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PREFACE

At the request of Mr. W. J. McCool, DOE, two workshops on tornadoes
and high winds were organized and a workbook prepared for DOE personnel.
The emphasis in the workshops, held at Argonne National Laboratory, Illinois
in July and September, 1978 is on the understanding of meteorological phenomena
related to severe local storms in general and the tornado in particular.

The workshops cover a range of topics dealing with terminology, meteo-
rology aspects, photogrammetric analyses, aerial surveys, statistical data base,
hazard probabilities and analytical models of tornadoes that incorporate suction
vortices. This workbook, prepared by the principal lecturer, outlines the
current state-of-knowledge of the above subjects. The workshop and workbook
are not meant to provide definitive answers to the modeling tornadoes or assess-
ing their hazard probability, but rather to provide an introduction for use by
anyone desiring to develop a basic understanding of the tornado and severe storm
phenomena.

Ihe contents -of the workbook will not substitute for detailed analyses
performed by the principal lecturer or others. Consequently, the conclusions
presented in the workbook should not be blindly applied without achieving adequate
background and understanding of the principles involved. As is the nature of
scientific research, the concepts and conclusions presented in the workshop will
change as new information and insight become available. With this in mind, this
workbook is provided as a detailed written summary and reference book to those
topics presented at the two DOE tornadoes and high winds workshops.

T. Theodore Fujita
Principal Lecturer

September 1, 1978
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CHAPTER ONE

INTRODUCTION TO SEVERE LOCAL WINDSTORMS

The original meaning of the term "synoptic ", which is frequently used
in meteorology, is the "simultaneous view of meteorological parameters over a
large area. " The area of view may be as large as the entire earth or as small as
a cornfield.

A synoptic map, therefore, includes both data and analyses which describe
the state of atmosphere over a large area at a given moment in time.

Since the 1920s, when Norwegian meteorologists began analyzing numerous
synoptic maps, the strict definition of "simultaneous " was modified into "nearly
instantaneous ", because it is not feasible to complete weather observations of a
number of meteorological elements simultaneously. A few minutes of time difference
in data collections is regarded as "simultaneous " as long as daily synoptic maps
are concerned.

In severe weather meteorology a few minutes difference in observation
times can no longer be regarded as "simultaneous ". During tornadoes, for instance,
the variations of wind and pressure must be measured simultaneously with an abcuracy
of "one second " in order to obtain a synoptic view of these storms.

1. Synoptic Mapping of Airflow

Wind is a vector quantity which includes both "direction " and " speed ".

The wind direction is expressed by the azimuth "from which " the air is moving,
while the wind speed denotes the rate of air movement at a given point and time.

As shown in Figure 1. 1, a wind vector is expressed by "a shaft and barbs ".

The shaft extends from a station (observation point) toward the direction of wind.
The numbers of barbs are proportional to the windspeed, each barb representing
10 kts.

When windspeeds are extremely high, a group of five barbs are replaced by
a "flag", each representing a 50 kts windspeed (see Table 1. 1).

Beaufort Force 10 (B 10 ) denotes approximately a 50-kt wind while a 100-kt
wind corresponds to about B 16. (For Beaufort force and specifications, see Table
1.2).
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(IO kis per barb)

*Figure
symbols.

1.1 A.synoptic map of airflow expressed by 10 kts per barb wind

Table i.1 Wind barbs currently used internationally for synoptic
maps (left) -and those used by Fujita for mapping *windstorms (right).
Beaufort ±orce and Fujita scale corresponding to these wind barbs

.,are also shown in this table.

FOR SYNOPTIC MAPS . FOR WINDSORM MAPS

- B force mr/sec knots .mph m/sec F scale

B 3 5 10 \ 25 ii. F-

B 5 10 20 \ 50 Z F O

B 7 15. 30 k\. 75 33 F 1

B 8 20 40 N\. 100 .44 F 1

B * 10. 25 50 A 125 55 F 2

B fl. 30 60 AL\ 150 66 F 2

*B 12 35 70 A\\ M 175. 77 F 3

* B13 40 80 AL\\ 200 88 F 3

.B 15 45 90 Wo 225. 99 F 4

B 16 50 1OO AA 250 .110 F 4

317 .55 110 .o K.\ 275 121 F 5

B 318 60 *120. AM\ 300 132 F 5
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Table 1.2 .Beaufort Force (1 to 17) windspeeds and damage specifi-
cations. Based on Smithsonian Meteorological Table No. 36 (1958).

Wind~speedsForce Wind types (mh) (/se) Specifications

B 0 Calm less than i 0.0-0.2 Smoke rises vertically
B I Light air i-3 0.3-1.5 Smoke drifts
B 2 -Breeze, light .4-7 2-3 Wind felt.on face
B 3 Breeze, gentle 8-12 4-5 Wind extends light flags
B 4 Breeze, moderate i3-18 6-7 Raises'dust and.loose papers
B 5 Breeze, fresh . 19-24 8-10 Crested wavelets on inland waters
B 6 Breeze; strong 25-31 1i-13 "Telephone wires whistle
B 7 Gale, moderate 32-38 *14-16 Whole trees in motion-
B 8 Gale, fresh. 39-46 17-20 Breaks twigs.off trees
B 9 Gale, strong 47-54 21-24 Slight structural damage occurs
B 10. Gale, whole 55-63 25-28 Seldom experienced inland
B i1 *Storm . 64-72 29-32 Wide-spread damage
B 12 Hurricane 73--82 33-36
B i3 Hurricane 83-92 .37-41
B i4 Hurricane 94-103 42-45
B 15 Hurricane 104-114 46-50
B i6 Hurricane 1i5-125 -51-56
B i7 Hurricane 126-136. 57-61 ----

Table i.3 Fujita scale (O to 12), windspeeds
cations. Based on Fujita (1971).

and damage specifi-

Scale Damage types (p . Specificationstye mph) (m/sec) -

F 0 Light 40-72. 17-32

F 1 Moderate' 73-1i2 *33-49

TV antennae bent; breaks twigs off trees;
mobile homes pushed over

Mobile homes overturned; weak trees
uprooted; outbuildings blown down

Roofs off houses; light-object missiles
generated; weak structures smashed

F 2 Considerable 113-i57 50-69

F 3 Severe 158-206 70-92 Walls torn off houses; trees in forest
-flattened; large missiles generated

F 4 Devastating 207-260 93-1i6 Well-constructed houses flattened; large
missiles generated; some trees debarked

F 5 Incredible 261-318 1i7-142 Strong structures blown off; trees debarked
by wind; high-speed missiles generated

319-380 143-169 --

381-445 170-199 ----F 7

F 8

F 9

F 10

F it

F i2

446-513

514-585
586-660

200-229

230-261

262-294

661-737 295-329

738-818' 330-365 738 mph (330 m/sec) is the speed of sound
at -3 C
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Fujita (1971) proposed a niew-wind scale (F scale)- designed to express
speeds of damaging winds. The beginning of the F 1 scale corresponds to that
of B12 while that of F12 is chosen as Mach 1, the speed of sound in the free atmos-
phere (see Table 1.3 and Figure 1. 3).

In order to avoid too many flags in expressing high windspeeds, such as 200
or 300 mph, a "25 mph per barb " system has been devised for mapping damaging
winds (see Table 1. 1).

A hypothetical synoptic map of a 250-mph tornado is shown in Figure 1. 2.
In this model tornado, a 25 m/sec (56 mph) translational velocity toward the east-
northeast was used. The core area of the tornado was chosen to be circular. The
wind direction at one point inside the core should be calm at a given moment. The
calm spot, called the "instantaneous center of rotation", moves with the parent
tornado, resulting in a sudden decrease and subsequent increase of windspeeds at
a fixed point on the earth.

* Figure 1.2
per barb wind

A synoptic map of a
symbols.

hypothetical tornado expressed by 25 mph

Three important lines in analyzing the airflow in and around storms are

A. STREAMLINE -- A line of airflow on a synoptic map showing the instan-
taneous air motion. The wind direction at any point must be tangent to
the streamline through the point.

B. TRAJECTORY -- The path of an air parcel obtained by tracing its move-
ment on successive synoptic maps. If the flow remains unchanged (steady-
state), the trajectories and streamlines are identical.

C. STREAK LINE -- A line connecting air parcels which passed successively
through a specific point or a source. If the source is fixed on the earth the
line extends downwind from the fixed point (smoke from a chimney). If the
point moves the orientation of the streak line varies according to both air
flow and the movement of the source (smoke from a moving ship).



7

Figure 1.3 Reference pictures in determining F scale based on damage

characteristics. Outbuildings or mobile homes could be flown away by P2

or F3 winds. Even well-Iconstructed structures can be destroyed by F5 winds.

For original pictures of F scale damage, refer to Fujita (1971).
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2. Divergence and Rotation

Airflow in and around storms can be characterized by both direction and
speed of an air parcel (a group of air molecules). Patterns of air flow analyzed on
successive synoptic maps are useful in determining streamlines, trajectories, and
streak lines induced by storms.

In addition to the analyses of these vector quantities, we have to know their
derivatives both in time and space.

A. TRANSLATION -- The time rate of change of the center of gravity of an
air parcel.

B. DIVERGENCE -- The time variation of the area of an air parcel. The area
may increase with time (divergence) or decrease with time (convergence).
If the air flow on the surface is divergent, the air inside the parcel must

sink to fill up the space caused by the increased area. If the air flow is
convergent, there must be a rising motion inside the parcel.

C. ROTATION -- The degree of rotation of an air parcel, positive counter-
clockwise and negative clockwise. The rotation of the earth is positive in
the northern hemisphere and negative in the southern hemisphere.

D. DEFORMATION - - The rate of stretch of an air parcel in one direction
and shrinking in the other direction. A deformation may occur with or
without divergence and/or rotation.

For simple mathematical expressions of above four derived quantities, see Figure
1.4.

y

6, 7Au -A
oAy.:: +Au DEFORMATION, F aU +-A"

e

0
C.
E DIVERGENCE ROTATION
0

* TRANSLATION A X Ay Ax Ay
… ~ 1 +AV

Y -Au
T.

AV:~.* +AU A.

_ ,x- component of velocity

Origin of Rectangular Cartesian Coordinates

Figure i.4 Kathematical definitions of translation, divergence, rotation,
and deformation. A small air parcel may be characterized by a combination
of these quantities.
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"Outflow and inflow " are used frequently in describing the state of a local
air flow. The total outflow is defined by a line integral,

B - Uds

where U denotes the flow velocity perpendicular to the line element, ds . The
integration should be performed along a closed line around an area, A. The mean
divergence averaged over the entire area can be computed by

B
A.

theunitof whichis (m/sec)X(m) (m 2 ) sec'.

"Rotation or verticity" is a measure of local rotation of an air flow. The
(total) circulation is defined by a line integral,

= VVds

where V denotes the flow velocity tangent to the line element, d s . Ihe integration
should be performed along a closed line around an area, A. The mean vorticity
averaged over the entire area can be computed by

the unit of which-is (m/sec) X (m). (i 2 ) - sec- .l

OUTFLOW
B = Uds

Ad s

. , ..

>-* ; . ds~
:, .. ;; d s, oU

UD

S(AUAY-+Av AX) P
0 E(Ax AY) A

C I RCULATION
r =f vds

.ds,\

* = .:(Av v-Au Ax)= r
V(Ax Ay) A

Figure 1 .5 Definitions of outflow and circulation in relation to mean
divergence and mean vorticity.
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3. Definition of Severe Local Windstorms

Severe local windstorms are characterized by extreme values of divergence
and/or vorticity. A simple breakdown of these windstorms are given in Table 1. 4.
Their definitions are

Table 1.4 Severe local windstorms characterized predominantly by
either divergent or rotational flow field. * Downslope winds are
usually non-divergent and irrotational.

Divergent Windstorms Rotational Windstorms

Downxbursts Tornadoes
Gust fronts Waterspouts

* Downslope winds Dust devils

A. TORNADO -- A violently rotating column of air, pendant from the base
of a convective cloud, and often observable as funnel cloud attached to the
cloud base. A tornado must be accompanied by damaging winds (F 0 or
stronger) at structure levels. If not, the windstorm is classified as
"funnel aloft".

About 90% of tornadoes are spawned by thunderstorms. The ones
formed by hook-echo thunderstorms are usually strong and long-lived.
10% of tornadoes, mostly weak and short-lived, form beneath towering
cumuli in their rapidly growing stages.

The length and diameter of the funnel cloud inside a tornado depends
upon the maximum windspeed as well as the moisture drawn into the
storm. Over dry land a tornado may not be characterized by a funnel
cloud. On the other hand, even a weak tornado on wet ground could be
accompanied by a rope-shaped funnel reaching the surface.

58% of tornadoes are F 1 (112 mph) or weaker, 97% are F 3 (206 mph)
or weaker and only 3% are rated as F 4 (207-260 mph). 127 tornadoes out
of 24,148 during the 1916-77 period were rated as F 5. The occurrence
frequency was 0. 07%.

B. WATERSPOUT -- A fast-rotating column of air over water. The forma-
tive stage of a waterspout is a dark spot above the water surface seen from
the air. A funnel cloud pendant from a convective- cloud is often observed
from the ground. A mature waterspout induces a spray vortex, leaving a
wake of foam along its path.

