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Abstract

Resultsof a combinedanalysisof datafrom a C–bandpolarimetricDopplerradaranda

3D VHF interferometriclightningmappingsystemasobtainedduringtheEULINOX field

campaignarepresented.For 21July1998thelightningdatafrom asupercellthunderstorm

weakly indicatea tendency for a bi–level verticaldistribution of lightning VHF emissions

aroundthe–15� C and–30� C temperaturelevels. Also, in somepartsof theclouds,evi-

denceis found for the presenceof a lower positive charge centernearthe freezinglevel.

However, wherestrongverticalmotionsprevail VHF emissionsarenot organizedin hor-

izontal layersbut in oblique or vertical regions. Correlationof VHF signalswith radar

quantitiesshows that in thegrowing stormpeakVHF activity is low andrelatedto reflec-

tivity factorsaround30 dBZ, while after thematurestagethepeakVHF activity is about

threetimeslarger. Thehighestdensityof VHF signalsis now foundnearreflectivity factors

of 45 dBZ. A polarimetrichydrometeorclassificationindicatesthatduringstormdevelop-

mentmostlightningactivity occurswheregraupeland,secondarily, snow andsmalldry hail

arepresent.In thedecayingphaseof thesupercellhailstorm,however, mostlightningVHF

emissionsstemfrom theregionwith hail andheavy rain. Furthermore,while theVHF sig-

nal frequency perkm
�

in thegraupelandrain regionsremainsnearlyconstantthroughout

thesupercelllife cycle, thesignalfrequency in thehail regionrisesduringstormdecay.

Keywords: Lightning;EULINOX, Supercellstorm
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1 Intr oduction

The 1998–1999EuropeanLi ghtning Nitrogen Oxides project (EULINOX) aimedat an im-

proved understandingof the processesof lightning–inducedNOx productionwithin central

Europeanthunderstorms(Höller et al., 1999b,2000). Similar to theearlierLINOX campaign

(Huntrieseret al., 1998;Höller et al., 1999a)themainobjective wasto obtaina morereliable

estimationof this naturalNOx source(Dotzeket al., 2000a;Théry et al., 2000)comparedto

man–madeandothernaturalsources,suchasfuel combustionin groundandair traffic, industry

or in–soilnitrogenfixationby bacteria(cf. Leeetal., 1997).

During thesummer1998EULINOX intensiveobservationperiodin southernGermany (cf.

the mapin Fig. 1) a greatvarietyof analysismethodswasapplied. Aside from aircraftmea-

surementsof chemicalconstituentswithin andaroundthunderclouds,C–bandDopplerradars,

mesonetstationsandradiosondescontributedto theEULINOX database.Also, interferomet-

ric measurementsof VHF sourcesfrom lightningdischargesin two andthreedimensionswere

madeby theONERA,complementaryto thoseof a two–dimensionalLPATS (Lightning Posi-

tioningandTrackingSystem)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 andSSWsidesof the

operationalcenterat DLR in Oberpfaffenhofen( � in Fig. 1). Certainpartsof intracloudor

cloud–to–groundlightningflashesemit stronglyin theVHF band.Thetwo interferometricsta-

tionsdetectthis radiationin anarrow band(1 MHz width) at114MHz andrecordits amplitude

anddirectionof arrival with a 23 � s samplinginterval. The ITF mappingsystemcandetect

negativeleadersandhighcurrentdischarges(intracloudrecoil streamers,cloud–to–grounddart

leadersandreturnstrokes)all alongtheir propagationpaths(Defer,1999). Both stationsgive

theazimuthof theVHF sources,andin additionthesouthernstationcanalsomeasurethesource

elevation. The 	 ,
 –positionof a sourceis determinedfrom theazimuthaldirectionsrelative to

thetwo stations,while theelevationallows for retrieval of thesourcealtitude.SingleVHF sig-

nalsarethengroupedin “bursts”,correspondingto individualdischarges.Flashesareidentified

asa successionof suchbursts.Notethattheaccuracy of theelevationsensordecreasesrapidly

for very low (below 5� ) andveryhigh (above48� ) elevations.Therefore,a stormcanbecoher-

entlyobservedfrom 2 km AGL upto 11km only if it is within 10km and25km distancefrom

thesoutherninterferometricstation.Theserangeringsareindicatedby circlesin Fig. 1.
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Furthermore,theC–bandpolarimetricDopplerradarPOLDIRAD at DLR in Oberpfaffen-

hofen provided three–dimensionalinformation on the storm’s dynamicaland microphysical

structure,allowing for anidentificationof thedifferenthydrometeortypesin thethundercloud

andtheaccompanying anvil region. Thereforethecombinationof datafrom ONERA’sVHF in-

terferometriclightningmapperandDLR’s polarizationdiversityradarwasexpectedto provide

adetailedview of theevolutionof thelightningactivity (definedasnumberof VHF sourcesper

unit spaceandtime)andits relationto cloudmicrophysicsanddynamics.

