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1. INTRODUCTION

Althoughtheprinciplesof themass-fluxapproacho convectionwereformulatedn the1970sandformedthebasis
for thewell known "Arakawa—SchubertSchemgArakawaandSchubertt974)it hasonly beenrecentlythatsuch
scheme$ave beenusedin mary GCMsdueto their expensecomparedo simplerschemegmoistconvective ad-

justmentandKuo-typeschemes).Theapproactasa strongerphysicalbasisthantheseearliermethodsandpro-

videsanunderstandingf how corvectionaffectsthelarge-scaleatmospherelt alsoallows morephysically based
microphysical treatmentdo be employed andvertical transportsof tracersby corvectionto be estimatedpf im-

portance when considering the impact that aeroseoks tnaon climate.

This paperwill outline the mass-fluxapproachto the parametrizatiorof cornvection,concentrating’bulk” type
schemesuchasthoseusedin the ECMWF forecasimodel(Tiedtke1989)andthe UK Met. Office Unified Model
(GregoryandRowntree1990). Importantissuegelatingto this approactarediscussedby referencdo the Tiedtke
schemeat ECMWE, althoughreferencds madeto otherschemessappropriate.Only brief commentsaremade
concerningthe morecomplex "spectral”cloud modelapproachpf which the Arakava—Schuberschemes the
best knavn example.
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(20 The mass-flux approach to the parametrization of deep convection

2. THE NEED FOR PARAMETRIZA TION.

Within large-scalemodelsof the atmospheréhe horizontallengthscaleon which the corvectionexistsis below
theresolutionused,andsothe effectsof suchcloudsmustbe parametrizedn termsof the large-scaldlow. Ex-
pressinghetemperaturestructureof the atmospherén termsof alarge-scaleneanandan unresolededdycon-
tribution,

0= 0+¢ (1)
the thermodynamic equation of thegarscale flaw may be written as,
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whereQy, is theradiative heatingrateand @ 1 is termedthe apparentorvective heatsource(Yanaietal. 1973).

Theleft-handsidecontaindarge-scalgermsonly, while theright-handsideof Eq. (2) representtheimpactof ra-

diationandsmall-scalenotionsuponthelarge-scaldlow. Convectionis seerto affectthelarge-scaldlow through
condensationdieatingandtheverticaltransporof heat. A similartreatments applicableto themoistureequation
leadingto the definitionof @2, theapparenmoisturesink dueto corvectionandalsothe horizontalmomentum
equation, definingy 3, the impact of carection upon horizontal momentum.

3. MASSFLUX THEORY OF CONVECTION

The mass-fluxapproachwasfirst formulatedby Ooyama(1971). It is assumedvithin someareaA, takento be
thegrid pointof anumericalmodel,thatafraction o is coveredby cloud.Hencetheareaaverageof ¢ is givenby
- c e
¢ =09 +(1-0)¢ 3
whereq’ is the walue of @ within cloudy air ¢° that within the evironment of the cloud.

It is normally assumed that« 1 and so,

|
@

¢ = 4)
Table 1:

o e c Error ing® Errorin B

¢ due toEq. (4) due toEq. (4)

Temperature

0.1 300K 301K <0.1% 10%

0.5 300K 301K 0.2% 50%
Mixing ratio

0.1 159/kg 17 g/kg 1.3%

0.5 159/kg 17 g/kg 6.5%
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Table1 providesanindicationof the magnitudeof the errorin the environmentaltemperatureand mixing ratio
through the use dfq. (4) together with the impact upon estimation of parceybngy, evaluated as,

B = ®)

Absoluteerrorsaregenerallysmallevenwhen o is large, which maybethe casewhenthegrid sizeis reducedo
thatfoundin meso-scalenodels(on the orderof 10—20km). Thus,thetheoreticafformulationdevelopedbelon
is fairly accurate. However, errorsin buoyang (atemperaturaifference)aremuchlarger As buoyang is the
main driving force for comection this may lead to errors in the estimation of the intensity efction.

