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Abstract

We addresgheissueto determineanappropriategenerafunctionalshapeof obseredtor-
nadointensitydistributions. Recently it wassuggestedhatin the limit of long andlarge
tornadorecords exponentialdistributions over all positve Fujita or TORRO scaleclasses
would result. Yet our analysisshavs thatevenfor large databasesbsenrationscontradict
thevalidity of exponentialdistributionsfor weak(F0) andviolent (F5) tornadoesWe shav
that obsered tornadointensitiescan be much betterdescribedoy Weihull distributions,
for which an exponentialremainsa specialcase. Weikull fits in eitherv or F scalere-
producethe obserationssignificantlybetterthanexponentials.In addition,we suggesto
applythe original definition of negative intensityscalesdown to F-2 and T-4 (correspond-
ingtov = 0 ms™!) at leastfor climatologicalanalyses.Weikull distributions allow for
animproved risk assessmertf violent tornadoesup to F6, and betterestimatesf total
tornadooccurrencedegreeof underreportingandexistenceof subcriticaltornadiccircu-
lationsbelov damagingntensity Therefore pur resultsarerelevantfor climatologistsand

risk assessmemhanagersilike.
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1 Introduction

Intensityof tornadicstorms measuree@itherby Fujita’s F scaleor its twice—as—fine€ounterpart,
TORRO’s T scale(FujitaandPearson1973;Meaden,1976;Fujita, 1981,cf. alsoTablel), is
a quantityof greatpracticalimportance.This holdsfrom boththe point of view of individual
tornadovictims, the insuranceindustry andthe climatologistevaluatingstatisticalproperties
of tornadointensitydistributions. To know whatpercentagef reportedornadoess weak(FO,
F1),strong(F2,F3)orviolent(F4,F5)is necessario estimatdornadorisk ata givenspot(e.g.
Thom,1963)or for awholecountry(e.g. Kelly etal., 1978;Schaefeetal., 1986).

Theissueof theactualshapeof anaverageaornadantensitydistributionis evenmoreimpor-
tant. If thereis someuniversalshapeof the distribution, atleastfor large enoughdatasamples,
thenthiswould allow notonly for anestimateof risk, but alsofor anassessmertf tornadoun-
derreportingdependingn F or T scale andanestimateof total tornadonumberto be expected
in agivencountryor region.

Sincethe EuropearConferenceon Tornadoesaind Severe Storms,ETSS2000in Toulouse
(Snav andDessens?2001),it hasbecomeapparenthatfor the USA andmary countriesn Eu-
rope,SouthAmerica,andotherpartsof the world, very similarlookingintensitydistributions
werefound(BrooksandDoswell,2001;Dotzek,2001). Thesedistributionsshovedanearlyex-
ponentialdistributionin theintensityrangefrom F2to F4(T4to T9). Only for F5,andtheweak
FO andF1 tornadoesthe distribution shapedeviatedfrom the exponentialform. As discussed
by Brooks(2000),BrooksandDoswell(2001),Dotzek(2002),andshavnin Fig. 1, with ongo-
ing augmentationf tornadodatabaseshe obsenredintensitydistributionsshouldapproachhe
exponentialfor all F or T scaleclassesAs Fig. 2ashaws, thetornadodatafor thewhole USA
followed this trend over the last decades Neverthelessthe questionremainedf exponential
distributionsdo indeedpresenthe naturalor physicallimit for any growing nationaltornado
record,or if otherdistribution shapesveremoreappropriate As mentionedabove, finding the
right shapeof intensitydistributionsis highly relevantfor risk assessmerndclimatology

Theseissuesare addressedn our paper Sec.2 reviews datafrom the USA and mary
othercountriesworldwide, with a specialanalysisfor Germary. Sec.3 developsthe statistical
modelingprocedurdor tornadointensitydistributionsandevaluatest with datafrom various
countriesworldwide. Secs4 and5 presentdiscussiorand conclusions.The Appendixgives

theraw F scaledatabaseisedin ourinvestigation.
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2 Intensity distribution data

Dueto the formal equivalenceof the Fujita and TORRO intensity scaleswe will apply them
interchangeablyn our paper Fig. 1 and Table 1 illustrate the interrelationbetweenthe two
scales. In particular we will usuallydepictintensity distributionswith F scaleon a T scale

abscissan Figs.2—4asthis enablesimultaneouglotting of databasedn eitherF or T scale.

2.1 USA data

Looking atthe USA datarecordfirst, Fig. 2ashavs the historicalevolution of the USA tornado
intensity distribution functions, averagedover the decadedrom 1920 up 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 distributions are much more curved
to the right (low numberof weaktornadoessuperexponentialdecayfor violent tornadoes),
andbiasedto the strongertornadoesthanthe onesfrom about19500n. The 1990swith the
largestnumberof reports andalsothebestinfrastructurdo detectornadicstorms displayonly
very slight curvatureto the right andseemto provide evidencefor a temporaltransitionto an
exponentialdisributionasschematicallyllustratedin Fig. 1.

Whenlooking at regional dataon a state—sizedevel for the 1990sin Fig. 2b, compared
to the distribution for the whole USA, obviously significantcurvatureto the right andalsoa
variety of slopesin the F2 to F4 rangeremains. As depictedin Fig. 2c, Brooksand Doswell
(2001)were ableto shawv that the averageslopeapparentlyis an indicatorfor dominanceof
supercelbvernon—supercetbrnadoesRegionslik e Florida,theFrontRangeor theWestCoast
statesCalifornia (CA), Oregon (OR), and Washington(WA) experiencemary non—supercell
tornadoesAccordingly, theirintensitydistribution hasa muchsteepeslopethanfor the storms
in the socalled'tornadoalley” comprisingOklahoma(OK), KansagKS), andNebraskgNE).
So, while the slopescould be assigneghysicalmeaning the curvatureto the right presenin
thesedifferentdistributionsremainedunresoled.

To clarify thisfurther, andto make thedatamorecomparabléo EuropearcountriesFig. 3a
shaws the decadaltornadointensity dataonly for the stateof Oklahomafrom 1950to 1999.
Beingin the heartof tornadoalley, andcomparabléo the sizeof typical Europearcountriesjt

is better-suitedfor comparisonshanthewhole USA. Again, we have plottedthedistributionas



aprobabiliydensityfunctionp(F) overT scale with thedatagivenfor F scaleonly. Apparently
the slopeof the curvesin the intermediatentensityrangeis roughly equal,but eventhe data
for the 1990sstill displayconsiderableunatureto theright, especiallyfor strongandviolent
tornadoes.

The questionmay be raisedif, contraryto prior assumptionsthis curvaturedoesindeed
representhe real climatologicalconditions,andif the nearly exponentialshapeof the 1990s
intensitydatafor thewhole USA is a meresmoothingartifactcomingfrom the meiger of data

from regionswith distincttornadoclimatologies.

2.2 International data

Whendatafrom countriesworldwide areconcernedthereis usuallya muchsmallerdatabase
availablethanfor the USA (e.g. Dotzek,2003). Yet, somecountriesdo have long andhomo-
geneougornadorecordsof asizecomparableo thenumberdrom Oklahomashowvn in Fig. 3a
(cf. Wegener1917;Niino etal.,1997;BrooksandDoswell,2001;Dotzek,2001).

