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Abstract

Two cloud-resolvingnesoscalenodels KAMM andMM5, wereusedto studyreflectvity
factorrain raterelationshipsandinstantaneouandhorizontallyaveragedprofilesof pre-
cipitationrate R for corvective stormsof varyingintensity Simulationswere conducted
for idealizedterrain. KAMM modeledasingleshaver cloud,MM5 wasusedto studysplit
stormsuperceldevelopment Bothmodelsconsistenthconfirmanalyticalresultsfrom ear
lier studies:Corvective draftsandstratificationof air densitysignificantlyalter the local
rain rate, andthereforealsoary Z—R relationrelying on conditionsof stagnantir and
sealevel air density While air densityeffectscanbe almostcompletelycorrectedor by a
recentlyproposedalgorithm,effectsof corvective draftsremain.They canleadto upward
precipitationmassfluxesof significantmagnitudeandsubsequerttorizontaldisplacement
of precipitation.Applicability of simple Z—R relationsover complex terrainwith distinct
watershedboundariesvill bestronglydegradedby suchcorvectioneffectson precipitation

massfluxes.

Keywormds: PrecipitationRate;Vertical Profile; DeepCorvection;Cloud—-Resolvingvodel

1 Intr oduction

As recently quantifiedby Dotzek and Beheng(2001) and briefly summarizedherein Ap-
pendixA, standardeflectvity—to—rainfall (Z—R) relationsof the form Z = « R® are signifi-

cantly alteredin deepcorvective cloudsby corvectioneffectson precipitationrate R, defined
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asverticalmasdsflux densityof hydrometeorsvith diameterD andbulk densityp,, i. €.
™ T 3
R= 5P n(D)D’ws dD . (1)
0

Notonlyis R subjecto variationsin particlenumberspectraz(D), but thereis amuchstronger

dependencenthe effective sedimentatiowelocity (DotzekandBeheng2001)
ws(Dawap) :w+wt(Dap) :w+f(P) wt,OO(D) : (2)

Here,w denotesambientverticalair velocity, w; oo(D) is terminalfall speedof hydrometeors
at sealevel conditions,andeffectsof air densityp arecoveredby f(p). Therefore asidefrom
n(D), variationsof R mayresultfrom upanddowndraftsand,secondarilyfrom verticaldensity
stratificationfrom its sealevel valuep,, to smallervaluesaloft. After integrationof Eq. (1), the

precipitationratein bulk variableseads

R = |:’w+wt,0() (%)a] Prq (3)

with p ¢ denotinghydrometeomassper unit volume andw, o, hydrometeoifall speed. The
term f(p) from Eq.(2) waschoserin its mostwidely usedform with its best—fitvaluea = 0.45
for terminalvelocitiesafterBeard(1985). EventhoughBeardproposedv = 0.42 for directrain
ratecomputationsye have to staywith o = 0.45, asit entersghe equationgrom thefall speed
term.

Corventionallyin radarmeteorologyR is takento bepositivefor precipitationfalling to the
grounddespitea negative w,. We will conformwith thatandshaow the negative of R definedin
Eq. (3) in ourgraphsandZ—R and R—p q relations.

Lower air densityaloft increasest becausdiydrometeofall speeddepend®on p in away
thatlower densityair exertsa smallerfriction forceon thefalling hydrometeorsallowing them
to fall fasterthanat sealevel air density(e.g. Footeanddu Toit, 1969;Battan,1973). Dotzek
et al. (2002)wereableto shav that, while beinga secondaryeffect on the precipitationrate
profile alone,this canhave significantconsequencdsr radarbasedjuantitatve precipitation
estimation(QPE)at largeradarranges.

Also, downdraftsincreaseR, while updraftsdecreasehe precipitationrate. In the limit
of updraftsgreaterthanthe hydrometeorfall speed,R canbecomehighly negatve even for
arbitrarily high hydrometeocontentsy theactionof strongupdrafts.As notedby Dotzekand
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Beheng(2001)andmary otherresearcherbefore,(e.g. Battan,1976;Aniol etal., 1980;Wil-
sonandBrandes1979;Zawadzki,1984;Austin, 1987;JossandWaldwogel,1990;Atlas et al.,
1995; Doélling et al., 1998; Atlas et al., 1999; Jordanet al., 2000) this makes applicationof
standardZ—R relationsfor deepcorvective cloudsdifficult or evenquestionableVariousZ-R
relations however, have beenpublishedfor instanceby Battan(1973)andSauageot(1992).

Besidesdeepmoist corvectionalsoinduceshorizontalcomponentandis usually super
posedo strongvertically shearedneanhorizontalair flow, asschematicallyutlinedin Fig. 1.
For a developingrain cell within a radarscanvolume,but with no rain at the groundyet (i. e.
Ry = 0), applicationof a Z—R relationwould erroneouslyiagnoseky, > 0 andalsoaprecip-
itation accumulation?,, ontheground.In reality, rainwill only reachthegroundatlatertimes
andwith a horizontaldisplacemendueto combinatiorof convectionandtransporby themean
wind profile. While aminor effect over large areasvith homogeneousrographythis horizon-
tal shift canbecomemportantover comple terrainwith smalldistancedbetweemeighboring
river catchmentsEvidently, the rain ratefor a givenvalueof Z in corvective cloudschanges
in spaceandtime, andno unique Z—R relationexistsin general(cf. the discussiorgiven by
Battan,1976;Atlasetal., 1995;DotzekandBeheng2001).

Practicalproblemsof this kind in the context of QPEare usuallyaddressetty combining
datafrom one(cf. Dotzeketal., 2002) or severalradars(cf. Gourley etal., 2002). Here,with
R attheground(wherew = 0) beingderivedfrom Z measuredy low—elevationradarscans
the problemariseshow to relate 7 at a few kilometersabove radarto an instantaneousain
rateat (or below) theradarlevel. Evenin the caseof stratiformclouds,vertical drafts,density
stratification,and the profile of the horizontalwind may introduceconsiderablesrror to this
non—localapproachAt leasttheeffectof air densitystratificationon terminalfall velocityand,
henceon Z-R relationsof theform Z = a R® cannearlybeeliminated(Dotzeketal.,2002).

So,to supplemenDotzekandBeheng(2001)andDotzeket al. (2002),in our paperZ—-R
relationsand vertical profiles of instantaneouéR) and horizontallyaveraged(( R)) precipita-
tion rateare studiedin moredetail with a cloud—resolvingnodelanalysis. Despitethe cloud
microphysicakimplificationsinherentio Kesslertypebulk cloudmodels(Kessler,1969),they
offer theuniqueopportunityto compareconsistentieldsof hydrometeocontentyerticaldrafts
andair densitystratification.Fromthesedields, R andZ canbecomputedateverygrid pointsto
conducta studythatreflectseffectsof deepcornvective motionsin astratifiedatmospheralone,

unbiasedy microphysicabrocesseblardlyaccessibldor eithermodelsor obsenations.
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Thepapers organizedasfollows: Sec.2 briefly presentshetwo modelsimulationsapplied
for our studywith theirinitializationandprocedureln Sec.3 KAMM modelresultsfor asingle
cell cumulonimlusarediscussedwhile Sec.4 dealswith MM5 supercellandmulticell storm

simulationsyespectrely. Secs5 and6 presentliscussiorandconclusions.

