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Abstract

A Dopplerradarcasestudyof an F1-2tornadoin the UpperRhinevalley in Germar is
presented.The Ziegelhauseriornadotoucheddown on the hilly terrainnearHeidelbeg
in the eveningof 23 July 1996. A mini—supercellvasthe parentstormof the short—lived
funnel. During its intensificationthe Cb—cellbehaed like an ordinaryright—-moving su-
percell,but alongwith transitionto its tornadicphasea hookechodevelopedat the storms
right rearflank, indicative of anticyclonic rotation. In additiona mesayclonicin—cloud
vortex signaturewasfound higherup andandprovedto be more persistenthanthe small
antig/clonic circulation at the hook echotip. So both, parentstorm and tornadovortex
weremostlikely cyclonic, with the damageswathto the left of the mesogclone’s ground
track. Thefalseantig/clonic hook echoappearedo be causedyy small-scalerographic
forcing. Terrainstructurenearthe tornadosite may have induceda low—level antig/clonic
lee—ortex in thewake of anisolatedmountain. Vertical vorticity adwectionandorogenic
horizontaldeformatiorof theairflow couldthensene to consistentlyexplain boththefalse

hookandits senseof rotation. Climatologically the Ziegelhausemornadowasrepresenta-
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tive for mostGermantornadooutbreaks Neitherwasthe parentthunderstorrmowcastas

potentiallytornadicnor wasary warningissuedo the public.

1 Intr oduction

The UpperRhinevalley in SW Germay (cf. Fig. 1 shawving this areaand placesmentioned
in our paper)is a region with frequentthunderstorn{Cb) development(e. g. Finke & Hauf,
1996; Hagenet al., 1999). Sincethe early 1990sthe operationalC—bandDopplerradarat
Forschungszentruarlsruhe(about10 km N of the city, + in Fig. 1) senesasan efficient
meango studydeepconvectionoverthis highly structurederrainandits implicationsfor areal
precipitation(Gysi, 1998). For basicresearchof corvection—terrairinteractionghe radarhas
alsobeenappliedrecently(Hannesen]1998)alongwith mesoscalenodellingstudies(Dotzek,
1999). Thiswork leadto the conclusionthaton dayswith strongthunderstornactity thereis
alsoconsiderabl@robability of severeweather(Dotzeketal., 1998;Dotzek,2000).

For instance sincethe buildup of the radarin 1992 at leastfour tornadicstormshave oc-
curredwithin thestandardl20km radarrange:21 July 1992nearRastatt9 Septembet 995at
Oberkirch—NuRbackN in Fig. 1), 23 July 1996 at ZiegelhausemearHeidelbeg (Z andH in
Fig. 1) and1 May 1998at Pfungstadt—Hah(in 1992the radarwasnot yet operatve, in 1998
it wasoff dueto technicalreasons)As Hanneseret al. (1998)hadstudiedthe 1995Nuf3bach
tornadothe 1996Ziegelhausemornadowill bethesubjectof our presenpaper Thestormwas
at closerange(roughly50 km) to KarlsruheC—bandDopplerradar evencloserthanduringthe
1995outbreak(about70 km). After evaluationof the 1996 datawe comparethesetwo events
bothhaving originatedfrom mini—supercelstorms(cf. Kennedyetal., 1993).

The paperis organizedasfollows: in Sec.2 we describethe synopticsettingon 23 July
1996. Sec.3 presentghe radardataanalysisof the tornadicstorm. Our resultsarediscussed
andcomparedo the 9 Septembefl995Nul3bachtornadoin Sec.4. Conclusionsaredrawn in

Sec.b.

2 Synopticsetting

On 23 July 1996 strongcorvectie cells developedover the Netherlandsaroundmidday and

over Germauy in theafternoorandevening,spavning oneweaktornadoin eachcountry Fig. 2
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illustratesthe synopticsituationat 1200UTC.

