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Abstract

Resultsof a combinedanalysisof datafrom a C—bandpolarimetricDopplerradaranda
3D VHF interferometridightning mappingsystemasobtainedduringthe EULINOX field
campaigrarepresentedFor 21 July 1998thelightning datafrom a supercelthunderstorm
weaklyindicatea tendenyg for a bi—level vertical distribution of lightning VHF emissions
aroundthe—-15 C and—-30° C temperaturdevels. Also, in somepartsof the clouds,evi-
denceis found for the presencef a lower positve chage centernearthe freezinglevel.
However, wherestrongvertical motionsprevail VHF emissionsare not organizedin hor
izontal layershbut in oblique or vertical regions. Correlationof VHF signalswith radar
quantitiesshaws thatin the groving stormpeakVHF actvity is low andrelatedto reflec-
tivity factorsaround30 dBZ, while afterthe maturestagethe peakVHF actvity is about
threetimeslarger Thehighestdensityof VHF signalsis now foundnearreflectiity factors
of 45dBZ. A polarimetrichydrometeoclassificatiorindicatesthatduring stormdevelop-
mentmostlightningactiity occurswheregraupelnd,secondarilysnav andsmalldry hail
arepresentln thedecayingphaseof the supercelhailstorm however, mostlightning VHF
emissionstemfrom theregion with hail andheary rain. Furthermorewhile the VHF sig-
nal frequeng perkm? in the graupelandrain regionsremainsnearlyconstanthroughout

thesupercellife cycle, thesignalfrequeny in thehail regionrisesduringstormdecay

Keywomds: Lightning; EULINOX, Supercelltorm
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1 Intr oduction

The 1998-1999% uropeanLightning Nitrogen Oxides project (EULINOX) aimedat an im-
proved understandingf the processe®f lightning—induced\NOyx productionwithin central
EuropearthunderstormgHoller et al., 1999b,2000). Similar to the earlierLINOX campaign
(Huntrieseret al., 1998;Hdller et al., 1999a)the main objective wasto obtaina morereliable
estimationof this naturalNOx source(Dotzeket al., 2000a;Théry et al., 2000) comparedo
man—-madeandothernaturalsourcessuchasfuel comhustionin groundandair traffic, industry
or in—soil nitrogenfixation by bacteria(cf. Leeetal., 1997).

Duringthesummerl998EULINOX intensive obsenationperiodin southernGermary (cf.
themapin Fig. 1) a greatvariety of analysismethodswasapplied. Aside from aircraft mea-
surement®f chemicalconstituentsvithin andaroundthundercloudsC—bandDopplerradars,
mesonestationsandradiosondesontritutedto the EULINOX database.Also, interferomet-
ric measurementsf VHF sourcedgrom lightning dischagesin two andthreedimensionsvere
madeby the ONERA, complementaryo thoseof a two—dimensionalL PATS (Lightning Posi-
tioning andTrackingSystem)network (Théry,2000).

The ONERA interferometriclightning mapper(ITF) consistedof two VHF interferomet-
ric antennastations(< in Fig. 1) 40 km apart,at 25 km on the ENE and SSW sidesof the
operationalcenterat DLR in Oberpaffenhofen(+ in Fig. 1). Certainpartsof intracloudor
cloud—to—groundightning flashesemit stronglyin the VHF band.Thetwo interferometricsta-
tionsdetecthisradiationin anarrav band(1 MHz width) at 114MHz andrecordits amplitude
anddirectionof arrival with a 23 us samplinginternval. The ITF mappingsystemcandetect
negative leadersaandhigh currentdischages(intracloudrecoil streamersgloud—to—groundiart
leadersandreturnstrokes)all alongtheir propagatiorpaths(Defer,1999). Both stationsgive
theazimuthof theVHF sourcesandin additionthesoutherrstationcanalsomeasuréhesource
elevation. The z,y—positionof a sourceis determinedrom the azimuthaldirectionsrelative to
thetwo stationswhile the elevationallows for retrieval of the sourcealtitude. SingleVHF sig-
nalsarethengroupedn “bursts”,correspondingo individualdischages.Flashesareidentified
asasuccessiowlf suchbursts.Notethatthe accurag of the elevationsensordecreasegpidly
for verylow (below 5°) andvery high (above 48°) elevations.Therefore a stormcanbecoher
ently obsenedfrom 2 km AGL upto 11 km only if it is within 10 km and25 km distancerom

the southernnterferometricstation. Theserangeringsareindicatedby circlesin Fig. 1.



Furthermorethe C—bandpolarimetricDopplerradarPOLDIRAD at DLR in Oberphffen-
hofen provided three—dimensionahformation on the storm's dynamicaland microphysical
structure allowing for anidentificationof the differenthydrometeotypesin the thundercloud
andtheaccompaying arvil region. Thereforehecombinatiorof datafrom ONERAs VHF in-
terferometridightning mapperandDLR’s polarizationdiversityradarwasexpectedo provide
adetailedview of theevolution of thelightning actvity (definedasnumberof VHF sourceger
unit spaceandtime) andits relationto cloud microphysicsanddynamics.