For aselectiorof ninecountriefrom bothhemisphereandencompassingll continentsex-
ceptAntarctica,Fig. 3b givestheir intensitydistributionsp(F). Asidefrom the extremecurves
for Franceandthe United Kingdom, the otherdistributionsare similar in shapeandcloseto-
gethey resemblingthe functionsfound for Oklahoma. And commonto all distributionsis a
moreor lesspronouncedurvatureto 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—ratedornadoesn the TorDACH data(about50% of all). The +—
symbolsgive the distribution p(F), while the x—symbolsdenotethe samedistribution with T
scalep(T). Especiallyfor theF scale thereis analmostconstanslopefrom F1to F4intensity
a significantlylower numberof FO tornadoesndalsoa slight drop at the F5 tornadoegwhich
have avery smallsamplesizein Germary). Soalsoin Germar, beingalmostexactly twice as
large asOklahomagunatureto theright is foundin the currentintensitydistribution.

The sameholdsin principle whenlooking at Germary’s historicaldatap(F) in Fig. 4b for
dinstinctsamplingperiods.Theseperiodswerechoserto reflectthe samplingby Alfred Wege-

ner(1917),Johannesetzmannfrom 1917to 1939(cf. Peterson1992a,bDotzeketal., 2000),
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two intermediatgeriodswith little tornadoresearchyetwith (1940to 1979)andwithout (1980
to 1996)strongandviolenttornadoesThelastchoserperiodis from 1997until presentstarting
with thefoundationof the TorDACH network andincreasedornadoreportingvia theinternet.

We seethatthe last phasefrom 1997 on hasindeedseena higherpercentag®f weaktor-
nadoessupportingthe conceptdepictedin Fig. 1. What's more,the early periodup to 1916
hasa very large contrilution from strongand violent tornadoeslikely becausemainly these
have madeit into historicalarchvesandchronicles Butin generalall theseprobabilitydensity
functionsshov somedegreeof curvatureto theright.

With this evidencefrom mary differentcountriesvorldwide,we will proceedy investigat-
ing physicalagumentsvhich mightsupportalowernumberof veryweakandviolenttornadoes

ascomparedo anexponentialintensitydistribution.

3 Statistical modeling

3.1 Observational issues
3.1.1 TheFO0 problem

Thereis a problemrelatedto applicationof the Fujitaand TORRO scaledor very weaktorna-
does.Theoriginal definitionsby FujitaandPearsor{1973),Meaden(1976),andthereview by

Fujita (1981)definedthe F andT scaleformally equalto the Beaufortscaleas(v in ms™!)
v(F) = 6.30 (F+2)%2, o(T)=236(T+4)>?, v(B)=084(B+07>?. (1)

The resultingslight velocity differencesdbetweerthe F andthe T scaleclassboundariesvere
eliminatedin thetakulationby Dotzeketal. (2000).In practice,TO, T1 correspond$o FO; T2,
T3 correspondso F1,andsoforth. While Eg. (1) shavsthatwind velocityv = 0 ms™! is only
attainedfor negative valuesof the F and T scales,hamelyF-2 and T-4, commonapplication
imposesalower limit atFO=T0 ~ 18 ms™!.

This choiceis appropriatén the sensehatat aboutthis windspeedcorrespondingo Beau-
fort 8 thefirst, verylight damagecouldbecausedy atornado.Thisis alsoreflectedn Tablel
shawing typicallossratios

Damagen EUR or US$
Reinstatementaluein EUR or US$’
5

Sin % = 100

(2)



for light (S_) andstrong(S.) buildingsin CentralEurope(cf. Dotzeketal., 2000).NearFO0 or
TO intensity the lossratiosfirst attainnonzerovalues. Table 1 alsodepictsvelocity rangedor
negative F and T scalesvaluesasoriginally designedoy Fujita and Pearsorn{1973)but never
seriouslyexploitedafterwards.

Whatwe call “FO problem”canbedescribedy the following two points:

e First, FO tornadoesarelikely to be overlooked dueto their small damagepotentialand
their sometimesyery brief lifetimes (cf. Knupp, 2000). This is one of the explanations

for strongFO underreportingspeciallyin earlierdecade®r centuries.

e Secondthephysicalphenomenofitornadovortex” doesnot startat FOin a binaryfash-
ion. Therearedefinitelymary subcriticaltornadiccirculationsin contactwith theground

andwith a parentcorvective stormwhich simply do notreachdamagingvindspeeds.

e Third, currentF scalerating practicee.g. in the USA ratestornadoegausingno damage

to man—madsatructuresasF0, no matterhow high thewindspeedsctuallyhave been.

On someoccasionsthe negative—F subcriticalcirculationsmay be obsenred, for instanceby
whirling dustat the groundor a well-definedfunnel cloud in a moist atmospheridoundary
layer situation. Thesesubcriticaltornadovorticesare then wrongly classifiedas FO events
underthecurrentprocedureThis negglectresultsin analiasingerrorfrom the negative F values
to the FO classresultingin a highernumberof eventsthanrealisticthere.

Assuminga purelyexponentialintensitydistributionto bevalid for all F or T classesvould
furtherresultin anextremelyhigh numberof subcriticalevents(cf. Table2), aswill befurther

outlinedbelow.

3.1.2 Theapparent F5 limit

From Table 1 we seethatthe upperlimit of the F5 classis assumedt 143ms!, resultingin
total or near-totaldestructiorof buildings(S ~ 100%). Thereexistsalong debateamongwind
engineerandmeteorologistaboutmaximumwindspeedn tornadoesFor neitherthe F or T
scaleathoroughcalibrationof damagesersusvindspeedxists. Many authorshave arguedthat
theF andT scalevelocitiesatthe highendaretoo large,andthatthereshouldbe anupperlimit
at about125ms ! basedon radar thermodynami@and damageanalysegZrnic et al., 1985;

Davies—Joned,986;FiedlerandRotunno,1986;BluesteinandGolden,1993;Lewellen,1993;
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Golden,1999). However, in the 3 May 1999 F5 Bridge Creektornadoin Oklahoma,for the

first time radar-obsered Dopplervelocitiesat only 30 m AGL have reachedl42ms—! (Mon-

astersly, 1999; Davies—Jonest al., 2001). A later re—evaluationof the radardataleadto a

velocity estimateof 1354+ 10 ms ! (J. Wurman,pers. comm,2002). Thesevaluesare close
to the upperF5 limit or evenslightly within F6 from the scales’definition. In addition,there
is ongoingdebatecomingfrom the modelingcommunityaboutsmall regionswith transonic
velocitiesin tornadoegLewellenet al., 2002). So, evenif clearF6 tornadoedave never been
reportedduringthelastdecadesthey mightstill be 10to 100—yeaevents.

The apparenexistenceof a physicallymotivatedupperlimit of windspeedsn tornadoes,
lying somevherenearthe F5to F6 boundaryhasimportantconsequencdsr thetornadainten-
sity distribution shapéor violenttornadoesAs “superviolent”,i. e. F6or T12, T13tornadoes
appearhighly improbablefor physicalreasonsthe probability of tornadoesapproachinghis
saturatiorregion of intensityshouldbesignificantlylowerin arelatve senseeomparedo those
tornadoesvhich arestill far away from the highestpossibleintensities.Otherwise an extrap-
olation of an exponentialintensity distribution to F6 eventswould leadto an unrealistically
largenumberasshawvn in Table2 which gives6.5F6 tornadoesn the USA perdecademaking
themal.5-yeaevent. We cannotexpectahomogeneouslopefrom anexponentiadistribution
from F2to F4 to extendbeyondthe F4 limit then. Instead probability shoulddecreasejuicker
towardsthehigh endof intensity

In summary the agumentsconcerningthe likely physicalreality of reducednumbersof
FO and F5 tornadoescomparedo exponentialdistribution shapespeing well-supportedor
intermediat@ornadointensitiesresultin the conclusionthatthe overall shapeof intensitydis-

tribution shouldindeedbe curvedto theright asseenn the obsenrationaldata.