Thepurposeof thispaperis to shedlight onthecloudmicrophysicalprocesseswhichenable

or enhancethechargeseparationmechanismsinsidea cumulonimbuscloud. Themainobjec-

tivesof this twofold radar–VHF interferometerapproachto the cloud electrificationproblem

were:

� identificationof themainregionsor levelsof lightningactivity insidethecloudandcom-

parisonto theoreticalpredictions,

� quantificationof the vertical extent of singleflashes,andclarificationof how lightning

activity wasdistributedinsidethecloud,

� identificationof correlationsbetweenlightningdischargesandcertainhydrometeortypes

or radarparameters,suchasthereflectivity factor.

Thepaperisorganizedasfollows: Sec.2briefly reviewsthelife–cycleof thesupercellhailstorm

beforein Sec.3 theverticaldistribution of VHF activity dueto lightning flashesis described.

TherelationbetweenlightningVHF sourcesandcloudmicrophysicsis treatedin Sec.4, while

Secs.5 and6 presentadiscussionof resultsandconclusions.

2 Life cycleof the supercell storm

Thedataevaluationis focusedonasupercellstormof 21July1998(Höller etal.,1999b,2000).

OnthisdaythunderstormsapproachedtheMunichregion from thewest,leadingto widespread

deepconvective cellsover southernGermany andeasternneighboringcountriesduringtheaf-

ternoonandevening. Someof the stormsbecamesevere: asidefrom somehail swaths,one

tornadowasspawnedin theCzechRepublicin thelateeveninghours(Setvak,2000).

Thehailstormstudiedin thepresentpaperwastheright–moverof astormsplittingatabout

1645UTC over theAllgäu region in southernGermany. While the left–moving cellsdecayed
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very quickly, theright–moving cell (headingin aneasterlydirectionwithin themid–level flow

from south–west)intensifiedvery rapidlyanddevelopedsupercellcharacteristicssuchasasin-

gle persistentupdraft,a boundedweakechoregion, an echooverhangandmid–level meso-

cyclonic rotation(Höller et al., 1999b,2000). In thevicinity of thecumulonimbuscell, other

active thunderstormswerealsopresentin theobservationareawhichwascenteredin Oberpfaf-

fenhofenandextendedabout60km in eachhorizontaldirection(cf. Fig. 1).

From 1700UTC on, the youngsupercellstormapproachedthe experimentalareaaround

Oberpfaffenhofen.The onsetof lightning activity wasmonitoredboth by the LPATS system

andthe two ITF stationsat Oberschleißheim(northern)andWielenbach(southern)operated

by ONERA. The latter stationwasequippedwith the elevation sensorallowing for a three–

dimensionalreconstructionof thelocationof lightningVHF emissions.

Fig. 2 showstheflashratemeasuredby theITF sensors,bothfor thewholearea(solid line)

andthe region of the supercellalone(lower shadedarea). While before1430UTC no light-

ning flasheswereobserved (aswell asafter 2200UTC), it is obvious from the early peakin

flashrateat 1630UTC thattherewasconsiderablethunderstormactivity in theareabeforethe

supercelloriginatedfrom its parentcell. In our analysiswe focuson the time period1700–

2000UTC which containstheintensificationphase(up to 1800UTC), thematurestage(up to

about1830UTC) andthesubsequentdecayof thestorminto a multicell complex. Coinciden-

tally, thesupercellpassedright over thesouthernITF–stationbetweenabout1800–1815UTC,

alreadyslightly weakening. We seefrom Fig. 2 that the flashrateduring the mostvigorous

phaseof thestormexceeded40 min � � andseldomfell below 30 min � � . Notetherapidriseof

theflashrateafter1730UTC. Theminimumaround1815UTC waslikely anartifactcausedby

thepassageover the ITF sensorandnot dueto a genuinedecreaseof lightning activity. After

1930UTC almostall measuredlightningflashesoriginatedfrom thestormstudiedhere.

Consideringtheradardata,themostnoticeablecloudgrowth andinternalorganizationtook

placebetween1730UTC and1800UTC, accompaniedby thelargerise in flashrate. Theac-

cordingradar–observedechotopsin km AGL aredepictedby thenumbersatopthecurvesin

Fig. 2 from 1730to 1833UTC. Obviously the flashraterosesimultaneouslyto the increase

in cloudtop height. Thestormwastrackedby POLDIRAD sectorvolumescansrepeatedev-

ery few minutesandadditionalrange–heightindicator(RHI) andplanpositionindicator(PPI)

scans.