Thepurposeof this papetis to shedight onthecloudmicrophysicaprocessewhichenable
or enhancehe chage separatiormechanism#sidea cumulonimhus cloud. The main objec-
tivesof this twofold radarVHF interferometerapproacho the cloud electrificationproblem

were.

¢ identificationof themainregionsor levelsof lightning actvity insidethecloudandcom-

parisonto theoreticapredictions,

e quantificationof the vertical extent of singleflashesandclarificationof how lightning

actvity wasdistributedinsidethe cloud,

¢ identificationof correlationdetweerightning dischagesandcertainhydrometeotypes

or radarparameterssuchasthereflectvity factor

Thepapelis organizedasfollows: Sec.2 briefly reviewsthelife—cycle of thesupercelhailstorm
beforein Sec.3 the vertical distribution of VHF actvity dueto lightning flashess described.
Therelationbetweerlightning VHF sourcesaandcloudmicrophysicss treatedn Sec.4, while

Secs5 and6 presentdiscussiorof resultsandconclusions.

2 Life cycleof the supercell storm

Thedataevaluationis focusedonasupercelstormof 21 July 1998(Hdller etal., 1999b,2000).
Onthisdaythunderstormapproachethe Munich regionfrom thewest,leadingto widespread
deepcorvective cellsover southernGermary andeastermeighboringcountriesduringthe af-
ternoonand evening. Someof the stormsbecamesevere: asidefrom somehail swaths,one
tornadowasspavnedin the CzechRepublicin thelate eveninghours(Setwak, 2000).
Thehailstormstudiedin the presenpaperwastheright—-mover of a stormsplitting atabout

1645UTC overthe Allgéu region in southernGermarny. While the left—-moving cells decayed
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very quickly, theright-moving cell (headingn an easterlydirectionwithin the mid—level flow
from south—westjntensifiedvery rapidly anddevelopedsupercelcharacteristicsuchasa sin-
gle persistenuupdraft,a boundedweak echoregion, an echooverhangand mid—level meso-
cyclonic rotation(Héller et al., 1999b,2000). In the vicinity of the cumulonimlus cell, other
active thunderstormsverealsopresenin the obsenationareawhichwascenteredn Oberp#f-
fenhofenandextendedabout60 km in eachhorizontaldirection(cf. Fig. 1).

From 1700UTC on, the youngsupercellstormapproachedhe experimentalareaaround
Oberpaffenhofen. The onsetof lightning activity was monitoredboth by the LPATS system
andthe two ITF stationsat Oberschleil3heinfnorthern)and Wielenbach(southern)operated
by ONERA. The latter stationwas equippedwith the elevation sensorallowing for a three—
dimensionateconstructiorof thelocationof lightning VHF emissions.

Fig. 2 shavstheflashratemeasuredby the ITF sensorsbothfor thewholearea(solid line)
andthe region of the supercellalone(lower shadedarea). While before1430UTC no light-
ning flasheswere obsened (aswell asafter2200UTC), it is obvious from the early peakin
flashrateat 1630UTC thattherewasconsiderablehunderstornactiity in the areabeforethe
supercelloriginatedfrom its parentcell. In our analysiswe focuson the time period 1700—
2000UTC which containstheintensificationphase(up to 1800UTC), the maturestage(up to
about1830UTC) andthe subsequentecayof the storminto a multicell comple. Coinciden-
tally, the supercelpassedight over the southern TF—stationbetweerabout1800-1813JTC,
alreadyslightly wealening. We seefrom Fig. 2 that the flash rate during the mostvigorous
phaseof the stormexceeded0 min—! andseldomfell below 30 min—!. Notetherapidrise of
theflashrateafter1730UTC. Theminimumaroundl815UTC waslik ely anartifactcausedy
the passag®ver the ITF sensorandnot dueto a genuinedecreas®f lightning actvity. After
1930UTC almostall measuredightning flashesoriginatedfrom the stormstudiedhere.

Consideringheradardata,the mostnoticeablecloudgrowth andinternalorganizatiortook
placebetweenl730UTC and1800UTC, accompaniedby thelargerisein flashrate. The ac-
cordingradarobsered echotopsin km AGL aredepictedby the numbersatopthe curvesin
Fig. 2 from 1730to 1833UTC. Ohviously the flash rate rosesimultaneouslyto the increase
in cloudtop height. The stormwastracked by POLDIRAD sectorvolumescansrepeatedyv-
ery few minutesandadditionalrange—heighindicator(RHI) andplan positionindicator(PPI)
scans.