3.2 Fitting procedure

As outlinedaborve, in alin—log plot andfor anintermediaterangeof F or T scalevaluesthe

tornadointensitydistributionsp(F) or p(T) canbewell approximatedy anexponential Jike
p(F) =exp [b—cF]. 3)

However, the exponentialp(F) doesneithermodelthe lack of obsened F5 tornadoesnor the
missingFO properly Also, the numberof extrapolatedsuperviolent F6 tornadoegs far too
high, cf. Table2.



Thegoalof afitting procedures thento find a moreadequatelistributionin orderto better
understanc&indmodelthe occurrenceof tornadoes.The obsered F scaledistribution p(F) in
thelin—log plot is usuallycurvedto theright.

Evaluationof a numberof candidatdunctionsp(F), however, shovs thatfor instancethe
sumof two exponentialsis always curved to the left in a lin—log plot and thus not superior
to the single exponential. The Gumbeldistribution hasno lower boundon the abscissathus
not excludingtornadoesvith negative windspeed Evenif a Gumbeldistribution would fit the
obseneddatabetter it could not modelthemfrom a physicalpoint of view. Powverlaw distri-
butionswould berepresentedy straightlinesin thelog—logplot anda left—cuneddistribution
in thelin—log plot. Thereforethey arealsono candidateéo modelthe obsenationaldata.

After testingotheroptionslik e the Gammadistributionaswell, we chosethe Weibull distri-
bution to modelobsenedtornadointensities.lIt is often usedwith extremevalues,“ordinary”
windspeedsandevenfor distributionsof tornadopathlengthandwidth.

TheWeihull distributionhasthreeparameters, b, ¢, andis givenby thefollowing equations

for probabilitydensityp(x) andprobability P(x):
c—1 c
C r—a r—a
p(a:)—5< 2 ) exp[—( 2 >} , V xz>a, 4)

P(z) = 1—exp[—(x;a)c] , YV rT>a. (5)

Herea denoteghe minimumvaluein z, b is a scalingfactor andc is a shapegparameterNote
thatfor ¢ = 1 anexponentialdistribution follows asa specialcase Aside from the existenceof
alowerboundin z, this makesthe Weibull distribution well-suitedfor our purposes.

To clarify ary physicalsignificanceof parameter$ andc, it is usefulto look at the first
momentshamelymeany andvariances?, andthe modez, (locationof the p(xz)—maximum)

of the Weilull distribution:

o= a—i—bF(l—i—%), (6)
o’ = bQ[F(lnLg)—F?(lJrl)], ()
c c
1 1/e
Ty = a—i—b(l—E) , c¢>1. (8)



In Egs.(6) and(7), I" denoteghe Gammafunction.

Parametek is anindicatorof how closeto an exponentialthe Weibull distribution is, and
aswe aredealingwith right—cuneddistribution functions,we canexpectc > 1. Parameteb is
morecloselyconnectedo themoments: ando? of thedistribution,e.g. a + b is aproxyto the
meanF scaleor windspeedn anobsenredtornadointensitydistribution. Thus,asin historical
recordgnainly significanttornadoesverelisted,while novadaysalsoweaktornadoesreoften
reportedoneshouldseea generadeclinein thevalueof b overtime.

After choosinghetypeof functionp(z), we canalsoinvestigatavhatbestto chooseasthe
independenvtariablez. Asidefrom theF or T scalevalues,a naturalvariablein orderto char
acterizetornadoess thewindspeed itself. This appearsttractve, asordinarynon-rotational
windspeedlistributionsarelong known to be Weibull-distributed. Thus,a first questiorto an-
sweris, how thedistributionin F scalewouldlook likeif thev scaledistributionwerespecified.

Assumethewindspeedlistributionto beG(v) with thedensityfunctiong(v) = dG/dv and
the continuoud- scaledistributionto be P(F) with the densityfunctionp(F). RecallthatF and

v areuniquelylinkedby
v(F) = v (F+d)*?, F)=v, " —d, v=630ms"', d=2  (9)

for theF scale.Correspondindormulasfor theT scalewould beformally equivalent,asgqg. (1)

shaws. We thenhave

dv 3 dF 2 _

— =yy=(F+d)"/? F>— O T3y , 1
I 1102( +d) V F>-d |, 7o = 3% v V v>0 (10)
Thedensityfunctionsof eachof thedistributionscannow be corvertedto the otheroneby the
well-knawvn transformatiorfunctions

dF
dv

dv

= . (11)

and  g(v) = p(F)

p(F) = g(v)

Assuminga Weihull distribution for the velocity (with v > «), the distribution p(F) =
plv(F)]is

p(F) _ ng(F+ d)1/2 g <’U0 (F+ Z)3/2 . a>c exp [_ (1}0 (F+ 2)3/2 — a)6:| | 12)

If thefit is performedn F (with F > a), we candirectly usethe original Weibull distribution:

o) W[ (5G]
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Both parameters, ¢ areknown assoonasthe Weibull distributionis fitted to the obsenational
datap(F). Thefitting procedures performedwith the cumulatve distribution P(F), insteadof
p(F) itself, thusleadingto a pseudo—linearegressiorproblem.
PresentlyobsenedtornadoesreratedasFO or larger Thus,asafirst step,with eitherF or
v astheindependentariablez, the cumulative distribution P(x) canbe computed.Takingthe

logarithmtwice from Eq. (5), we obtain:
In[—In(1 — P(z)]=cln(z —a) —clnb. (14)

ThishastheformY = B X + A, whereX = In(z — a), andY = In[—In(1 — P(x)]. Linear
regressiorthenyields B = ¢, andA = —c In b. TheWeihull parametet is externallyspecified
dependingonfit variableandrange.For fits startingat FO, thisis eithera = 0 ora = 17.819 ~
18 ms .

However, to assumeéhattheredo not exist any tornadiccirulationswith velocitieslessthan
18 ms ! (F =0) maynotbejustified. Thus,in thenext stepwe considethat,thoughtornadoes
with windspeeddessthan18 ms™! arenot yet regularly recordedthey physicallyexist: For
instancea large percentagef funnelcloud reportswill indeedhave beentornadovorticesat
thegroundwith negative F or T scaleintensity

Also in this casethe cumulative Weibull distribution P(z) canbefitted to the data. Yet, a
problemarises:To computeP(z), the presentlyunknavn numberof F-2 andF-1 tornadoess
necessary

This problemis solved by specifyingthe unknovn sumof F-2 andF-1 tornadoesonsec-
utively from n = 1 to alarge numberN to find out for which numberof thesenegatve—F
tornadoeghe Weikull fit attainsthe largestexplainedvariancer?. Note, however, thatdueto
the small numberof intensityclassesn the Fujita scale this maximumin r? canbe ratherflat
in somecases.In practice,this meanghat the determinedoptimal parametersf the Weihull
functionwill thenhave large standardieviations.

