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PREFACE

These proceedings are a compilation of the survey papers, the specialty papers, and

the discussions presented at the Symposium on Tornadoes: Assessment of Knowledge and

Implications for Man which was held June 22-24, 1976, on the campus of Texas Tech University

in Lubbock, Texas. The symposium was attended by 156 professionals representing research

and educational institutions, practicing engineers and meteorologists, the nuclear industry,

the insurance industry, and federal and state agencies.

A previous conference on the subject of tornadoes was held in May 1970 at the Univer-

sity of Wisconsin. The discussions during that conference indicated that relatively little

was known about tornadic storms at that time and that results from investigators represent-

ing many disciplines were needed to decipher the mysteries of tornadoes. Since 1970,

meteorologists and engineers have made significant advances in the knowledge concerning

tornadic storms and the forces which are associated with these violent vortices. In view

of this increased knowledge about tornadoes, it seemed appropriate to organize a symposium

to focus attention on these advancements.

The objectives of the symposium were fourfold: (1) to summarize existing knowledge

regarding tornadic storms; (2) to discuss applications of tornado knowledge to societal

problems; (3) to delineate future research needs in tornado technology; and (4) to promote

dissemination of information between severe storm meteorologists, architect-engineers, and

other building designers.

In order to assemble the most knowledgeable individuals in all phases of tornado tech-

nology, invitations were issued to 37 individuals. These invited experts presented papers

and served as panelists during the discussion periods. The format of each session was

carefully arranged to permit active participation by all the attendees. The large number

of comments and contributions printed in these proceedings testify to the success of this

arrangement and the enthusiastic interest of the participants.

We greatly appreciate the high quality of the contributions to the symposium by the

session chairmen, the speakers and the participants. Sponsoring agencies played a signifi-

cant role in, assuring the success of the symposium by publicizing the symposium program.

The financial assistance by the National Science Foundation (Grant ENG 76-11551) and by the

U.S. Nuclear Regulatory Commission is gratefully acknowledged. A special thanks are ex-

tended to Dr. Richard E. Peterson for assuming the duties of the editor and bringing the

symposium proceedings to fruition.

Robert F. Abbey, Jr.

Kishor C. Mehta

Symposium Cochairmen
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NOTICE

These Proceedings contain papers presented at the Symposium on
Tornadoes and written contributions submitted by the conference-
participants. Symposium sponsors do not imply by their sponsor-
ship any endorsement or concurrence with the statements made by
individual authors in the Proceedings. All references and credits
should be identified with individual authors and not with sym-
posium sponsors.

Copies of these Proceedings may be obtained from the Institute
for Disaster Research, Texas Tech University, P.O. Box 4089,
Lubbock, Texas 79409. (Cost $25.00, U.S., payment should
accompany order).

Cover illustration by Farcus
Courtesy of the National Weather Service
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RISK PROBABILITIES ASSOCIATED WITH TORNADO WINDSPEEDS

Robert F. Abbey, Jr.

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555

1. INTRODUCTION 2. TORNADO CLIMATOLOGIES

Tornadoes, the most violent of all natural Any attempt to assess the tornado hazard
atmospheric phenomena, cause on the order of must consider several important statistical
$100 million damage and about 150 fatalities aspects of tornado characteristics. In
annually. When interpreting such average Section 2.1 tornado occurrence statistics
values, the importance of a single catastrophic (annual average, seasonal, diurnal) and their
event needs to be emphasized, e.g., the 148 variation as a function of geography and
tornadoes which occurred on April 3-4, 1974, topography will be discussed. Not only is
caused over $400 million damage and killed the number of tornadoes which have occurred
more than 300 people. Morton (1966) and in a particular area over a specified period
Davies-Jones and Kessler (1974) provide succinct of time important, but as equally significant
descriptions of tornado characteristics and is the size of the damage area resulting
vortex theory. from a tornado passage; a measure of the

Kessler (1970) placed the tornado in its intensity or strength of the whirling vortex
perspective with regard to other severe weather needs to be ascertained. Section 2.2 consists
events. A recent assessment of research on of an analysis of attempts to accurately
the most common natural hazards existing in the determine tornado path areas, path lengths,
United States has been performed by White and and path widths. Efforts to describe the
Haas (1975); the tornado hazard research was tornado risk by examining the spatial and
compared with 14 other natural catastrophes. temporal variations in fatalities attributed
Brinkmann (1975) analyzed the research being to tornadoes are summarized in Section 2.3.
conducted on various facets of the severe local The difficulty of interpreting tornado sta-
storm hazard in the United States; the section tistics as a result of what has been termed
on tornadoes provides a cogent statement on the "population bias"-and the effect of large
tornado peril and hazard potential of tornadoes, tornado outbreaks aredescribed in Section 2.4.
lightning, and hail. Abbey (1975a,b) describes
research efforts in severe storms applied to
nuclear facilities. 2.1 Occurrence Statistics

One aspect of tornado-related research
which has been the subject of considerable No attempt will be made here to duplicate
interest and speculation is the determination the perceptive and witty account of 109
of an accurate tornado climatology. One purpose representations of tornado incidence listings,
of this paper is to review these attempts to enumerations, graphs, and maps by Court (1970).
describe the tornado hazard as a function of As he correctly states, many maps or graphs
time, geographical location, and tornado have been produced since 1884, but very few
intensity. Ultimately, once an acceptable show actual tornado incidence per year per
tornado climatology has been established, unit area. Most of the maps are totals for
tornado risk probability models can be verified, various periods of years by states or by
To compare the different approaches to defining latitude-longitude quadrangles of varying
the tornado hazard is the second objective of areas. One of the most significant limitations
this review. The third goal is to assess in the tabulations of tornado occurrences
the viability of regionalization of the has been the failure to tabulate and map the
tornado hazard assuming various levels of risk. actual damage areas per tornado.
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In addition to Court (1970) the reader
should also consult four studies cited by him:
Lee (1958) analyzed tornadoes that occurred in
1950-1956; Wolford (1960) assessed tornadoes
in the years 1916-1958; Thom (1963) used those
tornadoes in 1953-1962 for his analysis; and
Pautz (1969) tabulated tornado statistics
for 1955-1967. Several investigations have
appeared since 1970 that update the tornado
occurrence record. These will be referred to
in more detail in subsequent sections, but are
listed for convenience here along with the
years examined: Skaggs (1970), 1950-1964; Reed
(1971), 1916-1968; Berry and Reed (1972), 1916-
1968; Tecson (1972), 1965; Fujita (1972a),
1971; Fujita (1973b), 1916-1972; Fujita and
Pearson (1973), 1971-1972; Fujita, et al.,
(1975), 1970-1974; Kessler and Lee (1976),
1953-1974. Tornadoes are routinely tabulated
by the National Severe Storms Forecast Center,
National Oceanic & Atmospheric Administration,
Kansas City, Missouri.

Golden (1973) compiled statistics related
to waterspout occurrences reported in the
years 1958-1968; an East and Gulf coast water-
spout climatology for 1850-1940 and 1959-1973
was prepared by Golden (1975). These two
papers update the previous study by Gordon
(1951).

Modahl and Gray (1971) summarized funnel
cloud occurrences and compared these with
tornadoes from 1950-1969. Hurricane-spawned
tornadoes are beyond the scope of this paper
except insofar as they are tabulated and
analyzed as being part of the data set com-
prised of all tornado occurrences.

Geographic Distribution. Tornadoes have
beeft reported in all 50 states; however, the
statistics, analyses, and conclusions discus-
sed below apply only to the contiguous 48
states. Fujita (1976b) prepared an excellent
map of tornado paths from those occurrences
reported in 1930-1974. Variations of this map
have appeared elsewhere (Fujita, et al., 1975;
Abbey and Fujita, 1975; Fujita, 1976a,c). The
detailed mapping of tornado paths for two
regions of eight square degrees are presented
in Abbey and Fujita (1975). Other than the
original map (Fujita, 1976b), no investigation
has produced the location of tornado tracks
as a function- of tornado intensity on an
individual tornado basis. Figure la consists
of all reported violent tornadoes; Figure lb
and ic show the paths of the strong and weak
tornadoes, respectively. The tornadoes have
been classifed according to the Fujita-scale
which is discussed in Section 3.3. A
total of 19,189 tornado tracks are plotted.
Figures 2 and 3 depict the paths of violent

and strong tornadoes by decades, respectively.

Temporal Distributions. The number of
tornadoes which occur each year is an import-
ant input for most tornado risk models. This
statistic is used either as a constant to
depict the arrival rate as a function of
geographic location or as data to determine
the appropriate distribution describing the
recurrence interval between two successive
tornado occurrences. The annual average
number of tornadoes is usually determined by
summing the occurrences for each one degree
square or for each state. Ideally, tornadoes
should be reported and tabulated per unit
area rather than by one degree square or
state area and then adjusted

to a reference unit area, often
chosen as 10,000 square miles. It is easy to
be misled as to the "true" tornado occurrences
per unit area if extrapolations or inter-
polations are performed to arrive at a unit
area.

The two most popular maps portraying
the number of tornadoes per one degree square
are those prepared by Thom (1963) and Pautz
(1969) for the years 1953-1962 and 1955-
1967, respectively. Few investigators realize
that Thom smoothed the data on tornado occur-
rences by appling the Hanning weights in
both the north-south and east-west directions.
This is equivalent to taking the average of
the observed total occurrences (raw data)
for a given one degree square and one-fourth
of the sum of the observed totals of the
four adjacent quadrangles.

Pautz (1969) cautioned potential users
of his report that no attempt should be made
to compare his data with that of similar
publications. The periods of record may be
different, the data were collected for
different purposes, and the data sources
may not be entirely compatible. Consequently,
the conclusions reached by using this data
set should be interpreted by considering the
characteristics of the data sources and the
methods of interpretation used in the report-
ing system during 1955-1967. Of particular
note is the fact that many tornado reports
were retained in Pautz's data set which did
not appear in Storm Data because "there was
supplemental evidence which validated the
report, such as the source of the report,
remarks concerning damage, characteristic
sounds and shapes of clouds, the synpotic'
situation, and radar reports." The purpose
of the Pautz (1969) paper was to provide the
"1operational meteorologist with recent data
on tornado occurrences" and not to provide a
definitive data base from which to calculate
tornado hazard probabilities.
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Figure l(a). Tracks of violent tornadoes, 1930-1974 [after Fujita, 1976b].
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Figure l(b). Tracks of strong tornadoes, 1930-1974 [after Fujita, 1976b].
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Figure 1(c). Tracks of weak tornadoes, 1930-1974 [after Fujita, 1976b].
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Figure 2. Tracks of violent tornadoes (a) 1930-1939; (b) 1940-1949; (c) 1950-1959;

(d) 1960-1969; and (e) 1970-1974 [after Fujita, 1976b].

I '-~ -

,, ,,,4
I -
I ~L~1

'T5J *<~~A'N &

.~ g'~
-,~ \-

~ 74~
9 7L- ,4i

Figure 3. Tracks of strong tornadoes (a) 1930-1939; (b) 1940-1949; (c) 1950-1959;

(d) 1960-1969; and (e) 1970-1974 [after Fujita, 1976b].
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Figure 4. Annual average number of tornado occurrences per 10,000 sq. mi. based on NSSFC
data, 1953-1975.

Based on tornado statistics compiled by
NSSFC for the years 1953-1975, the number of
tornadoes expected per year (annual average)
per 10,000 sq. mi. is shown in Figure 4. A
unique smoothing technique was employed to
produce the resultant distribution. The number
of tornadoes which occurred in mutually exclu-
sive 10,000 sq. mi. boxes were totalled and
plotted at the midpoint of each respective
square. The midpoint was then shifted 50 mi
to the west and the computation described above
was repeated. The midpoint was then moved to
the north to generate a third set of data; for
the fourth iteration, the midpoint was transla-
ted 50 mi to the east. The map at this point
consisted of the total number of tornadoes
within each of four 10,000 sq mi areas plotted
at 50 mi increments. The total occurrences
were then divided by the years of record, 23.
As the final step, the annual averages were
contoured by hand to produce Figure 4. The
isolines enclosing irregular areas of equal
tornado frequency have been termed "isotorns"
by Brown and Roberts (1937)--a useful defini-
tion that has merit and should be revived.

Previous attempts to compute accurately
the frequency of tornadoes per unit area
have utilized a correction factor to modify
the number of reported tornadoes. This
factor is usually related to the population
distribution or reporting efficiency and is
discussed in Section 2.4.

While not directly related to assessing
tornado risk, the seasonal and diurnal
distribution of tornado occurrences are
provided for completeness. Table 1 consists
of the frequency distribution by month and
date for all reported United States tornadoes,
1950-1975, recorded in the NSSFC data log.
Clearly evident are the months of greatest
activity, i.e., May and June. April is a
distant third followed by July, August, and
March. By April 28, 25% of the expected
tornadoes have occurred. June 4 marks the
50% point and 75% have been reported by
July 20. The effect on the statistics of
a single large outbreak can be seen. Of the
231 tornadoes reported on April 3, 148 of
them occurred dnring the 1974 outbreak. The
Palm Sunday outbreak of 47 tornadoes accounts
for 57% of the 83 tornadoes listed on April 11.
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TABLE 1

ANNUAL DISTRIBUTION OF U.S. TORNADOES, 1950-75
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Only one date, January 16, has no tornadoes
reported to have occurred.

Table 2 shows the hourly distribution as
a function of month for all reported tornadoes
in the United States, 1950-19.75, as listed by
the NSSFC. The hour is the time of initial
touchdown in Central Standard Time. As shown,
57% of the tornadoes occurred between 14 (2 p.m.)
and 19 (7 p.m.); a decided peak is evident
between 15 (3 p.m.) and 18 (6 p.m.) when 42%
touched down. At least four tornadoes have
originated in each hour with the time least.
favorable for formation being from 3 p.m. to
5.p.m. Attempts are currently underway to
*record tornado occurrence times in sun time
rather than in Central Standard Time. Not
evident from Table 2 is the geographical
variations in time of occurrence. The hourly
distribution is more evenly spread throughout
the day for the Gulf States; the Midwest and
Plains States have a preference for late
afternoon and early evening hour tornadoes.
Of particular note is April tornadoes having
the largest mean area, 0.52 mi 2 .

Additional information on the diurnal
fluctuations of tornado occurrences and the
variability of hourly distributions as a
function of geographic region can be found in
Lee (1958), Wolford (1960), House (1963),.
Pautz (1969), Skaggs (1969), and Schroeder
(1971). A significant contribution to the
study. of the spatial variation of times of
tornado occurrences was made by Skaggs (1969).
Utilizing occurrence times for all tornadoes
east of 104'W from 1916 to 1964, Skaggs was
able to define three types of diurnal distribu-
tions by harmonic analysis (Figure 5a). These
types were labeled "Plains, " "Lower Mississippi
Valley," and "Gulf Coast." In the Gulf Coast,
statistical significance in the contributions
of harmonics as high as eleven was found. This
would indicate less diurnal fluctuation in
tornado events. Harmonics greater than number
three were not significant in the Plains.

Further analysis by Skaggs (1969) resulted
in identification of important within-type
variations;.eight subtypes are shown in Fig-
ure 5b. This subdivision of the three basic
types is based on analysis of secondary maxima.
For example, Plains Type A has no secondary
maximum; Type B has an early morning and Type
C a late morning maximum. At the other end,
Gulf Coast Type A tornadoes indicate the lack
of a well-defined primary maximum or minimum.
Skaggs places the Mississippi Valley types
as transitional between the Plains and Gulf
Coast distribution types.

Schroeder (1971) performed a similar
analysis on tornadoes, which occurred within a
84 sq degree rectangle centered around Illinois.
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TABLE 2

DIURNAL DISTRIBUTION OF U.S. TORNADOES, 1950-75
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Tornadoes reported in Storm Data were used
by Schroeder (1971) for the years 1959-1970.
The results of his analysis are in close
agreement with those obtained by Skaggs (1969).
Schroeder's study confirmed the dominance of
harmonics of order one and two. Harmonic
number one explained 78% of the variance in
the hourly distribution and harmonic number
two accounted for 15%. Schroeder reasoned
that the primary late afternoon maximum of
tornado occurrences, 5:57 p.m. coincided with
the onset of late afternoon and early evening
thunderstorms which in turn is related to the
time of maximum afternoon solar heating. These
statistical analyses indicate that there exist
spatial variations in tornado processes, the
understnading of which may provide insight
into the regionalization of the tornado hazard.
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Figure 5. Regional pattern of the diurnal distri-
bution of tornadoes (a) general and
(b) sub types [after Skaggs, 1969].
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Effect of Topography. Topographical
effects on tornado occurrence and severity
have been discussed qualitatively for some
time. Quantitative studies have been sparse,
largely due to the complexities involved in.
reducing the number of variables in tornado
occurrence data to only one terrain. In the
present context, topography can be considered
as having three aspects: elevation, slope,
and roughness. House (1963) and McDonald, et
al., (1972) reasoned generally that tornadoes
should not occur as often in mountainous
regions as they do over flatter, lower areas.
Tornadoes decreased in number and intensity
as elevation increased in New Mexico (Fujita,
1972c). The relationship among the observa-
tion that fewer tornadoes appear to occur in
regions with the greatest orographic varia-
tions and where the population density is
low will be described.

