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Abstract

A climatologyof tornadoesn Germary usingthe TorDACH databaseip to theyear2000
is presentedT hetotal numberof tornadoess 517 andthe numberof reportshasincreased
substantiallyafter 1870. Tornadoactiity is at maximumin July, and at minimum from
Novemberto February The daily distribution peaksin the afternoonand early evening
with a weak secondarymorning maximumdueto waterspoubutbreaks.In generalboth
daily andseasonairendsfollow thevariationof thunderstornactiity. Thehighest-—scale
ratingsofaris F4 andin therangefrom F1to F4 a nearlylin—log distribution of tornado
intensityis found. The low numberof reportedr0 tornadoesndicatesthat perhapsonly
every third tornadoin Germayy is reported.Also the geographicadlistribution shavs that
mary casedrom eastGermary are missing. However, threedifferentregions of typical
tornadoactiity canbe inferred: the northerncoastalregion, the hilly terrainof mid and
southerrGerman, andazoneinfluencedy Mediterraneair in summerandanorogenic
low—level wind shearin the south—west.For the latter an exampleof a tornadoalley is
given. From a conserative estimateof tornadicactiity in Germary a numberof 4 to 7
tornadoegperyearandarecurrencalensityof about0.1to 0.2a~! 10~* km~2 is deduced,
in accordancwith earlierwork. However, bothextrapolatiorbasen statisticaamguments

andthemoredetailedrecordsof recentyearssuggestaluesafactorof 3 to 4 higher
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1 Intr oduction

Tornadoespresenta violent threatto societyeven in central Europewheretheir numberis
smallerthanin the U. S. tornadobelt. Extremelyhigh valuesof windspeedand shearinside
thefunnelyield a high damagepotentialevenfor strongbuildings. Thereforeit is desirableto
obtaina completestatisticalrecordof the spatialandtemporaldistribution of tornadoego be
ableto betterestimateheregionaltornadorisk.

The Europeantornadoclimatology presentedoy Wegener(1917) still is an outstanding
reportof tornadoresearchn the early twentiethcentury As far as Germary is concerned,
Wegeners book was by far not the only work devoted to tornadoes:alreadyin the mid—
nineteentttenturypublic interestandscientificresearcton tornadoedeganto intensify. Mar-
tins (1850) provided a catalogueof guidelinesfor the obsenration of tornadoegTrombenor
Wind-/Wasserhoseim German).But only abouttwenty yearslater, Reye (1872) publisheda
longerandstill valuablemonographon tornadoesand hurricanesandtook into accountboth
eventsin Germary andaroundthe world. After World War |, tornadoresearctwascontinued
by Wegener(1928)and, for example,by Letzmann(1937)who publishedguidelinesfor tor-
nadoresearchvhicharestill valid (cf. Peterson1992a,bDotzeketal.,2000)andKoschmieder
(1940). Consideringhe time up to World War Il Petersor{1992b,p. 166) statedthattornado
researchin Europewas probablymore widespreadhanin the U.S.A. (cf. alsothe closing
remarksof Wegener1928).

In the 1950sand 1960s,however, tornadoesvere more often referredto as strangeand
rarephenomenaventhoughthe 1950shadaverylarge numberof tornadoreports.As aconse-
guencefewerscientistpublishedheirwork ontornadaheoryandcasestudiege.g. RoRmann,
1959;Markgraf,1961).However, triggeredoy somestrongtornadoe thelate 1960sandearly
1970s(e.g. Nestle,1969; Franz,1969; Wippermanret al., 1969; Euteneuer1970; Szillinsky,
1970; Werner,1973), interestof meteorologistsand the GermanweatherserviceDWD was
dravn to tornadoesgain.Relatedto the dangerpotentialof tornadoedo nuclearpower plants
(Jurksch& Cappel,1976),low—flying aircraft (Fuchs,1981),0n the occasionof a casestudy
(Fuchs& Bock, 1989),andin a generalinvestigationof low—level wind field characteristics
in Germary (Christoffer& Ulbricht—Eissing,1989), climatologicaldataon tornadoesn Ger
mary since 1945 have beenpublished. Also, Berz (1980) re—evaluatedWegeners resultsto

estimatdornadorisk from theview of reinsuranceompaniegcf. MunichRe,1998,1999).All



thesestudiesandalsomorerecentdamagesureys(e.g. Kiihnel,1994;Hubrig,1999),however,

sufferedfrom beingscatteredvithin the scientificliteratureof differentfields suchasmeteo-
rology, wind engineeringandforestsciencesBesidesmary of thesearticlesandreportswere
publishedin Germanandthusoften overlooked in foreign countries. This impressionis sup-
portedby Goliger& Milford (1997),who remarled that Wegeners andcontemporarofficial

statementd®y the DWD on tornadofrequeny in Germalry surprisinglycontradicteachothet

Similarly, Reynolds (1999) attemptedo elaboratea revisedtornadoclimatologyfor Europe.
Without taking into accountat leastthe climatologicalstatisticscited above, his analysiswas
basedninadequatelataandgave misleadingresultsfor Germauy.

