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1. INTRODUCTION

Althoughtheprinciplesof themass-fluxapproachto convectionwereformulatedin the1970sandformedthebasis

for thewell known "Arakawa–Schubert"scheme(ArakawaandSchubert1974)it hasonly beenrecentlythatsuch

schemeshave beenusedin many GCMsdueto their expensecomparedto simplerschemes(moistconvective ad-

justmentandKuo-typeschemes).Theapproachhasa strongerphysicalbasisthantheseearliermethodsandpro-

videsanunderstandingof how convectionaffectsthelarge-scaleatmosphere.It alsoallowsmorephysicallybased

microphysical treatmentsto beemployedandvertical transportsof tracersby convectionto beestimated,of im-

portance when considering the impact that aerosols have upon climate.

This paperwill outline the mass-fluxapproachto the parametrizationof convection,concentrating"bulk" type

schemessuchasthoseusedin theECMWFforecastmodel(Tiedtke1989)andtheUK Met. OfficeUnifiedModel

(GregoryandRowntree1990). Importantissuesrelatingto thisapproacharediscussedby referenceto theTiedtke

schemeat ECMWF, althoughreferenceis madeto otherschemesasappropriate.Only brief commentsaremade

concerningthemorecomplex "spectral"cloud modelapproach,of which the Arakawa–Schubertschemeis the

best known example.
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2. THE NEED FOR PARAMETRIZA TION .

Within large-scalemodelsof theatmospherethehorizontallengthscaleon which theconvectionexists is below

theresolutionused,andsotheeffectsof suchcloudsmustbeparametrizedin termsof the large-scaleflow. Ex-

pressingthetemperaturestructureof theatmospherein termsof a large-scalemeanandanunresolvededdycon-

tribution,

(1)

the thermodynamic equation of the large-scale flow may be written as,

(2)

where is theradiative heatingrateand is termedtheapparentconvective heatsource(Yanaiet al. 1973).

Theleft-handsidecontainslarge-scaletermsonly, while theright-handsideof Eq.(2) representstheimpactof ra-

diationandsmall-scalemotionsuponthelarge-scaleflow. Convectionis seento affectthelarge-scaleflow through

condensationalheatingandtheverticaltransportof heat.A similartreatmentis applicableto themoistureequation

leadingto thedefinitionof , theapparentmoisturesink dueto convectionandalsothehorizontalmomentum

equation, defining , the impact of convection upon horizontal momentum.

3. MASS-FLUX THEORY OF CONVECTION

Themass-fluxapproachwasfirst formulatedby Ooyama(1971). It is assumedwithin someareaA, takento be

thegrid pointof anumericalmodel,thata fraction is coveredby cloud.Hencetheareaaverageof is givenby

(3)

where  is the value of  within cloudy air,  that within the environment of the cloud.

It is normally assumed that  and so,

(4)

Table 1:

Error in
due toEq. (4)

Error in
due toEq. (4)

Temperature

0.1 300 K 301 K < 0.1% 10%

0.5 300 K 301 K  0.2% 50%

Mixing ratio

0.1 15 g/kg 17 g/kg 1.3%

0.5 15 g/kg 17 g/kg 6.5%
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Table1 providesan indicationof the magnitudeof the error in the environmentaltemperatureandmixing ratio

through the use ofEq. (4), together with the impact upon estimation of parcel buoyancy, evaluated as,

(5)

Absoluteerrorsaregenerallysmallevenwhen is large,whichmaybethecasewhenthegrid sizeis reducedto

that foundin meso-scalemodels(on theorderof 10–20km). Thus,thetheoreticalformulationdevelopedbelow

is fairly accurate.However, errorsin buoyancy (a temperaturedifference)aremuchlarger. As buoyancy is the

main driving force for convection this may lead to errors in the estimation of the intensity of convection.

