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Abstract

Effectsof deepconvectionon the precipitationrate R leadingto variationsin radarmete-
orological Z—R relationsare studied. The basiccontritutions to this subjectcomefrom
vertical and horizontalair motionsaswell as decreasingir densitywith height. Their
influenceon Z—R relationsis investigatedothwith ananalyticalapproactirom cloud mi-
crophysicddistiguishingbetweentwo characteristicspectralforms, anda mesoscaléulk
model casestudy of a singlecumulonimius cloud. The precipitationrateis strongly af-
fectedby deepcorvective motionsleadingto increasedneanvalueandstandardieviation
of theprefactora in Z—R relationsZ = a R®. To alesserxtent,densitystratificationtends
to diminishthe prefactor The exponentb which can,without deepcorvection,vary from
b = 1to b = 7/4 dependingn characteristispectraform, remainsunafectedby ary of
the dynamicaleffectsstudiedhere.Valuesof b canonly be alteredby suchchange®f the
particle spectrawhich affect the distribution of terminalvelocity with hydrometeossize:
in practicethis implies phasechange®r variationsin compositionof the mixed—typehy-
drometeoensembleln spiteof thevariationsin Z—R relationsfoundin the presenstudy
whenperforminganaverageoverthewholecloudandprecipitationvolume standardZ—R
relationsproposedor stagnantir still hold in a statisticalsense.Furthermorehe effects
of vertical air densitygradientscanbe compensatedyhich shouldalsohelp to improve

guantitatve rainfall estimatest large rangesrom theradarsite.
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1 Intr oduction

In hydrologicalapplicationgadardataaremostly evaluatedo derive rainratesRk attheground
from radarreflectvity »n aloft. By definitionn resembleshescatteringoropertieof anensemble
of hydrometeors.In the Rayleighlimit 7 is proportionalto the sixth momentof the particle
numberdensitydistribution n(D), where D denotegarticlediameter(e.g. Doviak & Zrnic,

1993).1t canbe computeds:
7T5 2 . r 6
n="3KPZ . with Z:/n(D)D dD
0

Thus,for constantvavelength), variationsin n canresultfrom i) differenthydrometeotypes
(i. e. phasechangesffectingthe dielectricfactor| K'|? andii) variationsin the numberdensity
distributionn(D) affectingtheradarreflectvity factorZ, or both. In generaly maychangen
time andspacewith aneffectivity dependingpn severaldynamicalandespeciallymicrophysical
factors.

The precipitationrate R, definedasvertical massflux densityof hydrometeorsvith bulk

densitypy, i. e.
T 3
R= E[)h n(D)D Wy dD ,
0

is, asZ, subjectto certainvariationsin n(D), but moreorer depend®n aneffective sedimenta-

tion velocity w, thatis in detail:
ws(Dawap) :w+wt(Dap) :w+f(p) wt,OO(D) . (1)

Herew denotesambientair vertical velocity, w; oo(D) is terminalvelocity of hydrometeorsat
sealevel conditions,anddependencef air densityis givenby f(p). Variationsof R, therefore,
may resultfrom up anddowndraftsaswell asfrom verticaldensitygradientyFoote& du Toit,
1969;Kessler1969).Evidently, therain ratefor agivenvalueof Z changesn spaceandtime,
andnouniqueZ-R relationexistsin general Also, if R attheground(wherew = 0) is derived
from Z measuredy low—elevation radarscansthe problemariseshow to relate 7 in a few
kilometersabove radarto aninstantaneougain rateat (or below) theradarlevel. Evenin this
casevertical draftsandthe profile of the horizontalwind may introduceconsiderablerror to

thisnon—localapproach.



Althoughthisissuehadbeenraisedpreviously (e.g. Battan,1976;Zawadzki,1984;Austin,
1987;Atlas et al., 1995; Yuter & Houze,1997),to the authors’knowledgeit hasnever been
quantifiedby computingthe Z—R relationfrom the spectran(D). Our paperaimsto give an
exampleof suchquantificatiorby meansof analyticalcalculationsanda cloud—scal@umerical
casestudy of a corvective shaver cloud. Thereinwe will addressZ—R relationshipdocally
within the cloud andits precipitationshaft. By giving up the non—localapproacho relate R
at the groundto Z someavherealoft we arein the positionto study both the effects of deep

corvectionandverticaldensitygradienton R and,henceon Z—R. It will beclarified

e if in conditionsof strongcorvectionother Z—R relationsthanthe commonlyaccepted

formulasshouldbeapplied,

¢ to whatextentthe spatio—temporatariationsin Z—R relationsreportedin the literature

canbeattributedto theinfluenceof deepcornvective motions.

So the problemis tackledanalyticallyin Sec.2: after specificationof hydrometeorspectra
by I'-typedistribution functionsfor eachclassof particles,their radarreflectvity factor 7 is
derivedasa function of hydrometeorcontentp ¢ perunit volume. Herein,q is the specifichy-
drometeoicontent(lateron we will useindex r for rain, ¢ for cloudwatet and: for cloudice).
Thensimilar expressiondor the precipitationrate R aregiven. The Z—R relationsfollowing
from aneliminationof p ¢ arethensubjectedo variationsof R causedy changingair density
andvertical motions. The choiceof p¢ asa main variableis motivatedby the factthat, fol-
lowing Kesslen(1969),in mostcloud—scalenodels,p g is the only quantityto accountfor the
presencef hydrometeorsin Sec.3, sucha modelstudyis presentedHigh resolutionthree—
dimensionamesoscalenodelresultsfor the caseof asinglecumulonimluscloudareevaluated

andcomparedo theanalyticalfindings.Secs4 and5 presendiscussiorandconclusions.

2 Analytical approach

Any analyticaldescriptionof Z—R relationshipgelieson the choiceof a mathematicatepre-
sentationof hydrometeoispectra.For unimodalmeanspectramary functionalforms exists,
of which the log—normal(e.g. Markowitz, 1976) andthe I'—function (e.g. Clark, 1974; UIb-
rich, 1983,1994) have beenusedmostfrequently As the purely exponentialsizedistribution

proposedby Marshall& Palmer(1948)for rain dropsis a specialcaseof the I'-functionwe
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will alsoapply '—functionsfor our investigation.Recentlythe needfor universal,normalized
forms of particle spectrahasbeenexpressedndependentlyby several work groups(e.g. Se-
khon& Srivastawa, 1970,1971;Willis, 1984;Semperdorresetal., 1994,1998;Haddadet al.,
1996; Dotzek,1999; Dou et al., 1999; lllingworth & Blackman,1999)and, consequentlyin
our presentstudy the following normalized'-type distribution function is assumedor ary
hydrometeotype:
-1

n(D) = Ny % (DB())AY e~P/Do (2)
Here D denotegatrticlediameterand~y is a shapeparameter NV, is anamplitudeor “particle
load” of thedistribution,and D, is aformal scalingdiametex(in fact, D, = 1/ in thenotation
of Marshall& Palmer,1948)which can easilybe relatedto ary specificmeasureof particle
diameteysuchasthevolumemedianD,, asgivenin AppendixA. However, computationsare
facilitatedgreatlyif D, is retainedupto thefinal form of derivedrelations.