Consider nwr the eddy flux diergent contrilition to@1. FromEqg. (1)it can be written that

w6 = wo—no (6)

UsingEq. (3) to expandthefirst termof ther.h.s.of Eq. (6) and w in theseconderm,afterrearrangemertq. (6)
can be written as

w0 = o[wd -] +(1-0)[wd° —&°0] @)

UsingEq. (4), andassumingheverticalvelocity in the ervironmentis muchsmallerthanthatwithin cloudyair so
thatmotionsareonly weakly correlatedvith thermodynamiwariablesthesecondermonther.h.s.of Eq.(7) can
be nglected. The ertical eddy flux due to cerctive motions is then written approximately as

W0 = o[wd -0 (8)
Hence fronEq. (2) Q1 can be gpressed as,
Q1= (1-0)2 + L& 266 oey) ©)
c,Mn c,M 0p

The latent-heatingerm associatedvith the cloud ervironmentis usuallyinterpretedasthe evaporationof cloud
condensatandprecipitationdetrainedrom thecloudinto clearair leadingto a cooling of the cloudenvironment.

FromEq.(9) it is seerthat @1 hasbeenexpressedn termsof cloudandlarge-scalevariables. Thelatterareavail-
ablefrom thegrid-pointfieldsof thenumericaimodelwhile theformerareusuallyobtainedrom theuseof amodel
of a cowective cloud, typically a one-dimensional steady-state entraining-plume model of the cloud.

Following the analysisof GregoryandMiller (1989),considerthe thermodynami@ndcontinuity equationaver-
aged @er an indvidual cloud (denoted by the subscript i);

9, = d0; ubf 8, — d0; L
508 85, o B2 + L (0,050) - (00)y 5 = oicp% (10)
d, Ing
Oi%g"'a_(o-iw?)_wbia_ =0 11)

wherethe subscriptb refersto the valueof a variableon the cloudboundary Theseequationsaretoo complex to
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(20 The mass-flux approach to the parametrization of deep convection

usein aschemeandit is usualto approximatehehorizontaladwectionacrosghecloudboundarythefluxesacross
the cloud boundaryasit varieswith heightandthe horizontalgrowth of the cloud with time by entrainmentaind
detrainment flugs;

—C

968)-EB+D8+2 (008 = o1&
at(cie') EbB6+D6 +ap(clw6.) = o'cpl'l (12)
0, _ d0;
-E; + D, +%(0iwf) = (13)

where E is the entrainmentate (the rateat which air is includedinto the cloud throughits sidesto balancethe
increasef verticalmasdlux in thecloudwith height),and D thedetrainmentate(therateatwhich air leavesthe
cloud as the cloudertical mass flux decreases with height). These are defined as

I D IOy |
Ei - ap(0|w|)+ ot if ap(0|w|) ot <0 (14)
D. = i(o’ (I)C) % if _i(o‘._c)_%>0

"oopt Y ot op 'Y ot

Theseequationsarefor onecloudonly, whereasn the areaunderconsideratiornit is assumedhattherearemary
clouds. Summingwer all cloud within the ensemblggs. (12)and(13) can be written as,

—C

= =c 0,6 ——=c¢ L®Q
—EG+;DiBC+—(Gw9) = 0o—= (15)
op c,n
&t p

o, o _
~E+D+3-(0%) = 0 (16)

whereE = in andD = EDi , thesummatiorbeingcarriedout over all clouds. Thesummatioronthel.h.s
of Eq.(15)is bverall cloudswhich areundegoingterminaldetrainment.lt hasalsobeenassumedhatthewhole
ensemble is in a steady state, and so remaining time dependent terms giedbede

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

=€

sc = LQ
D,(6i-6)+(1-
* 3 D@0+ (-2

_ 0B
Rl = o p

17)

A similaranalysiscanbeappliedto themoistureequatiorto obtain @2 andthehorizontalmomenturrequatiornto
give @3.

Corvection modifies the lge-scale atmosphere through;

(&) compensatingubsidence-motion in the clear ervironmentsurroundingthe cloud compensating
motion within the cloud (a consequence of mass continuity),

(b)  detrainment of cloudy air into the einonment

(c) the evapomation of cloud condensateand precipitation within the environment—either through
detrainmenbr belov cloudbaseasprecipitationfalls to the surface. This latertermis closelytied
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to microplysical processeand,becausef the fall-out of precipitation,is not uniquelyrelatedto
the mass-flux and condensation profiles within the/ection.

