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Abstract

Two cloud–resolvingmesoscalemodels,KAMM andMM5, wereusedto studyreflectivity

factor–rain raterelationshipsandinstantaneousandhorizontallyaveragedprofilesof pre-

cipitation rate
�

for convective stormsof varying intensity. Simulationswereconducted

for idealizedterrain.KAMM modeledasingleshowercloud,MM5 wasusedto studysplit

stormsupercelldevelopment.Bothmodelsconsistentlyconfirmanalyticalresultsfrom ear-

lier studies:Convective draftsandstratificationof air densitysignificantlyalter the local

rain rate,and thereforealsoany � –
�

relationrelying on conditionsof stagnantair and

sealevel air density. While air densityeffectscanbealmostcompletelycorrectedfor by a

recentlyproposedalgorithm,effectsof convective draftsremain.They canleadto upward

precipitationmassfluxesof significantmagnitudeandsubsequenthorizontaldisplacement

of precipitation.Applicability of simple � –
�

relationsover complex terrainwith distinct

watershedboundarieswill bestronglydegradedby suchconvectioneffectsonprecipitation

massfluxes.

Keywords: PrecipitationRate;VerticalProfile;DeepConvection;Cloud–ResolvingModel

1 Intr oduction

As recentlyquantifiedby Dotzek and Beheng(2001) and briefly summarizedhere in Ap-

pendixA, standardreflectivity–to–rainfall ( � –� ) relationsof the form �������
	 aresignifi-

cantlyalteredin deepconvective cloudsby convectioneffectson precipitationrate � , defined
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asverticalmassflux densityof hydrometeorswith diameter� andbulk density��
 , i. e.��� � � ��
 �� ����� ���������! #"$� % (1)

Not only is � subjectto variationsin particlenumberspectra
�&� ��� , but thereis amuchstronger

dependenceon theeffectivesedimentationvelocity (DotzekandBeheng,2001)�! � �('��)'*�+���,�.-.�0/ � �('*�+�1�2�.-43 � �+�5�0/76 �8� � ��� % (2)

Here, � denotesambientverticalair velocity, �0/76 �8� � ��� is terminalfall speedof hydrometeors

at sealevel conditions,andeffectsof air density � arecoveredby 3 � �+� . Therefore,asidefrom��� ��� , variationsof � mayresultfrom upanddowndraftsand,secondarily, from verticaldensity

stratificationfrom its sealevel value � �8� to smallervaluesaloft. After integrationof Eq.(1), the

precipitationratein bulk variablesreads���:9;�<->=�0/76 �8�@? � �8��@ACBED �GF ' (3)

with �HF denotinghydrometeormassper unit volumeand =�0/76 �8� hydrometeorfall speed.The

term 3 � �+� from Eq.(2) waschosenin its mostwidely usedform with its best–fitvalue IJ�2KL%NM�O
for terminalvelocitiesafterBeard(1985).EventhoughBeardproposedIP�QKL%RM$S for directrain

ratecomputations,we have to staywith IP��KL%RM$O , asit enterstheequationsfrom thefall speed

term.

Conventionallyin radarmeteorology, � is takento bepositivefor precipitationfalling to the

grounddespiteanegative =�! . Wewill conformwith thatandshow thenegativeof � definedin

Eq.(3) in ourgraphsand � –� and � –�HF relations.

Lower air densityaloft increases� becausehydrometeorfall speeddependson � in a way

thatlowerdensityair exertsasmallerfriction forceon thefalling hydrometeors,allowing them

to fall fasterthanat sealevel air density(e.g. Footeanddu Toit, 1969;Battan,1973). Dotzek

et al. (2002)wereableto show that, while beinga secondaryeffect on the precipitationrate

profile alone,this canhave significantconsequencesfor radar–basedquantitativeprecipitation

estimation(QPE)at largeradarranges.

Also, downdraftsincrease� , while updraftsdecreasethe precipitationrate. In the limit

of updraftsgreaterthan the hydrometeorfall speed,� canbecomehighly negative even for

arbitrarilyhighhydrometeorcontentsby theactionof strongupdrafts.As notedby Dotzekand

2



Beheng(2001)andmany otherresearchersbefore,(e.g. Battan,1976;Aniol et al., 1980;Wil-

sonandBrandes,1979;Zawadzki,1984;Austin,1987;JossandWaldvogel,1990;Atlaset al.,

1995;Dölling et al., 1998;Atlas et al., 1999; Jordanet al., 2000) this makesapplicationof

standard� –� relationsfor deepconvectivecloudsdifficult or evenquestionable.Various� –�
relations,however, havebeenpublished,for instanceby Battan(1973)andSauvageot(1992).

Besides,deepmoist convectionalsoinduceshorizontalcomponentsandis usuallysuper-

posedto strongverticallyshearedmeanhorizontalair flow, asschematicallyoutlinedin Fig. 1.

For a developingrain cell within a radarscanvolume,but with no rain at thegroundyet (i. e.� �8� �QK ), applicationof a � –� relationwoulderroneouslydiagnose� �8�UT K andalsoaprecip-

itationaccumulationVXWZY on theground.In reality, rainwill only reachthegroundat latertimes

andwith ahorizontaldisplacementdueto combinationof convectionandtransportby themean

wind profile. While aminoreffectover largeareaswith homogeneousorography, thishorizon-

tal shift canbecomeimportantover complex terrainwith smalldistancesbetweenneighboring

river catchments.Evidently, the rain ratefor a givenvalueof � in convective cloudschanges

in spaceandtime, andno unique � –� relationexists in general(cf. the discussiongivenby

Battan,1976;Atlasetal., 1995;DotzekandBeheng,2001).

Practicalproblemsof this kind in thecontext of QPEareusuallyaddressedby combining

datafrom one(cf. Dotzeket al., 2002)or several radars(cf. Gourley et al., 2002). Here,with� at theground(where �[�[K ) beingderivedfrom � measuredby low–elevationradarscans

the problemariseshow to relate � at a few kilometersabove radarto an instantaneousrain

rateat (or below) theradarlevel. Evenin thecaseof stratiformclouds,verticaldrafts,density

stratification,andthe profile of the horizontalwind may introduceconsiderableerror to this

non–localapproach.At least,theeffectof air densitystratificationonterminalfall velocityand,

hence,on � –� relationsof theform �,���\�
	 cannearlybeeliminated(Dotzeketal.,2002).

So,to supplementDotzekandBeheng(2001)andDotzeket al. (2002),in our paper� –�
relationsandverticalprofilesof instantaneous( � ) andhorizontallyaveraged( ]^�\_ ) precipita-

tion ratearestudiedin moredetail with a cloud–resolvingmodelanalysis.Despitethe cloud

microphysicalsimplificationsinherentto Kessler–typebulk cloudmodels(Kessler,1969),they

offer theuniqueopportunityto compareconsistentfieldsof hydrometeorcontent,verticaldrafts

andair densitystratification.Fromthesefields, � and � canbecomputedateverygrid pointsto

conductastudythatreflectseffectsof deepconvectivemotionsin astratifiedatmospherealone,

unbiasedby microphysicalprocesseshardlyaccessiblefor eithermodelsor observations.
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Thepaperis organizedasfollows: Sec.2 briefly presentsthetwo modelsimulationsapplied

for ourstudywith their initializationandprocedure.In Sec.3 KAMM modelresultsfor asingle

cell cumulonimbusarediscussed,while Sec.4 dealswith MM5 supercellandmulticell storm

simulations,respectively. Secs.5 and6 presentdiscussionandconclusions.