Useof a non—dimensionaspectrumaccordingto Eq. (2) hassomeadwantagessompared
to dimensionafunctions. First, the normalizationin Eq. (2) assureshathydrometeorcontent
p q doesnot dependon the shapeparametery, cf. Eq. (4), andthatfor v = 1 the exponential
Marshall& Palmer(1948) spectrumis reproduced.Second bothn(D) and N, aregivenin
unitsof m=*, or corventionallyin mm~! m=3. The shapeof the spectrunis characterizedy a
maximumat

Dmax =Do(v=1) ,  Nmax = 7(Dmax) = NO%(V — 1)t e 0D
Normalizedvaluesfor D,,,, andny., aregivenin Table1l. With increasingy the spectra
broaderandconsere p g by loweringn,,.x. For lateruse,we definethe momenti/,, of order
m by

0

As mostbulk microphysicsloudmodelsfollowing thework of Kesslel(1969)usehydrometeor

contentp ¢ asthemainprognosticvariable this quantitywill alsobeappliedin this paper:

T
pPq = gph Mj; = mpp Ny Do4 . (4)

Spectralparametergan be substitutedoy the momentsM, so the quantity p ¢ from Eq. (4)

will beintroducedo ary following equationto eliminateeither N, or Dy, dependingonwhich
4



spectralparametemsidefrom p ¢ 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.

2.1 Radar reflectvity factor

The radarreflectvity factor Z for sphericalparticlesunderthe assumptiorof Rayleighs ap-

proximation(radarwavelengthmuchlargerthanparticlesize)is givenby

(v +6)
C(y+3)

andhasunit m3, or corventionallymm® m=3. Now, from Eq. (4) we arrive atthe following two

Z=Ms=T(4) No Do" =T(4) (v +5) (v +4) (7 +3) No Dy’ (5)

desiredrelationship$etweenZ andp q by eliminatingeitherD, or Ny:

Z = O 9+ 3) N () (62)
z = 2 qenaea0+3DF pa (6b)

Note that the Z—R relation of Eq. (6b) beinglinearin pq is relatedto hydrometeoispectra
which have beenreportedo occuronly rarely (Waldwogel,1974).In effect, mostpublishedZ—
p q relationsshow the power 7/4 (Kessler,1969)or similar empiricalvalueslike 1.63 (Hauser
etal.,1988),1.82 (Douglas1964;Smithetal.,1975)for rainor 1.67 (Liu & Illingw orth,2000),
1.79 (Bielli & Roux,1999)for cloudice. Clearly, Z doesnotdependdn eitherverticalvelocity

or onthevariationof fall speeddueto theverticaldensitygradient.

2.2 Meanterminal fall velocity

Specifyingtheindex “00” for all quantitiesat the choserreferencdevel, i. e. sealevel condi-
tionswith verticalair velocityw = 0, air densityp = pgy = 1.225 kgm~3, first theterminalfall
velocity w, oo Of the hydrometeorssa functionof p ¢ in this basiccasewill be computedoy
setting

B
w,00(D) = wo (%) . (7)

Here D is theunit diameterusuallyl mm andwy is theterminalfall velocity of hydrometeors
with D = D. For rain Kessle(1969)proposeds, = —4.11 ms ! andj = 1/2. UsingEq.(7)
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avolume—weightedneanfall velocity @, oo canbe calculated:

o0
TPh

W00 = 6pq J n(D) wy00(D) D* dD (8)
which is, after multiplication by p ¢, identicalto the meanmassflux densityor precipitation
rate R. In Eqg. (8) againeither Ny or D, canbe eliminatedintroducingthe hydrometeorcontent
from Eq. (4):

wy T(y+3+0)

77 — ﬁ—ﬁ N, —B/4 B/4 9a

(9Db)

Wioo = Wo

T'(y+3+0) (@)ﬁ

I'(y+3) D
Note that Eq. (9b) is independentf pq. Rainratesand Z—R relationswill subsequentlye
givenconsideringpoth Egs.(9a)and(9b).

2.3 Z-R relation at sealevel

Following Eg. (1), in its mostgeneraform the sedimentatiowelocity of a singlehydrometeor
reads
p «
wS(Dvva) :w+wt,00(D) (%) ’
which in termsof meanvaluesafter integrationover the entireparticle spectrumasin Eq. (8)

yields:

8y, p) = + By (”7) | (10)

Herew denotesary ambientvertical air velocity, referencdevel terminal velocity w; o, and
a heightdependencé (p) with exponenta rangingfrom 0.4 (Foote & du Toit, 1969)to 0.5
(Kessler,1969). It is obviousthatw, is an effective fall velocity subsumingcontritutionsby
verticalair motionsandthe densitydependencef theair dragexertedon hydrometeors.

Thegenericprecipitationrate R or theverticalhydrometeomasslux densityin kgm=2 s™1
is thengivenby

R =

T
gph/n(D)ws(D,w,p)D?’ dD = —ws(w, p) pqg (11)
0



which by virtue of the meanvaluetheoremcanbe expressedy theright handsideof Eq. (11)
linking both meansedimentatiorvelocity w, and hydrometeorcontent. Conventionally R is
takento be a positive definitequantityeventhoughprecipitationfalling to the groundrequires
anegative w, andhencempliesa negative definite R. Thisis thereasorfor the minussignin
Eq.(11).

To derwve first R andsubsequentlyhe Z—R relationunderthe abore mentionedeference

conditionsat sealevel, we seefrom w, = w, oo thatin this basiccaseR reducedo

R=—w00 pq - (12)
UsingEQgs.(9a,b) thisleadsto
_ —wy [(y+3+0) N—B8 A7 —B/4 1+8/4
R = osiii 13 D M o) , (13a)
T(y+3+ Do \”

With Egs. (6a), (13a) and (6b), (13b), respectirely, and after sometediouscalculationsthe

correspondingZ—R relationsread

Z = agpy R with (14a)
r'(4) L(y+3) 17 o -
_ 5 A 3 N.—(B=A)/(4+8) [y78/(4+5)
oo, N (_ﬂ_phwo)7/(4+ﬂ) (7 + )(7 + )(’7 + ) |:F(’}/ +3+ ﬂ) 0
Z = Q0o,D R ; with (14b)

_I'@ I'(y+6) D8 PP
—mppwo T'(y+ 3+ B)

a00,D

Applying Kesslers s—valuefor raindrops,. e. 3 = 1/2, Eq. (14a)becomesZ = agy y R*/°
with a power of 14/9 ~ 1.56. We seefurther that choiceof the characteristicspectralform
(elimination of either D, or Ny by pg) causessifnificant differencesn exponentb. These,

however, do not stemfrom deepcorvection.