2 Model setup

Two differentthree—dimensionalonhydrostatienesoscalenodels KAMM (KarlsruheAtmo-
sphericMesoscaleModel, e.g. Adrian and Fiedler,1991; Dotzek,1999) and MM5 (NCAR
PennStateMesoscaléodele.g. Grell etal., 1994),wereusedto modelindividual stormsover
idealizedorographywith 1 km horizontalgrid size. Note that both simulationswereinitially
conductedo clarify scientific problemsotherthan the presentone. Only after the findings
by DotzekandBeheng(2001),it appearedruitful to exploit thetwo simulationsto determine
theinfluenceof deepcorvectionon vertical profilesof precipitationrate. In both casestudies,
modelinitialization wasperformedwith a singleatmosphericoundingandcorvectionwasar-
tificially triggeredby specifyinglocal perturbation®f equivalentpotentialtemperatur®, (cf.
KlempandWilhelmson,1978).

Thebasicdifferencesn bothsimulationsare: (i) MM5 usedaflat terrainwhile the KAMM
orographyhad a 500 m high bell-shapednountainin the centerof the model domain, (ii)
KAMM modeledasingleshawver cell, whereasMM5 wasusedfor a split stormsupercellsim-

ulation,and(iii) bothmodelrunsusedseparaténitialization soundings.

2.1 KAMM

KAMM wasappliedin asubstantiallyevisedandextendedversionto simulatedeepcornvection
including a bulk microphysicalkloud modulepredictingrain waterp g,., cloudwaterpg,, and
cloudice p g, concentrationgDotzek,1998,1999). Aside from the prognosticquantitiesp q
the modelalsoprovidesthe fields of w, p andterminalfall speedof hydrometeorsu, oo. All
hydrometeorfall speedsn the modelare subjectto a variation due to density stratification
accordingo Eq. (3) with pog = 1.225 kgm~—2 anda = 0.45 (Beard,1985).

As outlined by Dotzekand Beheng(2001), for precipitationKAMM hasonly one prog-

nosticquantitiy; p ¢,. However, effectsof mixedandice—phaserecipitationcouldbeincluded
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in the KAMM modelaccordingto the simple approachby Tartaglioneet al. (1996): Below

freezinglevel height, a terminalvelocity law for waterdropsis applied. Above the freezing
level, betweer)® C and—35° C, hydrometeofall speeddollow from linearinterpolationwith

temperaturdetweerraindropfall speedanda constanterminalvelocity w; g0 = —2.5 ms™*

representate of a mixture of snov andlump graupel.For temperaturetessthan—35° C only

this asymptoticfixed valueis assumed As Tartaglioneet al. (1996)shaved, stormdynamics
areimprovedsignificantlyby this morerealisticdescriptiorof hydrometeosedimentation.

Themodeldomainsizewas64 km in bothhorizontaldirectionsz andy, and18 km in the
vertical. A bell-shaped500 m high mountainwith a half—width of 2 km was positionedin
the centerof the modeldomain.Comparedo anotherwiseidenticalsimulationfor flat terrain,
this mountainled to anintensificationof the stormasit movedover it, but for evaluationof the
KAMM runin the presentcontext this doesnot play a majorrole. Grid spacingof the model
was1 km horizontallyand10 m at groundlevel to about100 m nearthe modeltop vertically.
The basicstatewas a barotropicflow of 10 ms™ from west-southwestand the profiles of
temperatureand humidity were chosensimilar to the synopticsettingdescribedoy Hannesen
et al. (1998)in their radaranalysisof a small-supercelF1 tornadoin southernGermary on
9 Septembel 995. Profilesof virtual potentialtemperatur®, andrelative humidity RH upto
10 km altitudeareshavn in Table1. Notethe continuousdecreas®f RH towardthe ground
belon 2.5 km above groundlevel (AGL). With the barotropicflow in the presentsimulation,
however, superceliformationcould not be expected(WeismanandKlemp, 1982). The com-
positesoundingfrom Hanneseret al. (1998) revealeda corvective available potentialenegy
(CAPE)of 440Jkg ! with alevel of free corvection(LFC) ataboutl.2km anda neutralbuoy-
ang level (LNB) at approximately7.3 km AGL, allowing for overshootingcloud tops of at
most8 to 9 km AGL.

Corvectionwasinitiated by a local 3 K boundarylayer ©, perturbationto the basicstate
with a moistandwarm air masscenteredat (z = 10,y = 25,z = 1.5) km, similar to the
procedureof Klemp and Wilhelmson(1978). The perturbationwasintroducedto the system
afteronehourof spin—upsimulation,correspondingo 1200local standardime (LST).

Soonafterinitiation a rapidly developingcumuluscloud appearedmoving east—northeast-
ward with the meanflow. Fig. 2 shaws a syntheticalradarcompositefrom the modelstudy
a projectionof maximumreflectvity valuesZ in the volumedatato a vertical z,z plane. Re-

flectivity factorswerecomputedrom the prognosticbulk variablesasoutlinedby Dotzekand
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Beheng(2001) and Appendix A with identical formulasfor KAMM and MM5. Light grey
shadingdenotegeflectvities abore 0 dBZ, representate of cloudshapedarkgrey areasor-
respondto high reflectvities of morethan40 dBZ. The locationof cloud initialization was
chosensuchthat the stormwould be in its maturestagewhen passingover the bell-shaped
mountainin the centerof thedomain. At 1220LST, Fig. 2 shows thatcloudtop wasat about
7 km AGL (a) anda core of high reflectvity hasdeveloped. Only 10 min later, heavy pre-
cipitationfell out of the now maturecumulonimhus cloud with its top at9 km AGL (b). The
decayingstagewith wealeningprecipitationandcloud transitionto anice—filled arvil canbe
seenfrom image(c) from 1245LST. The highestcomputedreflectvities in this stormwere
above 60 dBZ, initial instantaneousain rate at the ground pealed at 420 mmh~!, andthe
largestprecipitationaccumulatiorat a singlepointwas 34 mm. As givenin Table2, updrafts
in this cloud hardlyexceededl 1 ms~! (at 1220LST), downdraftsreachedheir peakof about
—10 ms™! at1245L ST, andaweakgustfront developedat latertimes.However, notethatgust
front formationwas mainly suppressetty the mountainorography: An identical simulation
run over flat terrainshoved a very distinctgustfront with a boundarylayerarc cloud moving
away from the storm(Dotzek,1999).In generalthermodynamigtratificationasshovn in Ta-
ble 1 wasresponsibléor enhancingrecipitation—inducedowndrafts.This cumulonimluscell

represents mary waysatypical CentralEuropearheary rain shaverduringthewarmseason.

2.2 MM5

Adaptedby Fehr(2000), MM5 wasusedfor the split stormsimulationover flat terrain. The
GoddardCumulusEnsemblemicrophysicsschemgTaoandSimpson 1993),with cloudwater
p 4. rainpq,, cloudice p g;, snaw p ¢, andgraupelp ¢, asprognosticvariableswasapplied.

