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FOREWORD

This report descéibes & methodology for tornado risk
assessment. The methodolegy accounts for gradztion of tornade
damage across the width and along the length of the tornade path.
The approach represents a ref1neﬁent in the methodelogy presented
p%evinus1y by the author. The report contains a detailed explana-
tion of the rationale and assumptions used in the risk analysis.
Information contained in the report is presented inm support of
tornade risk assessments of selected facilitfes operated by the
Department of Energy. The work 1s performed under University
Purchase Qrder 9493503, University of Californie, Lawrence Livermore
Laboratory, Livermoera, California. Prnjebt monitor is Robert C.
Murray, Structural Mechanics Group, Huclear Test Enginearing
Myision, Projact managar for MgConald, Mehta &nd Minoe is James

R. Mehonald, P.E.
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T. INTRODUCTION

In order to meke rationai decisions on the degree of tornado pro-
tection required pne needs to know the risk of eiperianc1ng a windspeed
greatar than some threshold value at a given jocatforn Tn one year. Thus,
the probabilities of excesding threshold values of windspead in ane year
are collectively known as a tornmado risk model. A risk model can be
calculated using standard statistical methods and the tornade re;nrds of
the geographical region surrcunding the location of interest.

Dnce the visk model is determined, a management decision must be
reached 8% to the appropriate level of risk for the particular facility
under consideration., The appropriate level of risk depsnds on the conse-
quence of failure, the risk to human 1ife and the envirorment. Onge 3
decision %s made concerning the apprepriate level of risk, the maximum
horizontal design windspeed 15 obtained from the risk medei. Other
tornado parameters such as wind components, atmespheric pressure change
and missdle charvacteristics can be deduceq from our understanding of
tornado vortex mechanics. |

The purpose of this report 15 to present a methodology for assessing
tornado risks 2t a parti:uiar geographic location, The definition of &
tornade risk 15 the prababil{ty of a pofnt within a defined gecgraphic
region experiencing windspeeds greater than some threshold value 1n one
year. The inverse of this probability s known as the mean recurrence
interval. Mean recurrence interval is ¢imply the average arrival rate of
tornadoas within a region, when measured over a long period of time. This
concept of risk s referred to as a point probability, The level of risk
1s independent of the size of a structure or the Tocation of the

structure within a defined geovoraphic region.



A number of tornado risk models have been proposed, but when applied
te the ghme tornadp data set, the models give a wide ranpe of -results,

A careful-evaluation of each of the proposed models sugdests reasons for
the diverse results. Specific risk model methodologies have been propased
by Markee, et al. (1974}, Dames & Moore (1975}, Wen and Chu {1873},
Garson, et al., {1975}, Abbey and Fujita, {1975) and the author, McDonald,
et a1, (1975). Each of the above models uses apparantly valid statistical
tormulations, vet Abbey {1975) showed that whan the models are applied

to the same tornedo data set, windspzeds for a specified level of risk
varded significantly. MWi{ndspeeds predicted by the risk models varied
fyom 300 to BOD mph for a risk level &f 1 x 1077 occurrences per year
(risk Jevel of interest for nucivar power plants).

K careful study of the tornado risk madels reveals that the scatter
of results ¥s largely due to the varlety of ways that the tarnado data
are represented in the statistical formulation of the medels. Table 1
breifly summarizes ;he statisticel data representation utilized in each

of the models. For spacific detalls refer to ﬂbbey {1975) or to
refergnces to the individual models.

The evatuation of the different models first involves the determina-
tion of how well the distrihutions fit the tormado data. Unless distribu-
tions are carafully selected, windspeeds associated with small probability
Tevels [Tong return periods) can be unreésnnab1y large,

The model by Markee, et &}, assumes a mean tornado damage path area
of 2.81 sq mi, based on Them's {1963} study of Jowa and Kansas tornadoes,
The area 15 assumed to be comstant across the United States regardless of
tornade fntensity. Significant varfations in tornado path area are known

to exist (Howe, 1974},
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TRELE 1

STAT]STICAL REPRESENTATION OF TORNADD
DATA IH TORNADO RISK MODELS

Ternado Data Representaticn

Markae, ot al.
{1974)

Dames &
Moore (1975}
Wen and Chu
(1973)

Garson, st al.

McDonz1d, et 21,

(1075)

Abbey and
Fulite (1975)

Mean damage ared
Log-normal intensity distribution

intensity distribution represented by Gaussian,
Gamma er Extreme Yalue Type I '
. Decurrence modeTed by Poisson or Weibull process

. Bivariate log-normal distribution far ares and
intensity

Multivariate Jog-normal Joint probability
density function for intensity, path length
and path width

Empirical area-intensity relationship
Emparical occurrence-intensity relationship
Gradations of damage

. Empirical area-intensity relationship based
on gradations of damage



Several of the models use a Jogenormal intensity distribution.
hIthnugh'the intensity distribution seems to fit the Tog-rormal distri-
bution for 1ess Intense tornadoes, larger percantages of tornadoes are
predicteﬂ in the more ntense intervals tham have actually been cbserved.
Henee for extremely small risk levels the jog-normal distribution Jeads
to unreasonably and unexpectedly high windspeeds, See Golden, (1976} for
a discussion of upper bound values of windspeeds in tornadoes.

The ﬂ1str1butiuns‘and processes used in the Dames & Moore mode?
resulted in windspeed estimates which ware deemed too high. For this
rezson all distrfbutfons were truncated at 350 mph.