In the caseof thefit including negative F scalevalues thethreeopenfit parameterarethe
total numberN, of tornadoesswell asthe parameters andc of the Weikull distribution. The
Weibull parameter: (lower boundin z) is theneithera = —2 or a = 0 ms™, of which the
latteris the naturallower boundfor velocity.

Threeslightly differing routineswere programmedo find the bestandmostreliableway

to model obsened tornadointensity distributions. Procedurd iteratesthe unknavn number
10



of negatve—Ftornadoevithout introducinga separatelistribution classfor thesecases.This
meanghatin the cumlative distribution P(z), the iteratednumberof negative—Ftornadoess
addedo theobseredF0tornadoesSo,identicalto the simpleregressiorproblemwhenstart-
ing the fit at FO and not at F-2, the first classof P(x) containsall tornadoeswith intensities
lessthanF1. Thisis a straightforvard generalizatiorof the casewithout negative—Ftorna-
does.However, this procedurgurnedout to have severaldisadwantagesFirst, theinformation
containedn the numberof obsened FO tornadoess lost by meiging FO and negatve—Ftrial
casesn onedistribution class.Secondthis procedureputsa disproportionaiveighton the (for
somedatabasesatherlow) numberof obsenedstrongtornadoesFor somecountriesspurious
left—cuneddistributionswerethendiagnosedAnd last,Proceduré provednotto befully con-
sistent. The iteratedbest—fitnumberof negative—Ftornadoesvasoftennot reproducedy the
Weilull functionderivedfrom thisfit. As aconsequencélrocedurd wasnot appliedfor the
Weilull fits presentedn this paper

Procedurdl works similar asProcedurd, but treatsthe negatve—Ftornadoesasa single
additionalclassof the distribution, therebypreservinghe informationcontainedn the FO ob-
senations. This, and the highernumberof classeded to a consistentschemeto modelthe
obsenrationaldata. Procedurdl further computesguality measureso determinethe signifi-
canceof thefitting results standardleviationsof thefit parametergPresstal., 1992),andalso
themomentdrom Eqgs.(6)—(8).

Procedurdll is identicalto Procedurdl exceptthatthe negatve—Ftornadoesrefurther
split into two classesF-1 andF-2, for eachof which the numberof casegs iteratedindepen-
dently Comparedo n trial numberdor thenegatve—Ftornadoesn Procedurél, herewe have
to solve roughlyn? independenlinearregressiorproblemsuntil the bestfit is found. For large
databaseghis leadsto a prohibitive amountof computingtime. And besidesasno additional
informationis introducedby separatinghe unknovn F-1 andF-2 classesthe resultsobtained
with Procedurdll werevirtually identicalto thoseof Procedurdl.

Therefore only resultsof Procedurdl will bediscussedn the following. Thelin—log plot
of Fig. 5 basednthedatafrom Table2 outlinesthecapabilitiesof thedifferentfitting methods.
The stepfunction givesthe USA tornadointensity distribution from the 1990s,rangingfrom
FO to F5. The exponentialfit (a) resultsin an overestimatiorof F5 andF6 tornadoeg6.5 F6
tornadoegper decade) andan even strongeroverestimatiorof FO tornadoes.Any subcritical

tornadiccirculationswith negative F valuesareextremelyexaggeratedThe Weibull fit starting
11



atFo,i.e.18ms! (b), givesamuchbetterrepresentationf theobsenationsin therangeF0to
F5, but doesnotallow for any climatologicalstatemenbnthefrequeng of subcriticalvortices.
And still, about2 F6 tornadoeperdecadeareextrapolated.Startingthe Weihull fit at F-2 (c),
improvesthesituationfurtherandalsogivesthe lowestnumberof 1.3 F6 tornadoeperdecade.

In the rangefrom F1 to F5, this Weikull fit is almostalike (b) startingat FO. But now,
a reasonablesstimateof the subcriticaltornadiccirculationscan be made,droppingto zero
casewith zerowindspeeda physicalboundarwaluenot satisfiedby exponentialdistributions.
NeverthelesseventhoughFig. 5 andTable2 shav thatthefit of theWeibull distributionfrom F-
2 ondescribeshe obsenationsbest,it shouldbe keptin mindthatthe estimatechumberof F-2
andF-1tornadoess still anextrapolationandrequiressome(difficult) obsenationalevaluation
to testits reliabilty. Thenumberof reportedfunnelcloudsappears$o be a goodproxy for these
subcriticalcirculationsatthe ground.Also radarderved climatologiesof mesogclonesmight
be anoptionto estimatehe numberof thesecurrentlymissingcasegcf. StumpfandMarzban,
2000;Knupp,2000).

Theaccuray of thefit wassimilarly or evenequallygoodfor Weibull distributionsin either
F or v, especiallywhenincludingthe negative—FclassesFroma statisticalpoint of view, v and
F both appearadequat@asindependentariablesto fit tornadointensitydistributions. Yet, fits
in v have the attractive propertyto generalizehe conceptof ordinarystraight—linewindspeed

distributionswhich canwell berepresentetdy Weibull functions.

3.3 Fitting resultsfor variousregionsworldwide

For applicationsn statisticalclimatologyit would be highly usefulto comparethe individual
Weilull parameters, ¢ from differentcountriesworldwide, or distinct climatologicalregions
within large countrieslike the USA, by our proposedWeikull fitting procedure.In addition,
wherelong andreliabletornadorecordsexist, decadatrendsof the parameters, ¢ canindicate
if thereis evidencefor ary cornvergenceto anasymptoticor “universal”distribution.

To performsuchan analysisthe F scaledatagivenin the Appendixwereextractedfrom
e.g. Goligeretal. (1997),Petersor{2000), Teittinnen(2000) ,andthe EuropearBSesere Storms
Laboratory(ESSL)network. Also, updatechumbersof the Japanestrnadoclimatology(Ni-
ino etal., 1997),for Ireland,andthe UnitedKigdom werekindly providedfor this study Other

sourcesfor remainingcountrieswere alreadygiven by Brooks and Doswell (2001). Where
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available, differentstagesof individual F scaledatabasesvere alsoconsideredto detectary
temporaltrendsin the Weibull parametersr thefitting quality.

Resultsfor the Weibull fitting Procedurdl are presentedn Tables3 and 4. Basedon
thesedata,Fig. 6 giveswhatwe name“cb—plots” for the Weihull fits in v andF, respectrely.
Initially, a clusteringof pointsfrom regionswith similartornadoclimatologywasexpectedasa
relationshipbetweerb andc.

A large numberof availabletornadointensitydatasetsvasmodeled.Tables3 and4 showv
theresultinge, b parameterandthe correlationcoeficient, which wasthe samefor bothfits in
v andF whenincludingthe negatve—Fclasses.

The fitting procedureshavs a corvergencewith time for ¢ andb in the USA decadalis-
tributionsfrom 1920to 1999, visible in Table3. As expected¢ approacheg, andb generally
declinesalso,asmoreandmorewealer tornadoesave beenrecordedover the decadesAlso,
Weihull fits in v arealwayscloserto exponentialghanthosein F, i. e. theircis closerto 1.