Fig. 3 shows threesectionsthroughthe stormat 1757UTC nearthe point of maximum
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cumulonimbusdevelopment.Thelower left panelof thefiguregivestheconstant–altitudePPI

(CAPPI)at5.5km AGL, while theupperleft andlower right panelsdepict 	 , 
 and 
 , 
 vertical

slicesat 	������������ km and 
������������ km distancefrom POLDIRAD, respectively. Section

locationis denotedby the thin lines in thepanels.The 	 , 
 –diagramshows a largeechoover-

hanganda weakechoregion below. This correspondsto theregion of theupdraftwith inflow

of lower–level air andis alsovisible in theCAPPIsouth–eastof the reflectivity coreor in the

Dopplervelocity (cf. Höller et al., 1999b,2000).Othercharacteristicsindicatingsupercelldy-

namicsfor thishailstormwerethepresenceof amesocyclonein mid–levelsandthepersistence

of thesinglemainupdraftfor sometensof minutes.

Thecumulonimbussystemlost its supercellstructureafterabout1845UTC andwasthen

bettercharacterizedasa multicell stormwith somephasesof re–intensificationdueto thede-

velopmentof new cells(cf. alsoFig. 2).

3 Vertical structur eof VHF activity

Both theoretical(Williams, 1989;Saunders,1993)andalsoexperimentalresults(Simpson&

Scrase,1937;Risonetal.,1999;Solomonetal.,1999)indicatethatthechargeaccumulationin a

thunderstormcan,in many cases,bemodeledby anegativechargecenteraroundthe  !�"������#
��$ � C level andanupperpositivechargecenternearthe  %�&�('��)#*��$ � C level within mature

cumulonimbusclouds.A smallerlowerpositivechargeregioncansometimesbefoundcloseto

thefreezinglevel (Williams, 1989).This three–level conceptualmodelis known asthetripole

modelof thunderstormelectrification.However, asshown by Stolzenburg etal. (1998a,b,c)this

tripolestructureis neithera universalfeatureof all thunderstormsnoruniversallypresentin all

regionsof singlestorms. Nevertheless,the tripole conceptwaschosenasa testbasisfor the

EULINOX dataanalysis.

In orderto compareourfindingswith thetripolemodelwithin thesynopticsettingof 21July

1998we have to assessthe heightsof the threetemperaturelevels. On that day, maximum

temperaturesnearthegroundlevel rangedbetween25� C and35� C. As canbededucedfrom a

compositeafternoonverticalsounding(Fehr,2000),theheightof a negativechargecentercan

beexpectedto bewithin 5 and7.5km AGL, andanupperpositivechargecenterapproximately

3 km higherup, i. e. ataheightof about8 to 10km AGL. Theseregionsareindicatedin Fig. 4

by thehatchedareas.
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3.1
+

Vertical profiles

As a first stepthe griddedITF dataareevaluatedin orderto detectdistinct peaksin vertical

profiles of VHF sourcedensityto look for evidenceof any charge centerspredictedby the

tripolemodel.Within theabovementionedring–shapedarearangingbetween10km and25km

aroundthe southernITF stationWielenbachvertical profilesof VHF sourcesintegratedover

3 min intervals anda 1 km
�

grid have beenanalyzed. The 15 grid layersin the vertical 
 –
directionarelocatedat heightsof 0.5,1.5, �,�,� , 14.5km AGL. In orderto detectonly distinct

peaksin the verticalVHF profile at a givenhorizontalpositionwithin the grid, the following

conditionsmustbe met: i) the profile datamustnot be sparse,i. e. the total numberof VHF

sourcesin theprofileshouldexceedthenumberof 15verticalgrid points,ii) thenumberof VHF

sourcesat thepeaklevel mustexceed15 % of thetotal numberof VHF sourcesin theprofile,

iii) the vertical distancebetweenconsecutive peaksmustexceedthe vertical grid spacingto

assurethatplateausin theprofilesarenot erroneouslyclassifiedastwo separatepeaks.

During the time periodconsidered(1700to 2000UTC), mostvertical profiles for which

distinctpeakscouldbe identifiedweresingle–peakprofiles(666cases).In another204cases,

two peakswerefound,andin only 24 casesthreemaximaweredetectedusingtheabove con-

ditions.However, thevastmajorityof verticalprofilesdoesnot show any distinctmaximumof

VHF activity, mostlydueto datasparsenessof theprofiles.

Owing to the fact that the griddeddataonly allowedfor analysisof bulk structuresin the

vertical profilesdue to the 1 km spatialresolution,the vertical grid columnsof VHF emis-

sionsweresubjectedto anaveragingprocess.However, averagingall VHF profileswithin the

ring aroundWielenbachonly yieldedonemaximumof VHF activity locatedat 3.5 km AGL,

i. e. nearthe freezinglevel. Any upperlevel maximum,if presentbelow 11 km AGL, was

suppressedby the averagingprocedure.Yet asobservationsandtheorypredictclearlydistin-

guishablechargelayersat leastin certainpartsof a thundercloudonecouldexpectthatfor most

two–peakverticalprofilesthesepeaksarelocatedat similar altitudelevels. In addition,one–

peakprofilesshouldalsoreproduceoneof thepredictedcharge layersandso their peaklevel

shouldcoincidewith oneof thepeaklevelsin multi–peakVHF profiles.To testthishypothesis

theverticalprofileswereaveragedin adifferentway: oneandtwo–peakprofileswereaveraged

separately. The24 three–peakprofiles,however, did not providea statisticallysignificantbasis

suitablefor averaging.