Waterspouts commonly form over warm tropical and subtropical waters.
When a waterspout moves inland it must be identified, by definition, as a
tornado. Likewise, a tornado is identified as a waterspout during its
passage over a large body of water.
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C. DUST DEVIL -- A rotating column of air which forms over dry ground
heated by strong solar radiation. The direction of rotation is not unique,
affected by the environmental flow field during the formation stage.

Most dust devils are F 0 (72 mph) or weaker. Occasionally F 1
(73-112 mph) dust devils damage outbuildings or garages.

The central region of a dust devil is characterized by a descending
motion and relatively clear air.

D. SUBVORTEX -- A spinning column of air embedded inside tornado,
waterspout, and dust devil. A large windstorm may be accompanied by
several subvortices simultaneously. The: travel of these subvortices is
governed by the airflow in and around the parent storm.

Strong subvortices in tornadoes often induce vertical acceleration of
the air several meters above the surface estimated to be a few tenths of
g, the gravitational acceleration. These strong subvortices are called
"suction vortices". Ihe spinning rate of suction vortices is estimated
at 50 to 100 mph while the vortex diameter rarely exceeds 100 ft.

A condensation funnel is often visible inside a strong suction vortex.
Ihe rate of pressure change due to suction vortices is often one order of
magnitude larger than that of parent tornado.

E. DOWN-SLOPE WIND -- A hot (warm), dry downslope wind descending
from its source region at high elevations. Strong winds along the east
slope of the Rockies often reach F1 (73-112 mph) at Boulder, Colorado.

Santa Ana wind blows generally from the northeast or east in the winter
months. The wind originates over the southwest desert, reaching its peak
intensity as it blows through mountain gaps.

Downslope wind from interior Antarctica induces strong wind rushing
out from the continent. The winds through glacier gaps are often so strong
that snow devils move out into the field of sea ice.

F. GUST FRONT -- A line of gusty wind moving out from a squall line or an
area of severe thunderstorms. A gust front extends l0s of miles parallel
to the line of thunderstorms.

At the leading edge of a gust front, wind direction shifts abruptly from
toward the storm (inflow) to away from the storm (outflow).

The gustiness factor, the ratio of the total range of windspeed between
gusts and lulls divided by the mean windspeed, is very large in gust front,
often reaching 0. 5 to 0. 7. Peak gust speeds are usually, less than F 2
(113 mph).
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About 75% of waterspouts form beneath towering cumuli while 2.5% are
spawned by cumulonimbus clouds.

90%0 of waterspouts are F 1 (112 mph) or weaker; F 4 (207 mph) or
stronger waterspouts are rare and exceptional.

G. DOWNBURST -- A strong downward current of air which induces an
outward burst of damaging wind on or near the ground. Practically all
downbursts occur beneath cumulonimbus clouds during their precipitation
stages.

Downburst winds are highly divergent, covering an area up to 30 miles
long and 10 miles wide. The peak windspeed of downbursts is less than
mid-F 3 (180 mph).

Due to a rapidly sinking motion, the descending air successively hits
the surface to burst out. As a result, the gustiness factor of downbursting
winds is only 0.1 to 0. 3.

Most downbursts are highly divergent but irrotational. However, some
downbursts are rotational with a curved airflow identified as the "twisting
downburst ". Small tornadoes frequently form on the edge of a twisting
downburst.

H. MICROBURST -- A small downburst with its horizontal scale of less than
the square root of 10 miles (3.16 miles = 5. 1 km) is called microburst.
The mature life of microbursts is only a few to 10 minutes, making their
detection and warning extremely difficult.

TIhe maximum windspeed of microbursts is less than mid-F 1 (90 mph).
Damage caused by microbursts is limited mostly to outbuildings and mobile
homes.

An aircraft attempting to fly through a microburst near the ground
could encounter serious difficulties. 112 persons were killed at John F.
Kennedy Airport, New York City, when Eastern 66 crashed in a microburst.
Since then one to two aircraft accidents related to microbursts have been
suspected.

Frequencies of the above defined severe local windstorms by parent-cloud
types and by F-scale windspeeds are given in Tables 1.5 and 1. 6, respectively.

Table i.5 Frequencies of severe local windstorms by parent-cloud
types. Subject to revision in future years.

Parent clouds Down- Gust Downslope Tornadoes Water- Dust
bursts fronts winds spouts devils

Hook-echo Tsm 30 % 10 % nil 40 % 5 % nil
Bow-echo Tsm 40 % 20 % nil 20 % rare nil
Other Tsm 30 % 70 % nil 30 % 20 % nil
Towering Cu nil nil nil 10 % 75 % nil
No cloud nil nil 100 % nil nil 100 %
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Table 1. 6
windspeeds.

Frequencies of severe local windstorms
Subject to revision in future years.

by F-scale

Scale Down- Gust Downslope Toradoes Water- Dust
bursts fronts winds spouts devils

F 5 nil nil nil rare nil nil
F 4 nil nil nil 3 % rare nil
F 3 2 % nil nil 10 % 2 % nil
F 2 19 % rare rare 29 % 8 % nil
F i 32 % 10 % 25 % 35 % 20 % rare
F 0 47 % 90 % 75 % 23% 70 % 100 %

4. Annual Frequencies of U. S. Tornadoes

Since 1916 when the official collection of U. S. tornado data began, 24,148
tornadoes had been reported by the end of 1977. The average frequency during
these 62 years was 389 tornadoes per year.

Only 78 tornadoes per year were reported during the 1910s, the first decade
of the tornado data collection. 'The annual frequencies increased gradually up to the
1940s when a 165-per year frequency was reported. In the 1950s a significant jump
in frequency occurred; from 202 in 1950 to 605 in 1959. This increasing trend has

Figure 1.6 Annual frequencies of U.S. tornadoes during the 62-year period,
1916-77.
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Table 1.7 Annual frequencies of U.S. tornadoes by F-scale.
Based on 24,148 tornadoes (1916-77) in the DAPPLE Tornado Tape.

Scale 1910 1911 1912 1913 1914 i915 1916 1917 1918 1919 Total in %
F 5 -- -- -- __ __ __ 0 10 2 1 13 3 %
F 4 -- -- -- -- -- -- 4 11 3 6 24 6 %
F 3 -- __ __ __ __ 9 31 17 12 69 18 %
F 2 -- -- -- 29 55 42 25 151 39 %
F1 - -- 28 33 24 17 iO2 26 %
F 0 -- _- __ __ __ __ 16 7 2 7 32 8 %

Scale 1920 1921 1922 i923 i924 1925 1926 i927 1928 1929 Total in %
F 5 8 4 0 1 1 *2 0 7 0 5 28 2 %
F 4 6 4 3 6 9 5 3 5 6 7 54 4 %
F 3 17 19 28 27 39 23 27 42 47 41 310 22 %
F 2 34 52 57 34 57 63 50 79 83 81 590 42 %
F i 20 31 27 28 21 29 30 33 6i 56 336 24 %
F 0 8 5 7 4 4 3 6 10 12 14 73 5 %

Scale 1930 1931 1932 1933 1934 1935 1936 1937 1938 1939 Total in %
F 5 1 1 0 5 1 0 3 0 5 2 18 i %
F 4 12 1 13 iO 10 4 14 3 10 7 84 5 %
F 3 33 14 11 37 17 33 27 22 35 24 253 14 %
F 2 iO5 46 58 109 62 71 54 81 80 57 723 40 %
F 1 35 26 41 62 33 62 39 31 66 46 441 25 %
F 0 19 15 33 50 26 26 29 27 23 25 273 15 %

Scale 1940 1941 1942 1943 1944 1945 1946 1947 1948 1949 Total in %
F 5 1 1 2 2 3 1 1 4 4 4 23 1 %
F 4 7 5 18 13 13 15 11 12 21 19 134 8 %
F 3 19 14 38 29 35 31 18 35 49 55 323 20 %
F 2 58 53 67 74 68 58 45 79 76 96 674 41 %
F 1 27. 25 26 28 34 25 25 34 32 64 320 19 %
F ° 17 23 24 16 19 8 13 13 10 31 174 11 %

Scale 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 Total in %
F 5 0 0 0 3 0 1 1 4 0 1 10 0 %
F 4 6 4 24 iI 8 3 9 22 2 11 100 2 %
F 3 32 27 54 63. 68 57 52 97 47 57 554 11 %
F 2 60. 73 94 137 184 159 157 237 112 159 1372 28 %
F 1 82 116 74 142 202 231 186 296 246 238 1813 37 %
F 0 22 50 24 76 112 128 127 230 162 139 1070 22 %

Scale 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 Total in %
F 5 0 2 0 1 2 5 2 2 3 1 18 0 %
F 4 17 i3 12 13 13 25 6 18 15 14 146 2 %
F 3 63 94 41 58 50 77 41 68 62 56 610 9 %
F 2 172 193 i46 155 164 207 148 229 190 187 1791 26 %
F 1 264 235 231 161 289 333 206 284 219 173 2395 35 %
F 0 123 170 226 106 211 286 190 246 192 207 1957 28 %

Scale 1970 1971 1972 1973 1974 1975 1976 1977 Total in %
F 5 2 2 0 1 7 1 3 1 17 0 %
F 4 10 20 12 23 ,30 10 13 10 128 2 %
F 3 70 73 46 80 102 47 56 51 525 7 %
F 2 214 253 180 286 204 197 179 171 1684 24 %
F 1, 226 389 344 501 382 370 353 362 2927 41 %
F 0 177 193 171 219 241 307 245 256 1809 26 %



15

Table 1.8 Frequencies of tornadoes in each decade since 1916.
Based on the DAPPLE Tornado Tape.

19iOs i920s 1930s 1940s
(5 yr) (10 yr) (10 yr) (10 yr)

1950s 1960s
(10 yr) (10 yr)

1970s
(7 yr)

1916-77
(62 yr)

Ur1t:i'; F 5
F 4
F 3

.'.'1 F 2~
F 2

..F i
F O

Total

13
24
69

151
102

32

28
54

310
590
336

73
1391

18
84

253
723
441
273

1792

23
134
323
674
320
174

i648

iO
iOO
554

1372
1813
iO70

4919

18
146
610

1791
2395
1957.

6917

17
128
525

1684
2927
1809

7090

127
670

2644
6985
8334
5388

24148

Annual Frequencies by F scale, 1916 through 77

F5 Tornadoes (total,127) _ ,0

.AA I o

F4 Tornadoes (total, 670)

J

Figure 1.7 Breakdown of the annual frequencies of U.S. tornadoes by F
scale. Note that weak tornadoes increased significantly since 1950s.
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Table 1.9 Percent frequencies of tornadoes in each decade since
1916. Based on the DAPPIE Tornado Tape.

Scale 1910s 1920s 1930s 1940s 1950s 1960s 1970s 1916-77
(5 yr) (1o yr) (10 yr) (10 yr) (10 yr) (10 yr) (7 yr) (62 yr)

F 5 3.3 2.0 1.0 1.4 0.2 0.2 0.2 0.5
F 4 6 4 5 8 2 2 2 2.8
F 3 18 22 14 20 1i 9 7 10.9
F 2 39 42 40 41 28 26 24 28.9
F 1 26 24 25 19 37 35 41 34.5
F 0 8 5 i5 11 22 28 26 22.8

continued since then, and in 1973, 1110 tornadoes--the highest frequency in U. S.
history--were reported (see Tables 1. 7, 1. 8 and Figure 1. 6).

Are U. S. tornadoes increasing? The answer to this question is, " Yes,
they are, as far as the reported numbers are concerned. " On the other hand, there
is no reason to believe that " true activities " of tornadoes increased during the past
42 years. The increase in the reported frequencies is a result of the improved
data collection efficiency through public awareness, the communications system, the
compiling method, etc.

The F-scale breakdown of tornadoes in Table 1.7 and Figure 1. 7 reveals
a tremendous increase in the F0 and P1 tornadoes while the stronger tornadoes,
such as F2, F3. and P4, increased less significantly. F5 tornadoes, on the con-
trary, have decreased since 1916, suggesting that reporters over-emphasized and
exaggerated tornado phenomena. Table 1. 9 shows that 3.3%0 of tornadoes per year
in the 1910s were rated as F5 while only 0.2%0 were F5 in the 1970s.

2
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CHAPTER TWO

METEOROLOGICAL ASPECTS OF TORNADOES AND DOWNBURSTS

Of the variety of severe local windstorms, both tornadoes and downbursts
are the most damaging to various structures on the surface. Since these storms
have been defined in Chapter 1, their characteristics will be discussed further.

1. How do Tornadoes form?

Though this is a simple question, it is difficult to answer. First of all,
not all tornadoes form under identical circumstances and environment. Some are
small and short-lived while others are large and last for several hours.

Table 1. 5 in Chapter 1 shows that 40% of all tornadoes are spawned by
hook-echo thunderstorms; 20% by bow-echo thunderstorms; 30% by other thunder-
storms; and 1097% by towering cumuli. A breakdown of these parent clouds in relation
to tornado formations, is presented in Figure 2. 1.

