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Abstract: This shortnotediscussegey de cienciesin two-dimensiona(2D) cloud resolvingmodel (CRM) simulations Results
differ signi cantly from three-dimensiona(3D) simulationsin the low level humidity structureand associatedelds. These
differencesare consistentacrosstwo different CRMs which differ substantiallyin their thermodynamicand microphysical
formulations.Our analysissuggestghan the nearsurface humidity structuredependson moisturetransportin clouds,and we
suggesthat differencesn entrainmenbetween2D and 3D simulationsleadto substantiabifferencesn both cloud amountand
moisturetransporty the cloudsatlow levels.Whencomparedo 3D, lessentrainmentn 2D reduceghelik elihoodthatcorvective
updraughtgerminateand moistenthe lower troposphereThe differenceshetweerthe 2D and3D aresigni cant if the CRM is to
beusedasareferencdor comparisoragainsinumericalweathemprediction(NWP) or climatemodels. ¢ Crown Copyright 2008
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1 Intr oduction

Cloud-resolvingnodels(CRMs)areconsideredkey tool
in the processof developingandimproving parametriza-
tionsin numericalweathermprediction(NWP) andclimate
models;this is discussedn somedetailin the GEWEX’
Cloud SystemStudy(GCSS)scienceandimplementation
plan (Randalletal., 2002). CRMs complementobsena-
tions, both by beingableto provide detailswhich cannot
be obsenred but alsobecausehey canbedrivenby iden-
tical forcing to a single-columnversionof an NWP or
climate model (SCM) (seeRandalletal. (1996 for full
details).It is importantthatthe processesve aretrying to
improvein anNWP or climatemodelarewell represented
by the CRM, andthe experimentaldesignandthefocusof
our analysisof the CRM shouldre ect this.

Assessinghe quality of any CRM simulationis very
dif cult becausethey can only respondto the forcing
they are given. While forcing for CRMs can be derived
from obsenations,the accurag of the forcing is limited
by the spatialandtemporalsamplingof the obsenations.
Typically it is very dif cult to attribute anerrorin CRM
outputto de cienciesin the modelitself, or de ciencies
in the forcing data. Two methodscan be employed to
betterunderstandhe quality of CRM simulationsFirstly,
we canusea casestudywhich is part of a multi model
comparison(e.g. Grabavskietal., 200§. Secondlywe
can carry out a range of sensitvity experimentswith
a given CRM (e.g. Donneretal., 1999 PetchandGray,

Correspondenc®: Met Of ce, FitzRoy Road,Exeter EX1 3PB, UK.
email:jon.petch@metofe.gov.uk
Y Global Enegy andWaterCycle Experiment

¢ Crown Copyright 2008
Preparedusinggjrms3.cls [Version: 2007/01/05/1.00]

2001). Boththesemethoddelpidentify thetypical spread
of agivendiagnosticacrosdifferentCRMs.Also, in both
caseswe can gain someunderstandingf the physical
processekeadingto thedifferencesn modelbehaiour.
RunningCRMsin 2D is still very commonbecause
it is attractve to investthe saved computationakxpense
associatedvith 2D simulationsin other areas(e.qg. bet-
ter microphysics;more sensitvity studies;more resolu-
tion; bigger domain; etc.). It has also becomepopular
to embed2D CRMs in climate modelsto act as'super
parametrizations(e.g. Randalletal., 2003. While it has
recently beennotedthat 2D simulationsmay have sig-
ni cant problemswhen modelling the developmentof
corvection (Grabavski etal., 2006 Petch 2009, it has
often been suggestedhat 2D runs are acceptablefor
more strongly forced and persistentcorvection such as
TOGA-CQARE (e.g. Grabavski etal., 1998. However,
akey pointis thatthe acceptabilityof simulationdepends
very muchon the goalsof the study This quite possibly
explainsthe mixed commentsabout2D/3D differencesn
recentpapersPhillips andDonner(2006 have compared
2D and 3D simulationsfor a variety of casesand stress
the large differencesetweenin the dynamicsin 2D and
3D corvective cores,andthe impactsthis hason micro-
physics.Zengetal. (2007 suggestedhat the sensitvity
of buoyangy dampingto dimensionalitycan give rise to
uctuations in precipitationin 2D thatarenot presentn
3D simulations Donneretal. (1999 andPetchandGray
(2007 bothnotedstrongelinteractionsdbetweerradiation
anddynamicsin 3D, and PetchandGray (2001) stressed
this was sensitve to the microphysicsusedin the tests.
Tompkins (2000 noteda strongimpactof usinga third
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dimensionon thermodynamicstructuresand suggested paperusethe samevertical grid as the two-dimensional

