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1. INTRODUCTION

The paperattemptgo describethe sensitvity of aspect®f global circulationmodel (GCM) performanceo con-

vective parametrization Thisis adifficult taskfor anumberof reasonsFirstly we have to definewhatis meantby

"performance".Froma numericalweatherforecastingperspectie amodelmustproducesa goodestimateof the

three-dimensionadtructureand evolution of synoptic-scaleveathersystems. On climatetime scalesthe model
shouldcapturearealisticmeandistribution of thermodynamiwariablegincluding cloudcover), wind andsurface
precipitation.For coupledocean—atmosphemsodellingthesurfacefluxesof heatandwatervapoumeedto becor-

rectly simulated. Also the simulatedvariability of the atmospher¢from diurnalthroughto theintraseasonand
interannuatime scale)needso bewell captured.Cornvective parametrizatiomasa largeinfluenceuponall these
areas and it is ditult to male definitive statements oering each area in such a short paper

Secondlyhowever, it is difficult to make definitive statementsoncerningheimpactof convectionschemeslone
asotherparametrization§for examplethe boundary-layescheme)togetherwith the methodsusedto simulated
resohedmotions alsohave aimpactupontheability of atmospherienodelsto simulatedhefeaturesof thegeneral
circulationreferredto above. Evenif identicalcorvectionschemesvereusedin two GCMsin which otherproc-
essesvererepresenteth a substantiallydifferentmanneyit would not be certainthatthe distribution of precipi-
tationsimulatedtogethemwith otherfeaturesof themeanclimate,wouldbesimilar. However, aswill beillustrated
belov, some features of GCM simulations appear well correlated with certaiaata processes.

Thispapemwill belimited toillustratingareasvheresimulationsof theglobalcirculationareknown to besensitve
to therepresentationf cornvection,emphasinghe meanclimateandvariability of thetropics. Referencewill be
mainly madeto recentstudiesusingthe climateversionof the UK MeterologicalOffice (UKMO) Unified Model
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(UM) (describedriefly by GregoryandMorris (1996)andhaving a horizontalresolutionof 2.5x 3.75° latitude—
longitudeand19 levels)andthe T63 31-level configurationof a recentversionof the ECMWF model(CY14R3).
Otherstudieswill alsobereferredto but only a summaryof relevantresultsis provided;the readeris referredto
the original material for greater details.

2. THE IMPORTANCE OF SHALLOW CONVECTION

Whencorvectionon aglobalscaleis discussedt is oftendeepcorvectionin thetropicsthatrecevesthe greatest
attention. Much recentwork on the developmentof improvedrepresentationsf convectionfor usein GCMshas

concentratediponthis area. However, shallov corvectionalsoplaysanimportantrolein global circulation,and

globalsimulationsaresensitve to the manneiin which it is parametrized Although severalmass-fluxparametri-
zationsrepresenshallov corvection (Tiedtke 1989; Gregoryand Rowntree1990), comparatiely lessattention
has been gen to considering thefetts of such processes.

Toillustratethis sensitvity, Fig. 1 showvs alatitude—heightross-sectionf zonal-mearomegafor July 1987from
two 40-dayintegrationscarriedout usingthe ECMWF model,onewith shallav convection parametrizedy a
mass-fluxschemethe secondvith no parametrizatiomf shallov convection,togethemwith the estimateof zonal-
meanomaya from the ECMWF ReAnalysis(ERA). With shallav corvectionneglected the maximumintensity
of theascendingbranchof the Hadley circulationin thetropicsis reducedandits lateralextentbroadened Other
consequenced neglectingshallav-convective processearea moisteningof theboundarylayerin thetropicsand
subtropicsdrying of thefreetropospheregareductionin surfaceevaporatiorandlargeincreasein boundary-layer
cloudin thetropicsandsubtropics. Thesechangesomeaboutasshallav convectionplaysa crucialrole in ven-
tilating theboundarylayerin thetrade-windregions,remaoving moisturefrom theboundaryayerinto thefreetrop-
osphere.With the removal of shallov corvectionanda drier free tropospherén the descendindgrancheof the
Hadley circulation,coolingby infraredradiationis reducedcausingheintensityof thedivergentcirculationof the
equatorial rgions to reduce.
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Figure 1. Height—latitude cross-sections of zonal-mearmgarfreRy/s) for July 1987 from T63/L31 simulations
of the ECMWF model (CY14R3) starting on 20 June 1987 (a) with shalovection included into the
cornvection scheme, (b) shallocorvection switched dfin the cowection scheme and (c) from the ECMWF
ReAnalysis.