Safford (1970) listed six effects that
the terrain may exert on the formation and
distribution of thunderstorms and tornadoes:
(a) influencing the low-level inflow rate
and moisture supply to a storm; (b) friction-
al dissipation of angular and linear momentum
of air parcels drawn into its circulation;
(c) increasing vertical shear; (d) local
contribution to vertical motion fields; (e)
altering features of major low-level flow
patterns; and (f) modifying the movement of
synoptic and mesoscale systems. In general,
Safford (1970). found an inverse correlation
between elevation and tornado occurrence;
however, the highest correlation coefficient
for the midwest was -0.596. Smaller positive
correlations also were computed.

One of the first attempts to systemati-
cally investigate the relationship of torna-
does and topography was briefly described by
Lettau (1967) and expanded by Gallimore (1968)
and Gallimore and Lettau (1970). Using the
statistics of Arkansas tornadoes compiled
by Asp (1956) and of Wisconsin tornadoes
by Burley and Waite (1965), they were able
to ascertain "alley" and "shunt" regions
by spectral analysis in the wavenumber domain.
The wavenumbers were related to the length
of a particular surface feature. The variances
for the shunt regions were over an order of
magnitude greater than for alleys in Arkansas.
For Wisconsin, the variances for tornado
shunt areas were only about twice as large as
for tornado alleys. No statistical signifi-
cance could be attributed to the mean eleva-
tion of alleys and shunts. The difficulties
Lettau-and Gallimore had were numerous. For
ease in computation, terrain was considered
to be one dimensional when it should be model-
ed by two dimensional techniques at least.

They suggested surface temperature as one mea-
sure of how a surface type responds to the
supply of solar energy. However, variations
in the many factors governing thermalresponse
make it difficult to specify tornado-suppres-
sing and tornado-supporting trends (Gallimore
and Lettau, 1970). Full parameterization of.
surface conditions must include a measure of
aerodynamic roughness (Lettau, 1969), albedo
and emissivity, moisture availability, and
thermal admittance of the submedium. Gallimore
(1968) found that surface features smaller
than 600 m are of less significance in defining
pertinent surface temperature variations.

Safford (1970) concluded that his study
supports the hypothesis that terrain exerts
sufficient influence to partially suppress
tornado formation over high roughness areas
(the Ozark Plateau region in Missouri) while
permitting increased tornado formation over
the smoother terrain of central Illinois.
He further found results to indicate that
the mechanisms which act to increase hail
incidence over rougher terrain, act to decrease
the number of tornadoes -observed. These mech-
anisms arise from the argument that significant
surface roughness might add to the vertical
shear of the thunderstorm, while at the same
time inhibit significant updraft rotation and
allowing hailstones to grow. The correlations
are small enough so as to preclude placing
statistical significance and confidence in
the interpretation, but large enough to indi-
cate general trends or tendencies.

This conclusion is borne out by the in-
vestigation by Schroeder (1971) and Schroeder
and Agee (1971). Despite a multiple correla-
tion coefficient of 0.7026 for three parameters
which explained 50% of the variance in tornado
occurrence, the economic bias parameter far
overshadowed the contributions from surface
roughness and the west to east slope para-
meters. They attributed the relatively low
correlations of the terrain terms to coarse-
ness of the grid; the residual plots for
their stepwise regression procedure implied
the presence of a missing factor which could
be a microscale terrain parameter. Both
Safford (1970) and Schroeder (1971) used
thirty-minute by thirty-minute squares. At
the latitudes of interest, this corresponded
to a 30 mile square.

Fred (1975) analyzed two tornadoes that
occurred near Cincinnati on April 3, 1974
and attempted to generalize his arguments to
explain the effect of the underlying terrain
on tornado behavior. His copclusions were
based on inconclusive and limited observations
without supporting quantitative reasoning.
Blechman (1975) found in his analysis of the
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Wisconsin tornado event of April 21, 1974,
that the terrain was responsible for altering
the characteristics of tornadoes. He found an
apparent correlation between surface roughness
and the transition between single and multiple
vortex states. Results indicate that rough
terrain acts to increase inflow in small scale
vortex circulations and for multiple vortices
to appear. Dessens (1972) observed in his
-laboratory experiments that as roughness is
increased, the core diameter becomes larger,
the tangential velocity is reduced, and the
axial velocity is increased upward. The axial
depression (pressure deficit) is lessened and
the surface damage is slighter as a result of
smaller pressure drops and decreasing winds.

It is interesting to note that of the
studies cited in this subsection, the four
major efforts to explain the influence of
topographical features on tornado occurrence
and behavior were Master of Science theses
(Gallimore, 1968; Safford, 1970; Schroeder,
1971; and Fred, 1975). Tendencies have been
shown, but definitive conclusions cannot be
supported by quantitative arguments at this
time. This is especially true in light of
the April 3, 1974, tornado outbreak as describ-
ed by Fujita (1974; 1975b) during which torna-
does had little regard for the terrain over
which they were traversing. As graphically.
shown by Fujita (1976b), when the larger scale
forcing is great enough, the smaller scale
influence of topography becomes negligible.

2.2 Path Length, Path Width, and Path Area

Thom '(1963), Court (1970; 1976), and
Howe (1974) have stressed the importance of
the area covered by a tornado rather than its
point of origin in determining realistic
tornado risks. Tornado path lengths have been
analyzed to provide different assessments of
the tornado hazard (Battan, 1959; Wilson and
Morgan, 1971; Abbey and Fujita, 1975). Ac-
curate determinations of path width are very
difficult to obtain, due largely to the
spatialvariation of the tornado width along
the path; an average width is reported, but
is often approximated rather than calculated.
Fujita (1973a) illustrated this variability
in width for the Conyers, Georgia tornado of
March-31, 1973. Until recently, few efforts
have been made since Brown and Roberts (1935;
1937) to describe accurately these tornado
characteristics.

Path Area Statistics. Thom (1963) pro-
duced the standard reference work when he
analyzed Iowa tornadoes from 1953-1962. Using

106 observations of path length and 103 ob-
servations of path width, Thom found the path
area to be distributed lognormally. Rejecting
paths longer than 100 mi and path widths
greater than 1000lyd as being doubtful obser-
vations, Thom computed a mean area of 2.82
mi . Kansas tornado data for the same time
period also showed an equally good fit to the
lognormal distribution. For illustrative
purposes, Thom assumed the mean area to be
invariant in his calculations of the point
probability of tornado occurrence. The
assumption of invariance cannot be supported
over the contiguous United States (Skaggs,
1970; Howe, 1974).

1 Skaggs (1970) extended Thom's (1963)
analysis to the eastern two-thirds of the
United States when he analyzed the path areas
of 12 additional states. He found an extremely
wide range of areas affected by tornadoes as
a function of region. The east coast has
very low expected valuei (means) for tornado.
area, less than 0.75 mi ; T xas tornadoes
have a mean area of 0.59 mi . The oposite
extreme is manifested in the 5.38 mi mean
area for nnnesota tornadoes; a value of more
than -2 mi greater than any other state
analyzed. Examination of -the original data
indicated that large variances existed in
tornado length which would result in larger
expected areas. Skpggs (1970) was able to
verify the 2.82 mi expected area for Iowa
tornadoes using his 15 year data period,
1950-1964.' Of all the states examined, Iowa
tornadoes had the third largest mean area.
The mean area for all tornad2es occurring
in the 14 states was 1.82 mi .. Sadowski
(1965) computed a similar value based o2 a
45 year record, i126-1961, namely, 2 mi
Whether this 2 mi area is an assumed or
calculated number is not made clear.

Howe analyzed nearly 4400 tornado paths
for tornadoes recorded in Storm Data, 1953-
1972, for all states east of the Rocky Moun-
tains. Following the procedure developed by
Thom (1963), about 3% of the reports were
rejected because of (a) extremely small width,
1-4 yd; (b) extremely large width, exceeding
1000 yd; (c) extremely great length, exceeding
100 mi; (d) length less than width; and (e)
extremely short length, less than 40 yd.
In contrast to Skaggs (1970) who found that
the lognormal distribution fit the tornado
area data, Howe (1974) ascertained that four
states (Mississippi, Oklahoma, Texas, and
Wisconsin) had tornado areas which did not
fit the lognormal distribution by the chi-
square test; an additional four states
(Alabama, Arkansas, Kentucky, and North
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Dakota) were doubtful as indicated by the same
test. These eight states comprised more than
half of the midcontinent area and about 40%
of reported tornadoes for the period being
examined. Interestingly, by random selection
based on the frequency of non-continuous
contact on the ground in the two year sample,
1971-1972, tornado lengths were reduced to
approximately one-third of the reported length
for these selected tornadoes. By so doing,
the lognormal distribution proved significant
at the 5% level using the chi-square test. The
mean area for all •ornadoes analyzed by Howe
(1974) was 0.96 mi , about one-half the ex-
pected value computed by Skaggs (1970).

The expected tornado ground-contact path.
area for analyzed states and regions is shown
in Figure 6. Eleven regions of from two to
six states or state groups have regional mean
path area distributions which are statistical-
ly consistent with those of the comprising
states but not consistent with those of other
states. The largest expected area per tornado
occurs in Oklahoma, 1.49 mi ; Minnesota has a
mean area of 0.58 mi , an order of magnitude
less than that computed by Skaggs (1970). The
mean path 2rea computed from the NSSFC data
is 0.25 mi , or an order of magnitude less
than the value computed by Thom (1963). Thom
utilized 106 tornado reports for Iowa; NSSFC
data is comprised of about 8900 tornadoes
with reported path lengths and widths.

Reed (1971) developed an unique procedure
to arrive at an average area destroyed per
tornado; as shorn in Figure 7, the largest,
mean area, 2 mi , occurs in northern Missis-
sippi, Georgia, and eastern Montana. These
expected areas were obtained from the product
of annual destruction probability times state
area, divided by expected annual number of
tornadoes. The annual probability of destruc-
tion is computed by dividing the reported
tornado dollar damages by exposed property
values (which are assumed equal to 1.4 times
the annual bank deposits) and by the number
of tornadoes adjusted to 1970 reporting rate.
This approach will be discussed in more detail
in Section 4.

As indicated by Court (1976) in his brief
review of Fujita (1970b), the mean area per
tornado may drop considerably by considering
all reported tornadoes; the assumption is
made that all tornadoes with no reported path
dimensions had short and narrow paths. Fujita
(1970b) points to the need to specify the
smallest size to be considered in computing
the average area of tornadoes. In the limit,
the number of tornadoes approach infinity as
the individual area considered approaches zero.

Fujita (1970b) concluded that the mean area.9f
tornadoes reported in Pautz (1969) is 1.0 mi
This area was based on an analysis of 11,608
tornadoes reported in the U.S. between 1955
and 1967.

Figure 6. Expected2 tornado ground-contact path
area [mi ] by states and regions with
the state values plotted at the cen-
troid of tornado frequency calculated
from data presented by Thom (1963)
[after Howe, 1974].

2
Figure 7. Mean tornado area in mi [after

Reed, 1971].
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width was 165 yd. Figure 8 depicts the mean
ground-contact path length and width for each
multi-state region examined by Howe (1974).

Fujita (1973a) and Fujita and Pearson
(1973) developed a rating scale by which to
categorically rank tornadoes according to the
length and width. These two scales have
historically become known as the Pearson path
length, PL, and Pearson path width, PW,
defined as follows:

L = 10 0 .5(PL - 1)

W = 100.5(PW - 5)

[mi]I

[mi]

Figure 8. Mean tornado path length [mi]
(upper number) and mean tornado
path width [yd] (lower number) in
each region [after Howe, 1974].

where L, the path length, is the total dis-
tance travelled by a tornado on the surface,
not in the air; W is the width of the tornado
damage averaged over the entire path length.
Usually the damage is associated with gale
force winds of 73 mph or greater. Table 3
presents the PL and PW scales.

TABLE 3

PEARSON SCALE PATH LENGTH AND PATH WIDTH

I

Path Length and Width Statistics. Other
*than windspeeds in tornadoes no statistics have
been debated more than the tornado path length
and width. Sims and Baumann.(1972) contend
that the most accurate available measure of a
tornado's ferocity is the length of-its path.
The average path length has been given as 16
mi (Wolford, 1960). Battan (1959) challenged
this value by examining only those reports of
tornadoes which were not reported as multiple
funnels, skipping, dipping, or intermittent.
By omitting these types of reports, he deduced
the mean and median path length to be about 2
mi; he further concluded that 95% of the time
the path length is less than 8 mi. The actual
path lengths of the 276 cases investigated by
Battan (1959) were.averaged with the result
being 8 mi. This value was further reduced
by the assumption that many or most of the
long path reports were probably the result of
multiple funnels.

For the Kansas and Iowa tornadoes analyzed
by Thom (1963), the mean path length was 3.94
mi and the path width was 154.5 yards; both
length and width were found to be distributed
log-normally. Howe (1974) generally supports
these values. His calculation of the expected
value of tornado path length for tornadoes
east of the Rockies was 4.7 mi. The mean path

P6L

6
length

316 - 999. mi

Pw

6

width

3.2 - 9.9 mi

5 100 - 315

4 32 - 99

3 10 - 31

2 3.2-9.9

1 1.0-3.1

0 0.3-0.9

-i 176 - 556 yd

5 1.0 - 3.1

4 0.3 - 0.9

3 176 - 556 yd

2 56 - 175

1 18 - 55

0 6 - 17

- <6

-2 56 - 175

-3 18 - 55

-4 6 - 17

-5 2 - 5

By utilizing this method of classifying
tornado path lengths and widths, a matrix can
be formed showing the distribution of past
reported tornado characteristics, 1950-1975.
These'data are shown in Table 4. The mean
path length thus determined is 3.30 mi which
agrees favorably with the more recent analyses
mentioned earlier.
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TABLE 4

FREQUENCY OF PATH LENGTH AND PATH WIDTH OF ALL
REPORTED UNITED STATES TORNADOES, 1950-1975

PATH LENGTH

-1 0 1 2 3 4 5 MSG SUM

-1 110 13 7

0 570 743 144

1 650 2848 1160

2 150 553 868

3 43 230 619

68 24 5

524 326 67

533 406 81

495 478 100

0

0

5

5

13

1 131

14 1560

74 5654

55 2651

47 2025

3
n
3

H
4 2 21 100 99 122 42 6 11 403

5 0 0 4 14 25 3 0 0 46

MSG

the overall distribution. Pearson (1971)
postulates that there is probably a correla-
tion between path length and intensity, al-
though he could not demonstrate this conclu-
sively on the basis of his data. The median
path length for all tornadoes (1960-1970)
was about 1 mi; the median for tornadoes
producing fatalities was 10.2 mi.

To examine the relationship between
intensity and path length, Fujita and Pearson
(1973) presented a series of figures in which
they compared the F-scale rating (see Section
3) of tornadoes as a function of path width
and length. They found that the maximum
F-scale intensity tornadoes tended to have a
path length from 3 to 30 mi and a path width
from 175 to 556 yd. Their analysis was based
on 740 tornadoes which occurred in 1972; in
this data set, there were no F5 tornadoes
and only 11 rated as F4. Table 5 shows path
length as a function of F-scale intensity
rating for all reported United States torna-
does, 1950-1975. It should be noted that
57% of the tornadoes during this period have
not been assigned an intensity rating, 21%•
have no path length recorded, and 19% have
neither an intensity nor a path length
tabulated.

TABLE 5

DISTRIBUTION OF PATH LENGTH AND F-SCALE RATING
OF REPORTED UNITED STATES TORNADOES, 1950-1975

38 209 249 252 223 56 0 3365 4392

.29 3567 16862SUM 1563 4617 3151 1977 1604 354

MEAN PATH AREA

MEAN PATH LENGTH

.25 SQUARE MILES

3.30 MILES

(Data furnished by A.D. Pearson, NSSFC/NOAA)

Wilson and Morgan (1971) compiled some
interesting statistics on tornadoes as a func-
tion of path length. They divided all torna-
does into three classes by path length, i~e.,
less than 100 mi, 100-149 mi (Long Track), and
greater than 149 mi '(Very Long Track). Their
analysis suggested that the Very Long Track
tornadoes are more lethal and damaging than
shorter tornadoes. The spatial distribution
of the. three classes of tornadoes is markedly
different with the Very Long Track tornadoes
occurring in anarea in and east of the Missis-
sippi Valley. They further suggest that torna-
does with tracks greater than 100 mi are simply
the most prominent members of a larger class of
very strong tornadoes whose principal distin-
guishing characteristics are strength, damage
potential, and a steady-state parent storm.
Brown (1933) and Brown and Roberts (1935)
postulated that there was a recognizable dif-
ference between the midwestern (convective)
type tornado and the Mississippi Valley (cy-
clonic), long path tornado. Wilson and Morgan
(1971) lend credence to the notion that a
synoptic climatic difference does exist between
most long and very long track tornadoes and
some short path ones.