2 Model setup

Two differentthree–dimensionalnonhydrostaticmesoscalemodels,KAMM (KarlsruheAtmo-

sphericMesoscaleModel, e.g. Adrian and Fiedler,1991;Dotzek,1999)and MM5 (NCAR

PennStateMesoscaleModele.g.Grell etal.,1994),wereusedto modelindividualstormsover

idealizedorographywith 1 km horizontalgrid size. Note that both simulationswereinitially

conductedto clarify scientificproblemsother than the presentone. Only after the findings

by DotzekandBeheng(2001),it appearedfruitful to exploit thetwo simulationsto determine

theinfluenceof deepconvectionon verticalprofilesof precipitationrate. In bothcasestudies,

modelinitializationwasperformedwith asingleatmosphericsoundingandconvectionwasar-

tificially triggeredby specifyinglocalperturbationsof equivalentpotentialtemperaturè
a (cf.

KlempandWilhelmson,1978).

Thebasicdifferencesin bothsimulationsare:(i) MM5 usedaflat terrainwhile theKAMM

orographyhad a 500 m high bell–shapedmountainin the centerof the model domain,(ii)

KAMM modeleda singleshowercell, whereasMM5 wasusedfor a split stormsupercellsim-

ulation,and(iii) bothmodelrunsusedseparateinitializationsoundings.

2.1 KAMM

KAMM wasappliedin asubstantiallyrevisedandextendedversionto simulatedeepconvection

includinga bulk microphysicalcloudmodulepredictingrain water �HFEb , cloudwater �HF Y , and

cloud ice �HFEc concentrations(Dotzek,1998,1999). Aside from the prognosticquantities�GF
the modelalsoprovidesthe fields of � , � andterminalfall speedof hydrometeors=�0/76 �8� . All

hydrometeorfall speedsin the model are subjectto a variation due to densitystratification

accordingto Eq.(3) with � �8� ��de%fSeSeO kgm g � and IP�QKL%RM$O (Beard,1985).

As outlinedby DotzekandBeheng(2001), for precipitationKAMM hasonly oneprog-

nosticquantitiy, �HF b . However, effectsof mixedandice–phaseprecipitationcouldbeincluded
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in the KAMM modelaccordingto the simpleapproachby Tartaglioneet al. (1996): Below

freezinglevel height,a terminalvelocity law for waterdropsis applied. Above the freezing

level, betweenKih C and jUk�Olh C, hydrometeorfall speedsfollow from linearinterpolationwith

temperaturebetweenraindropfall speedanda constantterminalvelocity =�0/76 �8� ��j
S+%mO msgon
representative of a mixtureof snow andlump graupel.For temperatureslessthan jCk�Oih C only

this asymptoticfixedvalueis assumed.As Tartaglioneet al. (1996)showed,stormdynamics

areimprovedsignificantlyby thismorerealisticdescriptionof hydrometeorsedimentation.

Themodeldomainsizewas
� M km in bothhorizontaldirectionsp and q , and dsr km in the

vertical. A bell–shaped,500 m high mountainwith a half–width of 2 km waspositionedin

thecenterof themodeldomain.Comparedto anotherwiseidenticalsimulationfor flat terrain,

thismountainled to anintensificationof thestormasit movedover it, but for evaluationof the

KAMM run in thepresentcontext this doesnot play a major role. Grid spacingof themodel

was d km horizontallyand dtK m at groundlevel to about dtKeK m nearthemodeltop vertically.

The basicstatewas a barotropicflow of dtK msgon from west–southwest,and the profilesof

temperatureandhumidity werechosensimilar to the synopticsettingdescribedby Hannesen

et al. (1998) in their radaranalysisof a small–supercellF1 tornadoin southernGermany on

9 September1995.Profilesof virtual potentialtemperaturè
u andrelativehumidityRH up to

10 km altitudeareshown in Table1. Note the continuousdecreaseof RH toward the ground

below 2.5 km above groundlevel (AGL). With the barotropicflow in the presentsimulation,

however, supercellformationcould not be expected(WeismanandKlemp, 1982). The com-

positesoundingfrom Hannesenet al. (1998)revealeda convective availablepotentialenergy

(CAPE)of 440Jkg gon with alevel of freeconvection(LFC) atabout1.2km andaneutralbuoy-

ancy level (LNB) at approximately7.3 km AGL, allowing for overshootingcloud topsof at

most8 to 9 km AGL.

Convectionwasinitiated by a local 3 K boundarylayer `
a perturbationto the basicstate

with a moist andwarm air masscenteredat
� pv� dtKL'*qw�xSeOy'{z4� de%fOe� km, similar to the

procedureof Klemp andWilhelmson(1978). The perturbationwasintroducedto the system

afteronehourof spin–upsimulation,correspondingto 1200local standardtime(LST).

Soonafterinitiation a rapidly developingcumuluscloudappeared,moving east–northeast-

ward with the meanflow. Fig. 2 shows a syntheticalradarcompositefrom the modelstudy,

a projectionof maximumreflectivity values� in thevolumedatato a vertical p , z plane.Re-

flectivity factorswerecomputedfrom theprognosticbulk variablesasoutlinedby Dotzekand
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Beheng(2001)andAppendixA with identical formulasfor KAMM andMM5. Light grey

shadingdenotesreflectivities above 0 dB� , representativeof cloudshape,darkgrey areascor-

respondto high reflectivities of more than MeK dB� . The locationof cloud initialization was

chosensuchthat the stormwould be in its maturestagewhenpassingover the bell–shaped

mountainin thecenterof thedomain.At 1220LST, Fig. 2 shows thatcloudtop wasat about|
km AGL (a) anda coreof high reflectivity hasdeveloped. Only dtK min later, heavy pre-

cipitation fell out of the now maturecumulonimbuscloudwith its top at } km AGL (b). The

decayingstagewith weakeningprecipitationandcloud transitionto an ice–filledanvil canbe

seenfrom image(c) from 1245LST. The highestcomputedreflectivities in this stormwere

above
� K dB� , initial instantaneousrain rate at the groundpeaked at M$SiK mmh gon , and the

largestprecipitationaccumulationat a singlepoint was34 mm. As givenin Table2, updrafts

in this cloudhardlyexceededded msgon (at 1220LST), downdraftsreachedtheir peakof aboutj~dsK msgon at1245LST, andaweakgustfront developedat latertimes.However, notethatgust

front formationwasmainly suppressedby the mountainorography:An identicalsimulation

run over flat terrainshoweda very distinctgustfront with a boundarylayerarccloudmoving

away from thestorm(Dotzek,1999).In general,thermodynamicstratificationasshown in Ta-

ble1 wasresponsiblefor enhancingprecipitation–induceddowndrafts.Thiscumulonimbuscell

representsin many waysatypicalCentralEuropeanheavy rainshowerduringthewarmseason.

2.2 MM5

Adaptedby Fehr(2000),MM5 wasusedfor the split stormsimulationover flat terrain. The

GoddardCumulusEnsemblemicrophysicsscheme(TaoandSimpson,1993),with cloudwater�GF Y , rain �HF b , cloudice �HF�c , snow �HF  andgraupel�GFt� asprognosticvariables,wasapplied.

Theverticalprofile for modelinitialization wasa compositionof radiosonde,aircraft,and

dropsondedatarepresentative of a supercellstormsituationin southernGermany on 21 July

1998. Resultinginitial conditionsfor thecaseweregivenby Fehr(2000)andaresummarized

in Fig. 3 showing the model initialization sounding.Large CAPE of 1343Jkg gon , a convec-

tive inhibition (CIN) of j 37 Jkg gon , anda bulk RichardsonnumberRi 	 of 25.5supportsplit

supercelldevelopment(WeismanandKlemp,1984).