In orderto provide a modernandreliable datarecordfor tornadoesn Germary, Austria,
and Switzerland(D, A, CH) the network TorDACH (http://www.op.dlrde/"padp/@rDACH/)
was initiated in 1997. It aimsat a completetornadorecordfor eachof thesecountriesalso
including casestudies(cf. Dotzeket al., 1998;Hannesen1998; Hanneseret al., 1998,2000;
Dotzek,1999,2000;Schmidetal.,2000a,bHolzer,2000a,b).

This paperfocuseson the GermanTorDACH dataasof spring2000. It is organizedasfol-
lows: afterthisbrief review of tornadaresearchn Germary from Wegenef1917)to thepresent
time, the climatologicaldataareevaluatedn Sec.2. Decadalmonthly anddaily distributions
of tornadoactvity aregivenaswell asthe preliminaryintensitydistribution of tornadoesThe
generafeographicatlistributionis addresseah Sec.3, supplementelly anexampleof awell—
definedtornadoalley in south—westGermarny. The resultsarediscussedn Sec.4 andSec.5

presentsheconclusions.

2 Statistical results

Figs.1-4shaw statisticalinformationon the presentlyknown 517tornadocasesecordedrom
15870 1999. Only caseswvhich occurredwithin the bordersof present—dayzermary have
beentaken into account. Generallyspeaking,in the twentiethcenturythe recordis not yet
completefor the periodsof World War | andll andfor eastermregionsof Germary duringthe
cold war era. Also, additionallate reportsfrom the 1990scanbe expectedwithin the next few
years.Neverthelessthe TorDACH databasés now large enoughto performa revisedanalysis

of tornadoesn Germay.



2.1 Decadaldistribution

As Fig. 1a shaws, only scatteredornadoreportsare known from the time betweenl587and
1780. After thatabout3 to 7 tornadoeger decadenerereported. Sinceapproximatelyl870
the numberof obserationshasstronglyincreasedn Germary dueto greaterpublic interest
in andpublicationson tornadoegFig. 1 b). In additionthe 1890shada numberof significant
tornadooutbreaks A decadabveragestartingin 1870(andneglectingthe 1940sdueto World
War Il) yieldsa valueof 39 tornadoeswvith a large standarddeviation of +-25 perdecade.For
Germary asa whole (356984 km?) a recurrencedensityfor tornadicthunderstormsf 0.1 to
0.2a!'10-*km=2 is found, similar to the valuesfor Switzerlandand Austriaandroughly 20
timeslessthanfor theU. S.tornadadbelt. It shouldbeemphasizethatthistime seriesalsotakes
into accountdecade# which alargenumberof tornadoesnostlik ely remainedunreportedso
the presenestimatenustratherbe considered lower boundontornadoactvity in Germauy.

To be ableto judgeon the reliablity and completenessf the time series,it is instructve
to compareit to that of Germary’s westerlyneighborFrance. Brooks & Doswell (2000, cf.
their Fig. 2) shav a barchartwith bothFrench(Desseng Snow, 1989,1993;Paul,2000)and
the GermanTorDACH tornadodatapresentedhere.Dueto climatologicalsimilaritiesbetween
Germaly andat leastnorthernregionsof Franceonewould expecta clearpositive correlation
betweentheir decadaltrendsof tornadoactvity. But eventhoughboth time seriesshov an
increasen tornadoreportsafter 1950anda minimumin the 1940s,the correlationof the two
time seriesis very weak, leadingto a correlationcoeficient of only » = 0.28 for the period
1800to 1999.

This could indicatethat the tornadoclimatologiesin the two countriesare systematically
different. A moreplausibleexplanation however, would bethe conclusiorthatin eachcountry
still mary casesf tornadicstormsare overlooked. So althoughin eachcountryby itself the
recordedcasegpresumablyepresentalid statisticalsubsetof the total numberof tornadoes,
the detectionefficiency asa function of time is highly differentbetweernFranceand Germauy.
Probablecausesredifferentpopulationdensityanddifferentlyvaryingpublic scrutiry towards
tornadoesln addition,a peculiarityof the political situationafterWorld War Il mighthave led
to theverylarge numberof detectedornadoesn the 1950sin Germaiy: the presencef mary
meteorologistén theU. S. armedforceswho werefamiliar with tornadicstorms.Similarly the
risein tornadoreportsfrom 1970to 1999is likely to be causedyy a greaterpublic avareness

thandueto climatologicalchanges.



