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Abstract

Weaddresstheissueto determineanappropriategeneralfunctionalshapeof observedtor-

nadointensitydistributions. Recently, it wassuggestedthat in the limit of long andlarge

tornadorecords,exponentialdistributionsover all positive Fujita or TORRO scaleclasses

would result. Yet our analysisshows thatevenfor largedatabasesobservationscontradict

thevalidity of exponentialdistributionsfor weak(F0)andviolent(F5) tornadoes.Weshow

that observed tornadointensitiescanbe muchbetterdescribedby Weibull distributions,

for which an exponentialremainsa specialcase. Weibull fits in either � or F scalere-

producetheobservationssignificantlybetterthanexponentials.In addition,we suggestto

applytheoriginal definitionof negative intensityscalesdown to F-2 andT-4 (correspond-

ing to ���
	 ms� � ) at leastfor climatologicalanalyses.Weibull distributionsallow for

an improved risk assessmentof violent tornadoesup to F6, andbetterestimatesof total

tornadooccurrence,degreeof underreporting,andexistenceof subcriticaltornadiccircu-

lationsbelow damagingintensity. Therefore,our resultsarerelevantfor climatologistsand

risk assessmentmanagersalike.

Keywords: Tornado;IntensityDistribution; StatisticalClimatology;RiskAssessment
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1 Introduction

Intensityof tornadicstorms,measuredeitherby Fujita’sF scaleor its twice–as–finecounterpart,

TORRO’s T scale(Fujita andPearson,1973;Meaden,1976;Fujita, 1981,cf. alsoTable1), is

a quantityof greatpracticalimportance.This holdsfrom both thepoint of view of individual

tornadovictims, the insuranceindustry, andthe climatologistevaluatingstatisticalproperties

of tornadointensitydistributions.To know whatpercentageof reportedtornadoesis weak(F0,

F1),strong(F2,F3)or violent(F4,F5) is necessaryto estimatetornadorisk atagivenspot(e.g.

Thom,1963)or for a wholecountry(e.g. Kelly etal., 1978;Schaeferetal., 1986).

Theissueof theactualshapeof anaveragetornadointensitydistributionisevenmoreimpor-

tant. If thereis someuniversalshapeof thedistribution,at leastfor largeenoughdatasamples,

thenthiswouldallow notonly for anestimateof risk, but alsofor anassessmentof tornadoun-

derreportingdependingonF or T scale,andanestimateof total tornadonumberto beexpected

in agivencountryor region.

SincetheEuropeanConferenceon TornadoesandSevereStorms,ETSS2000in Toulouse

(Snow andDessens,2001),it hasbecomeapparentthatfor theUSA andmany countriesin Eu-

rope,SouthAmerica,andotherpartsof theworld, very similar–lookingintensitydistributions

werefound(BrooksandDoswell,2001;Dotzek,2001).Thesedistributionsshowedanearlyex-

ponentialdistributionin theintensityrangefrom F2to F4(T4 to T9). Only for F5,andtheweak

F0 andF1 tornadoes,thedistribution shapedeviatedfrom theexponentialform. As discussed

by Brooks(2000),BrooksandDoswell(2001),Dotzek(2002),andshown in Fig. 1, with ongo-

ing augmentationof tornadodatabases,theobservedintensitydistributionsshouldapproachthe

exponentialfor all F or T scaleclasses.As Fig. 2ashows, thetornadodatafor thewholeUSA

followed this trendover the last decades.Nevertheless,the questionremainedif exponential

distributionsdo indeedpresentthe naturalor physicallimit for any growing nationaltornado

record,or if otherdistributionshapesweremoreappropriate.As mentionedabove,finding the

right shapeof intensitydistributionsis highly relevantfor risk assessmentandclimatology.

Theseissuesare addressedin our paper. Sec.2 reviews datafrom the USA and many

othercountriesworldwide,with a specialanalysisfor Germany. Sec.3 developsthestatistical

modelingprocedurefor tornadointensitydistributionsandevaluatesit with datafrom various

countriesworldwide. Secs.4 and5 presentdiscussionandconclusions.TheAppendixgives

theraw F scaledatabaseusedin our investigation.
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2 Intensity distribution data

Due to the formal equivalenceof the Fujita andTORRO intensityscales,we will apply them

interchangeablyin our paper. Fig. 1 andTable1 illustratethe interrelationbetweenthe two

scales. In particular, we will usuallydepict intensitydistributionswith F scaleon a T scale

abscissain Figs.2–4asthisenablessimultaneousplottingof databasedoneitherF or T scale.

2.1 USA data

Lookingat theUSA datarecordfirst, Fig. 2ashowsthehistoricalevolutionof theUSA tornado

intensitydistribution functions,averagedover the decadesfrom 1920up to 1999. From F2

to F4 intensity, all curvesdo indeedfall into a distinct rangewith uniform slopein this lin–

log diagram. Further, it becomesevident that the older distributionsaremuchmorecurved

to the right (low numberof weaktornadoes,super–exponentialdecayfor violent tornadoes),

andbiasedto the strongertornadoes,thanthe onesfrom about1950on. The 1990swith the

largestnumberof reports,andalsothebestinfrastructureto detecttornadicstorms,displayonly

very slight curvatureto the right andseemto provide evidencefor a temporaltransitionto an

exponentialdisributionasschematicallyillustratedin Fig. 1.

Whenlooking at regional dataon a state–sizedlevel for the 1990sin Fig. 2b, compared

to the distribution for the whole USA, obviously significantcurvatureto the right andalsoa

varietyof slopesin the F2 to F4 rangeremains.As depictedin Fig. 2c, BrooksandDoswell

(2001)wereableto show that the averageslopeapparentlyis an indicator for dominanceof

supercellovernon–supercelltornadoes.RegionslikeFlorida,theFrontRangeor theWestCoast

statesCalifornia (CA), Oregon (OR), andWashington(WA) experiencemany non–supercell

tornadoes.Accordingly, their intensitydistributionhasamuchsteeperslopethanfor thestorms

in thesocalled“tornadoalley” comprisingOklahoma(OK), Kansas(KS), andNebraska(NE).

So,while theslopescouldbeassignedphysicalmeaning,thecurvatureto the right presentin

thesedifferentdistributionsremainedunresolved.

To clarify thisfurther, andto makethedatamorecomparableto Europeancountries,Fig. 3a

shows the decadaltornadointensitydataonly for the stateof Oklahomafrom 1950to 1999.

Beingin theheartof tornadoalley, andcomparableto thesizeof typicalEuropeancountries,it

is better–suitedfor comparisonsthanthewholeUSA.Again,wehaveplottedthedistributionas
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aprobabiliydensityfunction �� F� overT scale,with thedatagivenfor F scaleonly. Apparently,

the slopeof the curvesin the intermediateintensityrangeis roughly equal,but even the data

for the1990sstill displayconsiderablecurvatureto theright, especiallyfor strongandviolent

tornadoes.

The questionmay be raisedif, contraryto prior assumptions,this curvaturedoesindeed

representthe real climatologicalconditions,andif the nearlyexponentialshapeof the 1990s

intensitydatafor thewholeUSA is a meresmoothingartifactcomingfrom themergerof data

from regionswith distincttornadoclimatologies.

2.2 International data

Whendatafrom countriesworldwideareconcerned,thereis usuallya muchsmallerdatabase

availablethanfor theUSA (e.g. Dotzek,2003). Yet, somecountriesdo have long andhomo-

geneoustornadorecordsof asizecomparableto thenumbersfrom Oklahomashown in Fig. 3a

(cf. Wegener,1917;Niino etal.,1997;BrooksandDoswell,2001;Dotzek,2001).

