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Abstract

A climatologyof tornadoesin Germany usingtheTorDACH databaseup to theyear2000

is presented.Thetotalnumberof tornadoesis 517andthenumberof reportshasincreased

substantiallyafter 1870. Tornadoactivity is at maximumin July, andat minimum from

Novemberto February. The daily distribution peaksin the afternoonandearly evening

with a weaksecondarymorningmaximumdueto waterspoutoutbreaks.In generalboth

daily andseasonaltrendsfollow thevariationof thunderstormactivity. ThehighestF–scale

ratingso far is F4 andin therangefrom F1 to F4 a nearlylin–log distribution of tornado

intensityis found. The low numberof reportedF0 tornadoesindicatesthat perhapsonly

every third tornadoin Germany is reported.Also thegeographicaldistribution shows that

many casesfrom eastGermany aremissing. However, threedifferent regionsof typical

tornadoactivity canbe inferred: the northerncoastalregion, the hilly terrainof mid and

southernGermany, andazoneinfluencedby Mediterraneanair in summerandanorogenic

low–level wind shearin the south–west.For the latter an exampleof a tornadoalley is

given. From a conservative estimateof tornadicactivity in Germany a numberof 4 to 7

tornadoesperyearanda recurrencedensityof about0.1to 0.2a
� �

10
���

km
���

is deduced,

in accordancewith earlierwork. However, bothextrapolationbasedonstatisticalarguments

andthemoredetailedrecordsof recentyearssuggestvaluesa factorof 3 to 4 higher.
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1 Intr oduction

Tornadoespresenta violent threat to societyeven in centralEuropewheretheir numberis

smallerthanin the U.S. tornadobelt. Extremelyhigh valuesof windspeedandshearinside

thefunnelyield a high damagepotentialevenfor strongbuildings. Thereforeit is desirableto

obtaina completestatisticalrecordof thespatialandtemporaldistribution of tornadoesto be

ableto betterestimatetheregionaltornadorisk.

The Europeantornadoclimatology presentedby Wegener(1917) still is an outstanding

report of tornadoresearchin the early twentiethcentury. As far as Germany is concerned,

Wegener’s book was by far not the only work devoted to tornadoes:alreadyin the mid–

nineteenthcenturypublic interestandscientificresearchon tornadoesbeganto intensify. Mar-

tins (1850)provided a catalogueof guidelinesfor the observation of tornadoes(Trombenor

Wind-/ Wasserhosenin German).But only abouttwentyyearslater, Reye (1872)publisheda

longerandstill valuablemonographon tornadoesandhurricanesandtook into accountboth

eventsin Germany andaroundtheworld. After World War I, tornadoresearchwascontinued

by Wegener(1928)and,for example,by Letzmann(1937)who publishedguidelinesfor tor-

nadoresearchwhicharestill valid (cf. Peterson,1992a,b;Dotzeketal.,2000)andKoschmieder

(1940). Consideringthe time up to World War II Peterson(1992b,p. 166)statedthat tornado

researchin Europewasprobablymorewidespreadthan in the U.S.A. (cf. also the closing

remarksof Wegener,1928).

In the 1950sand 1960s,however, tornadoeswere more often referredto as strangeand

rarephenomenaeventhoughthe1950shadavery largenumberof tornadoreports.As aconse-

quence,fewerscientistspublishedtheirworkontornadotheoryandcasestudies(e.g.Roßmann,

1959;Markgraf,1961).However, triggeredby somestrongtornadoesin thelate1960sandearly

1970s(e.g. Nestle,1969;Franz,1969;Wippermannet al., 1969;Euteneuer,1970;Szillinsky,

1970;Werner,1973), interestof meteorologistsand the GermanweatherserviceDWD was

drawn to tornadoesagain.Relatedto thedangerpotentialof tornadoesto nuclearpowerplants

(Jurksch& Cappel,1976),low–flying aircraft (Fuchs,1981),on the occasionof a casestudy

(Fuchs& Bock, 1989),and in a generalinvestigationof low–level wind field characteristics

in Germany (Christoffer& Ulbricht–Eissing,1989),climatologicaldataon tornadoesin Ger-

many since1945have beenpublished. Also, Berz (1980)re–evaluatedWegener’s resultsto

estimatetornadorisk from theview of reinsurancecompanies(cf. MunichRe,1998,1999).All
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thesestudiesandalsomorerecentdamagesurveys(e.g.Kühnel,1994;Hubrig,1999),however,

sufferedfrom beingscatteredwithin the scientificliteratureof differentfields suchasmeteo-

rology, wind engineering,andforestsciences.Besides,many of thesearticlesandreportswere

publishedin Germanandthusoftenoverlooked in foreigncountries.This impressionis sup-

portedby Goliger& Milford (1997),who remarked thatWegener’s andcontemporaryofficial

statementsby the DWD on tornadofrequency in Germany surprisinglycontradicteachother.