The simulationwasrun with nestedgrids. The coarsegrid covered363 � 246 km� with

3 km horizontalgrid spacing,while the inner domainwas130 � 130 km� wide, with 1 km
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horizontalgrid size. Thehigh–resolutioninnerdomaintracked the developingclouds. There

were50 vertical levelsbetweenthegroundandapproximately20 km, 11 below 2 km and12

above the tropopause.After a shortspin–uptime of 10 min, convectionwasinitialized by a

ratherlarge 8 K `
a perturbationat 1600LST. Smallervaluesfor the `
a perturbationdid not

leadto a stormsplitting in theearlystagesof cumulonimbusdevelopment,probablycausedby

the shortspin–uptime. Themodelwasthenrun for 3.5 h, i. e. up to 1930LST. At this time

stormanvils reachedtheboundaryof theinnermodeldomain.

Thecompletestormdevelopmentatmid–levelscanbeseenin Fig.4, showing totalhydrom-

eteormixing ratio at 4.4 km AGL andnear–surfacegustfront location,identifiedby a 0.5 K

drop in temperature.At 1630LST, 30 min after convective initialization, thestormconsisted

of a singlecell, thatsplit into a northernleft flank anda southernright flank stormduringthe

following 30min. Thetwo cloudsystemsevolvedasindividualentities:Theleft–moverdevel-

opedinto a multicell (MC), the right–mover into a supercell(SC) storm(cf. Wilhelmsonand

Klemp,1981;WeismanandKlemp,1984).

As Table2 andFig. 4 show, stormdevelopmentwassupercell–dominatedin the first two

hours. The maximumupdraftvelocity remainedabove 30 msgon during this period,reaching

valuescloseto 50msgon (Fehr,2000),while maximumsupercelldowndraftvelocitiesexceededj 25msgon . Stormstrength(WeismanandKlemp,1984)� � �0���^�� S CAPE
' (4)

alsogivenin Table2, shows that thesupercelllife cycle undergoesa maximumin themiddle

while the multicell stormis continuouslygrowing in strengthandsize. However, the vertical

draftsin themulticell aregenerallyshorter–livedthanin thesupercellstorm. After two hours

of quasi–steadystateof the supercellrapidly decayed.Anotherexampleof a morevigorous

left–moverdevelopmentis thesimulationpresentedby WilhelmsonandKlemp(1981).

Stormanvils reachedup to 12 km AGL with a maximumovershootof roughly 2 km, so

cloudtopspeakedatapproximately14km. In itsmostvigorousphase,from about60to120min

simulationtime, strongverticalvorticity on theorderof 0.01sgon wasbuilt up andmaintained

within a mesocycloneand in the boundarylayer as low as 1.0 km AGL, a characteristicof

supercellstorms.Thesimultaneousdevelopmentof anS–shapecloudgeometryshown in the

horizontalsectionof Fig. 4 wascausedby the formationof a strongrearflank- anda weaker

forwardflankdowndraft.Thisisalsoin accordancewith theconceptof supercellthunderstorms.
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3 KAMM results: singlecell storm

Fig.2showsthreecharacteristicstagesof clouddevelopmentfor thesinglecell storm.Theradar

reflectivity factorcomputedfor Fig. 2 representsthe total sumof � –valuesfrom any present

hydrometeors,i. e. �&�����X����Y+-J� c -J� b (cf. AppendixA andSmith,1984;DotzekandBeheng,

2001).

In Fig.2 stage(a),stormgrowth,a largervolumeof cloudandprecipitationexperiencesup-

drafts(cf. alsoTable2) andreducedrainrates,thanstage(b), cloudmaturity, becauseheremax-

imumupanddowndraftswerenearlyin equilibrium( �0���^�C�QOy% | r msgon , �0�5������jUOy%�dsK msgon ).
In stage(c), stormdecay, precipitationratestendto beenhanceddueto moredominantdown-

drafts.

Analyzingall threestages(a) to (c) we will first present� –� and � –�HF relationswith and

withoutconvectivedrafts.Thenscatterplotsgiving informationonindividualprecipitationpro-

files � will beshown beforehorizontallyaveragedverticalprofilesof ]^�\_ provide information

onmeanpropertiesof rain ratesundertheinfluenceof convection.

3.1 � –� and � –��� relations

Analytical � –� and � –�HF relationsweregivenby DotzekandBeheng(2001),focusingmainly

on stage(b) in Fig. 2. Fromthesameregressionanalysis,we find thefollowing � –� relations

for KAMM’ s precipitationbulk hydrometeordensity �GF b , bothgivenwithout convection,and

with modeledverticaldrafts.

The equationsgive � –� and � –�GF relationswith their coefficientssplit into meanvalue

andstandarddeviation asderivedfrom a leastsquarefit to a scatterplotfrom dataat all model

gridpointswith hydrometeors.Setting ����K in computing� from Eq. (3) assuming�HF b only

consistsof rainwaterweobtain:�2����d � k!��d�SE�y� n8� �� Z¡ � � � n ' �����RSikL%NK�S¢��de%NK � � � �HFi� n8��n � ¡ � � � n 1220LST, (5a)�2����d | K!�wS � �y� n8� �8�£¡ � � � � ' �����RSeSy%Nker!�wSy%fSyd¤� � �HFi� n8��n � ¡ � � � n 1230LST, (5b)�2����d | k!�wSiKl�y� n8� �8¥£¡ � � � n ' �����RSyde% � k!��de% � d¤� � �HFi� n8��n;�£¡ � � � n 1245LST. (5c)

Eqs.(5a–c)only show smallscatterstemmingfrom thedensitystratificationof theatmosphere.

Variationof meanvaluesfor prefactorsandexponentsof � –� and � –�HF relationsis not sig-

nificant. Temporalvariationsof the standarddeviation, however, canbe interpretedasbeing
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influencedby thedensitydependenceof � accordingto Eq.(3): Fig.2 showsthatcloudtopand

verticalextentof in–cloudprecipitationarehighestat1230LST, lowestat1220LST, andsome-

wherein betweenat 1245LST. Accordingly, density–inducedscatteralsopeaksat 1230LST

andis smallestat1220LST.

For completeness,we stressthat simpleinversionof the � –� relationsgiven in Eqs.(5a)

would leadto anerroneousdiagnosisof rainfall below thedevelopingshower cloud— Fig. 2

showsthatat1220LST all precipitationis containedwithin thecloudor still verycloseto cloud

base.This is anexampleillustratingtheschematicof Fig. 1.

Thesamedataasbefore,but includingtheTartaglioneetal. (1996)parameterizationto treat�GF�b asmixed–phaseprecipitationyields:�2����dtker!�wSiKl�y� n8� �8¦£¡ � � � � ' �����RSiKL%NreK!��de%NK | � � �HFi� n8��n;�£¡ � � � n 1220LST, (6a)�2����d�SydH��M�Kl�y� n8� ¥� Z¡ � � �8§ ' ������dtrL%N}er!�wSy% � Kl� � �HFi� n8��n8n¨¡ � � � � 1230LST, (6b)�2����dtkek!�@k�SE�y� n8� ¥ � ¡ � � � ¥ ' �����RSiKL%Nk | ��de%fSyd¤� � �HFi� n8��n;�£¡ � � � � 1245LST. (6c)

We canexpectthat accordingto the Tartaglioneet al. (1996)parameterization,cloud regions

above thefreezinglevel �GF b will now representa mixtureof supercooledliquid andfrozenhy-

drometeors.As thisleadsto amodificationof thehydrometeorfall speedsbetweentheextremes

of rain andsnow / lump graupelwith constantterminalvelocity, also � –� and � –�GF relations

shouldapproacha form dependenton the mostdominanthydrometeorform. Consequently,

the exponentsfor � –� relationsshouldbe betweenthe analyticalvaluesfor rain (1.54) and

for snow / lump graupel(1.75),andfor the � –�HF relationbetween1.14and1.00,respectively

(cf. AppendixA andDotzekandBeheng,2001). Eqs.(6a–c)indeedshow sucha tendency,

againstrongestfor 1230LST whencloudtop is highest.Simultaneously, meanvaluesof � –�
prefactorsdecrease,while theirstandarddeviationslightly increases.