For aselectionof ninecountriesfrom bothhemispheresandencompassingall continentsex-

ceptAntarctica,Fig. 3b givestheir intensitydistributions�� F� . Asidefrom theextremecurves

for Franceandthe UnitedKingdom, the otherdistributionsaresimilar in shapeandcloseto-

gether, resemblingthe functionsfound for Oklahoma. And commonto all distributionsis a

moreor lesspronouncedcurvatureto theright.

As a further continentalEuropeanexample,we looked at the GermanTorDACH tornado

recordfrom 1453to 2001(cf. Dotzek,2001, for an overview) in greaterdetail, provided by

the EuropeanSevere StormsLaboratoryESSL.Fig. 4a gives the Germantornadointensity

distribution for all intensity–ratedtornadoesin theTorDACH data(about50%of all). The � –

symbolsgive the distribution �� F� , while the � –symbolsdenotethe samedistribution with T

scale,�� T � . Especiallyfor theF scale,thereis analmostconstantslopefrom F1to F4intensity,

a significantlylowernumberof F0 tornadoesandalsoa slight dropat theF5 tornadoes(which

havea verysmallsamplesizein Germany). Soalsoin Germany, beingalmostexactly twiceas

largeasOklahoma,curvatureto theright is foundin thecurrentintensitydistribution.

Thesameholdsin principlewhenlooking at Germany’s historicaldata�� F� in Fig. 4b for

dinstinctsamplingperiods.Theseperiodswerechosento reflectthesamplingby Alfred Wege-

ner(1917),JohannesLetzmannfrom 1917to 1939(cf. Peterson,1992a,b;Dotzeketal.,2000),
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two intermediateperiodswith little tornadoresearch,yetwith (1940to 1979)andwithout(1980

to 1996)strongandviolenttornadoes.Thelastchosenperiodis from 1997until present,starting

with thefoundationof theTorDACH network andincreasedtornadoreportingvia theinternet.

We seethat the lastphasefrom 1997on hasindeedseena higherpercentageof weaktor-

nadoes,supportingthe conceptdepictedin Fig. 1. What’s more,the early periodup to 1916

hasa very large contribution from strongandviolent tornadoes,likely becausemainly these

havemadeit into historicalarchivesandchronicles.But in general,all theseprobabilitydensity

functionsshow somedegreeof curvatureto theright.

With thisevidencefrom many differentcountriesworldwide,wewill proceedby investigat-

ing physicalargumentswhichmightsupportalowernumberof veryweakandviolenttornadoes

ascomparedto anexponentialintensitydistribution.

3 Statistical modeling

3.1 Observational issues

3.1.1 The F0 problem

Thereis a problemrelatedto applicationof theFujita andTORRO scalesfor very weaktorna-

does.Theoriginaldefinitionsby FujitaandPearson(1973),Meaden(1976),andthereview by

Fujita (1981)definedtheF andT scalesformally equalto theBeaufortscaleas( � in ms� � )
�� F������������ F � ��� �"!#�%$ �& T ���'���(���� T �*)+� �"!#�,$ �� B �-�.�/�(01)2 B � ��� �"!#� � (1)

The resultingslight velocity differencesbetweenthe F andthe T scaleclassboundarieswere

eliminatedin thetabulationby Dotzeket al. (2000).In practice,T0, T1 correspondsto F0; T2,

T3 correspondsto F1,andsoforth. While Eq.(1) showsthatwind velocity �3�.� ms� � is only

attainedfor negative valuesof the F andT scales,namelyF-2 andT-4, commonapplication

imposesa lower limit atF0= T0 4 18ms� � .
This choiceis appropriatein thesensethatat aboutthis windspeedcorrespondingto Beau-

fort 8 thefirst, very light damagecouldbecausedby a tornado.This is alsoreflectedin Table1

showing typical lossratios56
in % �879��� Damagein EURor US$

Reinstatementvaluein EURor US$
� (2)
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for light (
56 � ) andstrong(

56;:
) buildingsin CentralEurope(cf. Dotzeketal., 2000).NearF0or

T0 intensity, thelossratiosfirst attainnonzerovalues.Table1 alsodepictsvelocity rangesfor

negative F andT scalesvaluesasoriginally designedby Fujita andPearson(1973)but never

seriouslyexploitedafterwards.

Whatwecall “F0 problem”canbedescribedby thefollowing two points:< First, F0 tornadoesarelikely to be overlookeddueto their small damagepotentialand

their sometimesvery brief lifetimes (cf. Knupp,2000). This is oneof the explanations

for strongF0underreportingespeciallyin earlierdecadesor centuries.< Second,thephysicalphenomenon“tornadovortex” doesnot startat F0 in a binaryfash-

ion. Therearedefinitelymany subcriticaltornadiccirculationsin contactwith theground

andwith aparentconvectivestormwhichsimplydonot reachdamagingwindspeeds.< Third, currentF scaleratingpracticee.g. in theUSA ratestornadoescausingnodamage

to man–madestructuresasF0,nomatterhow high thewindspeedsactuallyhavebeen.

On someoccasions,the negative–Fsubcriticalcirculationsmay be observed, for instanceby

whirling dustat the groundor a well–definedfunnel cloud in a moist atmosphericboundary

layer situation. Thesesubcritical tornadovorticesare then wrongly classifiedas F0 events

underthecurrentprocedure.Thisneglectresultsin analiasingerrorfrom thenegativeF values

to theF0 class,resultingin ahighernumberof eventsthanrealisticthere.

Assumingapurelyexponentialintensitydistributionto bevalid for all F or T classeswould

furtherresultin anextremelyhigh numberof subcriticalevents(cf. Table2), aswill befurther

outlinedbelow.

3.1.2 The apparent F5 limit

FromTable1 we seethat theupperlimit of theF5 classis assumedat 143ms� � , resultingin

totalor near–totaldestructionof buildings(
56 4
79�1� %). Thereexistsa longdebateamongwind

engineersandmeteorologistsaboutmaximumwindspeedin tornadoes.For neithertheF or T

scaleathoroughcalibrationof damageversuswindspeedexists.Many authorshavearguedthat

theF andT scalevelocitiesat thehighendaretoo large,andthatthereshouldbeanupperlimit

at about125 ms� � basedon radar, thermodynamicanddamageanalyses(Zrnić et al., 1985;

Davies–Jones,1986;FiedlerandRotunno,1986;BluesteinandGolden,1993;Lewellen,1993;
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Golden,1999). However, in the 3 May 1999F5 Bridge Creektornadoin Oklahoma,for the

first time radar–observedDopplervelocitiesat only 30 m AGL have reached142ms� � (Mon-

astersky, 1999;Davies–Joneset al., 2001). A later re–evaluationof the radardataleadto a

velocity estimateof 135 = 10 ms� � (J. Wurman,pers. comm,2002). Thesevaluesareclose

to the upperF5 limit or evenslightly within F6 from the scales’definition. In addition,there

is ongoingdebatecomingfrom the modelingcommunityaboutsmall regionswith transonic

velocitiesin tornadoes(Lewellenet al., 2002).So,evenif clearF6 tornadoeshave never been

reportedduringthelastdecades,they mightstill be10 to 100–yearevents.