Similarly, Reynolds(1999)attemptedto elaboratea revisedtornadoclimatologyfor Europe.

Without taking into accountat leastthe climatologicalstatisticscitedabove, his analysiswas

basedon inadequatedataandgavemisleadingresultsfor Germany.

In orderto provide a modernandreliabledatarecordfor tornadoesin Germany, Austria,

and Switzerland(D, A, CH) the network TorDACH (http://www.op.dlr.de/˜pa4p/TorDACH/)

was initiated in 1997. It aimsat a completetornadorecordfor eachof thesecountriesalso

includingcasestudies(cf. Dotzeket al., 1998;Hannesen,1998;Hannesenet al., 1998,2000;

Dotzek,1999,2000;Schmidetal., 2000a,b;Holzer,2000a,b).

This paperfocuseson theGermanTorDACH dataasof spring2000.It is organizedasfol-

lows: afterthisbrief review of tornadoresearchin Germany from Wegener(1917)to thepresent

time, theclimatologicaldataareevaluatedin Sec.2. Decadal,monthlyanddaily distributions

of tornadoactivity aregivenaswell asthepreliminaryintensitydistributionof tornadoes.The

generalgeographicaldistributionis addressedin Sec.3, supplementedby anexampleof awell–

definedtornadoalley in south–westGermany. The resultsarediscussedin Sec.4 andSec.5

presentstheconclusions.

2 Statistical results

Figs.1–4show statisticalinformationon thepresentlyknown 517tornadocasesrecordedfrom

1587to 1999. Only caseswhich occurredwithin the bordersof present–dayGermany have

beentaken into account. Generallyspeaking,in the twentiethcenturythe recordis not yet

completefor theperiodsof World War I andII andfor easternregionsof Germany duringthe

cold war era.Also, additionallatereportsfrom the1990scanbeexpectedwithin thenext few

years.Nevertheless,theTorDACH databaseis now largeenoughto performa revisedanalysis

of tornadoesin Germany.
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2.1
�

Decadaldistribution

As Fig. 1a shows, only scatteredtornadoreportsareknown from the time between1587and

1780. After thatabout3 to 7 tornadoesperdecadewerereported.Sinceapproximately1870

the numberof observationshasstrongly increasedin Germany dueto greaterpublic interest

in andpublicationson tornadoes(Fig. 1b). In additionthe1890shada numberof significant

tornadooutbreaks.A decadalaveragestartingin 1870(andneglectingthe1940sdueto World

War II) yieldsa valueof 39 tornadoeswith a largestandarddeviation of � 25 perdecade.For

Germany asa whole (356984 km� ) a recurrencedensityfor tornadicthunderstormsof 0.1 to

0.2 a� � 10��� km ��� is found,similar to thevaluesfor SwitzerlandandAustriaandroughly20

timeslessthanfor theU. S.tornadobelt. It shouldbeemphasizedthatthistimeseriesalsotakes

into accountdecadesin whicha largenumberof tornadoesmostlikely remainedunreported,so

thepresentestimatemustratherbeconsidereda lowerboundon tornadoactivity in Germany.

To be ableto judgeon the reliablity andcompletenessof the time series,it is instructive

to compareit to that of Germany’s westerlyneighborFrance. Brooks& Doswell (2000,cf.

theirFig. 2) show a barchartwith bothFrench(Dessens& Snow, 1989,1993;Paul,2000)and

theGermanTorDACH tornadodatapresentedhere.Dueto climatologicalsimilaritiesbetween

Germany andat leastnorthernregionsof Franceonewould expecta clearpositive correlation

betweentheir decadaltrendsof tornadoactivity. But even thoughboth time seriesshow an

increasein tornadoreportsafter1950anda minimumin the1940s,thecorrelationof thetwo

time seriesis very weak,leadingto a correlationcoefficient of only �
	���
���� for the period

1800to 1999.

This could indicatethat the tornadoclimatologiesin the two countriesaresystematically

different.A moreplausibleexplanation,however, wouldbetheconclusionthatin eachcountry,

still many casesof tornadicstormsareoverlooked. So althoughin eachcountryby itself the

recordedcasespresumablyrepresentvalid statisticalsubsetsof the total numberof tornadoes,

thedetectionefficiency asa functionof time is highly differentbetweenFranceandGermany.

Probablecausesaredifferentpopulationdensityanddifferentlyvaryingpublicscrutiny towards

tornadoes.In addition,a peculiarityof thepolitical situationafterWorld War II mighthave led

to thevery largenumberof detectedtornadoesin the1950sin Germany: thepresenceof many

meteorologistsin theU. S.armedforceswho werefamiliarwith tornadicstorms.Similarly the

rise in tornadoreportsfrom 1970to 1999is likely to becausedby a greaterpublic awareness

thandueto climatologicalchanges.
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One shouldalso be aware that most statisticson wind damagein forestshave not been

evaluatedyet for tracesof tornadicstorms.Soall theseprobableeffectson tornadodetection

efficienciesindicatethat the total numberof tornadoesare likely to substantiallyexceedthe

numberof reportspresentlyknown.