Finally includingmixed–phaseprecipitationandconvection, �ª©��K in Eq.(3) leadsto:�2�«� | d�O!�4M�}�O��¬� n8� ­��£¡ � � ��  ' ���«� | %fk � �@kL%fk � � � �HFe� � � § ¦£¡ � ��n;� 1220LST, (7a)�Q���®dt} | � }iMl�¬� n8� �8�£¡ � ��n8n ' ���«��dtrL%fOeO!� | %fSi}l� � �HFl� n8��n;�£¡ � ��n � 1230LST, (7b)�Q���®dedtS�� M�}E�¬� n8� �8�£¡ � ��n � ' ���«�RSirL%¯d | �@Oy%NreKl� � �HFl� n8��n¨­8¡ � � � � 1245LST. (7c)

Influencesfrom densitystratificationor mixed–phasehydrometeorensemblesareindeedminor

comparedto theeffect of verticalconvectivedrafts,asobviousfrom Eqs.(7a–c).Now, just by
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includingthemodeledverticaldrafts,largescatteroccurrs.Also themeanvaluesof prefactors

andexponentsundergo significantchanges.As alreadyfound by DotzekandBeheng(2001)

for the datafrom 1230LST, our presentevaluationof all threecloud stagessubstantiatesthe

dominantinfluenceof convectionon � –� relationsevenmore.Stormmaturityat 1230LST is

closestto therelationswith �2��K . Up- anddowndrafts,aswell astheirvariances,havesimilar

magnitudesthere.We focushereon thetwo othertimes,asthey show themostdrasticchanges

in theiraverage� –� and � –�HF relations.

At 1220LST updraftsarestrongest,cloud top is well above the freezinglevel (at about

3.0 km AGL) andthe high precipitationcontentonly begins to fall out from cloud base,cf.

Fig. 2. We canexpectthat precipitationratesarestronglyreduceddueto the updrafts,most

prominentduring cloud growth. As soonasprecipitation–cooleddowndraftsdominatecloud

dynamics,rain ratesshouldbeenhanced.Eq.(7a)showsverystrongvariationin theprefactors

of both � –� and � –�HF relations.For the latter, theprefactoris reducedby almost65 % and

theexponent’svariationencompasses1.00— thevalueappropriatefor hydrometeorsfalling at

constantterminalvelocity. The fact that the meanvalueof theexponentis below 0.9 maybe

attributedto theway mixed–phaseprecipitationis representedby theTartaglioneet al. (1996)

parameterization.Similarly, the � –� prefactorattainsa very high valueconsistentwith ob-

served � –� relationsreportedfor thunderstorms,andtheexponentof about1.75againpoints

atparticlesfalling at constantspeed(cf. DotzekandBeheng,2001).

The reasonfor this behavior cannotbe a larger proportionof ice phaseprecipitation,as

comparisonwith Eq. (6a) reveals. The amountof hydrometeorsin the ice phaseis the same

in both cases.Instead,a probableexplanationis that during stormgrowth a large amountof

waterphaseprecipitationfalls at constantspeed,namelythespeed�! �°�K . This accumulation

of hydrometeorsfloatingat constantaltitudein theupdraftleadsto theobservedexponentsand

prefactors.

At 1245LST on the other hand,updraftsno longerplay a relevant role in the decaying

cloudandits rain shaft. As Eq. (7c) shows, both � –� and � –�HF relationsdo show enhanced

rainratesbut prefactorsandexponentsarerelatively closeto theirvaluesfrom Eq.(6c)andtheir

analyticalranges.Again, themeanvalueof the � –�GF exponentslightly exceedsits analytical

boundof 1.14. Table2 givesa maximumdowndraftspeedof –9.75msgon which canroughly

doubletypical terminalvelocitiesin heavy rain.
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3.2
±

Indi vidual rain rate profiles

Informationon individualhorizontalgrid pointverticalprofiles � � z�� andthetotalverticalmass

flux budget �!�²���!�ª�CY#-,� c -w� b canbegatheredfrom thescatterplotsof � and z shown in

Fig.5a–ffor themodeledcumulonimbuscloudof Fig.2. For all gridpointswithin thecloudand

therainshaft, � � p�'�q³'{ze�H�2� �;´ '{z�� wasevaluatedfrom Eq.(3) using � , � andthehydrometeor

concentrations�HF . Individualhydrometeortypesaredistinguishedby symbolsfor precipitation

(rain or snow / lump graupel, - ), cloud ice ( µ ), andcloud water( ¶ ), respectively. Whenever������� exceedsthecontributionof any singlehydrometeortype,it is plottedby across( � ).

Figs.5a,c,eexcludeverticalair motions,therebyproviding the traditionalview of precip-

itation falling throughstagnantair. Figs.5b,d,f includeverticalair motions,andgive the real

hydrometeormassflux profiles.

At 1220LST the scatterplot in Fig. 5a givesa triangularshapeof the hydrometeormass

flux distribution. Note the similarity betweenour Fig. 5a andthe rain rateprofilespresented

in theanalyticalstudyby Wacker andSeifert(2001). Clearly, at this point in time we observe

sedimentationof primary precipitationinsidethe cloud, thereis no secondaryrain formation

going on yet. Hardly any symbolsotherthanthosefor precipitationor the total rain ratecan

beseen,i. e. massfluxesof cloudice andcloudwaterarenegligible for �«��K . This changes

when �ª©��K is takeninto account.In Fig. 5b,acompletelydifferentview is presented:Updraft

speedsin the cumulonimbus cloud at stage(a) in Fig. 2 were large, so someportionsof the

hydrometeorswereno longerdescendingto the groundbut rising upward. Thesegive rise to

negativeprecipitationrates� . Evenslowly subsidinghydrometeorslikecloudiceand,moreso,

clouddropletscanyield highupwardmassfluxesexceeding100mmh gon dueto strongupdrafts.

Most obvious from Figs.5c–f is a distinct spatialcoherenceof the downdraftsenhancing� . Thedatapointsrevealseveraldiscreteprofilescorrespondingto thosemodelgrid columns

containingthemaindowndraft.While Figs.5c,eshow developmenttowardsverticallyhomoge-

neousrainrateprofilesbelow thefreezinglevelatabout3 km AGL, thecorrespondingFigs.5d,f

revealnegative massfluxesabove 5 km AGL andstronglyenhancedprecipitationratesbelow

4 km AGL in Fig. 5d. While the largestinstantaneousrain rateat thegroundfor this modeled

cumulonimbuswas M$SlK mmh gon , theabsolutemaximumis ��° � | O mmh gon at z·°�}eKeK m. In

Fig. 5f thelargestprecipitationrateis locatedat the3 km AGL level, andtheremnantsof weak

updraftsin theanvil regionabove6.5km altitudecanonly inducesmallnegativemassfluxes.
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3.3
±

Horizontally averagedrain rate profiles

Turningtowardshorizontallyaveragedprecipitationrateprofiles,at eachverticalgrid column

in the model, �!�²��� wasaveragedover 500m vertical intervalsprovidedthe total hydrometeor

contentat grid pointswaslarger than dtK$g � gm g � . The resultingverticalprofileswith 500 m

spatialresolutionwerehorizontallyaveragedto yield ]^�\_ .
Fig. 6agivestheprofileswithoutconvectivedrafts.Again,for 1220LST a triangularshape

of ]^�\_ indicativeof puresedimentationis obvious(cf. WackerandSeifert,2001),while precip-

itation nearthegroundpeaksonly laterat 1230LST. Fig. 6b with convectionidentifiesthose

regionswhereevenin horizontalaveragesconsiderableupwardhydrometeormassflux occurs

andalsothedowndraft–inducedshift of maximumrain rateat1245LST near1 km AGL.