ROTATING TSM DOWNBURST TSM OTHER TSM TOWERING CU

A EHC

HOOK ECHO BOW ECHO STRONG ECHO WEAK ECHO

Figure 2.i Four
to Table 1.5.

types of parent clouds which spawn tornadoes. Refer

HOOK ECHO, somewhat like a giant fishhook in the sky, appears on a
radarscope when the radar beam scans through the relatively low elevation
of a rotating thunderstorm.

A radar echo appears when the microwave emitted by a radar antenna
hits the raindrops which reflect back the microwave toward the same antenna.
Thus, the appearance of a radar echo on the scope reveals the presence of
raindrops in the direction and at the range of the echo relative to the radar.

A_
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Existence of a hook echo implies that raindrops deep inside the storm
cloud are influenced by the swirling motion of the incloud air. A rotating
thunderstorm is likely to spawn tornadoes at various locations inside the
cloud. These locations as shown in Figure 2.1 are

A, where the downdraft air makes an anticyclonic turn. An
anticyclonic tornado may develop at this location.

B, where the major downdraft from the hook echo region turns
cyclonically back toward the left. An intense cyclonic tornado
may develop.

C,. near the advancing edge of a hook where a shear line forms
between inflow and outflow winds.

BOW ECHO forms when a portion of a thunderstorm translates faster
than other parts of the storm. The fast-moving cell often generates a series
of downbursts near its pointed end, with its shape like that of a bow.

Tornadoes, mostly weak and short-lived ones, form near the ground on
the left side of the downburst outflow (see location D in Figure 2. 1).

STRONG ECHOES are characterized by strong up- and downdrafts. The
cloud spinning motion at location E in Figure 2. 1 may extend downward, in-
ducing damaging winds near the surface.

A tornado, similar to C and D in Figure 2.1, may form at F which is
located near the leading edge of the outflow from strong thunderstorm regions.

TOWERING CUMULI are not always characterized by significant precipi-
tation. They are often accompanied by strong updrafts which could induce an
incloud vortex at location G in Figure 2. 1. Such an incloud vortex may extend
down to the ground to become a weak tornado.

2. How do Downbursts form?

Downbursts are a specific pattern of thunderstorm-induced winds which
were defined by the author in 1975. Due to their short research history, the phe-
nomenon itself is not understood very well.

One explanation offered by the author is described in Figure 2.2. During
the updraft stage, air parcels rise inside the cloud, maintaining a temperature
(virtual temperature) several degrees warmer than that of their environment. The
buoyancy force

T'- T
Bg T

where T denotes the temperature of the environment; T', that of a rising parcel;
and g the gravitational acceleration.
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A positive buoyancy will act upon the rising parcel until reaching the cross-
over height where T' - T becomes zero. Above the crossover height, the negative
buoyancy acts against the rising parcel by virtue of its inertia. After forming an
overshooting dome atop the storm's anvil cloud, the rising motion comes to an end.

Toward the end of the overshooting period the rising parcel stores a large
potential energy against the environmental air temperature. When the root of
the updraft beneath the overshooting top is weakened or cut off, the overshooting
top sinks by converting the potential energy into kinetic energy of the downward
flow at the cloud top.

The impact of this downward motion upon underlying, incloud precipitation
initiates a strong downward current which extends throughout the entire depth of
the cloud (see Figure 2.2).

A strong downdraft, thus developed inside a thunderstorm, hits the surface
inducing an outburst of damaging winds.

Figure 2.2 Fujita model of downburst thunderstorm. In this model, it
is assumed that the potential energy of the cold air, lifted above the
crossover height, descends violently when the potential energy is converted
into the kinetic energy of the descending air. One of the Black Sunday
storms on June 25, 1978 showed an extensive descending motion throughout
the entire depth of the cloud.
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Figure 2.3 Cold anvil top revealed by serial ascents of rawinsondes
from Yorkville, Illinois on Nay 12, 1978. From operation summary of Project
NIYIROD.

On June 17, 1978 a Doppler radar of Project NIMROD at Yorkville, Illinois
confirmed such a complicated cloud-top activity in relation to a downburst on the
surface.

The Doppler beam, pointing vertically at Yorkville, measured a 17 m/sec
(38 mph) upward velocity at 16.2 km. 19 seconds later, at 05h02m34s, the cloud
top sank 1. 2 km to 15. 0 km. Three minutes later, at 05hO5mO6sec, the top sank
further to 14. 0 km with 5 m/sec (11 mph) sinking motion at the cloud top and an
18 m/sec (40 mph) downward motion at the 12 km level in the cloud.

At 0507 CDT, a 14 m/sec (31 mph) peak wind from the north occurred at
the Yorkville radar site. Horizontal scanning of the Doppler radar also depicted
the velocity signature of this downburst from its birth to dissipation.

The cooling of the anvil top through the successive pumping action of the
downdrafts has been measured by a serial ascent of radiosonde balloons (see
Figure 2.3). This example shows that the tropopause is lifted during a two-hour
period of convective activities. Lifted, cold tropopause is a characteristic feature
of this type of convective modification.
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Downburst and gust front are different in various aspects of their wind struc-
ture. A downburst usually lasts up to about 30 minutes and a microburst dies out
in less than 15 minutes. A gust front can often be identified for 30 minutes to over
120 minutes.

Wind direction changes 60 to 180 degrees in a down- or microburst while
the directional change is only less than 60 degrees in a gust front. The gustiness
factor in downbursts is about one-third of that in a gust front characterized by
extremely gusty winds. Namely, the flow inside a downburst is relatively smooth.

A microburst which occurred near O'Hare Airport was depicted by one
of the surface stations of the Project NIMROD network (see Figure 2.4). The
microburst wind began shortly after 2220 CDT, reached its maximum (41. 4 mph)
2 to 3 minutes later, and ended at 2226 CDT.. The whole event was over in only
6 minutes.

A gust front arrived at the same station a few minutes later. The gust
front, like most others, was accompanied by gusty wind.

Microburst is an aviation hazard because the wind direction inside the
downburst changes within a short distance of several kilometers. During both the
takeoff and landing phases of an aircraft, a microburst could reduce the airspeed
such that the aircraft encounters a dangerous sinking motion. A list of aircraft
accidents caused by microburst penetrations is presented in Table 2. 1.

Figure 2.4 A microburst and a gust
near O'Hare airport on May 29, 1978.
NIMROD.

front recorded by a PAM station
From operation summary of Project
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Table 2.1 List of five accident cases attributed to strong
wind shear inside microbursts, 2.8 to 5.2 km (1.8 to 3.2 miles)
in horizontal dimensions. The 1956 accident occurred at Kano,
Nigeria. He, Ta, and Do in wind shear denote headwind, tailwind,
and downward wind, respectively.

Years 1975 1975 i976 1977 1956

Dates June 24 August 7 June 23 June 3 June 24

Local time 3:05 pm 4:1i pm 4:12 pm 12:59 pm 5:23 pm

Airport JFK Denver Philadelphia Tucson Kano

Airlines EA 66 co 426 AL 121 co 63 BOAC 252/773

Flt. Phase Landing Takeoff Landing Takeoff Takeoff

Fatalities 112 zero zero zero 32

Injuries 12 15 106 zero 7

Hicroburst 4.1 km 5.0 km 2.8 km 3.1 km 3.5 km
dimensions 2.5 mi 3.1 mi 1.8 ml i.9 mi 2.2 mi

Wind shear 16 kts He 10 kts He 65 kts He 30 kts He 20 kts He to
-to 13 Do to 50 Ta to zero to 30 Ta strong Ta

3. How do tornadoes and downbursts interact?

Recent investigation by the author and his collaborators revealed that
downbursts and/or microbursts near a tornado influence both the tornado's path
and internal structure.

A downburst to the left of a traveling tornado pushes the tornado toward
the right, resulting in a "right-turn tornado ". Likewise, a "left-turn tornado"
occurs when a downburst is to the right of a tornado. Even a "U-turn tornado"
is seen when one or more downbursts deviate a tornado course significantly (see
Figure 2.5).

The axisymmetric structure of a tornado is destroyed when a nearby down-
burst or microburst intensifies the inflow air from a specific direction. Quite often,
so-called "suction vortices " form where the convergence into the tornado core is
the largest (see Figure 2. 6).
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RIGHT TURN
DOWNBURST

WDOWNSURST__

LEFT TURN
MBURST

Figure 2.5 Deviation (turning) of the course of tornado due to
downburst. Detailed aerial surveys revealed repeatedly this type
action between tornado and downburst.

nearby
of inter-

Figure 2.6 Axisymmetric structure of tornado can be destroyed by the
flow that originates in nearby .downburst. Destruction of axisymmetry
often results in successive formations of suction vortices. Two to five
suction vortices in their various stages can be seen simultaneously within
a tornado.

4. Specific Examples

The Rainsville tornado, Indiana, on April 3, 1974 which crossed US-41
toward the northeast was characterized by cycloidal marks left in a plowed field.
Shortly after the highway crossing, the marks were interrupted and the course
deviated to the right (see Figure 2. 7).
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Figre 2.7 Rainsville tornado of April 3, i974 affected by the downburst
winds from the rear left. The tornado weakened abruptly while deviating
to the right.

Mapping of tree damages around the right-turn area confirmed the existence
of strong winds from the northwest. Since the tree damage on the left (northwest)
side of the path started near US-41, the flow was caused probably by a downburst
which descended to the northwest of the tornado.

The right-turn of the Louisville tornado of April 3, 1974 was documented by
a series of still pictures taken by Mr. Cundiff of Crestwood, Kentucky (see Figure
2. 8). Cundiff watched the Louisville tornado with its dark, parent cloud travel
from left (southwest) to right across the western sky. Within a few minutes the
whole funnel emerged from the dark cloud, turning into a tall, grayish-white funnel
cloud. Thereafter, the funnel moved from left (west) to right, in front of the
parent cloud.

Figure 2.8 Louisville tornado which made a right turn during its
dissipating stage. A sequence of pictures taken by Xr. cundiff
revealed that the tornado emerged from the parent cloud toward the
south, apparently in response to a downburst from the north.
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In view of the scattered tree damage to the southwest of La Grange, where
a new tornado had started, we may speculate on the existence of a downburst on
the left (northwest) side of the tornado (see Figure 2. 8).

The left-turn tornadoes of April 3, 1974 have been mapped and discussed
by Fujita (1974), (1975) and Forbes (1977), (1978) in detail. The left-turn paths
of tornadoes in a family are very unique and unmistakable when determined by an
aerial survey.

The first tornado is characterized by a cone-shaped funnel when it appears.
Then, the funnel is steered by the parent cloud for 10 to 20 minutes, until the
tornado vortex at the ground deviates to the left while reducing its translational
speed. As a result, the vortex on the ground is left behind, to the left of its original
location relative to the parent cloud. Meanwhile, the funnel shape changes from that
of a cone into a trunk, and finally into a rope (see Figure 2. 9).

LIFE CYCLE of Left - turn TORNADOES

2nd Tornao

. 0
TIME 00 10 20 30 40 50 60 70 80minutes

MOVEMENT OF PARENT CLOUD -

Figure 2.9 Typical paths of successive left-turn (LT) tornadoes
spawned by a single parent cloud. Note that there axe chances of
observing a rope-shaped funnel and a cone-shaped funnel simulta-
neously.

tIRIFli1�1,796- M.
Y-~- ,.

=I

Figure 2.10 Two pictures taken almost simultaneously from two different
locations in Cincinnati, Ohio. The rope-shaped funnel (left) was photo-
graphed by Mr. Jay Carter and the cone-shaped funnel (right) by M-r. Mark
Carter who happened to be his nephew. Pictures were taken at 1640 CST,
April 3, 1974.
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Rare simultaneous pictures of a disintegrating rope and a newly-forming
cone were taken by Messrs. Jay and Mark Carter. The cone funnel (right), at
the formative stage of the Mason tornado, Ohio, was located near the center of the
parent cloud over the northeast suburb of Cincinnati, Ohio. The rope funnel of the
Sayler Park tornado on the ground was about 7 miles to the west of the cone funnel
and was swirling practically under the blue sky (see Figure 2. 10).

During its dissipating stage, the ground position of the rope funnel of a
left-turn tornado is located outside the parent cloud. If the initial cone funnel forms
inside the hook echo of a parent cloud, the vortex on the ground of a left-turn tornado
will have to move out of the parent hook, somehow.

An example of a complicated tornado, affected by a downburst and a micro-
burst simultaneously, is shown in Figure 2.11. Two suction vortices, "B " and
" C ", were probably induced by a downburst flow from the rear-left. A single-turn
vortex, "A ", enlarged in the left and center pictures of Figure 2.12 was the result
of a microburst to the right of the tornado path.

Figure 2.11 Rather complicated ground marks left by. the Bloomer, Wisconsin
tornado of July 30, 1977. A microburst to the right and a downburst from

- the rear left were affecting the tornado simultaneously.
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Figure 2.i2 A stationary suction vortex in Area I induced by a m
to the right (left picture) and its enlargement (center). A farm i
smashed by the microburst, winds drawn violently into the tornado. (X

A *.