Figs. 6a,billustrate the fitting resultsin cb—plotsfor fits in v andF, respectrely. Some
scatterin the dataoccurrs,but an apparentasymptoticupperboundis visible in the ¢, b data,
markedby anapproximatedinearrelationshipgivenby thedashedine.

To decideif the scatteregbointsfar away from thesdimiting functionscomefrom countries
with very smalldatabaseshorttornadorecordspr thosewithoutviolenttornadoeskigs.6c¢,d
only give thosedatacomingfrom intensitydistributionswhich containF5 tornadoesThis still
encompassesountrieswheretherehave beenonly 1 or 2 F5 tornadoeseported.We seethat
now mostof the scatterin the datais goneandthe remainingpoints are thoseclosestto the
upperlimit in the dataregion. Also, thesedatapointsarealignedlike a “string of pearls”,and
notdistributederratically Only weakevidencefor clusteringis found.

Parameterg andb cannow alsobe usedto comparegornadointensitydistributionsfrom all
overtheworld with thosefrom thelarge USA databaseTakingagainGermaly asanexample,

their Weibull parameterarecomparabléo thosefrom from the USA in the 1950s.

4 Discussion

Our statisticaklimatologicalapproactstoodthetestto modelthe 1990sUSA tornadointensity

datawith asignificantimprovementcomparedo a corventionalexponentiaffit. Thisimprove-

mentbecamemostnotablefor the F5 andprobablesupe+violentF6 tornadoes— thosewhich
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posethe largestthreatto livesandproperty— andalsofor thevery weakF-2 to FO tornadoes.
The latterusuallydo not poseary significantthreat,but they areimportantin a climatological
sense.First, determinatiorof their numberis neededor ary estimateof total tornadooccur
renceor incidencein a givencountryor region. Second}o know their numberenablesusto
determinghe amountof underreportingn currenttornadoobsenations.Third, with improved
obsenration of FO and probablynegatve—Ftornadoesreliable knowledgeof the weakend of
tornadointensityspectrahelpsto obtaina morereliablefit of theviolentendalso.

It wasfoundto be corvenientto usethe accumulatedlistribution function P(z) insteadof
the probability densityfunctionp(z) for thefitting process.The formerleadsto a muchmore
reliable estimateof the Weihull parameterslueto its integral insteadof differentialcharacter
especiallyfor smalldatabasesr thosewithoutreportsof violenttornadoes.

For somedatabasethe problemof a ratherflat maximumin explainedvariancer? of the
Weilull fit exists. This meanghatfor a wide rangeof parametersroundthe optimumvalues
c and b, qualitatvely almostequalfits can be realized. To circumwent this and reducethe
parametersstandarddeviation, large numbersof obsered tornadoesare necessary Also, a
large numberof intensityclassess helpful, at bestup to F5 or someday evenF6. To include
the negative intensityclasse®f F scaleinto thefitting procedurdurtherincreaseshe number
of classesandthe supportfor fitting algorithms.Finally, shouldthe T scaleever receve wider
acceptanceits doublednumberof intensity classesnight alsoimprove the situationfrom a
statisticalpointof view.

Onefinding of our studyis thatit malkeslittle differencetechnicallyif the Weibull distri-
bution functionis formulatedwith windspeed, expressediia thev(F) relationshipor with F
scaledirectly astheindependenvariable. Whenfits startat zerowindspeedi. e. F = -2, the
fit resultsareevenidentical. Fits startingat FOor v ~ 18 ms~! appeato be slighly improved
whenthefit is performedn v insteadof F. And asordinarywindspeedsrewell-knavn to be
Weihull-distributed,we concludethatv shouldbethe variableof choice.

Fits shouldin ary caseincludethe presentlyneglectednegative F scaleclassesfFrom our
experienceWeibull distributionsstartingwith zerovalueat the origin (eitherv = 0 or F-2, or
for large datasetprobablyalsoat T-4) appeato bethe mostfruitful wayto gaininternationally
comparablentensitydistribution parametesetsfor statisticalclimatologicalanalysis.

Negative F or T scalevaluesrepresensubcriticaltornadiccirculationswhich are definitly

presentn nature,but in mostcaseshardto detect. While the numbersextrapolatedor these
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classesshouldof coursenot be consideredasrigorously accuratevalues,they certainly give
anorderof—magnitudempressiorof whatis goingon beneattconvective stormsatintensities
lowerthanthewind damagehreshold.

Eventhoughmary reportedfunnel cloudslikely wereindeednegative F scaletornadoes,
obtaininga climatologicalestimateof their total numberfrom scatteredwvailablereportsis cer
tainly hopelessBesidesunderthe presenintensityrating practice thoseF-1 or F-2 tornadoes
which were luckily being detecteddue to specialmeteorologicakircumstancesre wrongly
ratedasFO events. Only wide—rangaemotesensingechniqueslik e radarderived climatolo-
giesof mesogclonicthunderstormsnight provide a solutionto this problem.

Both the exponentialdistribution and the Weibull fit startingat FO or TO intensityfail to
modelthesesubcriticalvortices.While theWeihull fit startingatFOby definitioncannotprovide
informationhere(althoughgiving a very goodfit to the obsenationsfrom FO to F5 intensity),
the exponentialcertainly overestimateshe subcriticalcirculations. Fig. 5 and Table 2 shav
thatalreadythe FO classis exaggeratedby afactorof about2 by the exponential leadingto an
estimateof total tornadonumberfrom FO to F5 almost70% higherthanobsenred. Including
the F-1 andF-2 datawould leadto the conclusionthat246365 F-1 andF-2 subcriticalvortices
occureachyearin theUSA. Thesenumberslonotappeato bereasonablelinsteadthephysical
boundaryvalue*“zero tornadoesvith zerowindspeed’certainlyholds,generallycontradicting
theideaof a perfectlyexponentialtornadointensitydistribution.

Concerningour choiceof Weibull functionsto modeltornadointensitydistributions,Fig. 7
gives a schematicexplanationof the relation between‘real” and obsened tornadointensity
distributions. Herewe have depictedthe lossratios S for CentralEuropefrom Table1 aswell
astwo differentprobabilitiesover F scale.First,thenormalizedy* representthe“real” tornado
intensitydistributionwith F scale— thatwhatthe climatologistor therisk assessmemhanager
wantsto know. Thecurve pp, however, givesthe probabilityof detectiorandclassificatiorof a
tornadicevent. To detecta subcriticalvortex with negative F scalehasa very smallprobability,
andonly from aboutF3 intensityalmostall tornadoeswill be detectedandcorrectlyclassified
astornadoesNotethatthis schematigp ,—functioncloselyresembleshe shapeof thelossratio
curves,especiallyfor S, , lossratiosfor strongbuildings.

What we have asthe obsered tornadointensity distribution p(F), however, is not p*(F),
but rathera multiplication of p* andpp over F scale. Note that one could further introduce
a probability distribution for the error width in assigningthe appropriateF scale: This would
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thenleadto a cornvolution insteadof a simplemultiplication. Soapparentlyonly for strongand
violenttornadoesanwe expectto obsene agoodapproximatiorto therealdistribution p*.

The F scaledoesnot endat F5 (e.g. Fujita, 1981). EventhoughF6 damae might hardly
be distinguishedrom F5 damage F6 intensity i. e. windspeedmight be identifiedin some
rarecasedy mobile Dopplerradars.Windspeedgor rathervelocity of debrisparticlesin the
tornadovortex) at the F5—F6thresholdhave beenobsered by radaron 3 May 1999in the
Bridge CreektornadonearOklahomaCity.