Theresultof thisseparateaveragingis depictedin Fig. 4. Thedashedline givestheaverage
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of all one–peakprofilesandthesolid line theaverageof the two–peakprofiles. In bothcases

thelow–level maximumat3.5km AGL is mostpronounced.Thesolidcurve,however, showsa

secondarymaximumat6.5km AGL whichcorrespondsto the–15� C level of 21July1998.Yet

in neitherof the averageprofilesdo we find anupper–level maximumnearthe –30� C region

inside the cloud wherewe would expect the main positive charge level of a cumulonimbus

tripole. Thereareof courseVHF sourcesat thatlevel, but notenoughto form adistinguishable

peak. Insteadthe peaknearthe freezinglevel dominatesall profiles(even an averageof all

sparseprofileswithoutdistinctpeaksleadsto a flat maximumat thatlevel).

Wenoticedthatthislow–levelmaximumis dueto anunusuallyhighnumberof low–altitude

intracloudnegative leadersduring this storm. Thenegative leader, asobservedby the ITF, is

characterizedby a successionof sources,andpropagatestowardsor insidea positive charge

region. In otherstormswe surveyed, mostof negative leaderswerethe downward leaderof

negative cloud–to–groundflashes,or in somecasesmid–altitudeintracloudleaders,and we

oftennoticedthattheseintracloudnegativeleadershadalessintenseVHF emissionthandown-

ward leaders.This canbeexplainedby a pressure–dependentbehavior of thenegative leader

causingmorefrequentandmoreintenseVHF emissionsat higherambientair pressure(Lalan-

de & Bondiou–Clergerie,1997). Consequently, the high VHF emissivity of someintracloud

negativeleadersduringthe21July1998stormcanbedueto their low altitudejustabovecloud

base.They mayhavepropagatedinsideahighly developedlow–levelpositivechargecenter. So

wemightarguethatsuchanunusuallylargenumberof low–level negativeleadersin theEULI-

NOX stormcouldbethesourceof thedominantlow–altitudepeakin themeanVHF profiles.

Thereforeeventheweaker secondarymaximumnoticeablein Fig. 4 is no longerpresentin an

averageoverall verticalprofiles.

3.2 Singleflashes

The intracloudflash from the growing stormat 1737UTC shown in Fig. 5 givesa very in-

structiveimpressionof theintracloudlightningactivity of thisEULINOX storm.Thisflashand

many otherscomeverycloseto thebasicview of intracloudlightningpresentedin MacGorman

& Rust (1998,p. 203) aswell asothermeasurements(Shao& Krehbiel, 1996;Risonet al.,

1999;Solomonet al., 1999). The distribution of VHF sourcesin the vertical depictedin the

small panelof Fig. 5 shows two distinctmaximaat about6.5 km and9 km AGL. The upper

peakis moreprominentthanthelowerone.Theselevelscorrespondto aboutthe–30� C andthe
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–15� C altitudes.While thelowerVHF regionshowslittle verticalvariationfrom oneendof the

flashto theother, thelayerof upper–level VHF activity graduallyrisesfrom 8 km at theeastern

edgeto 11 km AGL at 	.-/�('0� km beforeit descendsagainto about8 km at thewesternend

of the intracloudlightning. However, somecarehasto betakenbecausenearthewesternend

of theflashthepointsfrom theupperandthe lower level comevery closeto eachother. Soa

cleardistinctionbetweenthetwo levelsis no longerpossiblein this region.

Neverthelessthis rise andfall of the upperdistribution of VHF sourcesis in satisfactory

agreementwith the approximatelocationof the updraft corewithin the stronglydeveloping

supercellat thattime. Thelocationof thegreatestaltitudein thisflashis closeto thedownshear

edgeof theupdraftwhile theedgesof theflasharelocatedfartheraway from theupdraftcore

near 12	435
768- 19�)'0��3,�(�;:06 km. As pointedout by Stolzenburg & Marshall (1998)andWil-

liams(1989,cf. Fig. 3 therein),theupperpositive charge layer is moreeasilyaffectedby the

storm’sdynamicswhichcanthereforeleadto largervariationsin VHF signalaltitudethroughout

the cumulonimbus cloud. The negatively charged region aroundthe –15� C level, however,

remainslessaffectedby suchchangesin updraftstrength,justastheVHF sourcesthere.In this

region nearthecumulonimbuscell’s mainupdraftthephenomenonmight beinterpretedin the

following way: chargeseparationleadsto positively chargedsmallicecrystalsin theupperpart

of the cloud andnegatively chargedlarger hydrometeorsat intermediatelevels (cf. Saunders,