In support of Wilson and Morgan's (1971)
contention that longer track tornadoes are
more lethal (death per mile) than shorter
tornadoes, Pearson (1971) determined that tor-
nadoes which cause fatalities are unique and
have much longer path lengths than those in

PATH LENGTH

-1 0 1 2 3

-1 8 6 2 1 0

4 5 MSG SUM

0 0 2t. 19

0 512 750 178 58 30 2 0 128 1658

1 537 923 874 404 207 20 0 132 3097

2 139 382 522 348 265 38 3 136 1833

3 9 38 99 154 171 40

4 2 1 17 23 52 23

5 0 0 2 1 2 3

2 26 539

5 2 125

2 0 10

17 3141 9581

29 3567 16862

MSG 356 2517 1457 988 877 228

SUM 1563 4617 3151 1977 1604 354

HIGHEST F SCALE ALONG PATH (BORDER CROSSERS OMITTED)

(Data furnished by A.D. Pearson, NSSFC/NOAA)
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The total path lengths for all reported
tornadoes, 1930-1974, are shown in Figure 9
fo5 each one square degree, normalized to a 104
mi area; the total path lengths for each box
as a function of intensity are presented in
Figure 10 (a) weak (FO and Fl); (b) sjrong (F2
and F3): and (c) violent (F4 and F5) tornadoes.

2.3 Fatality Statistics

The spatial and temporal distributions of
fatalities resulting from tornadoes have been
used to assess realistic tornado risk. Death
statistics are very difficult to. interpret; as
delineated by Kessler and Lee (1976) the death
rate is a function of many local conditions:
safety precautions taken, population density,
storm warning procedures; public education and
accepatance of storm safety practices, time of
day of occurrence, type of building, strength
and size of tornado. Tornado fatalities have
-been decreasing substantially in recent years
and yet tornado reports have increased; 150
deaths per year may be used as a representative
average. The assumption is made by many in-
vestigators that deaths resulting from tornadoes
can be.used to represent the severity in that
most severe tornadoes tend to be longer lived,
long path length, do more damage, and produce
higher fatalities. There are many ways to

present tornado death statistics: deaths per
year; deaths per tornado; deaths per unit
area; and any combination of the above.

Petterssen (1956) postulated seven geo-
graphic regions of the country based on time
of occurrence during the year; Linehan
(1957) defined four (or if the western U.S.
is counted, five) areas from which torhado
deaths were reported, based on 1916-1953
data. Figure 11 depicts these regions.
Region I pattern of deaths is characterized
by the presence of many large clusters of
deaths; Region II pattern of deaths consists
of a fairly uniform scattering of a small
number of deaths. Regions III and IV are
peripheral areas which accounted for 5% of
all tornado fatalities between 1916 and 1953;
Region III had 4% of the total.

Sims and Baumann (1972) utilized the
study by Sadowski (1965) to compute the
potential casualties from tornadoes per square
mile; they stressed indigenous psychology
as a principal cause of high tornado death
rates in the South. This view is contested
by Davies-Jones, et al., (1973). The results
of Sims and Baumann (1972) are shown in
Figure 12. Consistent with Sadowski (1965)
the results show that the greatest potential
casualties are not where the greatest number
of tornadoes occur, but where there is a

Figure 9. Total path lengths [mi] of all reported tornadoes, 1930-1974, per one degree
square normalized to a 10,000 mi 2 area.
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PATH LENGTHS(miles) OF FO and F1 TORNADOES 1930-74
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Figure 10(a). Total path lengths [mi] of all reported FO and F1 tornadoes, 1930-1974,

per one degree square normalized to a 10,000 mi 2 area.

PATH LENGTHS(miles) OF F2 and F3 TORNADOES 1930-74
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.Figure 10(b). Total path lengths [mil of all reported F2 and F3 tornadoes, -1930-1974,

per one degree square normalized to a 10,000 mi2 area.
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E

Figure 10(c). Total path lengths [mi] of all reported F4 and F5 tornadoes, 1930-1974,
per one degree square normalized to a 10,000 mi 2 area.

Figure. ll General areas from which tornado-related deaths were reported [after Linehan, 19571.
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a tornado in Arkansas is 20 times as fatal as
one in Iowa. This may be interpreted as a
difference in average storm intensity or in
terms of varying sociological forces. Much
of the detail for east and northeast areas
is suspect. As discussed by Reed (197i),
the high hazard for West Virginia resulted
from a single storm in 1944 that caused 103
out of a total of 110 fatalities recorded for
that state during the entire 1916-1958 period.
Reed (1971) calculated a revised fatality rate
for each state with the two worst years re-
moved; this procedure served as a check on
the statistical influence of a few particularly
destructive storms. The resulting pattern
preserved the center of action over Arkansas,
but the annual hazard was only two-thirds
larger than in Oklahoma where there were more
tornadoes; as shown in Figure 13, the occur-
rence of a storm in Arkansas appears to be
about six times as hazardous to residents as
a tornado in Oklahoma. The conclusion reached
by Reed (1971) supported earlier studies, i.e.,
tornadoes in the Upper South are much more
destructive than those in the upper Midwest.

Kessler and Lee (1976) developed an
average tornado mortality index numerically
equal to the average fraction of a square
mile ravaged by a tornado based on death
*statistics. The geographical distribution
*of this index is illustrated in Figure 14.
The individual state values are computed by
dividing deaths per tornado, 1953-1974, by
population per square mile (average of 1960
and 1970 censuses per stjte)- The average
index area is 5.82 x 10.- km . They indicate
that these index values might be increased
substantially if their base substituted
injuries for deaths; this ratio may be of
the order.of 20 injuries to one death.-
Based on their study, Kessler and Lee (1976)
suggest that although tornadoes are more
frequent in Texas and Oklahoma, the average
storm in areas to the east of these two
states and North Dakota is more destructive.

Galway (1975) examined the relationship
of tornado deaths to severe weather watch
areas. His data set consisted of about
14,600 tornadoes which occurred between 1952
and 1973; of these tornadoes, only 497 caused
2575 fatalities. Of the total tornado deaths,
66% occurred within valid watchareas. If
the forecasts are accurate and warnings dis-
seminated and heeded, yet deaths still occur,
then perhaps the tornadoes which cause the
fatalities are indeed more severe. The in-
fluence of a few large tornadoes on average
statistics as emphasized by Changnon and
Semonin (1966) is. borne out by Galway (1975).

-- - Under 0.5

m 0.5 to 1.5

- Over L5

Figure 12. Potential casualties per mi 2 [after
Sims and Baumann, 1972; based on
Sadowski, 1965].

combination of high tornado incidence and a
concentration of population. The potential
casualties were determined by multiplying the
area of the Iverage tornado (Sadowski, 1965,
assumed 2 mi ) times the number of tornadoes in
a two degree square and by dividing this product
by the area of the two degree square; this
quotient was multiplied times the quotient of
the population of a two degree square divided
by the area of a two degree square.

The studies by Wilson and Morgan (1971)
and Pearson (1971) have been alluded to earlier.
Reed (1971) and Berry and Reed (1972) computed
the fatalities per tornado per million exposed
population based on 1916-1958 data which was
adjusted to 1970 reporting rates; their geo-
graphical fatality rate is presented in
Figure 13. It appears from this analysis that
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Figure 13. Fatalities per tornado per million exposed population [after Reed, 1971; Berry

and Reed, 1972].

Figure 14. Average tornado mortality index (or average fraction of a mi2 ravaged by a

tornado) based on death statistics [after Kessler and Lee, 1976].
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Of the 497 death producing tornadoes, 235
caused only a single fatality, while 26 torna-
does accounted for 1180 deaths.

A map of the United States has been pre-
pared by Fujita (1975b) which shows the area
of each state prorated by the number of torna-
do-related fatalities that occurred in each
state. This map constitutes Figure 15. As
can clearly be seen, three states have the
largest number of tornado deaths: Mississippi,
Arkansas, and Illinois. Deaths have been
totaled for the 59 year period, 1916-1974.

Fujita, Pearson and Ludlum (1975) utilized
a data record from 1916 through 1974 to assess
the long term fluctuation of tornado activities
in the United States. Figure 16 shows the
north-south and east-west variation of the
fatality centroid for. successive 10 year periods
between 1916 and 1974. The north-south variation
is more significant than the east-west. As with
the center of monthly activity, the tornado
fatality centroid for the period 1930-1974 is
located in the northeastern corner of Arkansas.
Using the 1930-1974 period as normal, the
fatality anomalies for selected periods were
computed and contoured. The movement of the
overall maxima of the fatality anomaly for the
64 years of record is depicted in Figure 17.

NORTH- SOUTH VARIATION

t10

SI TO9

EAST- WEST VARIATION 7*1

Figure 16. Variation of the fatality centr

o

oid

for successive 10 yr periods
[after Fujita, et al., 1975].

Figure 17. Movement of the overall maxima of
fatality anomaly [after Fujita,
et al., 1975].

The centroid appears to march. clockwise in a
circle geographically centered in northeastern
Arkansas. Despite the rather short data record,
the argument is advanced by Fujita, Pearson,
and Ludlum (1975) that there is an apparent
45-year cycle of tornado fatality-centroid;
if this is true, this would indicate that a
greater significance should be placed on long-
term climatological trends in tornado occurrence
with implications to tornado hazard assesqments.
However, the conclusion is reached that, despite
the tendency for the variations of the tornado
fatality anomalies to move in a systematic
manner, there is insufficient data to confirim
or deny its existence.

Because of the difficulty of directly
translating deaths produced by tornadoes to
a measure of intensity (windspeed), more elabo-
rate schemes have been devised to rate the
severity of tornadoes. This will be the subject
of the next section.

Figure 15. Map of the United States prorated
by tornado-related deaths [after
Fujita, 1975b].
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2.4 Selected State Climatologies

Several climatologies have beenprepared
for particular states and probably at least
one climatology of tornadoes has been compiled
for each state. No attempt will be made here
to list all of the state tornado climatologies.
For a more comprehensive treatment, Court
(1970) and Asp (1963) should be consulted.

Largely based on the work by Finley (e.g.,
1884), prior to the 19th century, Iowa had
been accorded the reputation of having a rather
large number of tornadoes. As reiterated by
Court (1970), Dr. Gustavus Hinichs, founder and
director of the Iowa Weather Service, complain-
ed:

The climate of Iowa has been most outrageous-
ly maligned both by thoughtless or sensational
newspaper correspondents and by official and
semi- official publications of the Signal Ser-
vice in ascribing to Iowa an excessive tornado
frequency. Both of these ever-grinding tornado
mills for Iowa have furnished abundant material
for frightening people from settling in Iowa,
and for coaxing residents of Iowa into thriving
tornado insurance institutions of both the East
and the West .... Finley's tornado maps for the
several states ... are worse than even the
sensational advertisements of the tornado
insurance companies.
Hazen (1890b) found Finley's list "impossible
to use", very misleading, and implied that
Finley had accepted exagerrated statements
about path length, width, and damage. In addi-
tion to Thom (1963), .Spohn and Waite (1962)
analyzed tornadoes occurring in Iowa, 1916-
1960. Notis and Stanford (1973) contrasted the
synoptic and physical characteristics of 386
Iowa tornadoes reported over a 13 year period.

Notis and Stanford (1975, 1976) extended
their analysis to 534 tornadoes which occurred
in a 16 year period, 1959-1974, in Oklahoma.
Contrary to Thom (1963), butin agreement with
Howe (1974), the' found that the distribution
of Oklahoma tornado path lengths did not fit
the log-normal distribution.

The pioneeringwork for tornado state
climatologies in Texas, Kansas and Oklahoma
was done by Rates (1962); he snalyzed tornadoes
which occurred 1916-1961. Bates (1962) pointed
out that whereas Texas reports the greatest
number of tornadoes per year, it is Oklahoma
that has the greatest frequency of tornadoes
per unit area.

Darkow (1976) and Agee (1976) have compil-
ed an unpublished set of maps detailing the
tornado occurrences within Missouri and Indiana,
respectively. Wilson and Changnon (1971) pre-
pared an excellent summary of tornadoes in
Illinois, one of the leading states in number

of tornado-related fatalities. Burley and
Waite (1965) have analyzed Wisconsin tornadoes.

Brown (1969) prepared a brief climatology
of New England tornadoes from 1643 to 1968.
New York and Pennsylvania tornadoes were
assessed by Dames & Moore (1972) for 1950-
1970.

The southeast has been the subject of
at least three notable studies of tornado
characteristics. Greneker, et al., (1975)
investigated Georgia tornadoes. Florida
Power & Light (1969) compared Florida torna-
does with those occurring in the midwest;
they concluded that the peninsula of Florida
experiences tornadoes significantly less
severe that the midwest variety. A climato-
logy of Tennessee tornadoes was compiled
by Vaiksnoras (1971); he found that three
times as many tornadoes occurred to the west
of the Cumberland Plateau as to the east,
indicating a possible pronounced effect of
the plateau in blocking low level moisture
into eastern Tennessee.

A great deal of interest has arisen
regarding the climatology and characteristics
of tornadoes in the western half of the
United States. Cook (1953) very briefly
summarized tornadoes in Colorado, Wyoming,
and New Mexico; Auer (1967) concluded that
tornadoes which occurred in the foothills
of the Colorado Rockies are of the extremely
weak and short-lived variety. The most compre-
hensive study of tornadoes in the southern-
most Rockies was done by Fujita (1972c); the
maximum tornadoes observed between 1950-1971
were rated as F3.

California tornadoes were assessed by
Smith and Mirabella (1972); no F3 tornadoes
were thought to have occurred in the state.
Fujita (1970c) characterized four tornadoes
as F3 that occurred in Oregon, Washington,
and Idaho, during the period 1950-1969.
Using the data developed by Fujita (1970c),
Jaech (1970) concluded that the probability
is 95% that the tornado windspeed will be
less than 168 mph for a given tornado.

For western Canada, a short paper was
written by McKay and Lowe (1960 describing
tornadoes in the prarie provinces.

Ludlum (1970) has compiled an informa-
tive listing of documents detailing early
American tornadoes, 1586-1870. Flora (1953)
has written a popular, though not technically,
accurate, treatise on tornadoes; such a book
should provide entertaining reading on the
effects and possible causes of tornadoes,
including many perceptions and misconceptions
regarding tornadic whirlwinds. In their risk
assessments, McDonald, et al., (1972, 1974,
1975a-h) have prepared useful regional
tornado climatologies.
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2.5 Population Bias

Asp (1963) and Court (1970) provide excel-
lent summaries of previous attempts to describe
the tornado hazard. One difficulty inherent in
all attempts is that which has been termed
"population bias." This bias consists of two
effects: (a) reporting tornado occurrences;
and (b) reporting characteristics of a tornado
such as damage inflicted or intensity rating.
Each investigator appears to ascribe increased
tornado reports to increased population and
usually discounts the idea that tornado frequen-
cy is either increasing or decreasing. Reichel-
derfer (1957) lists five reasons for increased
tornado reports: (a) greater density of popula-
tion (to report tornadoes in areas which for-
merly were relatively unpopulated); (b) greater
public awareness and observation of tornadoes
through tornado forecasts disseminated over
radio and television stations; (c) improved
storm-reporting networks and techniques; (d)
more trained co-operative observers; and (e)
the establishment of community warning networks.

Finley (1884) recognized that certain
areas of the country, because of earlier settle-
ment and more people, would have a better
opportunity to record the occurrence of violent
storms. This "advantage" was not found to be
significant for Finley's purposes; the western
region was still the area of greatest tornado
occurrences, despite later settlement and lower
population density. Brown (1933) and Brown
and Roberts (1937) believed that there is
probably a more or less general relationship
between the density of population and reporting
of tornadoes, but their major conclusions were
not dependent on population density.

Tepper (1957) proposed a numerical method
for the classification of tornado reports to
account for the apparent vagaries in tornado
reporting. He grouped reports into four cate-
gories using an objective scheme: tornado,
possible tornado, severe local storm, or local
storm. Monthly and annual tornado reports could
then be adjusted accordingly. Joos (1960)
concluded that time trends instate and national
frequency are invalid unless inhomogeneous re-

cords are corrected. Comparisons between states
or regions are questionable unless these same
inhomogeneities are considered. Joos (1960)
further concluded that the sharpness of the
discontinuities in the annual frequency distri-
bution of tornadoes suggests that all portions
of the records can be considered as homogeneous
segments and that some form of correction fac-
tor could be worked out. The determination of
this "correction factor" has been the subject
of several studies.

Fujita (1970b) attempted to account for
frequency of tornado reporting by analyzing the
past tornado data record during 5, 10, and 15
year periods and relating the tornado frequency
as deduced per period to any individual year
within that period. Figure 18 presents the
distribution of frequency indices during
1918-1967. The distribution drops off very
rapidly from the center value. The frequency
index is defined to be the ratio of tornado
frequency and the five year running mean fre-
quency. Reporting of tornadoes is quite sensi-
tive to the period of record. This is very
important when only a few years of data are
used to develop risk models.

Reed (1971) and Berry and Reed (1972)
adjusted annual tornado frequencies by the
1970 reporting rate. Rural population was
employed by Schroeder and Agee (1971) and
Schroeder (1971) as the population parameter
in a regression model for tornado distribution.
Economic bias was found to generally surpass
population bias in importance. Darkow (1976),
Agee (1970) and Wilson and Changnon (1971)
handle the problem of population bias by the
creation of a tornado index based on tornadoes
per rural population (less than 2000 people) -

distribution. This effectively minimizes the
tornado reporting near urban areas. Safford
(1970) examined the correlation between popu-
lation distribution and tornado data sources;
he concluded that Pautz, ed.., (1969) data
is strongly biased toward.population, but
Storm Data is much less so. Dames & Moore
(1975) adjusted tornado reports according to
urban reporting efficiency, contrary to other
investigators who caution against this approach.