Our analysisshaws that to upgradethe Bridge Creektornadofrom F5 to F6 in the USA
datafor the 1990swould at leastnot contradictour Weibull fit result: It extrapolatedl.3 F6
tornadoesn the USA for thistime period,makingthemaroughly 10—yearevent.

Of coursegxtrapolationgik etheseagainraisetheold questioron how theF scaleshouldbe
percevedandapplied.Theliteratureon this subjectis extensve, andproblematidssuef the
Fujita scalehave beendiscusseca.g. by DoswellandBurgesg1988),asidefrom the already
mentionedsubjectof maximumwindspeedsn tornadoes.Parallel to aninitiative to improve
theF scale(McDonaldetal., 2002),preliminaryconceptgo includeinformationon strengthof
man—madestructureqFujita, 1992;Dotzeket al., 2000; Dotzek,2001)aswell astreedamage
(Hubrig, 2001)have beendeveloped.

Onecriticism of the F scale(andall F scalecriticismsequallyapplyto the T scale)is that
therehasnever beena thoroughcalibrationof the windspeedsn the F scaledefinition to the
damageadescriptiontherein. Thereforeone might be temptedto saythatour Weikull fits in F
model damagewhile the fits in v modelintensity i. e. inherentlyuncalibratedvindspeeds.
In practice however, sucha distinctionmight be academic.Presentlyone shouldkeepto the
scales’definitionsandequateF scaledamagedescriptionto the prescribedvelocities. Thatis,
it appearsnostsensibleo usethe v(F)—law asa definitionandto try to calibrateary expected
damageo the velocity intervals of the F scale. Intensityscalescould thenbe appliedto both
damageandwindspeednformation. Yet, shouldary revisedv(F)—law ever be determinedn
aneffort to improve the Fujita scale(cf. McDonaldetal., 2002),it canreadilybeimplemented
into our fitting procedureandall historicF scaledatacanimmediatelybe re—evaluated.

Apparentlythereis adifferentperceptiorof tornadantensityscalesn theUSA andEurope:
In the USA, the F scaleratingwith all its shortcomingss almostexclusiely determinedrom
damagdo man—madstructureswhereasn Europe githerdamagéo man—-madstructuregand

trees,or ary available,quality—controlledvindspeedneasuremeniareevaluated.In addition,
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ratingsaregivenonly whensubstantialamager windspeedlatais available. Dubiousratings,
I. e. to rate an obviously strongtornadopassingover openfield without damageas FO, are
thereforeavoided. Sucha casewould simply remainunratedn Europe.

We have not yet donethefitting with T scaleor the v(T)—law astheindependentariable.
This would be attractive from a statisticalpoint of view dueto its doublednumberof intensity
classexomparedo the Fujita scale.But asour experiencewith plotting intensityover T scale
shawvs (compareFig. 4 from Dotzek,2001,with Fig. 4 in the presentpaper),thefine T scale
spacingrequiresextremely large databaseb®efore smoothdistribution functionssuitablefor
fitting can be expected. Taking the large USA datasetdrom the 1950sto the 1990swould
be a very goodtestof the T scales applicability for suchintensity distribution fitting. But
unfortunatelyUSAtornadarecordsdonotgive T scaleandT scalecannotbe uniquelyinferred

from F scale(althoughthe oppositeis true).

5 Conclusions

Our studyon statisticalmodelingof tornadointensitydistributionshasrevealedthe following:

e Presentornadointensitydistributionsseemmnotto bedescribegroperlyby exponentials,
asthey shawv curvatureto theright in lin—log plots evenfor large databasesBesidesa
physicalboundaryconditionrequireszerotornadoesvith zerowindspeed.Both canbe

satisfiedoy Weibhull distributionswhich still encompasexponentialsasa specialcase.

e Large databasemeing tornadoreportsfrom variousclimatologicallydistinctregions,
suchasfor the USA, areclosestto exponentialdistributions,andshav a trendtowards

cornvergenceto anasymptoticclimatologicalintensitydistribution over the pastdecades.

e Weilhull parameter$, ¢ from countrieswith larger databaseandincluding F5 obsena-

tions,comecloseto anapproximatelyfinearrelationshipn the cb—plot.

e Similar to ordinarywindspeedlistributions, tornadointensity distributions can bestbe

modeledby Weibull functionsin v(F). But usingthe F scaledirectly is alsopracticable.

e From physicalandstatisticalconsiderationst is highly advisableto includenegative F

or T scalevaluesin theintensityanalysisj. e. to applythe scalesdovnto v = 0 ms™*.
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Suchfits from F-2 or T-4 upward both modelsubcriticalcirculationsandthe risk of F6

tornadoesn the mostplausibleway.

e Approval of the existenceof superviolentF6 tornadoeslepend®on F scalerating prac-
tice. In somecountrieslike the USA, F scaleis solely determinedby damagejgnoring
ary availablewindspeedbsenations.Yetour statisticaimodelingsuggest$6 tornadoes

in the USA to be 10—yearevents,supportedy recentDopplervelocity radardata.

e Total numberof tornadiccirculationscan be estimatedwvhenincluding the negatve—F
cases:For the USA, this leadsto N, = 29887 comparedo 12139 currentlyobsered

tornadoegperdecade.

e Comparisorof Weilull parameter$, ¢ with thosefrom the USA revealsthate.g. the

currentGermarntornadodataarestatisticallycomparabldo the 1950sUSA data.

Futurework will bedevotedto clarify theform andbasisof theapparenasymptotiaelationship
betweenWeibull parameter$ andc. If it holds,it could perhapse exploitedto decideupon

the conclusvenesf tornadoclimatologiesof individual regionsor countries.
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A F scaledata

Tables5 and 6 give the obsenational dataof tornadoreportsfrom variousregionsandtime
periodsusedfor our study The datavary bothin the numberof obsered F scaleintensities,

andin thetotal numberof tornadoesvith F scalerating.

References

BluesteinH. B., andJ. H. Golden,1993: A review of thunderstornobsenations.In: Church,
C., D. Burgess,C. Doswell, andR. Davies—JonegEds.), The Tornado: Its Structue, Dy-
namics,Prediction,and Hazads, 319-352.GeophysMonagr. 79, Amer. GeophysUnion,
Washington637 pp.

Brooks,H. E., 2000: The climatologyof severethunderstormsWhatwe canknow. Preprints

20thConft on Severe Local Storms Orlando,Amer. Meteor Soc.,Boston,126—-129.

Brooks, H. E., and C. A. Doswell, 2001: Someaspectf the internationalclimatology of

tornadoedy damageclassificationAtmos.Res, 56, 191-202.

Davies—JonesR. P, 1986: Tornadodynamicsin: KesslerE. (Ed.), ThundestormMorpholagy
andDynamics2nded.,197-236Univ. of. OklahomaPressNorman,411 pp.

Davies—JonesR. P, R. J. Trapp,andH. B. Bluestein,2001: Tornadoesandtornadicstorms.
In: Doswell, C. A. (Ed.), Serere CorvectiveStorms 167—221 Meteor Monagr. 28, Amer.
Meteor Soc.,Boston,561 pp.