1993).Dueto their small terminalvelocity, thefloatingice crystalshigherup ( � ) canrespond

to variationsin verticalair motionsmucheasiercomparedto the largerparticlesbeneath( � ),

cf. Williams (1989). Furthermore,the slowly falling ice crystalscanbe advectedat nearly

constantaltitudeby thehorizontalwind evenwithout supportingupdrafts.On theotherhand,

horizontaladvectionof largerparticlesfor longerdistancesatconstantheightrequiresadistinct

rangeof supportingupdraftspeeds,whichgenerallyarenot observedin storms.Thiscanserve

asa possibleexplanationfor the impressionfrom Fig. 5 that theupperregion of VHF sources

is morehorizontallywidespreadandmorecontinuousthanthelowerone.

4 Lightning activity and cloud microphysics

After evaluationof theVHF interferometerresultswenow incorporatetheC–bandpolarimetric

Dopplerradarmeasurements.Thisprovidesinformationon thecouplingbetweencloudmicro-

physicsandlightning dischargesnecessaryfor developingparameterizationsfor mesoscaleor
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globalmodels.Asidefrom theverticalprofileof VHF activity studiedbefore,modellerswould

needto relateflashlocationandflashrateto prognosticvariablesof their model,or quantities

derived from thesevariables. Oneof thesequantitiesis the radarreflectivity factorZ which

itself is a functionof hydrometeorcontent.As it canreadilybecomputedfrom the outputof

mesoscalecloud modelsit would be welcometo find a clear relationshipbetweenlightning

activity andreflectivity factor.

In this context it wasfoundthattheregion of high VHF activity typically wasshiftedaway

from thereflectivity coreof thesupercellstorm.Theshift wasmostlyto theleft downshearside

of thestorm’scenter, i. e. onthenorthernflankof theeast–movingstorm.To obtaininformation

on thecorrelationbetweennumberof VHF sources<>=@?�A andreflectivity factorZ, thevolume

datameasuredby theradarat1730,1745,1757,1809,1821,and1833UTC wererelatedto the

total numberof VHF sourceswithin 3 min periodsstartingat thesix givenvolumescantimes.

As theradardatawereinterpolatedontothesame1 km
�

grid asusedfor theITF data,thepoints

coulddirectlybeanalyzedfrom a scatterplot of <>=@?�A versusZ.

This is shown in Fig. 6a for thegrowing phaseof thestorm(1730,1745UTC) aswell asits

earlydecayingstagein Fig.6b (1821,1833UTC). In all four volumescansthehighestobserved

reflectivities interpolatedto thecartesian1 km
�

grid werein therangefrom 50 to 52.5dBZ. In

the developingstageof the storm,no VHF datapointsare found for Z BDC0' dBZ. Instead,

weakVHF activity is foundwith usuallylessthan10 VHF sourcesper3 min interval andper

km
�
. Thepeaknumberof 12VHF sourcesperpoint is locatedat roughly32dBZ.Thedecrease

in numberof sourcesfrom themaximumtowardslower reflectivity factorsis slower thanthat

for higherZ–values.This skewnesstowardshigherreflectivity factorsis alsofoundduringthe

decayingstageof thestorm.But quantitatively thedifferencesarelarge: thereflectivity within

grid boxeswith VHF sourcesnow extendsup to about52 dBZ andtheVHF activity itself also

hasincreasedsubstantially:many grid boxescontain10or moresourcesper3 min interval and

perkm
�

with a peakvalueof 30. In addition,thelocationof thismaximumhasshiftedtowards

higherreflectivity factors. Insteadof 32 dBZ in the earlystage,the scatterplot now peaksat

45 dBZ andthendropsoff very rapidly with increasingZ. Thedataaremorestronglyskewed

thanbefore,but in generalthe shapesof the two scatter–datasetsseemto beara similarity,

becausethedataregionof 1730and1745UTC coincideswith theleft flankof thedataregionat

1821and1833UTC. As a consequence,for Z E 25 dBZ thenumberof VHF signalsis always

lessthan5.
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This observed behavior during supercellevolution indicatesthat eithera changein con-

centrationor in size/ type of the lightning–relatedhydrometeorsmusthave taken place. The

concentrationswerenotdirectlymeasuredandcanonly beinferredfrom thepolarimetricradar

datawith considerableuncertainties.So herewe focuson the secondalternative andinspect

wethertherearedifferentpreferredhydrometeorregionswith lightning dischargesin different

stagesof thestorm.In additionwe canevaluatewhichof theseregionshasthehighestspecific

VHF emissionsperunit timeandunit volume.