The apparentexistenceof a physicallymotivatedupperlimit of windspeedsin tornadoes,

lying somewhereneartheF5to F6boundaryhasimportantconsequencesfor thetornadointen-

sity distributionshapefor violent tornadoes.As “super–violent”, i. e. F6or T12,T13 tornadoes

appearhighly improbablefor physicalreasons,the probability of tornadoesapproachingthis

saturationregionof intensityshouldbesignificantlylowerin arelativesensecomparedto those

tornadoeswhich arestill far away from thehighestpossibleintensities.Otherwise,anextrap-

olation of an exponentialintensitydistribution to F6 eventswould lead to an unrealistically

largenumber, asshown in Table2 whichgives6.5F6tornadoesin theUSA perdecade,making

thema1.5–yearevent.Wecannotexpectahomogeneousslopefrom anexponentialdistribution

from F2 to F4 to extendbeyondtheF4 limit then.Instead,probabilityshoulddecreasequicker

towardsthehighendof intensity.

In summary, the argumentsconcerningthe likely physicalreality of reducednumbersof

F0 andF5 tornadoescomparedto exponentialdistribution shapes,beingwell–supportedfor

intermediatetornadointensities,resultin theconclusionthattheoverall shapeof intensitydis-

tributionshouldindeedbecurvedto theright asseenin theobservationaldata.

3.2 Fitting procedure

As outlinedabove, in a lin–log plot andfor an intermediaterangeof F or T scalevaluesthe

tornadointensitydistributions�� F� or �> T � canbewell approximatedby anexponential,like�� F���@?BA�CEDGFIHKJ FL&� (3)

However, theexponential�> F� doesneithermodelthe lack of observedF5 tornadoes,nor the

missingF0 properly. Also, the numberof extrapolatedsuper–violent F6 tornadoesis far too

high,cf. Table2.
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Thegoalof afitting procedureis thento find amoreadequatedistribution in orderto better

understandandmodeltheoccurrenceof tornadoes.TheobservedF scaledistribution �> F� in

thelin–log plot is usuallycurvedto theright.

Evaluationof a numberof candidatefunctions�� F� , however, shows that for instance,the

sum of two exponentialsis alwayscurved to the left in a lin–log plot and thusnot superior

to the singleexponential. The Gumbeldistribution hasno lower boundon the abscissa,thus

not excludingtornadoeswith negativewindspeed.Evenif a Gumbeldistribution would fit the

observeddatabetter, it couldnot modelthemfrom a physicalpoint of view. Power–law distri-

butionswouldberepresentedby straightlinesin thelog–logplot anda left–curveddistribution

in thelin–log plot. Therefore,they arealsonocandidateto modeltheobservationaldata.

After testingotheroptionsliketheGammadistributionaswell, wechosetheWeibull distri-

bution to modelobservedtornadointensities.It is oftenusedwith extremevalues,“ordinary”

windspeeds,andevenfor distributionsof tornadopathlengthandwidth.

TheWeibull distributionhasthreeparametersM , F , J , andis givenby thefollowingequations

for probabilitydensity��ON�� andprobability PQON�� :
��RN��S� JF T NUHVMF W2X � � ?YA�C[Z\H T NUH]MF W2X_^ $ ` N�abM $ (4)

PcRN��S� 7dHK?YA�CeZ\H T NcHVMF WfXg^ $ ` NhabMi� (5)

Here M denotestheminimumvaluein N , F is a scalingfactor, and J is a shapeparameter. Note

thatfor Jd�j7 anexponentialdistribution followsasaspecialcase.Asidefrom theexistenceof

a lowerboundin N , thismakestheWeibull distributionwell–suitedfor ourpurposes.

To clarify any physicalsignificanceof parametersF and J , it is useful to look at the first

moments,namelymeank andvariancel � , andthemode Nnm (locationof the ��RN�� –maximum)

of theWeibull distribution:

k � Mo�*Fqp T 7r� 7J W $ (6)

l � � F � Z p T 7q� � JnW HVp � T 7q� 7JnWd^ $ (7)

Nnm � Mo�*F T 7dH 7JnW �g! X $ Jfst7f� (8)
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In Eqs.(6) and(7), p denotestheGammafunction.

ParameterJ is an indicatorof how closeto anexponentialtheWeibull distribution is, and

aswearedealingwith right–curveddistributionfunctions,wecanexpect Josu7 . ParameterF is

morecloselyconnectedto themomentsk and l � of thedistribution,e.g. M,�vF is aproxyto the

meanF scaleor windspeedin anobservedtornadointensitydistribution. Thus,asin historical

recordsmainlysignificanttornadoeswerelisted,while nowadaysalsoweaktornadoesareoften

reported,oneshouldseeageneraldeclinein thevalueof F over time.

After choosingthetypeof function ��RN�� , wecanalsoinvestigatewhatbestto chooseasthe

independentvariableN . Asidefrom theF or T scalevalues,a naturalvariablein orderto char-

acterizetornadoesis thewindspeed� itself. This appearsattractive,asordinarynon–rotational

windspeeddistributionsarelongknown to beWeibull–distributed.Thus,a first questionto an-

sweris, how thedistributionin F scalewouldlook likeif the � scaledistributionwerespecified.

Assumethewindspeeddistributionto be wcO�/� with thedensityfunction x;O���-�.y+w{z1y|� and

thecontinuousF scaledistributionto be Pc F� with thedensityfunction �� F� . RecallthatF and� areuniquelylinkedby

�� F�-���~}� F �*y�� �"!#�%$ F O�/�-��� � �"!#�} � �"!#� HVy $ �~},�@�/�(��� ms� �-$ y��.� (9)

for theF scale.Correspondingformulasfor theT scalewouldbeformally equivalent,asEq.(1)

shows. Wethenhavey+�y F �@��} ��  F �*y�� �g!#� ` F suHfy $ y Fy|� � �� � � �"!#�} � � �g!#� ` �ca���� (10)

Thedensityfunctionsof eachof thedistributionscannow beconvertedto theotheroneby the

well–known transformationfunctions

�� F�r��x&��������� y|�y F ���� and x&����-�V�� F������ y Fy|� ���� � (11)

Assuminga Weibull distribution for the velocity (with �
a�M ), the distribution �> F�h���D��& F�"L is
�� F�-� �� ��}~ F �by�� �g!#� JF T �~}� F � y�� �"!#� HVMF W X � � ?YA�CeZ"H T ��}� F � y�� �"!#� HVMF W X ^ � (12)

If thefit is performedin F (with F s@M ), wecandirectlyusetheoriginalWeibull distribution:

�� F�-� JF T F HVMF W�X � � ?BA�C Z H T F HVMF W2X_^ � (13)
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Both parametersF , J areknown assoonastheWeibull distribution is fitted to theobservational

data�> F� . Thefitting procedureis performedwith thecumulativedistribution Pc F� , insteadof�� F� itself, thusleadingto apseudo–linearregressionproblem.

Presently, observedtornadoesareratedasF0or larger. Thus,asafirst step,with eitherF or� astheindependentvariableN , thecumulativedistribution PcRN�� canbecomputed.Takingthe

logarithmtwice from Eq.(5), weobtain:��� D�H ��� \7dHVPQON��"Ln�.J ��� ONUHKM���H]J ��� F�� (14)

This hastheform ���8�e���b� , where��� ��� RN�HbM�� , and ��� ��� D�H ��� \72H*PcRN��"L . Linear

regressionthenyields �8��J , and �@�8HfJ ��� F . TheWeibull parameterM is externallyspecified

dependingonfit variableandrange.For fits startingatF0, this is either M��.� or M3�87����(0/79� �790 ms� � .
However, to assumethattheredonot exist any tornadiccirulationswith velocitieslessthan

18ms� � (F = 0) maynotbejustified.Thus,in thenext stepweconsiderthat,thoughtornadoes

with windspeedslessthan18 ms� � arenot yet regularly recorded,they physicallyexist: For

instance,a largepercentageof funnelcloud reportswill indeedhave beentornadovorticesat

thegroundwith negativeF or T scaleintensity.