Figur-e 2.13 A close-up view (Area 3) of suction-vortex swath
"C"; probably induced by the downburst from the rear left. Swath
"B" preceded "C".

ticroburst
in Area 2
right).
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CHAPTER THREE

PHOTOGRAMMETRIC ANALYSES OF TORNADOES

Tornado parameters for engineering purposes are R., the core radius;
Vm, the maximum tangential velocity; T, the translational velocity; and Hi, the
height of inflow layer. These parameters can be obtained photogrammetrically
by analyzing still and motion pictures of tornadoes.

1. Angular Measurements and Triangulation'

Tornado pictures taken by professional meteorologists and/or photographers
are fewer in number than those taken by'the general public. Thus, it is necessary
to collect pictures and movies taken by those who happened to be in or near the paths
of tornadoes.

The first step of photogrammetric analysis is to determine the exact loca-
tions and viewing angles of the collected pictures. For this purpose, we visit each
photographic site with a calibrated camera. It is rather easy to get to the exact
photographic site'and to shoot horizontal pictures toward the direction of the tornado
which had existed days, weeks, or even months ago. These post-tornado pictures,
called "reference pictures ", must be taken with a zero elevation angle or at a
horizontal aim, otherwise, the azimuth lines in the reference pictures will not be
perpendicular to the horizon.

It is not n6cessary to obtain from the photographers the focal length of the
camera used in taking the tornado pictures. Picture dimensions are highly dependent
upon the size of the prints. The "effective focal distance " of each print must be
computed from the reference picture.

An example of the triangulation of the Ash Valley tornado of August 30, 1974
is shown in Figure 3. 1. The figure includes 45 azimuths of the tornado center viewed
from 21 photographic locations. The tornado moved toward the southeast leaving a
6.3-mile path of disturbance. The tornado made a looping path shortly before it
dissipated.

The life cycle of this tornado is shown by a drawing (Figure 3.2) and four
pictures (Figure 3. 3). There was no evidence of a typical. tornado funnel until the
storm reached its dissipating stage. During the mature stage,_a small funnel, less
than 200 m (600 ft) long, was hanging from the cloud base at about 150Q m (4900 ft)
above the ground. The funnel failed to descend toward the ground during the storm's
mature stage.
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Figure 3.1 Locations of the center of the Ash Valley tor-
nado of August 30, 1974 determined by triangulation method.
Photographers are identified by numbers 1, 2, 3..., and
.photographic locations by each photographer by A, B, C....

Figure 3.2 Variation of the Ash Valley tornado. The fun-
nel cloud was insignificant until reaching the 4.8 path mile-
age. Thereafter the tornado was undercut by a cold downdraft
from. the northeast. A waterspout-like funnel cloud extended
down to the wet ground at paths mileages 5.0 and 5.3 miles.
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Figure 3.3 Photographic evidence by A, Amerine (1A); B,
Fyler (8B); C, Seeman (5D); and D, Buckman (4B). For (1A),
(8B), etc.refer to Figure 3.1.

It was shortly after the cold downdraft air moved into the tornado area that
a small funnel cloud suddenly extended all the way to the wet ground. This evidence
clearly shows that we cannot estimate tornado windspeeds based solely on the length
of the funnel cloud.

The core radius, R., can be estimated from the viewing angles of the dust
column and the distance to the tornado center. Funnel diameter should not be used
as the core diameter because a funnel cloud is a measure of the tornado's pressure
field made visible by condensed water droplets. We should always look for the
region of high winds where airborne dust and light objects swirl around the tornado
center.

Figure 3.4 shows the variation of the core radius which increased to 185 m
(600 ft). The diameter remained 120 m (400 ft) for a while until it suddenly decreased
to zero.

PATH MILEAGE OF CORE RADIUS, R,
ASH VALLEY TORNADO

so
12050

100

COMPUTATION COMPUTATION -5
HAAS DUNDAS

.8MOVIE MOVIE

$.miles
I 0

0 1 2 3 4 5 S.miles

Figure 3.4 Variation of Ro, the core radius from the birth
to death of the Ash Valley tornado.
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2. Distant Tornado on Vertical Image Plane

Projection of a nearby tornado on an image plane is rather complicated because
the lines of sight diverge within the viewing angle of the storm. To avoid this diffi-
culty, tornado pictures are projected on vertical image planes from an infinite
distance.

Let the core diameter of a tornado be R.with its cylindrical core extending
vertically to infinity. The angle 8 called the "center angle " is defined as zero at
C, the tornado center on the image (see Figure 3. 5). The center angle of the left
edge is -90e and that of the right edge +900..

The X ordinate of the left and right edges on the image plane are +X. and
- X., respectively. The ordinate of a point on the core boundary can be written as

X = Ro sin e. (3.1)

The horizontal velocity of the airflow at the core boundary, expressed by
Sm, intersects the core boundary with an angle, a., called the crossing angle at R,.

The horizontal velocity, SH, of airflow projected on the image plane is

IH = SH cos ( a. + 8 ) (3. 2)

where IH denotes the image-plane component of Sm.

Figure 3.5 Projection of a tornado on a vertical plane
Efrom the infinite distance. a is the crossing angle which
denotes the angle between the direction of airflow and the
tornado-centric circle at their crossover point.
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Although we cannot photograph (like an X-ray) the air motion hidden inside
a thick cloud of dust, the tornado's flow field is likely to be characterized by

A. An inflow layer with its top height Hi;

B. Radial and tangential velocity fields with velocities,
U. and V. , respectively, at the core boundary;

C. An inner core with its outer radius n R.. This core
..rotates with insignificant or no vertical motion.

D. An outer core with its outer radius R, . Violent verti-
.cal motions exist inside this core.

A schematic diagram of the above characteristics is presented in Figure 3.6.

Outer Core Outer Core

* An .

I.. t. *.* .t I. * .:I: T-----
Ki

Figure 3.6 Tornado parameters which can be
togrammetric analyses of tornado movies.

determined by pho-

3. Model Tornado on Vertical Image Plane

Examination of a model tornado projected onto a vertical image plane is
helpful in learning the nature of movement on a movie screen. For this purpose,
Fujita's model tornado described in Chapter 6 was used to determine the expected
air motion on an image planc.
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* Referring to the equations in Chapter Six, we summarize the tornado parame-
ters as.

A. Inflow height, Hi = iR, where i is the "inflow index".
ft See Eq. (6. 3).

B. Inner-core radius, R. = nR. where n is the "core ratio".
See Eq. (6.1).

C. Tangential velocity, V0 at R, below Hi is expressed by
V. = V. he where V4 denotes the maximum tangential
velocity; h = H/HI, the normalized height. See Eqs.
(6.9) and (6.12).

D. Radial velocity, U0 at R* below Hi is expressed by
Uo = Votan a. where tan a -A. (1 -he). See Eq. (6.18)

E. Vertical velocity W0 at Ro below HI is expressed by

2 I 5

WO 28 1- n Am h6(16 -7h 2 )Vm

:,See Eq. (6. 39).

We shall now project these velocities onto the vertical plane with a perspective
looking from infinity.

By definition of a, and V., horizontal velocity Sm can be written as

SH = V. sec aO (3.3)

Equations (3.2) and (3.3) show that the image-plane component of SH is

IH = V' C03O aO.I) (3.4)

Rising angle, /3, is defined as the elevation angle of the velocity vector of
-air motion on the image. Since vertical velocity, W., remains unchanged upon
projection on the vertical image plane, we write

tan j W. = = Cos a. (3-5)
tan30  I Vo Cos (a.+)(35

Numerical values of ao, V,, and W. of the model tornado are shown in Table 3. 1.
Special cases of this rising angle are:

tan W. = WO /V. cot a. when W = - 90 (left edge) (3.6)

tan id = W./V. when 8 = 00 (center axis) (3.7)

tan 3= -W a/V. cot ai when d=+9O (right edge) (3.8)

tan /3= W,/V. cos a. when =- a. (3. 9)

e3 = 90° when0= 90g0 o a (3. 10)
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Table 3.1 Crossing angles, Xac and normalized velocities,
v. and wo as functions of normalized height, h.

(Locations) h H/Hi ao vo Vc/ v. Wo= o/Vm Wo/Vo

10 +0.29° 0.763 0.376 0.493
7 +0.21 0.835 0.387 o.463
5 +0.14 0.888 0.393 °.443
3 +0.07 0.942 0.397 0.421

(Top of inflow) 1 0.0 1.000 0.398 0.398

0.9 -6.3° 6.983 0.392 0.39i
0.8. -i2.0 0.963 0.374 0.388
0.7 -17.3 0.942 0.347 0.368
0.6 -21.9 0.918 0.310 0.338
0.5 -25.9 0.891 0.266 0.299

0.4 -29.2 0.858 0.216 0.252
0.3 -32.1- 0.818 0.161 0.197
0.2 -34'3 0.765 0.104 0.136
0.1 -36.0 0.681 0.047 o.o69

(Surface) 0.0 -36.9 0.000 0.000 0.000

from
Magnitude of the total velocity vectors on the image plane can be computed

= (2IT =(IH + W. ) 2

or IT = W0 cosece (3.11)

where IT denotes the total image velocity.

Velocity vectors in Figure 3.7 were computed from Eqs. (3. 5) and (3. 11).
See Table 3. 2 for numerical values. Only vectors on the front side were plotted
because we will not be able to see the other side of the swirling dust column.

It should be noted that the inflow air from both sides moves into the outer
core, forming an apparent convergence line near the lower right edge of the outer
core.

The maximum image velocity, I, , is located on the tornado's center line
at the top of the inflow layer. I. is larger than Vi, the maximum tangential
velocity, because the former includes Wi., the maximum vertical velocity at the
top of the inflow layer. Thus we write

2 2 )2
urn = (VM *+ WM )2 (3.12)

Isotachs of image velocity (total) are drawn in Figure 3.8.
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Figure 3.7
velocities).
those on the

Total velocity vectors on image plane (total image
Vectors on the front side only were plotted because

other side are hidden behind a swirling column of dust.

Figure 3.8 Isotachs of total image velocities. Note that the
maximum velocity is located on the center line at the top of the
inflow layer.
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Table 3.2 Rising angle, .8 in degree and image velocity, IT
in mph tabulated as a function of normalized height, h and
center angle, 9. In computing image velocity, the maximum
tangential velocity was assumed Vm = 100 mph.

Normalized Crossing Center angle, e
height, h angle, a -90 - a0  zero 90° ao +900

10 +0.29 9f38mph 2685mph 26 -85mph 90-38mph 89~'38mph
7 +0.21 91-39 25-92 25-92 90-39 90-39
5 +0.14 90-39 24-97 24-97 90-39 90-39
3 +0.07 90-40 23-102 23-102 90-40 90-40
1 0.00 90-40 22-108 22-iO8 90-40 90-40

0.9 -6.3 74-41 21-108 21-108 90-39 106-41
0.8 -i2.0 61-43 21-105 2i-103 90-37 119-43
0.7 -17.3 50-45 19-105 20-101 90-35 130-45
o.6 -21.9 40-48 17-104 19-97 90-31 140-48
0.5 -25.9 32-51 15-102 17-93 90-27 149-51

0.4 -29.2 24-.52 12-101 14-89 90-22 156-52
0.3 -32.1 17-54 10-98 ii-84 90-16 163-54
0.2 -34.3 11-54 o6-93 08-78 90-10 169-54
O.1 -36.o 05-50 03-84 o4-69 90-05 175-50
0.0 -36.9 00-00 00-00 00-00 go-oo 180-00

4. Determination of Tornado Parameters

Some of the tornado parameters can be determined based on photogrammetric
quantities. Figure 3. 9 shows schematically how parameters can be determined.

Figure 3.9 Schematic diagrams to determine tornado parameters.
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Step I. Determination of Inflow Height, Hi

The domain of the upward motion near the lower right portion decreases as
the height increases. At the top of the inflow layer the inflow triangle (see
Figure 3. 9) disappears. The height at which the inflow triangle disappears
denotes H., the top of inflow layer.

Step II. Computation of Crossing Angle, a.

X ordinates of the vertical current along the left side of the inflow triangle
are computed as a function of the height above the ground. Let X, be the
ordinate, then Eqs. (3. 1) and (3. 10) permit us to write-

Xv = R. sin (90 - ao ) = R, cos a0

or cos ao = X,/R. (3.12)

Values of X v measured on the image as a function of height will give us
the crossing angles of the inflow air from the ground to the inflow top.

Step III. Maximum vertical, Wm, and maximum tangential, V.i, velocities can be
obtained from

Wm = I m sin l3,

and V, = I, cos /3M (3. 13)

where Im denotes the maximum image velocity on the center axis at HI ; and
/3,, the rising angle of the air at the.same location.

Step IV. Determination of core ratio, n.

The size of the central core (eye of tornado) can be estimated from

tan/Ad= WiL = 227 A i
tan Vrn - 28 Am I -n 2 (3. 14)

where Am = tan ao

From predetermined values of a., /3,, and i, core ratio, n is computed as

n2 - 1 _ 27 i (- tan a0 ) cot /3, (3. 15)

where ao is negative inside the inflow layer.
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Computation steps I through IV permit us to determine the following basic
parameters of the tornado flow field. They are

H i = i R., the inflow height

a., the crossing angle

Vm, the maximum tangential velocity

Wi, the maximum vertical velocity

n = R./ RO, the core ratio

These computations are based on the assumptions that V. varies along the vertical
inproportionto hi and that tan a., to (1-hp).