The vertical profile for modelinitialization wasa compositionof radiosondeaircraft,and
dropsondalatarepresentate of a supercellstormsituationin southernGermaiy on 21 July
1998. Resultinginitial conditionsfor the caseweregivenby Fehr(2000)andaresummarized
in Fig. 3 shaving the modelinitialization sounding. Large CAPE of 1343Jkg ™!, a corvec-
tive inhibition (CIN) of —37 Jkg !, anda bulk RichardsomumberRi, of 25.5 supportsplit
superceldevelopmeniWeismanandKlemp, 1984).

The simulationwas run with nestedgrids. The coarsegrid covered363x 246 km? with

3 km horizontalgrid spacing,while the inner domainwas 130x 130 km? wide, with 1 km
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horizontalgrid size. The high—resolutioninner domaintracked the developingclouds. There
were 50 verticallevels betweenthe groundandapproximately20 km, 11 belov 2 km and12
above the tropopause After a shortspin—uptime of 10 min, corvectionwasinitialized by a
ratherlarge 8 K ©, perturbationat 1600LST. Smallervaluesfor the ©, perturbationdid not
leadto a stormsplitting in the early stagesof cumulonimlusdevelopmentprobablycausedy
the shortspin—uptime. The modelwasthenrunfor 3.5h, i.e. upto 1930LST. At this time
stormarvils reachedheboundaryof theinnermodeldomain.

Thecompletestormdevelopmentt mid—levelscanbeseenn Fig. 4, shaving totalhydrom-
eteormixing ratio at 4.4 km AGL andnearsurfacegustfront location,identifiedby a 0.5K
dropin temperature At 1630LST, 30 min after corvective initialization, the stormconsisted
of asinglecell, thatsplitinto a northernleft flank anda southerrright flank stormduring the
following 30 min. Thetwo cloudsystemsvolvedasindividual entities: Theleft—-mover devel-
opedinto a multicell (MC), the right—-mover into a supercell(SC) storm(cf. Wilhelmsonand
Klemp, 1981;WeismanandKlemp, 1984).

As Table2 andFig. 4 shawv, stormdevelopmentwas supercell-dominateih the first two
hours. The maximumupdraftvelocity remainedabore 30 ms=! during this period, reaching
valuescloseto 50ms~! (Fehr,2000),while maximumsuperceldowndraftvelocitiesexceeded
—25mst. Stormstrength(WeismamandKlemp, 1984)

wmax
§= 4
V2 CAPE “

alsogivenin Table2, shawvs thatthe supercellife cycle undegoesa maximumin the middle
while the multicell stormis continuouslygrowing in strengthandsize. However, the vertical
draftsin the multicell aregenerallyshorterlivedthanin the supercellstorm. After two hours
of quasi—steadsgtateof the supercellrapidly decayed.Anotherexampleof a morevigorous
left-mover developmenis the simulationpresentedby WilhelmsonandKlemp (1981).
Stormarvils reachedup to 12 km AGL with a maximumovershootof roughly 2 km, so
cloudtopspealedatapproximatelyi4km. In its mostvigorousphasefrom about60to 120min
simulationtime, strongvertical vorticity on the orderof 0.01s~! wasbuilt up andmaintained
within a mesogcloneandin the boundarylayer aslow as 1.0 km AGL, a characteristicof
supercelistorms. The simultaneouslevelopmentof an S—shapeloud geometryshowvn in the
horizontalsectionof Fig. 4 wascauseddy the formationof a strongrearflank- anda wealer

forwardflankdowndraft. Thisis alsoin accordanceith theconcepbf supercelthunderstorms.
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3 KAMM results:singlecell storm

Fig. 2 shavsthreecharacterististage®f clouddevelopmentor thesinglecell storm.Theradar
reflectvity factorcomputedfor Fig. 2 representshe total sumof Z—valuesfrom ary present
hydrometeors, e. Z,,. = Z.+ Z; + Z, (cf. AppendixA andSmith,1984;DotzekandBeheng,
2001).

In Fig. 2 stagg(a), stormgrowth, alargervolumeof cloudandprecipitationexperiencesip-
drafts(cf. alsoTable2) andreducedainrates thanstaggb), cloudmaturity becauséeremax-
imumupanddowndraftswerenearlyin equilibrium(wy,., = 5.78 Ms™!, wyi, = —5.10ms™1).
In stage(c), stormdecay precipitationratestendto be enhancediueto moredominantdown-
drafts.

Analyzingall threestagega) to (c) we will first presentZ—R and R—p q relationswith and
without corvective drafts. Thenscatteplotsgiving informationon individual precipitationpro-
files R will be shavn beforehorizontallyaveragedvertical profilesof (R) provideinformation

on meanpropertiesof rain ratesundertheinfluenceof corvection.

3.1 Z-R and R—p g relations

Analytical Z—R and R—p g relationsweregivenby DotzekandBeheng2001),focusingmainly
onstage(b) in Fig. 2. Fromthe sameregressioranalysiswe find thefollowing Z—R relations
for KAMM’ s precipitationbulk hydrometeodensityp g, both givenwithout corvection,and
with modeledverticaldrafts.

The equationggive Z—R and R—p q relationswith their coeficientssplit into meanvalue
andstandarddeviation asderivedfrom a leastsquardit to a scatterplofrom dataat all model
gridpointswith hydrometeorsSettingw = 0 in computingR from Eg. (3) assuming g, only

consistsof rain waterwe obtain:
7 = [163 4+ 12] R¥£001 R =[23.02 + 1.06] (pq)*'3000  1220LST, (5a)
Z = [170 & 26] R**5*092 R =1[22.38 4 2.21] (pq)"13*0% 1230LST, (5b)
7Z = [173 £20] R"**000 R =[21.63+£1.61] (pq)""***%"  1245LST.  (5¢)
Egs.(5a—c)only shav smallscatterstemmingrom the densitystratificationof theatmosphere.

Variationof meanvaluesfor prefactorsandexponentsof Z—R and R—p q relationsis not sig-

nificant. Temporalvariationsof the standarddeviation, however, canbe interpretedas being
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influencedoy thedensitydependencef R accordingo Eq.(3): Fig. 2 shavsthatcloudtopand
verticalextentof in—cloudprecipitationarehighestat 1230LST, lowestat 1220LST, andsome-
wherein betweenat 1245LST. Accordingly density—inducedcatteralsopeaksat 1230LST
andis smallestat 1220LST.

For completenessye stressthat simpleinversionof the Z—R relationsgivenin Egs.(5a)
would leadto an erroneousliagnosisof rainfall below the developingshowver cloud— Fig. 2
shavsthatat1220LST all precipitations containedvithin thecloudor still very closeto cloud
base Thisis anexampleillustratingthe schematiof Fig. 1.