Also in this casethecumulative Weibull distribution PcRN�� canbefitted to thedata.Yet, a

problemarises:To computePQON�� , thepresentlyunknown numberof F-2 andF-1 tornadoesis

necessary.

This problemis solvedby specifyingthe unknown sumof F-2 andF-1 tornadoesconsec-

utively from ¡8� 7 to a large number ¢ to find out for which numberof thesenegative–F

tornadoestheWeibull fit attainsthe largestexplainedvariance£ � . Note,however, that dueto

thesmallnumberof intensityclassesin theFujita scale,this maximumin £ � canberatherflat

in somecases.In practice,this meansthat the determinedoptimalparametersof the Weibull

functionwill thenhave largestandarddeviations.

In thecaseof thefit includingnegativeF scalevalues,thethreeopenfit parametersarethe

total number¢¤} of tornadoesaswell astheparametersF and J of theWeibull distribution. The

Weibull parameterM (lower boundin N ) is theneither Mv�¥Hf� or Mv��� ms� � , of which the

latteris thenaturallowerboundfor velocity.

Threeslightly differing routineswereprogrammedto find the bestandmostreliableway

to modelobserved tornadointensitydistributions. ProcedureI iteratesthe unknown number
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of negative–Ftornadoeswithout introducinga separatedistribution classfor thesecases.This

meansthat in thecumlative distribution PQON�� , the iteratednumberof negative–Ftornadoesis

addedto theobservedF0 tornadoes.So,identicalto thesimpleregressionproblemwhenstart-

ing the fit at F0 andnot at F-2, the first classof PcRN�� containsall tornadoeswith intensities

lessthanF1. This is a straightforward generalizationof the casewithout negative–Ftorna-

does.However, this procedureturnedout to have severaldisadvantages:First, theinformation

containedin the numberof observedF0 tornadoesis lost by merging F0 andnegative–Ftrial

casesin onedistributionclass.Second,thisprocedureputsadisproportionalweighton the(for

somedatabasesratherlow) numberof observedstrongtornadoes.For somecountries,spurious

left–curveddistributionswerethendiagnosed.And last,ProcedureI provednot to befully con-

sistent.The iteratedbest–fitnumberof negative–Ftornadoeswasoftennot reproducedby the

Weibull functionderivedfrom this fit. As a consequence,ProcedureI wasnot appliedfor the

Weibull fits presentedin thispaper.

ProcedureII works similar asProcedureI, but treatsthe negative–Ftornadoesasa single

additionalclassof thedistribution, therebypreservingtheinformationcontainedin theF0 ob-

servations. This, and the highernumberof classesled to a consistentschemeto model the

observationaldata. ProcedureII further computesquality measuresto determinethe signifi-

canceof thefitting results,standarddeviationsof thefit parameters(Pressetal.,1992),andalso

themomentsfrom Eqs.(6)–(8).

ProcedureIII is identicalto ProcedureII exceptthat the negative–Ftornadoesarefurther

split into two classes,F-1 andF-2, for eachof which thenumberof casesis iteratedindepen-

dently. Comparedto ¡ trial numbersfor thenegative–Ftornadoesin ProcedureII, herewehave

to solveroughly ¡ � independentlinearregressionproblemsuntil thebestfit is found.For large

databases,this leadsto a prohibitiveamountof computingtime. And besides,asno additional

informationis introducedby separatingtheunknown F-1 andF-2 classes,theresultsobtained

with ProcedureIII werevirtually identicalto thoseof ProcedureII.

Therefore,only resultsof ProcedureII will bediscussedin thefollowing. Thelin–log plot

of Fig.5 basedonthedatafrom Table2 outlinesthecapabilitiesof thedifferentfitting methods.

The stepfunctiongivesthe USA tornadointensitydistribution from the 1990s,rangingfrom

F0 to F5. Theexponentialfit (a) resultsin anoverestimationof F5 andF6 tornadoes(6.5 F6

tornadoesper decade),andan evenstrongeroverestimationof F0 tornadoes.Any subcritical

tornadiccirculationswith negativeF valuesareextremelyexaggerated.TheWeibull fit starting
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atF0,i. e. 18ms� � (b),givesamuchbetterrepresentationof theobservationsin therangeF0to

F5,but doesnotallow for any climatologicalstatementonthefrequency of subcriticalvortices.

And still, about2 F6 tornadoesperdecadeareextrapolated.StartingtheWeibull fit at F-2 (c),

improvesthesituationfurtherandalsogivesthelowestnumberof 1.3F6tornadoesperdecade.

In the rangefrom F1 to F5, this Weibull fit is almostalike (b) startingat F0. But now,

a reasonableestimateof the subcriticaltornadiccirculationscanbe made,droppingto zero

caseswith zerowindspeed,aphysicalboundaryvaluenotsatisfiedby exponentialdistributions.

Nevertheless,eventhoughFig.5 andTable2 show thatthefit of theWeibull distributionfrom F-

2 ondescribestheobservationsbest,it shouldbekeptin mindthattheestimatednumberof F-2

andF-1 tornadoesis still anextrapolationandrequiressome(difficult) observationalevaluation

to testits reliabilty. Thenumberof reportedfunnelcloudsappearsto bea goodproxy for these

subcriticalcirculationsat theground.Also radar–derivedclimatologiesof mesocyclonesmight

beanoptionto estimatethenumberof thesecurrentlymissingcases(cf. StumpfandMarzban,

2000;Knupp,2000).

Theaccuracy of thefit wassimilarly or evenequallygoodfor Weibull distributionsin either

F or � , especiallywhenincludingthenegative–Fclasses.Fromastatisticalpointof view, � and

F bothappearadequateasindependentvariablesto fit tornadointensitydistributions. Yet, fits

in � have theattractive propertyto generalizetheconceptof ordinarystraight–linewindspeed

distributionswhichcanwell berepresentedby Weibull functions.

3.3 Fitting results for various regions worldwide

For applicationsin statisticalclimatologyit would behighly usefulto comparethe individual

Weibull parametersF , J from differentcountriesworldwide,or distinct climatologicalregions

within large countrieslike the USA, by our proposedWeibull fitting procedure.In addition,

wherelongandreliabletornadorecordsexist, decadaltrendsof theparametersF , J canindicate

if thereis evidencefor any convergenceto anasymptoticor “universal”distribution.

To performsuchan analysis,the F scaledatagiven in the Appendixwereextractedfrom

e.g. Goligeretal. (1997),Peterson(2000),Teittinnen(2000),andtheEuropeanSevereStorms

Laboratory(ESSL)network. Also, updatednumbersof theJapanesetornadoclimatology(Ni-

ino etal.,1997),for Ireland,andtheUnitedKigdomwerekindly providedfor thisstudy. Other

sourcesfor remainingcountrieswerealreadygiven by BrooksandDoswell (2001). Where

12



available,differentstagesof individual F scaledatabaseswerealsoconsidered,to detectany

temporaltrendsin theWeibull parametersor thefitting quality.

Resultsfor the Weibull fitting ProcedureII are presentedin Tables3 and 4. Basedon

thesedata,Fig. 6 giveswhatwe name“cb–plots” for theWeibull fits in � andF, respectively.