The Abbey-Fuiita risk medel utilizes an empirically derived area-
intansity relationship based on observed gradations of damage within
the tornado path. The DAPPLE 1indes gives the damage area par path
length as a function of torrade inténsity. The DAPPLE index is assumed

+to ba invariant with respect to geographic vegion. Further, it is

" based on examination of & limited number of tornado demage paths. As

the index is further refined, by examining many more tornade damage paths,
greater confidence {in 2 qualitative rather than statfstical sense) will
be gained 1n this appreach,

The tornado risk model methodology presented in this paper utilizes
emperically derived relationships between area-intensity and gCcurrence-
intensity. The emperical relationships are selected 1o accurately
represent the avatlable tornado data, The methodology accounts for
gradation of windspeed acrots tha path width and along the path Tength,

section 11 of this report presents the primary deia sources

available for ternada risk analysis. The genera® methodelogy 1s



described in Section III.- Section 1Y presents details of the risk model
calculations., A visk medel is calculated to demonstrate the procedure
in Section V. An evaluation of the risk model 1s made with respect to
data suufues, tornado characteristics, population effects and confidence
1imits in Sectiun.VI. The finzal Sécﬁinn presents a summary and

conclustons,




11. DATA SOURCES

Unfortunately, tornade vecords have not baen kept fn the past with
risk model ana1§sis in mind. Risk analysis requires the time of gccurvrence,
intensity, the initial touchdown point, the path length and path width.
The occurrence and touch down points, at least back to 195G, have been
systematically recorded, 1f the touch down was observed or {f significant
damage were done,

Until 1971 there was no method availsble for rating the intensity
of tornadees. Fujjta [1971) introduced a rating scale wheraby the inten=
sity could be judged on the basis of appearance of damage. Known as the
Fujita Scale, there are six fntensity classifications vanging from FO to
F5. Weak tornadoas have Tower ratings than strong ones,

The Pearson peth length PL and path width PH scales indicate the
length and mean width of the tornade damage path for damage done by winds
greater than or equsl to 75 mph. Each Pearson scale aiso has six
catagories. Short narrow ternado paths have lower Pearson scale numbers
than long wide ones. '

Thus, & tornade can be conveniently catagorized by giving its FPP
number., A tornade vated 3,2.3, for example, has an intensity of F3, 2
path length of P2 and & path width of P3. Teble 2 defines the FPP
classifications. Table 3 gives a word description of damage associated
with each F-scale intensity classif1cat1nn; A range of windspeed §s 21so0

associated with each F-scale classification.

A.  AYAILABLE TORNADD RECORDS
Résk amalysis reguires a consistent and compiete data set. Since

vicks are sometimes extrapoicated to probabilities of one in ten million,




TRBLE 2
FIJLTA-PEARSON (FPP) CLASSIFICATIONS

F. Scale: Maximum Windspeed
FO Fi F2 F3 Fi F5

Windspeed, mph 4072 73-112 113-157 158-206 207-260 261-318

P-5cale: Path Length
1] Pl Pz P3 P4 Ps .

Path Length, mi 0.3-0.8 1.0-3.1 3.2-9.9 10.0-31.5 31.6-99 100-316

P-Sealar  Path Width
0 Pl p2 P3 B4 Ph

Path Width, yde 6-17 18-55 56-175 176-566 557-1759 1760- 4363

e T R M T



(FO)

{F1}

(F2)

(F3)

{F4)

(F5)

TABLE 3

F-SCALE CLASSIFICATION OF TORNADGES BRSED ON DAMAGE
Ful1ta {1971)

LIGHT DAMASE 40-72 mph

This speed range correspords to Seaufort 9 through 11. Some damage
to chimneys or TY entennae; breaks branches ¢ff trees; pushes over
shallow-rooted trees; ¢1d trees with hollow fnside break or fail;
s{an boards damaged.

MODERATE DAMAGE 73-112 mph

73 mph 15 the besinning of hurricane windspeed or Beaufort 12. Peels
surface off roofs: windows broken: trailer houses pushed or overturned;
trees on soft ground uprocted: some trees snapped; moving autos

pushed off the road.

COWSIDERABLE DAMAGE 113-157 mph

RooT torn off frame houses leavinag strong upriaht walls standina:
weak structure or outbuildings demolished; trailer houses demolished,;
railroad boxcars pushad over, large trees snapped or uprotted; light-
object mitsiles genarated; cars hlown off highway: block structures
and walls badly damaged.

SEVERE DAMAGE 158-20& mph

Roofs mnd seme walls tovrn off wall-constructed frame houses: some
rural buildinas completely demolished or flatiened; trains over-
turned: steel framad hanoar-warghouse type structures torn; cors
1ifted off the around and may roll some distance: wmost trees in a
forast uprooted, snapped, or leveled: hlnck structures ofien leveled.

DEVASTATING DAMAGE 207-260 mph

Well-constructed Frame houses leveled, leaving piles of debris;
stryctiuras with weak foundation 11fted, torn, and blown off some
distance; trees debarked by small flying debris; sandy sofl eroded
and wravels fly in high winds: cars thrown some distances or rolled
considerable distance finally to disintearate; large missiles
qenersted, :

INCREDIELE DAMAGE 261-318 mph

Strong frame houses 1ifted cleer off foundation and carried
considerable distance to disintegrate: steel-reinforced concrete
structures badly damaged; automobile-sized missiles fly through
the distance of 100 yds. or more; irees debarked completeiy;
jneredible phenomena can fsecur,



{F6)

TABLE 2 {eont.)