Fig. 3 shaws threesectionsthroughthe stormat 1757 UTC nearthe point of maximum
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cumulonimlusdevelopment.The lower left panelof thefigure givesthe constant-altitud@PI
(CAPPIl)at5.5km AGL, while theupperleft andlower right panelsdepictz,z andy,z vertical
slicesatz = —16.5 km andy = —27.5 km distancefrom POLDIRAD, respectrely. Section
locationis denotedby thethin linesin the panels.The x,z—diagramshaows a large echoover-
hangandaweakechoregion below. This correspondso the region of the updraftwith inflow
of lowerlevel air andis alsovisible in the CAPPI south—easotf the reflectvity coreor in the
Dopplervelocity (cf. Holler etal., 1999b,2000). Othercharacteristicindicatingsupercelldy-
namicsfor this hailstormwerethe presencef amesogclonein mid—levelsandthepersistence
of thesinglemainupdraftfor sometensof minutes.

The cumulonimhus systemlost its supercellstructureafterabout1845UTC andwasthen
bettercharacterizeésa multicell stormwith somephaseof re—intensificatiordueto the de-

velopmenbf new cells(cf. alsoFig. 2).

3 Vertical structur e of VHF activity

Both theoretical(Williams, 1989; Saunders1993)andalso experimentalresults(Simpson&
Scrasel937;Risonetal.,1999;Solomoretal.,1999)indicatethatthechageaccumulationn a
thunderstorntcan,in mary casesbemodeledby anegatvechagecenteraroundhe? = —15+
10° C level andanupperpositive chage centemeartheT = —35 + 10° C level within mature
cumulonimlusclouds.A smallerlower positive chageregion cansometime®efoundcloseto
thefreezinglevel (Williams, 1989). This three—l&el conceptuamodelis known asthetripole
modelof thunderstornelectrification.However, asshavn by Stolzenloirg etal. (1998a,b,c}his
tripole structures neithera universalfeatureof all thunderstormsor universallypresentn all
regions of single storms. Neverthelessthe tripole conceptwas chosenas a testbasisfor the
EULINOX dataanalysis.

In orderto compareourfindingswith thetripole modelwithin thesynopticsettingof 21 July
1998 we have to assesshe heightsof the threetemperaturdevels. On that day, maximum
temperaturesearthegroundlevel rangedbetweer25’ C and35° C. As canbededucedrom a
compositeafternoonverticalsounding(Fehr,2000),the heightof a negative chage centercan
beexpectedo bewithin 5and7.5km AGL, andanupperpositve chage centerapproximately
3 km higherup, i. e. ataheightof about8 to 10km AGL. Theseregionsareindicatedin Fig. 4
by the hatchedareas.



3.1 Vertical profiles

As afirst stepthe griddedITF dataare evaluatedin orderto detectdistinct peaksin vertical
profiles of VHF sourcedensityto look for evidenceof ary chage centerspredictedby the
tripole model. Within theabose mentioneding—shape@rearangingbetweerilO km and25km
aroundthe southernlTF stationWielenbachvertical profiles of VHF sourcesntegratedover
3 min intenvals anda 1 km? grid have beenanalyzed. The 15 grid layersin the vertical z—
directionarelocatedat heightsof 0.5,1.5, ..., 14.5km AGL. In orderto detectonly distinct
peaksin the vertical VHF profile at a given horizontalpositionwithin the grid, the following
conditionsmustbe met: i) the profile datamustnot be sparsej. e. the total numberof VHF
sourcesn theprofile shouldexceedhenumberof 15verticalgrid points,ii) thenumberof VHF
sourcesatthe peaklevel mustexceedl5 % of the total numberof VHF sourcesn the profile,
iii) the vertical distancebetweenconsecutie peaksmust exceedthe vertical grid spacingto
assurdhatplateausn the profilesarenot erroneouslyclassifiedastwo separatgeaks.

During the time period considered1700to 2000 UTC), mostvertical profilesfor which
distinct peakscould be identifiedweresingle—pealprofiles (666 cases) In another204 cases,
two peakswerefound,andin only 24 caseshreemaximaweredetectedusingthe above con-
ditions. However, thevastmajority of vertical profilesdoesnot shav ary distinctmaximumof
VHF actvity, mostlydueto datasparsenessf the profiles.