Initially, aclusteringof pointsfrom regionswith similar tornadoclimatologywasexpectedasa

relationshipbetweenF and J .
A largenumberof availabletornadointensitydatasetswasmodeled.Tables3 and4 show

theresulting J , F parametersandthecorrelationcoefficient,which wasthesamefor bothfits in� andF whenincludingthenegative–Fclasses.

Thefitting procedureshows a convergencewith time for J and F in the USA decadaldis-

tributionsfrom 1920to 1999,visible in Table3. As expected,J approaches1, and F generally

declinesalso,asmoreandmoreweaker tornadoeshave beenrecordedover thedecades.Also,

Weibull fits in � arealwayscloserto exponentialsthanthosein F, i. e. their J is closerto 1.

Figs. 6a,billustrate the fitting resultsin cb–plotsfor fits in � andF, respectively. Some

scatterin the dataoccurrs,but an apparentasymptoticupperboundis visible in the J , F data,

markedby anapproximatedlinearrelationshipgivenby thedashedline.

To decideif thescatteredpointsfarawayfrom theselimiting functionscomefrom countries

with verysmalldatabases,shorttornadorecords,or thosewithoutviolent tornadoes,Figs.6c,d

only give thosedatacomingfrom intensitydistributionswhich containF5 tornadoes.This still

encompassescountrieswheretherehave beenonly 1 or 2 F5 tornadoesreported.We seethat

now mostof the scatterin the datais goneandthe remainingpointsarethoseclosestto the

upperlimit in thedataregion. Also, thesedatapointsarealignedlike a “string of pearls”,and

not distributederratically. Only weakevidencefor clusteringis found.

ParametersJ and F cannow alsobeusedto comparetornadointensitydistributionsfrom all

over theworld with thosefrom thelargeUSA database.TakingagainGermany asanexample,

theirWeibull parametersarecomparableto thosefrom from theUSA in the1950s.

4 Discussion

Ourstatisticalclimatologicalapproachstoodthetestto modelthe1990sUSA tornadointensity

datawith asignificantimprovementcomparedto aconventionalexponentialfit. This improve-

mentbecamemostnotablefor theF5 andprobablesuper–violentF6 tornadoes— thosewhich
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posethelargestthreatto livesandproperty— andalsofor thevery weakF-2 to F0 tornadoes.

Thelatterusuallydo not poseany significantthreat,but they areimportantin a climatological

sense.First, determinationof their numberis neededfor any estimateof total tornadooccur-

renceor incidencein a givencountryor region. Second,to know their numberenablesus to

determinetheamountof underreportingin currenttornadoobservations.Third, with improved

observationof F0 andprobablynegative–Ftornadoes,reliableknowledgeof the weakendof

tornadointensityspectrahelpsto obtaina morereliablefit of theviolentendalso.

It wasfoundto beconvenientto usetheaccumulateddistribution function PQON�� insteadof

theprobabilitydensityfunction ��RN�� for thefitting process.Theformer leadsto a muchmore

reliableestimateof theWeibull parametersdueto its integral insteadof differentialcharacter,

especiallyfor smalldatabasesor thosewithout reportsof violent tornadoes.

For somedatabasesthe problemof a ratherflat maximumin explainedvariance£ � of the

Weibull fit exists. This meansthat for a wide rangeof parametersaroundtheoptimumvaluesJ and F , qualitatively almostequalfits can be realized. To circumvent this and reducethe

parameters’standarddeviation, large numbersof observed tornadoesarenecessary. Also, a

largenumberof intensityclassesis helpful, at bestup to F5 or somedayevenF6. To include

thenegative intensityclassesof F scaleinto thefitting procedurefurther increasesthenumber

of classesandthesupportfor fitting algorithms.Finally, shouldtheT scaleever receive wider

acceptance,its doublednumberof intensityclassesmight also improve the situationfrom a

statisticalpointof view.

Onefinding of our studyis that it makeslittle differencetechnicallyif the Weibull distri-

bution functionis formulatedwith windspeed� , expressedvia the �� F� relationship,or with F

scaledirectly astheindependentvariable.Whenfits startat zerowindspeed,i. e. F �¦Hf� , the

fit resultsareevenidentical.Fits startingat F0 or ���§790 ms� � appearto beslighly improved

whenthefit is performedin � insteadof F. And asordinarywindspeedsarewell–known to be

Weibull–distributed,weconcludethat � shouldbethevariableof choice.

Fits shouldin any caseincludethepresentlyneglectednegative F scaleclasses:Fromour

experience,Weibull distributionsstartingwith zerovalueat theorigin (either �¨�
� or F-2, or

for largedatasetsprobablyalsoatT-4) appearto bethemostfruitful wayto gaininternationally

comparableintensitydistributionparametersetsfor statisticalclimatologicalanalysis.

Negative F or T scalevaluesrepresentsubcriticaltornadiccirculationswhich aredefinitly

presentin nature,but in mostcaseshardto detect.While the numbersextrapolatedfor these
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classesshouldof coursenot be consideredasrigorouslyaccuratevalues,they certainlygive

anorder–of–magnitudeimpressionof whatis goingonbeneathconvectivestormsat intensities

lower thanthewind damagethreshold.

Even thoughmany reportedfunnel cloudslikely were indeednegative F scaletornadoes,

obtainingaclimatologicalestimateof their totalnumberfrom scatteredavailablereportsis cer-

tainly hopeless.Besides,underthepresentintensityratingpractice,thoseF-1 or F-2 tornadoes

which were luckily beingdetecteddue to specialmeteorologicalcircumstancesarewrongly

ratedasF0 events.Only wide–rangeremotesensingtechniques,like radar–derivedclimatolo-

giesof mesocyclonic thunderstormsmightprovideasolutionto thisproblem.

Both the exponentialdistribution andthe Weibull fit startingat F0 or T0 intensityfail to

modelthesesubcriticalvortices.While theWeibull fit startingatF0by definitioncannotprovide

informationhere(althoughgiving a very goodfit to theobservationsfrom F0 to F5 intensity),

the exponentialcertainlyoverestimatesthe subcriticalcirculations. Fig. 5 andTable2 show

thatalreadytheF0 classis exaggeratedby a factorof about2 by theexponential,leadingto an

estimateof total tornadonumberfrom F0 to F5 almost70%higherthanobserved. Including

theF-1 andF-2 datawould leadto theconclusionthat246365F-1 andF-2 subcriticalvortices

occureachyearin theUSA.Thesenumbersdonotappeartobereasonable.Instead,thephysical

boundaryvalue“zero tornadoeswith zerowindspeed”certainlyholds,generallycontradicting

theideaof aperfectlyexponentialtornadointensitydistribution.

Concerningour choiceof Weibull functionsto modeltornadointensitydistributions,Fig. 7

givesa schematicexplanationof the relationbetween“real” andobserved tornadointensity

distributions.Herewe have depictedthelossratios
56

for CentralEuropefrom Table1 aswell

astwo differentprobabilitiesoverF scale.First,thenormalized�n© representsthe“real” tornado

intensitydistributionwith F scale— thatwhattheclimatologistor therisk assessmentmanager

wantsto know. Thecurve �nª , however, givestheprobabilityof detectionandclassificationof a

tornadicevent.To detectasubcriticalvortex with negativeF scalehasaverysmallprobability,

andonly from aboutF3 intensityalmostall tornadoeswill bedetectedandcorrectlyclassified

astornadoes.Notethatthisschematic�nª –functioncloselyresemblestheshapeof thelossratio

curves,especiallyfor
56;:

, lossratiosfor strongbuildings.