4. EVALUATION OF MASS-FLUX THEORY

Severalauthorshave attemptedo diagnosehe magnitudeof thetermsin Eq. (17) usingobsenations(e.g Yanai
etal. 1973). However this methodrelieson usingsimplecloud models,identicalto thoseusedin parametrization
schemesto estimatdn-cloudvariables. Thetechniquéds essentiallyusinga convective parametrizatiorn adiag-
nosticmode. More recentlydiagnosticg§rom cloud-resolvingnodelshave helpedto understandhe mass-fluxap-
proach(e.g.GregoryandMiller 1989).Fig. 1 from thelatterstudy(a simulationof corvectionduringphase3 of
GATE) compareghe vertical structureof @1 with thatof compensatingubsidencendthe evaporationof con-
densatewithin the cloud ervironment.Compensatingubsidencés seento follow @1 closelyin thevertical, ex-
ceedingit at mostlevels. This excessof heatingis compensatethy the evaporationterm. The detrainmenbf
cloudyair playsonly asecondaryole for deepcorvection,althoughit is of greateimportancen shallav convec-
tion (seeSoongandOgural980). Theseresultsagreewith studiesusingobsenationaldata,for examplethat of
Yanaiet al. (1973) using data from the weatHic.
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Figure 1. Profile of compensating subsidence (dot-dagppeation of cloud and precipitation (dotted), their
sum (solid) and net Q1 (dashed) forwection in a phase Il GFE easterly wave (FromGregoryand Miller
1989).

Howeverfor @2, GregoryandMiller (1989)suggesthatacombinatiorof compensatingubsidencandtheevap-
orationof condensatevithin the cloudervironmentis notagoodapproximation(Fig. 2 ), drying at800mb being
overestimatedby thisapproximatiorandunderestimatedelow thislevel. Thisis aconsequencef severalfactors.
Firstly abore 800 mb detrainmenplaysa muchlargerrole in the moisturebudgetthanfor temperaturéseealso
therecentstudyby Guichardet al. (1996)). As the air detrainedfrom corvectionis saturatedits mixing ratio is
usuallyfurtheraway from the ervironmentalvaluethanis the casefor temperatureandsodetrainmenhasamuch
largerimpactin the moisturebudgetthanin the correspondindneatbudget. This wasalsonotedin earlierobser-
vationalstudies.In thelowest200mb of thedomainthedifferenceis partially causedy theinability of thecoarse-
resolutionmodelto simulateshallav convection,but alsoby the factthat"entrainment'into the lower partof the
clouddriesthe domain. This is dueto the environmentaroundthe baseof the corvectionbeingwetterthanthe
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averageacrosshe domain,implying thatthe large-scaleaveragevalue of mixing ratio is a poorrepresentatioof
air flowing into corvectionnearcloud base. This effectis not usuallyaccountedor in parametrizatiorschemes.
In generathemoistureerrorsfoundin GCMsin cornvective regionsarelargerthanthosefor temperaturepartially
a consequencef poor formulation of the entrainmentand detrainmentprocessegor moistureusedin current
schemes.
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Figure 2. Profile of compensating subsidence (dot-dagppoeation of cloud and precipitation (dotted), their
sum(solid) andnetQ2 (dash)for cornvectionin aphasdll GATE easterlywave (FromGregoryandMiller 1989).

Cloudresolvingmodelsallow the contritution of updraught@anddowvndraughtgso the netcorvective heatingand

dryingto bedeterminedFig. 3 shavs @ 1 dueto updraught@nddowvndraughtgor the GATE simulationof Gre-

goryandMiller (1989). Theheatingdueto updraughtss twice @ 1, theexcessheatingbeingcompensatetly the

cooling dueto the evaporationof precipitationwith downdraughts. Sucha large contritution to the netheating
impliesthatit is importantto includedowvndraughtprocessem corvective parametrizationsSimilar conclusions
have also been reached from obsgional studies (e.detts1973).
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Figure 3. Contribtion of updraughts (solid) andwodraughts (dashed) to Q1 for ention in a phase llI
GATE easterly wve (FromGregoryand Miller 1989).

5. PRACTICAL APPLICATION OF MASS-FLUX THEORY

Application of theabove theoryin a numericalmodelis a two-stageprocess.Firstly a cloud modelmustbe used
to estimateheverticaldistribution of thecloudyquantitiesandsecondlythemagnitudeof themasdlux atthebase
of the cloud mustbe determinedusually by somereferenceo the large-scalestructureandforcing (the closure
problem).