INCONCEIVABLE DAMAGE 319 mph to sonic speed

thould & tornado with the maximum windspeed in excess of F3 occur,
the extent and types of damage may not be conceived. A number of
missiles such as {ce boxes, water heaters, storage tanks, 2utomo-
bijes, etc., will fiy through a long distance, creating sericus
secondary damage on structures. Assessment of tornadoes in these
catedories 1s feasibie only through detailed survey involving
engineering and aercdyramical calculations as well as meteoroiegi-

cal models of tornadoes.



{t {s obvious that a very Jong data recerd 15'd351rab1e. Such a data set
is not syailable, but the need for risk assessment nevertheless exists.
Therefore, we use the bestruvaiinhie data and realize that our resuits
have a widg'confidence band because of the data.

$torm Date, a publication of the Department of Commerce, NOAA,
aniPuméntu] Date Service, Natiomal b1imatic Center, Asheville, North
caroling contains systematic records of various types of severe storms.
The information includes:

(1} State, county, community

(2} Year, month, day, time

(3} Path length, path width

(4} Deaths, injuries

(58} Property damage class

(6} Crop damage ¢lass

(7} Harrative description of the damage
The publication 1s issued menthly. To extract tornade information from
the publication over & long period of time 1s tedious and time consuming.
1t {s possible, however, o systematically assign FPP ratings to the
tornadoes, based on the information in Storm Data.

A computer tape containing terrade records back to 1950 has been
assembled by the National Severs Storms Forecast Center {NSSFC) 1n Kansas
City, Missouri, Consfderable effort has been expended to update and im=
prove this taps. Storm Uagg, newspaper accounts and other information fn
the technical 1iterature are used to update the information on specific
tornadoes. Considersble information is tabulated for each tornado. Amonhg

others, the tape includes:

10
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{i} Ygar, month, date, time, weathar avent

{2) Latitude and Longitude of beginning and ending points of
tornado path

(3) Type of path, percent on ground, storm types and rotational
sanse

{4} Path length and mean path width
(5} Deaths, injuries, dsmage ciass, states &nd counties affected
(6) FPP scale
811 catagories of data listed above are not compiete at this time {1978).
or. T. Theodore Fujita, Department of the Geophysical Sciences,
Unfversity of Chicago has assembled a tornade datz tape which he refers
to as the DAPPLE tapa. Hfs information comes from Storm Data, the news
media and the files of storm damage {nvestigation that he has personally
assembled over a pericd of years. The DAPPLE tepe contains
1) Year, month, day and time
(2) F-scale
(3) Deaths and injuries
(4) Areas affected by tornado, identified a5 a gne-degree square
of latitude and Jongitude, each subdivided inio 15 minute
subboxes
(5) Path lengyth, path types and direction within each subbox.
Coptes of the RSSFC and DAPPLE tapes can be obtained from their sources.
Other random data are available in the T{terature. The three

‘sources 1isted above are attompts at systematic accumulation of data and

are wost yseful for tornado risk analysis.

B. QUALITY OF THE DATA
Since 1871, with the fnvention of the FPP scale, tornede data has

been recorded in a systematic menner. The lacal Metearologist-In-Charge
1



of the Hational Weather Service has the responsibility of confirming
tornada occurrences and assigning the proper FPP ratings. Prior to 1971,
tarnado data wis CﬁlTEﬂtEd.ﬂn a less systematic basis.
Thera is no douht that some biases exist in the data with respect
to intensity, path length and path width ratings. 1IN sparcely popuiated
open country tornade cccurrencas are Mkely to go undetected and unrecorded.
The question arises, which data saurce should be usad 1n developing
a risk model? Should one be preferred over the other? The approach we
suggest 15 to Took af all three sources {NSSFC tape, DAPPLE tape undlégggl
Data), and make & rational judgement concerning & ronsistent data set.
Either of the two tape sources may be appropriate, or some combination

of the tapes and Storm Dats.
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111, METHODOLOGY

The tornago Tisk model it determined from statistical analyses of
records of tornadoes that have pccurred tn the Feg1un surrounding the
eite pf iriterest. The tornado datd used are expressed in terms of the
FPP scales. As discussed in the previous section, 2 consistent data set
is first obtained. Then the risk model s computed following the steps
out1ined 1n this section, _

Four basic steps are invelved inm the development of the tornado
risk model:

(1} Determination of an area-intensity relationship in a globel
region surrounding the site.

{2} Determination af an occurrancesintensity relatienship in
e local region surrounding the site,

(3) Celculatien of the prababi1ity of a peint in the Tocal
region experiencing windspeads in scme windspeed interval.

(4) Determination of the probability of windspeeds in the Tocal
region exceeding the interval values.

K plot of the results of step four is the tprnado risk model. Each

of the four steps it described in the'paragraphs below.

A,  AREA-INTENSITY RELAT IONSHIF

" The establishment of the area-intensity reiationship raﬁuires a largs
sampie of relatively complete tornado records. tecause tornmado records
have been more agcurately kept since 1671, a geographic region, which may
contain several states, s defined and the period of record s taken from

1571. Factors considered 1n salecting this global region are:

13
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(1) The region should genera)ly surround the site,
(2) The region should generally contain the same type of terrain.

(3} The re?1un should have Common mateurniug1cu1 conditions on 2°
_synnpt ¢ scale, as they relate to the formation of tornadoes.

(4) The region should be of sufficient size to give an adequate
sample size for determining the area=intensity relationship.