FREOUENCY INDEX, I

Figure 18. Distribution of frequency indices
occurring during the 50-year, period,
1918-1967 [after Fujita, 1970b].
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3. TORNADO CLASSIFICATION SCHEMES Table 7

To classify tornado intensity has been one
of the most perplexing problems confronting
meteorologists. In order to ascertain
whether or not some regions of the country
experience more severe tornadoes than other
parts, some measure of the strength of tor-
nadoes is necessary. Because of the diffi-
culty in directly measuring the windspeeds
of tornadoes, several schemes have been
developed in an effort to categorize the in-
tensity of tornadoes by the havoc they wreck.
These attempts are generally qualitative, but
do provide a means for ranking tornadoes
according to the degree and extent of damage
produced.

3.l Rating Scale Proposed by Hazen (1890aibc)

Hazen (1890a,b,c) was the first to propose
classifying tornadoes by the violence they
exhibited and not necessarily by destruction
or property loss. In rating 2,221 tornadoes
that occurred in a 16 year period, 1873-1888,
Hazen (1890a) utilized a scale of three cat-
egories, each category having a + and - sign
associated with it. The resultant scheme
consisted of nine classes, e.g., 3+ indica-
ted most severe and 3- the least severe in
class 3. Class I was reserved for the tor-
nadoes that were the least destructive;
class 2 tornadoes were .rated between Classes
I and 3. Descriptions of damage for each
class were not provided. Table 6 indicates
the distribution of tornadoes according to
Hazen's classification; also shown is the
average loss in dollars for each category.

Table 6

HAZEN'S TORNADO CLASSIFICATION SCHEME

CLASS NUMBER AVERAGE LOSS

SEELYE'S TORNADO CLASSIFICATION SCHEME

CLASS DESCRIPTION

5 Well-constructed buildings demolished.
3 Outbuildings, verandas, and roofs

carried away.
0 Funnel cloud and no surface phenome-

non; or very slight disturbance.

For 162 tornadoes which occurred in New Zea-
land from 1919-1944, the average intensity
was 1.9. Seelye also described tornado dam-
age as a result of four causes:, (1) violence
of the wind; (2) sudden lowering of pressure
as the center of the vortex passes; (3) fur-

)ther wind damage following entry through
lifted roofs, etc ; (4) damage through fly-
ing debris.

3.3 Rating System Proposed by Fujita (1971;1973a)

A quarter of a century passed before another
scheme, more sophisticated than the earlier
two, was proposed by Fujita (1971). This
scale of damaging wind was designed to con-
ne.ct smoothly the Beaufort force, B12, with
the speed of sound in the atmosphere or Mach
number Ml. The equation selected was:

Windspeed = 14.1(F + 2)3/2 [mph]

where F corresponds to the appropriate Fujita-
scale number. The F-scale windspeeds are
defined to'be the "fastest 1/4-mile wind" and
apply at the height of the apparent damage
above the ground; a height of 10m is usually
selected to be consistent with standard mete-
orological and engineering practice. In de-
riving the equation for F-scale windspeed
computations, five considerations were made:
(1) to connect Beaufort force 12 with Mach
number 1 with a smooth curve, (2) to corres-
pond B12 with Fl and Ml with F12 so that a
1-12 graduated scale covers the desired wind-
speed range; (3) as BO indicates calm or no
wind, FO likewise denotes the windspeed causing
no damage on most structures; (4) to give a
wider windspeed range as the windspeed in-
creases because the faster the windspeed, a
wider range is needed to allow a visual dis-
tinction of damage from one scale to the next;
and (5) the exponent, .3/2, serves the above
purpose and allows for the square of wind-
speed or kinetic energy to be proportional to
the cube of (F + 2). Figure 19 illustrates
the basis for the ranges in F-scale windspeeds.
In reality, F6-12 have not been used.

3+
3
3-
2
1

9
20
19

988
1185
2221

$312,000
$187,000
$125,000
$ 20,000
$ 3,000
$ 15,000

3.2 Rating System Proposed by Seelye (1945)

Seelye (1945) devised an arbitrary scale
ranging from 0 to 5 units to indicate the
intensity of a tornado. This rating system
was the first to describe the damage to be
expected from each category tornado. This
scale is simple and no windspeeds are asso-
ciated with any class. Table 7 outlines
Seelye's categories.
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TABLE 9

F-SCALE RATING OF TORNADOES FOR 1965, 1971-1975

F5 F4 F3 F2 Fl FO TOTAL
1965 1 10 49 150 391 292 893

1971 2 23 72 256 367 152

1972 0 11 43 174 343 169

1973 1 24 82 288 494 214

1974 6 30 102 200 369 213

872

740

1103

920

914

5442

1975 1

Total 11

9 42 193

107 390 1261

362

2326

307

1347

% .20 1.97 7.17 23.17 42.73 24.75

cum % 2.17 9.34 32.51 75.24 99.99

Fvs- -F3.0 ated with the F4-5 tornadoes may be too greatF2 CONSIDERABLE DAAE F/ 2.0 (Mehta, et al., 1975). Efforts are currently
F1 MODE DAMAGE FLO ' underway to examine the correlation between
F •L• T _a6M,-Eoo observed damage and windspeeds necessary to

-I ... .. . o- produce that damage (Abbey, 1975a,b). Most
o FUJITA SCALE tornado hazard models utilize the FPP rating

o 2.3 4 SA6 7 s m i , , system and the windspeeds assigned to the F-BEAUFORT FORCE MACH NUMBER

Figure 19. Relationship between Beaufort, 2000- 4363 TORNADOES
I1971 -1975 through JUNE

Fujita, and Mach scales [after

Fujita, 1971].
The assignment of an F-scale rating to a

tornado is determined by qualitatively asses- -
sing the degree and extent of the worst damage
produced by the storm during any period during
its lifetime. Fujita (1971) provided five >- 1500-
photographs of damage corresponding to Fl-F5
ratings. The original series of photographs W

was later modified by Fujita (1973a); these are 0

shown in Figure 20. Generalized damage descrip- z

tions of the types of destruction to be expected
in each category are provided in Table 8. The P)
damage specification for each F-scale is pre- L 1000.
sented in an attempt to clarify the nature of
damage to be expected. The modification con- .

sisted of adding a photograph depicting FO dam- 2 (Z)
age, changing the picture for F5, and including z
an F- category. The F- class corresponds to B8 c N)
where little damage is anticipated and twigs X 4

break off from trees. The resulting scale com- -500 Q
bining the Fujita force scale and the two Pear- 00 a 0 .
son length and width rating scales is known as
the FPP classification scheme. Since 1971 it K

has been used to categorize all reported torna- :

does in the United States. Attempts are being Lk i

made to determine the FPP scale for all reported
tornadoes since 1950. F-scale classifications ...

of tornadoes for 1965 and 1971-1975 are tabula- C - . 20 3. 40 50 60
ted in Table 9. F' SCALE ---

The limitations of the F-scale are evident. Figure 21. Histogram of number of tornadoes
Recent studies show that the windspeeds associ- as a function of F-scale rating.
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Figure 20. Typical damage expected to result from FO - F5 tornadoes [after Fujita, 1973a].
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TABLE 8

FUJITA SCALE CLASSIFICATION OF TORNADO WIND INTENSITY

Fujlita Scale Name Characteristics of Damage

F -

F0

F1

F 2

F3

Doubtful Tornado
less than 40 mph

Very Weak Tornado
40-72 mph

Weak Tornado
73-112 mph

Strong Tornado
113-157 mph

Severe Tornado
158-206 mph

Devastating
Tornado
207-260 mph

Incredible
Tornado
261-318 mph

Inconceivable
Tornado
319 mph to sonic

speed.

40 mph speed corresponds to Beaufort 8 or "Fresh Gale".
Beaufort specification for use on land is "Breaks twigs
off trees". Little damage is expected.

This speed range corresponds to Beaufort 9 through 11.
Some damage to chimneys or TV antennae; breaks branches
off trees: Dushes over shallow-rooted trees; old trees
with hollow inside break or fall; sign boards damaged.

73 mph is the beginning of hurricane windspeed or Beau-
fort 12. Peels surface off roofs; windows broken;
trailer houses pushed or overturned; trees on soft ground
uprooted; some trees snapped; moving autos pushed off the
road.

Roof torn off frame houses leaving strong upright walls
standing; weak structure or outbuildings demolished;
trailer houses demolished; railroad boxcars pushed over,
large trees snapped or uprooted; light-object missiles
generated; cars blown off highway; block structures and
walls badly damaged.

Roofs and some walls torn off well-constructed frame
houses; some rural buildings completely demolished or
flattened; trains overturned; steel framed hangar-ware-
house type structures torn; cars lifted off the ground
and may roll some distance; most trees in a forest
uprooted, snapped, or leveled; block structures often
leveled.

Well-constructed frame houses leveled, leaving piles of
debris; structure with weak foundation lifted, torn, and
blown off some distance; trees debarked by small flying
debris; sandy soil eroded and gravels fly in high winds;
cars thrown some distances or rolled considerable dis-
tance finally to disintegrate; large missiles generated.

Strong frame houses lifted clear 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; trees debarked completely; incredible phenomena can
occur.

Should a tornado with the maxiuum windspeed in excess of
F 6 occur, the extent and types of damage may not be
conceived. A number of missiles such as ice boxes, water
heaters, storage tanks, automobiles, etc. will fly through
a long distance, creating serious secondary damage on
structures. Assessment of tornadoes in these categories
is feasible only through detailed survey involving engin-
eering and aerodynamical calculations as well as meteoro-
logical models of tornadoes.
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TABLE 10

THEORETICAL FREQUENCY DISTRIBUTION OF NUMBER OF TORNADOES AS A FUNCTION OF F-SCALE RATING

FO tornadoes N . P N

0.0 - 0.1 52.0 2.60
0.1 - 0.2 63.0 9.45
0.2 - 0.3 74.0 18.50
0.3 - 0.4 85.0 29.75
0.4 - 0.5 97.0 43.65
0.5 - 0.6 108.0 59.40
0.6 - 0.7 119.0 77.35
0.7 - 0.8 131.0 98.25
0.8 - 0.9 142.0 120.70
0.9 - 1.0 154.0 146.30

T 0 T A L 1025 605.95

Mean F = 0.59 (59 mph)

F3 tornadoes N F N

3.0 - 3.1 52.9 161.34
3.1 - 3.2 47.4 149.31
3.2 - 3.3 41.9 136.17
3.3 - 3.4 37.4 125.29
.3.4 - 3.5 33.1 114.19
3.5 - 3.6 29.1 103.30
3.6 - 3.7 25.6 93.44
3.7 - 3.8 23.2 87.00
3.8 - 3.9 20.8 80.08
3.9 - 4.0 18.3 72.28

T 0 T A L 330 1122.40

Mean F = 3.40 (177 mph)

F1 tornadoes N F N

1.0 - 1.1 166.0 174.30
1.1 - 1.2 178.0 204.70
1.2 - 1.3 190.0 237.50
1.3 - 1.4 197.0 265.95
1.4 - 1.5 200.0 290.00
1.5 - 1.6 200.0 310.00
1.6 1.7 196.0 323.40
1.7 - 1.8 190.0 332.50
1.8 - 1.9 179.0 331.15
1.9 - 2.0 168.0 327.60

T 0 T A L 1864 2797.10

Mean F = 1.50 (92 mph)

F4 tornadoes N F N

4.0 - 4.1 16.5 66.82
4.1 - 4.2 14.7 61.00

4.2 - 4.3 12.9 54.82
4.3 - 4.4 11.3 49.15
4.4 - 4.5 9.7 43.16
4.5 - 4.6 8.3 37.76
4.6 - 4.7 7.1 33.01
4.7 - 4.8 5.9 28.02
4.8 - 4.9 4.8 23.28
4.9 - 5.0 3.8 18.81

T 0 T A L 95 415.83

Mean F = 4.38 (227 mph)

F2 tornadoes N F N

2.0 -. 2.1 156.0 319.80
2.1 - 2.2 144.0 309.60
2.2 - 2.3 132.0 297.00
2.3 - 2.4 120.0 282.00
2.4 - 2.5 108.0 264.60
2.5 - 2.6 96.0 244.80
2.6 - 2.7 84.0 222.60
2.7 - 2.8 74.0 203.50
2.8 - 2.9 66.0 188.10
2.9 - 3.0 59.0 174.05

T 0 T A L 1039 2506.05

Mean F = 2.41 (131 mph)

F5 tornadoes N F N

5.0 - 5.1 2.9 14.64
5.1 - 5.2 2.1 10.81
5.2 - 5.3 1.5 7.87
5.3 - 5.4 1.1 5.88
5.4 - 5.5 0.8 4.36
5.5 - 5.6 0.6 3.33
5.6 - 6.7 0.4 2.26
5.7 - 5.8 0.3 1.72
5.8 - 5.9 0.2 1.17
5.9 - 6.0 0.1 0.59

T 0 T A L 10 52.63

Mean F = 5. 26 (276 mph)

scales. In general, these models are quite sen-
sitive to the windspeeds chosen for each rating

Figure 21 presents a histogram of number
of tornadoes per F-scale rating for 4363 tor-
nadoes which occurred in a fifty-four month
period, 1971-June 1975. By determining the
best fit continuous function, weighted wind-
speeds for each F-scale rating can be assigned.
These appear in Table 10. The windspeeds thus
computed are intended to be more representa-
tive of the distribution of tornado windspeeds
within each F-scale classification as well as
providing windspeed values for use in tornado
risk models. This procedure avoids the ne-
cessity of conservatively assigning the max-
imum windspeed in any F-scale range to all
tornadoes that occurred with that rating.
In the original paper, Fujita (1971) further
divided each major F-scale category into ten
subdivisions. However, the practicalities
and technology do not permit this refinement
at this time. At present, the F-scale that
is assigned to a tornado is accurate within
± 1 F-scale rating. It should be emphasized
that the F-scale rating does not mean that
the tornado possessed those F-scale charac-
teristics throughout its entire path lifetime.

3.4 Rating System Proposed by Meaden (1976)

Meaden (1976) took issue with the semi-
empirical approach of Fujita with his "arbi-
trary constants," and advocated an extension

of the Beaufort scale. Known as the TORRO
(TORnado and storm Research Organization)
tornado scale the windspeed formula is de-
duced from the Beaufort scale equation:

v = 1.870 B1"5 [mph]

by defining B = 2(T + 4); the result is

v = 5.288 (T + 4)1.5 [mph]

where T is the tornado force number. One
requirement was that tornado force zero
equal Beaufort force 8 (gale force corres-
ponding to F-). Meaden ascribes a maximum
T 8 to Great Britain, T 9 for France and
Germany, and T 11 for the United States.
Meaden also defines his windspeeds to be the
fastest one-quarter mile of wind at the
height of the objects damaged; the error
associated with assigning the correct T-scale
is ±2categories. As with the Fujita-scale,
the T-scale has not been rigorously demon-
strated to have a correlation between ob-
served damage and the tornado windspeeds.
Meaden (1976) presents descriptions without
supporting photographs for assigning the
relative intensity ranking to a tornado*
Table 11 represents the TORRO tornado inten-
sity scale.
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TABLE 11

TORRO TORNADO INTENSITY SCALE

(subdivisions A, B, C apply broadly to urban situations;
and D to rural situations)

Force Name Characteristic Damage on Tornado Scale

FC FUNNEL CLOUD
or
INCIPIENT
TORNADO

0 LIGHT TORNADO

42-58 mph

1 MILD TORNADO

59-77

2 MODERATE
TORNADO

78-97 mph

3 STRONG TORNADO

98-119 mph

4 SEVERE TORNADO

120-142 mph

No damage to structures, unless to tops of tallest towers,
or to radiosondes, balloons, and aircraft. No damage in
the country, except possibly agitation to highest treetops
and effect on birds and smoke. Record FC when tornado spout
seen aloft but not known to have reached ground level. A
whistling or rushing sound may be noticed.

A. Loose, light litter raised from the ground in spirals.
B. Temporary structures like marquees seriously affected.
C. Slight dislodging of the least secure and most exposed
tiles, slates, chimney pots or TV aerials may occur.
D. Trees severely disturbed, some twigs snapped off. Bush-
es may be damaged. Hay, straw, and some growing plants and
flowers raised in spirals.

A. Heavier matter leviated include planks, corrugated iron,
deckchairs, light garden furniture, etc.
B. Minor to major damage to sheds, outhouses, locksheds,-
and other wooden structures (such as henhouses, outhouses).
C. Some dislodging of tiles, slates and chimney- pots.
D. Hayricks seriously disarranged, shrubs and trees damage
to hedgerows, crops, trees, etc. Trees may be uprooted.

A. Exposed, heavy mobile homes displaced; light caravans
damaged.
B. Minor to major damage to sheds, outhouses, lock-up gar-
ages, etc.
C. Considerable damage to slates, tiles and chimneystacks.
D. General damage to trees, big branches torn off, some
trees uprooted. Tornado track easily followed by damage to
hedgerows, crops, trees, etc.

