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Abstract

A Dopplerradarcasestudyof anF1–2tornadoin the UpperRhinevalley in Germany is

presented.The Ziegelhausentornadotoucheddown on the hilly terrainnearHeidelberg

in theeveningof 23 July 1996. A mini–supercellwastheparentstormof theshort–lived

funnel. During its intensificationthe Cb–cellbehaved like an ordinaryright–moving su-

percell,but alongwith transitionto its tornadicphaseahookechodevelopedat thestorm’s

right rearflank, indicative of anticyclonic rotation. In additiona mesocyclonic in–cloud

vortex signaturewasfoundhigherup andandproved to bemorepersistentthanthesmall

anticyclonic circulationat the hook echotip. So both, parentstormand tornadovortex

weremostlikely cyclonic,with thedamageswathto theleft of themesocyclone’s ground

track. Thefalseanticyclonic hookechoappearedto becausedby small–scaleorographic

forcing. Terrainstructurenearthetornadositemayhave induceda low–level anticyclonic

lee–vortex in thewake of an isolatedmountain.Verticalvorticity advectionandorogenic

horizontaldeformationof theairflow couldthenserve to consistentlyexplainboththefalse

hookandits senseof rotation.Climatologically, theZiegelhausentornadowasrepresenta-
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tive for mostGermantornadooutbreaks.Neitherwastheparentthunderstormnowcastas

potentiallytornadicnorwasany warningissuedto thepublic.

1 Intr oduction

The UpperRhinevalley in SW Germany (cf. Fig. 1 showing this areaandplacesmentioned

in our paper)is a region with frequentthunderstorm(Cb) development(e. g. Finke & Hauf,

1996; Hagenet al., 1999). Sincethe early 1990sthe operationalC–bandDoppler radarat

ForschungszentrumKarlsruhe(about10 km N of the city, � in Fig. 1) servesasan efficient

meansto studydeepconvectionover thishighly structuredterrainandits implicationsfor areal

precipitation(Gysi, 1998). For basicresearchof convection–terraininteractionsthe radarhas

alsobeenappliedrecently(Hannesen,1998)alongwith mesoscalemodellingstudies(Dotzek,

1999).This work leadto theconclusionthaton dayswith strongthunderstormactivity thereis

alsoconsiderableprobabilityof severeweather(Dotzeketal., 1998;Dotzek,2000).

For instance,sincethe buildup of the radarin 1992at leastfour tornadicstormshave oc-

curredwithin thestandard120km radarrange:21July1992nearRastatt,9 September1995at

Oberkirch–Nußbach(N in Fig. 1), 23 July 1996at ZiegelhausennearHeidelberg (Z andH in

Fig. 1) and1 May 1998at Pfungstadt–Hahn(in 1992theradarwasnot yet operative, in 1998

it wasoff dueto technicalreasons).As Hannesenet al. (1998)hadstudiedthe1995Nußbach

tornado,the1996Ziegelhausentornadowill bethesubjectof ourpresentpaper. Thestormwas

atcloserange(roughly50km) to KarlsruheC–bandDopplerradar, evencloserthanduringthe

1995outbreak(about70 km). After evaluationof the1996datawe comparethesetwo events

bothhaving originatedfrom mini–supercellstorms(cf. Kennedyetal., 1993).

The paperis organizedasfollows: in Sec.2 we describethe synopticsettingon 23 July

1996. Sec.3 presentsthe radardataanalysisof the tornadicstorm. Our resultsarediscussed

andcomparedto the9 September1995Nußbachtornadoin Sec.4. Conclusionsaredrawn in

Sec.5.

2 Synopticsetting

On 23 July 1996strongconvective cells developedover the Netherlandsaroundmiddayand

overGermany in theafternoonandevening,spawningoneweaktornadoin eachcountry. Fig.2
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illustratesthesynopticsituationat1200UTC.