It is not necessary, however, to be dependent upon the above assumptions.
Both IT I the total image velocity and /3, the rising angle can be computed along the
tornado's center line to determine

V, = IT COS = f (H) (3.16)

where V0 and /3 are functions of height.

The crossing angle is also determined as a function of height. Equation (3.12)
can readily be used to obtain a0  F (H) from values of X, measured on the image
plane.

5. Example of Parameter Computations

A detailed analysis of the Ash Valley tornado movie taken by Mr. Robert
Dundas of Great Bend, Kansas was performed by Umenhofer and Fujita (1977).
Their analytical results were used in determining the tornado parameters.

The inflow height measured from image-velocity vectors in Figure 3. 10 is
70 m (230 ft) while its core radius was R, = 120 m (390 ft). Thus, we obtain
the "inflov index ", i, to be

i = Hi /RO = 0.58 (3.17)

The crossing angle at the surface is computed from the measured value of
Xv = 95 m (310 ft). From Eq. (3.12) we have

a. = 37.7° (3.18)
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Figure 3.iO Velocity vector superimposed upon a telophoto view
of Dundas Movie of the Ash Valley tornado. Vectors with open
circles denote inflow.
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Tangential and vertical velocities were plotted as functions of height. Their.
maximum values in Figure 3. 11 are

Vm = 57 m/sec and W., = 27 m/sec

These values are used to compute n, the core ratio, from Eq. (3.15). Thus, we
have

n = 0.296 (3.19)

A large number of photogrammetric analyses of tornado movies will be
required before we will be able to establish reasonable parameters of a tornado model.
Such an example, nevertheless, reveals important tornado parameters which cannot
be determined otherwise.

The Xenia tornado of April 3, 1974 was analyzed by Fujita (1975). The
tornado was characterized by a huge mass of swirling dust cloud with numerous
debris embedded.

Since the motions of the debris and dust clouds are not expected to be similar
to each other, "dust " and "debris " were tracked separately. Image velocities
(apparent motions) thus computed are shown in Figures 3.12 (dust) and 3.13 (debris).

Embedded debris, by virtue of their fall velocities, showed rising angles
much smaller than those of dust. Although we cannot determine the difference between
dust and air motions, it is natural to postulate that extremely small particles move
with the wind.

E

Figure 3.12 Velocities of dust clouds on the image plane.
Xenia tornado of April 3, 1974.



41

Figure 3.13 Velocities of debris coresponding to those in Figure
3.12. Flow patterns are those of dust clouds.

The Xenia tornado was characterized by a non-cylindrical dust column,
the diameter of which increased significantly with height. It is difficult to judge
if the cone-shaped column was created by the expansion of particle trajectories
or if the original flow pattern itself was a tapered cone.

Vertical (right) and tangential (left) velocities of dust clouds are shown
in Figure 3.14. A heavy line in each diagram denotes the upper limit of the
velocity points. In plotting tangential velocities, dust clouds on the front and back
sides were distinguished.

The Xenia tornado movie was analyzed in 1974 when our photogrammetric
method was still in the process of improvement. We have learned, since then,
that special skill and a knowledge of photogrammetric analyses do improve the
final results. Therefore, the results are highly dependent upon "who does the
analyzing " and "how the analyzing is done ". It is proposed that some of the old
tornado movies, including the Xenia movie, be re-analyzed in order to extract the
maximum information based on the latest knowledge, experience, and skill in
particle trackings.
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CHAPTER FOUR

AERIAL SURVEY FOR STORM STRUCTURE

Aircraft is extremely useful in inspecting damages caused by various
types of windstorms. In most cases, however, aerial survey is limited to the
inspection and assessment of structural damages. The flight paths are chosen
to cover populated areas where the dollar damages are expected to be the
highest.

Our extensive aerial survey revealed, on the contrary, that the structure
of windstorms can be studied by flying over relatively flat areas where signatures
of undisturbed windstorms are likely to be found.

About 10, 000 aerial photographs were taken by the author and his asso -
ciates since the Palm Sunday (April 11), 1965 tornadoes. The knowledge gained
by analyzing these aerial photos now permit us to determine the storm structure
based on aerial photography and subsequent mapping.

1. Microburst

Full-grown corn fields are found to be the best vegetation which respond
to 40 to 100 mph winds. When corn is young and short, one to two feet in height,
it can withstand a 70 mph wind (2 ft-tall corn at Yorkville, Illinois was not da-
maged by a recorded windspeed of 32 m/sec = 72 mph).

An example of a microburst to the south of Danville, Illinois,
Figure 4. 1. Picture (left) reveals an overall pattern of corn damage

is shown in
and a map

Figure 4.1 An aerial photograph taken from 6,000 ft AGI (left)
and Irapped trajectories of high winds (right) of Danville, Illinois
microburst of September 30, i977. Anticyclonic and cyclonic curva-
tures resulted from the movement of the microburst from right to
left (north to south). The displacement vector of the downburst
center during its lifetime (only I to 2 minutes) is shown by a
heavy arrow.
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(right) was made by combining about 20 pictures taken from various altitudes
(500 to 6000 ft AGL) and viewing angles. This microburst was rated as FP with
maximum windspeed of about 70 mph. Corn crops are tall and old late in Sept-
ember when this microburst occurred.

The next example in Figure 4.2 occurred on August 19, 1977 in west-
central Wisconsin near Cornell. The microburst area was only 0.2 x 0.3 mile
in a forest. It uprooted about 1, 500 trees probably in about one minute.

The pattern of winds was divergent. A left-turn curvature near the upper
end of the flow was induced by a combination of translational and diverging motions
of the microbiirst.

Microburst signatures are found frequently after the passage of a severe
thunderstorm. Its intensity is usually less than F 2.

Figure 4.2 A strong (F2) microburst to the west of Cornell,
Wisconsin. About 1,500 trees in forest uprooted by strong winds
diverged out of the downburst center. Damage area was only 0.3
mile long and 0.2 mile wide.

2. Downbursts

Because of its relatively large horizontal dimensions, a downiburst is often
characterized by parallel flow field. This is why this type of windstorm has long
been classified simply as "straight-line winds".

Detailed aerial mapping of so-called straight-line winds reveal that straight
lines often diverge out of relatively samll areas where the descending air hits the
surface.

II
Ij
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Figure 4.3 was taken in northern Wisconsin where the 4th of July, 1977
downbursts damaged a number of county areas causing several million dollars of
damage.

Downburst damage seen from the air is very similar to that by a large
tornado. A barn in Figure 4. 4 (at A) was completely lifted off its foundation.
Debris of the barn is scattered downwind in the corn field.

Figure 4.3 A pine forest flattened by the northern Wisconsin
dowmburst of July 4, 1977. This aerial photo was taken just to
the west of Flambeau River looking south toward Phillips-Winter
Highway.

Figure 4.4 Tool shed debris from a downburst near Wallace, Foun-
tain County, Indiana. Estimated damage scale is Fl.
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Hurricane winds can locally be strong when downbursts are imbedded inside
the overall hurricane circulation. On August 3, 1970, when hurricane Celia was
located to the north of Corpus Christi, Texas, the southwestern portion of the eye-
wall turned into a group of thunderstorms. Downbursts from these thunderstorms
induced strong west-southwest winds over the entire city. A motel complex in
Figure 4.5 was unroofed by the hurricane/downburst winds.

Figure 4.5 A motel and trailers west of downtown Corpus Christi
damaged by downburst winds in Hurricane Celia. Damaging winds
estimated to be upper F1 or lower F2 came from WSW. The hurricane
center, to the north of the city, was moving WNW at 16 mph.

Mobile homes will receive various degrees of damage by downburst winds.
Sometimes, nobody can tell the difference between tornad o and downburst damage
on mobile homes unless an extensive mapping of environmental flow patterns is
performed. Figure 4.6 shows one of the worst mobile home damages by downburst.

_ __ O MM__1

Figure 4.6 A mobile home smashed by a downburst south of Somonauk,
Illinois. This was the worst mobile home damage by downburst photo-
graphed by the author.
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3. Small Tornado

The core diameter of small tornadoes can be as small as several feet,
characterized by features somewhat like strong dust devils. In many cases, however,
one could see a small, rope-shaped funnel, extending into the parent cloud (see
Figtire 4.7).

An example of a small tornado is shown in Figure 4. 8. It is seen that the
rope-shaped funnel stretches semi-horizontally. into the wall cloud to the upper
right. The vortex axis near the surface is vertical, due to the horizontal swirl
motion of the air just above the surface.

1..

Figure 4.7 Schematic view of a small tornado with its funnel
cloud extending into the wall cloud.

Figure 4.8 A photograph of the Farmersville tornado (March 20,
1976), Illinois. Picture was taken by Ivan Weber shortly before
it moved through the Jordan Farm (see Figure 4.9).
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An aerial survey revealed that a narrow dark line extended across the
Ihomas Jordan Farm, near Farmersville, Illinois (see Figure 4. 9). It was a
dark line only one to five feet wide (see Figire 4. 10).

We visited the farm in order to learn how the tornado looked like during
its farm crossing. Mr. and Mrs. Jordan saw a giant, dark dust devil was coming

Figure 4.9 The path of a small tornado (Farmersville tornado)
across the northwest corner of Thomas Jordan Farm in central
Illinois.

I .

Ii

.,
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Figure 4,10: .An.aerial photograph of Thomas Jordan Farm. Path
of the tornado is indicated by a series of dots.



49

toward them. They went down into the basement. There was a loud roar and
the air became extremely dusty. After the roar was over, they came out of the
basement to find practically no damage to the structure.

The small tornado passed between their metal silo and a barn (see Figure
4. 10). Only a small branch of a tree next to the silo was blown down. The damage
was much less than expected from the loud roar and blinding dust (see Figure 4.11).

Figure 4.11 A ground photograph of Thomas Jordan Farm. The tor-
nado passed between a metal silo and a barn without damaging either
of them.

Mr. Larry Fesser watched the tornado from his farm 330 m (1000 ft) away.
One of the pictures (see Figure 4.12) he took revealed the existence of a rope-shaped
funnel, 2 to 5 feet in diameter, extending down to about 30 m (100 ft) above the
ground. 'The maximum windspeed of this tornado was probably about 100 mph in
order to produce the funnel cloud and swirling thick dust. The radius of maximum
wind estimated from photographs was less than 3 m (10 ft), small enough to move
between two structures without damaging either one of them. The damage could
have been entirely different if it had moved directly over one of the barns.
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Figure 4.12
through Thomas
center axis.

A picture of
Jordan Farm.

the tornado immediately after it passed
A rope-shaped funnel is seen along the

4. Large Tornado

Numerous photographic evidences have been accumulated to support the
existence of multiple sub-tornado scale vortices hidden inside a large tornado (see
Figure 4.13).

Figure 4.13
vortices.

A schematic view of a large tornado with suction
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These small vortices, called suction vortices, are characterized by fast
translational velocity, up to 100 mph maximum tangential velocity, and their small
diameter.

A huge dust column of the Sadorus, Illinois, tornado (see Figure 4.14)
gives an impression of a single-vortex, giant tornado. It was moving from left
(west) to right at about 45 mph.

An aerial survey of the field swept by this giant dust swirl showed a number
of cycloidal curves likely to be caused by a number of suction vortices which moved
around the fast-traveling tornado (see Figure 4.15).

* Figure 4.14 Dust column of the Sadorus tornado of March 20, 1976.
This is an enlargement of a frame of a movie taken by Mr. Wilson
southwest of Sadorus, Illinois.

Figure 4.15 An aerial photograph of the ground swept by the
Sadorus tornado in Figure 4.14. Cycloidal ground marks suggest an
existence of suction vortices.
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5. Suction Vortex

Suction vortices hidden deep inside large tornado can rarely be seen. One
of the rare views of suction vortices in action was photographed by Mr. Hubbard of
WISH-TV, Indianapolis, Indiana.

Aerial photographs reveal frequently an existence of cycloidal marks on
open field (see Figure 4.16). Occurrences of these marks are quite common
despite the fact that they had been assumed to be rare.

left behind by the Anchor,Figure 4.16 Cycloidal ground marks
Illinois, tornado of April 3, 1974.

An example of a vertical view of cycloidal marks is shown in Figure 4.17.
These lines are perfect cycloids obtained by combining a rotational with a trans -
lational motion. 'The ratio of these two velocities (motions) can be computed from
their geometric features.

Figure 4.17 Cycloidal ground marks by the Magnet, Nebraska tor-
nado of May 6, 1975. Ground survey reveals, almost always, that
light-colored marks are low piles of debris collocted and left
behind by suction vortices.
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What are these cycloidal marks? Ground survey shows that they consist
of the deposit of light objects (see Figure 4.18). A suction vortex, spinning 50-
100lmph, collects these objects caught inside the inflow air. Most of the objects
become airborn and are thrown out of the vortex as they are lifted inside the swirl-
ing updraft. Those accumulated around the vortex center above the ground (below
5 inches) remain on the ground because the windspeed "at the ground" is zero.