5.1 Estimation of cloud properties

Two approachegre commonlyto estimatethe quantitiesrequiredto implementthe mass-fluxtheoryasa para-
metrizationscheme. Thefirst approachusesa spectralcloud ensemblein which several differentcloud models
areusedto representiffering cloud typeswithin a grid box of a GCM. In the secondapproachthe bulk cloud-
modelmethod asinglecloudmodelis usedto represenanensembl®f clouds. The strengthsandweaknessesf

each approach are discussed Wwelo

5.1 (a) Spectl cloud ensemble appach. This techniquewas first introducedby Arakawaand Schubert
(1974). They assumedhatwithin agrid box of a GCM a spectrunof differentheightcloudsexisted. Eachcloud
is characterisedby a differententrainmentate,andso a differentcloud top height(Fig. 4 ). Cloudswith large
entrainmentatesterminatelower in the atmospherécloud 1), while thosewith lower entrainmentatesfollow a
moreundilutedascentandsoterminatein theuppertropospherécloud3). In theory thenumberof differentcloud
typeswithin thedistributionis arbitrarywith cloudsallowedto terminateatany level in theatmosphereyutin prac-
tice the numberof cloudtypesis limited by the numberof verticallevelsin the model,onecloudtype detraining
at each model layer
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Figure 4. Schematiof spectratloudensemblepproachCurvesl1,2and3 represenascendf air in cloudswith
differing entrainment rates.

Thecloud-basanassflux mustbe estimatedor eachcloudtype (the "closureproblem™),determininghow much
thatcloudtype contributesto theensemblanean. Theoriginal versionof the Arakava—Schuberschemeaequired
aniterative solutionto solve for the distribution of massflux associatedvith eachcloudtype, but in recentyears
thescheméhasundegonesomemodification(e.g.Moorthi andSuarez1992)in orderto reducets compleity and
increase its ralistness, while still retaining the spectral cloud-ensemble approach.

5.1 (b) Bulk cloud model appach. Becausef thecompleity (andhencethecomputationaéxpensepf the
spectralcloud-ensemblapproachseveral schemesave beendevelopedusingthe simplerbulk-cloud modelap-
proachsuggestetly Yanaietal. (1973). In thismethod only onecloudmodelis usedto represenanensemblef
cloudswithin a grid box, the cloud propertiespredictedbeingaverageover the cloud ensembleavhosemembers
have ascentsangingfrom cloudtypel to cloudtype3 (Fig.5). Boththemass-fluxschemeof Tiedtke(1989)used
in the ECMWF model,andthe UK MeteorologicalOffice scheme(Gregoryand Rowntree 1990), usethis ap-
proach. The approachhasalsobeenusedin meso-scalenodels(e.g. Fritschand Chappell980) where,dueto
smallergrid sizesijt is reasonabléo assumeéhatonly onecloudtypeexistswithin agrid box. Themethods cheap-
erandsimplerto implementandbothof theseschemesave theadditionaladvantageoverthe Arakava—Schubert
schemehatthey areableto representonvectionthatis notrootedin the planetaryboundarylayer (for exampleas
seen in mid-latitude arm fronts).
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Figure 5. Schematic oflk-cloud approach. Mean cuwrvepresents the ascent of air in thelkbcloud
representing a meawer an ensemble of ascents ranging from ascent 1 through 3.

5.2 Issues in the formulation of bulk mass-flux schemes

Herediscussiorof the mass-fluxapproachs focuseduponissuegelatingto the bulk cloud-modelpproach.The
Tiedtke schemeusedin the ECMWF model,is usedto illustrateissuesvhich mustbeaddressem designingsuch
a scheme.

5.2 (a) Determination of cloud typdn thespectracloudmodelapproachseveralcloudtypeswith differing
lateralmixing ratesandcloud-topheightsare presentwithin eachgrid box, the "closuremethod"determineghe
fraction of the total massflux associatedvith eachcloud. Thus,in theory the methodis ableto distinguishthe
type of convectionin a variety of regimes. In the tropicsthe ensemblevould be dominatedby deepcorvection,
while in the subtropicaktrade-windregionsshallov corvective cloudwould dominatethe ensemble Whenusing
a bulk schemepnly onecloudtypeis presenin eachgrid box of amodelandso somea priori decisionmustbe
madeasto thetype of corvectionpresentallowing the lateralmixing propertiesandthe estimationof cloud-base
massflux to be varieddependingiponwhetherthe corvectionis dominatedby deepor shallav corvection. For
example,shallav convectionis smallerandmoreturbulentthatdeepcorvectionandsowill have ahigherentrain-
ment rate than deep ogaction.