One shouldalso be aware that most statisticson wind damagein forestshave not been
evaluatedyet for tracesof tornadicstorms. So all theseprobableeffectson tornadodetection
efficienciesindicatethat the total numberof tornadoesarelikely to substantiallyexceedthe

numberof reportspresentlyknown.

2.2 Monthly distribution

For 496 of the 517 tornadoegecordedin Germaly the exact dateor at leastthe month of
occurrenceas known. The monthlydistributionis shavn in Fig. 2. A mid—summemaximum
in July (27 %) is found,andmorethan2/3 of all casesccurfrom Juneto August. Only a few
casedave beenrecordedn winter.

As alreadyanalyzedby Wegener(1917) this kind of distribution is quite representatie
for continentalregionsof centralEuropewherethe the maximumvaluesfrom Juneto August
follow theannualrendof thunderstornactvity (Finke & Hauf,1996;Hagenetal.,1999).The
winter casespntheotherhand areoftenlinkedto the passagef strongcold frontswithin storm
cyclonesandpreferablyoccurovertheplainandhomogeneouterrainof northernGermauy.

ThemonthsJulyandAugustalsorepresenthemostprobableime for waterspoubutbreaks.
Not only arethesefoundovertheNorth or Baltic Sea but over greateldakesaswell. Lake Con-
stanceat the German—Swiss—Austridvorderis a prominentexample. In this time of yearthe
watersurfacetemperatureareat their highestandevenrapid cumuluscongestuslievelopment
may suffice to initiate waterspouformationin otherwisecalmweather

Comparedo the time seriespresentedn Sec.2.1 the monthly distribution appeardo be
stableandrepresentatke for the“real” distribution. The nearly500 caseswvailableheresuffice

to form avalid subsebf thetotal numberof tornadicstorms.

2.3 Daily distrib ution

Concerninghediurnalcycle of tornadoactvity, Fig. 3 alsoshavs theresemblancéo thetrend
of thunderstornactvity with abroadmaximumof thedistributionbetweerl500and1900LST,
i. . 1400to 1800UTC (Wegener1917;Finke & Hauf,1996;Hagenretal., 1999).However, the
numberof tornadoreportswhich give thetime of tornadoformationis muchsmallercompared
to the statisticsshavn before: only 200 of the 517 casesare classifiedwith anexacttime. A

smallambiguitycanarisefrom the useof differenttimes: UTC, LST (i. e. UTC + 1 h), or the



light savingstime duringsummerUTC + 2 h). In this paperLST is the basictime used sothe
two othernamedalternatvescanonly introducea +1 h errorwhich maybroaderany maximum
a bit. Besidesa normalizationof time (following Kelly et al., 1978)to accountfor seasonal
effectsby mappingthe time from sunriseto sunsetfor eachday of the yearto 12 normalized
“hours” hasnot beenperformed.The majority of casesoccurduringsummerwhenvariations
of daylengtharesmall,sothis simplificationappearo bejustified.

Neverthelessfrom the availablecasesthe distinctafternoommaximumof tornadicactiity
is still obvious. More than1/2 of all casesoccurfrom 1500to 1900LST. Therise of tornado
actiity setsin at aboutnoontime,simultaneougo the begin of thunderstornformation (Fin-
ke & Hauf, 1996). The secondarnpeakbetween0700and0800LST is dueto somemultiple
waterspoubutbreaks.It canonly be speculatedf it reflectsa climatologicalfact or a mere
coincidence A larger numberof tornadoesvith recordedime of occurrencewill shaow if this
maximumwill besmeareautor remainin thefuture. A physicalargumentsupportinganearly
morning maximumof waterspoutctiity could be the following: over water especiallyover
largelakes,thetemperaturelifferencebetweerthe surfaceandtheatmospheridoundarylayer
will be largestaroundsunrise. This unstablemoist boundarylayer will be highly susceptible
to ary corvectie forcing dueto cumulusdevelopmentin higherlevels andthusenhancehe

likelihoodof non—superceliornadogenesis.

2.4 Intensity distrib ution

The probabilitydensityfunctionof tornadointensityin Germayy is givenin Fig. 4 for boththe
TORRO andFujitaintensityscaleratings(Fujita& Pearson]973;Meaden;1976;Fujita,1981).
On the abscissagnly the T-scaleis shavn, but asTable 1 indicates,in practicethe T-scaleis
just the F—scalewith a spacingtwice asfine, soTO andT1 areFO0, T2 and T3 correspondo
F1,andsoon. Thefactthata given T-scaleratingis uniquelymappedo an F—scale pbut not
vice versa,is thereasorfor the differencein T andF-ratingsin thefigure. The datapresented
by Fuchs(1981)have beengivena ratingroughly correspondingo the Fujita scale but notto
the finer TORRO scale. Sothe numberof F-ratedtornadoegpresentlymorethandoublesthe
numberof T-ratings.