2.4 Z-Rrelationin deeplayers

After studyingthe specialcasew, = w; o (implyingw = 0 andp = pgo) we will first examine

densityeffectson the Z—R relationandthenalsoallow for w # 0 asin corvective clouds.
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2.4.1 Stagnantair

UsingEq. (11) againandsettingonly w = 0 in Eq. (10) the precipitationratenow becomes

R = —w (%) rq (15)

sothatEqgs.(14a,b) yield, respecitrely,

oo\~ /45

Z = aon I RO it fu() = (22) . (160)
P

Z = ap,p fo(p) R 5 with fD(/)):<p_;0> . (16b)

Notethatthedensityvariationsonly affectthe prefactorof thetwo characteristi&—R relations.
The only variableenteringtheir exponentis the value 5 from the terminalfall velocity power
law.

It is clearly seenthatboth Egs.(14ab) and(16a,b) represenspecificformulationsof the

commonlyappliedZ—R relation
Z = aR?

To getanimpressionof the variability in superscripb resultingfrom our calculationsFig. 1
compilesvarioustypical rangesof . For hydrometeorgalling at a constanterminalvelocity
we00(D) = consti.e. § = 0in Eq.(7) asanupperlimit b = 7/4 follows. Most slopesof
obsened Z—R relationsfall in therange7/5 < b < 7/4 wherethevalueof 7/5 correspondso
linearlaws w; oo (D). Theslopeb ~ 1.55+0.05 mostoftenreportedn theliterature(e.g. Battan,
1973;Hausertal., 1988;Sauvageot,1992;Rinehart,1997)correspondso roughlyw; oo (D) o
D2 i.e. B = 1/2 andraindrop—dominategrecipitation(Kessler1969;Pruppache& Klett,
1997). Valuesof b smallerthan7/5 areseldomreportedasthey would correspondo 5 > 1 or
otherparticularmeteorologicatonditions,cf. Battan(1973,Table7.1, pp. 90-91)andAniol
et al. (1980). The lower limit b = 1 follows for equilibrium raindropspectra(Zawadzki &
AgostinhoAntonio, 1988) or spectrawith a constantD, which have beenidentifiedto occur
only rarely (Waldwogel, 1974). Note that the samerangesof b werefound by Délling et al.

(1998)from anevaluationof disdrometedata.



2.4.2 Convection

Finally we discusghe generaktasein which anexternalverticalvelocity field w is imposedso

thatwith Eq. (10) the precipitationratethenreads
_ _ Poo ¢
R=—w,pqg=— [w+wt,00 (7) } pq - (17)
Withoutlossof generalitywe set
w:th,()O(@) . S1<X<oo . (18)
p

Herenegative valuesof X correspondo updrafts,and X < —1 is excludedasit corresponds
to floating or evenrising particles. Our X—factorapproacltcoversthe following two extreme

cases:

1. anarbitraryvalueof w is imposedon the hydrometeofield, i. e. no couplingof w and
pq. In this caseX is the variablemaintainingthe givenw in aninhomogeneous; o

field: X d:ef w/’(I]t,OO (poo/p)_a.

2. w is strictly proportionalto w, o9 in the hydrometeoffield, i. e. completecouplingof w
andpq. In thiscasew is thevariablemaintainingthegiven X in aninhomogeneous o
field: w % X w00 (poo/p)*-

Definitely reality will bein betweerthetwo alternatves(andprobablycloserto thefirst). The
local value of w is a superpositiorof animposedvertical wind and an additionaldowndraft
componeninducedby thehydrometeodrag. IntroducingEq. (18) into Eq. (17) theexpression

for therainratebecomes
R=—(X +1) W00 <%> pq - (19)
InsertingEqg. (19) in Egs.(16a,b), respectiely, leadsto

Z = aon fn(p) gn(w) RO with gy (w) = (X +1)77/@+5 . (20a)

Z = a,p fp(p) gn(w) R ,with gp(w) = (X +1)7" . (20b)

Notethatary verticalair motionsagainonly affectthe prefactorof thetwo relations.This state-

mentholdsin avery generakenseywe have notlimited ourselesin this analyticalinvestigation
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concerninghevariability of spectraparameter§Ny, Dy, 7, p q) in spaceandtime. Obviously,
the exponenth could be alteredif the valueof g, i. e. the fall speedoower law would change.
Referringto Eq.(7), it is apparenthatusuallytransitiongrom onehydrometeotypeto another
haveto take place(e.g. dropletsto ice crystals)to introducemodifiedvaluesof wy, andg. If the
hydrometeotypeor mixturedoesnotchangesayin awarmcloudsituationin whichraindrops
do not freezeandraindropscollectonly clouddropletsor otherraindropsthenn(D) couldbe
subjectto arbitraryvariationsandyet the fall speedoower law would remainunafected. This
holdsbecausé&q. (7) is agenerabdescriptiorfor terminalvelocity asa functionof diameteifor

onespecifichydrometeoclass.

3 Modeling casestudy

Themodelingresultspresentedh this sectionwill helpto furtherquantifytheanalyticalresults
from a differentpoint of view. For the model experimentto investigateZ—R relationsthe
three—dimensionalon—hydrostati&arlsruheAtmosphericMesoscaléModel KAMM (Adrian
& Fiedler,1991)wasappliedin asubstantiallyevisedandextendedversionsuitableto simulate
deepcorvectionincludinga bulk microphysicakloud modulepredictingrain waterp g,., cloud
waterp ¢,, andcloudice p ¢, (Dotzek,1998,1999). Aside from the prognostioquantity p ¢ the
modelalsoprovidesthefieldsof w, p andterminalfall speedf hydrometeorss, 9. As for the
analyticalapproachall hydrometeofall speedsn the modelare subjectto a variationdueto
densitystratificationaccordingto Eq. (15) with pgy = 1.225 kgm—3 anda = 0.4.

We have to mentionherethatthe bulk microphysicglescriptionn themodelis lessgeneral
comparedo our analyticalapproachn Sec.2. In the KAMM model,particlespectraareheld
fixed (IVy, 7v), andonly pq is variable. Neverthelessve will be ableto studythe effects of
verticaldraftsandair densitychangesandalso(althoughsimplified) theinfluenceof mixtures
of hydrometeorsvith differentfall speedaws. As shavn in Sec.2, theformershouldmodify
prefactora, thelatterexponenth of Z—R relationsZ = a R.