Such"switching"is usuallydoneon the basisof anaspecbf the large-scaleervironmentin which the corvection
is growing. For example,obsenationsshav thatdeepconvectionis oftencollocatedwith regionsof moisturecon-
vergencewhile shallav corvectionis foundto occurunderlow-level inversionscausedy large-scalesubsidence,
wherethe moisturesupplyto the planetaryboundarylayeris dominatedy evaporationfrom the surface. Thusin
the Tiedtke schemeausedat ECMWE, if the large-scaleconvergenceof moistureinto a columnis largerthanthe
surfaceevaporatiorthencorvectionis deemedo bedeepandalow entrainmentatesetfor the purposeof estimat-
ing theascenbf aparcel,andhencéits in-cloudproperties.If thecorverseis so,thenhigherentrainmentatesare
set appropriate to shalloconvection (being four times Iger than those used for deep waxttion).
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5.2 (b) rmulation of entainment and de&inment. A furtherissuewith the bulk approachs the specifica-
tion of entrainmentnddetrainmentates. Simulationsmadeby GCMsshaow alargedegreeof sensitvity to these
guantities(seepaperon "Sensitvity of GCM performanceo corvective parametrization'andYao andDelGeno
(1989)).Cloud-topheightis very sensite to the magnitudeof the entrainmentate. With only oneplumepresent
theentrainmentatemustbe setsoasto allow themaximumcloud-topheightto be correctlyestimated.Also, ac-
counthasto betakenof thosecloudswhich, in reality, detrainatlevelslowerthanthis height. Thisis usuallydone
by includingabackgroundietrainmentatein additionto thatwhich occursatthetop of theplume. For theTiedtke
schemedn caseof deepcornvection,entrainments applied below thelevel of the maximain large-scalevertical
velocity, while afixed(so-called'mixing") detrainmentateis appliedthroughoutheclouddepth. Thedepthand
magnitudeof theterminaldetrainmennearcloudtopis estimatedy the decreasén parcelkinetic enegy caused
by theovershoobf aparcelaboreits neutralbuoyang level. Thisadhocapproachmatchesheshapeof themass-
flux profile with thatof thegrid-scalemotion,generallyafeatureobsenedin deepcorvective regions. In thecase
of shallaw corvectionthe entrainmentindmixing detrainmentatesareequalandconstantwith height,implying
a constant mass flux almcloud base until the parcel becomegatieely buoyant.

In recentyearsthevalidity of the entraining/detraininglumecloud modelwidely usedin mass-fluxschemesas
beenquestioned. Raymondand Blyth (1986) studyingcumuluscloudssuggestedhat mixing acrossthe cloud
boundaryoccursepisodicallyratherthancontinually with parcelsof air thatbecomenegatively buoyanton mixing
descendingdo their level of neutralbuoyang/ beforeleaving the cloud. Schemesliscussedy Kain andFritsch
(1990)andEmanuel(1991) have incorporatecsimplified versionsof this modelinto corvectionschemegor use
with meso-scal@and climate models.Nordeng(1994) hasalso suggested revised specificationof entrainment
ratesfor the ECMWF cornvectionschemeor usewithin the framework of the entrainment/detraininglumeap-
proach, with entrainment rates ladkto the boyang of the parcel.

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

Althoughthebulk cloudmodelapproachis simplerthanthe Arakava—Schuberschemeit performswell in both
climateandNWP applicationsFig.6 shavs December/January/Februgmecipitationaveragedverthe10years
of theAMIP decad€1979-1988]Slingoetal. 1996)simulatedby aversionof the ECMWFmodel(T42,19levels)
usinga versionof the Tiedtke schemeandthe GLA model(4° x 5°, 11 levels) which emplgys a versionof the
Arakava—Schuberscheme An obseredclimatologyderivedfrom satelliteobsenations(Spencefd 993),estimat-
ed from microwave soundingunit (MSU) data)is alsoshavn. Differencego the climatology are seenbut both
modelsgive a reasonablestimateof the distribution of precipitation. The ECMWF simulationhasstrongermre-
cipitation over the westPacific andthe Pacific ITCZ, but underestimatesinfall in the SPCZ. The GLA model
overemphasises the SPCZ and underestimates thalraiofth of the equator in theagific.
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Figure 6. Comparison of DJF precipitatioreeaged ver the AMIP decade (1979-1988) simulated by the
ECMWF (T42, 19 Igels) and GLA (4 x 5 dgees, 11 leels) GCMs together with a climatogy frddpencer
(1993) denved from MSU data (adapted fragtingoet al (1996)).