Asin theU.S.A., themajority of tornadoeg65 %) areweakandonly 2 to 3 % areviolent.
Thehighestobseredintensityin Germaty wasT8/ F4, althoughamongthe historicalandstill
unratedtornadoegheremay be otherviolent tornadoesvhich took placeover openfieldsand
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thereforecausednly weakdamagedespitetheir highwindspeedsNotein Fig. 4 the approxi-
matelin—log law for theright tail of the F—scalealistributionwhichis foundfor northAmerican
tornadoesswell: Brooks& Doswell (2000)reporta meannumberratio of Fjn + 1]/ F[n] of
about0.36 for supercelland0.10for non—superceleventswith n > 2. The TorDACH data
for Germary yield F4/F3=0.27,F3/F2=0.34,andF2/F1 = 0.42. Eventhoughonly about
aquarterof all Germartornadoe$iave beengivenanF-ratingyet, the slopesagreereasonably
with the Americandistributionsandindicatea preferencdor superceltornadoes.

Fig. 4 alsoshaws thatthe finerresohed T—scalerating presentlydoesnot reflectary lin—
log law. As mentioned 69 tornadoeshave only an F—ratingwhich cannotbe unambiguously
mappedo the T-scale(cf. Tablel). Thereforeherethe databasef ratedtornadoess about
halved. Besidesthe fine spacingbetweenconsecutie T-scaleds sensitve to inaccuraterat-
ings: if for instancemary T5 tornadoesarewrongly ratedas T4, thenary lin—log law in the
datais lost exceptfor avery large databasewhere+1—errorsin T-scaleratingarelikely to be
evenly distributedoverall rangesof scales Sofor the T-scaleratingwe cannotexpecta smooth
intensitydistribution until a muchlarger numberof caseshascarefullybeengivenaratingac-
cordingto the TORRO intensityscale.As the T—distribution involvestwelve classesompared
to the meresix classeof the Fujita scaleit might be aguedthatin fact morethantwice as
mary T-ratingsthanF-ratingsverenecessaryo obtaina smoothintensitydistribution overthe
TORRO scale. The reasonfor thatis the needfor a representatie subsetof all tornadoesn
eachintensityclassto make the whole distribution representate. For a certaingivennumber
of reliably ratedtornadoesn eachclass,doublingthe numberof classesneanso doublethe
minimumtotal numberof ratedevents.Soby now the situationis contraryto whatit shouldbe
(twice asmary F-ratingsthan T-ratings)andwe cannotexpecta smoothprobability function

for tornadicintensitywith T—scaleatthistime.

3 Geographicaldistrib ution

Concerninghegeographicatlistributionof tornadoactvity, Fig. 5 givesbothlocationgcircles)
of recordedornadoegcf. Wegener(1917,p. 87), Fuchs(1981,p. 9), andChristoffer& Ulb-
richt—Eissing(1989, p. 73)) anda sketchof threedifferentregionswith moreor lessuniform
climatology

Most obviousfrom looking atthedistribution of singleeventsis thelow datadensityin east
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German. Only the Berlin region makesanexceptionhere.While a higherdetectiorefficiency
for denselypopulatedareasis a well-knavn phenomenonvith tornadoand other significant
weatherstatisticsthereis no obviousclimatologicalexplanationfor thelow numberof reports
in eastGermarn. Synopticalsettingsaswell asterrainshapeor land useare highly similar
in the westernand eastermpart of the country Instead,mosttornadoesn eastGermairy from
1945to0 1990arelikely to eitherhave beenunreportedbn a nationalscale,or they have only
beenpublishedin annualreportsof forestauthoritesor otherpublicationsdifficult to access.
Thereforepresentlyno discussiorof regional effectson tornadogenesisn the easterrpart of
the countrycanbemade.lt canonly be statedagainthatthe 517tornadoesip to 1999mustbe
asubstantialnderestimatioof thetotal numberof eventsassomary casegrom eastGermary
areobviously missing:about100,assuminghe samereportdensityfor eastandwestGermary.
This correspond$o 2 to 3 missedcasesachyearfrom 1945to 1990.

In westGermary the datadensityis high enoughto allow for a regionalizationof tornado
outbreaks.Interestingly asidefrom the discussiorof the main climatologicallyhomogeneous
regions belav, notethatthereis alsoa zonewith no tornadoreportsat all in westGermauy.
It is the Rothaarmountainregion (approximatelyat51° N, 8.5 E) neartheletterb in Fig. 5.
Futureresearchwill revealif thisis a statisticalartifact or somemeteorologicatruth not yet
understood.