thelong timesscalesassociatedvith radiatve corvective
equilibriumexperimentdedto this large difference How-
ever, otherpaperg(e.g. Grabavskietal., 1998 Xu etal.,
2002 which focusedmore on the domain-mearthermo-
dynamic and cloud-cover pro les suggestedhat differ-
encedetweer?2D and3D arenotsoimportant.

In this short paperwe focus on one currentissue
beingaddressedsinga CRM; thisis thethermodynamic
structureof thelower tropospherén the Met Of ce NWP
model during an active period of TOGA-CQARE (as
discussedn Petchetal. (2007)). Here we comparetwo
CRMs and carry out an analysisto better understand
possible reasonsfor differencesbetweenthe 2D and
3D runs. Section 2 describesthe modelsusedin this
study Section3 describesthe experimentaldesignand
shavs somebasic results. Section4 highlights the key
differencesbetween2D and 3D in termsof the lower-
tropospherestructureandin section5 we summariseour
results.

2 The modelsinvolved

The paperdescribesresultsfrom two different CRMs,
both of which have beenrunin 2D and 3D. It is useful
to usemorethanoneCRM for thiswork to give somefeel
of therobustnesof ary 2D/3D difference Also, asnoted
in PetchandGray (2001 andPhillips andDonner(2006
the impactsof 2D 3D differencescan be in uenced by
parametrizationg the CRM suchasmicrophysics.

The Met Of ce CRM, hereafterreferredto as the
MetO model, is basedon the Large Eddy Model rst
describedin Shuttsand Gray (1994) and more recently
in PetchandGray (2001). The con guration of its
parametrizationsvas exactly asdescribedn Petchetal.
(2007 andreferencesvithin. The 2D simulationsuseda
horizontaldomainof 525km andanhorizontalgrid length
of 350m. A verticaldomainof 20 km wasusedwith the
numberof vertical levels chosento give a vertical grid
lengthof 250 m in the free tropospherestretchedo give
shortergrid lengthsin thelowest2 km; therewere17 lev-
elsin the lowest2 km. The 3D modeluseda 256 km by
256 km horizontaldomainwith a 1 km grid length.The
verticaldomainwas20km andtheverticalgrid lengthwas
doublethat of the 2D run in the free tropospherethere
were 7 levelsin the lowest2 km. It shouldbe stressed
that a large numberof 2D simulationswith a variety of
domainsizesaswell asa rangeof horizontaland verti-
cal resolutionhave beencarriedout with the Met Of ce
model,andwhile resolutionanddomaincanimpactsome
results,none of the issuesdiscussedn this paperwere
signi cantly impactedby changesn resolutionor domain
size.

The secondCRM usedin this paper the Systemfor
AtmosphericModelling (SAM) version6.3, is described
in detailin Khairoutdinor andRandall(2003. Themodel
parametrizationsisedin this studyare identicalto those
usedin the BASE casepresentedn Blosse etal. (2007).
Both the two- and three-dimensionasimulationsin this
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simulationswith theMetO model,describedibove, except
that extra layers are addedso that the model top is at
30.3km. The top boundarycondition of the modelis a
rigid lid, and dampingis appliedbetween21 and 30km
to preventthespuriousre ection of vertically-propagating
gravity waves. The horizontalgrid spacingis 500m for
boththetwo- andthree-dimensionaimulationsThetwo-
dimensionalsimulationshave a domain size of 256km,
while thethree-dimensionalomainis 64x64km?. While
this three-dimensionalomainis limited in size,previous
simulationsof KWAJEX (Blosse etal., 2007 shoved
that most properties of the simulation do not differ
stronglybetweerdomainof this sizeandlargerdomains.
We also note herethat like the Met Of ce model, non
of the issuesdiscussedn this paperwere signi cantly
impactedby changesn horizontalresolution.