The Pearson scales for path length PL and path width PH are defined

such that the mean damage &rea of & tornadp rated 2,1 1% the same as ong

rated 1,2, Thus the mean damdge araas can be grouped into eleven categories

Ai' whera i = 0,10, The value of 1 1s the sum of the P, and P numbers.
Tornadoes rated 2,1 and 1,2 both have mean damage areds corresponding

to Ay (=P + Pw]. The mean damage ared Tor each area classification

is given hy

Ay = 100+ 5(1-5}, (1)

a11 tornadoes in the wieobal region are tabulated into an area-
intensity matrix, The rows of the matrix correspend to the ared classi-
ficatiors: the columns correspond to the F-scale classifications. Each
alement of the matrix is the number of tornadoes fn the global region
{1971-1975) that corresponds to the particular area-intensity classifi-
cation. The form of the area-intensity matrix is {1lustrated in Table
4. The mean areas and windspeeds far the different ¢lassifications are
also listed in Table &.

The mean damage path area for each F-scale classification s
calculated, using the data in the area-intensity matrix, The coordinates

of mean windspeed for each F-scaie classification and the eorresponding

14



TABLE 4

AREA=INTENSITY MATRIX FORMAT

pumber of Tornadogs

Area

Clasgification FO 7 W '] £3 Fd 13

' Aq % " * * * "
'nl'l L] * W - * -*
plz * - * * * *
Ai - * h * ] *
AlU - * ok * * *

Mean WHndspeed, mph
£0 F1 2R Fa i}
58 92.5 135 182 233.5 269.5

Mean Area, sg mi

ﬂ&&%ﬂﬁﬁgﬁmf@ﬂ&u

0.00316 0.0100 0.0316 0.100 p.316 t.00 3.18 10.0 31,6 100.0 316

15
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mean demage path area are plotted and an emperical relationship is
derived by means of Tinear reqgression or other curve Fitting techniques.
& log-iog plot somatimes glves 2 good Fit. If,'fnr example, & 1og-log
plot is considered, then 2 Yinear regression analysis 1¢ performed to

ehtain an equation that pest fits the data. The equation takes the form
Log (Area) = Gy * Cy Log (V) . {2)

where C,. Cp ave regression coefficients and ¥ 45 the windspeed {inten-
sity). Equation {2} is the desired ares-intensity relationship.

A number of standard statistical distribution functions have been
considered, but none of those tried give 2 consistently good fit for
different gengraphica1 regions. The £ail end of some fumctions. corras-

ponding to high fornado intensity, tend 10 give unreasenably large areds.

B. UECURREHEE-INTEHSIT? RELATIONSHIP

A Tocal region within the global region 1s ﬂefineﬂ Lo permit
determination of an pecurrence-intensity relationship. The size of the
Tocal region may range from a l-degree to B §-degrese SQUETE, éepending
on the number of tornado pecurrences and the topographical and metero-
jogical conditions in the wincinity of the gite. Degree-sguares ave
convenient because tornade touch down puﬁnts are expressed in terms of
1atitude and longitude., If data from the DAPPLE tape are used, then
15-minute subboxes 8re the basic unit of area in the local reglon.

The longest possible period of vecord 1s used for the poeurrence-

1ntansitj relztionship. In this ¢ase 2 longer period of record for 2

18
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smaller {local) region is considered better than the short pericd of
record fn & large global region as used for determining the &rga-
{ntensity velationship. Generally records covering a 15-20 yesr period
are avatlable from the three data sources cited in Section I1.

The number of tornadoes exceeding ezch F-scale classification is
" fitted to appropriate curves by means of.regressinn analyses or curve
fitting techniques., The emperically derived function gives 2 continuous

relationship between area and Intensity.
Various standard statistical distributions also have been tried,

but none of them fit the occurrence-intensity daia well. Various relation-
ships are tried unt!l goodness of Tit tests indicate the best one. From
the empirically derived curve the number of tornadoes per year per

F-scale are obtained and are denoted 2.. The set of A's for all F-scale
intervals is the securrgnce-intensity relationship reguired for the risk

analysis,

£. PROBABILITY OF WINDSPEEDS IN SOME F-SCALE INTERVAL

The probability that any peint within the Tocal region will ex-
nerience a windspeed that is contained in the F-scale Interval '5 from
tornadoes whose maximum windspeeds are contained in the F-scale interval

?1 is given by the exprassion

P -
P[‘J-—'Hrj} ) .Iijl'ia'ij {3}

1?7



where & is the geographfc area of the local region (sq mi)

s the ptcurrence-intensity reletiomship {tornadoes
per yaar)

aij jt the ares within the damage path that BXPEr ientes
windspeeds in the F-scale interval ¥, in e tornado
whose maximum windspead 15 in the FwicaTe interval

Vi (123) (sqni)
" The F-scale intervals designated by ¥, or ?& are

Ay

F-Scale Interval Windspeeds

FO F1 F? Fa Fé4 F5
forl 0 1 2 3 4 E
Ti or V.
o) ] 40-72 71112 113-157 168-206 207-260 261.218
mph

The 1nteger i refars to the interval of maximum tornade windspeeds;
the integer ] refers to some interval less than or enual to 1.

_The magnitude of aiJ depends on the maximum intensity of the tornado,
the gradation of damage along the length and across the width of the
path and the mean damage path area. The lower portion of Figure 1
shows schemetically the areas within the tornzdc dsmage path exposed to
windspeeds of various magnitudes, (Note, that only half of the path
area is shown.) These gradatiéns occur because of variations of
windspeed across the width and aleng the Tength of the path. Segments
along the length of the path that have uniform F-scale intensities
have been arranged n descending order. This rearrangement does not
change the variztion of windspeed within the path. Tt merely arranges

the areas in a more gonvenient form for the mathematical calculations.