Consider now the eddy flux divergent contribution to .  FromEq. (1) it can be written that

(6)

UsingEq.(3) to expandthefirst termof ther.h.s.of Eq.(6) and in thesecondterm,afterrearrangementEq.(6)

can be written as

(7)

UsingEq.(4), andassumingtheverticalvelocity in theenvironmentis muchsmallerthanthatwithin cloudyair so

thatmotionsareonly weaklycorrelatedwith thermodynamicvariables,thesecondtermonther.h.s.of Eq.(7) can

be neglected.  The vertical eddy flux due to convective motions is then written approximately as

(8)

Hence fromEq. (2)  can be expressed as,

(9)

The latent-heatingtermassociatedwith thecloudenvironmentis usuallyinterpretedastheevaporationof cloud

condensateandprecipitationdetrainedfrom thecloudinto clearair leadingto acoolingof thecloudenvironment.

FromEq.(9) it is seenthat hasbeenexpressedin termsof cloudandlarge-scalevariables.Thelatterareavail-

ablefromthegrid-pointfieldsof thenumericalmodelwhile theformerareusuallyobtainedfromtheuseof amodel

of a convective cloud, typically a one-dimensional steady-state entraining-plume model of the cloud.

Following theanalysisof GregoryandMiller (1989),considerthethermodynamicandcontinuityequationaver-

aged over an individual cloud (denoted by the subscript i);

(10)

(11)

wherethesubscriptb refersto thevalueof a variableon thecloudboundary. Theseequationsaretoo complex to
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usein aschemeandit is usualto approximatethehorizontaladvectionacrossthecloudboundary, thefluxesacross

thecloudboundaryasit varieswith heightandthehorizontalgrowth of thecloudwith time by entrainmentand

detrainment fluxes;

(12)

(13)

where is theentrainmentrate(the rateat which air is includedinto thecloud throughits sidesto balancethe

increaseof verticalmassflux in thecloudwith height),and thedetrainmentrate(therateatwhichair leavesthe

cloud as the cloud vertical mass flux decreases with height).  These are  defined as

(14)

Theseequationsarefor onecloudonly, whereasin theareaunderconsiderationit is assumedthattherearemany

clouds.  Summing over all cloud within the ensemble,Eqs. (12) and(13) can be written as,

(15)

(16)

where and , thesummationbeingcarriedoutoverall clouds. Thesummationon thel.h.s

of Eq.(15) is overall cloudswhichareundergoingterminaldetrainment.It hasalsobeenassumedthatthewhole

ensemble is in a steady state, and so remaining time dependent terms can be neglected.

Substitution ofEqs. (15) and(16) into Eq. (9) gives, after rearrangement,

(17)

A similaranalysiscanbeappliedto themoistureequationto obtain andthehorizontalmomentumequationto

give .

Convection modifies the large-scale atmosphere through;

(a) compensatingsubsidence—motion in the clearenvironmentsurroundingthe cloud compensating

motion within the cloud (a consequence of mass continuity),

(b) detrainment of cloudy air into the environment,

(c) the evaporation of cloud condensateand precipitation within the environment—either through

detrainmentor below cloudbaseasprecipitationfalls to thesurface. This latertermis closelytied
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to microphysical processesand,becauseof the fall-out of precipitation,is not uniquelyrelatedto

the mass-flux and condensation profiles within the convection.

4. EVALUATION OF MASS-FLUX THEORY

Severalauthorshave attemptedto diagnosethemagnitudeof thetermsin Eq. (17) usingobservations(e.gYanai

etal. 1973). However thismethodreliesonusingsimplecloudmodels,identicalto thoseusedin parametrization

schemes,to estimatein-cloudvariables.Thetechniqueis essentiallyusingaconvectiveparametrizationin adiag-

nosticmode. Morerecentlydiagnosticsfrom cloud-resolvingmodelshavehelpedto understandthemass-fluxap-

proach(e.g.GregoryandMiller 1989).Fig. 1 from thelatterstudy(a simulationof convectionduringphase3 of

GATE) comparestheverticalstructureof with thatof compensatingsubsidenceandtheevaporationof con-

densatewithin thecloudenvironment.Compensatingsubsidenceis seento follow closelyin thevertical,ex-

ceedingit at most levels. This excessof heatingis compensatedby the evaporationterm. The detrainmentof

cloudyair playsonly asecondaryrole for deepconvection,althoughit is of greaterimportancein shallow convec-

tion (seeSoongandOgura1980). Theseresultsagreewith studiesusingobservationaldata,for examplethatof

Yanai et al. (1973) using data from the west Pacific.