Thesamedataasbefore but includingthe Tartaglioneetal. (1996)parameterizatioto treat

p q, asmixed—phaserecipitationyields:

7 = [138 4 20] R*5093 R =[20.80 &+ 1.07] (pq)***=%%"  1220LST, (6a)
Z = [121 4 40] R*6+0-08 R = [18.98 4 2.60] (pq)""**%  1230LST, (6b)

7Z = [133 4 32) R*3+006 R =[20.37 4+ 1.21] (pq)"***%%*  1245LST.  (6¢)

We canexpectthat accordingto the Tartaglioneet al. (1996) parameterizationgloud regions
above thefreezinglevel p ¢, will now represena mixture of supercoolediquid andfrozenhy-
drometeorsAs thisleadsto amodificationof thehydrometeofall speedbetweertheextremes
of rainandsnawv/lump graupelwith constanterminalvelocity, alsoZ—R and R—p g relations
shouldapproacha form dependenbn the mostdominanthydrometeorform. Consequently
the exponentsfor Z—R relationsshouldbe betweenthe analyticalvaluesfor rain (1.54) and
for snov/lump graupel(1.75),andfor the R—p ¢ relationbetweenl.14and1.00,respectrely
(cf. AppendixA andDotzekandBeheng,2001). Egs.(6a—c)indeedshav sucha tendengy,
againstrongesfor 1230LST whencloudtop is highest.Simultaneouslymeanvaluesof Z—R
prefactorsdecreaseyhile their standardieviation slightly increases.

Finally includingmixed—phaserecipitationandcornvection,w # 0 in Eq. (3) leadsto:

7 = [715 + 495] RVX024 R = [ 7.36 + 3.36] (pq)"®**12  1220LST, (7a)
Z =[197 £ 94] R-55*011 R =[18.55 + 7.29] (pq)"1?*%1®  1230LST, (7b)
Z =[112 + 49 R1:55£0.10 , R =1[28.17+5.80] (pq)1.17j:0.05 1245LST.  (7¢)

Influencedrom densitystratificationor mixed—phaséydrometeoensemblesareindeedminor

comparedo the effect of vertical corvective drafts,asobviousfrom Eqgs.(7a—c).Now, just by
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includingthe modeledverticaldrafts,large scatteroccurrs.Also the meanvaluesof prefactors
andexponentsundego significantchanges.As alreadyfound by Dotzekand Beheng(2001)
for the datafrom 1230LST, our presentevaluationof all threecloud stagessubstantiatethe
dominantinfluenceof corvectionon Z—R relationsevenmore. Stormmaturityat 1230LST is
closesto therelationswith w = 0. Up- anddowndrafts,aswell astheir varianceshave similar
magnitudeshere.We focushereon thetwo othertimes,asthey shov the mostdrasticchanges
in theiraverageZ—R and R—p g relations.

At 1220LST updraftsare strongestcloud top is well above the freezinglevel (at about
3.0 km AGL) andthe high precipitationcontentonly beginsto fall out from cloud base,cf.
Fig. 2. We canexpectthat precipitationratesare strongly reduceddueto the updrafts,most
prominentduring cloud growth. As soonas precipitation—cooledlowndraftsdominatecloud
dynamicsyain ratesshouldbe enhancedEg. (7a) shavs very strongvariationin the prefactors
of both Z—R and R—p q relations. For the latter, the prefactoris reducedoy almost65 % and
theexponents variationencompassek 00— the valueappropriatdor hydrometeorsalling at
constanterminalvelocity. Thefactthatthe meanvalueof the exponentis belonv 0.9 may be
attributedto the way mixed—phas@recipitationis representedy the Tartaglioneet al. (1996)
parameterizationSimilarly, the Z—R prefactor attainsa very high value consistenwith ob-
sened Z-R relationsreportedfor thunderstormsandthe exponentof aboutl.75againpoints
at particlesfalling at constanspeedcf. DotzekandBeheng2001).

The reasonfor this behaior cannotbe a larger proportionof ice phaseprecipitation,as
comparisornwith Eq. (6a) reveals. The amountof hydrometeorsn the ice phases the same
in both cases.Instead,a probableexplanationis that during stormgrowth a large amountof
waterphaseprecipitationfalls at constanspeednamelythe speedw, ~ 0. Thisaccumulation
of hydrometeor$éloatingat constangltitudein theupdraftleadsto the obsenedexponentsand
prefactors.

At 1245LST on the other hand,updraftsno longer play a relevant role in the decaying
cloud andits rain shaft. As Eq. (7c) shaws, both Z—R and R—p ¢ relationsdo shov enhanced
rain ratesbut prefactorsandexponentsarerelatively closeto theirvaluesfrom Eq.(6¢) andtheir
analyticalranges.Again, the meanvalueof the R—p ¢ exponentslightly exceedsts analytical
boundof 1.14. Table2 givesa maximumdowndraftspeedof —9.75ms~! which canroughly

doubletypical terminalvelocitiesin heary rain.
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3.2 Individual rain rate profiles

Informationonindividualhorizontalgrid pointverticalprofiles R(z) andthetotal verticalmass
flux budgetR;,; = R. + R; + R, canbe gatheredrom the scatterplotsof R andz shavn in
Fig. 5a—ffor themodeledccumulonimluscloudof Fig. 2. For all grid pointswithin thecloudand
therainshaft,R(z, y, z) = R(r, z) wasevaluatedrom Eq. (3) usingw, p andthehydrometeor
concentrationg q. Individualhydrometeotypesaredistinguishedy symbolsfor precipitation
(rain or snawv/lump graupel,+), cloudice (x), andcloud water (o), respectiely. Wheneer
R, exceedghecontribution of any singlehydrometeotype, it is plottedby a cross(x).

Figs. 5a,c,eexcludevertical air motions,therebyproviding the traditionalview of precip-
itation falling throughstagnantir. Figs.5b,d,fincludeverticalair motions,andgive thereal
hydrometeomasdflux profiles.

At 1220LST the scatterplot in Fig. 5agivesa triangularshapeof the hydrometeomass
flux distribution. Note the similarity betweenour Fig. 5aandthe rain rate profilespresented
in the analyticalstudyby Wacker and Seifert(2001). Clearly, at this pointin time we obsene
sedimentatiorof primary precipitationinsidethe cloud, thereis no secondaryain formation
goingon yet. Hardly any symbolsotherthanthosefor precipitationor the total rain rate can
be seenj. e. massfluxesof cloudice andcloud waterareneggligible for w = 0. This changes
whenw # 0 is takeninto account.In Fig. 5b,acompletelydifferentview is presentedUpdraft
speedsn the cumulonimhus cloud at stage(a) in Fig. 2 werelarge, so someportionsof the
hydrometeorsvereno longerdescendingo the groundbut rising upward. Thesegive riseto
negative precipitationratesk. Evenslowly subsidinghydrometeor$ik e cloudice and,moreso,
clouddropletscanyield highupwardmasdluxesexceedinglOOmmh~! dueto strongupdrafts.