CentralEuropeanweatherwasdominatedby adepressionlocatedat theNetherlands’North

Seacoast.Thecoldfront of thissystemstretchedoutfrom N to Sandpropagatedeastward.Ap-

proximately350km aheadof thiscold front andnearlyparallelto it, a strongconvergenceline

extendedfrom northernGermany towardstheAlps. This convergenceline leadto widespread

deepconvection being significantlystrongerthan that of the actualcold front. As reported

by Terpstra(2000),aboutat that time a weaktornadooccurredin the Netherlandswithin an

environmentof high convectively availablepotentialenergy (CAPE) of 1800Jkg � � andsub-

stantialhelicity of 160 Jkg � � . As pointedout by Brookset al. (1994) this would imply an

energy–helicity index of 1.8 andthereforeeven the chanceof strongtornadoes.However, in

SwitzerlandandGermany theCAPEvalueswerenot ashigh, decreasingsouthwardandeast-

wardto about700Jkg � � in Payerne(Huntrieseretal.,1998)andMunich,respectively. Herethe

tropopausewasat about10 km abovemeansealevel (ASL). Nevertheless,thunderstormsover

Germany werestill intenseandchosento bestudiedwithin theLINOX experimentalcampaign

(Huntrieseret al., 1998;Höller et al., 1999)in southernGermany, providing by chancea large

databasefor ourpresentcasestudy.

Thecold front progressedeastwardwith ameantranslationalspeedof morethan40kmh� �

(Terpstra,2000),sothefrontalconvectionreachedsouth–westernGermany atabout1700UTC.

At this time a line–shapedthunderstormcomplex hadformedover the PalatinianMountains

(600 m ASL) andenteredthe very flat and low–level (about100 m ASL, cf. Fig. 1) Upper

Rhinevalley. Aboutonehourlaterthetornadotoucheddown.

3 Analysisof the radar data

KarlsruheC–bandDopplerradarraw data(500m � 1	 bin size)wereprocessedfor ouranalysis

to a high horizontalcartesianpixel resolutionof 250 � 250 m
�
. This was possibledue to

the storm’s shortdistanceof 40 to 60 km from the radarsite. Consecutive locationsof the

intensifiyingCb–cellduringtransitionto its tornadicphaseandlaterdecayaregivenin Fig. 3

(bullets). The equally–spacedtime stepsoneto ten denote1658,1708, 
�
�
 , 1828UTC. The

tornadosite (T) betweenthe 1758 and 1808 UTC radarscansis indicatedby an arrow. In

generaltheparentstormmovedfrom W to E with a meanspeedof �����������������
�������
! "� ms� �

correspondingto about66 kmh� � . Note the slight turn towardsthe northafter thestormhad
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enteredthehilly terrainof theOdenwaldNE of theradar:in principlethecell travelledstraight

alongtheNeckarriver valley. Tab. 1 addsfurtherquantitative informationon stormevolution

between1648and1918UTC: bothradarechotop # �%$'&)(+* andreflectivity factorZ peakduring

thetornadooutbreak.

OvertheRhinevalley basintheline–shapedstormevolvedfirst into abow–shapedcell, then

intoacompactstructurewith twoandlateronlyonedistinctreflectivity core(firstat1758UTC).

At thistimethestormenteredtheNeckarvalley atHeidelberg andbecametornadic.Thefunnel

toucheddown shortly after 1800UTC, uprootingor snappingeven maturebeechandspruce

trees(implying T4/ F1–2intensity)andinjuring several peopledriving in cars. The funnel’s

miso–vortex developedto the left sideof thecell’s groundtrackandthencrossedover a N–S

orientedlateralvalley of the Neckarriver, sparingthe village of Ziegelhausen,but causinga

roughly5 km long forestdamageswathwithin about5 min (Dittmar,1998).During andafter

this stagethe stormformedvery heavy precipitationandmovedE, only slowly decayingand

becomingmulticellularagain.

As a site investigationrevealed,theradarwasnot ableto detectthefunnel itself dueto the

600 m high Königstuhlmountainrangedirectly adjacentsouthward to the Neckarriver. So

only for elevationsabove 2	 (about2 km above radarat 50 km range)radardataevaluationis

meaningful.