5.4 Representation of downdraughts

As discussedbove, downdraughtsplay a large role in the convective heatbudget. In parametrizationtheseare
usuallymodelledby aninvertedentrainingplumestartingnearthe level of minimumequialentpotentialtemper-
aturein the mid troposphere The magnitudeof thedowndraughtmasslux hasto bedetermined.Someschemes
estimatethe actiity of the downdraughtfrom empiricalrelationshipshetweenobsered precipitationefficiency
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andtheverticalsheaiof thehorizontalwind (FritschandChappell 980). In the Tiedtke schemesimplerapproach
is used theinitial massflux atthetop of the plumebeingsetto athird of the of the updraughimassflux at cloud

base.As air descendd is cooledby the evaporationmaintainingnegative buoyang, andfinally detrainginto the

subcloudayerwhichit tendsto coolanddry. Oneweaknessvith currentschemess thatthey oftenassumehat
evaporationof precipitationwithin the downdraughtmaintainssaturationwhereasbsenrationssuggesthatthey

remain unsaturatedétts1973). This may cause errors in the subcloud-laydgéts of heat and moisture.

5.5 Estimation of cloud base mass flux

For mass-fluxparametrizatioschemestheclosureproblemis essentialltheneedto estimatethe corvective mass
flux atthe baseof thecloud. This determineshe magnitudeof the corvective heatreleasewnhile thecloudmodel,
andassociatealoud microptysical parametrizatiorused,determinesow this heatis distributedin the vertical.
No exacttheoryexistsfor theclosureproblemandseveraldifferentmethodhave beenused.Howeve, it is possible
to broadly classify theseavious closures into "dynamical” and "adjustment” types.

5.5 (a) Dynamical closer "Dynamical” closuresrelatethe cloud-basemassflux to the large-scaleforcing
andatmosphericstructure usuallymakingsomeassumptionmegardingthe "quasi-equilibrium“of the corvecting
atmosphere. Theclosureof the ArakawaandSchuber{1974)schemas of this type,relatingcorvective activity
to large-scaldorcing throughouthe depthof thecorvectinglayer  The Tiedtke(1989)schemesstimateloud-
basemasdflux from anequilibriumassumptioron eithermoisture(for deepcorvection)or moiststaticenegy (for
shallav convection)integratedoverthesubcloudayer. Suchaclosurerelatego theideasof boundary-layequasi-
equilibrium put forvard byRaymond(1995) .

Integratingover the subcloudayer, andassuminghatthereis a balancebetweencorvectionandotherprocesses
(surface flues, turlnlence, lage-scale motion), then

2p

M (q:,-9) + M2(q5,-9) = [pF,de (18)
0

where M, Md, q" and qd arethe updraughtanddowndraughtmassflux andmixing ratios, ', is theforcing
dueto surfacefluxes,turbulenceandlarge-scalenotionand z,, is the heightof cloud base. Quantitieswith the
subscriptz, referto theirvaluesatcloudbase.As thedowndraughimasdlux is relatedto theupdraughimasglux
at cloud base;g. (18)can be rearranged tovgian estimate for the cloud-base mass flux.

5.5 (b) Adjustment closeir In schemesvhichusean"adjustmenttlosure thecloud-basenasslux is calcu-
latedfrom relaxingthelarge-scaleatmospherdackto anequilibrium structure. The FritschandChappel(1980)
schemerovidesanexampleof thistypeof closurewherethecloud-basenasdlux is calculatedrom thereduction
of Convective Available Potential Engy (CAPE) wer a time scale .

CAPE is defined as

CAPE = [ (8°-8) g—g (19)

cloud

(ignoring virtual efects for simplicity).

Assuming steady state clouds, the rate of change of CAPE with time dueésteenactvity is given by
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= (g - = - 1= 20
0ot |:lconv J-gEDt[Eonvpg IDQ pg (20)

Approximating@1 by a subsidenceéerm,andassuminghatconvectionreducesCAPEto zeroover atimescale
T, the cloud-base mass flux ivgn by

m = CAPE__ 1 21)
b8
I oppg

whereMg(p) is the mass flux i.eq(p) is the mass flux normalised by ilwe at cloud base.