A key parametein a parametrizatiorof shallav convectionis the amountof saturatedair which is transported
throughtheinversion.Fig. 2 (from Tiedtke 1989)shaws single-columnsimulationsbasedupon ASTEX datain
which theamountof masgransportedhroughtheinversionby corvection(asmeasuredby the parametef3 - the
fraction of masswithin convectionin the lastbuoyantlayerthatis allowedto ascendnto the inversionlayer)is
varied. Large changesn the intensityof the hydrolapseandtemperaturénversionareseenas 3 is varied,with
the boundarylayer becomingmoisterandthe inversionstrongemwhenlessof the updraughis detrainednto the
inversionlayer. Thisis aconsequencef lesscloudwaterbeingavailableto coolandmoistentheinversionlayer
by evaporation balancingthe warminganddrying effectsof large-scalesubsidence .Note thatremoval shallav
cornvectionresultsin avery intenseinversionandhydrolapse.Detailedobsenrationalstudiesof this processeare
not availableandcurrentparametrizationareadjustedo achieve a realistictropical circulation. However Large
Eddy Simulation(LES) modelsarenow ableto capturemary featuresof shallov corvectionandanalysisof such
detailed models across ariety of situations may beluable for refining this area.
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Figure 2. Single-column model simulations for ASTEX illustrating impact ofdhnietion of the fraction of
updraught mass flux in the lastdyant layer alloved to penetrate theversion (3 ) upon boundary layer and
inversion structure.

3. SENSITIVITY OF CLIMATE SIMULATIONS TO THE PARAMETRIZATION OF DEEP CONVEC-
TION

3.1 Mean distribution of precipitation

Severalauthorshave recognisedhatdifferentconvectionschemeganhave atendeng to producedifferentspatial
patternsof precipitation,especiallyin thetropics. For exampleHesset al. (1993)comparedaqua-planesimula-
tionsusinga T42 versionof the NCAR CommunityClimateModel (CCM1) usinga moistcorvective adjustment
schemandKuotype schemewhich usesmoisturecorvergenceto determinghelocationandintensityof convec-
tion. They foundthatthe Kuo schemeproduceda doublemaximumof precipitationstraddlingthe equatoy with
precipitationmaximaat 10°N/S, while usingthe moist corvective adjustmenschemegave a singlemaximumof
precipitationon the equator Several otherstudieshave indicateda similar sensitvity. Plotsof meanDecember/
January/FebruarDJF)precipitationfor 1979-1988rom the AtmospheridModelIntercomparisofProject(AMIP
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- Gateq1992))presentedby Slingoet al. (1996)shaw that,in themajority of GCMsusingsomeform of moisture
convergenceto estimatethe locationandintensityof deepcornvection,a doublelTCZ structuredevelopsover the
west Rcific.
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Figure 3. December/January/February precipitation from three-year simulations of the UKMO Unified Model
(using climatological SSTs) with a mass-flux eection scheme (a) without and (b) withadalraughts.

Recentstudieswith the climateversionof the UKMO Unified Model have alsosuggestedhat, apartfrom refer-
encego moisturecorvergencemadeby a corvectionschemeseveral otherfactorsalsoinfluencethe distribution
of precipitation.Fig. 3 shavs theimpactof includingthe effectsof corvective-scaledowndraughtprocessesto
the corvectionschemeof Gregoryand Rowntree(1990) uponthe distribution of simulatedprecipitationduring
DJF (3-yearmean). In the Pacific a stronglTCZ north of the equatoiis wealenedwith theintroductionof down-
draughtswith a shift of precipitationinto the southPacific CorvergenceZone(SPCZ)andareduceddoublemax-
imum in precipitationstraddlingthe equatorin the Indian Oceanand west Pacific, in betteragreementwvith
obsenations. Monsooncirculationsover the tropical continentsarealsointensifiedwith theintroductionof con-
vective downdraughtsleadingto improvedrainfall amountover tropicallandmasseslt shouldbe notedthatthe
convectionschemaisedGregoryandRowntree1990)only usesnstability to determinehelocationof corvection
and its intensityi.e. no reference is made to the presence of moistuvergence as in the ko scheme.