The circle of maximum tangential wind passes over the low-height deposit
without removing the light objects. After the passage of a suction vortex, a deposit
line (band) is left behind, revealing the path of the vortex center. When lines are
light in color, the deposit usually consists of corn stubbles or pieces of straw.
Dark lines are of piles of dark soil only two to three inches deep. It is. rather hard
to identify. these deposit lines on the ground even if we know where to look for. Aer-
ial inspection and photography are the-only means of their detection.

Swirl marks of a suction vortex can be found in a field of low grass. One-
to three-feet tall grass is ideal. Duane Stiegler took a beautiful color picture of
a swirl mark (see Figure 4.19) on a grass land in Wisconsin. A suction vortex
moving from left to right ended suddenly within a few milliseconds.

Figure 4.18 Schematic cross section of a suction vortex which
collect small debris as it swirls oni the field. Due to low-wind-
speed just above the ground, a part of the collected debris is
left behind along the vortex paths.
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Figure 4.19 Suction vortex marks left in a grass field near
Haricon Marsh, Wisconsin. :Photo by Duane Stiegler from 500 ft AGL.

A suction vortex in a very large tornado is likely to split into a pair of twin
vortices. The cycloidal marks of twin vortices appear like arailroad track. They
form parallel lines. Due to the vortex interactions, however, these parallel lines,
sooner or later, cross each other suggesting that twin vortices rotate around their
common center of the vortex circulation (see Figure 4.20).

Figure 4.20 Unusual cycloidal marks generated by twin suction
vortices. Some of the marks are characterized by double lines only
5 to 10 ft apart.
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Sometimes, a suction vortex remains at one location for a short time and
dies out. The swirl mark of this type of vortex is shown in Figure 4.21. It should
be noted that a small, weak-wind area, is located near the vortex center, suggest-
ing that there is a vortex eye.

Figure 4.21 A swirl pattern produced by a stationary suction
vortex. A weak-wind region, somewhat like a vortex eye, is seen
near the center of the swirl mark.

Considerable experience and skill are required in detecting and photograph-
ing suction-vortex marks left on the ground. When marks are viewed toward the
directions of

a. Antisolar point, directly opposite from the sun, and

b. forward scattering of sunlight,

most marks appear brighter than their environment. (see Figure 4.22).

When the same marks are photographed from different directions, they
may appear to be darker than their environment (see Figure 4.23).



PWII-JAIIO�'Q�i_ - - - - -

56

Figure 4.22 A suction vortex mark viewed toward the antisolar
point. No shadow appears toward this direction, resulting in a
light vortex mark. Vortex mark also appears bright when viewed
toward the direction of forward scattering.
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Figure 4.23
the antisolar
gray.

The same vortex mark viewed toward 90 degrees from.
point. Effect of shadows turn the vortex mark into

This means that suction-vortex marks are not always visible unless proper
directions of view are selected by those who survey the tornado area. The author
and his associates found numerous vortex marks where other aerial inspectors had
failed to find any sign of these vortex marks.
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6. Aerial Survey of Grand Gulf Tornado

The author performed an aerial survey and photography of the Grand Gulf

Nuclear Power Plant (under construction) hit by the .April 17, 1978 tornado. Refer
to Fujita (1978) and McDonald (1978).

Figure 4. 24 shows the flow pattern of the first wind on the front side of the
approaching tornado. Flow lines, which may not represent streamlines or trajec-
tories, were drawn based on damage directions shown by solid arrows.

The second wind mapped in Figure 4. 25 was on the rear side of the tornado.
Note that most areas of the power plant were hit.twice, by the first and second winds.

Figure 4.24 Airfloir (close to trajectory) on the front side
of the Grand Gulf tornado of April 17, 1978.

1.
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Figure 4.25 Airflow (close to trajectory) on the rear side of
the Grand Gulf tornado of April 17, 1978.

Close-up views of the damaged cooling tower (under construction) are shown
in Figures 4.26 (from outside) and 4.27 (toward outside). These pictures were taken
by the author aboard Cessna 182.

A steep banking maneuver of the aircraft is necessary while taking high-oblique
pictures. A 20 to 45 degree bank is commonly used by the author. Ihe airspeed
during such photography is chosen to be less than 110 kts as long as the speed is kept
above the level of the stall alarm.

Continuous turning around a photographic object should be avoided, because
an aircraft does not approach the object. An airborne photographer must tell the
pilot first to move away from the object a few tenths of a mile, then approach straight
toward the intended location where the camera shutter is pressed.
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Figure 4.26
cooling tower
the wall.

A telephoto view of the scaffold/wall damage of the
under construction. Observe a small, dark hole, on

Figure 4.27 A high-oblique view of the cooling tower. A small
hole on the wall is white against the backgroind viewed toward the
outside.
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The line of the flight is highly sensitive to the wind direction and speed which
causes a significant drift of low-airspeed aircraft.

Upon reaching the intended photographic spot, banking of the aircraft is exec-
uted immediately. After confirming the field of photographic angles through the view
finder, the shutter is pressed during a steep bank. During a banking period of 2 to
5 seconds, several frames can be exposed by pressing down the shutter one after
another.

The shutter speed is kept at 1/250 sec for regular photos and at 1/500 sec,
for telephoto views. Since the author tried to float (with one-inch airspace) above
the seat when the shutter is pressed, less than 1/500 sec shutter speed has never
been used. Note that 1/1000 and 1/2000 sec speeds are often inaccurate.

It is extremely important to keep enough air space above photographic
objects. The upwind side of a large object, such as this cooling tower, is always
less turbulent than the wake region. Furthermore, the turbulence in each traverse
is different, because the wind gust and subsequent airflow around the object change
in a time scale of 10s of seconds.

Stick pieces of black tapes around the camera lens with a UV (ultra violet)
filter on it. Tapes will avoid reflection and protect the aircraft window from being
scratched. The author wears dark-colored shirt during his aerial photographic
missions.

Since his first aerial survey of the Palm Sunday tornadoes, April 11, 1965,
the author has flown over 20, 000 miles in Cessna 172, 182, or 210. More than
250 paths of tornadoes and downbursts were flown over, taking more than 5, 000
pictures.
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CHAPTER FIVE

TORNADO STATISTICS AND DATA BASE

Since 1916 when the official collection of tornado data began, the numerical
counts of tornadoes or so-called "tornado frequencies " have been used in assess-
ing the tornado risk.

It has been known, on the other hand, that some tornadoes are small,
short-lived, and weak while others are large, long-lived, and violent.

In an attempt to assess the "true tornado risk, " rather than the "frequency-
oriented risk, " Fujita and his associates at the University of Chicago began map-
ping the paths of tornadoes and classifying each tornado using the Fujita scale
(F scale) outlined in Chapter 1.

In the meantime, the frequency, N, and the path length, P, within each
15' x 15' subbox were obtained through the painstaking process of mapping and
plotting of all reported tornadoes during the 62-year period, 1916 through 1977.

The total values of both n and p within the A4) x AO square are computed
from

if ei O+AG
N = Z n (n, count of tornadoes)

95 e
4)+A0 e+AO

and P = E p (P, path length of each tornado)
4) G

where N denotes the total number and P the total path length of tornadoes within
the AO x AS square of latitude and longitude. When AO = AS = one degree,
N and P are expressed by

N 1 = 2 n
4)+Io 0+10o

and PI= 0 p t

where N i and Pi are the total number and the total path length of tornadoes within
the "one-degree square".
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We may, likewise, define N 2 , P2 ; N 3 , P3 ; etc. which denote the values
within 2°, 30, etc. squares of latitudes and longitudes. (Note that Marsden, early
in the 19th Century, devised "squares " of latitudes and longitudes. A Marsden
square represents 10, 20, 3°, etc of latitudes and longitudes). In this workbook,
15' x 15' squares are called "sub-squares." or "sub-boxes ".

Figure 1 shows the distribution of P, during the 62 years, 1916-77. Values
were obtained by computing the total path lengths within each 10 , non-overlapping
Marsden square.
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Figure 5.1 Path length of all tornadoes, 1916-1977, writhin non-overlapping,
1 Marsden squares.

Since computer printouts are made on rectangular coordinates, the U. S.
map was distorted to fit to the computer-printout coordinates (CPC). The U. S. map,
thus constructed, is called the CPC map (see Figure 5. 2).
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Figure 5.2 hap of the United States distorted to the computer-printout coordi-
nates (CPO), or the CPO map.

A running total within overlapping Marsden squares were computed from

8+eI'
, Z , 1n

by changing

= 67, 680, 69w, ... 1240 W

= 24°000, 24015', 24°30', ... 48°00'N.

Computed values of N, were normalized to the area of the Marsden square at
= 37, thus

N1 = N1  Cos 370

Cos (O + 0.50)
where Nz is the latitude-corrected number. The identical correction was applied
to P to obtain PI , the latitude-corrected path length.

i
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Results of computations of N I and PI are presented in the following
figures.

MAPS OF FIG. NO.
All (24,148) tornadoes 5.3

F 0 + F 1 (weak) tornadoes 5. 4
F 2 + F 3 (strong) tornadoes 5.5
F4 + FS (violent) tornadoes 5. 6

Jan. and Feb. tornadoes 5.7
Mar. andApr. tornadoes 5. 8
May and June tornadoes 5. 9
July and Aug tornadoes 5.10
Sept. and Oct. tornadoes 5.11
Nov. and Dec. tornadoes 5.12

00 - 03 LST tornadoes 5.13
03 - 06 LST tornadoes 5.14
06 - 09 LST tornadoes 5.15
09 - 12 LST tornadoes 5.16
12 -15 LST tornadoes 5.17
15 -18 LST tornadoes 5. 18
18 - 21 LST tornadoes 5.19
21 - 24 LST tornadoes 5.20

A brief explanation of the above statistics are given in each. of the figure captions.



By Fujilo, Tocson, and Abboy (May, 1978)

Figure 5.3 The maximum number (195) of tornadoes is seen in central Oklahoma
while the maximum path length (loll miles) is located in Mississippi where num-
ber is only 95. There is a significant minima both in N and P in central Mis-
souri and in eastern Kentucky to West Virginia. These minima are resulted by il
blocking of the low-level moisture by the Ozark and Appalachian mountains.
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Number of FO+FI Tornadoes

62 Years, 1916 -77
By Fujita, Tecson. ard Abbey (May, 19781

Path Length of FO+FI Tornadoes
62 Years, 1916-77

By Fujito. Tecion, and Abbey (May, 197BI

Figure 5.4 Numbers and path lengths of weak (FO + Fi) tornadoes. The maximum
numbers are seen in Oklahoma-Kansas area while the maximum path lengths are
located in Kansas-Iowa-Illinois areas. High numbers are seen along the Gulf
coast where hurricane-induced tornadoes occur.



Number of F2 + F3 Tornadoes

62 Years, 1916 -77
By Fujilo. Tecton. and Abbey (May, 1979)

Path Length of F2 + F3 Tornadoes

62 Years, 1916 -77
By ruita, Tecoon. and Abbey (May. 197B)

Figure 5.5 Numbers and path lengths of strong (F2 + F3) tornadoes. The maximum
numbers are seen in Oklahoma while the maximum path lengths are in Mississippi.
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Number of F4+F'5 Tornadoes

62 Years, 1916 -77
By Ffljts. Tcason, and Abbey (May, 1978)

Path Length of F4 + F5 Tornadoes

62 Years, 1916 -77
By Fulila, Tecsan, and Abbey (May, (978)

Figure 5.6 Numbers and path lengths of violent (F4 + F5) tornadoes. Both N
and P of those violent tornadoes distribute rather uniformly over a circular area
over the central Midwest. Maximum numbers of iO to iI are seen in Oklahoma,
Kansas, Kentucky, and Tennessee.
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Figure 5.7 Numbers and path lengths of January andjFebruary tornadoes. Highest
numbers and path lengths are seen in central Mississippi.

lmsz
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Number of Mar + Apr Tornadoes

62 Years, 1916 -77
By FuJIta, Tacson, and Abbey (May. 19781

Path Length of Mar +Apr Tornadoes

62 Years, 1916 -77
By Fujita, Tecson. and Abbey (May, 1978)

Figure 5.8 Numbers and path lengths of March and April tornadoes. Although
the highest numbers are seen in Texas to Oklahoma area, the largest path lengths
are located in Tennessee-Alabama area.



Figure 5.9 Numbers and path lengths of Nay and June tornadoes. Oklahoma-Kansas-
Nebraska are affected by highest numbers. largest path lengths extend into central
Iowa.
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Number of Jul+ Aug Tornadoes

62 Years, 1916 -77
By Fuljio, Tucson. and Abbey IMoy, 1978)

Path Length of Jul + Aug Tornadoes

62 Years, 1916 - 77
By Fujilo, Tucson, and Abbey (Moy. 1978)

Figure 5.1O Numbers and path lengths of July and August tornadoes. Maximum

values of N and P shift toward the northern Midwest. Hurricane-induced tornadoes

are seen along the Gulf coast.