While the generalconstructionof the two models
is similar, i.e. both modelsuse nite differencemeth-
odsfor momentumand nite volumemethodsfor enegy
and moisture, the two methodsdiffer notably in their
(1) choice of thermodynamicvariable, (2) microphysi-
cal parametrization(3) subgrid-scal@arametrizatiomnd
(4) choiceof domainsizeandgrid spacing.The thermo-
dynamicvariableusedby SAM is liquid waterice static
enegy, which is consered undermicrophysicakransfor
mationsbut not by falling precipitation.The MetO CRM
usespotentialtemperaturasits thermodynamiwariable.
While both modelsuse single-momentulk microphys-
ical schemesthe MetO model hasprognosticequations
for eachwater category (vapour cloud water cloudice,
rain,snav andgraupel) andSAM hasonly two prognostic
equationsfor total water(vapour cloud waterandcloud
ice) and precipitatingwater (rain, snav and graupel).In
SAM, the phaseof wateranddifferenttypesof ice pre-
cipitation are distinguishedusing temperature-dependent
diagnosticsIn the MetO model, however, freezingand
melting are explicitly representedBoth models use a
Smagorinsk-Lilly subgrid turbulence parametrization,
but the choiceof the eddy length scalenearthe surface
differs,with SAM choosinghelocal verticalgrid spacing
andtheMetOusinga x edlengthscalenearthesurfaceof
70m. Thedomainsizesusedin theMetO modelarelarger
thanthoseusedin SAM. The 2D simulationsusethesame
vertical grid spacingandsimilar horizontalgrid spacings
(350min MetO model,500min SAM). The grid spac-
ingsin the 3D SAM simulationsaresmallerthanthosein
the MetO modelby a factor of two in the horizontaland
approximatelya factor of two in the vertical. While the
modelsdiffer in theserespectsmary aspectof the sim-
ulations— including the dependencef certainstatistics
onthe dimensionalityof the simulation(2D versus3D) —
aresimilar, asis shavn in thefollowing.

3 Experimental designand basicresults

The experiment used in this paperis a part of the
GCSSprecipitatingcloud systemsworking group case5
study The experimentaldesignis discussedPetchet al.

Q. J. R.Meteonl. Soc.00: 1-7 (2008)
DOI: 10.1002/qj



DIFFERENCESBETWEEN 2D AND 3D CRM SIMULATIONS 3

N
b

" Veryactive! '

[|*— MetO 2D

[| - MetO 3D
> SAM 2D
<> SAM 3D

N

=
\\m\\\

Rain rate (mm ﬁ%)
T \H\ T

0.5

T R 1
_ 216 264
Time (hours)

— Meto 2D " Veryactive! ' '
He - MetO 3D|
= SAM 2D

< = SAM 3D

o
o]

=
0

Column snow content (kg ?r)
o
iy

P NI AN
192 216
Time (hours)

Figure 1. Time seriesof rain rate and vertically integratedsnowv
content.

(2007 and a comparisonof NWP modelsis described
in Willett etal. (2008.The CRM simulationsareof a 12
day periodof TOGA-CQARE startingon 8 January1993
(caseB of the GCSSmodelcomparison)Full detailsof
the initialisation and forcing of the CRMs are provided
in Petchetal. (2007 andfor brevity arenot reproduced
here.The analysiscarriedout herefocuseson the lower
tropospherichumidity biasesin the NWP model which
wasdiscusseih Petchetal. (2007) andis mostprominent
during strong corvection. Two issuesrelatedto the rel-
ative humidity wereraisedin Petchetal. (2007). Firstly,
thenearsurfacerelatve humiditywastoolow in theNWP
model.Secondlytherelative humiditywastoolargein the
NWP modelabosre 600m. In this paperwe will shav the
CRM humidity usedin this work differed notably above
600 m when the CRM was run in 3D and attemptto
explainwhy. To supporthiswork we carryoutthe2D/3D
comparisorwith two CRMs.