Owing to the fact thatthe griddeddataonly allowed for analysisof bulk structuresn the
vertical profiles due to the 1 km spatialresolution,the vertical grid columnsof VHF emis-
sionsweresubjectedo anaveragingprocessHowever, averagingall VHF profileswithin the
ring aroundWielenbachonly yielded one maximumof VHF actvity locatedat 3.5 km AGL,
i. e. nearthe freezinglevel. Any upperlevel maximum,if presentoelov 11 km AGL, was
suppressebly the averagingprocedure.Yet asobsenationsandtheory predictclearly distin-
guishablechagelayersatleastin certainpartsof athundercloudnecouldexpectthatfor most
two—peakvertical profilesthesepeaksarelocatedat similar altitudelevels. In addition,one—
peakprofilesshouldalsoreproduceone of the predictedchage layersandso their peaklevel
shouldcoincidewith oneof the peaklevelsin multi-peakVHF profiles. To testthis hypothesis
theverticalprofileswereaveragedn adifferentway: oneandtwo—pealprofileswereaveraged
separatelyThe 24 three—pealprofiles,however, did not provide a statisticallysignificantbasis
suitablefor averaging.

Theresultof this separataveragings depictedn Fig. 4. Thedashedine givestheaverage
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of all one—pealprofilesandthe solid line the averageof the two—peakprofiles. In both cases
thelow—level maximumat3.5km AGL is mostpronouncedThesolid curve, however, shavsa
secondarynaximumat6.5km AGL which correspond#o the—15 C level of 21 July 1998. Yet
in neitherof the averageprofilesdo we find an upperlevel maximumnearthe —3®° C region
inside the cloud wherewe would expectthe main positve chage level of a cumulonimius
tripole. Thereareof courseVHF sourcesatthatlevel, but notenoughto form a distinguishable
peak. Insteadthe peaknearthe freezinglevel dominatesall profiles (even an averageof all
sparseprofileswithout distinctpeakdeadsto a flat maximumat thatlevel).

We noticedthatthis low—level maximumis dueto anunusuallyhigh numberof low—altitude
intracloudnegative leadersduring this storm. The negative leadey asobsered by the ITF, is
characterizedby a successiomf sourcesand propagatesowardsor inside a positve chage
region. In otherstormswe surweyed, mostof negative leaderswere the downward leaderof
negative cloud—to—groundlashes,or in somecasesmid—altitudeintracloudleaders,and we
oftennoticedthatthesentracloudnegative leadershadalessintenseVHF emissionthandown-
ward leaders.This canbe explainedby a pressure—dependen¢haior of the negative leader
causingmorefrequentandmoreintenseVHF emissionsat higherambientair pressuréLalan-
de & Bondiou—Clergerie1l997). Consequentlythe high VHF emissvity of someintracloud
negative leadersgduringthe 21 July 1998stormcanbe dueto theirlow altitudejustabove cloud
base.They mayhave propagatedhsideahighly developedow—level positive chagecenter So
we mightamguethatsuchanunusuallylarge numberof low—level negative leadersn the EULI-
NOX stormcould be the sourceof the dominantlow—altitudepeakin the meanVHF profiles.
Thereforeeventhe wealer secondarynaximumnoticeablan Fig. 4 is no longerpresenin an

averageoverall verticalprofiles.

3.2 Singleflashes

The intracloudflash from the growing stormat 1737 UTC shown in Fig. 5 givesa very in-
structve impressiorof theintracloudlightning actwity of this EULINOX storm.This flashand
mary otherscomevery closeto thebasicview of intracloudlightning presenteih MacGorman
& Rust (1998, p. 203) aswell asothermeasurementéShao& Krehbiel, 1996; Risonet al.,
1999; Solomonet al., 1999). The distribution of VHF sourcesdn the vertical depictedin the
small panelof Fig. 5 shawvs two distinct maximaat about6.5 km and9 km AGL. The upper
peakis moreprominentthanthelowerone.Thesdevelscorrespondo aboutthe—30® C andthe
7



—15 C altitudes.While thelower VHF region showslittle verticalvariationfrom oneendof the
flashto the other thelayerof upperlevel VHF actvity graduallyrisesfrom 8 km attheeastern
edgeto 11 km AGL atz ~ —32 km beforeit descendsagainto about8 km at the westernend
of theintracloudlightning. However, somecarehasto be taken becauseearthe westernend
of the flashthe pointsfrom the upperandthe lower level comevery closeto eachother Soa
cleardistinctionbetweerthetwo levelsis nolongerpossiblen thisregion.