2.2 Monthly distribution

For 496 of the 517 tornadoesrecordedin Germany the exact dateor at least the month of

occurrenceis known. Themonthlydistribution is shown in Fig. 2. A mid–summermaximum

in July (27 %) is found,andmorethan2/3 of all casesoccurfrom Juneto August.Only a few

caseshavebeenrecordedin winter.

As alreadyanalyzedby Wegener(1917) this kind of distribution is quite representative

for continentalregionsof centralEuropewherethe themaximumvaluesfrom Juneto August

follow theannualtrendof thunderstormactivity (Finke& Hauf,1996;Hagenetal.,1999).The

wintercases,ontheotherhand,areoftenlinkedto thepassageof strongcoldfrontswithin storm

cyclonesandpreferablyoccurover theplainandhomogeneousterrainof northernGermany.

ThemonthsJulyandAugustalsorepresentthemostprobabletimefor waterspoutoutbreaks.

Not only arethesefoundovertheNorthor Baltic Sea,but overgreaterlakesaswell. LakeCon-

stanceat theGerman–Swiss–Austrianborderis a prominentexample. In this time of yearthe

watersurfacetemperaturesareat their highestandevenrapidcumuluscongestusdevelopment

maysuffice to initiatewaterspoutformationin otherwisecalmweather.

Comparedto the time seriespresentedin Sec.2.1 the monthly distribution appearsto be

stableandrepresentative for the“real” distribution. Thenearly500casesavailableheresuffice

to form a valid subsetof thetotalnumberof tornadicstorms.

2.3 Daily distribution

Concerningthediurnalcycleof tornadoactivity, Fig. 3 alsoshowstheresemblanceto thetrend

of thunderstormactivity with abroadmaximumof thedistributionbetween1500and1900LST,

i. e. 1400to 1800UTC (Wegener,1917;Finke& Hauf,1996;Hagenetal.,1999).However, the

numberof tornadoreportswhichgive thetimeof tornadoformationis muchsmallercompared

to the statisticsshown before: only 200of the 517 casesareclassifiedwith anexact time. A

smallambiguitycanarisefrom theuseof differenttimes:UTC, LST (i. e. UTC + 1 h), or the
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light savingstimeduringsummer(UTC + 2 h). In thispaperLST is thebasictimeused,sothe

two othernamedalternativescanonly introducea � 1 h errorwhichmaybroadenany maximum

a bit. Besides,a normalizationof time (following Kelly et al., 1978)to accountfor seasonal

effectsby mappingthe time from sunriseto sunsetfor eachdayof the yearto 12 normalized

“hours” hasnot beenperformed.Themajority of casesoccurduringsummerwhenvariations

of daylengtharesmall,sothissimplificationappearsto bejustified.

Nevertheless,from theavailablecases,thedistinctafternoonmaximumof tornadicactivity

is still obvious. More than1/2 of all casesoccurfrom 1500to 1900LST. Theriseof tornado

activity setsin at aboutnoontime,simultaneousto the begin of thunderstormformation(Fin-

ke & Hauf, 1996). Thesecondarypeakbetween0700and0800LST is dueto somemultiple

waterspoutoutbreaks.It canonly be speculatedif it reflectsa climatologicalfact or a mere

coincidence.A largernumberof tornadoeswith recordedtime of occurrencewill show if this

maximumwill besmearedoutor remainin thefuture.A physicalargumentsupportinganearly

morningmaximumof waterspoutactivity could be the following: over water, especiallyover

largelakes,thetemperaturedifferencebetweenthesurfaceandtheatmosphericboundarylayer

will be largestaroundsunrise.This unstablemoist boundarylayer will be highly susceptible

to any convective forcing dueto cumulusdevelopmentin higher levels andthusenhancethe

likelihoodof non–supercelltornadogenesis.

2.4 Intensity distribution

Theprobabilitydensityfunctionof tornadointensityin Germany is givenin Fig. 4 for boththe

TORRO andFujitaintensityscaleratings(Fujita& Pearson,1973;Meaden,1976;Fujita,1981).

On theabscissa,only theT–scaleis shown, but asTable1 indicates,in practicetheT–scaleis

just the F–scalewith a spacingtwice asfine, so T0 andT1 areF0, T2 andT3 correspondto

F1, andsoon. The fact thata givenT–scalerating is uniquelymappedto anF–scale,but not

vice versa,is thereasonfor thedifferencein T andF–ratingsin thefigure. Thedatapresented

by Fuchs(1981)have beengivena ratingroughlycorrespondingto theFujita scale,but not to

thefiner TORRO scale.So thenumberof F–ratedtornadoespresentlymorethandoublesthe

numberof T–ratings.