What we have asthe observed tornadointensitydistribution �� F� , however, is not �n©� F� ,
but rathera multiplication of �n© and �nª over F scale. Note that onecould further introduce

a probabilitydistribution for the errorwidth in assigningthe appropriateF scale:This would
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thenleadto aconvolution insteadof asimplemultiplication.Soapparentlyonly for strongand

violent tornadoescanwe expectto observeagoodapproximationto therealdistribution � © .
TheF scaledoesnot endat F5 (e.g. Fujita, 1981). Even thoughF6 damage might hardly

be distinguishedfrom F5 damage,F6 intensity, i. e. windspeedmight be identified in some

rarecasesby mobileDopplerradars.Windspeeds(or rathervelocity of debrisparticlesin the

tornadovortex) at the F5–F6thresholdhave beenobserved by radaron 3 May 1999 in the

BridgeCreektornadonearOklahomaCity.

Our analysisshows that to upgradethe Bridge Creektornadofrom F5 to F6 in the USA

datafor the 1990swould at leastnot contradictour Weibull fit result: It extrapolated1.3 F6

tornadoesin theUSA for this timeperiod,makingthemaroughly10–yearevent.

Of course,extrapolationsliketheseagainraisetheold questiononhow theF scaleshouldbe

perceivedandapplied.Theliteratureon this subjectis extensive,andproblematicissuesof the

Fujita scalehave beendiscussede.g. by DoswellandBurgess(1988),asidefrom thealready

mentionedsubjectof maximumwindspeedsin tornadoes.Parallel to an initiative to improve

theF scale(McDonaldetal.,2002),preliminaryconceptsto includeinformationonstrengthof

man–madestructures(Fujita,1992;Dotzeket al., 2000;Dotzek,2001)aswell astreedamage

(Hubrig,2001)havebeendeveloped.

Onecriticism of theF scale(andall F scalecriticismsequallyapply to theT scale)is that

therehasnever beena thoroughcalibrationof the windspeedsin the F scaledefinition to the

damagedescriptiontherein. Thereforeonemight be temptedto saythatour Weibull fits in F

modeldamage,while the fits in � model intensity, i. e. inherentlyuncalibratedwindspeeds.

In practice,however, sucha distinctionmight beacademic.Presently, oneshouldkeepto the

scales’definitionsandequateF scaledamagedescriptionto theprescribedvelocities.That is,

it appearsmostsensibleto usethe �� F� –law asa definitionandto try to calibrateany expected

damageto thevelocity intervalsof the F scale. Intensityscalescould thenbeappliedto both

damageandwindspeedinformation. Yet, shouldany revised �� F� –law ever bedeterminedin

aneffort to improve theFujita scale(cf. McDonaldet al., 2002),it canreadilybeimplemented

into ourfitting procedure,andall historicF scaledatacanimmediatelybere–evaluated.

Apparently, thereisadifferentperceptionof tornadointensityscalesin theUSAandEurope:

In theUSA, theF scaleratingwith all its shortcomingsis almostexclusively determinedfrom

damageto man–madestructures,whereasin Europe,eitherdamagetoman–madestructuresand

trees,or any available,quality–controlledwindspeedmeasurementsareevaluated.In addition,
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ratingsaregivenonly whensubstantialdamageor windspeeddatais available.Dubiousratings,

i. e. to ratean obviously strongtornadopassingover openfield without damageas F0, are

thereforeavoided.Suchacasewouldsimply remainunratedin Europe.

We have not yet donethefitting with T scaleor the �� T � –law asthe independentvariable.

This would beattractive from a statisticalpoint of view dueto its doublednumberof intensity

classescomparedto theFujitascale.But asour experiencewith plotting intensityoverT scale

shows (compareFig. 4 from Dotzek,2001,with Fig. 4 in the presentpaper),the fine T scale

spacingrequiresextremely large databasesbeforesmoothdistribution functionssuitablefor

fitting can be expected. Taking the large USA datasetsfrom the 1950sto the 1990swould

be a very good test of the T scale’s applicability for suchintensity distribution fitting. But

unfortunately, USA tornadorecordsdonotgiveT scale,andT scalecannotbeuniquelyinferred

from F scale(althoughtheoppositeis true).

5 Conclusions

Ourstudyonstatisticalmodelingof tornadointensitydistributionshasrevealedthefollowing:< Presenttornadointensitydistributionsseemnot to bedescribedproperlyby exponentials,

asthey show curvatureto the right in lin–log plotseven for largedatabases.Besides,a

physicalboundaryconditionrequireszerotornadoeswith zerowindspeed.Both canbe

satisfiedby Weibull distributionswhichstill encompassexponentialsasaspecialcase.< Largedatabasesmerging tornadoreportsfrom variousclimatologicallydistinct regions,

suchasfor the USA, areclosestto exponentialdistributions,andshow a trendtowards

convergenceto anasymptoticclimatologicalintensitydistributionover thepastdecades.< Weibull parametersF , J from countrieswith larger databasesandincluding F5 observa-

tions,comecloseto anapproximatelylinearrelationshipin thecb–plot.< Similar to ordinarywindspeeddistributions,tornadointensitydistributionscanbestbe

modeledby Weibull functionsin �& F� . But usingtheF scaledirectly is alsopracticable.< Fromphysicalandstatisticalconsiderations,it is highly advisableto includenegative F

or T scalevaluesin the intensityanalysis,i. e. to applythescalesdown to ���«� ms� � .
17



Suchfits from F-2 or T-4 upwardbothmodelsubcriticalcirculationsandthe risk of F6

tornadoesin themostplausibleway.< Approval of theexistenceof super–violentF6 tornadoesdependson F scaleratingprac-

tice. In somecountrieslike theUSA, F scaleis solelydeterminedby damage,ignoring

any availablewindspeedobservations.YetourstatisticalmodelingsuggestsF6tornadoes

in theUSA to be10–yearevents,supportedby recentDopplervelocity radardata.< Total numberof tornadiccirculationscanbe estimatedwhen including the negative–F

cases:For the USA, this leadsto ¢�}Q�¬�1��0�0|� comparedto 12139 currentlyobserved

tornadoesperdecade.< Comparisonof Weibull parametersF , J with thosefrom the USA revealsthat e.g. the

currentGermantornadodataarestatisticallycomparableto the1950sUSA data.

Futurework will bedevotedtoclarify theform andbasisof theapparentasymptoticrelationship

betweenWeibull parametersF and J . If it holds,it couldperhapsbeexploitedto decideupon

theconclusivenessof tornadoclimatologiesof individual regionsor countries.

Acknowledgments

Thiswork wasinitatedwhile thefirst authorwason leaveonaDLR–Forschungssemestergrant

at theNOAA–NationalSevereStormsLaboratoryfrom 16Marchto 17June2002.Stimulating

discussionswith ChuckDoswellandGreg Stumpfon thesubjectof tornadointensitydistribu-

tionsaregreatlyappreciated.ThankstoAlois HolzerandWilli Schmidwhocontributedupdated

F scaledatafor AustriaandSwitzerland,to HiroshiNiino for theJapanese,JohnTyrrell for the

Irish, andTerenceMeadenfor theUnitedKingdomdata.TheTorDACH archive of tornadoes,

downbursts,andotherseverelocal stormphenomenain Germany, Austria,andSwitzerland,as

well aslinks to many internationaltornadoclimatologysites,canbefoundatwww.tordach.org

or theEuropeanSevereStormsLaboratoryESSL:www.essl.org. TheFortranroutineto perfom

theWeibull fits is availablefrom thefirst author.