Neverthelesghis rise andfall of the upperdistribution of VHF sourcess in satishctory
agreementvith the approximatelocation of the updraft core within the strongly developing
supercelhtthattime. Thelocationof thegreatesaltitudein thisflashis closeto thedownshear
edgeof the updraftwhile the edgesof the flasharelocatedfartheraway from the updraftcore
near(z,y) ~ (—32,—28) km. As pointedout by Stolzenlirg & Marshall (1998) and Wil-
liams (1989,cf. Fig. 3 therein),the upperpositive chage layeris moreeasilyaffectedby the
stormsdynamicsvhichcantherefordeadto largervariationan VHF signalaltitudethroughout
the cumulonimlus cloud. The negatively chaged region aroundthe —15' C level, however,
remaindessaffectedby suchchangesn updraftstrengthjustasthe VHF sourceghere.In this
region nearthe cumulonimluscell’s mainupdraftthe phenomenomight be interpretedn the
following way: chage separatioeadsto positvely chagedsmallice crystalsin theupperpart
of the cloud and negatively chagedlarger hydrometeorat intermediatdevels (cf. Saunders,
1993). Dueto their smallterminalvelocity, the floatingice crystalshigherup (+) canrespond
to variationsin vertical air motionsmucheasiercomparedo the larger particlesbeneath—),
cf. Williams (1989). Furthermorethe slowly falling ice crystalscan be adwectedat nearly
constangltitude by the horizontalwind evenwithout supportingupdrafts. On the otherhand,
horizontaladwectionof largerparticlesfor longerdistancest constanheightrequiresadistinct
rangeof supportingupdraftspeedswhich generallyarenot obseredin storms.This cansene
asa possibleexplanationfor theimpressiorfrom Fig. 5 thatthe upperregion of VHF sources

is morehorizontallywidespreacandmorecontinuoughanthe lower one.

4 Lightning activity and cloud microphysics

After evaluationof the VHF interferometeresultswe now incorporatehe C—bandpolarimetric
Dopplerradarmeasurementd.his providesinformationon the couplingbetweercloud micro-

physicsandlightning dischagesnecessaryor developingparameterizationfor mesoscal@r
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globalmodels.Asidefrom theverticalprofile of VHF actvity studiedbefore,modellerswould

needto relateflashlocationandflashrateto prognosticvariablesof their model,or quantities
derived from thesevariables. One of thesequantitiesis the radarreflectvity factorZ which

itself is a function of hydrometeorcontent. As it canreadily be computedrom the outputof

mesoscaleloud modelsit would be welcometo find a clear relationshipbetweenlightning

actvity andreflectvity factor

In this context it wasfoundthattheregion of high VHF actwity typically wasshiftedaway
from thereflectvity coreof thesupercelstorm.Theshift wasmostlyto theleft downsheaside
of thestormscenteri. e. onthenortherrflank of theeast—-muing storm.To obtaininformation
onthecorrelationbetweemumberof VHF sourcesVyyr andreflectivity factorZ, thevolume
datameasuredby theradarat 1730,1745,1757,1809,1821,and1833UTC wererelatedto the
total numberof VHF sourceswithin 3 min periodsstartingat the six givenvolumescantimes.
As theradardatawereinterpolatecbntothesamel km? grid asusedfor the | TF data,thepoints
coulddirectly beanalyzedrom a scatteplot of Nyyr versusZ.

Thisis shavnin Fig. 6 afor thegrowing phaseof thestorm(1730,1745UTC) aswell asits
earlydecayingstagen Fig.6b (1821,1833UTC). In all four volumescanghehighesiobsened
reflectvities interpolatedo the cartesiarl km? grid werein therangefrom 50to 52.5dBZ. In
the developing stageof the storm,no VHF datapointsarefoundfor Z > 43 dBZ. Instead,
weakVHF actvity is foundwith usuallylessthan10 VHF sourceger 3 min interval andper
km?3. Thepeaknumberof 12 VHF sourcegperpointis locatedatroughly32dBZ. Thedecrease
in numberof sourcedrom the maximumtowardslower reflectvity factorsis slower thanthat
for higherZ—values.This skewnesstowardshigherreflectivity factorsis alsofoundduringthe
decayingstageof the storm. But quantitatvely the differencesarelarge: thereflectvity within
grid boxeswith VHF sourcesiow extendsup to about52 dBZ andthe VHF actwity itself also
hasincreasedubstantiallymary grid boxescontain10 or moresourceger3 min interval and
perkm? with a peakvalueof 30. In addition,thelocationof this maximumhasshiftedtowards
higherreflectvity factors. Insteadof 32 dBZ in the early stage the scattermplot now peaksat
45 dBZ andthendropsoff very rapidly with increasingZ. The dataare morestrongly skewed
than before,but in generalthe shapesf the two scatterdatasetsseemto beara similarity,
because¢hedataregionof 1730and1745UTC coincideswith theleft flank of thedataregion at
1821and1833UTC. As aconsequencédor Z < 25dBZ thenumberof VHF signalsis always

lessthan5.



This obsened behaior during supercellevolution indicatesthat eithera changein con-
centrationor in size/ type of the lightning—relatechydrometeorsnusthave taken place. The
concentrationsverenotdirectly measure@ndcanonly beinferredfrom the polarimetricradar
datawith considerablaincertainties.So herewe focuson the secondalternatve andinspect
wethertherearedifferentpreferredhydrometeoregionswith lightning dischagesin different
stageof the storm.In additionwe canevaluatewhich of theseregionshasthe highestspecific
VHF emissiongerunit time andunit volume.