Figure  1. Profile of compensating subsidence (dot-dash), evaporation of cloud and precipitation (dotted), their

sum (solid) and net Q1 (dashed) for convection in a phase III GATE easterly wave (FromGregory and Miller

1989).

Howeverfor , GregoryandMiller (1989)suggestthatacombinationof compensatingsubsidenceandtheevap-

orationof condensatewithin thecloudenvironmentis notagoodapproximation(Fig. 2 ), dryingat800mbbeing

overestimatedby thisapproximationandunderestimatedbelow this level. Thisis aconsequenceof severalfactors.

Firstly above 800mb detrainmentplaysa muchlarger role in themoisturebudgetthanfor temperature(seealso

therecentstudyby Guichardet al. (1996)). As theair detrainedfrom convectionis saturated,its mixing ratio is

usuallyfurtherawayfrom theenvironmentalvaluethanis thecasefor temperature,andsodetrainmenthasamuch

larger impactin themoisturebudgetthanin thecorrespondingheatbudget. This wasalsonotedin earlierobser-

vationalstudies.In thelowest200mbof thedomainthedifferenceis partiallycausedby theinability of thecoarse-

resolutionmodelto simulateshallow convection,but alsoby thefactthat"entrainment"into thelower partof the

clouddriesthedomain. This is dueto theenvironmentaroundthebaseof theconvectionbeingwetterthanthe

�
1 �

1
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averageacrossthedomain,implying thatthelarge-scaleaveragevalueof mixing ratio is a poorrepresentationof

air flowing into convectionnearcloudbase.This effect is not usuallyaccountedfor in parametrizationschemes.

In generalthemoistureerrorsfoundin GCMsin convectiveregionsarelargerthanthosefor temperature,partially

a consequenceof poor formulationof the entrainmentanddetrainmentprocessesfor moistureusedin current

schemes.

Figure  2. Profile of compensating subsidence (dot-dash), evaporation of cloud and precipitation (dotted), their

sum(solid)andnetQ2(dash)for convectionin aphaseIII GATE easterlywave(FromGregoryandMiller 1989).

Cloudresolvingmodelsallow thecontribution of updraughtsanddowndraughtsto thenetconvective heatingand

drying to bedetermined.Fig. 3 shows dueto updraughtsanddowndraughtsfor theGATE simulationof Gre-

goryandMiller (1989). Theheatingdueto updraughtsis twice , theexcessheatingbeingcompensatedby the

coolingdueto theevaporationof precipitationwith downdraughts.Sucha largecontribution to thenet heating

impliesthat it is importantto includedowndraughtprocessesin convective parametrizations.Similar conclusions

have also been reached from observational studies (e.g.Betts 1973).

�
1 �
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Figure  3. Contribution of updraughts (solid) and downdraughts (dashed) to Q1 for convection in a phase III

GATE easterly wave (FromGregory and Miller 1989).

5. PRACTICAL APPLICATION OF MASS-FLUX THEORY

Applicationof theabove theoryin a numericalmodelis a two-stageprocess.Firstly a cloudmodelmustbeused

to estimatetheverticaldistributionof thecloudyquantities,andsecondlythemagnitudeof themassflux atthebase

of thecloudmustbedetermined,usuallyby somereferenceto the large-scalestructureandforcing (theclosure

problem).

5.1  Estimation of cloud properties

Two approachesarecommonlyto estimatethe quantitiesrequiredto implementthe mass-fluxtheoryasa para-

metrizationscheme.Thefirst approachusesa spectralcloudensemble,in which severaldifferentcloudmodels

areusedto representdiffering cloudtypeswithin a grid box of a GCM. In thesecondapproach,thebulk cloud-

modelmethod,asinglecloudmodelis usedto representanensembleof clouds. Thestrengthsandweaknessesof

each approach are discussed below.