18



A F scale data

Tables5 and6 give the observationaldataof tornadoreportsfrom variousregionsandtime

periodsusedfor our study. Thedatavary both in the numberof observedF scaleintensities,

andin thetotalnumberof tornadoeswith F scalerating.
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Tables

Table1: GeneralizedFujita andTORRO intensityscales(Fujita andPearson,1973;Meaden,

1976)with terminologyfollowing Kelly et al. (1978)andFujita (1981). Beaufortscaleand

typical lossratiosfor light (
56 � ) andstrong(

56;:
) buildingsin CentralEuropearealsogiven.
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Table2: Comparisonof tornadoreportswith F scalein theUSA during the 1990sversusex-

ponentialandWeibull fits startingat F0 ( ��aS790 ms� � ) or F-2 ( ��a¬� ms� � ), respectively.

Numbersfor non–negativeF scaleclassesandtotal tornadonumber¢¤} arealsogiven.

F scale Observation Exponential Weibull fit in � Weibull fit in F

fit in F �ca.790 ms� � �Uab� ms� � F s�� F suHo�
F-2 — 193107.1 — 7422.7 — 7422.7

F-1 — 53263.2 — 10556.1 — 10556.1

F0 7370 14691.1 7441.2 7166.2 7856.4 7166.2

F1 3274 4052.1 3256.8 3280.1 3356.8 3280.1

F2 1065 1117.7 1059.9 1106.3 1014.6 1106.3

F3 339 308.3 275.2 286.5 257.2 286.5

F4 81 85.0 58.8 58.4 57.6 58.4

F5 10 23.5 10.6 9.5 11.7 9.5

F6 0 6.5 1.6 1.3 2.2 1.3µ
F0–F6 12139 20278 12104 11908 12557 11908¢�} — 266643 — 29887 — 29887
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Table3: Weibull parametersJ and F for fits in � andF startingfrom F-2 ( �¶aj� ms� � ), using

USA data.Numberof observedF scaleclasses¡ andcorrelationcoefficients £ arealsoshown.

Data Weibull fit in � Weibull fit in F

Region ¡ J F in ms� � J F £
USA 1950-1999 6 1.672 36.464 2.508 3.224 0.9998

USA 1950-1982 6 2.159 47.670 3.239 3.854 0.9988

USA 1990s 6 1.157 19.880 1.735 2.151 0.9996

USA 1980s 6 1.772 35.810 2.658 3.185 0.9994

USA 1970s 6 2.020 44.752 3.029 3.695 0.9988

USA 1960s 6 2.128 46.928 3.191 3.814 0.9999

USA 1950s 6 2.323 51.432 3.485 4.054 0.9994

USA 1940s 6 2.915 66.901 4.373 4.831 0.9991

USA 1930s 6 2.632 60.455 3.947 4.516 0.9991

USA 1920s 6 3.350 70.537 5.025 5.005 0.9971

Oklahoma50–99 6 1.786 42.935 2.678 3.595 0.9998

Oklahoma1990s 6 1.207 24.189 1.810 2.452 0.9965

Oklahoma1980s 6 1.606 38.401 2.409 3.337 0.9996

Oklahoma1970s 6 2.589 57.129 3.884 4.349 0.9986

Oklahoma1960s 6 2.049 48.793 3.073 3.915 0.9996

Oklahoma1950s 6 2.121 49.883 3.182 3.973 0.9982

CA–OR–WA 90–00 4 2.175 24.709 3.263 2.487 0.9999

CA–OR–WA 50–99 4 2.315 35.418 3.473 3.162 0.9999

E CO50–99 5 1.825 30.975 2.738 2.891 0.9989

Florida90–00 4 1.259 15.998 1.889 1.861 0.9974

Florida50–95 5 1.923 33.902 2.884 3.071 0.9994

FrontRg. 50–99 4 2.504 35.577 3.756 3.171 0.9986

Frt Rg. CO 90–00 4 1.446 16.050 2.169 1.865 0.9876

FrtRg/WCst50–95 5 2.397 35.470 3.595 3.165 0.9996

NYNEX 50–99 5 2.532 47.583 3.798 3.850 0.9962

OK–KS–NE50–99 6 1.711 41.409 2.566 3.509 0.9995

USA E 50–95 6 1.245 23.226 1.867 2.386 0.9997

USA E CO90–00 6 2.186 51.561 3.278 4.061 0.9983
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Table4: As Table3, but for countriesworldwide.

Data Weibull fit in � Weibull fit in F

Region ¡ J F in ms� � J F £
Argentina30–79 6 1.146 21.461 1.719 2.264 0.9988

Australia1795–99 5 1.834 36.964 2.751 3.253 0.9979

Austria10–02 4 3.772 55.731 5.658 4.277 0.9904

Austria10–01 4 3.041 53.490 4.562 4.162 0.9972

Canada50–98 5 1.407 27.036 2.110 2.641 0.9986

Finland97–99 4 3.374 48.307 5.061 3.888 0.9935

France1680–00 6 3.005 66.178 4.507 4.796 0.9989

France1680–99 6 3.058 67.057 4.588 4.838 0.9986

Germany 1453–03 6 2.267 50.720 3.400 4.017 0.9909

Germany 1453–02 6 2.376 50.603 3.564 4.011 0.9889

Germany 1453–01 6 2.436 52.175 3.655 4.093 0.9885

Germany 1453–00 6 2.533 53.946 3.799 4.186 0.9882

Ireland50–01 4 2.597 41.594 3.895 3.519 0.9999

Italy 90–99 4 3.877 49.434 5.816 3.949 0.9981

Japan61–00 4 2.733 47.240 4.099 3.831 0.9999

Japan50–69 4 2.160 38.758 3.241 3.357 0.9999

SAfrica 05–02 5 2.862 51.465 4.294 4.056 0.9991

SAfrica 05–95 5 2.990 52.430 4.485 4.107 0.9986

SAfrica Inkanyamba© 4 3.369 52.086 5.053 4.089 0.9980

SAfrica Inkanyamba 4 3.289 52.621 4.934 4.117 0.9983

SAfrica 05–90 4 3.711 53.669 5.567 4.171 0.9973

Soviet Union1795–86 5 2.119 42.090 3.179 3.547 0.9985

Switzerland50–02 4 1.925 43.665 2.887 3.635 0.9991

UnitedKingdom50–02 4 3.833 41.489 5.750 3.513 0.9955

UnitedKingdom50–97 4 3.979 42.323 5.968 3.560 0.9952
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Table5: Numberof F scale–ratedtornadoesfrom regionsandtimeperiodsin theUSA.