Most obvious from Figs. 5¢c—f is a distinct spatialcoherencef the downdraftsenhancing
R. Thedatapointsreveal several discreteprofilescorrespondingo thosemodelgrid columns
containingthemaindowndraft. While Figs.5c,eshov developmentowardsverticallyhomoge-
neougainrateprofilesbelow thefreezinglevel atabout3 km AGL, thecorrespondingrigs.5d,f
reveal nggative massfluxesabove 5 km AGL andstronglyenhancegrecipitationratesbelow
4 km AGL in Fig. 5d. While the largestinstantaneougain rateat the groundfor this modeled
cumulonimluswas420 mmh~!, the absolutemaximumis R ~ 675 mmh~! atz ~ 900 m. In
Fig. 5f thelargestprecipitationrateis locatedatthe 3 km AGL level, andtheremnantof weak

updraftsin thearvil region above 6.5km altitudecanonly inducesmallnegatve massluxes.
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3.3 Horizontally averagedrain rate profiles

Turning towardshorizontallyaveragedprecipitationrate profiles,at eachvertical grid column
in the model, R;,; wasaveragedover 500 m vertical intervals provided the total hydrometeor
contentat grid pointswaslargerthan10~2 gm=2. The resultingvertical profileswith 500 m
spatialresolutionwerehorizontallyaveragedo yield ( R).

Fig. 6agivesthe profileswithout corvective drafts. Again, for 1220LST atriangularshape
of (R) indicative of puresedimentatioiis obvious(cf. Wacker andSeifert,2001),while precip-
itation nearthe groundpeaksonly laterat 1230LST. Fig. 6b with corvectionidentifiesthose
regionswhereevenin horizontalaveragesonsiderableipward hydrometeomassflux occurs
andalsothe downdraft—inducedhift of maximumrainrateat 1245LST nearl km AGL.

Notethesharpdropin precipitationrateat aboutl.75km AGL whichis evidentfrom both
Figs. 6a,b The reasonfor this phenomenomot visible in the individual profiles of Figs.5
could be identified by careful inspectionof the KAMM data. It is not causedby updrafts
or diminisheddowndraftsbetweenl.5 km and2.25km AGL — this would be visible in the
individual grid pointdataof Figs.5 aswell. Insteadt is causedy alargerhorizontalextentof
the clouddropletregion at this level closeto cloud base:The shaver clouditself is quite small
in horizontalextent. Whenthereis lateralcloud growth nearcloudbase the relatve changen
horizontalcloud sectionareais large, while the total hydrometeomassflux over this areaon
the otherhandremainsnearlyunaltered.Sothe obsereddropin (R) is a purely geometrical
averagingeffect.

This explanationis substantiatedby Fig. 6¢ giving the massflux profilesfor cloud water
only. We seethatat 1230and1245LST theaveragecloudwatermasslux is zero.Correspond-
ingly, Fig. 6d depictsthe massflux of solely cloudice andprecipitation.Comparedo Fig. 6b,
thereis nodropin rainratearny more.

A physicalinterpretatiorof this effectis readily at hand. During their lifetime, liquid pre-
cipitationparticlesevaporateassoonasthelocalrelative humidityis lessthan100%. KAMM’ s
bulk microphysicaskchemencludesthis effect. As mentionecearlier thethermodynamistrat-
ification chosenfor this modelrun supportedelatively strongevaporationbelov cloud base:
The decreasén relative humidity towardsthe groundbelow 2.5km AGL visible in Tablel is
evidencefor strongdowndraftpotential.An identicalsimulationfor flat terrainled to gustfront

formationdrivenby evaporatvely cooleddowndrafts.Soin this caserainfalling throughcloud
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basehasledto ashallov layerwith condensatioof clouddropletswhich canexplainthelateral

cloudgrowth nearcloudbase.

4 MMS5 results:initial cell, supercell, and multicell storms

Similar to snapshotsakenfrom the KAMM simulationshown in Fig. 2a—c,the chosenVIM5
volumedatasetscompriseheinitial cloudstagebeforestormsplitting (t = 30 min, 1630LST),
cloudmaturityaftersplitting (¢ = 90 min, 1730LST), andstormdecay(t = 210 min,1930LST)
for boththe multicell andsupercellstorms.This is illustratedby Fig. 4, providing a planview
of totalhydrometeofieldsat4.4km AGL andgustfrontlocationduring3 h of simulatedstorm
development. Our analysiswill follow the samelines asfor the KAMM evaluation. In spe-
cial, the formulasto determineZ from the modeledhydrometeoffields p ¢ wereidenticalto
thoseusedwith the KAMM model,in ordernotto introduceary biaswhich might complicate

comparisorof thetwo simulations.

4.1 Initial cell (IC)

Focusingfirst ontheinitial singlecell MM5 stormthereis onebig differencefrom the KAMM

stormin its stagg(a) from Fig. 2 asidefrom thelargerstormstrengthS (cf. Table2): Thisinitial

cellis alreadystronglyprecipitatingwith arain rateatthe groundof about300mmh-1.
Looking first at Z—R and R—p q relationsof the initial cell without corvection, relations

very similarto thatfor the KAMM modeloccur:
7 =[169 4+ 10] RM55+001 = R —[22.26 4+ 0.81] (pq)* 13+  1630LST.  (8)

Thiswasto beexpectedecauséor stagnanair theseelationsarefully determinedy thecloud
microphysicaparameterizationshosernn theparticularmodelunderconsiderationDueto the
principalsimilarity of KAMM andMM5 asbulk cloudmodels therelationsfor air atrestmust
alsobesimilar.

If corvectionis allowedfor, thenthefollowing relationsappear:
Z =[264 £ 119] R™=01 R =123.954 7.70] (pq)"***%  1630LST.  (9)

Large scatteroccurrswhich encompasseagainwell-knowvn separaterefactorsfor rain and
thunderstorntloudbursts.
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Thescattemplot of Fig. 7a,brevealsdrasticchangesrom theverticaldistribution of rainrate
dependingon if w is setto zeroor not. Thereis a slight similarity betweerKAMM'’ s Fig 5¢
andFig. 7aconcerningthe shapeof the distribution. The effectsof vertical draftsin Fig. 7b,
however, aremuchmoreprominentin this larger stormcell thanfor the rain shover modeled
by KAMM.

A largemaximumin precipitationrateis foundatabout500m AGL dueto therain—induced
downdrafts,nearlytwo timesthe value of 300 mmh~! at the ground. Above 2 km AGL the
massflux becomestronglynegative, with R;; (x) peakingat nearly—500mmh~! at5.5km
altitude. This total massflux consistf several contributions,rain andgraupel(+) peakingat
—-300mmh~! at 6 km AGL, cloudice andsnaw (x) peakingat—100mmh~! at 10 km AGL,
andcloudwaterpeakingat—200mmh~! at2 km AGL.