Waterspouieventsnearthe North and Baltic Seacoastand, most pronouncedpver lake
Constanceare very often multiple funnel tornadooutbreaks.While at lake Constancet the
German—Swiss—Austriamordermost eventsare detectedand reported,waterspoutover the
Seasoften remainunreportedas they usuallydo no damage. As mentionedin Sec.2.2 the
Germanwaterspouhigh seasons in July and August,andagainour statisticalrecordof these
eventsis notcomplete.

Focusingon tornadoe®ccurringover landwe generallycanidentify threeclimatologically

uniformregionsdenotedy a, b, cin Fig. 5. Thesearefrom Northto South

a thehomogeneouandflat terrainof northernGermary, from the coastlineto thefirst hill or

mountainranges,
b thehilly andmountainougerrainfarthersouthtowardsthe Alps,

c theUpperRhinevalley regionin south—wesGermaiy with theflat andlow—level valley base
(100to 200m ASL) andthe nearbymountainrangequpto 1500m ASL).
8



Whatappeardo berelevantin region a is a synopticsettingcharacterizedy frequentpassage
of deeplow—pressuresystemshigh upperlevel winds and,especiallyin winter, advectionof
moistandrelatively warmlow—level air from the North Seatowardsthe coast.In addition,the
boundarylayer is subjectto the jump in surfaceroughnesgrom the oceanto the coast,and
againfrom theflat terrainto the first mountainranges.Increasedurfaceroughnessesultsin
higher surfacelayer vorticity which may be transformedrom horizontalto vertical vorticity
in the presencef thunderstornupdrafts. As the orographyin northernGermauy is relatively
homogeneousjo preferencef certainregionsof tornadoactiity canbefoundexceptfor the
generaktatementhatthenorth—easterpartof thecountryseemsgo belesstornado—pronéan
the north—west:the formeris at greaterdistanceto the North Seacoast. However, dueto the
low numberof reportedcasesn eastGermary this agumentcannotyet be verified.

Thehilly andmountainouserrainin regionb shovsamorelocalizeddistribution of tornado
actvity. Hereregionalterrainforcing effectsbecomencreasinglyimportantfor tornadogene-
sis. Thelow—levelflow patternsandcornvectionarestronglyaffectedby terrainshapeland—-use,
andsurfacemoisture.As mostthunderstormandtornadoe®ccurwithin geostrophienid—level
flow from southto west(Hagenretal., 1999)theorientationof certainvalleys andridgeswill de-
terminetheorographidift which canleadto tornadofunnelformationandtouchdavn onaday
supportve of strong(andprobablysupercellularjhunderstormsAs local effectshave foundto
be soimportantin region b, a tornadofunnel may alsodissipatevery quickly if the low—level
orogenicflow patternchangesThereforethe majority of tornadopathlengthsareshorterthan
10 km. Anotherinterestingaspecin the south—easpartof region b is the factthatin central
and southernBavaria nearMunich the numberof thunderstorndaysis quite high (Finke &
Hauf, 1996),but the numberof reportedtornadoesppeardo be lower thanon averagefor all
of regionb.

The last region with well-definedclimatologicaltornadocharacteristicss found in the
south—wesbf Germalry andis denotedegioncin Fig. 5. Herethe UpperRhinevalley extends
roughly northward alongthe Swiss—Germamnd French—Germaborder In factthe synoptic
situationin summeris very similar in the Upper Rhinevalley, the region of lake Constance,
andthe SwissandFrenchJuramountaingcf. Piaget,1976;Desseng Snow, 1993).Herevery
warmandmoistair canbe adwecteddirectly from the Mediterranearseaby a south—westerly
flow towardsregion c. As aconsequencehe Black Forestregionin south—wesGermarny has

avery highthunderstornifrequeng.



In a partof region c shavn in Fig. 5 by the smallrectangleavidencefor the presencef a
tornadoalley is found: locationsanddamageswathsof recentandhistoricaltornadoesn that
areaaredepictedn Fig. 6. Thetornadoalley (Wegener1917)is locatedn awest—eastlirection
in the areaStrasbouy—Heidelbeg and northernVosgesmountains—northerBlack Forest(cf.
alsoFig. 7 for namesof geographicaplaces).ln additiona climatologicalanalysisof synoptic
situationswith deepconvectionusingprecipitationaccumulatiorderived from radardataalso
yieldsa preferencdor evennon—se&erecorvectionin the samearea(Gysi, 1998).