Downgradientmomentuntransportanalsoaffect the meanclimatologyof precipitationsimulatedby a GCM.
Fig.4 shavs DJF precipitationfrom two annualcycle simulationsperformedwith the UKMO Unified Model (In-
nessandGregory 1996),onein which theverticaltransporiof horizontalmomentunis neglected(10-yeamean),
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thesecondn whichit is included(3-yearmean)usingthe schemedescribedy Gregoryet al. (1996). Inclusion
of momentuntransportdeadsto areductionin precipitationratesin the SPCZandincreasedainfall in theTCZ

northof theequatorin the Pacific. A greatertendeng to form a split ITCZ is notedin boththe Indian Oceanand
westPacific. It is shouldbe notedthatthe corvectionschemausedin thesesimulationscontainsthe downdraught
parametrizatioliscusse@bove, indicatingthe large sensitvity to detailsof the corvectionschemehatthe proc-
esses determining the distrtion of precipitation hee.

a Total precipitation.
o O)Nj' Experlment%byu%w. MS10DJF

120w 60w

b) Total precipitation.
Expenment cb§ p. MEANDJF

———

180 120w 60w 0 6(5E 12bE 180

Figure 4. December/January/February precipitation for simulations of the UKMO Unified Model (using
climatological SSTs) (a) without ceective momentum transports (10-year mean) and (b) withembiae
momentum transports (3-year mean).

Thereasondor this large modelsensitvity is notwell established Hesset al. (1993)suggestedhatthe ability of
amodelto representransientsynopticwavesplayedarole in organisingthe precipitationmaximumoff theequa-
tor. They foundthatin simulationsusinga Kuo type corvectionschemegonvergencedueto transienteddiesvas
amaximumoff the equatorWhena moistcorvective adjustmenschemavasused,synopticeddiesverenot well
simulated. However, InnessandGregory (1996)show thatinclusionof corvective momentuntransportdeadsto
areductionof transientctiity in thecentralPacific,togethemwith agreatetendenyg to splittingthel TCZ, perhaps
suggestinghatvariability haslessof a role in organisingsuchprecipitationpatterns. However, theremay be a
stronglink betweerthe ability of a modelto simulatethe distribution of tropical precipitationaccuratelyandits
ability to simulate obseed \ariability on a ariety of time scales.
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As commentediponabove, thereis a similarity in thetropical precipitationpatternin the UKMO Unified Model
wheneitherdowndraughtprocessearenegglectedor downgradientconvective momentumntransportsncluded. In
both caseghe bandof precipitationlocatednearthe Philippinesis excessve comparedvith obsenationsandis
associatedvith a depressiortrack dueto the model’s attemptto simulatedtropical depressionghattendto move
in amannersimilar to tropical cyclones,althoughbeingof muchwealer intensitydueto the coarseresolutionof
the model. Downdraughtshave atendeng to cool anddry the cornvective subcloudayer, which may inhibit the
formationof tropicaldepressionsvithin the modelby delayingthe growth of intensecorvection. Hence heglect
of suchprocessemay enhancehe synopticvariability within the modeland,wherethis occurs,enhanceprecipi-
tation amounts.

Analysisof thesimulationswith andwithout corvectve momentuntransport§Gregoryet al. 1996)indicateshat
theinclusionof momentuntransportdecreasethe verticalsheaiin thewestPacific north of the equatoyasitua-
tion which mayfavourtheformationof tropicaldepressionsindeedascommentediponlater(figure6a),synoptic
variability increasesn vicinity of the Philippineswhen corvective momentumtransportsare includedtogether
with meanprecipitation. These'obsenations"of modelsensitvity may suggesthatthe patternof meanprecipi-
tationsimulatecby aGCM may becloselytiedto amodelsability to simulateaccuratelytropicalvariability. Fur-
ther comments will be madegaading this subject in the rEesection.