5.1 (a)  Spectral cloud ensemble approach. This techniquewas first introducedby Arakawaand Schubert

(1974). They assumedthatwithin agrid boxof aGCM aspectrumof differentheightcloudsexisted. Eachcloud

is characterisedby a differententrainmentrate,andso a differentcloud top height(Fig. 4 ). Cloudswith large

entrainmentratesterminatelower in theatmosphere(cloud1), while thosewith lower entrainmentratesfollow a

moreundilutedascent,andsoterminatein theuppertroposphere(cloud3). In theory, thenumberof differentcloud

typeswithin thedistributionisarbitrarywith cloudsallowedto terminateatany level in theatmosphere,but in prac-

tice thenumberof cloudtypesis limited by thenumberof vertical levels in themodel,onecloudtypedetraining

at each model layer.
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Figure 4. Schematicof spectralcloudensembleapproach.Curves1,2and3 representascentof air in cloudswith

differing entrainment rates.

Thecloud-basemassflux mustbeestimatedfor eachcloudtype(the"closureproblem"),determininghow much

thatcloudtypecontributesto theensemblemean.Theoriginalversionof theArakawa–Schubertschemerequired

aniterative solutionto solve for thedistribution of massflux associatedwith eachcloudtype,but in recentyears

theschemehasundergonesomemodification(e.g.Moorthi andSuarez1992)in orderto reduceits complexity and

increase its robustness, while still retaining the spectral cloud-ensemble approach.

5.1 (b)  Bulk cloud model approach. Becauseof thecomplexity (andhencethecomputationalexpense)of the

spectralcloud-ensembleapproach,severalschemeshave beendevelopedusingthesimplerbulk-cloudmodelap-

proachsuggestedby Yanaietal. (1973). In thismethod,only onecloudmodelis usedto representanensembleof

cloudswithin a grid box, thecloudpropertiespredictedbeingaveragesover thecloudensemblewhosemembers

haveascentsrangingfrom cloudtype1 to cloudtype3 (Fig.5 ). Boththemass-fluxschemeof Tiedtke(1989)used

in the ECMWF model,and the UK MeteorologicalOffice scheme(GregoryandRowntree1990),usethis ap-

proach. The approachhasalsobeenusedin meso-scalemodels(e.g.FritschandChappel1980)where,dueto

smallergridsizes,it is reasonabletoassumethatonlyonecloudtypeexistswithin agridbox. Themethodischeap-

erandsimplerto implement,andbothof theseschemeshavetheadditionaladvantageover theArakawa–Schubert

schemethatthey areableto representconvectionthatis not rootedin theplanetaryboundarylayer(for exampleas

seen in mid-latitude warm fronts).
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Figure  5. Schematic of bulk-cloud approach.  Mean curve represents the ascent of air in the "bulk" cloud

representing a mean over an ensemble of ascents ranging from ascent 1 through 3.

5.2  Issues in the formulation of bulk mass-flux schemes

Herediscussionof themass-fluxapproachis focuseduponissuesrelatingto thebulk cloud-modelapproach.The

Tiedtkescheme,usedin theECMWFmodel,is usedto illustrateissueswhichmustbeaddressesin designingsuch

a scheme.

5.2 (a)  Determination of cloud type. In thespectralcloudmodelapproach,severalcloudtypeswith differing

lateralmixing ratesandcloud-topheightsarepresentwithin eachgrid box, the"closuremethod"determinesthe

fractionof the total massflux associatedwith eachcloud. Thus,in theory, themethodis ableto distinguishthe

typeof convectionin a varietyof regimes. In thetropicstheensemblewould bedominatedby deepconvection,

while in thesubtropicaltrade-windregionsshallow convective cloudwould dominatetheensemble.Whenusing

a bulk scheme,only onecloudtypeis presentin eachgrid box of a modelandsosomea priori decisionmustbe

madeasto thetypeof convectionpresent,allowing thelateralmixing propertiesandtheestimationof cloud-base

massflux to bevarieddependinguponwhethertheconvectionis dominatedby deepor shallow convection. For

example,shallow convectionis smallerandmoreturbulentthatdeepconvectionandsowill haveahigherentrain-

ment rate than deep convection.