A. Mobile homes disDlaced, damaged or overturned; caravans
badly damaged.
B. Sheds, lock-up garages, outbuildings torn from supports/
foundations.
C. Severe roof damage to houses, exposing much of roof tim-
bers, thatched roofs stripped. Some serious window and door
damage.
.D. Considerable damage (including twisted tops) to strong
trees. A few strong trees uprooted or snapped.

A. Caravans and mobile homes destroyed or gravely damaged.
C. Entire roofs torn off some frame/wooden houses and
small/medium brick or stone houses and light industrial
buildings leaving strong upright walls.
D. Large-well-rooted trees uprooted, snapped, or twisted
apart. The ground possibly furrowed by tornado spout to a
depth of about 1 metre.
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TABLE 11 (continued)

TORRO TORNADO INTENSITY SCALE

Characteristic Damage on Tornado ScaleForce

5

Name

6

INTENSE TORNADO

143-166 mph

MODERATELY
DEVASTATING
TORNADO

167-192 mph

STRONGLY
DEVASTATING
TORNADO

193-219 mph

SEVERELY
DEVASTATING
TORNADO
220-247 mph

ti

248-276 mph

7

C. More extensive failure of roofs than for force 4, yet
with housewalls remaining. Small weak buildings, as in some
rural areas (or as existed in mediaeval towns), may collapse.
D. Trees carried through the air.

A. Motor vehicles over 1 ton lifted well off the ground.
C. Most residences lose roofs and some a wall or two; also
some heavier roofs torn off (public and industrial buildings,
churches). More of the less-strong buildings collapse, some
totally ruined.
D. Across the breadth of the tornado track, every tree in
mature woodland or forest uprooted, snapped, twisted, or
debranched.

C. Walls of frame/wooden houses and buildings torn away;
some walls of stone or brickhouses and buildings collapsed
or are partly beaten down. Steel framed industrial build-
ings buckled. Locomotives and trains thrown over.

C. Entire frame houses levelled; most other houses collapse
in part or whole. Some steel structures quite badly
damaged. Motor cars hurled great distances.

C. Many steel structures badly damaged. Locomotives and
trains hurled some distances.

C. Entire frame/wooden houses hurled from foundations.

C. Steel-reinforced concrete buildings severely damaged.

8

9

10 INTENSELY
DEVASTATING
TORNADO
277-306 mph

11

307-337 mph
11

12 SUPER TORNADOES
338+ mph

3.5 Rating System Proposed by Dames & Moore (1975)

In an unpublished document, Dames & Moore
(1975) proposed a system to classify tornadoes
based on structural damage. This scheme, pre-
sented in Table 12, is based on quantifying
the damage descriptions appearing in Storm
Data. The shortcomings inherent in the Dames
& Moore (1975) approach are numerous. Because
of the overlapping windspeeds associated with
the intensity categories, a great difficulty
exists in assigning the proper windspeed for
a given interval to be used in the probabil-
istic approach. For example, the extremes of
D&M 3 and 5 completely overlap D&M4; D&M 3 is
also overlapped by the extremes of D&M 2 and 4.
A need exists for refining the statistics

of the strongest tornadoes, i.e., those with
winds greater than 225 mph. Fujita (1971,
1973a) has two intensity levels above 225
mph (F 4 and F 5). Dames & Moore (1975)
discards this degree of refinement and
replaces it with one category (D&M 6, which
is unbounded, 220-300+ mph). This does not
improve the detail of tornado statistics
of winds above 225 mph; it makes the detail
cruder. This difficulty can be further
elucidated by noting that a 300 mph
velocity for D&M 6, when translated into a
pressure load, results in a damage force
almost 2.5 times greater than the force
produced by the lower bound windspeed of the
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TABLE 12

DAMES & MOORE TORNADO INTENSITY CLASSIFICATION

DAMES & MOORE
INTENS ITY WIND VELOCITY

(mph)
EXPECTED DAMAGE

1

2

3

50-90

80-120

100-150

Partial roof removal of weak rural structures; some trees
uprooted and blown down

Total roof removal of rural structures; partial roof re-
moval of single-family residences; house trailers moved
or rolled; more extensive tree uprooting

Rural structures heavily, damaged; total roof removal of
residences; house trailers destroyed; non-reinforced'
masonry walls overturned; extensive sign damage and tree
uprooting

Rural structures demolished; total roof removal of resi-
dences and some walls down; partial roof removal of light
steel industrial buildings and wood truss commercial
buildings

Complete homes destroyed; total roof removal of light in-
dustrial buildings and wood truss commercial buildings;
partial roof removal of heavy industrial buildings

Catastrophic destruction; homes off foundations; substan-
tial commercial and industrial buildings destroyed; large
steel framed structures heavily damaged.

4 120-180

5

6

150-225

200-300+

same intensity scale. The windspeed assumed
to produce the damage is defined to be the sum
of the rotational and translational windspeeds
of the tornado; the vertical velocity is neg-
lected or assumed to be 0. The height of'the
damaged structure is not specified nor is the
height at which the calculated windspeed is
to be applied. No photographs are provided
to aid in distinguishing between the various
intensity categories.

The D&M intensity scale relies heavily
on a comparison of roof damages. This is
not desirable in terms of estimate accuracy.
The-use of roof damage as a prime parameter
is objectionable because of several factors:
difficulty in including pressure drop effects,
the large variation in methods and types of
roof construction and fastening, variation in
roof slopes and overhangs, the wide-uncertainty
in applying local pressure coefficients to

roofs, progressive types of failure are
neglected. Analysis of surviving struc-
tures and observations of damage to other
types of structures should also be done to
lend credence to the intensity assigned a
particular tornado. Examples of additional
structural damage to be ascertained include
water tank supports, destruction of steel
towers and utility poles, damage to metal
siting and projecting signs, and potential
flying objects.

- In summary, the combination of the
indecisive wind estimates based on analyzing
building damage and the overlapping D&M
tornado windspeed ranges make assigning,
a tornado intensity difficult at best.
For example, a tornado that totally removes
the roof of a light industrial building can
be assigned a rating of either D&M 4, 5,
or 6, the range of wind forces for these
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three categories varying by an order of
magnitude. Fot at least the above reasons,
the D&M scale has not achieved the widespread
acceptance in either the engineering or the
meteorological communities as has the F scale
rating system.

To put the devastating strength of a
tornado in some pefspective, a corresponding
hurricane disaster-potential scale is described
below. This scale is an experimental effort
by the National Weather Service-NOAA, to pro-
vide an assessment of the potential for wind
and storm-surge (not discussed here) damage
from a hurricane after it reaches a point
where it could be a threat to coastal popu-
lations. (ANON, 1974). For the purposes of
this paper, only that portion of the scale
which addresses the probable property damage
from wind forces is discussed.

TABLE 13

HURRICANE DISASTER - POTENTIAL SCALE

Category Windspeed [mph] Probable Property Damage

5 155 Shrubs and trees blown down, considerable damage to roofs
of buildings; all signs down. Very severe and extensive
damage to windows and doors. Complete failure of roofs on
many residences and industrial buildings. Extensive shat-
tering of glass in windows and doors. Some complete build-
ing failures. Complete destruction of mobile homes. Small
buildings overturned or blown away.

4 131-155 Shrubs and trees blown down, all signs down. Extensive
damage to roofing materials, windows and doors. Complete
failure of roofs on many small residences. Complete des-
truction of mobile homes.

3 111-130 Foilage torn from trees,.large trees blown down. Practically

all poorly constructed signs blwwn down. Some damage to
roofing materials of buildings; some window and door damage.
Some structural damage to small buildings. Mobile homes
destroyed.

2 96-110 Considerable damage to shrubbery and tree foilage, some
trees blown down. Major damage to exposed mobile homes.
Extensive damage to poorly constructed signs. Some damage
to roofing materials of buildings; some window and door
damage. No major damage to buildings.

74-95 Damage primarily to shrubbery, trees, foilage and unanchored
mobile homes. No real damage to other structures. Some
damage to poorly constructed signs.
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4. TORNADO RISK MODELS the value which is approached asymptotically
is 1 - e as the recurrence interval approaches

As used in this paper, the definition of infinity.. Similarly, the probability is not
risk is not rigorous. The usual definition zero that F5 damage will be observed in any
of risk is the probability of an event times given year. Thus, it is not inconsistent to
the consequences of that event. For the predict the probability ýf F5 damage resulting
present purposes, the risk of a given tornado from a tornado to be 10 -and to observe F5
windspeed occurring at a point is the same damage in any given year.
as the probability of that point experiencing Abbey and Fujita (1975) briefly compared
the given windspeed; some investigators the results from five tornado risk models.
prefer to compute the probability of damage A basic difference in the approaches involves
of a particular magnitude occurring rather the consideration of windspeed variations
than windspeed. What then remains is for the across and along the tornado path. The assump-
relationship between windspeed and damage to tions made and the procedures employed to
be established. account for gradations of damage and wind-

Only those tornado risk models which speed profiles determined by vortex theory
have as their objective the prediction of will form the basis for the model comparison
windspeed as a function of the risk (proba- presented below.
bility) one is willing to assume are consider-
ed in the following subsections. Models not 4.1 Constant Velocity Profile Across Path
discussed in detail include those which only
predict the probability of occurrence (Thom, Three models can be categorized as
1963; Fujita, 1970b), or the probability of assuming uniform tornado windspeed in both
damage computed from property (dollar) losses space and time: Wen and Chu (1973); Markee
(Reed, 1971; Berry and Reed, 1972; Friedman et al., (1974); and Dames & Moore (1975).
and Shortell, 1967; Friedman, 1975; Kessler Each of these analyses assume a conservative
and Lee, 1976; Hart, 1976). Utilization of rectangular (step function) windspeed profile
death statistics in tornado risk assessments that is invariant. Markee, et al., (1974)
has been briefly outlined in Section 2.3 and and Dames & Moore (1975) do not consider
will not be repeated (Sadowski, 1965; Reed, a relationship between tornado intensity and
1971; Berry and Reed, 1972; Sims and Baumann, size as determined by damage area; that such
1972, Kessler and Lee, 1976; Fujita, et al. 19 7 5 )a relationship is significant to establishing

All of the models discussed make use of more realistic tornado risk assessments has
a tornado classification scheme to obtain a been demonstrated by recent studies (Wen and
measure of the distribution of number of Chu, 1973; Garson, et al., 1975b; McDonald,
tornadoes as a function of intensity. With et al., 1974, 1975a-h; Abbey and Fujita,
only one exception, every modeler has select- 1975).
ed the Fujita (1971; 1973a) scale as the one
best suited for this purpose. Thus the un- Tornado Risk Model by Markee, et al.,
certainties associated with that rating scheme (1974). In this approach, the assumption is
are common to most models and the comparisons made that if the probability of tornado risk
presented are based on the methodologies is P and if the tornado strike probability
employed. The windspeeds determined by each is P , then the probability of intensity, Pi.
model will be the fastest one-quarter-mile can %e obtained from the relationship:
windspeeds and are generally considered to be -i
the vector sum of the horizontal (rotational P. P (PS) (1)
plus translational) wind velocity components. This formulation assumes that the tornado
[Rotational velocity is the vector sum of the strike occurrence and intensity occurrence
radial plus the tangential velocities.] Theresult of each tornado risk model below gives are independent; this assumption has been

challenged by Garson, et al., (1975b) and
the probability that the windspeed in a tor- Wen (1976).
nado will exceed a particular value in one Based on the work by Thom (1963), the
year. I- _ • .

Crutcher, et al., (1975) emphasize that
the probability of observing a predicted
value (tornado windspeed) in a span equal to
its calculated recurrence interval is not
1.0; there is only a 0.63 probability that
the predicted windspeed will be observed in
its given return interval. Specifically,

prL.UU .LLY LIaL a LUornao will strike a
particular point during t years, Ps) is
equal to the average tornado frequency per
year, n tornadoes observed in y years, times
the ratio of the mean individual tornado
area, a, to the total area, A, for which the
tornado frequency has been determined:
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P-n a t(2P =nat (2)
s yA

This equation is an approximation to the more
formal representation:

P= 1 - (I '-.)nt/y (3)

.2
*The mean path area has been chosen as'2.82 mi
based on Thom's (1963) analysis and is assumed
as a constant area invariant across the United
States and regardless of intensity. As discus-
sed in Section *2.2, significant variations in
tornado path area exist for different regions;
the correlation between area and intensity has
been found to be significant by other investi-
gators as noted earlier. The area, A, has
been selected as the non-overlapping 50 square;
this size is meant to represent the gross
probability variation and to minimize the
effect of population on tornado reporting.
McDonald, et al., (1975g) confirmed that one
of the most sensitive parameters in tornado
probability calculations~is the size of the
representative area being analyzed; this sensi-
tivity will be discussed shortly. There may
be an order of magnitude difference in P ass
a result of the selection of A, e.g., use
of a 1 square versus a 9 square. The mean
number of tornadoes per year, n/y, is based on

the 1955-1967 data furnished by Pautz, ed.,
(1969). Galway (1967) briefly addressed the
fact that this data set is not necessarily
consistent with Storm Data.

The probability of intensity, 'Pip is
obtained from Eq. (1) for any value of P. Due
to the lack of consistent and systematic
observations of tornado windspeeds and damage
prior to 1971, only tornadoes categorized by
the F-scale system for 1971-1972 (Fujita and
Pearson, 1973) were used to obtain an inten-
sity probability relationship. Markee, et al.,
(1974) found that the probability of exceeding
ordinate values of windspeed followed a log-
normal distribution. Although not performed
by Markee, et al., (1974), a least-squares
linear regression equation can be fit to the
log-normal probability distribution of tornado
windspeeds based on F-scale ratings. Figure

22 portrays this distribution. Markee, et al.,
(1974) conservatively assumed that the upper
bound windspeed in each F-scale category
applied to all tornadoes in that category.
Abbey (1975b) first presented this modifica-
tion which was later verified by McDonald
(personal communication). Beeth and Hobbs
(1975) arrived at a similar formulation.

The resulting equation based on the
data presented in Markee, et al., (1974) is

500
I I 

1 1 
I I 

I I I 

1 I
I I

Dn

z

C.-

I I I I I i j i i I I I I
A nn

300 - ___ _ _ _ _ _ _ _ _ _ _ _ _ _

100 ___ ____

10- 10 10" 3 10-Z 2 5 10-' 2 3 4 5 6 7 8 9

TORNADO INTENSITY PROBABILITY, P

Figure 22. Tornado intensity probability of exceeding ordinate value of windspeed

[after Abbey, 1975b].
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Tornado Hazard Assessment Model by Hart

log V = 0.1346 z + 2.0158 (4) (1976). The procedure developed by Hart
(1976) is concerned with estimating the wind
induced damage to structures arising from

where log V (the random variable) is normally tornadoes as a function of geographic region.

distributed with a standard deviation of The methodology consists of two steps. The

0.1346 and a mean of 2.0158; z is the value first is to estimate the probability that a

of the.random variable having the standard structure will experience a certain damage

normal distribution. The coefficient of state, given that a particular windspeed

determination is 0.9932. Abbey (1975b) has occurred. This relationship between

further extended this approach by incorporating windspeed and damage is quantified using a

the 4528 tornadoes classified by F-scale damage matrix. The second step is to esti-

for 1965 and 1971-1974. By adding data for mate the probability that a particular site

1975, the trend is apparent that more small will experience a tornado of a particular

tornadoes are being reported. This will have intensity (windspeed).

the effect of lower windspeeds being predicted A damage matrix is constructed for a

at smaller values of P.. The influence of particular structural type and damage states

using a small data sample from a larger data correspond to the types of damage expected
base may be significant (Joos, 1960; Fujita, for that structure. Associated with each dam-

1970b). By failing to recognize long-term age state is a percent damage defined as the

trends, results determined from a few months ratio of repair costs to total structural

or years of data may not be representative, replacement costs. There is one column in

The sensitivity of the proposed least- the damage matrix for each F-scale category.

squares linear regression equation on the The entries in each column of the, damage

resultant windspeeds calculated by the graphi- matrix quantify the probability that for that

cal approximation procedure used by Markee, column's F-scale rating, damage corresponding

et al., (1974) is demonstrated in Figure 23. to the damage state for that row of the matrix

The probabilities of intensity were comruted will result.

by both methods assuming P equal to 10--; The probability that a tornado with a

the corresponding windspeeds obtained by windspeed corresponding to a particular wind-

Markep, et al., (1974) are shown in Figure speed state will strike a given site is deter-

23 (a) and those derived by use of Eq. (4) or mined by the method advocated by Wen and Chu

*figture 22 in Figure 23 (b). Differences of 35 (1973). A uniform windspeed corresponding to

tiph for several 50 squares are apparent. the maximum windspeed in each F-scale rating
is assumed.

2 2 002590 34 3 0 75 71 S - 2V 2&rlOS 00 5 .30 35 7W

260 •0 0 3 00 3 35 S lo 1. 2o A S 00 55 90 *s 29D.