As in theU.S.A., themajorityof tornadoes(65%) areweakandonly 2 to 3 % areviolent.

Thehighestobservedintensityin Germany wasT8/ F4,althoughamongthehistoricalandstill

unratedtornadoestheremaybeotherviolent tornadoeswhich took placeover openfieldsand
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thereforecausedonly weakdamagedespitetheir high windspeeds.Notein Fig. 4 theapproxi-

matelin–log law for theright tail of theF–scaledistributionwhich is foundfor northAmerican

tornadoesaswell: Brooks& Doswell (2000)reporta meannumberratio of F ��������� / F ����� of

about0.36 for supercelland0.10 for non–supercelleventswith ����� . The TorDACH data

for Germany yield F4/ F3 = 0.27,F3/ F2 = 0.34,andF2/ F1 = 0.42. Eventhoughonly about

a quarterof all GermantornadoeshavebeengivenanF–ratingyet, theslopesagreereasonably

with theAmericandistributionsandindicateapreferencefor supercelltornadoes.

Fig. 4 alsoshows that thefiner–resolvedT–scaleratingpresentlydoesnot reflectany lin–

log law. As mentioned,69 tornadoeshave only an F–ratingwhich cannotbe unambiguously

mappedto the T–scale(cf. Table1). Thereforeherethe databaseof ratedtornadoesis about

halved. Besides,the fine spacingbetweenconsecutive T–scalesis sensitive to inaccuraterat-

ings: if for instancemany T5 tornadoesarewrongly ratedasT4, thenany lin–log law in the

datais lost exceptfor a very largedatabase,where � 1–errorsin T–scaleratingarelikely to be

evenlydistributedoverall rangesof scales.Sofor theT–scaleratingwecannotexpectasmooth

intensitydistribution until a muchlargernumberof caseshascarefullybeengivena ratingac-

cordingto theTORRO intensityscale.As theT–distribution involvestwelveclassescompared

to the meresix classesof the Fujita scaleit might be arguedthat in fact morethantwice as

many T–ratingsthanF–ratingswerenecessaryto obtainasmoothintensitydistributionoverthe

TORRO scale. The reasonfor that is the needfor a representative subsetof all tornadoesin

eachintensityclassto make thewholedistribution representative. For a certaingivennumber

of reliably ratedtornadoesin eachclass,doublingthe numberof classesmeansto doublethe

minimumtotalnumberof ratedevents.Soby now thesituationis contraryto whatit shouldbe

(twice asmany F–ratingsthanT–ratings)andwe cannotexpecta smoothprobability function

for tornadicintensitywith T–scaleat this time.

3 Geographicaldistrib ution

Concerningthegeographicaldistributionof tornadoactivity, Fig.5 givesbothlocations(circles)

of recordedtornadoes(cf. Wegener(1917,p. 87), Fuchs(1981,p. 9), andChristoffer& Ulb-

richt–Eissing(1989,p. 73)) anda sketchof threedifferentregionswith moreor lessuniform

climatology.

Mostobviousfrom lookingat thedistributionof singleeventsis thelow datadensityin east
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Germany. Only theBerlin regionmakesanexceptionhere.While a higherdetectionefficiency

for denselypopulatedareasis a well–known phenomenonwith tornadoandothersignificant

weatherstatistics,thereis no obviousclimatologicalexplanationfor thelow numberof reports

in eastGermany. Synopticalsettingsaswell as terrainshapeor land usearehighly similar

in thewesternandeasternpartof thecountry. Instead,mosttornadoesin eastGermany from

1945to 1990arelikely to eitherhave beenunreportedon a nationalscale,or they have only

beenpublishedin annualreportsof forestauthoritesor otherpublicationsdifficult to access.

Thereforepresentlyno discussionof regionaleffectson tornadogenesisin theeasternpartof

thecountrycanbemade.It canonly bestatedagainthatthe517tornadoesup to 1999mustbe

asubstantialunderestimationof thetotalnumberof eventsassomany casesfrom eastGermany

areobviouslymissing:about100,assumingthesamereportdensityfor eastandwestGermany.

Thiscorrespondsto 2 to 3 missedcaseseachyearfrom 1945to 1990.

In westGermany thedatadensityis high enoughto allow for a regionalizationof tornado

outbreaks.Interestingly, asidefrom thediscussionof themainclimatologicallyhomogeneous

regionsbelow, notethat thereis alsoa zonewith no tornadoreportsat all in westGermany.

It is theRothaar–mountainregion (approximatelyat 51 N, 8.5 E) nearthe letterb in Fig. 5.

Futureresearchwill reveal if this is a statisticalartifact or somemeteorologicaltruth not yet

understood.