Such"switching" is usuallydoneon thebasisof anaspectof thelarge-scaleenvironmentin which theconvection

is growing. For example,observationsshow thatdeepconvectionis oftencollocatedwith regionsof moisturecon-

vergence,while shallow convectionis foundto occurunderlow-level inversionscausedby large-scalesubsidence,

wherethemoisturesupplyto theplanetaryboundarylayeris dominatedby evaporationfrom thesurface. Thusin

theTiedtke schemeusedat ECMWF, if the large-scaleconvergenceof moistureinto a columnis larger thanthe

surfaceevaporationthenconvectionis deemedto bedeepandalow entrainmentratesetfor thepurposeof estimat-

ing theascentof aparcel,andhenceits in-cloudproperties.If theconverseis so,thenhigherentrainmentratesare

set appropriate to shallow convection (being four times larger than those used for deep convection).
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5.2 (b)  Formulation of entrainment and detrainment. A furtherissuewith thebulk approachis thespecifica-

tion of entrainmentanddetrainmentrates.Simulationsmadeby GCMsshow a largedegreeof sensitivity to these

quantities(seepaperon "Sensitivity of GCM performanceto convective parametrization”andYao andDelGeno

(1989)).Cloud-topheightis verysensitive to themagnitudeof theentrainmentrate. With only oneplumepresent

theentrainmentratemustbesetsoasto allow themaximumcloud-topheightto becorrectlyestimated.Also, ac-

counthasto betakenof thosecloudswhich,in reality, detrainat levelslower thanthisheight. This is usuallydone

by includingabackgrounddetrainmentratein additionto thatwhichoccursatthetopof theplume. For theTiedtke

schemein casesof deepconvection,entrainmentis applied below thelevel of themaximain large-scalevertical

velocity, while afixed(so-called"mixing") detrainmentrateis appliedthroughouttheclouddepth. Thedepthand

magnitudeof theterminaldetrainmentnearcloudtop is estimatedby thedecreasein parcelkineticenergy caused

by theovershootof aparcelaboveits neutralbuoyancy level. Thisadhocapproachmatchestheshapeof themass-

flux profilewith thatof thegrid-scalemotion,generallya featureobservedin deepconvectiveregions. In thecase

of shallow convectiontheentrainmentandmixing detrainmentratesareequalandconstantwith height,implying

a constant mass flux above cloud base until the parcel becomes negatively buoyant.

In recentyearsthevalidity of theentraining/detrainingplumecloudmodelwidely usedin mass-fluxschemeshas

beenquestioned.RaymondandBlyth (1986)studyingcumuluscloudssuggestedthat mixing acrossthe cloud

boundaryoccursepisodicallyratherthancontinually, with parcelsof air thatbecomenegatively buoyantonmixing

descendingto their level of neutralbuoyancy beforeleaving thecloud. Schemesdiscussedby Kain andFritsch

(1990)andEmanuel(1991)have incorporatedsimplifiedversionsof this modelinto convectionschemesfor use

with meso-scaleandclimatemodels.Nordeng(1994)hasalsosuggesteda revisedspecificationof entrainment

ratesfor theECMWF convectionschemefor usewithin theframework of theentrainment/detrainingplumeap-

proach, with entrainment rates linked to the buoyancy of the parcel.

5.3  Performance of "cloud ensemble" and "bulk schemes"

Althoughthebulk cloudmodelapproachis simplerthantheArakawa–Schubertscheme,it performswell in both

climateandNWPapplications.Fig.6 showsDecember/January/Februaryprecipitationaveragedoverthe10years

of theAMIP decade(1979–1988)(Slingoetal.1996)simulatedbyaversionof theECMWFmodel(T42,19levels)

usinga versionof theTiedtke schemeandtheGLA model( , 11 levels)which employs a versionof the

Arakawa–Schubertscheme.An observedclimatologyderivedfrom satelliteobservations(Spencer1993),estimat-

ed from microwave soundingunit (MSU) data)is alsoshown. Differencesto the climatologyareseenbut both

modelsgive a reasonableestimateof thedistribution of precipitation. TheECMWF simulationhasstrongerpre-

cipitationover thewestPacific andthePacific ITCZ, but underestimatesrainfall in theSPCZ. TheGLA model

overemphasises the SPCZ and underestimates the rainfall north of the equator in the Pacific.

4° 5°×
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Figure  6. Comparison of DJF precipitation averaged over the AMIP decade (1979–1988) simulated by the

ECMWF (T42, 19 levels) and GLA (4 x 5 degrees, 11 levels) GCMs  together with a climatogy fromSpencer

(1993) derived from MSU data (adapted fromSlingoet al. (1996)).