To identifywhichhydrometeorswererelatedto lightningactivity in theEULINOX supercell

thehydrometeorclassificationschemedevelopedby Höller etal. (1994)andHöller (1995)was

usedtocomputethedominanthydrometeortypesin theradarscanvolumefromthepolarimetric

radardataZ, ZDR,LDR, therebytakinginto accountparticlesize,shapeandsurface(dry/ wet)

characteristics.Theclassesof Höller’sschemearesummarizedin Tab. 1. For clarity thetwelve

hydrometeorcategoriesare further merged into threemain hydrometeorgroups: cloud, rain

(classes0–2,5), graupel(classes3 and4), andhail (classes6–11).

Fig. 7 shows differenttime seriesof thesehydrometeorgroupsfrom 1730–1833UTC. In

Fig. 7a thetotalvolumeof eachhydrometeorgroupis givenasthenumberof 1 km
�

grid boxes

dominatedby this hydrometeortype. During cloudgrowth thegraupelvolumeis largest,and

only after1800UTC thehail volumestartsto increaseby afactorof threewhile thegraupelvol-

umestronglydecreases.In latestagesof thesupercellthehail volumeis largerthanthatof the

graupelregion. Fig.7b givesthetotalnumberof VHF sourcesobservedin 3 min intervalsin the

threehydrometeorregions. Thecurvesaresimilar in shapeto Fig. 7a andconfirmtheoretical

predictionsclaiminggraupelpelletsto bethebestcandidatesfor a high correlationwith light-

ning discharges.Yet again,this only holdsin thegrowing andmaturestagesof cumulonimbus

development.After 1800UTC VHF emissionsfrom thehail corequickly riseandsurpassthose

from the graupelregion from 1810UTC on. This alsoyields an explanationfor the changes

from Fig. 6a to Fig. 6b: Most lightning dischargesnow occurnearlarge hydrometeors(hail

andprobablyalsoheavy rain) resultingin largevaluesof thereflectivity factor.

Looking at the specificVHF emissionsfrom the threehydrometeorgroups,i. e. dividing

the numberof sourcesfrom Fig. 7b by thenumberof grid boxesfrom Fig. 7a, oneseesthat

for cloud,rain andgraupelthis specificratio is roughlyconstantwith time. For hail, however,

this averageratio risesafter1800UTC from roughly2 to about4 at 1821and1833UTC. This

supportsthe higherpeakin Fig. 6b andshows that in late stagesof cloud developmentthe
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hail coreandtheheavy precipitationshaftarequiteeffectiveproducersof lightningdischarges.

Onecanspeculatethatsomepercentageof thechargedgraupelpelletswill be transformedto

hailstonesduring cloud evolution andso contribute to the spacecharge in the hail core. But

theexact reasonwhy during latestormevolution hail is specificallymoreeffective thanother

hydrometeorsin producingdischargesis notobvious.

After this analysisit is worthwhileto look at thespatialdistributionof lightningdischarges

asobservedby theITF. Fig. 8 wascomputedfrom theradarvolumescanandtheVHF volume

dataon the1 km
�

cartesiangrid at 1757UTC (similar to Fig. 3 taken from thesamepoint in

time) closeto the stageof maturity of the EULINOX supercellstormon 21 July 1998. The

greyscalecoderepresentsthe main hydrometeorgroupsof Fig. 7 basedon the classification

shown in Tab. 1. The diagramshows threesectionsthroughthe radarvolume: a CAPPI and

two RHIs in 	 , 
 and 
 , 
 planes,respectively. The location of the sectionsis given by the

thin solid lines in the figure andwas chosento show regionswith as many VHF signalsas

possible.Onecandraw theconclusionfrom thisdiagramthattheVHF activity is mainly linked

to thehydrometeorclasses3 and4: mainlygraupel,to a lesserdegreesnow andsmalldry hail.

Similar picturesfrom the otheravailableradarvolumedata(not shown here)further support

this observation alreadygainedfrom Fig. 7. The vertical sectionshardly indicatea tendency

for horizontallayeringof VHF emissionsnearthe temperaturelevelspredictedby the tripole

concept: 3.5 km, 6 km, and 9 km AGL. It is apparentthat any layeredstructuresare only

establishedin specificdownshearregionsof thecloud. Thetripole modeldefinitelycannotbe

valid everywhereinsidethecloud,especiallyin regionsof very strongup anddowndraftssuch

asthestorm’scoreat (–18,–30)km (cf. Stolzenburg etal., 1998a).

This diagnosisis corroboratedby Fig. 9 focusingon the graupelregion insidethe storm.