Themodeldomainchoserwas64 km in bothhorizontaldirectionsz andy. Thetop of the
domainwasat 18 km above sealevel (ASL) andin thecenterof thedomainanidealized500 m
high bell-shapedanountain(indicatedby dashectirclesin Fig. 2) rosefrom the otherwiseflat
grass—cweredterrain. Spatialresolutionof the modelwas1 km horizontallyand10 m (atthe
ground)to about100 m (nearthe modeltop) vertically. The basicstateof this modelrunwasa

10



barotropicflow of 10 ms™! from west—southwesandthe profilesof temperaturandhumidity
allowedfor cloudtopsat8to 9 km ASL.

Corvectionwasinitiated by a local boundarylayer perturbatiornto the basicstate,a moist
andwarm air bubbleat (z = 10,y = 25), similar to the procedureof Klemp & Wilhelm-
son (1978). The bubble was introducedto the systemafter one hour of simulation,i. e. at
1200local standardime (LST). Fig. 2 shavs a syntheticalradarcompositefrom the model
study It is a Maximum ConstantAltitude PlanPositionindicator(MAX_CAPPI) of theradar
reflectvity factor shawing the projectionof the highestZ—-valuesin the volume datato the
cartesiarplanese,y (large panel),z,z (smallupperpanel),andy,z (smallright panel). Light
grey shadingoutlinesthe cloudshapegdarkgrey areasorrespondo high reflectvities of more
than40 dBZ.

Soonafterinitiation a rapidly developingcumuluscloud appearedmoving east—northeast-
ward with the meanflow. As Fig. 2 revealsat 1220LST cloud top was at about7 km ASL
(a) anda coreof high reflectvity hasdeveloped. Only 10 min later strongprecipitationfell
out of the now maturecumulonimluscloudwith its top at9 km ASL (b). The decayingstage
with wealeningprecipitationandcloudtransitionto anice—filledarvil canbe seerfrom image
(c) from 1245LST. The highestcomputedeflectvities in this stormwereabove 60 dBZ, the
initial instantaneourain rateatthe groundpealedat420 mmh~—!, andthelargestprecipitation
accumulatiorat a single point was 34 mm. Updraftsin this cloud hardly exceededll ms!
(at 1220LST), downdraftsreachedheir peakof aboutl0 ms~! at 1245LST, andonly a weak
gustfront developedatlatertimes. To sumup, this smallcumulonimluscell is by no meansex-
ceptional.Insteadt representthetypical CentralEuropearheary rain shover duringsummer
andwasthereforechosermasarepresentatie caseto studythe effectsof corvectiononthe Z—R
relation. For completeneswe mentionthatthe shallov boundarylayer cloud (d) at the right
side of the modeldomainin Fig. 2 is a stationary orogenicstratocumulusvhich hadformed
from nearsurfacehorizontalcorvergencein thelee of thebell-shapednountain.

Theradarreflectvity factorsshavn in Fig. 2 representhetotal sumof Z—valuesfrom ary
presenthydrometeors.For comparisonwith our analyticalfindings, however, their separate
contritutions to total reflectvity will be considered. So even thoughFigs. 3-5 shov Z-R
relationsfor cloudice and cloud wateraswell, the quantitatve evaluationis focusedon the

model—predictegbrecipitationp g, which can,dependingon ambienttemperaturebehae like

11



eitherrain, snav/lump graupel,or a mixture of both.
For raindropsthe KAMM model usesthe terminal velocity formulation first applied by
Soong& Ogura(1973)andlateron by Klemp & Wilhelmson(1978):

0q 0.1364
Wy o = —14.16 ms™! (kg m’_3> . (21)

Comparingthis relationto Eq. (9a) two thingsshouldbe noted: the value —14.16 ms™! cor
respondgo the completesetof factorspreceding(p ¢)?/* (not only to wy), andthe exponent
implies 8 = 4 x 0.1364 = 0.5456, fairly centralin theacceptedange[0 < 5 < 1] for wy (D)
power laws (cf. Fig. 1). TheanalyticalZ—R relationfor rain from Egs.(6a)and(21) andthe

R—p q relationfrom Eqg. (15)in Sl unitsread

I'(4) ~7/(4+8) —3/4 ( Poo me lr/eo) 7/(4+8)
Z o) 7 14.16 (Y+5)(y+4)(v+3) No S R (22)
P o— i Poo a pq, 1.1364 23)
' P kgm~? '

For a pureexponentialspectrun(y = 1) with Ny, = 8.0 x 10° m * asstandard/alue(Marshall

& Palmer,1948)the samerelationsin corventionalunitsbecome

7 90 P00 —1.54 « R 1.54 R — 10.90 P00 a 0q 1.1364
P a— — 1 y —————1 = 1J. — —3
mm m p mmh mmh p gm

(24)

The exponentb = 7/(4 + ) ~ 1.54 agreesvery well with our analyticalfindings andthe
experimentabdataof Délling etal. (1998).Again, only the prefactorof thisrelationdepend®n
air density NotethatusingZ = 2.4 x 10* (p ¢)'-%? (Douglas,1964;Battan,1973;Smithetal.,
1975)yields Z = 199 R'®. Kessler(1969)reportedZ = 210 R'"/° andR = 18.35 (pq)°/®
for sealevel conditions soon average200 R'6 is supportedMarshall& Palmer,1948;Battan,
1973).

Effectsof mixedandice—phaserecipitationwereincludedin the KAMM modelaccording
to the simpleapproachby Tartaglioneet al. (1996): belov freezinglevel height,Eq. (21) pro-
posedby Soong& Ogura(1973)is applied. Above thefreezinglevel hydrometeofall speeds
arecomputedastemperature—weightea/eragedetweernraindropfall speed Eq. (21), anda

constanterminalvelocity (implying g = 0)

U_Jt,()o =-25ms! (25)

12



representate of a mixture of snav andlump graupel(Locatelli& Hobbs,1974;Starr& Cox,
1985). For temperaturegessthan —35° C only this asymptoticfixed value is assumed.As
Tartaglioneet al. (1996)wereableto shaw, stormdynamicsareimprovedsignificantlyby this
morerealisticdescriptionof hydrometeosedimentation.

Evaluationof theasymptotiacaseof constantall speedrom Eq.(25)yields Z—R andR—p q

relationsusingEqgs.(15) and(16a)

I'(4) aa [P0 " & 7/4
_ P\ P,
R = 250 ( ; > qm (27)

or, in conventionalunitsandunderthe sameassumptionasin Eqg. (24):

L gy (e R N R (0" pa (28)
mmf m-3 p mmh! " mmh! ' p gm-3

The equivalentreflectvity factor Z, of ice particleswascomputedunderthe assumptiorof a

melteddrop spectrumaccordingo Smith(1984): Z, = 0.2257.