CentralEuropearweathemwasdominatedy adepressiotocatedatthe NetherlandsNorth
Seacoast.Thecoldfront of thissystenstretcheautfrom N to Sandpropagate@astvard. Ap-
proximately350km aheadbf this cold front andnearlyparallelto it, a strongcornvergencdine
extendedfrom northernGermaiy towardsthe Alps. This corvergenceline leadto widespread
deepcorvection being significantly strongerthan that of the actualcold front. As reported
by Terpstra(2000), aboutat that time a weaktornadooccurredin the Netherlandswithin an
environmentof high corvectively available potentialenegy (CAPE) of 1800Jkg~! andsub-
stantialhelicity of 160 Jkg=!. As pointedout by Brooks et al. (1994) this would imply an
enegy-helicity index of 1.8 andthereforeeventhe chanceof strongtornadoes.However, in
Switzerlandand Germaiy the CAPE valueswerenot ashigh, decreasingouthvard andeast-
wardto about700Jkg~! in Payerng(Huntrieseetal.,1998)andMunich, respectiely. Herethe
tropopausevasataboutl0 km above meansealevel (ASL). Neverthelessthunderstormsver
Germary werestill intenseandchoserto be studiedwithin the LINOX experimentaktampaign
(Huntrieseretal., 1998;Hdller etal., 1999)in southernGermary, providing by chancealarge
databaséor our presentasestudy

Thecold front progresse@astvardwith ameantranslationabpeedf morethan40kmh-1
(Terpstra2000),sothefrontal corvectionreachedsouth—westersermairy ataboutl 700UTC.
At this time a line—shapedhunderstorncomplex had formed over the PalatinianMountains
(600 m ASL) andenteredthe very flat andlow—level (about100 m ASL, cf. Fig. 1) Upper

Rhinevalley. Aboutonehourlaterthetornadotoucheddown.

3 Analysisof the radar data

KarlsruheC—bandDopplerradarraw data(500m x 1° bin size)wereprocessetbr ouranalysis
to a high horizontal cartesianpixel resolutionof 250 x 250 m?. This was possibledue to
the storm’s shortdistanceof 40 to 60 km from the radarsite. Consecutie locationsof the
intensifiying Cb—cellduringtransitionto its tornadicphaseandlater decayaregivenin Fig. 3
(bullets). The equally—spacetime stepsoneto tendenotel658,1708,. .., 1828UTC. The
tornadosite (T) betweenthe 1758 and 1808 UTC radarscansis indicatedby an arrow. In
generalthe parentstormmovedfrom W to E with a meanspeedf (u,v) = (18.3,1.7) ms™!

correspondindgo about66 kmh=!. Note the slight turn towardsthe north after the stormhad
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enteredhehilly terrainof the Odenvald NE of theradar:in principlethecell travelled straight
alongthe Neckarriver valley. Tah 1 addsfurtherquantitatve informationon stormevolution
betweerll648and1918UTC: bothradarechotop Hy; 457 andreflectvity factorZ peakduring
thetornadooutbreak.

OvertheRhinevalley basintheline—shapedtormevolvedfirstinto abov—shapedell, then
into acompacstructurewith two andlateronly onedistinctreflectvity core(firstat1758UTC).
At thistime thestormenteredheNeckarvalley at Heidelbeg andbecameornadic. Thefunnel
toucheddown shortly after 1800 UTC, uprootingor snappingeven maturebeechand spruce
trees(implying T4/F1-2intensity)andinjuring several peopledriving in cars. The funnel’s
miso—\ortex developedto theleft sideof the cell's groundtrack andthencrossedver a N-S
orientedlateralvalley of the Neckarriver, sparingthe village of Ziegelhausenbut causinga
roughly 5 km long forestdamageswath within about5 min (Dittmar, 1998). During andafter
this stagethe stormformedvery heavry precipitationandmoved E, only slowly decayingand
becomingmulticellularagain.

As a siteinvestigatiorrevealed the radarwasnot ableto detectthe funnelitself dueto the
600 m high Kdnigstuhlmountainrangedirectly adjacentsouthvard to the Neckarriver. So
only for elevationsabove 2° (about2 km above radarat 50 km range)radardataevaluationis
meaningful.