15



The velocity profile across the widtn of the path alsp s shown
{n Figure 1. Assuming a combined Rarkine Vortax, the variation of the

w1ndspegd'uutside of the radius of maximum windspagd is given by
YR = Constant (4)

At the radtus of damaging winds. Ry. the windspeed 1s, by definition,

75 mph. Then
75 Ry = C. (5]
From Figure 1 the torneds radius correspending to a windspeed of 75

mph is given by

Ros " ;% ' | (&)

where a, is the mean damage path ares and L, s the mean path length of
3 tarnado whose maximum intensity is F1. An expression for the constant

£ can be writien 2s

':'5i.'t,.I

C=TE|" . {7}

The tornade radius Rj corresponding to any windspeed uj is

20
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P (8)

From Fidure 1 one half the area exposed to Fj windspeed along the path

1ength where the maximum windspeed 1s F, in 8 tornado whose maximum

windspeed is F, 1is given by

i _
13k .
S RyRyygdog

(%)
N R
= - g L
'EE;' ?} Ed+1 k-1
L L
a = 7%83.a +
13K %1k ‘é‘v—‘lj ;F+1J
{10}

{3<)

where

c the percent length of intensity Fk in

u}
ik
a tornado of maximum intensity Fi

(11}

Wy = 75 _%le 417

i'jA

21




The area of windspeed across the path width Byqy is given by

%
1'1."1' = Ryl

75a
U L (k=4) (12)
‘EE‘{'.[?}] “157 _

aﬁjj = wjju.”aT {13)

=5

where Wyg (14)

J
From Fiqure 1 the following expressions can be written for A5
j
= .. a
¥ [“’n bagy KT |

" Kyq0y {§<1) {18}

alsc

FR Db
(3=1) (16)

- Kijai
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and

&1:] = [ I:J'?'-I} {1?!

The Kij tarms are consiant for the assumed gradation of windspeed along
the path length and the assumed velocity profile.

The gradations of F-scale damage along the path length are obtainad
from Fujiita's assessment of damage produced by the Super Duthraak
Tornadoes of AprdT 3-4, 1974 (Fujita, 1575}, The percent of the path
length of 2 tornade that experiences windspeeds of Intansity FJ in
a tornado whose maximum intensfty is Fj 15 designated o4 These
individual elements can be swmmardzed {n the form of a lower trisnguiar
matrix. Detalls of the calculations for o 4 are given in Appendix B.

The [a] matrix has the follaving form:

1.0 D 0 0 0 0
0.583 0.437 0 0 a 0
| 0,224 0,342 0.435 0 o 0
[“] - 0,080 D.229 0.316 0.365 ¢ a
0.124 0.157 0.263 0.216 D.240 0
| 0127 0.109 0.177 0. 250 0.181 0.145

(18)
Using Equations {15)., {16) and (17}, the'Kij terms z18¢ can be expressed

in matrix form, Details of these calculations are given in Appendix C.
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The [K] matrix, thus, becomes

1.675 - O 0 n 0 !

1.420 0.455 0 D D 0

_ 1.067 0.512 0,291 0 0 D
[“] = 0.927  0.482  0.280  0.174 0 0
0.062 0,421 - 0.261 0.128  0.087 0

p.565  ©0.387 0,228 0160  0.077  0.042
(20)

The 24, terms in Equation (3) also can be expressed in the form of a
lower triangulsr matrix. Equation (3) 1s avalyated by meltiplying each
row i of the [Klmatrix by 513‘1‘ The summation in Equation [3) extends
over each column of the modified [K] matrix. Appendix A shows detalls of

these calculations.

0. PROBABILITY OF WINDSPEEDS EXCEEDING INTERVAL VALUES
The probability that a point within the jocal region will experience

windspeeds greater than or equal to ﬁ& 15

— n —
Ptvr-rji- T _F(U=‘Jj] (21

A plot of P[?z?ﬁ} versus windspeed is, by definiticn. the tornado wisk

madal .
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E. EFFECT OF POPULATION DENSITY ON THE NUMEER OF UNREPORTED TORNADOES

The guestion arises -- Are 21l tornadoes that have sccurred reportad
in our records? A logical answer to this question is, “Yes, 1f there are
enough ﬁeup1e around €0 observe them." How many petple per square mile
are necessary to assure that all tornadoes ere ohserved? This is not 2
" simple question to answer, becsuse terrain, visibility and time of day all
have an effect on the answer., One simple cannot select a single minimum
| value of population density and zpply 1t to g11 sttuations.

In 1ight of the above discussion a method of correcting the number
of eeported tornadoes based on the population density (persons per
square mile) is proposed. The population correction is applied only to
the oceurrence-intensity statistics. The reasoning being that even
though a1l tornadoes are not necessarily reported in the global region,
1f a sufficiently large sample has been used, the erea-intensity rela-
tionship is essentially the same.

The population dansity of each 15-minute subbox in the Teecal region
{5 determined frem the 1970 EEﬂEUS.* The number of tornadoes thal have
oceurred in sach subbox s also determined. The mean number of tornadoes
per subbox for all subboxes with population density greater than or equal
ty various population densities, starting with the Yargest values and
decreasing to zero, are calculated. This information can be plotted as

shown in Figure 2.