We now turnto incorporateaesultsobtainedwith the KAMM modelfor the stormshaown in
Fig. 2. Thethreecharacterististagef cloud developmentdepictedin this MAX_CAPPI-Z
compositecould eitherbe choserasa basisfor our investigationwithout alteringthe outcome
much. Decisionwasmadeto focuson stage(b), cloud maturity, for the reasorthatheremax-
imum up anddowndraftswerenearlyin equilibrium (wyax = 5.8 Ms™, wmi, = —5.1 ms™1).
Sothereshouldbe nggligible biasdueto any preferenceo the sign of vertical motions. Re-
sultsfrom stagega) and(c) in Fig. 2 have beenchecled to yield similar statistics,although
in stage(a), stormgrowth, a greatervolume of cloud and precipitationexperiencesupdrafts
(Wmax = 11.1 ms™, wy;,, = —2.0 ms™!) andreducedrain rates,while in stage(c), storm
decay rain ratestendto be enhancediueto more dominantdowndrafts (wy.x = 3.2 ms™,

Wiin = —9.8 Ms™1).

3.1 Stagnantair

Neglectingfirstthe Tartaglioneetal. (1996)mixed—phaséall speedparameterizatioandtreat-
ing all precipitationp g, asrain dropswe obtainthe scatterplot of Z—R relationsshowvn in

Fig. 3 for the modeledcumulonimlus cloud of Fig. 2, stage(b). For all grid pointswithin the
13



cloud andthe rain shaft,both Z and R were evaluatedfrom the hydrometeorconcentrations
p q anddepictedas symbolsin the diagram. The lettersr, i, andc denotethe Z—R relations
for precipitation(+), cloudice (x), andcloud water (o), respectrely. While the lattertwo are
mainly givenfor completenesandto demonstratéhe model’s ability to “measure”extremely
smallsedimentatiomates theanalysisof thedatafocusesontherelationfor rain. Thereforehe
index r will be omittedfor simplicity from therelationsgivenbelow.

Obviously, for this casein which only densityvariationsfrom the factor fx (p) arepresent,
the model datareproduceEq. (24) very well, althoughthe densitydependencentroducesa

+1.5 dBZ scatteifor ary valueof rainrate. A regressioranalysisor R > 107 mmh~' yields
Z =173+ 24] RV R =22.08 £ 1.94] (pg)" 10" (29)

and shaws thatindeedonly the prefactoris affectedby effects of densitystratification. The
smallstandarddeviation in the exponentmustbe attributedto be a purely statisticalartifact of
theregressiomalgorithm— astheanalyticalreasoningshaved,the power b remainsunafected
by all the physicalmechanismstudiedhere.

Evaluatingthe samecase but applyingnow the temperature—dependefiall speedparam-
eterizationby Tartaglioneet al. (1996) for mixed and ice—phaseprecipitation,Fig. 4 depicts
the consequence®r one andthe samedataasin Fig. 3. While curves(c) and (i) for cloud
particlesremainunafected,the Z—R relationfor precipitationparticlesis now splitin two —
branch(r) corresponds$o Eq. (29) andbranch(s) with its steeperslopeoutlinesthe limiting
caseof constanfall speedor theice—phase Fewer pointsbetweenbranchegr) and(s) indi-
catemixed—phas@recipitation(wet snov/ graupel).Both curvesyield similar valuesfor high
precipitationratesbut startto separatdor R < 10 mmh~!. Therelationshipin the asymptotic

case(s) with dry snow or graupelpelletsonly is
Z, ~ 56 R*™ | R ~12.88 pg"® (30)

with the exponentb = 7/4 asexpected.And againthe higherprecipitationrate aloft reduces
theprefactorin themodeled”Z—R relationwithoutchangingh, ascanbe seernby comparisono

Eq.(28).
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3.2 Deepconvection

Both Egs.(29) and(30) excludedverticalair motionsin the analysis.As the mesoscalenodel
providesthe field w at ary grid point, thesecorvective motions can easily be addedwhen
computingthe local precipitationrate. Up and downdraft speedsn the cumulonimlus cloud
atthe stage(b) in Fig. 2 werestill in excessof 5 ms™!, sosomeportionsof the hydrometeors
wereno longerdescendindo the groundbut rising upward. As thesewould leadto negative
valuesof precipitationrate R they werenot consideredn the following evaluation. Naturally,
slowly subsidinghydrometeordik e cloudice andespeciallycloud dropletsare mostaffected
by updraftsandtheir Z—R relationswill suffer thelargestlossof datapoints.

This canbe seenin Fig. 5. As in Figs. 3 and4 this scatterplot shavs Z—R pointsfrom
thetotal cloud andprecipitationvolume. Sothe dataarenot specificfor a certainheightlevel,
but for the whole rainstorm. Apparently the Z—R relationsfor cloud waterandcloudice are
hardlydiscernibleary more.Only for precipitationratesof morethan0.1 mmh~! thecloudice
datagroupinto adenserclusterwith aroughlylineartrend. For the mixed—phaserecipitation,
however,andR > 0.05 mmh~' thedatafrom thetwo asymptoticcasef rainandsnowv / lump

graupelnow collapseon alinearcurve on average:
7Z =[202 £ 95] RV R =[18.46 + 7.23] (pq)""*=010 . (32)

Theerrorbarsgive the standardleviation determinedrom linearregressioranalysis.Soeven
for rapidly falling precipitationhydrometeorshe dataarevery noisy and have numerousout-
liers relative to the meanrelationwith combinationf high reflectvity factorsandvery small
precipitationrates.Theseresultfrom large hydrometeorcontentswithin the mainupdraftcore.
For someof thesedatapointsw, hasbecomesosmallthattherainrateis reducedoy afactorof
100 comparedo therainratein stagnanair. Onthecontraryin the maindowndraftwithin the
rainshaftR is increasedy afactorof 2.

Comparisorwith Eg. (20a)shavs thatthesevariationsimply arangeof X
[—0.99 < X < 2.00]

For moreintensecorvective cloudswith higherdowndraftintensitiesthis rangewould be ex-
pandedespeciallyfor positive X. But eventhemoderatevariationin X sufficesto introducean

uncertaintyof +47 % in the prefactorof the averageZ—R relationasshavn in Eq. (31). This

15



noisecannotbeattributedto ary differentasymptotiaelationsfor rainandsnov: Fig. 4 showvs
thatthespreadetweerbranchegr) and(s)is smallfor relevantrainratesj. e. R > 0.1 mmh1.
Insteadyerticalair motioncauseshelarge obsenedscattelin Z andR.