Toidentify whichhydrometeorsvererelatedo lightningactuity in theEULINOX supercell
thehydrometeoclassificatiorschemealevelopedby Hoéller etal. (1994)andHoller (1995)was
usedio computehedominantydrometeotypesin theradarscanvolumefrom thepolarimetric
radardataZ, ZDR, LDR, therebytakinginto accouniparticlesize,shapeandsurface(dry/wet)
characteristicsTheclasse®f Holler's schemeresummarizedn Tah 1. For clarity thetwelve
hydrometeorcateggoriesare further meiged into three main hydrometeomgroups: cloud, rain
(classe®-2,5), graupel(classes and4), andhail (classe$-11).

Fig. 7 shows differenttime seriesof thesehydrometeogroupsfrom 1730-1833UTC. In
Fig. 7 athetotal volumeof eachhydrometeogroupis givenasthe numberof 1 km? grid boxes
dominatedby this hydrometeotype. During cloud growth the graupelvolumeis largest,and
only after1800UTC thehail volumestartsto increasdoy afactorof threewhile thegraupeblol-
umestronglydecreasedn late stagef the supercelthe hail volumeis largerthanthatof the
graupekegion. Fig. 7 b givesthetotalnumberof VHF source®bseredin 3 minintervalsin the
threehydrometeoregions. The curvesaresimilar in shapeto Fig. 7a andconfirmtheoretical
predictionsclaiming graupelpelletsto be the bestcandidategor a high correlationwith light-
ning dischages. Yetagain,this only holdsin the groving andmaturestagef cumulonimlus
developmentAfter 1800UTC VHF emissiongrom thehail corequickly riseandsurpasshose
from the graupelregion from 1810UTC on. This alsoyields an explanationfor the changes
from Fig. 6ato Fig. 6 b: Most lightning dischagesnow occurnearlarge hydrometeorghail
andprobablyalsoheavy rain) resultingin large valuesof thereflectvity factor

Looking at the specificVHF emissiondrom the threehydrometeoigroups,i. e. dividing
the numberof sourcedrom Fig. 7b by the numberof grid boxesfrom Fig. 7a, oneseeshat
for cloud, rain andgraupelthis specificratio is roughly constanwith time. For hail, however,
this averageratio risesafter 1800UTC from roughly 2 to about4 at 1821and1833UTC. This

supportsthe higherpeakin Fig. 6b and shaws thatin late stagesof cloud developmentthe
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hail coreandthe heary precipitationshaftarequite effective producerof lightning dischages.
Onecanspeculatehat somepercentag®f the chagedgraupelpelletswill be transformedo
hailstonesduring cloud evolution and so contribute to the spacechage in the hail core. But
the exactreasorwhy during late stormevolution hail is specificallymore effective thanother
hydrometeors producingdischagesis notohbvious.

After this analysist is worthwhileto look at the spatialdistribution of lightning dischages
asobseredby the ITF. Fig. 8 wascomputedrom theradarvolumescanandthe VHF volume
dataonthe 1 km? cartesiargrid at 1757 UTC (similar to Fig. 3 taken from the samepointin
time) closeto the stageof maturity of the EULINOX supercellstormon 21 July 1998. The
greyscalecoderepresentshe main hydrometeomgroupsof Fig. 7 basedon the classification
shovn in Tah 1. The diagramshows threesectionsthroughthe radarvolume: a CAPPland
two RHIs in z,z andy,z planes,respectrely. The location of the sectionsis given by the
thin solid lines in the figure and was chosento shav regionswith asmary VHF signalsas
possible Onecandraw the conclusiorfrom this diagramthatthe VHF actwity is mainlylinked
to thehydrometeoclasses and4: mainly graupelto alesserdegreesnov andsmalldry hail.
Similar picturesfrom the otheravailable radarvolume data(not shavn here)further support
this obsenation alreadygainedfrom Fig. 7. The vertical sectionshardly indicatea tendeng
for horizontallayeringof VHF emissionsearthe temperaturdevels predictedby the tripole
concept: 3.5 km, 6 km, and9 km AGL. It is apparenthat ary layeredstructuresare only
establishedn specificdowvnshearegionsof the cloud. Thetripole modeldefinitely cannotbe
valid everywhereinsidethe cloud,especiallyin regionsof very strongup anddowndraftssuch
asthestorm’s coreat (—18,—30)km (cf. Stolzenlorg etal., 1998a).