Notethatplanpositionindicator(PPI)scansatseveralelevationsrevealedthattheCb’score

was tilted forward roughly in the directionof meanstormmotion. Fig. 4 focuseson lower

elevation anglesand shows a compositeof the 3	 reflectivity and Doppler velocity PPIsof

1808UTC (a)and1828UTC (b) overanenlargedareaof theterrainin Fig. 1. Thesetwo times

correspondto thepoints8 and10 in Fig. 3. Rangeringsaregivenevery20km andthetornado

positionis indicatedby thearrow. Thestorm’s areais contouredby the20 dBZ (hatched)and

43 dBZ (cross–hatched)reflectivity thresholds.Vortex signaturesderived from the measured

Dopplervelocityaregivenby thesmall(anticyclonic)andthelargercirculararrows(cyclonic).

In Fig. 4a,aboutthetimeof tornadotouchdown, theradarechois dominatedby acompact

coreof high reflectivity factorjust E of thetornadoposition. In additionstrongradarbeamat-

tenuationis noticeable:bothstormcontoursareV–shapedwith awedge–shapedreflectivity gap

at largerdistancefrom theradar. As shown in Tab. 1 thereflectivity factorZ peakedbetween55

and60dBZ in thisstorm.Suchahighintensityindicatesheavy rainor hail in thethundercloud,

eventhoughnohail spikewasvisible in PPIdisplays.
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TheDopplerdatashow a mesocyclonic vortex signature(MVS) on theeast,forwardflank

of thestormcore.Significantmesocyclonic rotationis clearlydetectablein theradardatafrom

1728UTC on andintensifyingbetween1748and1808UTC over thehilly terrainsimultane-

ousto cloud growth to its highestechotop. At this time the MVS diameterwasabout8 km

andits vertical dimensionwas3 km, extendingfrom roughly 2 to 5 km above groundlevel.

Themesocyclonehada velocity differenceof 23 to 27 ms� � leadingto a horizontalshearof

0.003s� � , slightly lessthanfor theNußbachtornado(Hannesenet al., 1998),but with a larger

mesocyclone.

At thesouthernedgeof thestorma smallbut distinctbow or hook–shapedradarechoex-

tendsoutwardfrom theCb–core.As thereflectivity within thishook–likeechoexceeds43dBZ

it is not likely that it wascausedby the propagationof a gustfront causedby precipitation–

inducedthunderstormoutflow. But if this structurewerea real hook echo,thenits curvature

would imply thepresenceof ananticyclonic tornado.This raretypeof tornadorequiresanen-

vironmentalwind vectorbackingwith heightinsteadof veeringasin thetypical right–moving

supercellsituation.

The Dopplervelocity datain the areaof this hook echoaresparsedueto technicallimi-

tations,but neverthelessa vortex signature(smallerandweaker thanthemesocyclone)canbe

diagnosed.Its rotationalsenseis indeedanticyclonic andconsistentwith thesouthernendof

theanticyclonichookecho.Sothisresultraisesthequestionif it is evidencefor ananticyclonic

tornadovortex signature(TVS) or if thishookechowascausedby otherdynamicaleffectsand

presentsa falsehook(Houzeet al., 1993). Thetornadodamageswath is closerto thetrackof

the largermesocyclone,but asthe3	 radarbeamis at about2.5 km above radar, i. e. roughly

2 km over thelargestterrainheightsit cannotcompletelyruledout from thefirst thatthefunnel

extendedfrom theanticyclonichookechonorthwardto theobserveddamagepath.

To clarify thesituationthe3	 PPI–compositeat 1828UTC (Fig. 4b, after the tornadohad

alreadylost groundcontactor haddissipatedcompletyfor about10 min) still shows the large

cell coreandtheanticyclonichookecho,now at3.5km aboveradardueto theincreasedradial

distance.Thestormhasgrown in size,retainingmaximumreflectivitiesbetween55and60dBZ,

but with adescendingechotop (cf. Tab. 1). Althoughnotclearlyapparentin thispicture,radar

beamattenuationat higherelevationsis evenstrongerthanfor thetime of tornadotouchdown.