Number of Sep+Oct Tornadoes

62 Years, 1916-77

Figure 5.11 Numbers and path lengths of September and October tornadoes.

Maximum numbers in the northern Midwest begin shifting toward the south. Hurri-

cane-induced tornadoes are seen along the southern coast.
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Number of Nov+ Dec Tornadoes

62 Years, 1916 - 77
By Fujita. TOeCon. and Abbey (May. 1978)

Path Length of Nov+Dec Tornadoes

62 Years, 1916 -77
By rujia, Teeson, and Abbey (May, 1978)

Figure 5.12 Numbers and path lengths of November and December tornadoes.
Tornado activities are centered in the Hississippi valley.



Figure 5.13 Numbers and path lengths of tornadoes between 00 and 03 Local
Standard Time. These midnight tornadoes are located in the central Midwest.
There is a.significant path-length maximum in Michigan.
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nber of 03-06 LST Tornadoes

62 Years, 1916 - 7 7
Fujila.Tecson, and Abbey (May. 1978)
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Figure 5A4 Numbers and path lengths of tornadoes between 03 and 06 Local

Standard Time. These are pre-dawn tornadoes with their highest numbers along the

Gulf coast. Largest path lengths axe seen in and around the Mississippi valley.



Figure 5.15. Numbers and path lengths of tornadoes between 06 and 09 Local
Standard Time. The highest numbers are seen along the Gulf coast while the
largest path lengths are located in Mississippi.
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Number of 09 -12 LST Tornadoes

62 Years, 1916-77
By Fujilo, Tecton, and Abbey (May, 1978)

Path Length of 09-12LST Tornadoes

62 Years, 1916-77
By Fullia. Tacson. and Abbey (May. 1978a

Figure 5.16 Numbers and path lengths of tornadoes between 09 and 12 local
Standard Time. The highest numbers are located along the Gulf coast while the
largest path lengths are seen 100 to 200 miles inland.



Figure 5.17 Numbers and path lengths of tornadoes between 12 and 15 Local
Standard Time. These early afternoon tornadoes are soen along the Gulf coast
(numbers) and in the central Midwest (path lengths).



80

Number of 15 - I8LST Tornadoes

62 Years, 1916 -77
By Fujila, Tacson, and Abbey (May, 1978)

Path Length of 15-18 LST Tornadoes

62 Years, 1916 -77
By Fujlta. Tecson, and Abbey (May. 1978)

Figure 5.18 Numbers and path lengths of tornadoes between 15 and 18 Local
Standard Time. These late afternoon tornadoes are characterized by the maximum
values over the west central Midwest.



.Figure 5.19
Standard Time.
Oklahoma area.

Numbers and path lenghts of tornadoes between 18 and 21 local

These early evening tornadoes show. the maximum numbers in Kansas-

Path-length maxima are seen everywhere in the Midwest.
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Number of 21- 24 LST Tornadoes

62 Years, 1916-77
By Fujita, Tecson. and Abbey (May, 1978)

Path Length of 21-24 LST Tornadoes

62 Years, 1916-77
By Fujife, Tacson. and Abbey (May, 1978)

Figure 5.20 Numbers and path lengths of tornadoes. between 21 and 24 Local
Standard Time. The maximum numbers are located near the Oklahoma-Missouri border.
Path-length maxima are seen at various locations.
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CHAPTER SIX

ANALYTICAL MODEL OF TORNADOES

The concept of this design-basis tornado was originated early in 1976 under
NRC Contract AT(49-24)-0239, leading to the formulation of the basic equations.

In view of the urgent requirements for a Review of Severe Weather Meteorolo-
gy for Argonne National Laboratory, the tornado model identified as DBT-77 was
finalized in the summer of 1977 under ANL Contract No. 31-109-38-3731.

1. Geometric Features

A schematic diagram of DBT-77 presented in Figure 6. 1 reveals that the
model tornado is an axially-symmetric vortex with a cylindrical core. The vertical
core is divided into two parts:

The inner core with its radius, Rn, and
The outer core with its radius, R.

MAXIMUM
TANGENTIAL
VELOCITY~V,

.,

I

I
I

i
i
I
i
I
i

NNER

-R - :.--

COREi v .. ,

..V

Figure 6.i A schematic diagram of DBT-77. In this sim-
plified model, the core is divided into inner.and outer
portions. Vertical motions are concentrated inside the
outer core while the inner core is assumed to rotate like
solid discs stacked up into a cylinder.
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It is assumed that the inner core rotates like solid discs stacked into a
cylinder, surrounded by an outer core in which air currents spiral upward. Inflow
into the outer core takes place within a shallorw layer with its top at H. .

The ratio of inner- and outer-core radii, called the "core ratio",

n = R./RO (6.1)

varies with the core radius. In this model, we ass ume that n = 0. 2 when R. = 0
and that n is between 0. 5 and 0. 6 when R, = 150 m, and n = 0. 9 when R. approaches
infinity. The equation adopted to express such a variation of core radius is

n = 0.9 - 0. 7 &O0°5Ro (6.2)

where R. is the core radius in meters. I
The depth of the inflow in relation to core radius varies with R0 . Evidence

shows that the non-dimensional quantity,

i =HI/R' (6. 3)

called the "inflow index" decreases with increasing core radii.

Without using an arbitrary function relating i with R,, a specific relation-
ship between i and n,

E 0.55, (6.4)

called the "core-shape parameter~was adopted in this model.

2. Definition of Windspeeds

Windspeed in a strict sense is the displacement of air molecules excluding
their internal, thermal motions. It can be measured by anemometers or estimated
from wind damage to structures or objects. Motions of debris also may be used in
estimating tornado windspeeds. Strictly speaking, however, we have to identify the
nature of windspeeds in relation to their computation methods. We shall first dis-
cuss the three types of windspeeds to be used in this paper.

A. TRUE WINDSPEED (VTRU ) denotes the actual motion of air relative to the
earth or to a moving wind system. .A measured windspeed without proper
corrections does not always represent the true windspeed, mainly because
the air density varies with both time and space.

B. DYNAMIC WINDSPEED (VOYN ) is the windspeed computed from dynamic
pressure of an impinging flow. Dynamic and true windspeeds are interre-
lated by

+ 1 +V2R (6.5)2 P. VOYH P & -rD 6,S

where p denotes the true density of the airflow and p, , a standard density
of the airflow used in calibrating the pressure-type anemometer.
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C. M ODEL WINDSPEED (VUDL ) is a hypothetical windspeed which can be
computed under the assumption of constant density. Such an assumption
permits us to use the equation of continuity with a standard density, p3
which can be taken out of integration. Model and true windspeeds are
interrelated by

P. VIMDL P VTRU . (6. 6)

The three windspeeds discussed above can be related to each other by using
the standard density such as that at 0 C and I atmospheric pressure. Equations
to relate these speeds are

VTRU = A,/jP VMDL

VDYN = Jo-77- VD L,

(6. 7)

(6.8)

It is seen that both true and dynamic windspeeds are faster than model wind-
speeds, especially at a high altitude or near the tornado center where air density
is low. True and dynamic windspeeds at various altitudes of NASA standard atmos-
phere are shown in Table 6.1.

Table 6.1 Relationships between true, dynamic, and model
windspeeds as a function of air density. The air density at
sea level with 760 mm.Hg.(29.921 inch Hg.) pressure and 15 0C
(59 0F) temperature was used as p,, the standard density.

Altitude of the Air density Hodel True Dynamic
Standard Atmosphere kg/mr3  

.windspeed windspeed windspeed

0 km 0 ft 1.226 1.000 1.000 1.000
1 3,281 .1.112 1.000 1.103 1.050
2 6,562 1.007 1.000 1.217 1.103
3 9,843 0.909 1.000 1.349 i.161
4 13,123 0.819 1.000 1.497 1.223
5 16,404 0.736 1.000 1.666 1.291
6 19,685 o.660 1.000 1.858 1.363
7 22,966 0.590 1.000 2.078 1.442
8 26,247 0.-525 1.000 2.335 1.529
9 29,528 0.466 1.000 2.631 1.622

10 32,808 0.413 1.000 2.969 1.723
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3. Tangential Velocity, V

Tangential velocity, as used in this model, is expressed by a product of two

functions, each of which varies with height and radius, respectively. The equation
of tangential velocity is

I

I
V = F(r) F(h) V. (6.9)

where Vm is the maximum tangential velocity commonly used by engineers. F(r)

and F (h) are identified as "radial function" and "height function" and expressed

by
F (r) = r+

F (r) = r-1

F (h) = hP-

F (h) = e-M-11

when r 1

when I< r

when h < 1

(6.10)

(6.11)

(6.12)

when 1 <h (6.13)

where k. = 1/6 and k = 0. 03 are used in this model. These values are subject to

change as observational data are accumulated in the future.

Radial and height functions computed from these equations are tabulated in

Table 6. 2. (See Figures 6. 2 and 6. 3 for graphical representations of these functions. )

HEIGHT
h

1.5

.0

FUNCTION, F(h)
h

OUTFLOW
LEVEL 60\

- 1.0 - I - e-003m

INFLOW 40 \

LEVEL

210

OUTFLOW
.- LEVEL

tV..I
U of

- F(h
I10 0.5 10

Figure 6.2 Height function, F(h) used in DBT-77. Lowest
layers of inflow (left) and outflow layers (right) are shown
separately.
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RADIAL FUNCTION, F(r)

Figure 6.3 Radial function, F(r) used in DBT-77.

Table 6.2 Radial function, F(r) and height function, F(h)
for computing tangential velocities. From Eqs.(6.10) through
(6.i3).

Normalized Radial function
radius, r F(r)

0.0 0.000
0.1 0.100
0.3 0.300
0.5 0.500
0.7 0.700
0.9 0.900

1.0 1.000
1.1 0.909
1.3 0.769
1.5 o.667
1.7 0.588

2.0 0.500
3 0.333
4 0.250
5 0.200

6 o.167
7 0.143
8 0.125
9 0.il1

10 0.100
20 0.050

Infinity . 0.000

Normalized Height function
height, h P(h)

0.00 0.000
0.01. 0.464
0.03 0.557
0.05 o.607
0.07 0.642

0.1 0.681
0.3 0.818
0.5 0.891
0.7 0.942
0.9 0.983

1 1.000
3 0.942
5 0.887
7 0.835

1o 0.763
30 0.419
50 0.230
70 0.126

100. 0.051
150 0.011
200 0.003

Infinity 0.000
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4. Radial Velocity, U

Radial velocity is the radial component of the airflow and is expressed in this
model by

Ii

U = V tan a (6.14)

where a defined in Figure 3.5 denotes the crossing angle, positive outward (outflow)
and negative inward (inflow). V has been defined by Eqs. (6.9) through (6.13).

In this model a is assumed to be zero inside the inner core. It increases or
decreases outward within the outer core, reaching a, at its outer edge. Outside the
core ac remains constant everywhere. These assumptions can be expressed by

a = O inside the inner core

a varies 0 to a.

a =.a,

within the outer core

outside the core .

(6.15)

(6.16)

(6.17)

The horizontally uniform a, outside the core is expressed in this model by two
equations:

tan a. = -A. ( 1 - ho)

tan ao = B., [1 -e -1)I

inside inflow layer

inside outflow layer

,, . At

(6.

(6.

18)

19)

where A, and B. are positive, non-dimensional quantities called the "maximum
inflow tangent" and "maximum outflow tangent", respectively, and k is the constant
in Eq. (6.13). These values represent the tangents of the maximum inflow and out-
flow angles located, respectively, at h = 0 and infinity.

I

Ii

Since the air entering the outer core must diverge outward before reaching the
vortex top, assumed at infinity, A, and B. satisfy the equation of mass balance,

fuO U, dh + c U. dh = 0 (6.20)

where Uo denotes the radial velocity at RD . Making use of Eqs. (6.14),
(6. 19) we integrate Eq. (6.20) thus

T Amf h 6 (l - hh 2) dh + B,, [e " _e-kmh] dh = 0

(6.18), and

(6.21)

Thus, we equate inflow and outflow as

Am( 6 h - 3 h 8 = 2k tek 3 2 1 (6.22)

which can be reduced to

Bm 27k
Am 28 = 0.02892. (6, 23)
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This equation simply means that Am and B, cannot be chosen independently. The
selection of a large Am will result in a large value of B. , because large inflow
angles must be balanced by large outflow angles. Estimated inflow angles near the
surface are between 300 and 40° . Based on this estimate, A. = 0. 75 was chosen in
this model.

Putting h = 0 into Eq. (6.18), we obtain the maximum inflow angle, am., at the
surface,

Am= 0.75, (a.= -36.87@) inflow (6.24)

Equation (6.23) and Am = 0. 75 result in the value of the maximum outflow tangent of

Bm = 0.02892 A.= 0.0217, (m =1.240) outflow (6.25)

Radial velocity outside the core can be obtained by combining Eqs. (6.12), (6.13),
(6. 14), (6. 18), and (6. 19) into

U 1 3
Uo = - Am~h I (1 - ha2) E; (r) V. in flow layer (6.26)

and UO = + Bme k(t) [ I - e )(h-l F(r) Vm outflow layer (6.27)

At the outer edge of the outer core, where r = 1, these equations can be
reduced into

uo = -Amh 6 ( 1 - ha)

u-o = + Bme chO I I - e-k~h-0I

inflow levels

outflow levels

(6.28)

and (6.29)

where u. = U./ V. denotes the normalized radial velocity at R.. Numerical values
and graphical representation of u, appear in Table 6. 3 and Figure 6. 4.