(a) 2 (b)

Figure 23. Tornado windspeed by five-degree square for l0-7 probability per year determined
by Ca)Markee et al., (1974) and (b) Abbey (1975b).
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Tornado Risk Model by Dames & Moore
(1975). As defiped by Dames & Moore (1975),

risk level is the probability of at least one
occurrence during the life expectancy of the
system considered. The return period is de-
fined as the time interval during which the
expected number of occurrences is one. They
qualitatively argue that a dimensionless ratio
of return period to life expectancy can be
obtained as a function of the risk level.;
given a particular risk level, the return
period associated with a selected life expect-
ancy can be obtained. This defines the inten-
sity of the tornado from the return period.

Not enough detail is discussed in the
report in order to determine the particular
techniques which were used to calculate the
results presented. Thus, only their general
approach will be outlined herein. Computa-
tions were made for each 10 square provided
that at least 15 tornadoes-classified as
D&M Intensity 1 occurred; when this was not
the case, a 30 or 50 square was selected.
The data set consisted of all reported torna-
does, 1954-1973, as recorded on the NOAA/NSSFC
computer tape. Despite the overlapping nature
of the D&M scale, the mean windspeed for each
intensity classification was chosen.

The approach is essentially a stochast-
ically-based one. The distribution of tornado
strengths for a given region is combined with
the distribution of occurrence frequency to
determine the probability of the maximum tor-
nado windspeed occurrence in any given time
period. Three standard density functions
were examined for representation of the tor-
nado intensity distribution: Gaussian (nor-
mal), 2Gamma, and the Extreme Value Type II.
The X goodness-of-fit testwas then applied
to select that distribution which best fit
the data. The lognormal distribution, found
by other investigators to fit the data well,
was not analyzed. The Extreme Value Type II
distribution fit the data better for most 10
squares; the Gamma distribution was selected
for several squares. The Normal distribution
fit the data for most squares in Wyoming and
Montana. Despite the dominance of the Extreme
Value Type II density function, thewindspeeds
predicted using this distribution were "held
unduly high" by Dames & Moore. For this rea-
son, they selected the better fit between the
Normal and the Gamma for their risk assess-
ments. Rather than presenting the windspeed
values predicted by-their model for low levels
of risk, they truncated all distributions at
350 mph.

The occurrence of tornadoes for each data
set was modeled by the Poisson and theWiebull
processesz- the Poisson process assumes that

the rate of occurrence is constant and inde-
pendent of time while the Wiebull process
assumes the rate as being a function of time.
The Kolmagorov-Smirnov test was utilized to
determine the goodness-of-fit. Without
presenting the results of this comparison,
Dames & Moore (1975) only used the.Wiebull in
their risk computations. Their application of
the K-S statistic is questionable.

To minimize the variability in windspeeds
computed for each 10 square, the computations
were repeated for 30 squares except when less
than 70 tornadoes were reported; when this
was the case, a 50 square was selected. West
of 105 W, this criterion was relaxed to a
minimum acceptable occurrence of 20 events
within the area.

As stated earlier, no details of the
computational procedures used were presented;
however, one example was provided. The end
result for this example is presented in the
following two equations:

risk level = 1 - e-•(v)T't (5)

for the Poisson process where t is as defined
for Eq. (2); j' is the estimatedvalue of
the occurrence rate modified by an areal
ratio, n/A, where a is the area of interest
(assumed by Dames & Moore (1975) to be
100 mi )and A is as defined for Eq. (2);
thus i' = f(a/A) , for a point probability
calculation, c/A = 1; (v) = 1 - F,(v) and
is called the reliabili y function defined
as the probability of windspeed, V, being
greater than or equal to a specified wind-
speed, v; Fv (v) is the cumulative distribu-
tion function selected; in the example, the
Gamma distribution was chosen.

For the Weibull process:

risk level = I - e-(v))' tY
(6)

where the terms are as defined for Eq. (5);
Y is the shape factor for the Weibull
distribution function. This writer has not
been able to verify the above formulations.

The tornado intensity-size relationship
was neither investigated nor incorporated
in their model. Windspeed variations were
neglected as a constant velocity profile
was assumed.
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Tornado Risk Model by Wen and Chu (1973).
The first tornado risk model can be attributed
to Wen and Chu (1973); the approach advocated
by them was briefly presented by Singh, et al.,
(1973). This model makes use of data accumu-
lated by Fujita, et al., (1971) to construct
a joint probability distribution for average
tornado damage path area and peak windspeed;
To utilize only 212 tornadoes which occurred
in four months, 1971, to develop a joint
probability density function may be premature.
However, the approach outlined by Wen and Chu
(1973) is a logical and statistically valid
treatment.

They believe that a good probabilistic
model should be able to provide the following:
1. geographic variability of tornado occur-

rences;
2. variations in path area and maximum wind-

speeds have a bearing on the chance of a
tornado striking a given point and the
maximum wind load it induces;

3. correlation between large path area torna-
does and higher windspeeds.

By assuming tornado occurrences to be
independent events and that the occurrence
rate is invariant with respect to time, the
occurrence relation can be modeled as a
simple Poisson process. However, as elucidated
by Thom (1963), significant departures from a
Poisson distribution could occur in high tor-
nado frequency areas. Such events are then
better modeled by a Polya process whose oc-
currence rate is time-dependent. Wen and Chu
(1973) show that the error introduced by using
the Poisson distribution is less than 4% for thE
case examined; perhaps more importantly, it
is a conservative approximation.

A two-dimensional (bivariate) log-normal
distribution was found to fit the data on area
and intensity. The fit was found to be satis-
factory and substantiated by X2 test at the
5% significance level. The mean windspeed 2
was 110 mph; the mean path area was 1.65 mi
Windspeed was not allowed to vary across or
along the tornado path. The individual tor-
nado area was grouped in six categories ac-
cording to that scheme proposed by Fujita
(1971); the effect of using the Pearson-path
length and width scale (Fujita, 1973a; Fujita
and Pearson, 1973) to refine the fit (eleven
categories as opposed to six) needs to be
evaluated.

The probability of a tornado striking a
given point with a maximum windspeed exceed-
ing the design windspeed, V, during a period
of t years is

where the terms are as defined for Eq. (2);
R'(V) represents the-effective area exposed
to the wind with a speed greater than V. This
term is referred to by Wen and Chu (1973) as
the tornado speed-area function and is as-
sumed to be invariant to change in location,
an assumption which needs further examination.
R'(V) is given for V<290 mph as

-115 -75R'(V) = 1.65 [1 + 0.4 x 10 V

and for V>290 mph

R'(V) = 17.4 e-0"014V

(8)

(9)

Using Eqs. (8) and (9), a continuous probabi-
lity density function of V can be obtained.

As recognized by Wen and Chu (1973),
their conclusions are tentative and based on
limited data. The validity of the bivariate
log-normal distribution when applied to a
larger data set needs to be explored further.
A more realistic analysis should examine the
effects of uncertainties in structural resis-
tance, dynamic response, and the need for a
more comprehensive reliabilitystudy. Wen
and Chu (1973) further note that since judge-
mental errors are involved in statistics of
tornadoes and since the sensitivity of the
distribution selected is one of the deciding
factors in risk evaluation, an analysis
based on the extended reliability model with
systematic treatments of effects of observa-
tional errors and sensitivity of distribution
is desirable.

Although peak wind intensity occurs only
over a small portion of the tornado damage
area (Fujita, 1970a; 1972b), Wen and Chu
(1973) assume that the peak wind velocity
extends over the entire damage area. McDonald,
et al., (1973) first suggested that a wind-
speed decay from peak velocity out to the
gale intensity boundary (74 mph) be introduced
in tornado risk models. This concept was
combined with the Wen and Chu (1973) model
to provide a procedure for estimating the
likelihoods of damaging tornado winds based on
an assumed windspeed profile by Garson, et al.,
(1975a). In subsequent papers the windspeed
decay as a function of the radial distance
outward from the center of the tornado has
been incorporated (Wen, 1975; Wen and Ang,
1975; Wen, 1976). Rather than apply an
analytical model as suggested by Garson, et al.,
(1975a),Wen (1975) determined an analytical
expression for the boundary-layer tornado-like
vortex model developed by Kuo (1971) to obtain
a variation in the velocity'field. It is not
clear how Wen and Ang (1975) incorporated this
windspeed decay in their modification to the
Wen and Chu (1973) model.

P (V) = N t R' (V)
t yyA (7)
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4.2 Lateral Variation of Windspeed Across Path

Two tornado risk models were initially
developed which incorporated the decay of
windspeed from a peak value in their formula-
tion (McDonald, et al., 1974, 1975a-h; Garson,
et al., 1975b). The model by McDonald, et al.,
utilizes the combined-Rankine velocity profile;
the empirical windspeed profile presented by
Hoecker (1960) is used by Garson, et al.,
(1975b).

Garson, et al., (1975a) Modification to
Wen and Chu (1973) Tornado Risk Model. Garson,
et al., (1975a) propose a correction to the
model developed by Wen and Chu (1973). They
suggest the model should incorporate a wind-
*speed profile based on the work by Hoecker
(1960) in his analysis of the.Dallas, Texas
tornado of April 2, 1957.

In the range between peak velocity, V, and
gale intensity velocity, V , the form of the
profile is assumed to be g

V rk = C (10)

where r is the radial distance from the tornado
center; k and C are parameters selected to fit
a given storm. Hoecker (1960) found k to be
1.6 near the ground and 1.0 at higher eleva-
tions; the value of 1.6 is generally used
since it is the more conservative value. The
constant, C, is found for each tornado from
the gale intensity damage.width

C = V r k (11)g g

in which r is one-half the damage path width.
Substituting Eq. (11) into Eq. (10) and solv-
ing for r,

r = (Vg/V)I/k r (12)g g

The width of damage resulting from intensity
V is

WV =(Vg/V) I/k W (13)

where W is the average width of gale intensi-
ty damage.

Garson, et al., (1975a) show that ac-
counting for the windspeed profile, the damage
area bounded by intensity V is

(Vgl/V)/ka.v =g ag (14)

where a is the reported gale intensity damage
area. glncorporating this correction into
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Figure 24. Conservatism in design windspeed
predicted by Wen and Chu (1973) versus
that estimated by Garson, et al.(1975a),

Eq. (7), yields the following
Pt(V) = N tVR'(W) ( )/k

Garson, et al., (1975a) assume that the
W damage width resultes from windspeeds
of 40 mph or greater.

The design windspeeds predicted by the
Wen and Chu (1973) model were compared with
those predicted using the windspeed modifi-
cation advocated by Garson, et al., (1975a).
Figure 24 indicates the relative conservatism
of the Wen and Chu (1973) model as a function

of design windspeed of the modified model.
As is evident the difference can range to
about 180% of the proposed model design wind-
speed. Thus, this correction results in
substantial reductions in the predicted
velocities (Garson, et al., 1975a; Abbey and
Fujita, 1975).

As discussed by Garson, et al., (1975a),
the proposed model may predict design wind-
speeds that are conservative by 20% based
on the exponent, k. The sensitivities of
the exponent value and the form of the
velocity profile have not been examined
to date.

Wen and Ang (1975) and Wen (1976) have
subsequently incorporated not only the wind-
speed profile but also the lifeline term which
arises in the three-dimensional joint pro-
bability density function formulation as
described by Garson, et al., (1975b).
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Tornado Risk Model by Garson, et al.,
(1975b). The general approach advocated. by
Garson, et al., (1975b) is the same as that
developed by Wen and Chu (1973). The basic
difference is the use of multi-variate (three-
dimensional) log-normal joint probability
density function to establish a relationship
among tornado intensity, path length, and path
width. The expected damage area as a function
of windspeed and size parameters can be given
by the following expression:

E[DA(VD)I = 7 0 •Dw(VD) Lf(v,w,L)dvdwdL +

3606 0 DH(ý) Lf(v,Lc)dvdLdý +

360
o 6 DýW(VD)G(p)f(vwp)dvdwdP

+ AB Z f(v)dv (16)
D

where f(...) is the joint density distribution;
W(VD), the average tornado damage width along
the path for a specific threshold velocity;
L, tornado damage path length; v, the peak
tornado velocity (intensity); H(4) is the pro-
jection of building plan perpendicular to the
direction of tornado travel, •; G(ý) is the
projection of building plan parallel to the
direction of tornado travel; AB is the building
plan area; E[.] is the expectation operator.

Garson, et al., (1975b) attributed physi-
cal meaning to three of the terms in Eq. (16).
The first term dominates when the dimensions
of the structure being designed are very small
relative to the width of the tornado; this
term has been called the "point structure"
term and is usually the only one considered in
other tornado risk models. The second term,
called the "lifeline" term, controls when the
systems are very long, e.g., pipe or power line
systems. The last term is significant for
analyses of regional disaster relief or other
planning purposes.. It is obvious that the
function for w(V ) and the joint density
function, f(v,w,E,) are necessary to evaluate
the expected damage area. It should be noted
that the arguments of f(.) are not independent.

Based on a limited amount of data, they
found that no significant correlation between
the direction of travel and the other tornado
parameters; thus, independence of the direc-
tion of travel from the other parameters may
be a reasonable assumption. This then permits
the terms which are dependent only on the
tornado data (area, length, width) to be evalu-
ated apart from any dependence on direction.

Once representative parameters, density dis-
tribution, and velocity profile are established,
these terms will be functions only of the
damage velocity threshold.

Garson, et al., (1975b) examined the
relative effects of the four model terms with
the results presented in Figure 25. The dashed
curve is the ratio of the lifeline (term 2)
to the point structure (term 1) terms as a
function of the damage threshold velocity.
The other two terms were found to be negligible
when compared to the point structure term.
For example, when VD is 150 mph, the expected
tornado area computed using only the point
structure term was only about 75% of the total
expected tornado damage origin area; tornado
risk models which only use the point structure
term would underpredict the expected tornado
area by 25% for the conditions on which the
example was based. As concluded by Garson,
et al., (1975b), the lifeline term should
always be considered in addition to the point
structure term in tornado risk analyses.

The ratio of the expected tornado damage
origin area using the point structure term
with the velocity profile from Eq. (13) to
that area computed using the Hoecker (1960) -

8 0 r
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w
a-.

APPROXNATE-POINT STRUCTURE
A- POINT STRUCTURE

LIFELINE
POINT STRUCTURE

50 100 150 200 250
DAMAGE VELOCITY- MPH

*Figure 25. Difference in expected damage origin

area determined by ratios indicated
as functions of damage velocity
threshold [after Garson, et al., 1975b].
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profile is shown as the solid line in Figure
25. At high damage threshold velocities, the
error associated with the approximate velocity
profile is sufficient to warrant using the
actual Hoecker (1960) profile. By utilizing
the approximate velocity profile, the varia-
tion of the velocity profile as a function of
intensity is not taken into account. Garson,
et al., (1975b) are able to define the-Hoecker
(1960) profile for each tornado by a five-part
expression; the resultant equation for damage
width depends on peak velocity, v.

Garson, et al., (1975b) list several
assumptions which were required to develop
their model and which need to be verified.
The dependence of a velocity profile based
on only one analysis (Hoecker, 1960) of one
tornado needs to be examined in light of sever-
al recent photogrammetric analyses of tornadoes
(Golden, 1976; Fujita, et al., 1976). Common
with other risk models is the assignment of
intensity based on visual observations of dam-
age resulting from horizontal and vertical
velocities, pressure deficits at the core, or
tornado-generated missiles. As presented,
the Garson, et al., (1975b) model utilizes
only the tangential windspeed as a variable.
Another assumption that affectsthe model
results is that the tornado occurrence rate
has a small enough gradient so that large
counting areas can be used. However, the in-
homogeneities in tornado characteristics that
exist across the country need to be evaluated
to determine the effect of this assumption.

The idea of suction or multiple vortices
as proposed by Fujita (1970a; 1972b) would
lead to further complexities in the wind field
model. Implicit in the definition of damage
area is the assumption that any point in the
structure would fail if it came into contact
with winds in excess of the damage threshold
windspeed. Most structures are not uniform
in their resistance to wind loads; local
failures of a structure may need to be incor-
porated into a more realistic model. The
effect of such added sophistication on the
overall result has not been determined. It is
further presumed that failure can be defined
by windspeeds; failure criteria are thus deter-
mined from structural properties and wind
velocities. Current practice is to use pres-
sure coefficients that have never been verified
during tornado conditions. The velocity pro-
file and the translational speed of the vortex
may contribute significantly to the conversion
to wind loads (Wen, 1975).

It is not clear as to whether Garson, et
al., (1975b) used individual tornado path-
length, width, and direction statistics as a

function of intensity or used the histogram
distributions of general parameters to develop
their correlations. Their results are present-
ed by comparing the model outputs with the
frequency distributions of each tornado
characteristic. The association of tornado
path size and tornado intensity must be deter-
mined on an individual basis; the sums of the
occurrences of each tornado dimension need
to be evaluated in light of the number of
tornadoes of a given intensity having a parti-
cular path length and width.