L]

The methodology described here presumss that the DAPPLE tape data fs
baing used, Other date spurces can he used, vt the format {s not as
convenient.
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tr 211 cases that have been tested, the vesulting curve begins to
devizte from the mean, calculated for the high population density
sybhoxes, at some arbitrary population density. S¢nce zare population
densTiy in Figure 2 implies a1l subboxes with population greater than or
equal to zerc, the ordinate corresponding to zero population density
| gives the meen number of tornadoes for a1l subboxes 1n the Tocal ragion,
The difference 1n this mean and the mean corresponding to the high
population subboxes 15 assumed to be due to unreported tornadoes. The

number of unreported tornadees is given by

= {Ih - R;}n {22)

where X {s the number of unreported tornadoes
Eﬁ {5 the meam number of tornadoes per subbox in the
high populatien density subboxes where 211 tornadoes
are assumed to be reported

I; 15 the mean numbey of tornadoes in 211 subboKES
including $he high population density ones

n is the total number of subboxes 1n the local region.

The next step is to distribute the unreported tornadoes ageording
to F-scale ciassification. The occurrence-intensity relationship 1s
used for this purpose. Let Ni be the numﬁer of tornadoes with windspeeds
equal to or exceeding the lower bound windspeed for F-scale reting 1.
Also Tet Hi+1 be the number of tornedoes with windspeeds equal to or

exceeding the Tower bound windspeed for F-scale i+l. The number of
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tornadoes with windspeedsxsurresppnd1ng tp F-scale 1, then s N, - Nyay -
The percentage of tornadoes in F-scale 1 18 then Hi = Kisq divided by the
total numhﬁr of tornsdoes in 211 F-scale classifications. The total
wumber of unreported tornadoss {s then distributed in proportion to the

~ parcentage 1n sach F-scale elassification.
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1V. PROCEDURE

The step by step procedure for caleulating risks 1s outlined 1in
this section. The stéps are further demonstrated with the axample

calculations 1n Appendix A.

A.  AREA=INTENSITY RELATIONSHIP
(1} Select global region
(2} Assemble apea-intensity matrix

(2} Determine mean damage-path ares for asch F-scale ¢lassification
in the global region

{4) Choose appropriete function(s) to represent area-intensity
relationship

{5 For F-scaie elags interyals use the mean windspeed and
determine the mean damage path ared &, far the {nterval from
the area-intensity functian, '

AREA-INTENSITY RELATIONSHIP

FO Fl F2 F2 F4 F5

—

5. OCCURRENCE-INTENSITY RELATIONSHIP

{1} Select one or mOre Tocal regions

(2) Determine the number of reportad tormadoes equal to oF
excesding sach F.scale cizssification

{3} Plot number of re orted tornadoes obfained in Step {2)
versus the lower bound windspeed for each F-scate classifi-
cation and determine &n appropriste function or functions to

represent the oeeurvence -intensdty relationship




(4}

careect for population effects

fa} Determine number of persons per Subbox from 1570
census information

{b) Determine the numbar of tornsdoes that have occurred
in each subbox

{¢) Ceiculata the mean number of tornadoes per Subbox
for those subboxes with populations equel to or gre
than some threshold value. Start with the subboxes

with highest population density

{d} Find the point pn the curve where population effects
F;:st %Efe:t the number of reported tornadoes (See.
9.

e} Caleulate the mean number of tornadoes per subbox Ih
for those subboxes with 211 tornadoes assumed to be
veported and calculate the mean number of tornadoes

in all subboxzes Eg

(f) Calculate the sumber of tornadoes not reported using
Equation (22)

{g) Determine the percentege of tarnadoes per F-scale
from the sceurrence-intensity relationship {Step
8.3). Distribute the unreported tornadpes according

to the percenteoes per F-scale

{R) Caleulate & mew accurrence- intensity relationship
far a11 tornadoes as in Step B.3.

(4) Using the new securrenca-intensity ralationship
calculate the number of tornadoes per year for
mph intervals, 3y

HUMBER OF TORNADOES PER YEAR TN EACH F.SCALE INTERVAL, A4

FO Fi F2 . F2 Fa F5
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DSPEEDS IN SOME F-SCALE INTERYAL

¢. PROBABILITY OF WIN
from Equations {15}, (16}, znd [17)

(1} Compute yatues of 234

(2} '‘Determine area of 1oce] region
(3) Eveluate Equatfon (3} for sach ]

- p, PROBRBILITY OF WIMDSPEEDS EXCEEDING INTERVAL VALUES

(1) Evaluate Equation (21) for a1l values of §

(2} Plot P{V>V,} versus windspeed, which, by definition, 1s
the tcrnadé risk model
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V. EVALUATION OF THE METHCD

Just how gond is the risk mode] based on the wethedology presented?
sevaral factors that effect the outcome and our Teith in the results.
These include data sourcd, tornado characteristics, population effects

on reporting and confidence 1imits on the risk model prediction.

A. DATA SQURCE

There are no doubt biases in the data sources, as discussed fn
section 11. The three systematically atsembled data sources gonsidered
in this study ere genuine attempls to assemble the best available data.
As damomastrated in the example caleylations in Section V. the number of
jow intensity tornadoes do not have a gignificant effect on the tornado
probabilities. The large righ fntensity tornadoes have the most
sfgnificant {impact on the magnitude of the risks.