Also note from comparingEgs. (29) and (31) that, as anticipatedin Sec.2, introduction
of a mixture of hydrometeorsvith differentfall speedaws causesan effect on the Z—R—law
exponentb. In this simplifiedbulk modelstudymeanvalueandstandardleviation changedue
to the presencef only two differenthydrometeottypesfrom b = 1.55 + 0.01 to a power of
b=154+0.11.

Any effectsof verticaldraftson R alonearefurthersubstantiatetly Fig. 6 shoving ascatter
plot of pq, R for precipitation(+), cloud water (o), andcloudice (x) from the samevolume
dataasin Fig. 5. Obviously, the highestreductionsof R occurfor large hydrometeorcontents
(= 2gm=3forrain, > 1 gm=3 for cloudice). Individual grid pointsin the precipitationvolume
shav an updraft-inducedeductionin R to lessthan1 %, similar valuesare found for ice.
Evenmoreobviousasfrom Fig. 5 is the distinct spatialcoherencef the downdraftsreducing
R. For precipitationwith pg, = 2 gm~ the dataoutliersgroupin several discretebranches
correspondingdo thosemodelgrid columnscontainingthe main updraft. Besideswe seethat
the largestamountsof precipitation(abose 10 gm~—) musthave occurredat or belov cloud
base:for thesehigh valuesof p ¢, no more R—reductiondueto updraftstakesplace. Instead,
considerablehift towardsstrongerrain ratesindicative of downdraftsexists. While thelargest
instantaneousain rate at the groundfor this modeledcumulonimlus was 420 mmh~1, the

absolutemaximumis R ~ 600 mmh~1.

4 Discussion

Theresultsof our modelingstudyshavedthatthe Z—R relationsanalyticallyderivedfor air at
restremainrobustin a statisticalsensevenunderstrongverticalmotions. The scatterrelative
to the meanrelations,however, wasfoundto be large enoughto cover the rangeof variations
in Z-R relationsZ = a R’ for corvective raincloudsas documentedn the literature. Even
cornvectionin non—-seerestormscanaccountfor ajump from Z ~ 205 R'** to instantaneous
relationslike Z = [202 £ 95] R}54+0-11 encompassing = 300 R' frequentlyreportedfor
convective clouds.In addition,whendifferenthydrometeotypeshaving individual fall speeds
arepresentthevariability of b increasesilso.
16



Concerninghe dominantvariationof prefactora, atleastthe effectsof densityvariations
with heightcanbecorrectedisinga densityprofile accordingo the standarcatmosphereSuch
an averagestratificationwill be absolutelysufficient from a practicalpoint of view. The vari-
ation of air densitywith heightis muchlarger thanperturbationdetweenthe standarcatmo-
sphereand a measurediensityprofile (e.g. from radiosondes).The latter would imply a Z
correctionof at mosta few hundredthf a dB. As a densitycorrectionfactorwe find from
7 = a R’ andEgs.(16):

ab
T =2 (pﬂ) . (32)
P

Obviously, for precipitationaloft the measuredadarreflectvity factor Z hasto be increased
accordingto Eq. (32) beforearny standardsealevel Z—R relation can be appliedto yield a
representate rain rate R. For radarechotopsof 10 km ASL, o ~ 0.45, b ~ 1.55, and
pioxm ~ 0.41 kgm~= we obtain an enhancementtactor of 2.18, i.e. roughlya +3.4 dBZ
correctionwhich shouldnot be neglectedwhenderiving a vertical profile of R within a deep
raincloud,evenif theremight be otherdeficienciedargerthan3 dBZ in realradardatawhich
arenotusuallybeingtakencareof (e.g. Ulbrich & Lee,1999;Campos& Zawadzki,2000).
Probablymoreimportantin practicalapplicationss to considetthis densitycorrectionfac-
tor for base—leel reflectvity scansat large range. Base—lgel valuesof Z (determinede. g.
from 0.5 PPIscanspreroutinelyusedfor precipitationestimation.For this elevationanglethe
radarbeamwill beat1.5km AGL for 100km range andat 3 km AGL in adistanceof 150km
to theradar The densitycorrectionfor theseheightlevelsis about0.5dBZ and1.0dB~Z, re-
spectvely. For animprovedarealprecipitationestimatethis shouldbeaccountedor. Indirectly
it is included for example,in the ProbabilityMatchingMethod(Calheiros& Zawadzki,1987).
Climatologicaldiscrepanciebetweentypical valuesof N, at several specificradarsites
canleadto differentZ—R relationsamongeven nearbyradars,asthe prefactorsag, n, aoo,n
of therelationsdependon N, and D, directly, ascanbe seenfrom Eqgs.(14a,b). In addition,
the shapeparametery playsanimportantrole. In this paperwe do not exclusively assume
purely exponential(y = 1) spectrafor the raindropsasdoneby Marshall& Palmer(1948).
Following the evaluationof Ulbrich (1994)who foundy = 1.71 £ 1.99, we choosey = 2
and apply this value for comparison. Using Ny, = 8.0 x 10 m™, Dy = 5.0 x 10~* m,

wy = 4.1 x10°ms™, D = 1.0 x 10~* m, 8 = 1/2, andmediandiametersrom AppendixA,
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we find for the undisturbedrefactorsagy y anday p in Slunits:

(
1.0x 107 for (y=1)
ago,N = (33a)

| 1.6 % 10710 for (y=2)

(
20%x 1071 for (y=1, Do=1.4x10"*m)
ago,p = ¢ (33b)

| 1.7 % 107 for (y=2, Dy=11x10""m)

For completenesw/e give the accordingZ—R relationsin corventionalunits (Z in mm® m=3,

R in mmh~!) aswell:

)
305 R“/° for (y=1
Z = X ( ) (34a)

| 464 RY® for (y=2)

)
548 R for (y=1, Dp=14x10"*m)
zZ = { (34b)

| 4661 for (y=2, Dy=1.1x10"*m)

For weakcorvection,andin stratiformclouds,atleasta portionof the variability in Z—R must
be dueto variationsin the spectreof involved (mixed—phasefydrometeorsHeretwo aspects
shouldbe consideredcloud physicaland orographicpeculiaritiesin the vicinity of a specific
radarsite andthe occurrenceof unusualparticlespectrale.g. Richter& Goddard,1996;Sau-
vageot& Koffi, 2000).