Tornado Risk Model by McDonald, et al.,
(1974, 1975a-h). McDonald, et al., (1973)
first proposed use of tornado windspeed decay
from the tornado core as an input parameter
into tornado risk models. In their first model,
they assumed a combined Rankine velocity pro--
file within a tornado vortex (McDonald, et
al., 1974). The model was developed in more
detail in McDonald, et al., (1975a) in which
they introduced the effect of the size of the
region being used for tornado statistics as
being of significance. The influence on the
results of their model of a10 versus a 5
square was.discussed. Continuing their pioneer-
ing efforts, they were the first to define
confidence limits for their results (McDonald,'
et al., 1975g). Their model is based on the
tornado intensities as defined by Fujita
(1971; 1973a) and the Pearson path lengths
and widths (Fujita, 1973a; Fujita and Pearson,
1973). A region surrounding the site of
interest is defined; this region may range
from a 10 to a 50 square. Data are assembled
for the defined region as well as from a sever-
al state area surrounding the local region.
Four basic steps are involved in the develop-
ment of their tornado risk model:

1. Determination of a damage area-inten-
sity relationship in a several state
region surrounding the site;

2. Determination of an occurrence-inten-
sity relationship in a local (10 to
50 square) region surrounding the site;

3. Calculation of the probability of a
point within the local region exper-
iencing windspeeds, the magnitude of
which fall into any arbitrary interval;

4. Determination of the probability of
windspeeds exceeding any threshold
value at any point within the local
region.

A plot of the results of Step 4 is the tornado
risk model. Each of the four steps is described
in detail in the following paragraphs.
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Step 1: Damage Area-Intensity Relation-
ship. A region surrounding the site of suf-
ficient area to permit the determination of a
mean damage area-intensity relationship is
defined; this region usually consists of one
or more states selected on the basis of topo-
graphical and meteorological homogeneity with
the site of interest. The tornado data set
utilized is the FPP ratings of tornadoes that
have occurred since 1971. From the PL and PW
classifications, the damage area in square
miles is computed using the median length and
width for each rating. The mean damage area
for each F-scale is determined and an appro-
priate curve is fitted through these data
points to obtain a continuous relationship
between intensity (windspeed) and mean damage
area.

The effect of the area-intensity relation-
ship on the results of the risk model is shown
in Figure 26. The example consisted of tor-
nadoes occurring with a 50 region; 80% confi-
dence limits are presented. The confidence
limits were calculated first using the expect-
ed values of area with the upper and lower
bound values of occurrence. Since this rela-
tionship is based on a large region in compar-
ison with the local region, it is considered
to be invariant with respect to the local
region selected for the calculations in Step 2.
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Step 2: Occurrence-Intensity Relationship.
A local region within the larger region defined
in Step 1 is selected to permit the determina-
tion of an occurrence-intensity relationship.
The size of this local region may range from
a 10 to a 50 square, depending on the number
of tornadoes that occurred in the vicinity of
the site. The degree-square is used for con-
venience because the tornado touchdown points
are given in terms of latitude and longitude.
The number of tornadoes exceeding each F-scale
classification since 1959 is obtained for the
local region. This relationship is fitted to
an appropriate curve to give a continuous
function. From this curve, the number of
tornadoes occurring in arbitrary, but equal,
class intervals in obtained and denoted by
qi" The set of q's for all class intervals
represents the occurrence-intensity relation-
ship.

For the same data set used to compute
Figure 27, confidence limits are established
to examine the effect of the occurrence-
intensity relationship. This was done by
calculating the expected values of occurrence
using the upper and lower bound values of
area. Comparison of Figures 26 and 27 shows
that the occurrence-intensity relationship
has the more significant effect on the width
of the confidence band. This is a result, in
part, of using a smaller tornado data base
to establish the occurrence-intensity curve;
the smaller data set results in higher variances.

10-?F

2. K17

.-dr
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2.165

Ix 16,

%1xu 50

Figure 26. Effect of area-intensity term Figure 27.
using 50 square and 80% confidence
limits [after McDonald, et al., 1975g].

Effect of occurrence-intensity term
using 50 square and 80% confidence
limits [after McDonald, et al., 1975g].
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Step3: Probability of Windspeeds in Any
Arbitrary Interval. The probability of a
point in the local region experiencing a
windspeed in any class interval V from torna-
does with maximum velocities grealer than or
equal to the class interval windspeed, Vi, is
given by the expression

X
f-

P. n
SiE. q. a

j Ai=j i ij

0

(17) Lii

a.

Vi

Vj1l

Vi

75

where A is the geographical area of the
local region [mi 2 ]; q. is the occurrence-
intensity relationship [tornadoes per year];
a.. is the area within the damage path that
eqeriences windspeeds V. in a tornado whose
maximum windspeed is in %he class interval V.< 21

(i ><j) [mi 2 ]; n identifies the class interval
containing the largest tornado windspeed con-
sidered.

The a.. term requires further discussion.
The intergl i refers to the class interval of
maximum tornado windspeeds; the integer j
refers to some class interval less than or
equal to i. The magnitude of a.. depends on
the maximum intensity of the torAado and its
mean damage path area. The mean damage path
area is defined as the extent of damage from
winds greater than or equal to 75 mph. The
windspeed profile is assumed to be of the
combined Rankine type. Thus, for j < i,

z
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L Tornado

a.i = 75 a. (V.1J 1 l - V.) [VJ Vj+] (18)

for j = i,

a = 75 a. (V) 1ai31 i
_j

/ai
2~

'o

/2
(19)

The a term is the mean damage path area de-
fined'by winds greater than or equal to 75
mph by tornadoes whose maximum windspeed is
in the interval i. Values of a. come from
the area-intensity relationship. -Figure 28
graphically depicts the damage area exposed
to windspeeds in the interval j.

StpL: Probability of Exceeding Any
Threshold Windspeed. The probability that a
point within the local region will experience
windspeeds greater than or equal to V. is

n
PEj = jT Pj (20)

A plot of P versus threshold windspeed, Vj.
is the tornaao risk model.

Figure 28. Damage area exposed to windspeeds in
the interval . [after McDonald, etal., 1975g]. j

The sensitivity of the size of the local
region selected on the results of the tornado
risk model by McDonald, et al., (1975g) is
shown in Figure 29. At the 300 mph threshold
velocity, the risk probability based on 50

square data is 40 times less than that based
on data collected from a 20 square centered
about the site. McDonald, et al., (1975g)
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As stated earlier, McDonald, et al.,
(1975g) were the first to put confidence
limits on their tornado risk model. In addi-
tion to the 80% confidence for the 10, 20,
30, 4 , and 5 squares presented in Figure

30, they determined the 90% and 95% confidence
limits for the 30 and 50 squares. The 5°

square local region has the narrowest confi-
dence band; this is probably due to the in-
clusion of additional data of the same dis-
tributional form as for the smaller local
regions. Although not shown, the 95% con-
fidence band for the 5? square is approximate-
ly the same as the 80% band for the 30 square.

The model suffers from some of the
limitations enumerated in the earlier discus-
sions of the previous models. McDonald. et
al., (1975g) contend that the bias in tornado
reporting and intensity classification is on
the conservative side, contrary to the belief

1held by Garson, et al., (1975b). The assump-
t ion of a combined Rankine windspeed decay
profile is conservative when compared with
the Hoecker (1960) empirically determined

%profile for the same maximum windspeed and
radius of maximum wind. As with the other
models considered thus far, the assumption
is made that the intensity of the tornado
is constant along its path.
2X110 , I I I 1 T

Figure 30.
WINP$PEED (uph)0

80% confidence limits for (a) 10;
(b) 20; (c) 30; (d) 40; and (e) 50
squares [after McDonald,et al.,
1975g].
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4.3 Gradations of Damage Along Tornado Path

The previously discussed attempts to cal-
culate tornado risk probability have dealt
with the determination of tornado incidence
or touchdown frequency as a function of inten-
sity. These models have been of two types,
i.e., those which assume no gradation of dam-
age or those which account for lateral damage
gradations only. An approach has been developed
which determines tornado intensity probabili-
ties by accounting for total path length, path
width, relative intensity as classified by the
F-scale rating system, and gradations of dam-
age within the tornado path (Abbey and Fujita,
1975).

Tornado Risk Model by Abbey and Fujita
(1975). Utilizing the distribution of actual
damage from detailed surveys of the April 3-4,
1974 tornado outbreak, the actual areas of
damage per F-scale intensity unit per tornado
are calculated. In this manner, gradations of
F-scale damage within each tornado path are
determined empirically without the necessity
to assume a windspeed profile through the
tornado vortex. An index is created to account
for these damage gradations as a function of
path length. The total path lengths for all
reported tornadoes per intensity classifica-
tion per 10 square for the years 1930-1974
are tabulated (Figure 11). Probabilities
of a particular F-scale damage can then be
computed for any given region. The use of the
total local length rather than local count is
a unique concept which also accounts for spa-
tial variations in size and occurrence. The
model consists of three steps: 1. Summing path
lengths for all reported tornadoes per 1
square per F-scale classification; 2. Computa-
tion of the Damage Area Per Path LEngth
(DAPPLE) index; and 3. Determination of the
probability of point experiencing winds asso-
ciated with a given F-scale damage rating.

Step 1: Sum Path Lengths. Figure 11
presents the total of path lengths of violent
(F4 + F5), strong (F2 + F3), and weak (FO +0
Fl) tornadoes per 1 square normalized to a
10,000 mi2 area. For tornadoes reported as
having no definable ground contact path or
"skipping," the path length used was 0.25 of
the recorded path length. When the path length
was not mentioned or when only "touchdown"
was reported, a conservative path length of
one mile was assumed. For ease in computation
and to account for uncertainty in F-scale
assignments to.past tornadoes (prior to 1971),
the path lengths were grouped as noted above-
into three categories.

In addition to the above grouping, the
total path lengths were further adjusted.
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The adjusted total path length is the sum of
the violent tornado path lengths plus 0.1 of
the strong tornado path lengths. Similarly,
the adjusted strong tornado path length total
is the sum of 0.9 of the actual strong tornado
path lengths plus 0.1 of the weak tornado path
lengths. The adjusted path length of the weak
tornadoes is 0.9 of the actual weak tornado
path lengths. This adjustment leads to over-
estimating violent tornado damage probabili-r
ties, but does correct for the possibility
that a violent tornado could have been rated
a strong tornado, i.e., one strong tornado
out of ten could have been a violent tornado.

Detailed damage surveys were performed
for the 148 tornadoes which occurred on
April 3-4, 1974. As plotted by Fujita (1975a),
one tornado was excluded from the analysis
because of its large influence on the area
of FO tornadoes; the FPP rating for the
Leonard Town tornado was 0,3,5. Table 14
presents the number of tornadoes per F-scale
rating and their path lengths and widths for
this outbreak. In general, the F5 damage
was concentrated in narrow swaths, usually
no greater than about 20 m wide (Fujita,
1975b). Since it is impossible to determine
the gradations of damage within each past
tornado path, the assumption is made that
such gradation patterns evident in the paths
of the April 3-4, 1974 outbreak would be the
same for all tornadoes of the same F-scale
classification. The mean area of these storms
is 6.0 mi 2 which is considerably greater than
c6rresponding values reported by Thom (1963)
of 2.82 mi 2 , Skaggs (1970) of 1.82 mi 2 , and
Howe (1974) of 0.96 mi 2 . The larger mean area
of the data sample used to develop the DAPPLE
index would lead to conservative windspeeds
predicted for the lower risk probabilities.

TABLE 14

F-SCALE CLASSIFICATION STATISTICS OF THE
APRIL 3-4, 1974, TORNADO OUTBREAK [after
Abbey and Fujita, 1975]

Number

6F5

F4 24

F3 35

F2 30

Fl .31

FO 21

147

L - total
length [mi]

302

858

710

360

295

46

2572

A - total
area [mi 2 ]

147.1

392.1

259.9

66.5

18.3

1.3

885.3

W - mean

width [mi]

.487

.457

.366

.185

.062

.028
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Applying the DAPPLE to the data used by Garson,
et al., (1975b) is conservative by a factor of
three at the FO lPvel.

Step 2:Determine DAPPLE Index. In order
to apply the analysis of gradations of damage
to all reported tornadoes, an index was created
to utilize past tornado path lengths. The total
damage area per F-scale intensity was normalized
with respect to the path length per tornado.
Figure 31. presents the variation of the DAPPLE
index versus F-scale classification. Whereas
no windspeeds were associated with the F-scale
designations in the original paper, the mean
windspeeds for each F-scale rating as presented
in Table 10 are thought to be the most repre-
sentative. The DAPPLE curves for each F-scale
were derived from an analysis of the tornado
paths and damage gradations of the April 3-4,
1974, tornadoes. -The total path lengths per
F-scale were multiplied by the mean-width for
that F-scale tornado to give the mean area of
F-scale damage per F-scale tornado.

An empirical equation was derived for the
width of each F-scale damage rating,

greater damage; W0 is the mean width of the
tornado which is assumed to be the width of
FO or greater tornado damage. A best-fit
DAPPLE curve was drawn for the violent,
strong, and weak tornadoes. This approxima-
tion overestimates the F4 damage and under-
estimates the F5 damage, for example; but
since more tornadoes are classified F4 than A

F5, the overall result tends to overestimate
the area of violent tornado damage.

Fujita (1977) compared the DAPPLE curve
corresponding to F4 damage-producing tornadoes
to the actual damage area per path length
of the Lamont-Argonne tornado of June 13,
1976; this tornado was rated an F4. This
comparison is shown in Figure 32 . As is
evident, the points fit the theoretical
curve quite well.

Step 3: Computation of Tornado Risk
Probabilities. Probabilities per year of
any point within a 10 square being exposed
to winds greater than or equal to the damage
threshold windspeed, Vi, can be computed by
the following equation

WF = W0 (2.4)-F (21)
5

P(V > Vi) = j_ L.Di

Ay

+ E. L.D. +
3=A 1 3

A y
where F is the appropriate F-scale number of
interest; WF is the width of the Fth-scale or

F SCALE -

5
Z LkD

kAi kk
A y

(22)

I where the subscripts i, j, and k, refer to the
violent, strong, and weak classifications of
path length, L, and DAPPLE index, D; A is the
area of the 1 square; y is number of years
of data. FigurelO. and Figure 31 combine to
produce the Abbey and Fujita (1975) model.
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Figure 31. DAPPLE index as a function of F-

scale rating [after Abbey and
Fujita, 1975].
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Figure 32 Damage area per path length of the
Lamont-Argonne tornado [after Fujita,

219 1977].



Figure 33. Gradations of damage per F-scale
rating for the Xenia, Ohio tornado
of April 3, 1974 (after Fujita, 1976a]

Figure 33. illustrates the damage gradations
along the-path of the tornado that struck
Xenia, Ohio, on April 3, 1974; this tornado
was rated an F5. Fujita (1973a) was one of
the first to attempt to contour damage-patterns
by F-scale ratings. The Conyers, Georgia, and
Athens, Georgia tornadoes of March 31, 1973,
were both classified as F4; the Pearsall,
Texas tornado of April 15, 1973, an F4, was
analyzed to produce F-scale contour lines of
damage. However, the statistics collected
at the time of observations shortly after the
tornadoes occurred were not of sufficient
detail to permit verification of the DAPPLE
index. The damage patterns were suggestive
of the types of gradations to be expected in
tornadoes of this intensity.

Several assumptions need verification.
The representativeness of the April 3-4, 1974
tornado outbreak needs to be established, e.g.,
path length, path width, gradations of damage,
severity. The actual windspeeds which pro-
duced the observed damage need to be ascer-
tained. The reliability of the past tornado
data record, especially regarding the path
length reports needs to be evaluated.

Several differences arise between the
Abbey and Fujita (1975) model and the ones
discussed earlier. The Abbey and Fujita (1975)
approach utilizes actual damage distributions
from detailed surveys to arrive at an empiri-
cal formulation of damage gradation along the
path. No windspeed decay from peak velocities
at the radius of maximum winds based on a
theoretical model is assumed. No reliance is
placed on tornado occurrence statistics.

No relationship needs to be determined between
frequency of tornado occurrences and severity,
a correlation which McDonald, et al., (1975g)
found to be of major importance.

4.4 Summary

Four tornado characteristics need to be
accurately determined for hazard probability
assessments:
1. number of tornadoes (especially in the

tornado-sparse regions);
2. size of the tornado path area (length

and width as a function of geographical
location);

3. measure of intensity or severity (cor-
relation of F-scale assumed windspeeds
with observed damage and engineering
estimates or direct measurements of wind-
speeds);

4. spatial variations in tornado windspeed
profiles.

In the attempt to predict the upper
bounds of natural phenomena, Allen (1975) has
written that no amount of sophisticated sta-
tistics or extreme value theory can throw
much light on the nature and frequency of
large events based on a time sample that is
too short to include any such events, unless
a specific physical model is also assumed.
Accordingly, unless the extreme values (tor-
nado windspeeds) which are predicted by
probability theory are reasonably close to
those that have been observed or predicted
by physical models, then the statistical
or probabilistic approach and/or the resultant
values should be viewed with caution. The
values become even more uncertain when the
probability of occurrence of a particular
event is very small or the recurrence interval
is very long. The same degree of confidence
can be obtained by application of several
different mathematical functions fit to the
same data. For example, Abbey and Fujita
(1975) computed the 10-7 windspeed predicted
by each of the models discussed above for
the same 30 square. The windspeeds ranged
from 280 mph to 860 mph using the same data
set; thus, dynamic windloads would vary by
a factor of ten.