The F-scale intensity ratings aiven in the data sources are based
on appearance of damage. Windspeeds are scsociated with the F-scale
ratings and are used directly in the risk model caleulations, It 15
the author's opinien and 2 general cuncensds that the maximum windgpeeds
that actualiy occur in tornadoes and 1n the range 260-275 mph {(Golden,
1876). Thus the windspeeds associated with the F4 and FS classifications
would appsar to be too high. The probabi11ties will thus be canservative,

1f the windspeeds are {ndeed tog high.
&. POPULATION EFFECTS

In & particular geographical region some tornadoes are tikely to 9o

undetected {n areas of sparce popuiation. The protlem s we do mot know
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the total number of unreported tornadoss that have occurred {n the vegion.
The tota] rumber of tornadoes, veported and unreported. is estimated

from the mean number of tornadoes that have pccurred 1n the subboxes

with high population density. The assumption ts thus made that the

mean number of tormadoes per subbox for the entire local region iz the
came &5 the mesn number for the high density subboxes, This assumption

is true only 1f there is a sufficiently large number of high density
subboxes so that the sample s indesd representative of the tofal set

of 211 tornadoes. Each individual case should be carefully considered,

C. TORNADQ CHARRCTERISTICS

The risk assessment methodology presented herein accounts for the
variation of windspeed along the length and across the width ef the
tornado damage path. The gradations of damage alang the path length
wera estab)ished from results of a detalled study of the 148 tornadoes
of the Super Outbreak of April 3-4, 19?% (Fujtta, 1978). This data
source based on @ single extreme tornado outbreak, 15 somewhat 1imited.
Confidence in the values of o will grow when the data set is expanded
ta contain cther tornadoes nutlassucﬁated with the single outbreak.
Because the Super Quthreak contained many tornadoes with 2 wide range
of F-scale intensitfes, the rasults are believed to be conservative.
The tornado risk assessment method developed by Abbey and Fujita (1975)
alsa accounts for gradatfon of damage along the length and width of
the path. Their varfation function is based on the DAPPLE Index, which

iz alse developed on the basis of the Super Cutbresk Tornadces of 1974.
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The DAPPLE Index 1s expressed s a function of path length, whereas the
approach presented in ihis report yses mezn tornado damage path area as

the independent variable.

D.  CONFIDENCE LIMITS ON RISK MODEL PREDICTIONS

Confidence limits can be calculated for the risk model based ﬁn
confidence of the fits of the regressfon anaiyses on the area-
intensity and occurrence-intensity. This methodology 1s described in

McDonatd, et al, {1976} and will not be repeated here.

n
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VI, SUMMARY AND CONCLUSIONS

A me;hndn1ngy for assessing tornado risks 1s prasented in this
péport,. Risk as defined here is the probabi1ity of amy point within
a defined geographical region experiencing windspeeds in excess of
some threshold vaiue in one year. As defined, this fg a point proba-
Bi1ity that 15 independent of structure séze and location within the
defined geographic region.

The methodology uses available tornade records from the geo-
graphi¢ region surrounding the site. Distribution functions which
relate area-intensity and occurrence-intensity, are emperically
derived from the data. These are then utilized in making the proba-
biTity calewlations, Attention must be paid to selection of the
appropriate geographic region so that tornado characteristics are
reasonably hemogenesus in the region. The effects of low populaticn
density on the mmber of tornadoes that may go ynreported s also
taken into account. |

The methodology prasented here is an attémpt to arrive at @
rational methed for EESE!SingIFTEKS. It has hean.devéiuped over 2
period of four years and has been tested at a number of specific
Tocations,

What the risk model for a specific facility provides is an
instrument which will enabls authorities te establish aﬁ acceptable
level of risk for their facility and thus deduce B criteria for design
of new structures and the evaluation of existing ones. When the methodo-
logy 1s appiied to several sites at different gecgraphical locations,

design criteria at & consistent Jevel of risk can be establishad,
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BPPENDIX A: SAMPLE CALCULATIONS

To further i1lustrate the mathﬁdﬂlagy, a numerical axampie {s

presentad in this sectien. The site lecatfen chosen s fictitious.

The example 1s presented only to 11lustrate the method. The results

. are not interpreted.

A, AREA-INTENSITY RELATIONSHIP

(1)
(2)
(3)
(4)

- (8}

The glchal region selected is a rectangular box, 10 degrees
by 12 degrees

The area-fntensity matrix ts given on the rext page. The
information is assumed to come from the DAPPLE tape

The mean area for each F-scale classification is caleulated
from the fnformation in the area-intensity matrix

The area and intensity coordinates are plotted and an
appropriate function 15 fitted to the poinis. In this
example a log-1og plot is used. A regression analysis
gives the following equation for the area-intersity
relatfonship:

Log {(Area) = 2.38 Log {v) - 5.26
The comfficient of determinagtion 13 rE = {398

From the arez-intensity function values of 2, ere found
to he .

AREA-INTENSITY RELATIONSHIP, 2,. sq mi

£0 F1 F2 F3 F4 F5

0.080 0.26 0.65 1.32 2.38 i.97
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AREA-INTENSITY MATRIY (Step A.2)

Humber of Tornadoes

Area Mamn Area
Classification FO Fl F2 F3 F&  FB sq mi
% ug 4 9 0 o B 316x107°
A 077 1 3 | 0 1.00 x 1077
A, 21 63 22 5 1 0 3.16 x 10°°
Ay n o 3% 2 8 ¢ D  L00x107
A 12 5 48 15 2 6 3.16 % 107
Ae 2 17 1 138 5 0 1001
A i 7 1z 9 z o 3.16 x 100
A o 2 o 2z 3 0 Looxig
Ay a 0 0 0 0 6 3.16 x 10°
Aq o o 0o 0 ¢ 1.00 x 107
Al 6 o o0 0 0 o 316x10°
Totals 201 266 142 55 14 0
MEAN AREA PER F-SCALE (Step A.3)
£ 1 F2 F3 Fa F5
Mean
Area, sq mi .08 0.276 0.503 1.221  3.00 O
Nindep 56 92.5 135 182 233.5  289.5