3.2 Sensitivity of simulated variability

Recentstudiesof GCM simulationshave demonstratethatsimulatedvariability in thetropicson awide rangeof

time scaless sensitve to the corvectionschemeemployed. Slingoet al. (1994)presentsesultsfrom perpetual
Januarysimulationsof the UGAMP GCM (basedupona versionof the ECMWF model) usingboth a Kuo and
Betts—Millerscheme.They foundthatthe Betts—Millerschemegave a morerealisticdistribution of precipitation,

with amaximumon the equatorover thewestPacificandanarrov ITCZ, while theKuo schemegave avery much
wealer ITCZ, with precipitationbeingbroadlydistributed over the tropical oceans Associatedwith this, it was
found that higherlevels of variability werefoundin the tropicsusingthe Betts—Miller schemerom time scales
ranging from those associated with synoptic-scale systems (2—6 days) to intraseasonal periods (30—70 days).

This contrastingoehaiour wasattributedby Slingoet al. (1994)to the differentwaysthe two scheme®perated.
For theKuo schemausedin their study theonly criterionfor convectionto occurif theprofileis conditionallyun-
stableis thatmoisturecorvergencds present.In thetropicsandsubtropicghis conditionis almostalwayssatisfied
dueto surfaceevaporationandsothe Kuo schemecontinuallyacts,giving low instantaneouprecipitationrates.
With the Betts—Millerschemefor deepcorvectionto occurtheintegratedmoisturewithin a columnof theatmos-
pherehasto be suficientto supportprecipitation. This leadsto a delayin the onsetof precipitationeventsanda
moreintermittentresponsef thecornvection.Slingoet al. (1994)commentedhat,if theKuo schemeavasprevent-
edfrom operatinguntil thewaterin the columnexceeds critical value(asin theBMRC GCM—McAvaneyet al.
(1991)) thenasthefractionof the moisturecorvergenceprecipitatedy cornvectionincreasesvith relative humid-
ity, spuriousrainfall in the subtropicsvould be eliminatedandmoreintenserainfall eventsgeneratedn the deep
tropics. This may lead to a better mean climate and simulaticariability.

However the link betweenclosureandsimulationof variability is complicated Fig. 5 compareghe varianceof
850mbrelative vorticity for DJF 1987/88from a simulationusingarecentversionof the ECMWF model(at T63
resolution)with thatestimatedrom theECMWF ReAnalysisdata(ERA - at T106resolution). The ECMWF mod-
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el usesa mass-fluxcorvectionschemgTiedtke 1989)in which the massflux at cloud baseis linkedto moisture
corvergencebelov cloudbase.Also, thegrowth of themasdlux in theverticalin thelower half of thetroposphere
is linkedto themoisturecorvergencento thecolumnof theatmosphereHence thelocationof corvective actiity
andits intensityare stronglylinked to the presencesf moisturecornvergence. However, unlike the Kuo scheme
usedby Slingoet al. (1996),thelocationof deepcorvectionis determinedy moisturecorvergencedueto atmos-
phericmotionbeinggreatethansurfaceevaporatiorratherthanthatthe sumof corvergenceandsurfaceevapora-
tion implying a moisteningof a column of the model. Although errors can be seenin the spatial patternsof
variability within thetropicsin themodelsimulation(for examplein thewestPacific, associatedvith errorsin the
meandistribution of precipitation- a stronglTCZ northof the equatoiin the PacificandweakSPCZ)thelevel of
variability within the ITCZ is comparabldo thatfrom thereanalysigfor example,in the southerrindianOcean).
This contrastdrom resultspresentedy Nordeng(1994)which suggestedhatan earlierversionof the ECMWF
model(T63/19levels)with the samecorvectionschemainderestimatettopicalvariability, especiallyin thewest
Pacific. However, mary otherpartsof themodels dynamicsandphysicalparametrizationsave changedincethis
study indicating that the ieel of variability simulated is not a function of the eetion scheme alone.
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Figure 5. Meanariance of 850 mb relat \orticity for December/January/February 1987/88 for the tropics
from (a) ECMWF ReAnalysisand(b) a 120-dayT63/L31simulation(from 1 Nov 1987)usingversionCY14R4
of the ECMWF model.