Notethatplanpositionindicator(PPIl)scansat severalelevationsrevealedthatthe Cb’s core
was tilted forward roughly in the direction of meanstorm motion. Fig. 4 focuseson lower
elevation anglesand shavs a compositeof the 3° reflectvity and Doppler velocity PPIs of
1808UTC (a)and1828UTC (b) overanenlagedareaof theterrainin Fig. 1. Thesewo times
correspondo thepoints8 and10in Fig. 3. Rangeringsaregivenevery 20 km andthetornado
positionis indicatedby thearrowv. The storm’s areais contouredoy the 20 dBZ (hatchedand
43 dBZ (cross—hatchedkflectvity thresholds.Vortex signatureslerived from the measured
Dopplervelocity aregivenby the small (antigyclonic) andthelargercirculararraons (cyclonic).

In Fig. 4a,aboutthetime of tornadotouchdavn, theradarechois dominatedy a compact
coreof highreflectivity factorjust E of thetornadoposition. In additionstrongradarbeamat-
tenuationis noticeablebothstormcontoursareV-shapeadvith awedge—shapecflectvity gap
atlargerdistancdrom theradar As shavnin Tah 1 thereflectvity factorZ pealedbetweerb5
and60dBZ in thisstorm.Sucha highintensityindicatesheavy rain or hail in thethundercloud,

eventhoughno hail spike wasvisible in PPIdisplays.
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The Dopplerdatashov a mesogclonic vortex signaturgMVS) on the east,forward flank
of thestormcore. Significantmesogclonicrotationis clearlydetectablen theradardatafrom
1728UTC on andintensifyingbetweenl748and1808UTC over the hilly terrainsimultane-
ousto cloud growth to its highestechotop. At this time the MVS diameterwas about8 km
andits vertical dimensionwas 3 km, extendingfrom roughly 2 to 5 km above groundlevel.
The mesogclonehada velocity differenceof 23to 27 ms~! leadingto a horizontalshearof
0.003s7}, slightly lessthanfor the NuRbachornado(Hannesemtal., 1998),but with alarger
mesogclone.

At the southernedgeof the storma small but distinctbow or hook—shapedadarechoex-
tendsoutwardfrom the Cb—core As thereflectvity within this hook—like echoexceed43dBZ
it is not likely thatit was causedoy the propagatiorof a gustfront causedby precipitation—
inducedthunderstorrmoutflow. But if this structurewerea real hook echo,thenits curvature
would imply the presencef anantigyclonictornado.This raretype of tornadorequiresanen-
vironmentalwind vectorbackingwith heightinsteadof veeringasin thetypical right—-moving
supercelkituation.

The Dopplervelocity datain the areaof this hook echoare sparsedueto technicallimi-
tations,but nevertheless vortex signaturg(smallerandwealer thanthe mesogclone)canbe
diagnosed lts rotationalsensds indeedanticyclonic and consistentith the southernend of
theantigyclonichookecho.Sothisresultraiseshequestionf it is evidencefor ananticgyclonic
tornadovortex signaturgTVS) or if this hookechowascausedy otherdynamicaleffectsand
presents falsehook(Houzeet al., 1993). Thetornadodamageswathis closerto the track of
thelarger mesogclone,but asthe 3° radarbeamis at about2.5 km above radar i. e. roughly
2 km overthelargestterrainheightsit cannotcompletelyruledoutfrom thefirst thatthefunnel
extendedrom theantigyclonic hookechonorthwardto the obseneddamagepath.