Figure 1 shavs time seriesof 12 hourly averaged
valuesof rain rateandvertically integratedsnov content
focusedbntheactive periodde nedin Petchetal. (2007).
Thereis good agreemenbetweenthe modelsin rainfall
(as expectedsince the forcings essentiallydictate rain-
fall throughlarge-scalemoistening).On the other hand
therearesigni cant differencesn snav contentbetween
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Figure2. Pro les of relatve humidity averagecdverthevery active
periodfor the Met Of ce (MetO) CRM and SAM, bothrunin 2D
and3D.

the two models,mostlikely dueto their differing micro-

physicalparametrizationsThe smallersnov contentmay
be relatedto the amountof arvil cloudin SAM, which

Lopezetal. (2009 found to be much smallerthan that
of obsenationswhenconsideredasa function of precip-
itation rate.While the microphysicaldifferencesetween
the MetO andSAM modelarenot thefocusof this work,

they areshawvn hereto stressthat evenwith thesediffer-

encesacrossnodelsthe 2D/3D differenceswve will shav

arerohust.

4 Keydifferenceshetweenthe 2D and 3D simulation

In this short paper we focus on the lowest 2 km, as
theselower levels were of key interestfor addressing
de ciencies in the NWP model in Petchetal. (2007.
Figure2 shavstherelative humiditypro le of bothCRMs
run in 2D and 3D. There are large differencesin the
humidity pro le betweer2D and3D which areconsistent
for both the MetO and SAM CRM. The clearestsignal
is abore 400 m, wherethe 3D modelshave a relative
humidity of about5 percentmore thanthe 2D models.
Thesedifferencedetweer?2D and3D arelarge enoughto
impactthe interpretatiorthe key de cienciesin the NWP
modeldiscussedn Petchetal. (2007). While not shown,
it is worth noting that the larger relative humidity in the
3D modelsabove cloudbases duemainlyto largerwater
content( 1 g/kg), althoughthey arealsoslightly cooler
( 0.3K).This resultis entirely consistentvith theresults
of Donneretal. (1999 who found that their CRM also
exhibited a moister coolerlayerbelowv 2 km in 3D when
modellingtropicaloceaniccorvection.

Figure 3 shavs the mass ux from both CRMs,
de ned as the mass ux of upward moving, buoyant,
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Figure 3. Pro les of the mass ux for upward moving, buoyant
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cloudyair. It canbe seenthatboth modelshave a similar
mass ux in a given dimension(i.e. in 2D or 3D) and
both have large differencesn this quantity between2D
and3D simulations Most notablearethe larger valuesof
mass ux in 3D. The decreasén mass ux andbuoyant
cloudyupdraughtarea(not shavn) abose 1 kmin the 3D
simulationssuggestshattheseupdraughtaremorelik ely
to losetheirbuoyangy or terminatein 3D thanin 2D. This
is consistentvith the simpleagumentthata plumein 3D
hasa greatersurfaceareaavailablefor entrainmeniboth
resohedandsub-grid)andthatthe plumeis exposedto a
greatervariety of conditionsover this surfacearea.One
may also explain the dependencen dimensionalityby
noting that the evolution of a self-similarbuoyant plume
differs markedly whetherone considersa plane plume
(analogougo 2D) or an axisymmetricplume (analogous
to 3D) (TennelesandLumley, 1972 p. 142). While not
an exact analoguefor buoyant updraughtsin clouds—
heatreleasalueto condensatiois neglected for example
— the fractionalentrainmentate (de ned below) for an
axisymmetricplume exceedsthat of a planeplumeby a
factorof 5/3, suggestinghattheupdraughtsn 3D will be
morestronglyentrainingthanin 2D.