Notethesharpdropin precipitationrateat about1.75km AGL which is evidentfrom both

Figs. 6a,b. The reasonfor this phenomenonnot visible in the individual profilesof Figs. 5

could be identified by careful inspectionof the KAMM data. It is not causedby updrafts

or diminisheddowndraftsbetween1.5 km and2.25km AGL — this would be visible in the

individualgrid pointdataof Figs.5 aswell. Insteadit is causedby a largerhorizontalextentof

theclouddropletregion at this level closeto cloudbase:Theshowerclouditself is quitesmall

in horizontalextent. Whenthereis lateralcloudgrowth nearcloudbase,therelativechangein

horizontalcloudsectionareais large,while the total hydrometeormassflux over this areaon

theotherhandremainsnearlyunaltered.So theobserveddrop in ]¨�\_ is a purelygeometrical

averagingeffect.

This explanationis substantiatedby Fig. 6c giving the massflux profilesfor cloud water

only. Weseethatat1230and1245LST theaveragecloudwatermassflux is zero.Correspond-

ingly, Fig. 6d depictsthemassflux of solelycloudice andprecipitation.Comparedto Fig. 6b,

thereis nodropin rain rateany more.

A physicalinterpretationof this effect is readilyat hand.During their lifetime, liquid pre-

cipitationparticlesevaporateassoonasthelocalrelativehumidityis lessthan100%. KAMM’ s

bulk microphysicalschemeincludesthiseffect. As mentionedearlier, thethermodynamicstrat-

ification chosenfor this modelrun supportedrelatively strongevaporationbelow cloud base:

Thedecreasein relative humidity towardsthegroundbelow 2.5 km AGL visible in Table1 is

evidencefor strongdowndraftpotential.An identicalsimulationfor flat terrainledto gustfront

formationdrivenby evaporatively cooleddowndrafts.Soin thiscase,rainfalling throughcloud
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basehasledto ashallow layerwith condensationof clouddropletswhichcanexplainthelateral

cloudgrowth nearcloudbase.

4 MM5 results: initial cell, supercell, and multicell storms

Similar to snapshotstaken from theKAMM simulationshown in Fig. 2a–c,thechosenMM5

volumedatasetscomprisetheinitial cloudstagebeforestormsplitting( ¸1��keK min,1630LST),

cloudmaturityaftersplitting( ¸���}eK min,1730LST),andstormdecay( ¸1��S+dtK min,1930LST)

for boththemulticell andsupercellstorms.This is illustratedby Fig. 4, providing a planview

of totalhydrometeorfieldsat4.4km AGL andgustfront locationduring3 h of simulatedstorm

development.Our analysiswill follow the samelines asfor the KAMM evaluation. In spe-

cial, the formulasto determine� from the modeledhydrometeorfields �GF were identicalto

thoseusedwith theKAMM model,in ordernot to introduceany biaswhich might complicate

comparisonof thetwo simulations.

4.1 Initial cell (IC)

Focusingfirst on theinitial singlecell MM5 stormthereis onebig differencefrom theKAMM

stormin its stage(a)from Fig.2 asidefrom thelargerstormstrength
�

(cf. Table2): Thisinitial

cell is alreadystronglyprecipitatingwith a rain rateat thegroundof about300mmh gon .
Looking first at � –� and � –�HF relationsof the initial cell without convection,relations

verysimilar to thatfor theKAMM modeloccur:�,���®d � }�� dsKl�y� n8� �8�£¡ � � � n ' ���«�NSeS+%mS � �@Ky%frLd¹� � �GFi� n8��n � ¡ � � �8�   1630LST. (8)

Thiswastobeexpectedbecausefor stagnantair theserelationsarefully determinedby thecloud

microphysicalparameterizationschosenin theparticularmodelunderconsideration.Dueto the

principalsimilarity of KAMM andMM5 asbulk cloudmodels,therelationsfor air at restmust

alsobesimilar.

If convectionis allowedfor, thenthefollowing relationsappear:�2�«�RS � MC�Qdedt}E�¬� n8�  *n¨¡ � ��n8n ' ���«�RSikL%N}�O!� | % | Kl� � �HFl� n8� � � ¡ � � �8§ 1630LST. (9)

Large scatteroccurrswhich encompassesagainwell–known separateprefactorsfor rain and

thunderstormcloudbursts.
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Thescatterplot of Fig.7a,brevealsdrasticchangesfrom theverticaldistributionof rainrate

dependingon if � is setto zeroor not. Thereis a slight similarity betweenKAMM’ s Fig 5c

andFig. 7aconcerningthe shapeof the distribution. Theeffectsof verticaldraftsin Fig. 7b,

however, aremuchmoreprominentin this largerstormcell thanfor the rain shower modeled

by KAMM.

A largemaximumin precipitationrateis foundatabout500m AGL dueto therain–induced

downdrafts,nearlytwo timesthe valueof 300 mmh gon at the ground. Above 2 km AGL the

massflux becomesstronglynegative,with ������� ( � ) peakingat nearly j 500mmh gon at 5.5km

altitude.This total massflux consistsof severalcontributions,rain andgraupel( - ) peakingat

–300mmh gon at 6 km AGL, cloud ice andsnow ( µ ) peakingat –100mmh gon at 10 km AGL,

andcloudwaterpeakingat–200mmh gon at2 km AGL.

4.2 Supercell (SC)

Without convection,radarmeteorologicalrelationsareagainmainly determinedby modelpa-

rameterizations.Only thedensityeffectplaysaminor role:�2����d | K!��dtKl�y� n8� �� Z¡ � � � n ' �����RSeSy%Nk | �@KL%NriMi� � �HFi� n8��n � ¡ � � �8�   1730LST, (10a)�2�«�®d | K!� }l�y� n8� �8�£¡ � � � n ' �����RSeSy%fSi}!�@KL% | rl� � �HFi� n8��n � ¡ � � � n 1930LST. (10b)

With convection,therelationsareof courseaffected,yetwith little time dependence:�2����d�Oir!�@kerl�y� n8�  Z­8¡ � � � � ' �����RS � %fSik!��M¬%fSiKl� � �HFi� n8��n;¥£¡ � � � � 1730LST, (11a)�2����d�O | �@k�OE�y� n8�  £¥£¡ � � � ¥ ' �����RS � %NK�S¢�@kL%Nrerl� � �HFi� n8��n¨­8¡ � � �   1930LST. (11b)

Eventhoughat1730LST and1930LST thesupercellis in verydifferentstagesof development,� –� and � –�HF relationsdo not reflectvariationsin cloud evolution in any significantway.

This correspondsnicely to the notion that supercellsshouldindeedbe in a quasi–stationary

dynamicalmodeup to theirdecay.

This homogeneityis not soobviousfrom thescatterplots in Figs.8a–d.At 1730LST we

seefrom panel(a)astrongincreasein precipitationnearandbelow thefreezinglevel at3.9km

AGL. This freezinglevel altitudeis valid for thereferenceenvironmentalsoundingfrom Fig. 3,

but not necessarilyso for in–cloudregionswherelifting of warm boundarylayer air is likely

to deform the º»� K h C planeand to raiseit by a few hundredmeters. Above and below
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º¼�½K h C, rain ratesarerelatively homogeneouswith height— indicatingthat thewarmrain

parameterizationin MM5 is simply switchedoff above the freezinglevel. This is a subject

inviting futureinvestigation.