To clarify the situationthe 3° PPI-compositat 1828UTC (Fig. 4 b, afterthe tornadohad
alreadylost groundcontactor haddissipateccompletyfor about10 min) still shows the large
cell coreandtheantigyclonichookecho,now at 3.5km above radardueto theincreasedadial
distance Thestormhasgrownin size,retainingmaximumreflectvitiesbetweerb5and60dBZ,
but with adescendingchotop (cf. Tah 1). Althoughnot clearlyapparentn this picture,radar
beamattenuatiorat higherelevationsis evenstrongerthanfor the time of tornadotouchdavn.
Dopplervelocity information still indicatesthe presenceof the cyclonic MVS, but no more

antigyclonic rotationcanbeinferrednearthe southerrendof the hook echo. It mustbe stated,
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however, that the Doppler datafor this scanare againquite sparse,especiallyat the lower
elevationangles.But while the cyclonic MVS is foundin severalelevations,no suchevidence
for antigyclonic rotation nearthe hook echotip wasfound at 1828 UTC. However, the hook
structureremainsvisible at several elevationanglesnot only at 3°. Yet for atrue anticyclonic
hookawind backingwith heightwould requirea southerlyflow componenttopthelow—level
south—westerlylow in the Neckarvalley. But thisis not supportedy our obsenrations.
Concerningthe tornados senseof rotation, we argue that this small supercellwas of the
usualcyclonic (right-moving) type andthe hook echois really a falsehook. Several obsenra-
tions supportthis judgement.First, the larger cyclonic MVS is muchmore persistenthanits
smallerantigyclonic counterpartSecondafterenteringthe UpperRhinevalley from the Pala-
tinian Mountainsthe Cb—celldevelopedits in—cloudrotationandshaveda stormmotionto the
right of the environmentalmid—level flow. Third, backingwindswith heightarenot plausible
for this synopticsetting,andfourth, the groundtrackof the cyclonicMVS matchedhetornado

damageswathbetterthanthe anticyclonic hook.

4 Discussion

The sourceof the unusualhook—shapedeflectvity structurewhich appeardo be too strong
andtoo high up to steme. g. from anarc—shapedloud line of a thunderstornoutflow is not
obviousfrom theradardataalone. Yettakinginto accountthe small-scaléerrainshapen the
regionwherethetornadoformedandthe Cbreachedts highestechotop of 12.5km ASL vyields
aplausibleconcepftfor explanation.

Fig. 5 shaws a sketchof ary relevantorographicstructureswithin a radiusof about10 km
aroundthe tornadopath (bold dashedine) togetherwith the radarobsered mesogclone’s
groundtrack (dashedpenarron) anda probableow-level flow field (bold solid arrons). The
bestcandidatefor orogenicantigyclonic vorticity generations the isolatedandalmost600m
ASL high Konigstuhlmountain.With themountainrangesN of theNeckarrivertheKonigstuhl
likely senedasanozzlefor thewesterlyairflow of theapproachinghunderstorminducingflow
convergencelifting, updraftintensificatiorandcloudgrowth (cf. Tah 1) asthe Cb—cellentered
theNeckarvalley andbecameornadic.

Dueto the orographicallyenhancedhorizontalmassflux andthe sudderbroadeningf the

Neckarvalley E of the Kdnigstuhl(the “nozzle outlet”) it is not unlikely thatin the wake of
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this mountaina transieniee—ortex developedduringthe passagef thetornadicCb—cell. Ap-
parently sucha lee—ortex musthave had an antig/clonic senseof rotation. Comparingthis
conceptualow—level flow configurationwith the hook echopositionof Fig. 4 andthe small
antigyclonicMVS therein,we find agoodagreemenbetweerthetwo. We mightarguethatthis
antigyclonic vorticity wasvertically advectedboth by the storm’s updraftand orographidift-
ing over theflatterhills E of Konigstuhlmountain.Therebywe could explain boththe wealer
antigyclonic MVS in the 3° PPlandthefalsehook echo. The formerwasthendueto vorticity
adwection, the latter dueto the horizontally diverging, but rising airflow in the Neckarvalley
which might have stretchedhe southernedgeof the storm’s precipitationregion towardsthe
SW. Also, it is reasonablehat the weak antigyclonic rotation decayedsoon after the storm
movedfurtherE from thelee—ortex position,while thehook-like cloudstructuredevelopedn
anunstablystratifiedervironmentandcouldstill beobseredat 1828UTC in Fig. 4b. Thisex-
planationis definitely conceptualbut well-supportedy the presentlyavailable obsenrations.
The underlyingdynamicsmay be evaluatedin the future using LINOX dataand fine—scale
modelsimulations.Thearchivesof the LINOX campaignHuntrieseretal., 1998;Hdller etal.,
1999)containmuchadditionalinformationonthethunderstormsf 23 July 1996.Thisincludes
2D-lightningobsenations,radiosondeand polarimetricDopplerradardatafrom POLDIRAD
in Oberpaffenhoferwhich detectedhetornadicstormat quitelarge rangebut trackedits east-
erly progressiorafterthe Cb hadleft Karlsruheradarrange.