5.4  Representation of downdraughts

As discussedabove, downdraughtsplay a largerole in theconvective heatbudget. In parametrizationstheseare

usuallymodelledby aninvertedentrainingplumestartingnearthelevel of minimumequivalentpotentialtemper-

aturein themid troposphere.Themagnitudeof thedowndraughtmassflux hasto bedetermined.Someschemes

estimatethe activity of the downdraughtfrom empiricalrelationshipsbetweenobserved precipitationefficiency
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andtheverticalshearof thehorizontalwind (FritschandChappel1980). In theTiedtkeschemeasimplerapproach

is used,theinitial massflux at thetop of theplumebeingsetto a third of theof theupdraughtmassflux at cloud

base.As air descendsit is cooledby theevaporation,maintainingnegativebuoyancy, andfinally detrainsinto the

subcloudlayerwhich it tendsto cool anddry. Oneweaknesswith currentschemesis thatthey oftenassumethat

evaporationof precipitationwithin thedowndraughtmaintainssaturation,whereasobservationssuggestthatthey

remain unsaturated (Betts 1973).  This may cause errors in the subcloud-layer budgets of heat and moisture.

5.5  Estimation of cloud base mass flux

For mass-fluxparametrizationschemes,theclosureproblemis essentiallytheneedto estimatetheconvectivemass

flux at thebaseof thecloud. Thisdeterminesthemagnitudeof theconvectiveheatreleasewhile thecloudmodel,

andassociatedcloudmicrophysicalparametrizationused,determineshow this heatis distributedin thevertical.

No exacttheoryexistsfor theclosureproblemandseveraldifferentmethodshavebeenused.Howeve,it is possible

to broadly classify these various closures into "dynamical" and "adjustment" types.

5.5 (a)  Dynamical closure. "Dynamical" closuresrelatethe cloud-basemassflux to the large-scaleforcing

andatmosphericstructure,usuallymakingsomeassumptionregardingthe"quasi-equilibrium"of theconvecting

atmosphere.Theclosureof theArakawaandSchubert(1974)schemeis of this type,relatingconvective activity

to large-scaleforcing throughoutthedepthof theconvectinglayer. TheTiedtke(1989)schemeestimatescloud-

basemassflux from anequilibriumassumptiononeithermoisture(for deepconvection)or moiststaticenergy (for

shallow convection)integratedoverthesubcloudlayer. Suchaclosurerelatesto theideasof boundary-layerquasi-

equilibrium put forward byRaymond (1995) .

Integratingover thesubcloudlayer, andassumingthatthereis a balancebetweenconvectionandotherprocesses

(surface fluxes, turbulence, large-scale motion), then

(18)

where , , and aretheupdraughtanddowndraughtmassflux andmixing ratios, is theforcing

dueto surfacefluxes,turbulenceandlarge-scalemotionand is theheightof cloudbase. Quantitieswith the

subscript referto theirvaluesatcloudbase.As thedowndraughtmassflux is relatedto theupdraughtmassflux

at cloud base,Eq. (18) can be rearranged to give an estimate for the cloud-base mass flux.

5.5 (b)  Adjustment closure. In schemeswhichusean"adjustment"closure,thecloud-basemassflux is calcu-

latedfrom relaxingthelarge-scaleatmospherebackto anequilibriumstructure.TheFritschandChappel(1980)

schemeprovidesanexampleof thistypeof closure,wherethecloud-basemassflux iscalculatedfromthereduction

of Convective Available Potential Energy (CAPE) over a time scale .

CAPE is defined as

(19)

(ignoring virtual effects for simplicity).

Assuming steady state clouds, the rate of change of CAPE with time due to convective activity is given by
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(20)

Approximating by a subsidenceterm,andassumingthatconvectionreducesCAPEto zeroover a timescale

, the cloud-base mass flux is given by,

(21)

where  is the mass flux i.e.  is the mass flux normalised by its value at cloud base.

The time scalefor adjustmentis resolutiondependentdueto the magnitudeof the resolved vertical velocity on

smallhorizontalscalesincreasingasresolutiondecreases(Nordeng1994). If a quasi-equilibriumis assumedto

exist thenmoisteningdueto large-scaleascentis approximatelybalancedby compensatingsubsidenceimplying

that

(22)

In general,theresolvedmagnitudeof theverticalvelocity roughlydoublesasthehorizontalgrid lengthis halved,

implying that the time scale for adjustment must decrease as resolution increases.