Waterspouteventsnearthe North andBaltic Seacoastand,mostpronounced,over lake

Constancearevery often multiple funnel tornadooutbreaks.While at lake Constanceat the

German–Swiss–Austrianbordermosteventsaredetectedandreported,waterspoutsover the

Seasoften remainunreportedas they usuallydo no damage.As mentionedin Sec.2.2 the

Germanwaterspouthigh seasonis in July andAugust,andagainour statisticalrecordof these

eventsis notcomplete.

Focusingon tornadoesoccurringover landwegenerallycanidentify threeclimatologically

uniformregionsdenotedby a, b, c in Fig. 5. Thesearefrom North to South

a thehomogeneousandflat terrainof northernGermany, from thecoastlineto thefirst hill or

mountainranges,

b thehilly andmountainousterrainfarthersouthtowardstheAlps,

c theUpperRhinevalley regionin south–westGermany with theflat andlow–level valley base

(100to 200m ASL) andthenearbymountainranges(up to 1500m ASL).
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Whatappearsto berelevantin region a is a synopticsettingcharacterizedby frequentpassage

of deeplow–pressuresystems,high upper–level windsand,especiallyin winter, advectionof

moistandrelatively warmlow–level air from theNorth Seatowardsthecoast.In addition,the

boundarylayer is subjectto the jump in surfaceroughnessfrom the oceanto the coast,and

againfrom theflat terrainto thefirst mountainranges.Increasedsurfaceroughnessresultsin

highersurfacelayer vorticity which may be transformedfrom horizontalto vertical vorticity

in thepresenceof thunderstormupdrafts.As theorographyin northernGermany is relatively

homogeneous,no preferenceof certainregionsof tornadoactivity canbefoundexceptfor the

generalstatementthatthenorth–easternpartof thecountryseemsto belesstornado–pronethan

the north–west:the former is at greaterdistanceto the North Seacoast.However, dueto the

low numberof reportedcasesin eastGermany thisargumentcannotyetbeverified.

Thehilly andmountainousterrainin regionb showsamorelocalizeddistributionof tornado

activity. Hereregionalterrainforcing effectsbecomeincreasinglyimportantfor tornadogene-

sis.Thelow–level flow patternsandconvectionarestronglyaffectedby terrainshape,land–use,

andsurfacemoisture.As mostthunderstormsandtornadoesoccurwithin geostrophicmid–level

flow from southto west(Hagenetal.,1999)theorientationof certainvalleysandridgeswill de-

terminetheorographiclift whichcanleadto tornadofunnelformationandtouchdown onaday

supportiveof strong(andprobablysupercellular)thunderstorms.As localeffectshave foundto

beso importantin region b, a tornadofunnelmayalsodissipatevery quickly if the low–level

orogenicflow patternchanges.Thereforethemajority of tornadopathlengthsareshorterthan

10 km. Anotherinterestingaspectin thesouth–eastpartof region b is the fact that in central

andsouthernBavaria nearMunich the numberof thunderstormdaysis quite high (Finke &

Hauf, 1996),but thenumberof reportedtornadoesappearsto be lower thanon averagefor all

of regionb.

The last region with well–definedclimatological tornadocharacteristicsis found in the

south–westof Germany andis denotedregionc in Fig. 5. HeretheUpperRhinevalley extends

roughlynorthwardalongtheSwiss–GermanandFrench–Germanborder. In fact thesynoptic

situationin summeris very similar in the UpperRhinevalley, the region of lake Constance,

andtheSwissandFrenchJuramountains(cf. Piaget,1976;Dessens& Snow, 1993).Herevery

warmandmoistair canbeadvecteddirectly from theMediterraneanSeaby a south–westerly

flow towardsregion c. As a consequence,theBlack Forestregion in south–westGermany has

a veryhigh thunderstormfrequency.
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In a partof region c shown in Fig. 5 by thesmall rectangleevidencefor thepresenceof a

tornadoalley is found: locationsanddamageswathsof recentandhistoricaltornadoesin that

areaaredepictedin Fig.6. Thetornadoalley (Wegener,1917)is locatedin awest–eastdirection

in the areaStrasbourg–Heidelberg andnorthernVosgesmountains–northernBlack Forest(cf.

alsoFig. 7 for namesof geographicalplaces).In additiona climatologicalanalysisof synoptic

situationswith deepconvectionusingprecipitationaccumulationderivedfrom radardataalso

yieldsapreferencefor evennon–severeconvectionin thesamearea(Gysi,1998).

An explanationfor this apparentaccumulationof tornadoobservationswasfoundthrough

numericalmodelingstudiesusing the non–hydrostaticmesoscalemodel KAMM (Adrian &

Fiedler,1991)in anextensively revisedversionsuitablefor simulationof deepconvectionover

complex terrain(Dotzek,1998,1999).Hannesen(1998)supportedthesefindingsby aclimato-

logicalevaluationof datafrom theKarlsruheDopplerradar, denotedby � in Figs.6 and7. The

resultinglow andmid–level flow characteristicsof theUpperRhinevalley region aredepicted

schematicallyin Fig. 7 for asynopticsituationwith south–westerlygeostrophicflow duringthe

summerseason.Typically thelow–level air in thissituationcomesfrom theMediterraneanSea

andis very warmandmoist(Ludlam,1980;Morris, 1986).Two orographicforcingeffectsare

thensuperposedon thisair mass.