Both the 1995and1996tornadicmini—supercellulastormsanalyzedrom Karlsruheradar
datashov mary similar aspectsexceptfor one: the NuRRbachornado(Hanneseret al., 1998)
dissipatedafterit hadenteredhe hilly terrainof the northernBlack Forest. On the contrary
thetornadonearHeidelbeg formedafterthe Cb—cellhadmovedfrom theflat Rhinevalley to
the hilly Odenwvald terrain. It shouldbe notedthat both tornadoegoucheddown in regions
wherevalleys from the surroundingmountainsopeninto the large UpperRhinevalley — the
broademNeckarvalley in the1996caseandthenarrav Renchvalley in the 1995case However,
on 9 Septembef 995 several supercellformedamidstthe UpperRhinevalley, one of which
becametornadicsoonenoughbeforethe first (and gently sloping) hill rangeswerereached.
Here the mechanismdor tornadoformationwerelinked to the wind shearwithin the Rhine
valley, so the first hills disturbedthe low—level tornadicwind field, therebydissipatingthe
funnel. On 23 July 1996the situationwasdifferent: the transitionfrom the Rhinevalley base

to thehills nearHeidelbeg is quite abruptandthe thunderstorm-relatadflow from the Upper
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Rhinevalley into the steepandnozzle—lile Neckarvalley musthave beenthe maintriggerfor
tornadogenesisn this case.

The tornadostudiedherewas not exceptional:the UpperRhinevalley is a quite tornado—
proneregionin Germaiy, leadingto atornadoalley fromW to E (Hannesewrtal.,1998;Dotzek,
2000)aswell asto a preferencdor non—s&erecorvectionin thatarea(Gysi, 1998;Hannesen,
1998). From the standpointof a Germantornadoclimatology following the work of Wege-
ner(1917),an evaluationof the TorDACH datashavedthatJuly is the mostlikely monthfor
tornadooutbreaksand4 to 7 tornadoesoccuron averageeachyearDotzek (2000). So case
studiedlik e the presenbnealsocontritute to our knowledgeof the severestormsclimatology
in Germary andfollow the conceptsoriginally developedby Johanned.etzmannduring the
first half of the 20thcentury(cf. Peterson1992;Dotzeketal., 2000).

In generalthis Dopplerradarstudy as well asthe earlier one by the authors(Hannesen
etal., 1998)substantiatethe usefulnessindthe difficultiesin detectingandanalyzingsevere
thunderstorm#én Germairy by radar Both tornadicthunderstormseadingto the 23 July 1996
andthe 9 Septembed 995tornadoesvere of the mini—superceltype (Kennedyet al., 1993;
Suzukietal., 2000). This stormtype showvs characteristic®f classicalsupercelldut is about
afactorof two smallerin size. Nowcastingthis stormtype with C—bandDopplerradarsasthe
onein Karlsruhe(or thoseoperatedy the GermanweatherserviceDWD within their national
radarnetwork) is not a simple task: radarstructuredike a hook echo, the mesogclone or
even tornadovortex signaturesare quite smallin thesestorms. Besides mini—supercellsan
berathershort—lvedandthetransitionto their tornadicphasemay be overlooked betweertwo
consecutie routineradarvolumescans.