Doppler velocity informationstill indicatesthe presenceof the cyclonic MVS, but no more

anticyclonic rotationcanbeinferrednearthesouthernendof thehookecho.It mustbestated,
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however, that the Doppler datafor this scanare againquite sparse,especiallyat the lower

elevationangles.But while thecyclonic MVS is foundin severalelevations,no suchevidence

for anticyclonic rotationnearthe hook echotip wasfound at 1828UTC. However, the hook

structureremainsvisible at severalelevationangles,not only at 3	 . Yet for a trueanticyclonic

hookawind backingwith heightwould requireasoutherlyflow componentatopthelow–level

south–westerlyflow in theNeckarvalley. But this is notsupportedby ourobservations.

Concerningthe tornado’s senseof rotation,we arguethat this small supercellwasof the

usualcyclonic (right–moving) typeandthehookechois really a falsehook. Severalobserva-

tionssupportthis judgement.First, the largercyclonic MVS is muchmorepersistentthanits

smalleranticycloniccounterpart.Second,afterenteringtheUpperRhinevalley from thePala-

tinianMountainstheCb–celldevelopedits in–cloudrotationandshowedastormmotionto the

right of theenvironmentalmid–level flow. Third, backingwindswith heightarenot plausible

for thissynopticsetting,andfourth,thegroundtrackof thecyclonicMVS matchedthetornado

damageswathbetterthantheanticyclonichook.

4 Discussion

The sourceof the unusualhook–shapedreflectivity structurewhich appearsto be too strong

andtoo high up to steme. g. from anarc–shapedcloud line of a thunderstormoutflow is not

obviousfrom theradardataalone.Yet takinginto accountthesmall–scaleterrainshapein the

regionwherethetornadoformedandtheCbreachedits highestechotopof 12.5km ASL yields

a plausibleconceptfor explanation.

Fig. 5 shows a sketchof any relevantorographicstructureswithin a radiusof about10 km

aroundthe tornadopath (bold dashedline) togetherwith the radar–observed mesocyclone’s

groundtrack(dashedopenarrow) anda probablelow–level flow field (bold solidarrows). The

bestcandidatefor orogenicanticyclonic vorticity generationis the isolatedandalmost600m

ASL highKönigstuhlmountain.With themountainrangesN of theNeckarrivertheKönigstuhl

likelyservedasanozzlefor thewesterlyairflow of theapproachingthunderstorm,inducingflow

convergence,lifting, updraftintensificationandcloudgrowth (cf. Tab. 1) astheCb–cellentered

theNeckarvalley andbecametornadic.

Dueto theorographicallyenhancedhorizontalmassflux andthesuddenbroadeningof the

Neckarvalley E of the Königstuhl(the “nozzle outlet”) it is not unlikely that in the wake of
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this mountaina transientlee–vortex developedduringthepassageof thetornadicCb–cell.Ap-

parently, sucha lee–vortex musthave hadan anticyclonic senseof rotation. Comparingthis

conceptuallow–level flow configurationwith the hook echopositionof Fig. 4 andthe small

anticyclonicMVS therein,wefind agoodagreementbetweenthetwo. Wemightarguethatthis

anticyclonic vorticity wasvertically advectedbothby the storm’s updraftandorographiclift-

ing over theflatterhills E of Königstuhlmountain.Therebywe couldexplain boththeweaker

anticyclonic MVS in the3	 PPIandthefalsehookecho.Theformerwasthendueto vorticity

advection,the latter dueto the horizontallydiverging, but rising airflow in the Neckarvalley

which might have stretchedthe southernedgeof the storm’s precipitationregion towardsthe

SW. Also, it is reasonablethat the weak anticyclonic rotationdecayedsoonafter the storm

movedfurtherE from thelee–vortex position,while thehook–likecloudstructuredevelopedin

anunstablystratifiedenvironmentandcouldstill beobservedat1828UTC in Fig. 4b. Thisex-

planationis definitelyconceptual,but well–supportedby thepresentlyavailableobservations.