Doswell,C. A., andD. W. Burgess,1988: Onsomeissuef United Stategornadoclimatology
Mon.Wea.Rev., 116, 495-501.

Dotzek,N., 2001: Tornadoesn Germairy. Atmos.Res, 56, 233-252.

Dotzek,N., 2002: Severelocal stormsandthe insurancendustry J. Meteor, 27, 3—-12,with

corrigendum:J. Meteor, 27, 189.[Availableat www.tordach.og]

Dotzek, N., 2003: An updatedestimateof tornadooccurrencen Europe.Atmos.Res, this

volume.

19



Dotzek, N., G. Berz, E. Rauch,andR. E. Peterson2000: Die Bedeutungvon Johannes>
Letzmanns'Richtlinien zur Erforschungvon Tromben,Tornados Wasserhosennd Klein-
tromben’fur die heutigeTornadoforschundveteor Zeitsdr., 9, 165-174[In Germanavail-

ableatwww.tordach.og]

Fiedler B. H., andR. Rotunno,1986: A theoryfor the maximumwindspeedn tornado—lile
vortices.J. Atmos.Sci, 43, 2328-2340.

Fujita, T. T., 1981: Tornadoesanddownburstsin the contet of generalizeglanetaryscalesJ.
Atmos.Sci, 38, 1511-1534.

Fujita, T. T., 1992: Mysteryof Severe Storms Univ. ChicagoPressChicago,298pp.

Fujita, T. T.,andA. D. Pearson]1973:Resultof FPPclassificatiorof 1971and1972tornadoes.
Preprints8th Conf on Severe Local Storms Dernver, Amer. Meteor Soc.,Boston,142—-145.

Golden,J.H., 1999: Tornadoesln: Pielke,R. Jr.,, andR. Pielke Sr. (Eds.),StormsVol. I, 103—
132.Routledg@ HazadsandDisastes Ser 2, Routledgel.ondonandNew York, 345pp.

Goliger, A. M., R. V. Milford, B. F. Adam,andM. Edwards,1997: Inkanyamba— Tornadoes
in SouthAfrica. UnitedLitho, 77 pp.

Hubrig, M., 2001: Tornado-und Downhurst—Schadenskafér Holzgevachsebasierendwufder
SkalierunghachTORRO angepasdtir MitteleuropaTorDACH). Proc.2ndForumKatastio-
phervorsorge, Leipzig, 24—26SeptembeR001.[In Germanavailableat www.tordach.og]

Kelly, D. L., J. T. SchaeferR. P. McNulty, andC. A. Doswell, 1978: An augmentedornado
climatology Mon.Wea.Rev, 106, 1172-1183.

Knupp, K. R., 2000: Narrov streaksof “straight-line” wind damage:Do tornadoesor mi-
crohurstsproducethem?Preprints20th Conf on Severe Local Storms Orlando,Amer. Me-
teor Soc.,Boston,644—-645.

Lewellen,W. S.,1993: Tornadovortex theory In: Church,C., D. Burgess,C. Doswell,andR.
Davies—Jone¢Eds.),TheTornado: Its Structue, DynamicsPrediction,andHazads 19-39.

GeophysMonagr. 79, Amer. GeophysUnion, Washington637 pp.

20



Lewellen,W. S.,J. Xia, andD. C. Lewellen,2002: Transonicvelocitiesin tornadoesPreprints

21stConf on Severe Local Storms Austin, Amer. Meteor Soc.,Boston,535-538.

McDonald,J. R., 2002: Developmentof an enhanced-ujita scalefor estimatingtornadoin-
tensity Preprints21stCont on Severe Local Storms Austin, Amer. Meteor Soc.,Boston,
174-177.

MeadenG. T., 1976: Tornadoesn Britain: Theirintensitiesanddistributionin spaceandtime.
J. Meteor, 1, 242-251.

Monastersi, R., 1999: Oklahomatornadosetswind record.Sci. News 155(20). [Availableat

www.sciencen@s.og/sn_arc99/5 15 99/fobl.htm]

Niino, H., T. Fujitani,andN. Watanabel997: A statisticalstudyof tornadoesndwaterspouts

in Japarfrom 1961to 1993.J. Climate 10, 1730-1752.

PetersonR. E., 1992a:Letzmanns andKoschmiedes “Guidelinesfor Researcton Funnels,

TornadoesWaterspouteandWhirlwinds”. Bull. Amer Meteor Soc, 73, 597—611.

PetersonR. E., 1992b: Johanne&.etzmann:A pioneerin the studyof tornadoes\Wea. Fore-

casting 7, 166—-184.

PetersonR. E., 2000: Tornadoeof the former Soviet Union. Preprints20th Conf on Severe

Local Storms Orlando,Amer. Meteor Soc.,Boston,138-141.

PressW. H., B. P. Flannery S. A. Teukolsky, andW. T. Vetterling,1992: NumericalRecipes,
TheArt of ScientificComputing 2nded. Univ. PressCambridge973pp.

Schaeferd. T., D. L. Kelly, andR. F. Abbey, 1986: A minimum assumptiortornado—hazard
probabilitymodel.J. Clim. Appl. Meteor, 25, 1934-1945.

Snaw, J.T.,andJ.Dessen$Eds.),2001: Proceedingsf the Conferencen Europearmornadoes

andSevereStorms,Toulouse 1-4 February2000.Atmos Res, 56, 409 pp.

Stumpf,G. J. andC. Marzban,2000: Using Dopplerradarvortex detectionalgorithmsto de-
velopsyntheticdornadoclimatologiesPreprint20thConf on Severe Local Storms Orlando,

Amer. Meteor Soc.,Boston,130-133.

21



Teittinen,J. J., 2000: Tornadoesn Finlandduring the years1997-1999Preprints20th Cont

on Severe Local Storms Orlando,Amer. Meteor Soc.,Boston,95-96.
Thom,H. C. S.,1963: Tornadoprobabilities Mon. Wea.Rev., 91, 730-736.

Wegener A., 1917: Wind- und Wasserhosenn Europa Friedrich Vieweg & Sohn, Braun-
schweig,301pp.

Zrnic, D. S.,D. W. Burgess,andL. Hennington,1985: Dopplerspectraand estimatedwvind-
speedf aviolenttornado.J. Clim. Appl. Meteor, 24, 1068—-1081.

22



Tables

Table1l: Generalized-ujita and TORRO intensity scalegFujita and Pearson1973; Meaden,

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

typicallossratiosfor light (S_) andstrong(S.) buildingsin CentralEuropearealsogiven.
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Table2: Comparisorof tornadoreportswith F scalein the USA during the 1990sversusex-

ponentialand Weihull fits startingat FO (v > 18 ms™!) or F-2 (v > 0 ms™!), respectiely.

Numbersfor non—ngative F scaleclassesndtotal tornadonumberV, arealsogiven.

Fscale Obseration Exponential Weibull fit in v Weihull fit in F
fitin F v>18ms!t v>0ms! F>0 F> -2
F-2 — 193107.1 — 7422.7 — 7422.7
F-1 — 53263.2 — 10556.1 — 10556.1
FO 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 10 235 10.6 9.5 11.7 9.5
F6 0 6.5 1.6 1.3 2.2 1.3
> FO—F6 12139 20278 12104 11908 12557 11908
No — 266643 — 29887 — 29887
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Table3: Weikull parameters andb for fits in v andF startingfrom F-2 (v > 0 ms™!), using

USA data.Numberof obsenedF scaleclasses: andcorrelationcoeficientsr arealsoshown.