Region, time F0 F1 F2 F3 F4 F5

USA, 1950-1999 16068 14816 6262 2272 465 46

USA, 1950-1982 5212 8466 5559 1388 330 38

USA, 1990s 7370 3274 1065 339 81 10

USA, 1980s 3313 3329 1172 313 62 3

USA, 1970s 2396 3653 1910 570 107 16

USA, 1960s 1951 2615 1769 584 103 9

USA, 1950s 1038 1945 1346 466 112 8

USA, 1940s 174 322 682 355 103 13

USA, 1930s 274 447 717 276 69 9

USA, 1920s 73 336 578 311 73 20

Oklahoma,1950-1999 981 960 652 219 73 8

Oklahoma,1990s 428 166 77 37 11 1

Oklahoma,1980s 192 173 109 29 10 2

Oklahoma,1970s 70 190 132 63 18 1

Oklahoma,1960s 160 202 173 51 16 2

Oklahoma,1950s 131 229 161 39 18 2

CA–OR–WA, 1990–2000 152 50 3 0 0 0

CA–OR–WA, 1950–1999 152 134 38 3 0 0

EasternColorado,1950–1999 425 357 75 13 1 0

Florida,1990–2000 625 142 26 5 0 0

Florida,1950–1995 1009 817 305 33 4 0

FrontRange,1950–1999 136 143 23 2 0 0

FrontRangeof Colorado,1990–2000 183 20 5 0 0 0

FrontRange/WestCoast,1950–1995 288 277 61 5 0 0

NYNEX, 1950–1999 153 358 131 40 6 0

OK–KS–NE,1950–1999 2211 2590 1280 487 163 24

USA Eastof Colorado,1990–2000 5849 3061 1030 343 82 10

EasternUSA, 1950–1995 3547 7142 4463 1523 591 61
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Table6: As Table5, but for countriesworldwide.For SouthAfrica, theInkanyambadatagiven

by Goligeret al. (1997)wereevaluatedbothexcludingandincludinglessreliableratings.The

latteris indicatedby theasterisk.

Region, time F0 F1 F2 F3 F4 F5

Argentina,1930–1979 191 120 44 9 3 1

Australia,1795–1999 111 67 47 13 1 0

Austria,1910–2002 4 30 21 5 0 0

Austria,1910–2001 5 13 7 4 0 0

Canada,1950–1998 355 161 82 24 3 0

Finland,1997–1999 4 16 5 1 0 0

France,1680–2000 33 62 128 74 13 2

France,1680–1999 30 54 123 72 13 2

Germany, 1453–2003 69 221 91 27 7 2

Germany, 1453–2002 51 183 69 16 5 1

Germany, 1453–2001 39 151 62 14 5 1

Germany, 1453–2000 29 123 52 14 4 1

Ireland,1950–2001 15 19 8 1 0 0

Italy, 1990–1999 25 90 38 5 0 0

Japan,1961–2000 87 137 92 18 0 0

Japan,1950–1969 62 62 27 5 0 0

SouthAfrica, 1905–2002 39 92 51 21 1 0

SouthAfrica, 1905–1995 32 92 51 19 1 0

SouthAfrica, Inkanyamba© 29 91 49 16 0 0

SouthAfrica, Inkanyamba 26 82 48 16 0 0

SouthAfrica, 1905–1990 20 88 51 15 0 0

Soviet Union,1795–1986 71 95 45 8 2 0

Switzerland,1950–2002 3 4 2 1 0 0

UnitedKingdom,1950–2002 292 693 60 2 0 0

UnitedKingdom,1950–1997 240 644 58 2 0 0
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Figure captions

Figure1: Schematicdiagramof mostcontemporaryEuropeantornadointensitydistributions

over T and F scale(solid, also valid for the USA before1960) and requird future changes

(arrows) to anearlier–proposedclimatologicalexponentialdistribution(dashed).

Figure2: USA tornadointensitydistributions �� F� plottedover T scale:a) decadaldatafrom

1920to 1999,b) normalizedregionaldistributions ¢ ©  F� (1950–1999)comparedto total USA

in the 1990s,c) categorizationof regional ¢·©9 F� distributions into likely supercellor non–

supercellstormdominance.For ¢·©9 F� in b),c),thenumberof F2 tornadoesis fixedto 100.

Figure3: Distributions�� F� plottedover T scalefor a) Oklahomain thedecadesfrom 1950to

1999,andb) variouscountriesall over theworld.

Figure4: Germandatafrom 1453–2001:a) currentintensitydistributionsof all tornadoesover

F andT scale,b) thesamedataover F scalesplit into characteristicphasesof Germantornado

research.

Figure5: Comparisonof threedifferentfits to theobservedUSA 1990sdecadalintensitydis-

tributionwith F scale(stepfunction)accordingto Table2: a) exponentialfit, b) Weibull fit in �
startingatF0 intensity(18ms� � ), andc) Weibull fit in � startingatF-2 intensity(0 ms� � ).
Figure6: Climatologicalcb–plotsof Weibull parametersJ and F for fits startingat F-2, i. e.�E�«� ms� � : a),c)fits in � ; b),d) fits in F. Datafrom Tables3 and4. In panelsc),d) only data

from regionswith F5 tornadoesaredepicted.

Figure7: Schematicshowing a normalized“real” tornadointensitydistribution � © startingat

F-2(0 ms� � ), anestimateof theprobabilityof detectionof a tornado�nª , andthelossratios
56 �

and
56;:

from Table1 valid for CentralEurope.

29



0 1 2 3 4 5
0

1

F

T0 1 2 3 4 5 6 7 8 9 10 11

Future change required

intensity distribution law
by exponential tornado

Tornado intensity scale

Proposed exponential distribution
Contemporary EU
tornado intensites

P
ro

ba
bi

lit
y 

de
ns

ity
 (

lo
g-

sc
al

e)

Figure1

30



0.001

0.01

0.1

1

0 1 2 3 4 5 6 7 8 9 10 11

p¸

T scale

NSSL: USA

a

1920s
1930s
1940s
1950s
1960s
1970s
1980s
1990s

1

10

100

1000

0 1 2 3 4 5 6 7 8 9 10 11

N

¹ *

T scale

NSSL: USA

b

Oklahoma
Florida

Front Range
Eastern Colorado

USA, 1990s

1

10

100

1000

0 1 2 3 4 5 6 7 8 9 10 11

N

¹ *

T scale

NSSL: USA

c

Supercell
Dominant?

Non-Supercell
Dominant?

OK-KS-NE
NYNEX

CA-OR-WA
Florida

Front Range

Figure2

31



0.001

0.01

0.1

1

0 1 2 3 4 5 6 7 8 9 10 11

pº

T scale

NSSL: Oklahoma

a

1950s
1960s
1970s
1980s
1990s

0.001

0.01

0.1

1

0 1 2 3 4 5 6 7 8 9 10 11

pº

T scale

NSSL/ESSL: World

b

Argentina
Australia
Canada
France

Italy
Japan

S Africa
Soviet U

UK

Figure3

32



0.001

0.01

0.1

1

0 1 2 3 4 5 6 7 8 9 10 11

p»

T scale

ESSL: Germany

a
F
T

0.001

0.01

0.1

1

0 1 2 3 4 5 6 7 8 9 10 11

p»

T scale

ESSL: Germany

b
up to 1916
1917-1939
1940-1979
1980-1996
1997-2002

Figure4

33



0.1

1

10

100

1000

10000

100000

-2 -1 0 1 2 3 4 5 6

N
 in

 (
10

 a
)¼ -1

F scale

USA, 1990s
a

b

c

Figure5

34



0

10

20

30

40

50

60

70

80

1 1.5 2 2.5 3 3.5 4

b 
in

 m
 s½ -1

c

Weibull fit in v

a

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

b¾

c

Weibull fit in F

b

0

10

20

30

40

50

60

70

80

1 1.5 2 2.5 3 3.5 4

b 
in

 m
 s¿ -1

c

Weibull fit in v

c

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

b¾

c

Weibull fit in F

d

Figure6

35



0.0 0

0.1 10

0.2 20

0.3 30

0.4 40

0.5 50

0.6 60

0.7 70

0.8 80

0.9 90

1.0 100

-2 -1 0 1 2 3 4 5 6

pÀ S
 in %

Á

F scale

pD

p*
S-

S+

Figure7

36