6. EVALUATION OF CONVECTION SCHEMES USING CLOUD RESOLVING MODELS

It hasalreadybeenshown thatthebulk mass-fluxapproachtoconvectiveparametrizationisabletoprovideabroad-

ly comparabledistribution of globalprecipitationto thatobtainedthroughtheuseof morecomplex scheme(Fig.

6 ). Thedevelopmentof cloud-resolvingmodelswith theability to captureaccuratelyfeaturesof convectiveclouds

allows moredetailedevaluationof the realismof the representationof convectionaffordedby themass-fluxap-

proach.Quantitiessuchasupdraughtanddowndraughtmassflux arepoorlyspecifiedby observationsbut areread-

ily diagnosedfrom cloud-resolvingmodels,providing apowerful tool to evaluatetheassumptionsusedto generate

these key quantities.

Heremassfluxesestimatedfrom theTiedtke convectionschemein a single-columnversionof theECMWF fore-

cast model are compared with those estimated by cloud-resolving models (CRMs) for three different cases;

(a) tropical convection during GATE. Constantcooling and moisteningtendenciesrepresentingthe

effectsof large-scaleascentareprovided to the modelandsurfacefluxesandsensibleand latent

heat (12 and 145 W m-2) respectively are held constant

(b) convectionin a cold-airout breakforcedby surfacefluxesonly (sensible-andlatent-heatfluxesof

123 and 492 W m-2, respectively)

(c) shallow convection during BOMEX (based upon a case study ofHolland and Rasmusson (1973))

Furtherdetailsof cases(a) and(b) arepresentedin Kershawet al. (1997)andGregoryet al. (1997),while the

BOMEX caseis discussedby SiebesmaandHoltslag(1996). Theconvectionschemeis asusedin CY14R3of the

ECMWFmodel.Theclosureof theschemediffersfromthatdescribedabovein thatonlyupdraughtfluxesof mois-

tureoutof theboundarylayerareconsideredto balancetheforcing in thesubcloudlayer. Thisdoesnotaffect the

averagepropertiesof convectionover the10 hourperiodof experiments(a) and(b), theconvectionschemebeing

in balancewith theforcingsuppliedto themodel. However theevolutionof theconvectiveheatingis changedand
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this will be illustrated for the GATE case.  Case (c) is unaffected by this change as no downdraughts form.

For theGATE case(Fig. 7 : 10 houraverage),thedepthof theupdraughtis overestimatedimplying that theen-

trainmentratesspecifiedmaybetoo low. Updraughtmassflux is underestimatedby 25%in thelowest4 km, par-

tially compensatedby too weaka downdraughtcomparedwith that diagnosedfrom the CRM. The decreasein

massflux above 5 km is reasonablycapturedby thedetrainmentratespecified.Theevolution of precipitationfor

this caseis shown in Fig. 8 , wherethe impactof including the downdraughtsinto the estimationof cloud-base

massflux is illustrated(Fig. 8 (b)). Without downdraughts(Fig. 8 (a)) theconvective responsebecomesintermit-

tent,theamountof precipitationreleasedin individualconvectiveeventsbeingmuchlargerthanthemoisturesup-

ply to themodel. Betweenperiodsof intensedeepconvectionshallow convectionoccurs,contributingto thelarge

mass flux at cloud base seen inFig. 7.

Figure  7. Comparison of convective mass fluxes for updraught and downdraughts predicted by the Tiedtke

convection scheme (UD : solid/DD : dot-dash) and diagnosed from a cloud resolving model simulation (UD :

dash/ DD : triple dot-dash) for convection in a GATE easterly wave (10-hour averages).

Suchbehaviour is causedbyupdraughtsbalancingthemoisturesupplyin thesubcloudlayer, leavingdowndraughts

to dry the layerandsostabilisetheprofile with respectto deepconvection. With downdraughtsincludedthere-

sponseof theconvectionis steady, theprecipitationamountbeingin quasi-equilibriumwith themoisturesupplied

to themodel. Themagnitudeof updraughtmassflux nearcloudbaseis reducedasdeepconvectionoccursthrough

the entire simulation, although above 2 km the mass-flux structure is similar to that inFig. 7.