Simulatedvariability is alsoaffectedby the parametrizatiof convective momentuntransports.InnessandGre-
goy (1996)shaw thatinclusionof suchtransportsnto the UKMO Unified Model changesot only the meanpre-
cipitationpattern(asshavn in Fig. 4 above) but alsothe simulatedvariability from synopticto intraseasonaime
scale Fig. 6 shavsthevarianceof outgoinglong-wave radiationon synoptic(2—10days)andintraseasona5—
70 days)time scaledor thetropics(annualmeans)rom two 3-yearsimulations pnewithout corvective momen-
tumtransportstheotherwith themincluded. Synopticvariability is generallyreducedalongthe ITCZ of thecen-
tral andeasterrPacific and Atlantic oceansalthough,asnotedearlier it is increasedn the westPacific nearthe
Philippines.
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A similar sensitvity to corvective momentuntransportss seenin the ECMWF model,with simulatedvariability

acrosghePacific reducingwhencorvective momentuntransportareincludedinto themodel. However, nearthe
Philippines,variability is increasedn DJFE As notedearlier this is associatedvith greatemprecipitationin both

modelsin thisregion,indicatingalink betweervariability andmeanprecipitation. This presencef astrongband
of precipitationnorth of the equatoiin this region is not supportedy obsenationsandmay suggesthatcounter

gradienttransportsassociatedvith organisedcornvective systemsnot accountedor in the currentmomentum-
transportparametrizationmay play arolein regulatingthe formationof tropicaldepressions this region. How-

ever, the impactof corvective-scaledovndraughtprocessesliscussegreviously suggestghat interactionsbe-
tween cowmection and the subcloud layer and ocearasgrimay also be important.

Fig. 6 alsoshavs a wealeningof the intraseasonabscillationsimulatedby the Unified Model whencorvective
momentumntransportareincluded. InnessandGregory (1994)alsonotethattheneglectof downdraughprocesses
wealensthe strengthof theintraseasonaiscillation. Thisis correlatedvith astrongedTCZ northof theequatoy
wealer SPCZandagreatettendeng to split the ITCZ in DJF, bringingthe modelinto pooreragreementvith ob-
senationsandanincreaseckasterlybiasin the seasonatycle of the upperlevel flow of thetropics. Slingoet al.
(1996),in a studyof the ability of 15 differentGCMsto simulateintraseasonalariability, notethatthosewith a
realisticdistribution of precipitationwith respecto SSTin the Pacific anda unbiasedseasonatycle in tropical
upperlevel winds (associateavith thelatitudinalmovementof convection)tendedo give a strongsignalatintra-
seasondime scaledsn tropicalwind fields. Theresultsfrom the UKMO modelreferredto herewould corroborate
this obsenation, indicatinga link betweenthe correctsimulationof the meanclimateandits seasonaVariation
with atmospheric ariability.

3.3 Impact of differing precipitation distributions

It isimportantto askwhethersucherrorsin precipitationpatternglay a significantrole in causingmodelsystem-
aticerrorin globalcirculation.A poordistribution of surfaceprecipitationwill affect surfacefluxesandsoimpact
uponthe ability of coupledatmosphere—oceanodelsto simulatedclimate. However, the studyof Ferrantiet al.
(1994)carriedout usinganearlierversionof the ECMWF model(T42/19levels) suggestshatdifferencesn the
structureof convective actiity in thePacificis of moredirectimportanceo theaccuratesimulationof atmospheric
flow in thetropicsandmid latitudes. This studyconsidergherespons®f modelsystematicerrorto idealisedsea
surfacetemperatureanomalies. The meanDJF precipitationdistribution simulatedby this earlierversionof the
ECMWF modelshavedasplit ITCZ structureover the westandcentralPacific, with a minimumof precipitation
ontheequator(Fig. 7 (a)), contrastingnith obserationswhich suggesa maximumonthe equatorincreasinghe
SSTsin thevicinity of theequatorby 2 K betweerll 1(°E and15C°E increasedgrecipitationlocally onthe equator
up to 16 mm/day(Fig. 7 (b)). Associatedwith this responsés a strengtheningf the upperlevel westerlyflow in
theuppertropospheref the centralandwestPacific, reducinganeasterlybiasin the controlsimulation(Fig. 8 ).
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Figure 6. Annual-mearaviance of outgoing long-ave radiation (3-year mean) for time periods (a) and (b)
between 2 and 10 days, and (c) and (d) 25 and 70 days, for simulations of the UKMO Unified Model (a) and (c)
without and (b) and (d) with ceactive momentum transports.
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Figure 7. (a) December/January/FebruamerageprecipitationusingclimatologicalSSTs(from anensemblef
5 simulationsusinga T63/L19versionof the ECMWF model,and(b) December/January/Februgmecipitation
response to an Indonesian SST anomaly (describegt)n te