Fig. 8bshowsthelargestvaluesof totalprecipitationrateincludingconvectionfor all MM5

dataunderconsideration.Totalmassflux peaksat650mmh gon at z¾��de%Nk km and j 750mmhgon
at8 km AGL. Individualupwardcontributionsto totalmassflux at this level mainlystemfrom

graupel( - ) andsnow ( µ ).
Figs.8c,dfor 1930LST give similarly shapeddistributions,yet with muchsmallervalues

for themassflux. Without convectionthereis still a smalldiscontinuityin rainfall intensityat

4.0 km AGL. For thecase��©�«K bothpeaklevelsof rain ratehave moveddownwardcoupled

to thesedimentationof precipitationcoresduringstormdecay.

Horizontally averagedprecipitationrateprofiles ]^�\_ � z�� in Figs. 9a,byield muchsmaller

valuesthanthosefrom KAMM in Fig. 6. This is not surprising:The longer–livedandlarger

stormsfrom theMM5 simulationhave well–developed“passive” cloud regionswith low pre-

cipitationaroundthemainrain shafts,whereasthesmallandshort–livedKAMM shower cell

hadpracticallynoweakintensityfringesin its active life stages.Furthermore,it shouldbekept

in mind thatthetwo initializationsoundingsweresignificantlydifferent.Fig. 9agivesa rather

smoothdecreaseof ]^�\_ with height.Fig. 9b,on theotherhand,givesnegativemeanrain rates

above3.9km for theinital cell at1630LST andthesupercellat1730LST. Duringstormdecay

at1930LST averagemassflux is negligible above3.9km, thefreezinglevel.

All profilesintersectat ]^�\_1��K in thefreezinglayerregion. Below thattheincreasetowards

thegroundis nearlylinearfor all threestormstageschosen.

4.3 Multicell (MC)

Switchingoff convectionin theanalysisof themulticell stormagainyieldstheby now already

familiar � –� and � –�HF relations:�2����d | dH��dtKl�y� n8� �� Z¡ � � � n ' �����RSeSy%fSi}!�@KL%Nr � � � �HFi� n8��n � ¡ � � � n 1730LST, (12a)�2����d � }!��dtKl�y� n8� �� Z¡ � � � n ' �����RSeSy%Nk � �@KL%Nr�SE� � �HFi� n8��n � ¡ � � �8�   1930LST. (12b)
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With convection, the resultingchangesarediscerniblebut not as large as for the supercell’s

mostactivestageor eventheKAMM cell:�2����d | S¢�wOyd¤�y� n8�  £¥£¡ � � � ­ ' �����RSeOy% �e� �wOy%¯d | � � �HFi� n8��n¨­8¡ � � � � 1730LST, (13a)�2����dtrLdH�wOlMi�y� n8�  £¦£¡ � � � ­ ' �����RSeSy%Nk | ��M¬%Nkerl� � �HFi� n8��n � ¡ � � � � 1930LST. (13b)

It is likely thatthis is dueto thefactthat,by defiition, in multicellsthereis alwaysamixtureof

individualprecipitationcoresatdifferentstagesof evolution. Treatingthemall asasinglelarge

entitysurelyleadsto somesortof intrinsicaveraging.Thereforewefind prefactorsin the � –�
and � –�HF relationswith meanvaluescloseto normal,i. e. thecaseof stagnantair, but with a

higherstandarddeviationasfor thesupercellstorm.

Figs.10a–dindeedshow that theshapeof thescatterplots for themulticell stormis quite

invariantof cloud evolution. Without convection, the jump in massflux below the freezing

level againbecomesapparentfrom Figs. 10a,c. Below 3.9 km AGL precipitationratesare

constantwith heightat about190mmh gon . With convection,theS–shapeof thedistribution is

characterizedby amaximumrain rateof 450to 480mmh gon at1.6km AGL andaminimumofj 520to j 420mmh gon at 7.5 to 8.5 km AGL. Fromthehigherdensityof symbolsin Fig. 10d

comparedto Fig. 10b(aswell asfrom Fig. 4) wecaninfer thatthemulticell stormcomplex has

continuouslygrown in sizeandalsolightly intensifiedduring its life cycle. That left–movers

neednot decayquickly in principlewasalreadyshown by WilhelmsonandKlemp(1981).

Horizontallyaveragedprecipitationprofilesin Figs.11a,brevealthevital dynamicaldiffer-

encebetweentheinitial singlecell at1630LST andtheleft–moving multicell. Thelatterleads

to profilessimilar to eachother, bothwith andwithout convection.Again,all threemeanpro-

files intersectaroundthefreezinglevel when �¿©��K . Thebiggestdifferencebetweenmulticell

andsupercellwith �>©�¿K asgiven in Fig. 9b is that for themulticell theshapeof the ]¨�\_ � ze�
profilesabove thefreezinglevel is preservedover time,however, with smalleramplitude.This

wasnot thecasefor thesupercell.

5 Discussion

In our modelingstudywe have comparedtheinfluenceof convectivedraftson verticalprofiles

of precipitationratefor thewholespectrumof stormintensities,rangingfrom a showercell to

a maturesupercellthunderstorm.For bothKAMM andMM5, � –� relationsand � �;´ '{z�� scat-
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terplotsfor individualgrid points,aswell ashorizontallyaveraged]^�\_ � z�� profilesconsistently

show thelimitationsof thenonlocalapproachto derive � at thegroundfrom � aloft.

If convective draftswereset to zero,resemblingthe caseof purely stratiformrainclouds,� –� relationsshowedlimited scatterdueto increasingrain ratecausedby air densitydecreas-

ing with height.Thiseffecton � –� relations,however, cancompletelybecompensatedby the

correctiontermfor measuredreflectivity asgivenby DotzekandBeheng(2001). Application

of thisphysicallybased� –correctionto observationalradarnetwork datafrom astratiformrain

eventin centralOklahoma(Dotzeket al., 2002)showedanincreasein precipitationaccumula-

tion of 10 to 50 % at radarrangesfrom 100 to 300km, at which even thebase–level 0.5h tilt

angleradarbeamis at severalkilometersaltitude. Notethat thecorrectiontermgivenhereby

Eq. (26) in AppendixA alsoappliesfor convective cloudsof any intensity. Thereforeafterre-

moval of artifactsin radar–observedreflectivity fields,likethemeltinglayersignature,it should

be routinely appliedto any radarobservation intendedto serve for quantitative precipitation

estimation.

Nevertheless,for horizontallyaveragedverticalprofilesof rainrate,bothKAMM andMM5

showedthat in generalthecorrelationof precipitationmassflux aloft with rain intensityat the

grounddecreasesrapidly over the lowestkilometersabove ground— in accordancewith the

observedradarreflectivity correlationprofilepresentedby Dotzeketal. (2002).

Including vertical air motion, however, very large scatteroccursin the � –� relation at

individual locationsin convectivecloudsandin therain–filleddowndraft. Precipitationrate �
is easilyincreasedby a factorof S in theseregions. Maximumvaluesof rain rateconsistently

occur for both mesoscalemodelsat a heightof roughly 1 km AGL. Here, the precipitation–

drivendowndraftsreachtheir largestmagnitude,while at lower levelsincreasinginteractionof

thedownward–movingairwith thegroundleadstoalocally highdynamicperturbationpressure

undertherainshaft,deceleratingthedownwardairflow.

The horizontally averaged ]^�\_ � z�� profiles from the KAMM model attain large negative

valuesof morethan j 20mmh gon in uppercloudregionsduringcloudgrowth andmaturity. As

theKAMM cloud is a singleandshort–livedshower cell, thereis not muchtime to developa

significant“passive”, low–reflectivity fringe aroundthe coreof the storm. Instead,the cloud

is almostin its wholevolumealsoprecipitation–filled.Besideshigherinstantaneousrain rates

in the MM5 simulation,this leadsto the larger magnitudeof the averagedKAMM rain rates
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comparedto theMM5 storms— andalsoto thesignificantdropin averageprecipitationrateas

soonastheclouddropletregiongrows in sizenearcloudbase.