4.2 Supercell (SC)

Without corvection,radarmeteorologicatelationsareagainmainly determinedy modelpa-

rameterizationsOnly the densityeffect playsa minorrole:

Z = [170 £ 10] R"**000 R =[22.3740.84] (pq)"'3*%%*  1730LST, (10a)
7 =[170+ 9] R¥5001 R —=122.29+0.78] (pg)"3*%01  1930LST. (10b)

With corvection,therelationsareof courseaffected,yet with little time dependence:

7Z = [158 + 38] RM7=0% | R =1[26.23 4+ 4.20] (pq)"'**%%  1730LST, (11a)

7Z = [157 4 35] R*46+0%6 R =[26.02 + 3.88] (pq)*'"=*%*  1930LST. (11b)

Eventhoughat1730LST and1930LST thesupercells in verydifferentstage®f development,
Z—R and R—p q relationsdo not reflectvariationsin cloud evolution in ary significantway.
This correspondsnicely to the notion that supercellsshouldindeedbe in a quasi—stationary
dynamicalmodeupto theirdecay

This homogeneityis not so obvious from the scatterplotsin Figs.8a—d. At 1730LST we
seefrom panel(a) a strongincreasen precipitationnearandbelov thefreezinglevel at 3.9km
AGL. Thisfreezinglevel altitudeis valid for thereferenceervironmentalsoundingrrom Fig. 3,
but not necessarilyso for in—cloudregionswherelifting of warm boundarylayer air is likely
to deformthe T = 0° C planeandto raiseit by a few hundredmeters. Above and below
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T = 0° C, rainratesarerelatvely homogeneouwith height— indicatingthatthe warmrain
parameterizatiorin MM5 is simply switchedoff above the freezinglevel. This is a subject
inviting futureinvestigation.

Fig. 8b shavsthelargestvaluesof total precipitationrateincludingconvectionfor all MM5
dataunderconsiderationTotalmasslux peaksat650mmh=! atz = 1.3 kmand—750mmh—!
at8 km AGL. Individual upward contrikutionsto total massflux at this level mainly stemfrom
graupel(+) andsnaw (x).

Figs.8c,dfor 1930LST give similarly shapedistributions,yet with muchsmallervalues
for the massflux. Without corvectionthereis still a smalldiscontinuityin rainfall intensityat
4.0km AGL. For thecasew # 0 bothpeaklevelsof rain ratehave moved downward coupled
to the sedimentatiomf precipitationcoresduringstormdecay

Horizontally averagedprecipitationrate profiles (R) (z) in Figs. 9a,byield muchsmaller
valuesthanthosefrom KAMM in Fig. 6. Thisis not surprising: The longerlivedandlarger
stormsfrom the MM5 simulationhave well-developed“passve” cloud regionswith low pre-
cipitation aroundthe mainrain shafts,whereaghe smallandshort-lved KAMM shaower cell
hadpracticallyno weakintensityfringesin its active life stagesFurthermoreit shouldbe kept
in mind thatthe two initialization soundingsveresignificantlydifferent. Fig. 9agivesa rather
smoothdecreasef (R) with height.Fig. 9b, on the otherhand,givesnegative meanrain rates
above 3.9km for theinital cellat 1630LST andthesupercelat 1730LST. During stormdecay
at1930LST averagemasdflux is nggligible above 3.9 km, thefreezinglevel.

All profilesintersectt(R) = 0 in thefreezinglayerregion. Below thattheincreas¢owards

thegroundis nearlylinearfor all threestormstageshosen.

4.3 Multicell (MC)

Switchingoff convectionin theanalysisof the multicell stormagainyieldsthe by now already

familiar Z—R and R—p q relations:

Z = [171 £10] R"*000 " R =1[22.29 4+ 0.86] (pq)""**%%  1730LST, (12a)

7Z = [169 4 10] R**#091 R =[22.36 + 0.82] (pq)*130%%*  1930LST. (12b)
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With corvection, the resultingchangesare discerniblebut not aslarge asfor the supercells

mostactie stageor eventhe KAMM cell:

7Z = [172 4 51] R*6+%97 R = [25.66 & 5.17] (pq)"'"**%  1730LST, (13a)

7 = [181 4 54] R*9#007 | R =[22.37 £ 4.38] (pq)" 300  1930LST. (13b)

It is likely thatthis is dueto thefactthat, by defiition,in multicellsthereis alwaysa mixture of
individual precipitationcoresat differentstageof evolution. Treatingthemall asasinglelarge
entity surelyleadsto somesortof intrinsic averaging.Thereforewe find prefactorsin the Z—R
and R—p q relationswith meanvaluescloseto normal,i. e. the caseof stagnanair, but with a
higherstandardieviation asfor the supercellstorm.

Figs.10a—dindeedshaow thatthe shapeof the scatterplots for the multicell stormis quite
invariantof cloud evolution. Without cornvection, the jump in massflux below the freezing
level againbecomesapparentrom Figs. 10a,c. Below 3.9 km AGL precipitationratesare
constantvith heightat about190mmh—1. With corvection,the S—shapef the distributionis
characterizethy amaximumrainrateof 450to 480mmh~1! at 1.6 km AGL anda minimumof
—520to —420mmh~! at 7.5to0 8.5 km AGL. Fromthe higherdensityof symbolsin Fig. 10d
comparedo Fig. 10b(aswell asfrom Fig. 4) we caninfer thatthe multicell stormcomple has
continuouslygrown in sizeandalsolightly intensifiedduringits life cycle. Thatleft—-movers
neednotdecayquickly in principlewasalreadyshavn by WilhelImsonandKlemp (1981).

Horizontallyaveragedrecipitationprofilesin Figs.11a,brevealthevital dynamicaldiffer-
encebetweertheinitial singlecell at 1630LST andthe left—-moving multicell. Thelatterleads
to profilessimilar to eachother bothwith andwithout corvection. Again, all threemeanpro-
files intersectaroundthe freezinglevel whenw # 0. Thebiggestdifferencebetweermulticell
andsupercelwith w # 0 asgivenin Fig. 9b is thatfor the multicell the shapeof the (R)(z)
profilesabove thefreezinglevel is preseredover time, however, with smalleramplitude.This

wasnotthe casefor thesupercell.

5 Discussion

In our modelingstudywe have comparedheinfluenceof cornvective draftson vertical profiles
of precipitationratefor the whole spectrunof stormintensities rangingfrom a shawver cell to

amaturesupercelthunderstormFor bothKAMM andMM5, Z—R relationsand R(r, z) scat-
16



terplotsfor individual grid points,aswell ashorizontallyaveraged R) (z) profilesconsistently
shaw thelimitationsof thenonlocalapproacho derive R atthegroundfrom Z aloft.

If convective draftsweresetto zero,resemblingthe caseof purely stratiformrainclouds,
Z—R relationsshavedlimited scatterdueto increasingain ratecausedy air densitydecreas-
ing with height. This effecton Z—R relations however, cancompletelybe compensatetly the
correctiontermfor measuredeflectvity asgivenby DotzekandBeheng(2001). Application
of this physicallybasedZ—correctiorto obsenrationalradarmetwork datafrom a stratiformrain
eventin centralOklahoma(Dotzeketal., 2002)shavedanincreasean precipitationaccumula-
tion of 10to 50 % at radarrangesfrom 100to 300 km, at which eventhe base—lgel 0.5 tilt
angleradarbeamis at several kilometersaltitude. Note thatthe correctiontermgivenhereby
Eq. (26) in AppendixA alsoappliesfor convectie cloudsof ary intensity Thereforeafterre-
moval of artifactsin radar-obseredreflectvity fields,likethemeltinglayersignatureit should
be routinely appliedto ary radarobseration intendedto sene for quantitatve precipitation
estimation.

Neverthelessfor horizontallyaveragedrerticalprofilesof rainrate,bothKAMM andMM5
shavedthatin generathe correlationof precipitationmassflux aloft with rain intensityat the
grounddecreasesapidly over the lowestkilometersabove ground— in accordancevith the
obseredradarreflectivity correlationprofile presentedby Dotzeketal. (2002).