Oneexampleof thelatterwould be precipitation—siz@articlespectraviolatingthecommon
assumptionin mary studiesof N, = constandrathertendingto D, = const In general
precipitation—sizeoarticle spectracannotuniquely be describedoy assumingconstantvalues
of Ny or Dy. Instead,both are functionsof time and space(e.g. Huggel et al., 1996; Ny-
stuen,1999). However, the caseD, ~ consthaving beenlabeled‘rare” by Waldwogel (1974)
might sene asan explanationfor Z—R relationswith exponentsin therange[l < b < 7/5]
shavn in Fig. 1 by light grey shading.In thesecaseausuallyrelatedto precipitationchanges
from stratiformto corvective or vice versa,particle spectraappearo be dominatedoy D, =
const,implying Z « R anda minor contritution from spectrawith N, = const Especially
in microphysicalequilibrium within shaftsof heavy rain thesekinds of spectracanoccurin
connectiorto deepcorvectionaswell (Zawadzki& AgostinhoAntonio, 1988;Rinehart1997).
However, dueto the overwhelmingeffect of vertical motionson the Z—R relationsthey are

likely to be overlookedin thedata.
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A mesoscaleloudmodellike KAMM usinga bulk microphysicalschemeawvhich specifies
spectrashapehomogeneouslgndstationarilyfor thewhole modeldomaincannotquantify ef-
fectsliketheonejustdescribedbove. While ouranalyticalinvestigatiorretainedall degreesof
freedomcontaininghydrometeospectrathe bulk modelresultsarelessgeneral.Focusingon
the studyof a short—lvedsummerseasomain shaver certainlylimits the probability of tempo-
ral changesn hydrometeospectra.Neverthelesshe modelcloudis likely to be considerably
simplifiedcomparedo arealrainstorm.Yettheeffect of verticaldraftson R (andhenceon Z—
R) is sodominantin corvective cloudsthatabulk cloudmodelwith high spatialresolutionwas
adequatéo confirmthe mainfindingsfrom thegenerabknalyticalapproachiargedeepconvec-
tion effectson prefactora, while exponentb is only affectedby mixturesor phasechangef
hydrometeors.

Comparingour resultsto thoseof otherinvestigatorsmostresearcton Z—R relationsin
corvective precipitationregionshasbeencarriedout from anobsenationalpoint of view. From
her analysisof mary obsered casesAustin (1987)wasableto shawv thatthe actualrain rate
in corvective downdraftsmay doublecomparedo the rain rate derived from the reflectvity
factoralone. Also supporteddy lllingworth & Blackman(1999),this is exactly thefinding of
the presenwvork. The KAMM modelingresultsindicatedthe X—factorfrom Eq. (19) to reach
justthevalueof X = 2. Thesepointsarealsoaddressetdy Dolling etal. (1998). Theauthors
presentamethodto quantify the effectsof spectralariations.lllingworth & Blackman(1999)
estimatehepotentialerrorin derving R from Z upto afactorof two, i. e. 100 %.

Atlas et al. (1995) notedthe very strongreductionof the measuredR in updraft cores.
This finding agreeswith our valueof X ~ —0.99 for the updraft—-dominatedrid pointsin the
KAMM simulation. In the samearticle, Atlas and his coauthorsexperimentallyshoved the
large variationsin the prefactorsa when Z—R relationswere separatelyderived for up- and
downdraftregions. They concluded:” Z—R relationsin the presencef significantdraftsare
meaningless”.

This drasticconclusion,althoughvalid for small ensemblesaken from strongly different
regionsinsidea cloudor precipitationcore,couldnotbe corroboratedvithin ouranalyticaland
modelingstudy Instead,on averageover a whole cumulonimhus cloud andits precipitation
shaft,customaryZ—R relationsstill hold in a statisticalsense.This resultcoincideswith yet
anotherexperimentalstudy of Z—R relations(Yuter & Houze,1997). Their main conclusion

wasthatthoughsomefar outliersmay appeaiin a R, Z—diagram,on averagethe meanrela-
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tionshipbetweerthetwo remaindittle affected.Furthermorethey suggestedotto distinguish
betweerf'stratiform” and“convectve” Z—R relations asthesetendto meige andcollapsento
a singlerelation. Also, they notedthe dependencef experimentallyderived reflectvity—rain
raterelationshipson the spatialscalesunderconsiderationAs statedoy Atlas etal. (1995)and
visible in Figs.5 and6 of our presentstudy consideringonly a limited volume of a stormto
evaluateR(Z) canproducealmostary functionalform — leadingtheseauthorgo their drastic
statemengivenabove..

Yet anotherambiguity arisesfrom large percentagesf hydrometeorsike snow or larger
cloudice crystalswith w; o9 =~ const,asthesetendto increasehepower b of radarderved Z—
R relations.For instancejf the Z—R relationshipfrom Eqg. (31) is re—computedhut including

reflectvities andsedimentatiomatesof all hydrometeorsheresultfrom Eq.(31) is changedo
Z = [116 £ 93] R 70028 R = [16.47 £ 10.26] (pgq,)" 12217 . (35)

Hereinclusionof the large portion of cloudice in the upperpartsof the cumulonimius cloud
altersbothprefactorandexponent. Thevariationin b bringsit closeto thevalueof 2. Thisice—
phaseeffectdueto contritutionsfrom differenthydrometeotypeswith substantiateflectvities
but highly variablesedimentatiomatesmay alsosene asan explanationfor empiricallyfound
Z—R relationswhich displayanexponenth > 7/4, suchasthe snow relationgivenby Sekhon

& Srivastawa (1970)with b = 2.21:
Z = 1780 R**

While exponentsh > 7/4 arenot supportedrom our evaluationbasedon well-defineduni-
modalmeanhydrometeoispectrathey could alsobe evaluatedfrom the datain Fig. 5 if the
low rain rateoutliersonly areconsideredor R > 0.1 mmh~!. Sucha subsebf information
easilyyieldsb ~ 2.5 whichwould, however, leadto a seriouscontradictiorto the physicsof the
falling hydrometeoensembleindertheassumptionsnadehere(cf. Dotzek,1999).

The presentstudy hasfocusedon vertical corvective motions. However, deepmoist con-
vectionalsohashorizontalcomponentsandis usuallysuperposetb strongvertically sheared
meanhorizontalair flow (cf. Houze, 1997).For adevelopingrain cell with norainattheground
yet (i. e. Ryy = 0), applicationof a Z—R relationswould erroneouslydiagnoseR,, # 0 and
alsoa precipitationaccumulatioron the ground. In reality, rain will only reachthe groundat

latertimesandwith a horizontaldisplacementiueto combinationof corvectionandtransport
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by the meanwind profile. While a minor effect over large areasvith homogeneousrography
this horizontalshift canbecomemportantover comple terrainwith small distancedetween
neighboringriver catchments.This is even more so due to the large horizontalgradientsof

reflectvity in corvective clouds(cf. Zawadzki,1984).