When dealing with extreme value events,
the problem is not in accepting or rejecting
the computed result, but rather in the inter-
pretation of that result. The tornado wind-
speeds determined by any model must be reason-
able and consistent with current techniques
of directly measuring or ifidirectly inferring
windspeeds. Because of the data limitations and
variability in logical modeling approaches, no
one model should be considered the correct one.
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5. REGIONALIZATION OF THE TORNADO HAZARD

Attempts to regionalize the tornado hazard
usually begin with an analysis of the geogra-
phic variations in tornado occurrences. This
topic was addressed specifically in Section 2.1.
.Petterssen (1956) postulated seven regions of
the United States based on time of tornado oc-
currence during the year; Skaggs (1969).was
able to define three general and eight sub-
type areas by statistically analyzing the di-
urnal time of occurrences. Tornadoes have
been totaled for each 10 square by Thom (1963)
and Pautz, ed., (1969), for example; contour
lines of tornado activity have been drawn by
Reed (1971), Berry and Reed (1972), and Fried-
man (1975) in addition to Pautz, ed., (1969).
Probabilities of a tornado striking a particu-
lar point using Eq. (2) have been determined
and regions defined by Skaggs (1970) and
Fujita (1970b); Skaggs computed the mean area
per tornado per state while Fujita assumed a
mean area of 1.0 mi 2 for all tornadoes.
Kessler and Lee (1976) present the tornado
occurrence statistics for each state using
1953-1974 data. Figure 4 depicted the regional
variation in tornado occurrences based on the
latest data available.

In addition to tornado frequency, fatality
statistics have been used to portray the torna-
do threat variability; Section 2.3 briefly
outlined previous attempts. Figures 11-15
illustrated the results of the analyses by
Linehan (1957), Sims and Baumann (1972) based
on Sadowski (1965), Berry and Reed (1972) and
Reed (1971), Kessler and Lee (1976), and
Fu ita (1975b). Deaths per tornado, deaths per
ml, potential casualties, area ravaged by
tornadoes based on deaths are -some of the ap-
proaches employed.

Dollar losses of damage inflicted by tor-
nadoes have been utilized to regionalize the
tornado threat. With the advent of the tornado
classification schemes, several * investigators
have considered tornado intensities in develop-
ing regions of equal tornado hazard. These
two types of examinations will be reviewed
briefly.

5.1 Utilization of Dollar Loss Estimates

Reed (1971) and Berry and Reed (1972) com-
puted an "annual probability of destruction."
Figure 34 shows their results. Using Wolford's
(1960) tabulation of reported tornado dollar
damages for each state for each year, 1916-1958
and dividing by the exposed property value
(which was defined to be 1.4 times the bank
deposits for each state for each year), Reed
(1971) arrived at an average proabbility of

destruction for each year. These numbers were
then divided by the years of data record to
obtain an annual average. The average pro-
bability for the entire period for the 22
central states was 2.8 x 10-4. The areas of
maximum probability of damage comprise the
states of Oklahoma, Arkansas, Mississippi,
and Georgia.

The actual calculation procedure used
for the national analysis was to determine
current deposits per capita by states as a
fraction of the national average. Then, for
each year and state, deposits were estimated
at this same fractions of the annual
national deposit- totals. This was Reed's
(1971) attempt to remove the varying popula-
tion growth effects. As noted previously, the
state deposit estimates were multiplied by
1.4 to give the estimated exposed property
values. Berry and Reed (1972) indicated
that the ratio of dollar damage to exposed
dollar value was divided by the 1970-adjusted
number of tornadoes. Upon checking the
computations, this was found not to have been
done in arriving at Figure 34, Thus Figure 34
should be interpreted as presenting the
probability of destruction from the annual
average number of tornadoes and not the
probability per tornado.

Hart (1976) developed a methodology to
compute the annual expected dollar losses to
structures from tornadoes. The probability
of a structure being hit by a tornado of a
particular F-scale intensity by the method
proposed by Wen and Chu (1973). The prob-
ability of a particular type of structure
experiencing a particular damage state cal-
culated. The expected dollar loss for each
damage state given that that damage state
has occurred is computed. The loss is obtained
by multiplying the total exposed value of
structures of a given type in each county
by the mean damage ratio for each damage state.
By summing the expected damage loss for each
type of structure for all counties per state,
the total expected-dollar loss for any given
region can be determined. Figure 35 represents
the results of this method for each state.
Texas and Illinois are the only two states
for which the annual expected losses from
tornadoes range between $48 and $80 million
in 1970 dollars.

In contrast with Figure 34, Arkansas
and Mississippi have an annual expected loss
of less than $8 million, the lowest category
depicted. No interpretation for the pattern
in Figure 35 is made by Hart (1976). It has

*been conservatively assumed by Hart (1976)
that a tornado of a given intensity maintains
that severity along its entire path.
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Figure 34. Annual probability of destructionbased on exposed property values
1971; Berry and Reed, 1972].

[after Reed,

Figure 35. Annual expected losses from tornadoes -[1970 dollars] by state [after Hart, 1976].
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. Friedman and Shortell (1967) constructed a
prospective weather hazard rating system -for
the Midwest. The rating utilizes loss statistici
which are the result of the interaction between
(1) the number and intensity of storms, and (2)
the density and geographical distribution of
exposed risks. As defined, a storm, regard-
less of its severity, is not a damaging storm
unless it affects an area containing buildings
susceptible to to damage. If these buildings
were equally distributed throughout a region
and were of the same level of damage suscepti-
bility, then loss statistics would provide a
good measure of the true tornado hazard.
However, when risks are not equally distributed,
which is usually the case, the use of loss
statistics introduces a bias which may mask the
true weather hazard pattern.

The purpose of the Friedmanand Shortell
(1967) study was to first eliminate the effect
of number of distribution of risks by measuring
the weather hazard solely in terms of climato-
logical estimates of storms frequency and sever-
ity. Subsequent introduction of loss when a
storm of a given magnitude occurs provides a
measn for constructing a rating plan on a unit
risk basis. The tornado frequency distribution
determined by Thom (1963) was utilized; the
median area affected by a tornado was assumed
to be 1 mi 2 . The expected loss per occurrence
*is 85% when the risk is located within this
I mi 2 area.

Annual expected damage is equal to the
probability of oacurrence at a point (Eq. (2))
times the expected loss when a tornado occurs.
Annual expected damage is expressed as the
expected annual number of dollars loss per
risk. Conversion to annual loss per $100
pure premium is made using the unit risk
liability of $10,000 estimates of dwelling
value in the Midwest. Figure 36 is a graphical
representation of annual pure premiums needed
to cover the tornado hazard in various regions
of the Midwest in units of cents per $100
coverage.

Friedman (1975) assessed the severe storm
hazard of Kansas employing the same set of
general assumptions in the earlier study, but
incorporating more recent data. It was assumed
that an average level of severity applied to
all tornadoes; spatial variations in tornado
intensity were not included in the methodology.
Using reported tornadoes, 1967-1974, the
average annual expected loss due to tornadoes
is presented in Figure 37. As is evident, the
expected loss varies a factor of about 2.5
across Kansas. Friedman (1975) argues that the
shape of the pattern would not change unless
a meaningful regional variation in the as-
sumptions can be developed.

Figure 36. Annual pure premium (¢/$100 liability)
to cover tornado hazard [after
Friedman and Shortell, 1967].

Kessler and Lee (1976) developed a novel
approach in assessing the tornado threat.
They combine total dollar damage, exposed
property value, fatality statistics, and
the annual frequency of tornadoes to arrive
at a relative tornado threat index.

By dividing the total damage (in millions
of 1967 dollars) caused by tornadoes per state
for the period 1953-1974, by the total number
of reported tornadoes per state, an average
damage per tornado per state is calculated.
The mean assessed property value per mi 2 per
state is computed based on the reported gross
total assessed property value subject to state
and local taxes, excluding property wholly
tax exempt. The figures used were the mean
values for 1956 and 1969.

An average tornado damage (destruction)
index is derived by dividing the average
damage (in dollars) per tornado by the mean
assessed property value per mi 2 for each
state; the values of this index for each
state are shown in Figure 38. The units
of this index are mi 2 of property ravaged
per tornado. The average index value is
4.3 mi 2 . As correctly pointed out by
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Figure 37. Average expected loss due to tornado hazard (€/$100 liability) [after Friedman, 19751.

Kessler and Lee (1976), their index values
must be inflated by assessments less than real
values. The highest values in the Pacific
Northwest are the result of two storms. More
than 99.8% of the Oregon loss can be attributed
to the June 11, 1968, probable tornado which
damaged 40 million board feet of standing tim-
ber on about 5 mi 2 . The Washington loss result-'
ed from the tornadic storm of April 5, 1972,
which was categorized as producing damage
between $5 and $50 million. These two large
losses coupled with the infrequent number of
tornadoes in this region resulted in large
index values for these two states.

The relative tornado threat determined by
Kessler and Lee is shown in Figure 39. The
numerical rating is computed in the following
manner. Each value in Figure 14 and 38 was
divided by the respective average of all the
values in each figure; the resulting pair.of
numbers for each state were averaged and
multiplied by the average number of tornadoes

per 10,000 mi 2 per year per state. The
threat indices are normalized to an average
value of unity for all contiguous states.

Kessler and Lee (1976) conclude that
"tareas traditionally identified with large
tornado incidence and threat are also loci
of a comparatively large number of tornadoes
producing only slight damage and few deaths.
... The greatest threat from tornadoes
appears in Mississippi, where tornadoes are
fairly frequent with a relatively large
proportion of the very severe variety."
This conclusion is contrary to the results
presented by Hart (1976), but consistent
with the findings of Reed (1971) and Berry
and Reed (1972).

Thus far, regionalization based on
damage inflicted as categorized by dollar
loss has been examined. Attempts to determine
tornado windspeed as a function of level of
risk and geographic location have been made.

j
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Figure 38. Average tornado damage index [or mi 2 of property ravaged per tornado] by states
[after Kessler and Lee, 1976].

Figure 39. Relative tornado threat by states referenced to an average value of unity for
all contiguous.states [after Kessler and Lee, 19761.

225



5.2 Use of Tornado Classification Schemes TABLE 15

Widespread usage of the rating system
developed by Fujita (see Section 3) has result-
ed in the classification of tornadoes by the
damage they produce. The lack of a measure
of the intensity of tornadoes which hampered
Friedman and Shortell (1967), for example,
in their analysis of the tornado hazard may no
longer exist once the relationship between
F-scale rating and windspeed is rigorously
demonstrated. Based on the windspeed ranges
currently associated with the F-scale classi-
fications, efforts have been made to arrive at
a more accurate representation of the variabi-
lity of the tornado hazard in the coterminous
United States.

Fujita (1973b) qualitatively examined the
expected maximum windspeed in tornadoes
around the world. As defined by Fujita (1973b)
the expected maximum windspeed is the maximum
windspeed of 99.9% of tornadoes occurring in
a particular country. Only three regions of
the earth had expected maximum winds in the
F4 or greater category. These areas were most
of the continental United States east of the
Rocky Mountains, the La Plata basin in South
America, and the Bangladesh-Assam area.

Markee, et al., (1974) divided the United
States into three regions based on their analy-
sis of Figure 23(a). Figure 40 illustrates
their three regions, Table 15 indicates the
tornado characteristics for each region assum-
ing a risk level of iO-7 in Eq. (1). To refine
the definitions of tornado regions suggested
by Figure 23(a), they qualitatively assessed
a map of maximum persisting 12-hour dewpoints
at ground level. The correlation between the
dewpoint and tornado occurrence formed a basis

USNRC DESIGN BASIS TORNADO CHARACTERISTICS

Region I Region It Region II1

Vmax [mph]

Vrot [mph]

Vtr [mph]

max i mum

minimum

360 300 240

290 240

70 60

5 5

190

50

5

150

1.5

Radius Vrot max Eft]

Pressure drop [psi.]

Rate of pressuredrop [psi/sec]

150 150

3.0 2.25

2.0 1.2 0.6

for this comparison. Markee, et al., (1974)
concluded that three basic regions could
be defined with respect to gross tornado-
producing effects.

Abbey and Fujita (1975) utilized their
model to predict re~ions where the probability
of F5 damage is 10 or greater. This map
appears as Figure 41. Section 4.3 describes
their procedure in detail. Only two small
areas of the country, central Oklahoma and
west-central Mississippi, have a probability
of violent tornado damage of 10-6 or greater.
Isolated regions where the probability of
violent damage is 5 x 10-7 or greater are
also shown. The pockets where the probabili-
ties are less than 10-7 that appear within
the maior rezions are not "tornado-free."

Figure 40. Regions of equal tornado intensity
[after Markee, et al., 1974]. ity of experiencing F5 or greater

damage [after Abbey and Fujita, 1975].
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Extending the analysis of Abbey and
Fujita (1975) further, a three-degree square
(nine square degrees) running mean technique
was used to smooth the smaller scale variations
that existed in the one degree square calcula-
tions. Figure 42 depicts the regional varia-
tion of tornado windspeeds associated with
probabilities of 10-8, 10-7, 10-6, and 10-5.
The probabilities corresponding to tornado
windspeeds of 350 mph, 300 mph, 250 mph, and
200 mph are illustrated in Figure 43. As
stated earlier, these windspeeds are indica-
tive of winds at 10 m above ground level,
consistent with the analysis of straight-line
winds by Thom (1968). It has been conserva-
tively assumed that the calculated windspeeds
are the vector sum of the horizontal wind
components (rotational plus translational);
or tangential plus radial plus translational
windspeeds. As described by Mehta, et al.,
(1975, 1976), most damage can be explained by
the two-dimensional, horizontal wind force.
However, the classification schemes which
are based on appearance of damage inherently
assume that the total wind vector (three-
dimensional) produced the damage. Based on
this reasoning, the windspeeds could realisti-
cally be considered to be the resultant sum
of the horizontal and vertical wind components.

Dames and Moore (1975) attempted to
regionalize the tornado hazard based on their
approach, outlined in Section 4.1. By varying
the size of the area used to calculate their
statistics as well as their distribution
functions, Dames & Moore (1975) determined
tornado windspeeds across the contoguous United
States. Regardless of the windspeeds computed
for a probability level of 10-7, a value of
350 mph was selected as a truncation point.
Thus, most of the continental United States
east of 105°W falls under the 350 mph arbi-
trary limit. In general, they show that the
East Coast would experience tornado windspeeds
less than 350 mph. However, the significant
variations that have been shown to exist by
other investigators (Figures 34-39, 41-43)
do not appear in their analysis.

5.3 Summary

In their statistical study of tornadoes
which occurred from 1880 to 1931, Brown and
Roberts (1935) concluded:

It can be seen that the southern and western
part of Texas, the northern part of Minnesota
and Michigan, and eastern Kentucky and Tennes-
see, and in general the Piedmonp and the cen-
tral and northern Appalachian region, includ-
ing New England, show, in the dry, in the
cool and moist, or in the cool and high areas,
respectively, relatively few tornadoes....

In the main, the inner southern coastal plain,
the Mississippi Valley, the middle lake-region,
and the eastern half of the High Plains area
would include ninety-odd per cent of United
States tornadoes, especially the more destruc-
tive ones.

The more sophisticated studies undertaken
since Brown and Roberts (1935) have supported
their basic conclusions; only 3911 tornadoes
were reported in their 37 year period of re-
cord, about four years of tornadoes reported
in the recent decade. This lends credence to
the notion that the increase in population
density since 1930 has led to increased
reports of smaller and weaker tornadoes; the
areas of maximum tornado risk have been
identified for some time.

Meteorological and topographical condi-
tions, which vary discernably within the
continental United States, influence the
frequency of occurrence and severity of
tornadoes. Based on a number of probabilistic
and statistical methods, several attempts have
been made to regionalize tornado windspeeds
and specify their probability of occurrence.
Depending on the risk one is willing to assume
in the cesign of a house, hospital, school,
or nuclear facility, the modeling approach
may vary from the simplistic counting of
tornadoes to the complex mathematical models
which utilize joint probability density
functions.

To be realistic, regionalization of tor-
nado windspeeds should consider: (a) frequency
of tornado occurrences; (b) population bias
in reporting number and intensity of tornadoes;
(c) measurements or inferences of tornado
severity; (d) meteorological and/or topogra-
phical inhomogeneities within a region which
may account for different intensities or lack
of tornadoes; and (e) path area as a function
of severity, topography, and meteorological
(mesoscale and synoptic) region.

Previous attempts at regionalization of
the tornado hazard have incorporated frequency
of occurrence, fatalities produced, damage
inflicted as measured in property ravished or
dollar value, and path dimensions or combina-
tions of these. A critical review of these
approaches indicates that for low risk levels,
the tornado threat varies significantly over
the contiguous United States.
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Figure 42. Regional distribution of tornado win
(a) 10 ; (b) 10-; (c) 10-; and (d

(b) 1-

Figure 42 continued.
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dspeeds associated with a probability of
10-5 [based on model by Abbey and Fujita, 1975].



Figure 42 continued.
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Figure 43. Regional distribution associated with tornado windspeeds of (a) 350 mph; (b) 300 mph;

(c) 250 mph; and (d) 200 mph fbased on model developed by Abbey and Fujita, 1975].

230



Figure 43 continued.
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