OurMM5 resultsfor largeandstrongcumulonimbuscloudsconfirmtheKAMM data.One

hasto keepin mind, though,that for the moreintensethunderstormsfrom the MM5 studya

completelydifferentsoundingwasusedfor initialization. In addition,theMM5 stormsdevelop

considerablylargerregionswith low � –valuesaroundtheirmainprecipitationcoresduringtheir

longerlife–cycles.This leadsto thesomewhatsmallermagnitudeof thehorizontallyaveraged]^�\_ � z�� profiles. Nevertheless,thesealsobecomenegative andreachtheir minimumvaluesofj 18mmh gon at5.5km altitude.

In the split stormMM5 simulation,thereis a fundamentaldifferencebetweenthe right-

and left–moving storms. The supercellshowed quite stationary � –� relationsat 1730 and

1930LST, but moretime–dependent� �À´ '{z�� –z scatterplotsat thesetimes. The contrarywas

true for the left–moving multicell storms. Here, � –� relationsshowedstrongertime depen-

dencethan the � �À´ '{z�� –z scatterplots.A reasonfor this might be that the supercell,being

quasi–stationarydynamically, alwaysmaintainsvery similar convection–influenced� –� rela-

tionsthroughoutits wholelifecycle. Thescatterplots,however, betterrepresentthedevelopment

of thestormfrom maturityto decayfrom 1730to 1930LST, leadingto smallermagnitudesof

rain ratewhile still following theaverage� –� relation.

Themulticell, on theotherhand,almostalwayscontainsa similar spectrumof cell intensi-

ties,thereforeinducingmoreor lessstationary� –z scatterplots.But the � –� relationis more

affectedby theactualnumberof gridpointscontainedwithin cellsof aparticularintensity. Thus,

weobservea largervariationhere.

We did not analyzein detail thehorizontaltransportof hydrometeorsasa consequenceof

upward in–cloudmassfluxesasschematicallyoutlinedin Fig. 1. This would bea morefruit-

ful taskfor thunderstormsimulationsover highly–resolvedcomplex terrain. However, for the

growingshowercloudat1220LST theKAMM modelwasableto reproducethesedimentation–

dominatedrain rateprofilesdescribedby Wacker andSeifert(2001)in their analyticalstudy.

Both in the � �;´ '{z�� –z scatterplotand the ]^�\_ � z�� profile, the typical triangularshapeof the

profilebecameevident.
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6 Conclusions

Fromourmodelingstudythefollowing conclusionscanbedrawn:Á Individualverticalprofilesof � canattainlargenegativevaluesin thepresenceof strong

updrafts.Thesamealsoholdsfor horizontallyaveragedprofilesof ]¨�\_ ,Á Rapiddecorrelationof ]^�\_ � z�� from � �8� significantlylimits theapplicabilityof � aloft to

determine� at theground,Á Using � –� relationsmerely in sub–regionsof convective cloudswill most likely not

yield meaningfulresults,Á Maximumrain rateenhancementdueto downdraftsoccursat about1 km AGL. Below

this level, verticalperturbationpressuregradientforcesdeceleratethedowndrafts,Á Temporalvariability of � –� relations,andinstantaneousrain ratesversusheight,were

significantlydifferentfor thesupercellandthemulticell storms,Á In QPE,radar–observed � –valuesshouldbe correctedto eliminatethe influenceof air

densityprofileon � by thephysicalcorrectionprocedureoutlinedby DotzekandBeheng

(2001)andtestedusingradardataby Dotzeketal. (2002),Á Thesameis truefor model–derivedprecipitation,shouldit becomputedfrom reflectivity

insteadof directlycomputing� from cloudmicrophysicalmodelvariables.

Overcomplex terrain,horizontaldisplacementof precipitationplaysanadditionalcritical role.
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A Derivation of Â –Ã relations

In this sectionwe give a brief outline of the analyticalproceduredescribedby Dotzek and

Beheng(2001). Normalized Ä –type numberdistribution functionsare assumedfor any hy-

drometeortype: �&� �����QÅ � Ä � M$�Ä �ÀÆ -4k�� ? �� � A�Ç gon)È gyÉ5Ê8É³Ë % (14)

Here � denotesparticlediameterand
Æ

is a shapeparameter. Å � presentsa “particle load”

of the distribution, and � � is a formal scalingdiameter(in fact, � �·Ì d�ÍiÎ in thenotationof

MarshallandPalmer,1948)whichcaneasilyberelatedto any specificmeasureof particlesize,

suchasthevolumemediandiameter.

Thenormalizationin Eq. (14) assuresthathydrometeorcontent�HF doesnot dependon the

shapeparameter
Æ
, cf. Eq.(16),andthatfor

Æ ��d theexponentialMarshallandPalmer(1948)

spectrumis reproduced.With increasing
Æ

the spectrabroadenandconserve �HF by lowering� ���^� . WedefinethemomentÏJÐ of order Ñ byÏPÐ.� �� ���&� ���Z� Ð "$�½� Ä � M$�Ä �ÒÆ -.k�� Ä �ÒÆ -.ÑÓ�#Å � � � ÐÕÔ n % (15)

Most bulk microphysicscloudmodelsfollowing thework of Kessler(1969)usehydrometeor

content�HF asthemainprognosticvariable:�HFÖ� � � ��
�Ï � � � ��
�Å � � �   % (16)

Spectralparameterscanbe substitutedby the momentsÏ , so the quantity �HF from Eq. (16)

will beintroducedto any following equationto eliminateeither Å � or � � , dependingonwhich

spectralparameterasidefrom �GF is chosento describethe particlespectrum.Note that this

doesnot imply any lossof generalityfor thespectra.Neither Å � , � � , Æ nor �GF areassumedas

constant,andall thesequantitiescanbefunctionsof timeandspace.

A.1 Radar reflectivity factor

The radarreflectivity factor � for sphericalparticlesunderthe assumptionof Rayleigh’s ap-

proximation(radarwavelengthmuchlargerthanparticlesize)is givenby�Q�QÏ ¥ �2Ä � M$� Ä �ÒÆ - � �Ä �ÒÆ -4ke� Å � � � ­ �QÄ � M$� �ÒÆ -�Oi� �ÀÆ -.M$� �ÀÆ -4k��#Å � � � ­ % (17)
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FromEq.(16)wearriveat thefollowing two desiredrelationshipsbetween� and �HF by elimi-

natingeither � � or Å � :� � Ä � M$�� � ��
s� ­8Ê^  �ÒÆ -�Oi� �ÀÆ -.M�� �ÀÆ -4k��#Å � g � Ê^  � �GFi� ­8Ê^  (18a)

� � Ä � M$�� ��
 �ÀÆ -�Oe� �ÀÆ -.M$� �ÀÆ -.k��X� � � �GF % (18b)

Notethat the � –� relationof Eq. (18b)beinglinear in �GF is relatedto equilibriumor statisti-

cally stationaryrain (cf. JamesonandKostinski,2002,andreferencestherein).However, most

published� –�GF relationsshow thepower
| ÍEM (Kessler,1969)or similar empiricalvalueslikede%Nr�S (Douglas,1964;Smithet al., 1975)for rain. Clearly, � doesnot dependon eithervertical

velocityor on thevariationof fall speeddueto theverticalair densitygradient.