Including vertical air motion, however, very large scatteroccursin the Z—R relation at
individual locationsin corvective cloudsandin the rain—filled downdraft. Precipitatiorrate R
is easilyincreasedy afactorof 2 in theseregions. Maximum valuesof rain rateconsistently
occurfor both mesoscalenodelsat a heightof roughly 1 km AGL. Here, the precipitation—
drivendowndraftsreachtheir largestmagnitudewhile atlower levelsincreasingnteractionof
thedownward—maing air with thegroundleadsto alocally highdynamicperturbatiorpressure
undertherain shaft,deceleratinghe downwardairflow.

The horizontally averaged(R)(z) profiles from the KAMM model attain large negative
valuesof morethan—20 mmh! in uppercloudregionsduringcloud growth andmaturity. As
the KAMM cloudis a singleandshort—lved shawver cell, thereis not muchtime to developa
significant“passve”, low—reflectvity fringe aroundthe core of the storm. Instead the cloud
is almostin its whole volumealsoprecipitation—filled.Besideshigherinstantaneougin rates

in the MM5 simulation,this leadsto the larger magnitudeof the averagedKAMM rain rates
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comparedo theMM5 storms— andalsoto thesignificantdropin averageprecipitationrateas
soonastheclouddropletregion growsin sizenearcloudbase.

Our MM5 resultsfor large andstrongcumulonimluscloudsconfirmthe KAMM data.One
hasto keepin mind, though,that for the moreintensethunderstorm$rom the MM5 studya
completelydifferentsoundingvasusedfor initialization. In addition,the MM5 stormsdevelop
considerablyargerregionswith low Z—valuesaroundheirmainprecipitationcoresduringtheir
longerlife—cycles. This leadsto the somavhatsmallermagnitudeof the horizontallyaveraged
(R)(z) profiles. Neverthelessthesealsobecomenegative andreachtheir minimum valuesof
—18mmh~1! at5.5km altitude.

In the split storm MM5 simulation,thereis a fundamentadifferencebetweenthe right-
and left—-moving storms. The supercellshaved quite stationaryZ—R relationsat 1730 and
1930LST, but moretime—dependenk(r, z)—z scatterplotst thesetimes. The contrarywas
true for the left—-moving multicell storms. Here, Z—R relationsshoved strongertime depen-
dencethanthe R(r, z)—z scatterplots. A reasonfor this might be that the supercell,being
guasi—stationargynamically alwaysmaintainsvery similar corvection—influenced—R rela-
tionsthroughoutts wholelifecycle. Thescatterplotshowever, betterrepresenthedevelopment
of the stormfrom maturityto decayfrom 1730to 1930LST, leadingto smallermagnitudeof
rain ratewhile still following the averageZ—R relation.

Themulticell, on the otherhand,almostalwayscontainsa similar spectrunof cell intensi-
ties, thereforeinducingmoreor lessstationaryR—z scatterplotsBut the Z—R relationis more
affectedby theactualnumberof gridpointscontainedwvithin cellsof aparticularintensity Thus,
we obsene alargervariationhere.

We did not analyzein detailthe horizontaltransportof hydrometeorsisa consequencef
upward in—cloudmassfluxesasschematicallyoutlinedin Fig. 1. This would be a morefruit-

ful taskfor thunderstornsimulationsover highly—resoled complex terrain. However, for the

growing shavercloudat1220LST theKAMM modelwasableto reproduceghesedimentation
dominatedrain rate profilesdescribedoy Wacker and Seifert(2001)in their analyticalstudy
Both in the R(r, z)—z scatterplotandthe (R)(z) profile, the typical triangularshapeof the

profile becamesvident.
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6 Conclusions

Fromour modelingstudythefollowing conclusionsanbedrawn:

¢ Individual verticalprofilesof R canattainlarge negative valuesin the presencef strong

updrafts.Thesamealsoholdsfor horizontallyaveragedorofilesof (R),

¢ Rapiddecorrelatiorof (R)(z) from Ry, significantlylimits theapplicabilityof Z aloft to

determineR attheground,

e Using Z—R relationsmerelyin sub—rgions of convective cloudswill mostlikely not

yield meaningfulresults,

e Maximumrain rateenhancemerdueto downdraftsoccursat aboutl km AGL. Below

this level, verticalperturbatiorpressurgradientforcesdecelerate¢he downdrafts,

e Temporalvariability of Z—R relations,andinstantaneousain ratesversusheight,were

significantlydifferentfor the supercellindthe multicell storms,

e In QPE,radarobsered Z—valuesshouldbe correctedto eliminatethe influenceof air
densityprofile on R by thephysicalcorrectionprocedureutlinedby DotzekandBeheng
(2001)andtestedusingradardataby Dotzeketal. (2002),

e Thesamaes truefor model-deredprecipitation shouldit be computedrom reflectvity

insteadof directly computingR from cloud microphysicaimodelvariables.

Over comple terrain,horizontaldisplacementf precipitationplaysanadditionalcritical role.
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A Derivation of Z—R relations

In this sectionwe give a brief outline of the analyticalproceduredescribedby Dotzek and
Beheng(2001). NormalizedI'-type numberdistribution functionsare assumedor ary hy-
drometeotype:
-1
n(D) = No % (D%y e PP (14)
Here D denotesparticle diameterandy is a shapeparameter N, presents “particle load”
of the distribution, and D, is a formal scalingdiameter(in fact, D, = 1/X in the notationof
MarshallandPalmer,1948)which caneasilyberelatedto ary specificmeasuref particlesize,
suchasthevolumemediandiameter
Thenormalizationin Eq. (14) assureshathydrometeorcontentp ¢ doesnotdependonthe
shapeparametery, cf. Eq.(16),andthatfor v = 1 theexponentialMarshallandPalmer(1948)
spectrumis reproduced.With increasingy the spectrabroadenandconsere p g by lowering

Nmax- We definethemomenti/,, of orderm by

o

m F(4) m+1
My, = | n(D)D™dD = ———__T(y+m) N, Dy . (15)
0/ T'(y+3)

Most bulk microphysicscloud modelsfollowing the work of Kessler(1969)usehydrometeor

contentp ¢ asthemainprognosticvariable:

T
pPq = gph M3 = mpp Ny Do4 . (16)

Spectralparametergan be substitutedoy the momentsi/, sothe quantity p ¢ from Eq. (16)
will beintroducedo ary following equationto eliminateeither N, or Dy, dependingonwhich
spectralparametemsidefrom p g is chosento describethe particle spectrum. Note that this
doesnotimply ary lossof generalityfor the spectraNeither Ny, Dy, v nor p g areassume@s

constantandall thesequantitiescanbe functionsof time andspace.

