )
Thesuperscript denoteshe averageover all the clouds
atacertainheight. ¢ canbe oneof the variables; or ¢,
conseredfor moistadiabaticascentSiebesmandCui-
jpers(1995)firstused(1) to calculatdateralentrainment
ratesin LES. Figure 8a shaws that the magnitudeand
thedecreasevith heightof e calculatedrom the SCMS
dataconfirmthe LESresults.Theuseof ¢, in (1) givesa
someavhatsmallerentrainmentate.
SimpsonandWiggert (1969)formulateda simplified
budgetequatiorfor thecloudverticalvelocity,

10
5&(“’6)2 = —Be“(w)® + aB°, 2
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FIGURE 7: a) The cloud-areragevertical velocity variances?,. b)
Log-log scaleplot of the cloud sizedensity /(7). Thesolid line rep-
resentghefit A°(1) ~ =170
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FIGURE 8. a) Lateralentrainmentatesbasecde of {6, ¢:}. b) The
simplified budgetequation(2) for the vertical velocity of the cloud,
basedn RF12data.Theshadedireagepresentherangebetweerthe
entrainmentatesresultingfrom theuseof {6;, ¢; } in (1).

Thisequatiorstateghattheaverageverticalacceleration
of the cloudis controlledby buoyangy B¢ minuslateral

mixing. The mixing termis enhancedy a factor3 to

accountfor the impact of pressureperturbations. The

buoyang is reducedby a factor « to accountfor loss
of potential (gravitational) enegy to sub-plumeturbu-

lence.SimpsorandWiggert(1969)suggested = 2 and
a = 2. TheoperationaECMWF modelusesa = £,

and as an intermediatewe choosea = % Figure 8b
illustratesthat for the SCMS measurementthe budget
(2) isreasonablglosedreproducingheobsenedsmall
cloud-areragevertical acceleratiorat the heightswere
thecloudis positively buayant.

5. Conclusions

Theseresultssupporthecredibility of theresohedther
modynamicsandturbulencein LES in generalanden-

couragets useasatool for testinghypotheseanddevel-
oping parameterizationsf shallav cumuluscloud pro-
cesseskor example thetypicallateralentrainmentates
foundin LES are supportedby the in-cloud measure-
mentsin SCMS. Secondly the simplified budgetequa-
tion of Simpsonand Wiggert (1969) proved to be rea-
sonablyclosedfor thesedata.

The evaluationof the cloud size densityshoved that
next to realisticcloudensemblewveraged ES produces
realisticshallav cumuluspopulations.The comparison
betweerLandsatndLES emphasizetheuniversalityof
the functionalform which describeghe cloud sizeden-
sity in shallov cumuluscloud populationgseeNeggers
etal. 2002)
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