Ontheonehand,southerlyflow prevailsin thelowest500m betweenBlackForestandVos-

gesmountains(solid blackarrows) advectinga shallow layerof furthermoistenedandheated

air inducedby the easternslopeof the Vosgesmountains(thin openarrows) dueto exposure

to thesunfrom theearlymorninghourson. Northward,betweenVosgesandPalatinianmoun-

tainsanotherwesterlyflow componententersthe Rhinevalley between300 to 1000m AGL.

This leadsto theformationof a convergenceline (heavy dashedline) wherenot only lifting is

inducedbut alsothe low–level supplyof moistwarmair is at a maximum(thin openarrows).

In theregion of thetornadoalley thenecessaryorographiceffects(veeringwindsin thelowest

kilometersAGL, low–level heatandmoisturecontent,forcedlifting) aremostpronouncedand

facilitatethedevelopmentof supercellstormswith hail or tornadoes.Themostseverecasehas

beentheT8/ F4Pforzheimtornado(No. 11b in Fig.6) in July1968leadingto over100million

DM damagewithin thecity of Pforzheimalone(Nestle,1969;Euteneuer,1970).Notethatsince

thesetupof theDopplerradarin Karlsruhein 1992at leastfour tornadoeshaveoccurredin the

operationalradarrange(Nos.14 to 16 of Fig. 6 andanotheronefarthernorthnearPfungstadt

on1 May 1998),two of which(15and16)couldbestudied(Hannesenetal., 1998,2000).
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4 Discussion

TheTorDACH datapresentedherearein goodagreementwith theresultsof Wegener(1917).

But now thelargernumberof recordedtornadooutbreakscomparedto earlierpublicationsalso

allows for moredetailedanalysesof the geographicaldistribution of tornadoesin Germany.

Anothernew resultof this investigationis theevidencefoundfor theuniversalityof probability

densitydistributionof tornadointensityversustheF–scale.Similar to thedistributionpresented

by Brooks & Doswell (2000) for the U.S.A. and France(cf. Paul, 2000), the slopeof the

intensitydistribution followsa lin–log law for F–scalevalueslargerthanone.

Adoptingthestatisticalreasoningof Brooks& Doswell (2000)by assumingthat for a per-

fectdetectionefficiency alsotheF0tornadoeswouldlie onalin–logprobabilitydensityfunction
!#" F$ with slope% of theform

!&" F$'	 % F()
*,+.- % * /

wecanextrapolatehow many tornadoesarelikely to “really” takeplacein Germany eachyear.

This is certainlysomewhatspeculative, but neverthelessvaluableto approximatethe tornado

risk in thelight of thefactthatwaiting for a reasonableamountof F0 tornadoesto bereported

maytake a long periodof time. Soextrapolationof thepointsfor F2 andF3 tornadoes(which

bestreproducedthepredictedslope %0	1��
3254 ) in Fig. 4 shows that thenumberof reportedF0

tornadoesshouldroughly increaseby a factorof 20, therebyincreasingthetotal numberof all

tornadoesby afactorof 3. A similarreasoningconcerningtheslopeof theintensitydistribution

shows that also violent tornadoes(F4 and F5) are by now slightly underrepresentedby the

statisticalrecord,but with little effecton theextrapolatedtotalnumberof tornadoes.

Combinedwith thealreadymentionedapproximately2 to 3 unreportedtornadoeseachyear

in eastGermany from 1945to 1990,this leadsto theconclusionthatasanestimateof the“true”

number, 15 to 25 tornadoesoccureachyearin Germany, correspondingto a recurrencedensity

of 0.4 to 0.7a� � 10��� km ��� . TheTorDACH datafrom recentyears(1997–2000)supportthese

figures. In addition to the extrapolationabove oneshouldkeepin mind that severeweather

damagestatisticsof forestauthoritiesin Germany lie largely unopenedtoday, andtornadoes

overwatersurfacesgenerallyremainunreportedasthey seldomcausedamage.For this reason

a factorof 3 to 4 betweentotal andcurrentlyestablishedknown numberof tornadoesperyear

doesnotseemto beunrealistic.It mustbestated,however, thatthemajorityof theseadditional
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tornadoesareweakanddo not imply a damagepotentialincreaseof tornadoesby the same

magnitude.