This diagnosisis corroboratedy Fig. 9 focusingon the graupelregion inside the storm.
Thisradarimageoffersa closerlook at thevertical structureof individual lightning dischages
(Holler etal., 1999b,2000). Fig. 9 is anRHI at 231° azimuthfrom POLDIRAD in Oberp#hf-
fenhofenat 1741UTC, whenthe supercelwasstill stronglydeveloping.Hereonly thegraupel
field (shadedpsdervedfrom theHoller schemes shovn togethewith nearbyindividual VHF
bursts(line segmentsand crossespccurringwithin a +30 s time and+10° azimuthwindow
aroundthe RHI scan. Again the majority of VHF sourcess found in the graupelzone,few
signalsbelongto thehail core(to theright of thegraupekegion) andthesnow regiondownshear
in thearvil (to theupperleft of thegraupelfield). Hereno horizontallayeringof the lightning

dischagescanreliably be diagnosed. Insteadthe VHF sourcesgroup vertically amongthe
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graupelparticlesJeadingto awaterfll-like structureonthedownsheasideof theeast—-maing
updraftcore.

A reasonfor this might be inferredfrom Ziegler & MacGorman(1994) and Stolzenloirg
etal. (1998a,Figs. 8 and9 therein): the graupelpelletsare negatively chagedwhile floating
within the updraft. As soonasthey startto fall out on the downshearflank of the updraft,the
chage layer plungesand due to the smallerdistanceof the now oblique chage regionsthe

electromagnetifield canbecomestrongenoughto initiate lightning dischages.

5 Discussion

Theresultsobtainedyield aninstructive view of the 21 July 1998 EULINOX supercellstorm.
Sometheoreticalpredictionscould alreadybe corroboratedy combinationof VHF interfer
ometryandpolarimetricDopplerradarmeasurementsl he three—dimensionahformationon
cloud structureandlightning actvity gatheredoy thesetwo systemsrovided someevidence
for chage separatiordueto the riming graupel-icecrystalinteractionmechanisnwithin the
updraftcoreof thegrowing thundercloudTheoreticabndexperimentalwork (Williams, 1989;
Williams et al., 1989; Saunders1993; Brooks et al., 1997; Stolzenlirg & Marshall, 1998;
MacGorman& Rust,1998; Takahashet al., 1999) had predictedthis closerelationbetween
lightning and graupel,but only the three—dimensionadverlay of radarandITF dataallowed
analysisof the zonesinsidethe cloudwheredischagesweremoreor lesshorizontallylayered
or formedstructuresvertically aligneddownshearof the main updraft. In both casesmostof
thelightning dischagesoccurredn regionswith graupelpellets.

In this studywe have alsotreatedtemporalchange®f thelightning—microphysicsoupling
during growth, maturity, anddecayof the EULINOX hailstorm.In additionto theresultspre-
sentedby Dotzeket al. (2000b)a significantchangein dischage—relatechydrometeottypes
afterstormmaturitycouldbe substantiatednsteadof graupelpelletsnow the hail coreappears
to be the main sourceof lightning VHF emissions.This explainsthe obsered shift towards
higherreflectvity factorsin thescattemplot of Fig. 6 b andis furthercoupledwith a higherspe-
cific VHF emissiorperunit time andvolumecomparedo thatof thegraupelregion. The exact
physicalprocessekeadingto theseobseredeffectsarepresentlybeinginvestigated.

Comparedo the lightning—hydrometeocoupling, for the vertical structureof lightning

activity theresultsarelessunequvocal: in somepartsof the cloud VHF signatureshaving a
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preferencdor horizontallayersappearedo bepresentyhile in otherpartsno evidenceof even
acornvincing dipolestructurecouldbe detectedWith Rust& Marshall(1996)andStolzenloirg
etal. (1998a,b,cyve stateherethattherealstructureof thunderstormss far morecomplex than
the simpletripole concept.eventhoughthe physicalprocessepostulatedn the tripole model
arelikely to be presenin partsof thethundercloud.

Finally, a puzzlingfeatureremainsto be addressedthe strongVHF actvity nearthefreez-
ing level within this supercellstorm. This could indicatethat the lower (secondary)ositive
chage layerof the cumulonimhus cloudwasoverwhelminglyactive in this specialcase Phys-
ical evidencefor this assumptions givenby Williams (1989)andSaunder$1993):it couldbe
dueto areversalof thesignof chageacquiredoy thegraupelasit fallsinto awarmerzonewith
higherliquid watercontent.Or it couldcomefrom the chagetransportfrom intracloudflashes
thatbroughtpositive chage to the main negative chage centerandthenon to lower levels. In
a differentcontext Shephercet al. (1996)alsoobsened strongelectricfieldsandchagesnear
themeltinglayerin thestratiformpartof mesoscaleornvective systemsTheauthorsamguethat
amelting—chaging mechanisntouldberesponsibldor that.

On the other handthe low—level negative leaderswhich were found in the datafrom the
EULINOX supercellarelikely to be highly prominentin VHF dueto thelargerair pressureat
this low altitude (Lalande& Bondiou—Clergerie1997). Thusthey tendto enhancehe VHF
signaturesof lightning actvity there. However, the presentinvestigationwas focusedon the
higherlevelsinsidethe cumulonimlus cloud andon bulk statisticsof cloud microphysicsand
cloud electricity Futureanalysisof other EULINOX stormsof differenttype will possibly
further clarify the processeshat govern cloud electricity nearthe freezinglevel. This would

alsobedesirabldrom the standpoinbf flight safety(Pike, 2000).