Windspeed, mph
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B.  OCCURRENCE-INTENSITY RELATIONSHIP

(1) A fictitious S-degree sguare local region is selected for

this examptie

(2) The number of reported tornadoes in each F-scale classifica-

" tion are extracted from the DAPPLE tape

HUMBER OF TORMADOES PER F-SCALE (from DAPPLE Tape)

Fo F1 F2 F3 F4

. F3
No. in Interval el5 109 4l 12 2 0
Cumulative 3re 164 55 14 2 o
Lower Bound
Windspeed, mph 40 73 113 158 207 261

(3}

(4)

The cumulative number of tornadoes is plotted versus lower
bound windspeed for each F-scale, A semi-log plot 1s used
in this case (other plots were tried}. Two equations are

- derived based on Tinear regression analyses. If y 1s the

number of tornadoes exceeding . some windspesd value ¥,

y » (2046)1070-0110¥ (V<113 mph)

y - {3212}1070- P15 (V5113 mph)

Correction for population effects

(s) The number of persons per subbox s obtained from the
1970 census data., The fifteen minute subboxes are
drawn on & large scale map of the &rea. The county
and city populatien {5000 or greater) are then attri-
buted to the appropriate subboxes, The area of each
subbox 1s given by,

_ 4780
Agp ™ “TE- €08 8,
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=

. wheve 8 45 the latitude of the center of the subbox.

The number of persons per subbox divided by the
cubbox srea gives the populaticn density.

(k) Next the number of tornadees per subbox for the period
: 1959-1875 1s detfnnined from the DAPPLE tape
(e) The mean number of tornadces per subbox for those
subboxes with population density greater than or equal
to some thrashold value (see p. ) §s caleculated.
{d}) In this case a)) tornadoes appear io be reported, if
the population density of the subbox {s greater than
or egual to 300 persons/sq mi.
(e} EE = (2.00 + 2.13 + 1,94 + 2,00 + 2.03 + 1,98)/6
= 2.41
Eﬁ = 0.95
[f} The number of tornadoes not reporied {s:
X = (Ih - E'a]n
= (2.01 = 0.95) (400)
= 425 ternadoes
f{g) The percentage of tornadoas per F-scale is obtainead
frem the occurrence-intensity relationship (Step B.3).
FO F1 F2 F3 Fd F5
Threshold Windspeed 40 73 113 188 207 261
Fercant of Total 56.6 rri 12.5 2.7 0.5 0.1
No. of Unreported .
Tornadoes 241 117 53 11.5 2 0.5
No. Reported
Tornadoes 215 10% 41 12 2 0
Total 456 226 94 23.5 5 0.5
Cumulative Total 804 348 122 28 4.5 0.5

(h)

The new occurrence-intensity relationships are calculated
from the information in Step B.4.g using 1inear regression
analysis. The new relmtionships are

y = (2219)1070 011V (V<118 mph)

y = (9094)1070+ 0162 (¥>118 mph)
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(1} The number of tornadoes per year in F-scale windspeed
intarvals are determined.

KUMBER OF TORNADOES PER YEAR 1N EACH F-SCALE INTERVAL, X,

FO F1 F2 F3 F& F5

2€.32 12.89 5.94 1.23 {.204 0,028

C. PROBABILITY OF EXPERIENCING MIMDSPEEDS IN EACH F-SCALE INTERVAL
(1Y Compute values of “1]11

(2} Determine the ares of the 5-degree square logal regien
A = 25({4780) cos 6.

where B is the 1at3tude of the midpeint of the region,
assumed to be 39.5° 1n this exampie. Therefore,

A s 92,210 sgq mi
(3} Evaluate Equation (3) for each i using results of Step C.2.

. PROBRBILITY OF WINDSPEEDS EXCEEDING INTERVAL YALUES

(1) Evaluate Eguation {21} for 211 values of ]
{2} These values are plotted to obtain the desired risk model.

The entire risk model analysis can be accomplished by computer,

A sample output is shown on page 47,
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TORNADD RI5K CALCULAT1OKS

Stap C.1
Kid
N - " hy
i Fo F1 F2 Fi F4 F§ _
FO 1.67% 0.080  26.32
F1 1.420  D0.454 0,75 12,89
F2 1,067  D.B12 0.291 0.65 5,94
F3 0.927  0.482 0,280 0,174 1.37 1.23
F4 0.962 0,421 b.261 0.128 0.087 2.38 0.204
s pogs 0967 oz oas 007 0.4z 3.9 0,028



TORNADD RISK CALCULATIONS {eont.]

849 K

N Fo 1 F2 F3 Fe 5

£0 1,948

F 4.759 1.522

F2 4,120 1.977  1.124

F3 1,506 0,783 0.485 0,203

Fa 0.487 o206 0,127 0.062 0.082

F5 0.107 0.043  0.025 D.018 9,009 0,008
5
Doay, 14.506 4520 1.731 D, 363 0.05t
I . .
5, sq i 2.0 G20 Sz0 b0 92,210 . 92,210
P{v=T,) Lezar? 4.ma0t | g0 3.94x10°8 553077 5.42x10°%
Eg. [0 - \ ]
Py 2 T}) s st 7.0t 233007 £.550070 60707 4210
Eq. (21)
Windspead 40 7 13 158 207 261
{mph) .
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Stap 0.1

Step £.2

Step C.3

step 0.7



PROBABILITY OF EXCEEDING THESHOLD

WINDSPEED IN ONE YEAR
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