The underlyingdynamicsmay be evaluatedin the future using LINOX dataand fine–scale

modelsimulations.Thearchivesof theLINOX campaign(Huntrieseretal.,1998;Höller etal.,

1999)containmuchadditionalinformationonthethunderstormsof 23July1996.This includes

2D–lightningobservations,radiosondeandpolarimetricDopplerradardatafrom POLDIRAD

in Oberpfaffenhofenwhichdetectedthetornadicstormatquitelargerangebut trackedits east-

erly progressionaftertheCbhadleft Karlsruheradarrange.

Both the1995and1996tornadicmini–supercellularstormsanalyzedfrom Karlsruheradar

datashow many similar aspects,exceptfor one: theNußbachtornado(Hannesenet al., 1998)

dissipatedafter it hadenteredthe hilly terrainof the northernBlack Forest. On the contrary,

the tornadonearHeidelberg formedafter theCb–cellhadmovedfrom theflat Rhinevalley to

the hilly Odenwald terrain. It shouldbe notedthat both tornadoestoucheddown in regions

wherevalleys from thesurroundingmountainsopeninto the largeUpperRhinevalley — the

broaderNeckarvalley in the1996caseandthenarrow Renchvalley in the1995case.However,

on 9 September1995severalsupercellsformedamidstthe UpperRhinevalley, oneof which

becametornadicsoonenoughbeforethe first (andgently sloping)hill rangeswerereached.

Here the mechanismsfor tornadoformationwere linked to the wind shearwithin the Rhine

valley, so the first hills disturbedthe low–level tornadicwind field, therebydissipatingthe

funnel. On 23 July 1996thesituationwasdifferent: the transitionfrom theRhinevalley base

to thehills nearHeidelberg is quiteabruptandthethunderstorm–relatedinflow from theUpper
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Rhinevalley into thesteepandnozzle–like Neckarvalley musthave beenthemaintriggerfor

tornadogenesisin thiscase.

The tornadostudiedherewasnot exceptional:the UpperRhinevalley is a quite tornado–

proneregionin Germany, leadingtoatornadoalley from W toE(Hannesenetal.,1998;Dotzek,

2000)aswell asto a preferencefor non–severeconvectionin thatarea(Gysi,1998;Hannesen,

1998). From the standpointof a Germantornadoclimatology following the work of Wege-

ner (1917),anevaluationof theTorDACH datashowedthatJuly is themostlikely monthfor

tornadooutbreaks,and4 to 7 tornadoesoccuron averageeachyearDotzek(2000). So case

studieslike thepresentonealsocontributeto our knowledgeof theseverestormsclimatology

in Germany andfollow the conceptsoriginally developedby JohannesLetzmannduring the

first half of the20thcentury(cf. Peterson,1992;Dotzeketal., 2000).

In generalthis Doppler radarstudy as well as the earlier one by the authors(Hannesen

et al., 1998)substantiatedtheusefulnessandthedifficulties in detectingandanalyzingsevere

thunderstormsin Germany by radar. Both tornadicthunderstormsleadingto the23 July 1996

andthe 9 September1995tornadoeswereof the mini–supercelltype (Kennedyet al., 1993;

Suzukiet al., 2000). This stormtypeshows characteristicsof classicalsupercellsbut is about

a factorof two smallerin size.Nowcastingthis stormtypewith C–bandDopplerradarsasthe

onein Karlsruhe(or thoseoperatedby theGermanweatherserviceDWD within their national

radarnetwork) is not a simple task: radarstructureslike a hook echo, the mesocyclone or

even tornadovortex signaturesarequite small in thesestorms. Besides,mini–supercellscan

berathershort–livedandthetransitionto their tornadicphasemaybeoverlookedbetweentwo

consecutive routineradarvolumescans.