6 Conclusions

During theintensve obsenationperiodof the EULINOX campaignn southernGermary dur-
ing the summerof 1998 detailedmeasurementwith an unprecedentesariety of measuring
platformswere being undertalen to clarify the NOx productiondue to lightning dischages
within thunderstormsBoth from the standpoint®f cloud chemistryand microphysicshere-
sultshave provento bevery fruitful.

In summaryfrom the analysisof the radarandITF datacollectedfrom the 21 July 1998
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EULINOX supercelstormeventwe concludethefollowing:

1. cloudmicrophysicabspect®f thunderstornelectricity could effectively be studiedwith

the combinationof a polarimetricradaranda VHF lightning mapper

2. in somepartsof the cumulonimluscloud, lightning flashesverelinkedto certainheight
regions,weakly resemblinghe upperpositive chage centey the negative region around

the—15 C altitude,andalower positve chage layernearthefreezinglevel,

3. thesechage layerswerenot generallydetectablansidethe cloud, especiallynotin re-
gionswherestrongcorvective motionsdominatehecumulonimlusdynamics Moreover,

all threelayersdid not alwaysexist simultaneously

4. thestronglower positve chage centemear0® C appearso bea peculiarityof this super

cell storm,

5. duringcloud growth mostVHF lightning signalswerefoundin the stormregionswhere
graupelpellets (asinferred from polarizationdiversity radar)dominated,while during

clouddecayVHF sourcesvereincreasinglyemittedfrom hail andheavy rainregions.

Studyingothercaseof the EULINOX campaigrwill deepertheinsightin the physicsof light-

ning, not only within supercellsbut for a variety of otherstormtypesaswell.
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Tables

Tablel: HydrometeoclassificatiorschemafterHdller etal. (1994)andHoller (1995).Classes

0-2,5 (cloud,rain), 3—4 (graupel),and6-11 (hail) form main hydrometeogroups(cf. Figs.7

and8).

Index

HydrometeoiType

10

11

Thin cloud(no classification)
Smallraindrops
Rain
Smallgraupelsnov
Largegraupel(dry), smallhail (dry)
Rain,smallhail (wet)
Hail (dry)

Hail (wet)
Largehail (porouswet)
Large hail (wet)
Rainandlarge hail (wet)

Rainandhail
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Figure captions

Figurel: Map of EULINOX mainobsenationarea.The operationcenterat DLR in Oberpéf-
fenhofenis givenby the + symbol,thetwo ITF sensorareshovn as<® symbols.Two circles

markthe 10 km and25 km rangefrom the southern TF sensoiat Wielenbach.

Figure2: Flashratefor the supercelllower filled curve) andthetotal obsenationarea(upper
solid curve) in thetime period1530-2200JTC measuredby the I TF sensarNumbersatopthe
curvesgivethesupercelradarechotopin km AGL from 1730-1848JTC.

Figure3: Radarreflectvity factorZ for ahorizontalsection(CAPPI)andtwo vertical sections

(RHI) throughthe stormat1757UTC. Thethin linesgive thelocationof the crosssections.

Figure 4: Average(1700-2000UTC) vertical profiles of 666 VHF columnscontainingone
distinctmaximum(dashedjand204 VHF columnscontainingtwo (solid). The hatchedheight
rangesmark expectedprobablelocationsof mainchage layersandtheir polarity accordingto

thetripole modelon 21 July 1998.

Figure5: Projectionof a high—altitudelC flash. Eachsymbolcorrespond$o one VHF source
mappedy the I TF sensorDashedinesdenotethe elevationlimits of thel TF. Thesmallpanel

givesheightdistribution of VHF signals.

Figure6: Scatterplot of VHF sourceper 3 min intenval km=2 andradarreflectvity factorZ

for 1730,1745UTC (a, growing stage)and1821,1833UTC (b, decayingstage).

Figure7: Time seriesof numberof 1 km? grid boxes(a) andVHF sourcegper3 min (b) related

to threemainhydrometeogroupsderivedfrom six POLDIRAD volumescans.

Figure8: Main hydrometeogroups(cf. Tah 1 andFig. 7) for onehorizontal( CAPPI)andtwo
verticalsectiongRHI) throughthe stormat 1757UTC. Locationof the sectionds depictedoy
thin lines. Crossesnark VHF activity in 1 km? grid boxesbetweenl 757and1800UTC.

Figure9: RHI at 231° azimuthshawving the graupelregion (shaded)n the rapidly growing
cloudat1741UTC. Nearby(£30 s, £10° azimuth)dischagesaregivenby crossesandlines.
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