An explanationfor this apparentaccumulatiorof tornadoobsenationswasfoundthrough
numericalmodeling studiesusing the non—hydrostaticnesoscalanodel KAMM (Adrian &
Fiedler,1991)in anextensvely revisedversionsuitablefor simulationof deepcornvectionover
comple terrain(Dotzek,1998,1999).Hanneser§1998)supportedhesefindingsby a climato-
logical evaluationof datafrom theKarlsruheDopplerradar denotedoy + in Figs.6 and7. The
resultinglow andmid—level flow characteristicef the UpperRhinevalley region aredepicted
schematicallyn Fig. 7 for a synopticsituationwith south—westerlgeostrophidlow duringthe
summerseasonTypically thelow—level air in this situationcomesrom the Mediterranearsea
andis very warmandmoist(Ludlam,1980;Morris, 1986). Two orographidorcing effectsare
thensuperposedn this air mass.

Ontheonehand,southerlyflow prevailsin thelowest500m betweerBlack ForestandVos-
gesmountaingsolid black arronvs) advectinga shallov layer of further moistenedcandheated
air inducedby the easterrslopeof the Vosgesmountaing(thin openarrans) dueto exposure
to the sunfrom the earlymorninghourson. Northward, betweeriVosgesandPalatinianmoun-
tainsanotherwesterlyflow componenentersthe Rhinevalley between300to 1000m AGL.
This leadsto the formationof a corvergenceline (heary dashedine) wherenot only lifting is
inducedbut alsothe low—level supplyof moistwarmair is at a maximum(thin openarrows).
In theregion of thetornadoalley the necessargrographiceffects(veeringwindsin the lowest
kilometersAGL, low—level heatandmoisturecontent forcedlifting) aremostpronouncednd
facilitatethe developmenif supercellstormswith hail or tornadoesThe mostseverecasehas
beenthe T8/ F4 Pforzheimtornado(No. 11bin Fig. 6) in July 1968leadingto over 100million
DM damagawvithin thecity of Pforzheimalone(Nestle, 1969;Euteneuer] 970).Notethatsince
the setupof the Dopplerradarin Karlsruhein 1992atleastfour tornadoe$ave occurredn the
operationakadarrange(Nos. 14 to 16 of Fig. 6 andanotheronefarthernorthnearPfungstadt
on 1 May 1998),two of which (15and16) couldbe studied(Hannesertal., 1998,2000).
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4 Discussion

The TorDACH datapresentedherearein goodagreementvith the resultsof Wegener(1917).
But now thelargernumberof recordedornadooutbreakssomparedo earlierpublicationsalso
allows for more detailedanalysesof the geographicatistribution of tornadoesn Germayy.
Anothernew resultof thisinvestigations theevidencefoundfor theuniversalityof probability
densitydistribution of tornadaintensityversughe F—scale Similarto thedistributionpresented
by Brooks & Doswell (2000) for the U.S.A. and France(cf. Paul, 2000), the slopeof the
intensitydistribution follows alin—log law for F—scalevalueslargerthanone.
Adoptingthe statisticalreasoningf Brooks& Doswell (2000)by assuminghatfor a per

fectdetectiorefficiengy alsotheFOtornadoesvouldlie onalin—log probabilitydensityfunction

p(F) with slopea of theform

we canextrapolatehow mary tornadoesrelikely to “really” take placein Germary eachyear
This is certainly somavhat speculatre, but neverthelessraluableto approximatehe tornado
risk in the light of the factthatwaiting for a reasonablemountof FO tornadoego bereported
may take along periodof time. So extrapolationof the pointsfor F2 andF3 tornadoegwhich
bestreproducedhe predictedslopea = 0.36) in Fig. 4 shawvs thatthe numberof reportedF0
tornadoeshouldroughlyincreaseéyy a factorof 20, therebyincreasinghe total numberof all
tornadoedy afactorof 3. A similarreasoningoncerningheslopeof theintensitydistribution
shaws that also violent tornadoeqF4 and F5) are by now slightly underrepresentebly the
statisticalrecord,but with little effect onthe extrapolatedotal numberof tornadoes.
Combinedwith thealreadymentionedapproximately2 to 3 unreportedornadoe®achyear
in eastGermairy from 1945to 1990,this leadsto theconclusiorthatasanestimateof the“true”
number 15to 25tornadoe®ccureachyearin Germary, correspondindgo arecurrencealensity
of 0.4t00.7a ! 10~* km~2. The TorDACH datafrom recentyears(1997—2000supporithese
figures. In additionto the extrapolationabove one shouldkeepin mind that severe weather
damagestatisticsof forestauthoritiesin Germay lie largely unopenedoday andtornadoes
over watersurfacesgenerallyremainunreportedasthey seldomcausedamage For thisreason
afactorof 3 to 4 betweertotal andcurrentlyestablished&nown numberof tornadoeperyear
doesnotseento beunrealistic.lt mustbe stated however, thatthe majority of theseadditional
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tornadoesare weak and do not imply a damagepotentialincreaseof tornadoeshy the same
magnitude.