To understandhow the humidity differenceselateto
differencesin buoyant cloudy updraughtareaand mass
ux, the fractional entrainmentnd detrainmentatesof
buoyant cloudy updraughtsare plottedin gure 4. The
fractionalentrainmenanddetrainmentatesarecomputed

for eachhouras:

@bcu -
@
1
M
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@
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where h is moist static enegy, M is the vertical mass
ux in buoyant cloudy updraughts, is the fractional
entrainmentateand is the fractionaldetrainmentate.
The quantitieshye, andh referto an averageof h over
buoyant cloudy updraughtsand to a horizontal average
of h, respectiely. This approachfor computingentrain-
mentanddetrainmentloselyfollowsthatin equationslO
and1lin Siebesmatal. (2003, exceptthat moist static
enepy is usedasthe conseredvariableandthatbuoyant
cloudy updraughtsare consideredratherthan just buoy-
antcloudy locations.The averagefractional entrainment
and detrainmentatesare computedover the very active
period using the buoyant cloudy mass ux asa weight,
similar to the approachin SiebesmandCuijpers(1995.
The fractional entrainmentrate representghe incorpo-
ration of ervironmentalair into theseupdraughtsas the
updraughtpenetratéartherabove cloudbase Theweak-
eningof buoyantcloudyupdraughts— throughexchange
of momentumwith wealker updraughtsor downdraughts
in the ervironment— and their termination— through
thelossof buoyang dueto evaporatve cooling or over-
shootingof the heightof neutralbuoyang/ or someother
process— is representedy the fractional detrainment
rate.

While there are notabledifferencesin the entrain-
ment betweenthe two CRMs, it is clear that for both
CRMsthe 3D runshave larger entrainmentatesthanthe
2D runsfor the rst few hundrednetersabove cloudbase.
The fractionaldetrainmentratesare more similar for the
two CRMs andthe 2D 3D differencesare morestriking;
the detrainments up to four timeslargerin 3D thanin
2D in theregion above 900m. The increasen fractional
detrainmentsuggestshe more strongly entrainingbuoy-
antcloudyupdraughtsn 3D aremorelikely to terminate,
on averagethansuchanupdraughin 2D. Theremaining
populationof buoyant cloudy updraughtsat 2 km have
similar entrainmentatesin 2D and 3D, whenweighted
by their mass ux. Note that negative valuesof the frac-
tional detrainmentatebelov 900m(not plottedin gure
4) indicatethatbuoyantcloudy updraughtsareinitiated at
avarietyof heightsandarejoining the updraughpopula-
tion leadingup to thatheight.

Finally, it is worth shaving thatfor somediagnostics
therearesigni cant differencedetweerthe two different
CRMs, as is often seenin model comparisonpapers
(e.g. Grabavskietal., 1998 Xu etal., 2002. Figure 5
shaws the cloud fraction from the MetO CRM and SAM
in 2D and 3D. Here it is clear that the two models
have quite different cloud fractions from each otherin
both 2D and 3D with the SAM producingnotablylarger
cloudareasAs both modelshave similar buoyantcloudy
areas(not shown), this tells us that SAM hasmore non-
buoyant cloud than the MetO CRM. However, even for
this diagnosticjt is clearthatthe differencesetweer2D
and 3D arevery similar for the two modelswith the 3D
versionof eachmodel producinglesscloud thanthe 2D
aswe go up from aboutl km.
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anddetrainmenbverthevery active period.

5 Summary

Thereare mixed messagem the literatureasto whether
2D and 3D CRM simulationsdiffer signi cantly. It is
likely that the conclusionsdiffer becausework which
hasinvestigated2D 3D differenceshave focusedon dif-
ferent aspectsof a simulation and useddifferent diag-
nosticsto describethe simulations.They may also have
reacheddifferent conclusionsbecausehey useddiffer-
ent CRMs to addresghe issueandthesewill have used
differentparametrizations?etchandGray (2001 shoved
that someaspectf 2D/3D differencesdependedn the
choiceof parametrizationin a CRM suchasthe micro-
physicsRecentlyPhillips andDonner(2006 have shavn
consisteng in 2D/3D differencescrosseveralcasestud-
ies,againusingjust a single CRM. In this shortnotewe
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have usedtwo different CRMs and focusedon 2D/3D
differencesn the thermodynamicstructureand moisture
budgetsn thelowertroposphereWe have focusedon the
lowertropospherasthishasbeeridenti ed aspoorlyrep-
resentedn someNWP and climate model (Petchetal.,
2007 andwe aimto useinformationfrom CRMsto make
improvementgo their parametrizations.