Data Weihull fit in v Weibull fit in F

Region n c binms! c b T

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
USA1970s 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 4516 0.9991
USA 1920s 6 3.350 70.537 5.025 5.005 0.9971
Oklahomas0—-99 6 1.786 42.935 2.678 3.595 0.9998
Oklahomal990s 6 1.207 24.189 1.810 2.452 0.9965
Oklahomal980s 6 1.606 38.401 2.409 3.337 0.9996
Oklahomal970s 6 2.589 57.129 3.884 4.349 0.9986
Oklahomal960s 6 2.049 48.793 3.073 3.915 0.9996
Oklahomal950s 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 5099 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
FrtRg.CO90-00 4 1.446 16.050 2.169 1.865 0.9876
FrtRg/WCstc0-95 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
USAE 50-95 6 1.245 23.226 1.867 2.386 0.9997
USAECO90-00 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 v Weibull fit in F

Region n ¢ binms! c b r

Argentina30-79 6 1.146 21.461 1.719 2.264 0.9988
Australial795-99 5 1.834 36.964 2.751 3.253 0.9979
Austrial0-02 4 3.772 55.731 5.658 4.277 0.9904
Austrial0-01 4 3.041 53.490 4562 4.162 0.9972
Canad&b0-98 5 1.407 27.036 2.110 2.641 0.9986
Finland97-99 4 3.374 48.307 5.061 3.888 0.9935
Francel680—00 6 3.005 66.178 4.507 4.796 0.9989
Francel680-99 6 3.058 67.057 4588 4.838 0.9986
Germary 1453-03 6 2.267 50.720 3.400 4.017 0.9909
Germary 1453-02 6 2.376 50.603 3.564 4.011 0.9889
Germary 1453-01 6 2436 52.175 3.655 4.093 0.9885
Germary 1453-00 6 2.533 53.946 3.799 4.186 0.9882
Ireland50-01 4 2597 41.594 3.895 3.519 0.9999
ltaly 90—99 4 3.877 49.434 5.816 3.949 0.9981
Japart1-00 4 2.733 47.240 4.099 3.831 0.9999
Japarb0—69 4 2.160 38.758 3.241 3.357 0.9999
S Africa 05-02 5 2.862 51.465 4.294 4.056 0.9991
S Africa 05-95 5 2.990 52.430 4.485 4.107 0.9986
S Africa Inkaryambg& 4 3.369 52.086 5.053 4.089 0.9980
SAfrica Inkaryamba 4 3.289 52.621 4934 4.117 0.9983
S Africa 05-90 4 3.711 53.669 5.567 4.171 0.9973
SovietUnion1795-86 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—ratetbrnadoesrom regionsandtime periodsin the USA.

Reagion, time FO 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

USA, 1950s 1038 1945 1346 466 112

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
Oklahoma1970s 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 0O O
CA-OR-WA, 1950-1999 152 134 38 0O O
EasternColorado,1950-1999 425 357 75 13 1 O
Florida,1990-2000 625 142 26 5 0O O
Florida,1950-1995 1009 817 305 33 4 O
FrontRange,1950-1999 136 143 23 0O O
FrontRangeof Colorado,1990-2000 183 20 5 0 0O O
FrontRange/VéstCoast,1950-1995 288 277 61 0O O
NYNEX, 1950-1999 153 358 131 40 6 O
OK—-KS—-NE,1950-1999 2211 2590 1280 487 163 24
USA Eastof Colorado,1990-2000 5849 3061 1030 343 82 10
EasterrlJSA, 1950-1995 3547 7142 4463 1523 591 61
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Table6: As Table5, but for countriesvorldwide. For SouthAfrica, the Inkanyambalatagiven
by Goligeretal. (1997)wereevaluatedooth excludingandincludinglessreliableratings. The

latteris indicatedby the asterisk.

Region, time FO F1 F2 F3 F4 F5
Argentina,1930-1979 191 120 44 9 3 1
Australia,1795-1999 111 67 47 13 1 O
Austria,1910-2002 4 30 21 0O O
Austria,1910-2001 5 13 7 4 0 O
Canadal950-1998 355 161 82 24 3 O
Finland,1997-1999 4 16 5 1 0 O
France 1680-2000 33 62 128 74 13 2
France 1680-1999 30 54 123 72 13 2
Germaury, 1453-2003 69 221 91 27 7 2
Germary, 1453-2002 51 183 69 16 5 1
Germary, 1453-2001 39 151 62 14 5 1
Germaury, 1453-2000 29 123 52 14 4 1
Ireland,1950-2001 15 19 8 1 0 O
Italy, 1990-1999 25 90 38 5 0 O
Japan1961-2000 87 137 92 18 0 O
Japan1950-1969 62 62 27 5 0 O
SouthAfrica, 1905-2002 39 92 51 21 1 O
SouthAfrica, 1905-1995 32 92 51 19 1 O
SouthAfrica, Inkanyambd 29 91 49 16 0 O
SouthAfrica, Inkanyamba 26 82 48 16 0 O
SouthAfrica, 1905-1990 20 8 51 15 0 O
Soviet Union, 1795-1986 71 95 45 8 2 O
Switzerland,1950-2002 3 4 2 1 0 O
UnitedKingdom,1950-2002 292 693 60 2 0 O
UnitedKingdom,1950-1997 240 644 58 2 0 O
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Figure captions

Figure1: Schematiaiagramof mostcontemporarfEuropeartornadointensity distributions
over T and F scale(solid, alsovalid for the USA before 1960) and requird future changes

(arraws) to anearlierproposedlimatologicalexponentialdistribution (dashed).

Figure2: USA tornadointensitydistributionsp(F) plottedover T scale:a) decadaatafrom
1920to 1999,b) normalizedregionaldistributions N*(F) (1950-1999yomparedo total USA
in the 1990s,c) cateyorizationof regional N*(F) distributionsinto likely supercellor non—

supercelstormdominanceFor N*(F) in b),c),thenumberof F2 tornadoess fixedto 100.

Figure3: Distributionsp(F) plottedover T scalefor a) Oklahomain thedecade$rom 1950to

1999,andb) variouscountriesall overtheworld.

Figure4: Germandatafrom 1453-2001a) currentintensitydistributionsof all tornadoesver
F andT scaleb) the samedataover F scalesplit into characteristiphase®f Germantornado

research.

Figure5: Comparisorof threedifferentfits to the obsened USA 1990sdecadaintensitydis-
tribution with F scale(stepfunction)accordingo Table2: a) exponentialfit, b) Weibull fit in v

startingat FO intensity(18 ms™!), andc) Weihull fit in v startingat F-2 intensity(0 ms™!).

Figure6: Climatologicalcb—plotsof Weibull parameters andb for fits startingat F-2, i. e.
v = 0 ms!: a),c)fits in v; b),d)fits in F. Datafrom Tables3 and4. In panelsc),d) only data

from regionswith F5tornadoesredepicted.

Figure7: Schematicshaving a normalized‘real” tornadointensity distribution p* startingat
F-2(0ms™!), anestimateof the probabilityof detectiorof atornadop,, andthelossratiosS_

andS, from Tablel valid for CentralEurope.
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