However, both our analysesalso proposedhat Dopplerradarmeasurementare currently
the mostpromisingmeansto increaseour knowledgeon tornadoesaind otherseverethunder
stormphenomenian CentralEurope.If tornadicdamages reportedanalyzingarchved radar
datawill behelpfulto understandhetornados specificgenesisnechanismsCasestudiedike
oursand,e.g., Schmidetal. (1997)maysene astestbasedor theapplicationof severestorm
detectionalgorithmswhich shouldeventuallyleadto an operationabhutomaticmonitoringand

warningsystemnmfor nowcastingseverestormsin Europe.



5 Conclusions

Fromour casestudyof the 23 July 1996tornadooutbreaknearHeidelbeg we conclude

1. the storm was of a mini—supercelitype and occurredduring Germaiy’s tornadohigh

season,

2. the tornadoformedafter the parentstormenteredthe hilly terrainof the Neckarvalley

which alsoleadto a modifiedtrackof thethunderstorncell,

3. thetornadovortex toucheddown north (i. e. left) of thein—cloudmesogclone’s ground

track,

4. both antigyclonic falsehook echoandits anticyclonic smallvortex signatureveremost

likely causedy orogenicforcing of thelow—level flow in the Neckarvalley,

5. contraryto the NuBbachtornadowhich dissipatedwithin hilly terrain,the Ziegelhausen
tornadowasgeneratedby small-scaleéerrainforcing effects,from a thunderstornwhich

may otherwisenot have becomeornadic.

The storm’s tornadicpotentialwasnot detectedn advance.No tornadowatchor warningwas

issued.
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Tables

Table1: Life—cycle of the tornados parentstorm. Maximumreflectvities Z,,,,, andechotops

Hys 457 areshown for eachradarvolume scantime aswell asa brief characteristiof storm

evolution. Thepositionnumberdrom Fig. 3 arealsogiven. T denotegornadotouchdavn.

SCS_?téme ﬁgaz" HQE;]BZ 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 coresattenuation
17:58 50-55| 125 7 | 1core,T, attenuation
18:08 | 55-60| 12.5 8 | 1core,T, attenuation
18:18 50-55( 11.5 9 | strongestattenuation
18:28 55-60| 11.0 10 [ strongattenuation
18:38 | 50-55( 11.0 — | cellbroadening
18:48 | 50-55| 11.0 — |4cores
18:58 50-55| 10.5 - 2 cores
19:08 | 45-50| 10.5 — | 2cores
19:18 | 45-50| 10.5 — | 2cores
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Figure captions

Figurel: Geographicamapof Karlsruheradars 120km operationatange.Riversaregivenas
solid lines,orographyin 200m stepgwhite = belov 200m, darkestgrey = above 600m ASL).

H = Heidelbeg, Z = ZiegelhausenKa = Karlsruhe,N = Nu3bachat the orifice of the Rench
valley.

Figure2: NOAA satellite picture of 23 July 1996,1200UTC, with an overlay of synoptic
structuregfrom aweatherchart)atthattime. A long corvergencdine roughly350km E of the

actualfrontal zonesnducesdeepcorvectionover CentralEurope.

Figure 3: Groundtrack of parentthunderstornibullets) andtornadoposition(arrow, T). The
radarscantimesarel = 1658UTC to 10= 1828UTC in 10 min intervals(cf. Tah 1). Terrain

heightcontourshadingasin Fig. 1. Rangeringsaredravn every 20 km.

Figure4: Compositeof reflectvity andDopplervelocity dataat 1808UTC (a) and1828UTC
(b). Greyscaleshadinggivesterrainheightasin Fig. 1. The hatchedegion shavsthe 20 dBZ
area,cross—hatchings appliedfor Z > 43 dBZ. Large openring arrons denotelocationof the
mesogclone,thesmallring arrav indicateghelow—level antigyclonicrotationatthehookecho

tip. Tornadopositionis marked by thethin straightarrow (T).

Figure 5: Small-scalesketch map of the probablelow—level flow field (bold solid arrows)
aroundKonigstuhlmountain the stormtrack (opendashedarrown), andtornadodamageswath

(bold dashedine). Directionto Karlsruheradaris alsoindicated.
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