Asidefrom recordingpreferablyall tornadicstormsoccurring,assigninga properintensity
valueto eachof themis oneof theclimatologists mainissues As Tablel shaws, thefrequently
usedFujita scaleandthe TORRO scalearevery similar, bothin designandusage Ideally they
shoulddependnwindspeedilone.Dueto thelack of directwind measuremenis mostcases,
in practicethey areusuallyappliedasdamagescaleshowever. Two aspectsareworth to be
touchedhere:first, if evaluationof the TorDACH datayieldsary preferencdor oneof thetwo
scalesandsecondif andhow ratingsfrom differentregionsof theworld couldunambiguously
be compared.With the first question,either of the scaleshasits prosandcons. As became
obvious from the intensity distribution in Fig. 4, for a low numberof ratedtornadoreports,
the finespacedi—scaleis more susceptiblgo errorsin ratingandto sparselyfilled intensity
classes|eadingto the obsenred oscillationsin the T-scaleintensitydistribution. Herethe F—
scaleis lessambiguousndfurthersmoothesheintensitydistributiondueto anintegrationover
two stepsn T—scalefor onestepin F—scale However, for tornadorisk assessmenfipr example
by reinsurance&ompanies ratherpreciserating of tornadointensitywould be desirable Fur-
thermoreratherdenselyandhomogeneouslgopulatedegionslik e centralEuropeshouldmore
likely allow for suchprecisionof carefuldamagenalysesFor this reasonn the presenstudy
the T-scaleis equally appliedasthe F—scale despiteits shortcomingsconcerningthe larger
minimum requirednumberof recordedevents. In addition,dueto the perfectcompatibilty of
theT—scalewith theF—scaleeachT-valuecanbereadilytransformedo theappropriatd-——alue
(but notviceversa).Soprobablyevenin theU. S.A. whereonly the Fujitascaleis widely used,
wheneerthe precisionof availablewindspeedr damagesstimateallows, atornadoshouldbe
givena T—rating.

Any suchdatarecord,however, will only be suitablefor comparisorwith thosefrom other
regions of the world after a universalmethodof estimatingtornadointensity dependingon
windspeedilonehasbeendeveloped.Stepgo reachthis pointhave beenmadeby Fujita (1992)
and,independentlyDotzeket al. (2000). Baseduponthe perceptionthat damageo buildings
depend®ntheir structuralstrengthmakesit obviousthata worldwide—alid verbaldescription
of damagecorrespondingo a certainT or F—scalecannotexist. Fujita (1992)introducedthe
structuralstrengthof buildingsto modify the F—scaleaccordingly leadingto the so calledf—

scale. However, his approachresultsin a matrix—like classificatiorschemewhich hasnot yet
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found widespreadiuse. Dotzeket al. (2000) alsointroduceda measureof structuralbuilding
strength,the lossratio S. This term from the insurancebusinessdenotesthe percentagef
damageo anobjectto thereinstatementalueof thatobject:

Sin o lossoccurredn US$or €
0 = " "
reinstatementaluein US$or €

It is usefulhereto further discriminatebetweenlight and strongbuilding structureand so to
introduceSign, andSsuong. Thesequantitiesvalid for centralEuropearealsogivenin Tablel.
After definition of thesequantitiesit sufiicesto modify the verbaldescriptionof the intensity
scaleby consideratiorof typical architecturein a certainregion andto supplementt by the
correspondindossratios S. Thenin eachcountry separatelamagedescriptionsexist for the
windspeedntenvals of the T or F—scale(cf. Dotzek et al., 2000, for a descriptionvalid for
central Europe). In this way the introductionof multidimensionalclassificationschemess
circumwentedandthewell-knoavn TORRO or Fujitascalesareretained.It is only necessaryo
setup local damagedescriptiongelatedto the windspeedsf theintensityscale.Nevertheless,

still mary problemsn thisfield remainto besolved.