This radarimageoffersa closerlook at theverticalstructureof individual lightningdischarges

(Höller et al., 1999b,2000). Fig. 9 is anRHI at 231� azimuthfrom POLDIRAD in Oberpfaf-

fenhofenat1741UTC, whenthesupercellwasstill stronglydeveloping.Hereonly thegraupel

field (shaded)asderivedfrom theHöller schemeis shown togetherwith nearbyindividualVHF

bursts(line segmentsandcrosses)occurringwithin a #F';$ s time and #G��$ � azimuthwindow

aroundthe RHI scan. Again the majority of VHF sourcesis found in the graupelzone,few

signalsbelongto thehail core(to theright of thegraupelregion)andthesnow regiondownshear

in theanvil (to theupperleft of thegraupelfield). Hereno horizontallayeringof thelightning

dischargescan reliably be diagnosed.Insteadthe VHF sourcesgroup vertically amongthe
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graupelparticles,leadingto awaterfall–likestructureonthedownshearsideof theeast–moving

updraftcore.

A reasonfor this might be inferredfrom Ziegler & MacGorman(1994)andStolzenburg

et al. (1998a,Figs.8 and9 therein): the graupelpelletsarenegatively chargedwhile floating

within theupdraft. As soonasthey startto fall out on thedownshearflank of theupdraft,the

charge layer plungesand due to the smallerdistanceof the now obliquecharge regions the

electromagneticfield canbecomestrongenoughto initiate lightningdischarges.

5 Discussion

Theresultsobtainedyield an instructive view of the21 July 1998EULINOX supercellstorm.

Sometheoreticalpredictionscould alreadybe corroboratedby combinationof VHF interfer-

ometryandpolarimetricDopplerradarmeasurements.Thethree–dimensionalinformationon

cloud structureandlightning activity gatheredby thesetwo systemsprovided someevidence

for charge separationdueto the riming graupel–icecrystal interactionmechanismwithin the

updraftcoreof thegrowing thundercloud.Theoreticalandexperimentalwork (Williams, 1989;

Williams et al., 1989; Saunders,1993; Brooks et al., 1997; Stolzenburg & Marshall,1998;

MacGorman& Rust,1998;Takahashiet al., 1999)hadpredictedthis closerelationbetween

lightning andgraupel,but only the three–dimensionaloverlay of radarandITF dataallowed

analysisof thezonesinsidethecloudwheredischargesweremoreor lesshorizontallylayered

or formedstructuresvertically aligneddownshearof the mainupdraft. In both casesmostof

thelightningdischargesoccurredin regionswith graupelpellets.

In thisstudywehavealsotreatedtemporalchangesof thelightning–microphysicscoupling

duringgrowth, maturity, anddecayof theEULINOX hailstorm.In additionto theresultspre-

sentedby Dotzeket al. (2000b)a significantchangein discharge–relatedhydrometeortypes

afterstormmaturitycouldbesubstantiated:insteadof graupelpelletsnow thehail coreappears

to be the main sourceof lightning VHF emissions.This explainsthe observed shift towards

higherreflectivity factorsin thescatterplot of Fig. 6b andis furthercoupledwith ahigherspe-

cific VHF emissionperunit timeandvolumecomparedto thatof thegraupelregion. Theexact

physicalprocessesleadingto theseobservedeffectsarepresentlybeinginvestigated.

Comparedto the lightning–hydrometeorcoupling, for the vertical structureof lightning

activity theresultsarelessunequivocal: in somepartsof thecloudVHF signaturesshowing a
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preferencefor horizontallayersappearedto bepresent,while in otherpartsnoevidenceof even

a convincingdipolestructurecouldbedetected.With Rust& Marshall(1996)andStolzenburg

etal. (1998a,b,c)westateherethattherealstructureof thunderstormsis farmorecomplex than

thesimpletripole concept,eventhoughthephysicalprocessespostulatedin the tripole model

arelikely to bepresentin partsof thethundercloud.

Finally, a puzzlingfeatureremainsto beaddressed:thestrongVHF activity nearthefreez-

ing level within this supercellstorm. This could indicatethat the lower (secondary)positive

chargelayerof thecumulonimbuscloudwasoverwhelminglyactive in this specialcase.Phys-

ical evidencefor thisassumptionis givenby Williams (1989)andSaunders(1993):it couldbe

dueto areversalof thesignof chargeacquiredby thegraupelasit falls into awarmerzonewith

higherliquid watercontent.Or it couldcomefrom thechargetransportfrom intracloudflashes

thatbroughtpositivechargeto themainnegative chargecenterandthenon to lower levels. In

a differentcontext Shepherdet al. (1996)alsoobservedstrongelectricfieldsandchargesnear

themeltinglayerin thestratiformpartof mesoscaleconvectivesystems.Theauthorsarguethat

a melting–chargingmechanismcouldberesponsiblefor that.

On the otherhandthe low–level negative leaderswhich werefound in the datafrom the

EULINOX supercellarelikely to behighly prominentin VHF dueto thelargerair pressureat

this low altitude(Lalande& Bondiou–Clergerie,1997). Thusthey tendto enhancethe VHF

signaturesof lightning activity there. However, the presentinvestigationwasfocusedon the

higherlevels insidethecumulonimbuscloudandon bulk statisticsof cloudmicrophysicsand

cloud electricity. Futureanalysisof other EULINOX stormsof different type will possibly

further clarify the processesthat governcloud electricitynearthe freezinglevel. This would

alsobedesirablefrom thestandpointof flight safety(Pike,2000).