A.2 Terminal fall velocity and precipitation rate

Specifyingthe index “ KeK ” for all quantitiesat thechosenreferencelevel, i. e. sealevel condi-

tionswith verticalair velocity �Q�QK , air density�×�Q� �8� , first theterminalfall velocity �0/76 �8� of

thehydrometeorsasa functionof �GF will becomputedby setting�0/76 �8� � �Ø���Q� ��? � Ù� A�Ú % (19)

Here

Ù� is theunit diameter, usually1 mm and � � is theterminalfall velocityof hydrometeors

with � Ì Ù� . For rain, Kessler(1969)proposed� � � j�M¬%¯ded msgon and Û[� dtÍeS . Using

Eq.(19)avolume–weightedmeanfall velocity =�0/76 �8� canbecalculated:=�0/76 �8� � � ��
� �HF �� � ��� ���5�0/76 �8� � ����� � "$� (20)

whichis,aftermultiplicationby �GF , identicalto themeanmassflux densityor precipitationrate� . In Eq. (20) againeither Å � or � � canbe eliminatedintroducingthe hydrometeorcontent

from Eq.(16): =�0/76 �8� � � �� � ��
s� Ú Ê^  Ä
�ÀÆ -4k�-.ÛX�Ä �ÀÆ -.k�� Ù� g Ú Å

� g Ú Ê^  � �GFi� Ú Ê^  ' (21a)

=�0/76 �8� � � � Ä �ÒÆ -4k�-ÜÛÕ�Ä �ÒÆ -4ke� ? � �Ù� A Ú % (21b)
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NotethatEq.(21b)is independentof �GF .
In the generalcasein which an externalvertical velocity field � is imposedso that with

Eq.(2) theprecipitationratereads����j.=�! #�HFÖ��j 9 �Ü-Ý=�0/76 �8� ? � �8�� A B D �HF % (22)

Without lossof generalitywemayset�2�2Þ =�0/76 �8�
? � �8�� A B % (23)

Here,negative valuesof Þ correspondto updrafts.The local valueof � is a superpositionof

animposedverticalwind andanadditionaldowndraftcomponentinducedby thehydrometeor

drag.IntroducingEq.(23) into Eq.(22) theexpressionfor therain ratebecomes����j � Þß-2d��Ø=�0/76 �8� ? � �8�� A B �HF % (24)

A.3 � –� relations

As shown by DotzekandBeheng(2001),thefinal � –� relationstakeon theform� � � �8� 6 àá3là � �+�5âeà � �
�#� ­8Ê�ãN  Ô Útä ' with 3là � �+��� ? � �8�� A g Beå ­8Ê�ãN  Ô Útämæ ' (25a)

� � � �8� 6 É 3 É � �+�#â É � �
�#� ' with 3 É � �+�H� ? � �8��@A g B ' (25b)

in which the 3 � �+� presentthedensitytermsthatcanbecorrectedfor. Dotzeketal. (2002)have

usedtheterm 3là � �+� in their radardatacorrectionalgorithmfor �2�Q�
� 	 andthefall speedlaw

exponentI from Eq.(22): �&çÀ�8è²è#��� ? � �8�� � ze� A B 	 % (26)

For precipitationaloft themeasuredradarreflectivity factor � hasto beincreasedaccordingto

this relationbeforeany standardsealevel � –� relationcanbeappliedto yield a representative

rain rate � . That is both importantfor � profiles in high cloudsandbaselevel reflectivities

of convective andstratiformcloudsat largerange.Thelatterwasquantifiedby (Dotzeket al.,

2002)in greaterdetail. For thecaseof KTLX WSR–88Dradarin te USA, theauthorsshowed

thattheprecipitationaccumulationfrom thecorrected� field canbe10to 50% higherfor radar

rangesfrom 100to 300km.
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Tables

Table1: Vertical profilesof virtual potentialtemperaturè
u andrelative humidity RH up to

10km AGL usedfor theKAMM simulation.

z
km AGL

`
u
K

RH
%

10.0 333.19 4.89

9.5 326.34 6.60

9.0 320.47 8.23

8.5 316.26 9.68

8.0 314.51 11.25

7.5 313.20 12.90

7.0 311.81 13.51

6.5 309.78 08.35

6.0 307.58 23.28

5.5 306.28 20.97

5.0 304.68 43.13

4.5 303.96 39.57

4.5 302.43 57.73

3.5 300.11 73.75

3.0 298.11 93.06

2.5 296.20 98.45

2.0 294.41 86.88

1.5 293.46 68.51

1.0 292.93 65.12

0.5 293.03 63.48

0.0 294.30 61.87
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Table2: Maximumtotal hydrometeormixing ratios,highestvaluesof up-anddowndrafts,and

stormstrength
�

(WeismanandKlemp,1984)for bothKAMM andMM5 modelsimulations.

KAMM

Stage
¸

LST

�GF �²���¨6 ���^�
gm g � �0���^�

msgon �0�5���
msgon �

(a) 1220 12.34 11.10 –1.97 0.37

(b) 1230 15.67 5.78 –5.10 0.19

(c) 1245 8.52 3.16 –9.75 0.11

MM5

IC 1630 11.05 27.43 –12.27 0.53

SC 1730 10.18 37.73 –19.29 0.73

SC 1930 4.02 16.37 –11.38 0.32

MC 1730 8.90 28.33 –10.19 0.55

MC 1930 9.60 36.67 –20.49 0.71
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Figurecaptions

Figure1: Conceptualview of precipitationwith andwithout meanwind =é � z�� plusconvection.

For a rain cell with ���êK at the ground,applicationof a � –� relationimpliesaccumulated

precipitationVXWZY right below thecloud(smallgrapha). In reality, hydrometeortrajectoriesat

latertimeswill leadto VXWZY (subgraphb).

Figure2: Projectionof maximumreflectivitiesderivedfrom theKAMM singlecell stormsim-

ulation onto the p , z planein differentstagesof cumulonimbus development: (a) 1220LST

growth, (b) 1230 LST maturity, and (c) 1245 LST decay. Light grey shadingshows cloud

dimensions( �vë,K dB� ), regionswith ��ëwM�K dB� appearin darkgrey.

Figure3: Model initializationsoundingusedfor theMM5 split stormsimulation(Fehr,2000).

Figure4: Evolution of MM5 multicell / supercellsystemshown by thetotal hydrometeorcon-

centrationat 4.4km AGL altitude.Locationof thegustfront is alsoshown, labelsareminutes

simulationtime,startingat1600LST.

Figure5: Scattergramsbetweenrain rate � �;´ '{ze� andheight z for rain,snow ( - ) cloudice ( µ ),
andcloudwater( ¶ ) without (panelsa–c)andwith verticalconvective motions(panelsd–f) for

KAMM. Crosses( � ) denotetotalprecipitationrate.

Figure 6: Horizontally averagedrain rate profiles for the KAMM single cell storm. Cloud

growth (1220,solid), cloudmaturity(1230,dashed),andclouddecay(1245,dotted).In panel

(a), � is setto zero,while panel(b) coversthe generalcase�x©�êK . For the latter, graph(c)

gives ]¨�UY£_ only, while (d) shows ]¨� b -4� c _ only.
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Figure7: Scattergramsbetweenrain rate � �;´ '{z�� andheight z for rain andgraupel( - ), cloud

iceandsnow ( µ ), andcloudwater( ¶ ) without(a)andwith verticalconvectivemotions(b) at the

MM5 initial cell stagȩ���keK min. Crosses( � ) denotetotalprecipitationrate.

Figure8: As Fig. 7, but for theright–moving MM5 supercellstormat times ¸¢�«}eK min (a, b)

and ¸1��SydtK min (c, d).

Figure9: Horizontallyaveragedrain rateprofiles ]¨�\_ � z�� for theMM5 supercell.Cloudgrowth

(30min, solid),maturity(90min, dashed),anddecay(210min, dotted).In panel(a), �2�QK .
Figure 10: Samescattergramsof � �;´ '{z�� and z as in Fig. 8, but for the left–moving MM5

multicell storms.

Figure11: Horizontallyaveraged� profilesasin Fig.9,but for theleft–moving MM5 multicell

storms.
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