5 Conclusions

This paperhasassessethe effectsof convectie air motion anddensitystratificationon Z—R
relationsZ = a R® widely usedin radarmeteorology Both analyticaland mesoscalenodel

resultsshavedthat

¢ vertical air motionsas well asdensityvariationsaffect the prefactora of standardZ—
R relations,alteringbothits averagevalueandstandarddeviation. As arule of thumb,
deepcorvectionprimarily increasesanddensitystratificationsecondarilydiminisheghe

prefactorof averageZ—R relations,

e concerningexponenth of Z—R relationswithout influenceof deepcorvection,the case
7 « R represents lower boundfor hydrometeoispectrawith scalingdiameterD, =
constwhile anupperboundexists with meanterminalvelocity w, oo = const leadingto
Z x R4,

¢ theonly mechanismwhich couldfurtheraltertheexponent of Z—R relationss achange
in the terminalfall speedaw, which in turn implies variationsof hydrometeotype or
mixture. In particular obsered valuesof the exponentlargerb = 7/4 arelikely to be

causedy hydrometeomixtures,

e in the statisticalmeanover the whole cloud volume, Z—R relationsoriginally proposed
for air at restand sealevel conditionsremainapplicableeven in the presenceof deep

cornvection,

¢ theinfluenceof the vertical densitygradienton R canbe correctedfor usingthe stan-
dardatmospheréensitystratification giving alsotheopportunityto improve quantitatve

base—leel rainfall estimatestlargerange(> 100 km) from aradar

o for deepcumuluscorvectionspatio—temporalariationsof instantaneoug—R relations

may be explainedby corvectie drafts. However, althoughthesecover a similarrangeas
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variationsin statisticalZ—R relationsfor deepcorvection,thelatterarevery likely to be

affectedby otherprocessealso,

e for more stratiformcloudswith smallervertical velocitiesand cloud depthsprominent
differenceamongempiricalZ—R relationdik ely have to beattributedto variationsof the
hydrometeorspectraor typesin differentsynopticsituationsor differentclimatological

regions.

Properclarificationhow the effectsof horizontalcorvectve componentsinda meanerviron-
mentalwind profile canbeincludedinto aradardervedprecipitationaccumulatiorover com-

plex terrainin corvective weathersituationsremainsanissuefor futureresearch.
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A Median diameters

In contrastto othercharacteristidiametersof a hydrometeospectrumthe mediandiameters
with respectto eitherthe total particle number(Dy) or volume (Dy/) are probablythe most

robustspectrakizescales With N denotingtotal particlenumberdensity they aredefinedby

Dy N
0

For the '—functionof Eq. (2) thesequantitiescannotbe analyticallyevaluatedexceptfor very

Dy
on / n(D) D? dD = % . (36)

0

ol

simplecasesg.g. for an exponentialsize distribution (y = 1) the numbermedianis Dy =

In2 Dy. In generalDy and Dy, mustbenumericallyevaluatedrom

2 (=1)* Dy(7)Ft r
Z( ) (7) (7)

e~ k! k+~y 2 7
SV DV T+
prd k! k+~v+3 2
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Obviously, Dy (y) = Dy(y + 3). Tablel shavs thetwo mediandiameterdor severalinteger

valuesof . To avery goodapproximationandprovided~ > 1, Dy canbewrittenas

Using this resultand Eq. (9b), Kesslers approachto substitutethe @, o relation by the fall

speedf asinglehydrometeoof diameterDy, is easilyverified:

I'(y+3+8)
L(v+3)

Dy
(2.67+7)D

Wy pp = Wo
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Tables

Table 1. Numberandvolume mediandiameterdor variousvaluesof the shapeparametery.
For definitionof Dy and Dy seeEq.(36). Thenon—dimensiondbcationof the spectralpeak

(Dmax, "max) 1S @lsogiven.

>

max DN DV

nmax

1.0 [ 1.0 x 10° 0.0 [0.693| 3.672

20192x1072| 1.0 |1.678| 4.671

3.0[2.7x1072| 2.0 |2.674]| 5.670

401.1x1072| 3.0 [3.672| 6.670

5.0 [ 5.6 x 1073 | 4.0 |4.671| 7.669

6.0]3.1x103| 5.0 |5.670| 8.669

70[1.9%x103| 6.0 |6.670| 9.669

8.0(1.2x1073| 7.0 |7.669 |10.668

9.085x107*| 8.0 |[8.669 |11.668

10.0 [ 6.0 x 107* | 9.0 |9.669 | 12.668
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Figure captions

Figurel: Schematicepresentatioof differentrangesn slopeb of Z—R relationsderivedfrom
analyticalconsiderationsFor relationsof theform Z = a R® thelowerlimit b = 1 follows for
a constandiameterD,. Thelight shadedange[l < b < 7/5] is seldomobsenred but notin
principleexcludedby theory Themediumshadedange[7/5 < b < 7/4], however, coversall
caseglependingn N, andvarying vertical velocitiesw, oo. The mostprobablerangefor the
exponenth = 1.55 + 0.05 is givenby thedashedine andthe darkshadedarea.An upperlimit

b = 7/4 follows for w, oo = const.

Figure2: Syntheticalradarcompositeof the modeledstorm: Projectionof maximumreflec-
tivities onto cartesiarplanes MAX_CAPPI-Z. Lettersdenotethreedifferentstagesof cumu-
lonimbus development,a) 1220LST growth, b) 1230LST maturity, andc) 1245LST decay
Light grey shadingshowvsthe clouddimensionsregionswith Z > 40 dBZ appeain darkgrey.
Stageb) beingthebasisof our casestudyhasbeenhighlightedfor clarity. A stationaryshallov
boundarylayer cloud (d) hasformedin the lee of the 500 m bell-shapednountain(dashed

circularheightcontours)n the centerof themodeldomain.

Figure3: Z—R relationsn theKAMM modelstudyfor stagnanair, only includingtheeffectof
densityvariationsafterFoote& duToit (1969).Lettersatthecurvesindicaterain(r, +—symbol),

cloudwater(c, o—symbol),andcloudice (i, *—symbol).

Figure4: As Fig. 3, yetincludingthe simplemixed—phase@recipitationfall speedparameteri-
zationof Tartaglioneetal. (1996). Thisaddsanasymptotidoranch(s) to therain Z—R relation,

correspondingo the caseof snav/lump graupelwith @, oo = constassumed.

Figure5: As Fig. 4, but alsoincluding arny modeledcorvectie vertical motionswithin the

cumulonimhuscell andits precipitationat the point of matureclouddevelopment(b) in Fig. 2.

Figure6: R—p g relationsunderthe sameconditionsasin Fig. 5 for mixed phaseprecipitation

(+), cloudwater(o), andcloudice (x).
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b=7/5

logR
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