5 Conclusions

Thispaperhasassessetheclimatologyof tornadicthunderstorms Germaiy to bridgethegap
betweertheresultsof Wegene(1917)andtoday Concerninghe easterrpartof Germary and
offshoreregionsof theNorthandBaltic Seathe TorDACH databasds still quitesparseNever-
thelessa synopsisof availableclimatologicalstatisticsandDopplerradaraswell asmesoscale

modelcasestudiesshavedthat

1. asa lower bound, 4 to 7 tornadoesare spavned eachyearin Germary, leadingto a

recurrencalensityof 0.1t0 0.2a ' 104 km~2,
2. themaximummonthlyactvity is betweerMay andAugust,peakingin July (27 %),

3. themaximumdaily actwity is from 1500to 1900LST (1400to 1800UTC) with aweak
secondarynaximumin the early morninghoursdueto mid—summematerspoutorma-

tion,

4. thelargestintensitydeterminedvasT8, i. e. F4, andthe dataalreadyindicatea lin—log

supercell-dominateititensitydistribution with F—scale,
13



5. the low numberof reportedweaktornadoegT0-1, FO), waterspoutsandthe low data
densityin easterrGerman all indicatethatstill mary tornadoesreoverlookedor falsely

classifiedasnon—tornadictorms,

6. anextrapolationbasedn statisticalagumentandicatesthatthe “true” numberof torna-
doesis threeto four timesashigh asthelower boundestimategivenabore, leadingto 15
to 25tornadoe®achyear and0.4t0 0.7a-! 10~* km=2,

7. tornadoesppeato clustenn regionswith increasingsuriaceroughnesandterrainheight;

botharefactorswhich enhancehelow—level (horizontal)vorticity,

8. threeclimatologicallydifferentregionsof tornadoactvity canbeinferred: the coastline
andtheflatterrainof northernGermaiy, thehilly terrainof centralandsoutherrGermary
andthe UpperRhinevalley region in south—westGermary whereboth terrain-induced
low—level wind shearandadwectionof moist,warm Mediterraneamir facilitate (severe)

thunderstornmiormation,

9. only by merechancetornadoe$ave notyetcausednary fatalitiesin Germaiy, andtheir

damagepotentialis thereforestill underestimated.

The future of tornadoresearchin Germaily mainly relieson the point if a professionainsti-
tution will monitorandanalyzetornadooutbreaksppenthe archivesof forestauthoritiesand
eventuallyissueweatherforecastsof potentially tornadicsynopticsituations. Suchforecasts
could be expectedo triggera considerablyarger numberof tornadoreportsthanbeforeanda
greatempublicawarenes®f tornadoesn Germary. Thefirst explicit tornadowarningissuedoy

theDWD on 2 SeptembeR000is a promisingstepin this direction.
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Table1l: TORRO andFuijita scalesf tornadointensitycompiledto anequvalentwindspeed

Tables

givenin ms! andkmh~!. The velocity rangeAv of eachT-scalestepandmeanlossratios

Siight @aNdSstrong fOr centralEuropearealsoshovn.

significant

weak strong violent
Fujita FO F1 F2 F3 F4 F5
TORRO TO T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11
vinms! 17-25| 25-33 | 33-42 | 42-51 | 51-61 | 61-71 | 71-82 | 82-93 | 93—-105( 105-117| 117-130| 130-143
vinkmh™! | 764+ 14| 1044+ 14| 1354+ 16 | 1674+ 16 | 2024+ 18| 2384 18| 2754+ 20| 3154 20| 3564 22 | 400+ 22 | 4454+ 23 | 4914+ 23
Avinms! 8 8 9 9 10 10 11 11 12 12 13 13
Stignt in % 0.05 0.10 0.25 0.80 3.0 10.0 30.0 90.0 100 100 100 100
Ssrong 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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Figure captions

Figurel: Tornadoreportsperdecaden Germay, a) from 1550-184%&ndb) from 1850-1999.

Notethefactor10changean scalebetweerthetwo figures.
Figure2: Monthly variationof tornadoactvity in Germairy until 1999.
Figure3: Daily variationof tornadoactvity in Germairy until 1999.

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

numberof F—ratedornadoesoughlydoubleshe numberof T-ratings.

Figure5: Map of Germantornadosites(circles)andregionsof uniform climatologicalcharac-
teristics. Zonea denoteghe northernflatlands,b correspondso hilly or mountainougerrain
while region c is influencedby Mediterraneamir in summer The smallrectanglandicateshe

region of Fig. 6.

Figure6: Tornadoesn theUpperRhinevalley region: 1) 29 Jul 1845,2) 24 May 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 = Heidelbeg, Sb =
Saarbruckn, Str = Strasbouy, Stg = Stuttgart,Pf = Pforzheim. Orographyshadedn 200 m
stepswhite = below 200m ASL, darkgrey = abore 600m ASL. The+ denoteghelocationof

Karlsruheradar rangeringsevery 30 km.

Figure 7: Boundary—layeiflow characteristicsn the Upper Rhine valley region for south—
westerlygeostrophidlow. Bold arravs: channeledgoutherlyflow, bold dashedine: low—level
convergencedueto westerlycross—flav betweenthe Vosgesand Palatinianmountains light
arrovs: adwection of warm moist air, startingat the easternslope of the Vosgesmountains.

Terrainheightcontoursandthe + correspondo thoseof Fig. 6.
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