6 Conclusions

During theintensiveobservationperiodof theEULINOX campaignin southernGermany dur-

ing the summerof 1998detailedmeasurementswith an unprecedentedvariety of measuring

platformswere being undertaken to clarify the NOx productiondue to lightning discharges

within thunderstorms.Both from thestandpointsof cloudchemistryandmicrophysicsthere-

sultshaveprovento bevery fruitful.

In summary, from the analysisof the radarandITF datacollectedfrom the 21 July 1998
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EULINOX supercellstormeventweconcludethefollowing:

1. cloudmicrophysicalaspectsof thunderstormelectricitycouldeffectively bestudiedwith

thecombinationof apolarimetricradarandaVHF lightningmapper,

2. in somepartsof thecumulonimbuscloud,lightningflasheswerelinkedto certainheight

regions,weaklyresemblingtheupperpositive chargecenter, thenegative region around

the–15� C altitude,anda lowerpositivechargelayernearthefreezinglevel,

3. thesecharge layerswerenot generallydetectableinsidethe cloud,especiallynot in re-

gionswherestrongconvectivemotionsdominatethecumulonimbusdynamics.Moreover,

all threelayersdid notalwaysexist simultaneously,

4. thestronglowerpositivechargecenternear0� C appearsto beapeculiarityof thissuper-

cell storm,

5. duringcloudgrowth mostVHF lightning signalswerefoundin thestormregionswhere

graupelpellets(as inferred from polarizationdiversity radar)dominated,while during

clouddecayVHF sourceswereincreasinglyemittedfrom hail andheavy rain regions.

Studyingothercasesof theEULINOX campaignwill deepentheinsightin thephysicsof light-

ning,not only within supercells,but for avarietyof otherstormtypesaswell.
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Tables

Table1: HydrometeorclassificationschemeafterHölleretal. (1994)andHöller (1995).Classes

0–2,5 (cloud,rain),3–4(graupel),and6–11(hail) form mainhydrometeorgroups(cf. Figs.7

and8).

Index HydrometeorType

0 Thin cloud(noclassification)

1 Smallraindrops

2 Rain

3 Smallgraupel,snow

4 Largegraupel(dry), smallhail (dry)

5 Rain,smallhail (wet)

6 Hail (dry)

7 Hail (wet)

8 Largehail (porous,wet)

9 Largehail (wet)

10 Rainandlargehail (wet)

11 Rainandhail
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Figurecaptions

Figure1: Map of EULINOX mainobservationarea.TheoperationcenteratDLR in Oberpfaf-

fenhofenis givenby the � symbol,thetwo ITF sensorsareshown as � symbols.Two circles

markthe10km and25km rangefrom thesouthernITF sensoratWielenbach.

Figure2: Flashratefor thesupercell(lower filled curve) andthetotal observationarea(upper

solidcurve) in thetimeperiod1530–2200UTC measuredby theITF sensor. Numbersatopthe

curvesgivethesupercellradarechotop in km AGL from 1730–1845UTC.

Figure3: Radarreflectivity factorZ for a horizontalsection(CAPPI)andtwo verticalsections

(RHI) throughthestormat1757UTC. Thethin linesgive thelocationof thecrosssections.

Figure 4: Average(1700–2000UTC) vertical profilesof 666 VHF columnscontainingone

distinctmaximum(dashed)and204VHF columnscontainingtwo (solid). Thehatchedheight

rangesmarkexpectedprobablelocationsof maincharge layersandtheir polarity accordingto

thetripolemodelon21July1998.

Figure5: Projectionof a high–altitudeIC flash. Eachsymbolcorrespondsto oneVHF source

mappedby theITF sensor. Dashedlinesdenotetheelevationlimits of theITF. Thesmallpanel

givesheightdistributionof VHF signals.

Figure6: Scatterplot of VHF sourcesper3 min interval km � � andradarreflectivity factorZ

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

Figure7: Timeseriesof numberof 1 km
�

grid boxes(a)andVHF sourcesper3 min (b) related

to threemainhydrometeorgroupsderivedfrom six POLDIRAD volumescans.

Figure8: Main hydrometeorgroups(cf. Tab. 1 andFig. 7) for onehorizontal(CAPPI)andtwo

verticalsections(RHI) throughthestormat1757UTC. Locationof thesectionsis depictedby

thin lines.CrossesmarkVHF activity in 1 km
�

grid boxesbetween1757and1800UTC.

Figure9: RHI at 231� azimuthshowing the graupelregion (shaded)in the rapidly growing

cloudat1741UTC. Nearby( #>'�$ s, #H��$ � azimuth)dischargesaregivenby crossesandlines.
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