A.1 Radar reflectvity factor

The radarreflectvity factor Z for sphericalparticlesunderthe assumptiorof Rayleighs ap-
proximation(radarwavelengthmuchlargerthanparticlesize)is givenby

(v + 6)

7 = Mg =T(4) T 13

NoDo" =T(4) (y+5)(y +4)(y+3) No Dy" . (17)
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FromEq. (16) we arrive atthefollowing two desiredrelationshipbetween”Z andp ¢ by elimi-

natingeither D, or Ny:

Z = S 9+ 3) N () (182)
z = a5+ 96+ DE pa (18)

Notethatthe Z—R relationof Eq. (18b)beinglinearin p q is relatedto equilibriumor statisti-
cally stationaryrain (cf. JamesomndKostinski,2002,andreferencesherein).However, most
publishedZ—p q relationsshav the power 7/4 (Kessler 1969)or similar empiricalvalueslike
1.82 (Douglas,1964;Smithetal., 1975)for rain. Clearly Z doesnotdependn eithervertical

velocity or onthevariationof fall speeddueto theverticalair densitygradient.

A.2 Terminal fall velocity and precipitation rate

Specifyingtheindex “00” for all quantitiesat the chosernreferencdevel, i. e. sealevel condi-
tionswith verticalair velocityw = 0, air densityp = pgo, firsttheterminalfall velocity w; oo of
thehydrometeorsisa functionof p g will be computedoy setting

B
’U)t,()()(D) = Wy (%) . (19)

HereD is theunit diameteyusuallyl mmanduw; is theterminalfall velocity of hydrometeors
with D = D. For rain, Kessler(1969) proposedw, = —4.11 ms ! andj3 = 1/2. Using
Eq. (19) avolume—-weightedneanfall velocity w, oo canbe calculated:

o0
TPh

wt,oo = % n(D) T.Un()() (D) l)3 dD (20)

0
whichis, aftermultiplicationby p ¢, identicalto themeanmasdlux densityor precipitationrate
R. In Eq. (20) againeither Ny or D, canbe eliminatedintroducingthe hydrometeoicontent

from Eq.(16):

wy T(y+3+0) D8 N,/

I A4 21a
wt,OO [ﬂ'ph]ﬂ/‘l F(’}/ + 3) (10 Q) I ( )

(21b)

Wioo = Wo

e ()

D
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NotethatEq. (21b)is independentf p q.
In the generalcasein which an externalvertical velocity field w is imposedso that with

Eq. (2) theprecipitationratereads
_ _ poo\ "
R=—-wspqg=— [w+wt,00 (7) } Pq - (22)
Withoutlossof generalitywe may set

w = X Wy <@) . (23)
P

Here,negative valuesof X correspondo updrafts. Thelocal valueof w is a superpositiorof
animposedverticalwind andanadditionaldowndraftcomponentnducedby the hydrometeor

drag.IntroducingEg. (23) into Eqg. (22) theexpressiorfor therain ratebecomes

R=—(X+1) w00 <%> pPq - (24)

A.3 Z-Rrelations

As shavn by DotzekandBeheng(2001),thefinal Z—R relationstake ontheform

—a[7/(4+8)]
Z = awn fy(p) gx(w) BIOD | with  fy(p) = (%) . (259)
Z = ag,p fpo(p) gp(w) R ; with - fp(p) = <%>_ ; (25b)

in whichthe f(p) presenthedensitytermsthatcanbe correctedor. Dotzeketal. (2002)have
usedtheterm fy (p) in theirradardatacorrectionalgorithmfor Z = a R andthefall speedaw
exponenta from Eqg. (22):

leawe = 7 <&)ab . (26)

p(z)

For precipitationaloft the measuredadarreflectvity factorZ hasto beincreaseaccordingto
thisrelationbeforeary standardsealevel Z—R relationcanbeappliedto yield arepresentate
rain rate R. Thatis bothimportantfor R profilesin high cloudsandbaselevel reflectvities
of convective andstratiformcloudsat large range. The latter wasquantifiedby (Dotzeket al.,
2002)in greaterdetall. For the caseof KTLX WSR-88Dradarin te USA, theauthorsshaved
thattheprecipitationraccumulatiorirom thecorrected” field canbe 10to 50% higherfor radar

rangedrom 100to 300km.
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Tables

Table 1: Vertical profilesof virtual potentialtemperature,, andrelatve humidity RH up to
10 km AGL usedfor the KAMM simulation.

z O, RH
km AGL K %

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
15 293.46 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 hydrometeomixing ratios,highestvaluesof up- anddowndrafts,and

stormstrengthS (WeismanandKlemp, 1984)for bothKAMM andMM5 modelsimulations.

KAMM

p Qtot,max Wmax Wmin
LST gm3 ms?! ms!

Stage

(a) 1220  12.34 11.10 -1.97 0.37
() 1230 1567 578 -5.10 0.19
(c) 1245 852 316 -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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Figure captions

Figurel: Conceptualiew of precipitationwith andwithout meanwind @(z) pluscorvection.
For arain cell with R = 0 at the ground,applicationof a Z—R relationimplies accumulated
precipitationP,. right below the cloud (smallgrapha). In reality, hydrometeotrajectoriesat

latertimeswill leadto P,. (subgraplb).

Figure2: Projectionof maximumreflectvities derivedfrom the KAMM singlecell stormsim-
ulation onto the z,z planein differentstagesof cumulonimtus development: (a) 1220LST
growth, (b) 1230LST maturity, and(c) 1245LST decay Light grey shadingshows cloud
dimensiongZ > 0 dBZ), regionswith Z > 40 dBZ appeain darkgrey.

Figure3: Modelinitialization soundingusedfor the MM5 split stormsimulation(Fehr,2000).

Figure4: Evolution of MM5 multicell/ supercellsystemshownn by the total hydrometeoicon-
centrationat4.4km AGL altitude. Locationof the gustfront is alsoshavn, labelsareminutes

simulationtime, startingat 1600LST.

Figure5: Scattegramsbetweerrainrate R(r, z) andheightz for rain, snav (+) cloudice (x),
andcloudwater(c) without (panelsa—c)andwith vertical convectve motions(panelsd—f) for

KAMM. Crossegx) denotetotal precipitationrate.

Figure 6: Horizontally averagedrain rate profiles for the KAMM single cell storm. Cloud
growth (1220,solid), cloud maturity (1230,dashed)andcloud decay(1245,dotted). In panel
(a), w is setto zero,while panel(b) coversthe generalcasew # 0. For thelatter, graph(c)

gives(R.) only, while (d) shavs (R, + R;) only.
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Figure7: Scattegramsbetweerrainrate R(r, z) andheightz for rain andgraupel(+), cloud
iceandsnaow (x), andcloudwater(o) without (a) andwith verticalcorvective motions(b) atthe

MMS5 initial cell staget = 30 min. Crossegx) denotetotal precipitationrate.

Figure8: As Fig. 7, but for theright—-moving MM5 supercellstormattimest = 90 min (a, b)
andt = 210 min (c, d).

Figure9: Horizontallyaveragedainrateprofiles(R)(z) for theMM5 supercell Cloudgrowth
(30 min, solid), maturity (90 min, dashed)anddecay(210min, dotted).In panel(a), w = 0.

Figure 10: Samescattegramsof R(r,z) andz asin Fig. 8, but for the left-moving MM5

multicell storms.

Figurell: Horizontallyaveragedr profilesasin Fig. 9, but for theleft—-moving MM5 multicell

storms.
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