Asidefrom recordingpreferablyall tornadicstormsoccurring,assigninga properintensity

valueto eachof themis oneof theclimatologist’smainissues.As Table1 shows,thefrequently

usedFujitascaleandtheTORRO scaleareverysimilar, bothin designandusage.Ideally they

shoulddependonwindspeedalone.Dueto thelackof directwind measurementsin mostcases,

in practicethey areusuallyappliedasdamagescales,however. Two aspectsareworth to be

touchedhere:first, if evaluationof theTorDACH datayieldsany preferencefor oneof thetwo

scalesandsecond,if andhow ratingsfrom differentregionsof theworld couldunambiguously

be compared.With the first question,eitherof the scaleshasits prosandcons. As became

obvious from the intensitydistribution in Fig. 4, for a low numberof ratedtornadoreports,

the finer–spacedT–scaleis moresusceptibleto errorsin ratingandto sparselyfilled intensity

classes,leadingto the observedoscillationsin the T–scaleintensitydistribution. Herethe F–

scaleis lessambiguousandfurthersmoothestheintensitydistributiondueto anintegrationover

two stepsin T–scalefor onestepin F–scale.However, for tornadorisk assessment,for example

by reinsurancecompaniesa ratherpreciseratingof tornadointensitywould bedesirable.Fur-

thermoreratherdenselyandhomogeneouslypopulatedregionslikecentralEuropeshouldmore

likely allow for suchprecisionof carefuldamageanalyses.For this reasonin thepresentstudy

the T–scaleis equallyappliedas the F–scale,despiteits shortcomingsconcerningthe larger

minimumrequirednumberof recordedevents. In addition,dueto theperfectcompatibiltyof

theT–scalewith theF–scaleeachT–valuecanbereadilytransformedto theappropriateF–value

(but notviceversa).Soprobablyevenin theU.S.A. whereonly theFujitascaleis widely used,

whenever theprecisionof availablewindspeedor damageestimateallows,a tornadoshouldbe

givenaT–rating.

Any suchdatarecord,however, will only besuitablefor comparisonwith thosefrom other

regions of the world after a universalmethodof estimatingtornadointensity dependingon

windspeedalonehasbeendeveloped.Stepsto reachthispointhavebeenmadeby Fujita(1992)

and,independentlyDotzeket al. (2000). Basedupontheperceptionthatdamageto buildings

dependson theirstructuralstrengthmakesit obviousthataworldwide–valid verbaldescription

of damagecorrespondingto a certainT or F–scalecannotexist. Fujita (1992)introducedthe

structuralstrengthof buildings to modify the F–scaleaccordingly, leadingto the so calledf–

scale.However, his approachresultsin a matrix–like classificationschemewhich hasnot yet
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found widespreaduse. Dotzeket al. (2000)alsointroduceda measureof structuralbuilding

strength,the loss ratio 67 . This term from the insurancebusinessdenotesthe percentageof

damageto anobjectto thereinstatementvalueof thatobject:

67 in % 	 �8�5� lossoccurredin US$or
reinstatementvaluein US$or



It is usefulhereto further discriminatebetweenlight andstrongbuilding structureandso to

introduce 67:9<;<=?>A@ and 67:BC@EDGF?HI= . Thesequantitiesvalid for centralEuropearealsogivenin Table1.

After definitionof thesequantitiesit sufficesto modify theverbaldescriptionof the intensity

scaleby considerationof typical architecturein a certainregion andto supplementit by the

correspondinglossratios 67 . Thenin eachcountryseparatedamagedescriptionsexist for the

windspeedintervals of the T or F–scale(cf. Dotzek et al., 2000, for a descriptionvalid for

centralEurope). In this way the introductionof multidimensionalclassificationschemesis

circumventedandthewell–known TORRO or Fujitascalesareretained.It is only necessaryto

setup localdamagedescriptionsrelatedto thewindspeedsof theintensityscale.Nevertheless,

still many problemsin thisfield remainto besolved.

5 Conclusions

Thispaperhasassessedtheclimatologyof tornadicthunderstormsin Germany to bridgethegap

betweentheresultsof Wegener(1917)andtoday. Concerningtheeasternpartof Germany and

offshoreregionsof theNorthandBaltic SeatheTorDACH databaseis still quitesparse.Never-

thelessa synopsisof availableclimatologicalstatisticsandDopplerradaraswell asmesoscale

modelcasestudiesshowedthat

1. as a lower bound,4 to 7 tornadoesare spawned eachyear in Germany, leadingto a

recurrencedensityof 0.1to 0.2a� � 10��� km ��� ,
2. themaximummonthlyactivity is betweenMay andAugust,peakingin July (27%),