For thecold-airoutbreakcase(Fig. 9 : 10 houraverage)themoistureconvergenceinto thecolumnis zero,apart

from surfaceevaporationandtheswitchingdescribedabovesetstheplumeparametersto thoseappropriateto shal-

low convectioneventhough,from theCRM simulation,it is clearthattheconvectionis deep.With largeentrain-

mentratesthedepthof convectionis underestimatedandlargedetrainmentratescausethemassflux, whichis over-

estimatedat thebaseof thecloud,to fall toorapidlywith height. Thiscasepointsoutadeficiency in theswitching

mechanismusedto determinewhetherconvectionis deepor shallow. It shouldbenotedthat forcing thescheme

to usethedeep-convectivevaluesfor entrainmentanddetrainmentproducesanupdraughtmass-fluxprofile thatis

in better agreement with that of the CRM.
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Figure  8. Evolution of rainfall for simulation of convection in GATE given by the Tiedtke convection scheme

with closuredin which (a)downdraughtsareneglectedand(b) downdraughtsareincludedinto theestimationof

cloud base mass flux.  Solid curve : convective precipitation.  Dashed curve : stratiform precipitation.

Figure  9. Comparison of convective mass fluxes for updraught and downdraughts predicted by the Tiedtke

convection scheme (UD : solid/DD : dot-dash) and diagnosed from a cloud resolving model simulation (UD :

dash/ DD : triple dot-dash) for convection in a cold air outbreak (10-hour averages).
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TheBOMEX case(Fig.10: averagebetween12and36hours)is onein whichthelarge-scalemotionabovealow-

level inversionis downward,andsorightly theconvectionschemedeterminesthatthis is acaseof shallow convec-

tion. TheCRM simulationsuggeststhatmassflux reducedwith heightacrossthecloudlayer, implying thatde-

trainment ratesare larger than entrainmentrates. With the Tiedtke schemethe cloud-basemassflux is

underestimatedand,dueto entrainmentanddetrainmentratesbeingequal,doesnot changedwith heightuntil the

inversionlayerwhenanadditional"terminal"detrainmentoccursastheascendingparcels’verticalkineticenergy

decreases.Increasingentrainmentratesby a factorof 2 anddetrainmentratesby a factorof 3, roughlymatching

thosediagnosedfrom theCRM, givesa largercloud-basemassflux anda profile thatbettermatchesthatof the

CRM (Fig. 10 : dottedcurve). SiebesmaandHoltslag(1996)founda similar sensitivity usinganearlierversion

of theTiedtkeconvectionscheme.With increasedentrainmentanddetrainmentratesthethermodynamicstructure

is also closer to that observed during BOMEX.

Figure  10. Comparison of updraught mass flux predicted by the standard Tiedtke convection scheme (solid), a

version with increased entrainment and detrainment rates (dotted) and diagnosed from a cloud-resolving model

simulation (dash) for convection during BOMEX (24-hour averages).

7. CONCLUDING COMMENTS

Thispaperhasoutlinedthetheoreticalbasisof mass-fluxconvectionschemesanddescribedhow this is appliedin

practice,concentratingupona classof parametrizationsbasedaroundthe"bulk" cloudmodelapproachof Yanai

et al. (1973). This methodis simplerthanthespectralapproach,suchasin theArakawa–Schubertscheme,but

givesreasonableestimatesof globalprecipitationpatternsin GCMs. This typeof schemedependsuponcorrecta

priori decisionsbeingmadeasto thedominantnatureof convectionatagrid pointandits internalcharacteristics.

UsingtheTiedtkescheme,theability of thesetypeof schemesto representconvectionin avarietyof circumstances

hasbeencommentedupon throughcomparisonwith cloud-resolvingmodel simulations. This identifiesareas

wheremodificationis required,suchasthe"switching" criteriato distinguishdeepandshallow convective cases,

togetherwith theentrainmentratesused.Futurestudiesof avarietyof convectiveregimeswill beusefulto improve

the representation of such processes in parametrizations.
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