The time scalefor adjustmenis resolutiondependentueto the magnitudeof the resolhed vertical velocity on
small horizontalscalesncreasingasresolutiondecrease@Nordeng1994). If a quasi-equilibriums assumedo
exist thenmoisteningdueto large-scaleascenis approximatelybalancedoy compensatingubsidencémplying
that

M, = pw (22)

In generaltheresohed magnitudeof the vertical velocity roughly doublesasthe horizontalgrid lengthis halved,
implying that the time scale for adjustment must decrease as resolution increases.

6. EVALUATION OF CONVECTION SCHEMES USING CLOUD RESOLVING MODELS

It hasalreadybeenshavn thatthebulk mass-fluxapproacho corvective parametrizatiois ableto provide abroad-
ly comparabldistribution of global precipitationto thatobtainedthroughthe useof morecomplex schemdFig.
6). Thedevelopmenbf cloud-resolvingnodelswith theability to captureaccuratelyfeaturesf corvective clouds
allows moredetailedevaluationof the realismof the representationf corvectionaffordedby the mass-fluxap-
proach.Quantitiessuchasupdraughtnddowndraughimasglux arepoorly specifiecby obsenationsbut areread-
ily diagnosedrom cloud-resolvingnodels providing apowerful tool to evaluatetheassumptionsisedto generate
these ky quantities.

Heremassfluxesestimatedrom the Tiedtke corvectionschemen a single-columnversionof the ECMWF fore-
cast model are compared with those estimated by cloud-resolving models (CRMs) for terestdidses;

(@) tropical convectionduring GATE. Constantcooling and moisteningtendenciesgepresentinghe
effects of large-scaleascentare provided to the modeland surfacefluxes and sensibleand latent
heat (12 and 145 W Bhrespectiely are held constant

(b)  corvectionin acold-airout breakforcedby surfacefluxesonly (sensible-andlatent-heafluxesof
123 and 492 W ) respectiely)

(c)  shallow corvection during BOMEX (based upon a case studyafandand Rasmusson (1973))

Furtherdetailsof caseqa) and (b) are presentedn Kershawet al. (1997)and Gregoryet al. (1997),while the
BOMEX caseds discussedy SiebesmandHoltslag(1996). The corvectionschemas asusedin CY14R3of the
ECMWFmodel. Theclosureof theschemaliffersfrom thatdescribedbovein thatonly updraughfluxesof mois-
tureout of theboundarylayerareconsideredo balanceheforcingin thesubcloudayer. This doesnotaffectthe
averagepropertiesof convectionover the 10 hour periodof experimentga) and(b), the corvectionschemebeing
in balancewith theforcing suppliedto themodel. However theevolution of the corvective heatingis changednd
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this will be illustrated for the GPE case. Case (c) is ufexfted by this change as nondaraughts form.

For the GATE case(Fig. 7 : 10 hour average) the depthof the updraughtis overestimatedmplying thatthe en-
trainmentratesspecifiednaybetoolow. Updraughtmassfux is underestimatetly 25%in thelowest4 km, par-
tially compensatetdy too weaka downdraughtcomparedwith that diagnosedrom the CRM. The decreasén
masdflux above 5 km is reasonablcapturedy the detrainmentatespecified. The evolution of precipitationfor
this caseis shovn in Fig. 8 , wherethe impactof including the downdraughtdnto the estimationof cloud-base
massflux is illustrated(Fig. 8 (b)). WithoutdowndraughtgFig. 8 (a)) the corvective responséecomesntermit-
tent,theamountof precipitationreleasedn individual corvective eventsbeingmuchlargerthanthe moisturesup-
ply to themodel. Betweerperiodsof intensedeepcorvectionshallav convectionoccurs contrituting to thelarge
mass flux at cloud base seerfig. 7.

20( " T

Figure 7. Comparison of ceective mass flugs for updraught and dmdraughts predicted by théetitke
convection scheme (UD : solid/DD : dot-dash) and diagnosed from a cloud resolving model simulation (UD :
dash/ DD : triple dot-dash) for cegction in a GAE easterly \ave (10-hour gerages).