3. themaximumdaily activity is from 1500to 1900LST (1400to 1800UTC) with a weak

secondarymaximumin theearlymorninghoursdueto mid–summerwaterspoutforma-

tion,

4. the largestintensitydeterminedwasT8, i. e. F4, andthedataalreadyindicatea lin–log

supercell–dominatedintensitydistributionwith F–scale,
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5. the low numberof reportedweaktornadoes(T0–1, F0), waterspouts,andthe low data

densityin easternGermany all indicatethatstill many tornadoesareoverlookedor falsely

classifiedasnon–tornadicstorms,

6. anextrapolationbasedonstatisticalargumentsindicatesthatthe“true” numberof torna-

doesis threeto four timesashighasthelowerboundestimategivenabove,leadingto 15

to 25 tornadoeseachyear, and0.4to 0.7a� � 10��� km ��� ,
7. tornadoesappeartoclusterin regionswith increasingsurfaceroughnessandterrainheight;

botharefactorswhichenhancethelow–level (horizontal)vorticity,

8. threeclimatologicallydifferentregionsof tornadoactivity canbe inferred: thecoastline

andtheflat terrainof northernGermany, thehilly terrainof centralandsouthernGermany

andthe UpperRhinevalley region in south–westGermany whereboth terrain–induced

low–level wind shearandadvectionof moist,warmMediterraneanair facilitate(severe)

thunderstormformation,

9. only by merechance,tornadoeshavenotyetcausedmany fatalitiesin Germany, andtheir

damagepotentialis thereforestill underestimated.

The future of tornadoresearchin Germany mainly relieson the point if a professionalinsti-

tution will monitorandanalyzetornadooutbreaks,openthearchivesof forestauthorities,and

eventually issueweatherforecastsof potentiallytornadicsynopticsituations. Suchforecasts

couldbeexpectedto triggera considerablylargernumberof tornadoreportsthanbeforeanda

greaterpublicawarenessof tornadoesin Germany. Thefirst explicit tornadowarningissuedby

theDWD on2 September2000is apromisingstepin thisdirection.
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Tables

Table1: TORRO andFujita scalesof tornadointensitycompiledto anequivalentwindspeedJ
given in ms� � andkmh � � . Thevelocity rangeKLJ of eachT–scalestepandmeanlossratios

67:9<;<=?>M@ and 67:BC@EDGF?HI= for centralEuropearealsoshown.

significant

weak strong violent

Fujita F0 F1 F2 F3 F4 F5

TORRO T0 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11

N in msO P 17– 25 25– 33 33– 42 42– 51 51– 61 61– 71 71– 82 82– 93 93– 105 105– 117 117– 130 130– 143

N in kmh O P 76 Q 14 104 Q 14 135 Q 16 167 Q 16 202 Q 18 238 Q 18 275 Q 20 315 Q 20 356 Q 22 400 Q 22 445 Q 23 491 Q 23R N in msO P 8 8 9 9 10 10 11 11 12 12 13 13ST U V W X Y
in % 0.05 0.10 0.25 0.80 3.0 10.0 30.0 90.0 100 100 100 100ST Z Y [ \ ] W
in % 0.01 0.05 0.10 0.25 0.80 3.0 10.0 30.0 60.0 80.0 90.0 95.0
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Figurecaptions

Figure1: Tornadoreportsperdecadein Germany, a) from 1550–1849andb) from 1850–1999.

Notethefactor10changein scalebetweenthetwo figures.

Figure2: Monthly variationof tornadoactivity in Germany until 1999.

Figure3: Daily variationof tornadoactivity in Germany until 1999.

Figure 4: T and F–scaleprobability density functions,1587–1999. Note that presentlythe

numberof F–ratedtornadoesroughlydoublesthenumberof T–ratings.

Figure5: Mapof Germantornadosites(circles)andregionsof uniformclimatologicalcharac-

teristics. Zonea denotesthenorthernflatlands,b correspondsto hilly or mountainousterrain

while region c is influencedby Mediterraneanair in summer. Thesmallrectangleindicatesthe

regionof Fig. 6.

Figure6: Tornadoesin theUpperRhinevalley region: 1) 29Jul1845,2) 24May 1878,3) 4 Jul

1885,4) 1 Jul 1895,5) 11 May 1910,6) End Sep1913,7) 7 Jun1952,8) 10 Aug 1959,9)

13 Aug 1952,10) 27 Apr 1960,11 a,b)10 Jul 1968,12) 8 May 1985,13 a,b) 23 Jul 1986,

14) 21 Jul 1992,15) 9 Sep1995,16) 23 Jul 1996. Ka = Karlsruhe,Hd = Heidelberg, Sb =

Saarbrücken, Str = Strasbourg, Stg = Stuttgart,Pf = Pforzheim. Orographyshadedin 200 m

steps,white= below 200m ASL, darkgrey = above600m ASL. The � denotesthelocationof

Karlsruheradar, rangeringsevery30km.

Figure 7: Boundary–layerflow characteristicsin the Upper Rhine valley region for south–

westerlygeostrophicflow. Bold arrows: channeledsoutherlyflow, bold dashedline: low–level

convergencedue to westerlycross–flow betweenthe VosgesandPalatinianmountains,light

arrows: advectionof warm moist air, startingat the easternslopeof the Vosgesmountains.

Terrainheightcontoursandthe � correspondto thoseof Fig. 6.
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