Resultsshaved greatconsisteng in the key differ-
encesdhetweer2D and3D acrosghetwo differentCRMs
usedin thisstudy Bothmodelshadquitedifferentpro les
in 2D and3D. For mary diagnosticssuchasthe relative
humidity pro le and the buoyant cloudy mass ux, the
2D/3D differencesveremuchlargerthanthe differences
betweerthetwo models For otherdiagnosticssuchasthe
total cloudy area,the two modelsdiffered by more than
the 2D/3D differencesHowever, even with diagnostics
suchasthesetheimpactof goingfrom 2D to 3D in both
modelswasvery similar. This suggestedhatin termsof
the key processesccurringin the lower tropospherethe
impactof the third dimensionwasindependenof signif-
icant differencesn the CRMs (suchasthe microphysics
parametrizatiomndthe dynamicalcoresof the models).

Analysis of fractional entrainmentand detrainment
rates suggestedhat buoyant cloudy updraughtsin 3D
entrainmore stronglythanin 2D, leadingto larger frac-
tionalentrainmentatesnearcloudbaseandlargerdetrain-
mentratesbetweerl and2 km. Thissuggestethatthe3D
updraughtsvereableto entrainmoreatlowerlevelsbut as
this mixing in of ernvironmentair would reducethe buoy-
ang of the cloud, more cloudsremainedshallov in 3D.
This in turn implies that the 3D simulationsare able to
moistentheregion above cloudbasemoreef ciently than
the 2D wherethe cloudscontinueto deepenTheincrease
in themassux of buoyantcloudyupdraughtappeardo

Q. J. R.Meteopl. Soc.00: 1-7 (2008)
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be aresponséo the changedstability of the lower tropo-
spherein 3D, whereenhancedletrainmenof cloudy air
leadsto acoolingandmoisteningof thelayerabove cloud
base Thechangeo 3D is alsoassociateavith awarming
of thesubcloudayer

Many of the differencesbetween2D and 3D seen
in thesetwo CRMs are consistentwith previous work in
this area.For example,the 2D/3D humidity pro le dif-
ferencesare actually similar to thoseseemin Tompkins
(2000) even though he carried out radiatve corvective
equilibrium simulations Also, while not shavn here,the
meanupdraughtvelocitiesare higherin 3D asdiscussed
in PhillipsandDonner (2006. In addition, their obser
vation that the strongestupdraughtsoccurin 3D might
be explained by the increasedmoisteningof the lower
tropospherein 3D, so that these strongestupdraughts
entrainrelatively moisterair thanthey would in 2D. The
smallerlower tropospherigelative humiditiesseenin 2D
by Zengetal. (2007 could be explainedin part by the
mechanismsresentechere, althoughthe whole tropo-
spherewasdrierin 2D thanin 3D in thatcase.

Perhapshe mostsigni cant differencedetweer2D
and 3D simulationshave beenin studiesof the develop-
mentof deepcorvectionthough.Notably 2D simulations
develop from shallav to deepcorvection much quicker
(e.g. Grabavski etal., 2006 Petch 2006. The compar
ison of entrainmentand mass ux es carried out in this
paperarenot possiblein thesecasespecaus&€D and3D
runsquickly diverge from eachother assoonascloudis
formed.However, it seemgjuitereasonabléo believe that
the agumentspresentechere explain thesedifferences.
Thatis, largerentrainmentatesin 3D areleadingto more
shallav cloudsandthusa slower developmentandmore
moisteningof theatmospherascorvectiondeepensThe
key pointwe wantto stresswith this shortnoteis thatthe
useof 2D CRM simulationsmay be acceptabldor some
experimentsbut resultsmust be treatedwith somecau-
tion. The acceptabilityof the resultsdependssery much
onthequestiondeingaddressedndthe diagnosticsised
to understandheissues.
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