However, both our analysesalsoproposedthat Dopplerradarmeasurementsarecurrently

the mostpromisingmeansto increaseour knowledgeon tornadoesandotherseverethunder-

stormphenomenain CentralEurope.If tornadicdamageis reported,analyzingarchivedradar

datawill behelpful to understandthetornado’sspecificgenesismechanisms.Casestudieslike

oursand,e.g., Schmidet al. (1997)mayserve astestbasesfor theapplicationof severestorm

detectionalgorithmswhich shouldeventuallyleadto anoperationalautomaticmonitoringand

warningsystemfor nowcastingseverestormsin Europe.
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5 Conclusions

Fromourcasestudyof the23July1996tornadooutbreaknearHeidelberg weconclude

1. the storm was of a mini–supercelltype and occurredduring Germany’s tornadohigh

season,

2. the tornadoformedafter the parentstormenteredthe hilly terrainof the Neckarvalley

whichalsoleadto amodifiedtrackof thethunderstormcell,

3. thetornadovortex toucheddown north(i. e. left) of thein–cloudmesocyclone’s ground

track,

4. bothanticyclonic falsehookechoandits anticyclonic smallvortex signatureweremost

likely causedby orogenicforcingof thelow–level flow in theNeckarvalley,

5. contraryto theNußbachtornadowhich dissipatedwithin hilly terrain,theZiegelhausen

tornadowasgeneratedby small–scaleterrainforcingeffects,from a thunderstormwhich

mayotherwisenothavebecometornadic.

Thestorm’s tornadicpotentialwasnot detectedin advance.No tornadowatchor warningwas

issued.
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Tables

Table1: Life–cycle of thetornado’s parentstorm.Maximumreflectivities ,.-�/10 andechotops

# �%$�&�(+* areshown for eachradarvolumescantime aswell asa brief characteristicof storm

evolution. Thepositionnumbersfrom Fig. 3 arealsogiven.T denotestornadotouchdown.

Scantime
UTC

Z -�/10
dBZ

# �%$'&)(+*
km

Fig. 3 Remarks

16:48 45–50 10.0 – line echoSW–NE

16:58 45–50 9.5 1 broadline SW–NE

17:08 45–50 8.5 2 undularline SW–NE

17:18 45–50 9.0 3 straightline SSW–NNE

17:28 45–50 10.0 4 line echoSSW–NNE

17:38 50–55 12.0 5 bow–lineecho

17:48 55–60 12.0 6 2 cores,attenuation

17:58 50–55 12.5 7 1 core,T, attenuation

18:08 55–60 12.5 8 1 core,T, attenuation

18:18 50–55 11.5 9 strongestattenuation

18:28 55–60 11.0 10 strongattenuation

18:38 50–55 11.0 – cell broadening

18:48 50–55 11.0 – 4 cores

18:58 50–55 10.5 – 2 cores

19:08 45–50 10.5 – 2 cores

19:18 45–50 10.5 – 2 cores
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Figurecaptions

Figure1: Geographicalmapof Karlsruheradar’s120km operationalrange.Riversaregivenas

solid lines,orographyin 200m steps(white= below 200m, darkestgrey = above600m ASL).

H = Heidelberg, Z = Ziegelhausen,Ka = Karlsruhe,N = Nußbachat theorifice of theRench

valley.

Figure 2: NOAA satellitepictureof 23 July 1996, 1200 UTC, with an overlay of synoptic

structures(from aweatherchart)at thattime. A longconvergenceline roughly350km E of the

actualfrontal zonesinducesdeepconvectionoverCentralEurope.

Figure3: Groundtrackof parentthunderstorm(bullets)andtornadoposition(arrow, T). The

radarscantimesare1 = 1658UTC to 10 = 1828UTC in 10 min intervals(cf. Tab. 1). Terrain

heightcontourshadingasin Fig. 1. Rangeringsaredrawn every20km.

Figure4: Compositeof reflectivity andDopplervelocity dataat 1808UTC (a) and1828UTC

(b). Greyscaleshadinggivesterrainheightasin Fig. 1. Thehatchedregion shows the20 dBZ

area,cross–hatchingis appliedfor Z 2 43 dBZ. Largeopenring arrows denotelocationof the

mesocyclone,thesmallring arrow indicatesthelow–levelanticyclonicrotationatthehookecho

tip. Tornadopositionis markedby thethin straightarrow (T).

Figure 5: Small–scalesketch map of the probablelow–level flow field (bold solid arrows)

aroundKönigstuhlmountain,thestormtrack(opendashedarrow), andtornadodamageswath

(bolddashedline). Directionto Karlsruheradaris alsoindicated.
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