Suchbehaiour is causedy updraughtdalancinghemoisturesupplyin thesubcloudayer, leaving downdraughts
to dry the layer andso stabilisethe profile with respecto deepcorvection. With downdraughtsncludedthere-

sponsenf thecorvectionis steadythe precipitationamounteingin quasi-equilibriumwith themoisturesupplied
to themodel. Themagnitudeof updraughtmasslux nearcloudbases reducedasdeepcornvectionoccursthrough
the entire simulation, although al®?2 km the mass-flux structure is similar to thatim 7.

For the cold-air outbreakcase(Fig. 9 : 10 houraverage)the moistureconvergenceinto the columnis zero,apart
from surfaceevaporatiorandthe switchingdescribedibove setsthe plumeparameterto thoseappropriateo shal-
low corvectioneventhough,from the CRM simulation,it is clearthatthe corvectionis deep. With large entrain-
mentratesthedepthof corvectionis underestimatedndlargedetrainmentatescausehemasdlux, whichis over-
estimatecdhtthebaseof thecloud,to fall too rapidly with height. This casepointsoutadeficieng in the switching
mechanisnusedto determinewhethercorvectionis deepor shallav. 1t shouldbe notedthatforcing the scheme
to usethe deep-cowective valuesfor entrainmentinddetrainmenproducesanupdraughimass-fluxprofile thatis
in better agreement with that of the CRM.
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Figure 8. Ewlution of rainall for simulation of comection in GAE given by the Tedtke cowvection scheme
with closuredn which (a) downdraughtsareneglectedand(b) dowvndraughtsareincludedinto the estimationof
cloud base mass flux. Solid carvcowective precipitation. Dashed cw@v stratiform precipitation.
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Figure 9. Comparison of ceective mass flugs for updraught and dmdraughts predicted by thée@itke
cornvection scheme (UD : solid/DD : dot-dash) and diagnosed from a cloud resolving model simulation (UD :
dash/ DD : triple dot-dash) for ceection in a cold air outbreak (10-howesages).
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TheBOMEX casgFig. 10: averagebetweerl2 and36 hours)is onein whichthelarge-scalenotionabove alow-

level inversionis downward,andsorightly the corvectionschemealetermineshatthisis a caseof shallov corvec-
tion. The CRM simulationsuggestshatmassflux reducedwith heightacrosghe cloudlayer, implying thatde-
trainmentrates are larger than entrainmentrates.  With the Tiedtke schemethe cloud-basemassflux is

underestimatednd,dueto entrainmentinddetrainmentatesbeingequal,doesnot changedvith heightuntil the
inversionlayerwhenanadditional"terminal” detrainmenbccursasthe ascendingparcels'verticalkinetic enegy

decreaseslncreasingentrainmentatesby afactorof 2 anddetrainmentatesby afactorof 3, roughly matching
thosediagnosedrom the CRM, givesa larger cloud-basemassflux anda profile that bettermatcheghat of the
CRM (Fig. 10: dottedcurwe). SiebesmandHoltslag(1996)founda similar sensitvity usinganearlierversion
of theTiedtke convectionscheme With increasedntrainmenainddetrainmentatesthethermodynamistructure
is also closer to that obsexd/ during BOMEX.

height (km)
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Figure 10. Comparison of updraught mass flux predicted by the standdtkk Tovection scheme (solid), a
version with increased entrainment and detrainment rates (dotted) and diagnosed from a cloud-resolving model
simulation (dash) for caection during BOMEX (24-houn&rages).

7. CONCLUDING COMMENTS

This paperhasoutlinedthetheoreticabasisof mass-fluxcorvectionschemesnddescribedhow thisis appliedin
practice,concentratingipona classof parametrizationbasedaroundthe "bulk" cloud modelapproachof Yanai
etal. (1973). This methodis simplerthanthe spectralapproachsuchasin the Arakava—Schuberschemebput
givesreasonablestimate®f globalprecipitationpatternan GCMs. Thistype of schemalependsiponcorrecta
priori decisiondeingmadeasto the dominantnatureof cornvectionatagrid pointandits internalcharacteristics.
UsingtheTiedtke schemetheability of theselypeof schemeso representorvectionin avarietyof circumstances
hasbeencommentedupon throughcomparisorwith cloud-resolvingmodel simulations. This identifiesareas
wheremodificationis required,suchasthe "switching" criteriato distinguishdeepandshallav corvective cases,
togethemwith theentrainmentatesused. Futurestudief avarietyof corvectiveregimeswill beusefultoimprove
the representation of such processes in parametrizations.
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