The presencef westerlywindsin the eastPacific is importantfor theinteractionof the tropicsandmid latitudes,
with Rossbywavespropagting northwardsinto the north Atlantic sectorleadingtheto "PNA" patternassociated
with blockingactivity over Europe Comparinghe Tibaldi blockingindex (Tibaldi andMolenti 1990)for the con-
trol and Pacific SSTanomalysimulations(averagedover an ensembleof 6 simulationsstartedl day apart)with
that estimatedrom modelanalyseshavs morerealisticblocking occurrencean both Pacific and Atlantic when
corvectionis forcedto occurover the equatoiin thewestPacific. Similar sensitvity hasbeennotedin anexperi-
mentof similar designwith the climateversionof the UKMO Unified Model (R. Stratton personatommunica-
tion) andleadingoneto speculateéhata convectionschemeshatproducea precipitationpatternwith a maximum
ontheequatorof thewestPacific mightleadto abettersimulationby a GCM of theinteractionbetweerthetropics
and mid latitudes.
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Figure 8. (a) December/January/Februargnal-mearcross-sectionf systematierrorin zonal-mearwind from
an ensemble of\ie 120-day simulations using climatological SSTs, and (b) December/January/February zonal-
mean cross-section of the response of zonal wind to an Indonesian SST anomaly

4. SUMMARY

This paperhasattemptedo review theimpactof corvectionupontheability of corvectionto simulateaccurately
aspect®f thegenerakirculation. As statedn theintroduction,it hasnot attemptedo be comprehensk but has
concentratediponthe circulationandvariability of thetropics,althoughpossibleconsequencesf errorstherefor
mid-latitudecirculationshave beenbriefly commentedipon. It is clearthatdetailsof the methodsusedto para-
metrizebothdeepandshallov corvectionhave alargeimpactuponGCM performance However, theexactdetails
of suchsensitvity are somevhat contradictoryat times, with different modelsshawving different sensitvities.
Mechanismgo accountfor thesesensitvities are not understoodbeingdifficult to evaluatewithin the context of
afully interactive globalmodel.However, similaritiesbetweerthe sensitvity of the UKMO Unified Model anda
recent ersion of the ECMWF model to processes such agettinve momentum transports has been noted.

Summarising those points with which there is some agreement betarsmms\studies;

1) Shallov corvective parametrizationplaysa key role in the maintenancef the Hadley circulation
in GCMs and the globalyfdrological gcle.

2) Corvectionschemeshatusemoistureconvergenceto determinethe locationandintensityof deep
convectionhave a detrimentalimpactuponthe meandistribution of tropical precipitation,tending
to split the ITCZ in the westPacific, which mayleadto large errorsin the simulatedcirculationof
the tropics and mid latitudes. However, other factors, such as the neglect of corvective
downdraughts and the inclusion of momentum transports in GCMs, may lead to similar errors.

12 Meteorological Training CourseLecture Series
0 ECMWEF, 2002



Sensitivity of general circulation model performance to convective parametrization £
A\~ 4

3) Variouscorvectionschemes$ave impactuponthevariability of thetropicalatmospherealthoughit
is too simplistic to concludethat moisture-comergencetype schemegroducewealer levels of
variability. However, it is clear that the ability of a GCM to capturedetails of atmospheric
variability accuratelyis animportanttestof a parametrizatioschemeSensitvity studiespresented
above also tend to suggestthat the simulation of a correctdistribution of precipitationmay be
coupled with a moded’ ability to praide a realistic simulation of atmospherariability.

4) Down-gradientransporiof horizontalmomentunin theverticalby convectionreducesnodelwind
errorsin the tropics and also (generally) tropical variability on a broad range of time scales.
However, in certainregionserrorsin the precipitationdistribution areenhancedby suchprocesses,
perhapsindicating the needto considercountergradientmomentumtransportsassociatedvith
organised cowvection in some gions (for &ample the westagific).
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