The maximum values of u. along the vertical occur where

( ah )r - A, (' 6 h - -A-3)

h = 0.13 = 0.215or inflow layer (6. 30)

and where

( ah )rm I Bm k [ - e kth 1 + 2e-2kth-1)I
a h

or h = 1 + k In 2 = 24.10 outflow layer (6. 31)

where k = 0.03 is a constant assumed in this model.

The maximum value of U., at these heights is computed by putting these heights
into Eqs. (6. 28) and (6. 29). The maximum radial velocities thus obtained are

U. = - 0. 6968 A.V. = - 0.523 V. inflow layer (6. 32)

and Un = + 0.250 BmVm = + 0.00543 Vf youtflow layer (6. 33)
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Table 6.3 Normalized radial velocity, uo= Uo/V. at R tabu-
lated as functions of normalized height, h. From Eqs.(6.28)
and (6.29).

Normalized Normalized radial
height, h velocity, u.

0.00 0.000
0.01 0.348
0.03 0.416
0,05 0.450
0.07 0.473
0.1 0.495
0.215 0.523 Max
0.3 0.513
0.5 0.432
0.7 0.293

.0.9 0.108
1.0 0.000

Normalized Normalized radial
height, h velocity, u.

1
3
5
7

10
24.io
30
*50
70

100
150
200

0.00000
0.00119
0.00217
0.00299

.0.00393
0.00543 Max
0.00527
0.00383
0.00239
0.00104
0.00024
0.00007

h
1.0

0.5j

INFL 0 .W_

:- U.- -0.523V4

OUTFLOW

nn . . . _. ,
- 0 0.5

- -U. -. U.

Figure 6.4 Normalized radial velocities within inflow
(left) and outflow layers (right). The maximum inflow ve-
locityI 0.523 Vm at h =0.213 is 96 times larger than the
maximum outflow velocity, 0.00543 Vm at h =24.10.
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5. Crossing Angle, a

The crossing angle of inflow and outflow outside the core are assumed to be
horizontally uniform everywhere. The crossing angle, a e, already expressed
by Eqs. (6.18) and (6.19) isgiveninTable6.4.

By virtue of a constant crossing angle, trajectories of the airflow outside
the core are logarithmic spirals expressed by

27rf Ion a.
r =e (6.34)

where f (6-9)/ 27t

denotes the number of rotations around the tornado center.

Equation (6.34) permits us to compute normalized radii of air parcels as a
function of the number of rotations. Table 6.5 reveals that an air parcel at h = 0.215,
for example, departs from r = 69.3 in order to reach the core after completing a
single rotation around the center. At h = 24.10 a parcel moves out only to r = 1.23
after rotating as many as three times around the tornado center. Thus, the outflow
air-moves out very slowly while rotating around the core.

The crossing angle inside the outer core can be obtained by equating

R2UR = R.U2 (6, 35)

each of which represents horizontally uniform divergence inside the outer core.
Substituting Uo and U in this equation by

Ua = Vtan a, and U = V.r tan a
and RI =n'R,

we obtain the ratio

a9tanG a r2 - n t
a ~tan a* r21 - n2) (6.36)

where a is called the "tangent ratio" in this model. This equation reveals that the
tangent ratio is always positive and less than 1. 0 (see Table 6. 6 and Figure 6. 5).

It is seen that a parcel which enters the outer core with crossing angle a.e finally
wraps around the inner core while a gradually decreases to zero.
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Table 6.4 Crossing angles
computed from Eqs.(6.18) and
Am = 0.75 and Bm = 0.0217.

of airflow outside the core
(6.19) with constants,

Normalized Crossing angles
height, h ao

0.00 -36.9 degrees
0.01 -36.8
o0o3 -36.7
0.05 -36.6
0,07 . -36.4
0.1 -36.0
0.215 -34.0
0.3 -32.1
0.5 -25-9
0.7 -17.3
0.9 - - 6.3
1.0 - 0.0

Normalized Crossing angles
height, h ao

i +0.00 degrees
3 +0.07
5 +o.14
7 +0.21

10 +0.29
24.10 +0.62
30 +0.72
.50 +0.96
70 +1.09

100 . +1.18
150 +1.23
200 +1.24

a

co

Figure 6 05 Variation of crossing angles inside the outer
core in order to produce horizontally uniform divergence1
(or convergence) assumed in this model.
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Table 6.5 Normalized radii of air parcels moving toward or
moving awray from the tornado core, computed as a function of
f, the number of rotations around the tornado center. "Max"$
designates the height of the maximum radial velocity within
inflow and outflow layers. For example, an air parcel at
h = 24.10 moves out from r = 1 to r = 1.23 after rotating 3
times (f = 3) around the tornado center. From Eq. (6.34 ).

Normalized Crossing Number of rotations around tornado center
height, h anglez f =0.5 f=1 f= 2 f = 3

0.00 -36.9 10.58 111.3 12,300 1,379,000
N4ax 0.215 -34.0 8.32 69.3 4,800 332,000

0.5 -25.0 4.33 18.7 351 6,570
0.7 -17-3 4.02 7.08 50.1 355
0.9 - 6.3 1.41 2.00 4.00 8.01
1.0 0.0 1.00 1.00 1.00 1.00

3 + 0.07 1.00 1.01 1.02 1.02
5 + 0.14 1.01 1.02 1.03 1.05
7 + 0.29 1L02 1.03 i.07 1,10

Dax 24.10 + 0.62 1.03 1.07 i.15 1.23
50 + 0.95 1.05 1.11 1.23 1.37

i00 + 1.18 1.07 1.14 1.30 1.47
200 + 1.24 1.07 1.15 1.31 1.50

Table 6.6 Tangent ratio, a, given as a function of n, the
core ratio and normalized radii, r, inside the outer core.
From Eq.(6.36).

Normalized Core ratio, n = R-
radius, r 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.2 0.000 --- --- ---
0.3 0.579 0.000 --- --- --- ---
0.4 0.781 0.481 0.000 --- --- ---
0.5 0.875 0.703 0.429 0.000 --- --- ---
0.6 0.9126 0.824 0.661 0;407 0.000 ___
0.7 0.957 0.897 0.802 0.653 0.415 0.000 ---
0.8 0.977 0.944 0.893 0.813 0.684 o.460 0.000
0.9 0.990 0.977 0.955 0.922 0.868 0.775 0.582
1.0 1.000 1.000 1.000 1.000 1.000 1i.000 1.000
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6. Vertical Velocity, W

Vertical velocity inside the inner core and outside the outer core is assumed
zero. Inside the outer core, the vertical velocity is assumed horizontally uniform.
Now we write

7r (R. - R'n ) Wch) = 2 7r R. f Uod H
Usin n R0R. fom q. 6.1)andH =h H,, wereh isthenoralizd high

(6. 37)

Using n = R,,/R. from Eq. (6. 1) and H = h HI., where h is the normalized height
and H., the inflow height, we write

h
(I1 - n2 ) W = - 2 i I. Uodh

or
W = I - is f Uodh (6. 38)

where i = Hi / Ro .

Putting U0 in Eq. (6. 26) we have

wo(ath) = 1 -nA, 6 -62 _ 3 8hT o

= W./Vm at inflow heights (6.39)

where w. denotes the normalized vertical velocity expressed by

= 3 i
wO =2 1n Am(16h 6 -7h 3 )

7 8
= 0.0442 (16h 6- 7h 3 (6. 40)

* For constants, n, i, and Am , refer to Eqs. (6.1), (6.3), and (6.24).

Vertical velocity at outflow heights is obtained by putting U. = uoVm from
Eq. (6.29) into Eq. (6.38) and integrating downward from infinity to level h. Thus we
obtain

W. (at h) = 1 m.,, (B. 1 " 1 e- "~'-'I Vm
nk +2k co

(6.41)

= wo Vm at outflow heights

where w. denotes the normalized vertical velocity expressed by

wO = - n Bm C 2 e kch 1) - e- kth-l3w I.1-n! k

= 0. 398 [ 2 ek"h1 3 - e-2 k h-1 ) ((6.42))
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Normalized vertical velocities computed from Eqs. (6.40) and (6. 42) are given in
Table 6. 7 and described in graphical form in Figure 6.6.

Ihe maximum vertical velocity can be obtained by putting h = 1 into either
Eq. (6. 40) or (6. 42). The identical result obtained is

= 1 27Wm=I-n 2 ~ (-287A,) V.m 0. 3 9 8 , (6.43)

Table 6.7 Normalized vertical velocity, wo = Wo/V. computed
from Eqs.( 6 .39) a~nd (6.4i). Eqs.(6.40) and (6.42) show that
the maximum vertical velocity is independent of core radius.

Normalized Normalized vertical
height, h velocity, w0

0.00 0.000
0.01 0.003
0.03 0.012
0.05 0.021
0.07 0.031
0.1 0.047
0.3 0.161
0.5 0.266
0.7 0.347
0.9 0.392
1.0 0.398

Normalized Normalized vertical
height, h velocity, w.

1 0.398
3 0.397
5 0.393
7 0.387

10 0.376
30 0.263
50 0.162
70 0.094

100 0.040
150 0.009
200 0.000

0.2 0.3 0.4 0 0.1 0.2 0.3
-- * W- W W

Figure6.6 Normalized vertical velocity, Wo/V .. applicable
to any tornado. From Table 6.7.
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7. Summary of Three Component Velocities V
Three component velocities used in this model are proportional to V., the

maximum tangential velocity, making it possible to normalize each component
velocity with respect to V. . We shall summarize the normalized velocities applica-
ble to DBT-77. These velocities u. = U./ V., v, = VYe/VYi, and w0 = W, /V,
are

At INFLOW HEIGHTS where h<1
I 3

uo = - A h. ( 1 - h 2 )

v0, = -hlW
27 A

w. = 23 E A ..(16h6 - 7h )

From:
..... .Eq. (6. 28)

Eq. (6.12)

.. Eq. (6.40)

where E = I -nI and Am = -tan a,,

At OUTFLOW HEIGHTS where 1< h

U° = 27 k A m (eC - e 2k)
28

vo= e

From:
..... .Eq. (6. 29)

..... .Eq. (6.13)

WO =27 E A. (2 e~k' - e-2 k) .... . Eq. (6.42)
28

where E = 1 2 and k, = k (h -1)

At the INFLOW TOP where h = 1

U0 = 0

ve = 1

we a 27 E Am
28

This means that the vertical velocity varies in proportion to the product EAr.
Although the maximum inflow tangent, Am = 0. 75, and the core-shape parameter
E = 0. 55 were used in this model, these values can be changed individually or
together as more tornado data become available.
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CHAPTER SEVEN

TORNADO PARAMETERS FOR ENGINEERING

The so-called explosive damage by tornadoes has long been considered to
be the result of a pressure drop inside the tornado funnel. Engineering assess-
ments in recent years have revealed, however, that explosive damage can be
caused by the hydrodynamic lift force induced by high-speed airflow above the
structures. In other words, a downburst and straight-line winds are capable cf
producing structural damages similar to that caused by tornadoes.

When the vortex diameter is small in relation to a structure, however, the
direction of damaging winds impinging upon the structure at any instant is no longer
uniform. For small tornadoes and suction vortices, the effects of pressure and
its variation with time becomes important. Figure 7.1 shows a small tornado in
action.

Figure 7.1 A Japanese tornado in action. This small tornado
formed beneath a towering cumulus in winter monsoon. The roof
of a boat shed was lifted straight upward while small debris
were thrown out in all directions.
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Specific parameters for engineering assessments of tornado-induced
damage are

A. Radius of tornado's outer core, R..

B. Translational velocity, T.

C. Maximum tangential velocity, VYi.

D. Maximum pressure drop due to vortex, APm,.

E. Maximum rate of pressure change (dP/dt)m.

In the past, these parameters were estimated for tornadoes which were assumed to
be axisymmetric. Evidence accumulated in recent years suggests a need for the
inclusion of suction vortices in assessing possible tornado damage to structures.

1. Core Diameters of Tornado and Suction Vortex

Aerial surveys conducted during the past 13 years have revealed that most
of the large tornadoes are accompanied by multiple suction vortices which may or
may not be visible from outside.

Figure 7.2 shows three suction vortices rotating around the common center
of the Muncie tornado, Indiana, of April 3, 1974. Funnel clouds inside these
suction vortices are not visible at the time of this picture.

A few minutes later the same tornado was photographed by Mr. Anderson
against the bright background, revealing the existence of two distinct condensation
funnels (see Figure 7. 3).

T
ill;

'i

i
4

4I.
1
i

.

Figure 7.2 Three suction vortices rotating around the common
center of Muncie tornado of April 3, 1974. One frame of a movie
by Mr Hubbard, WISH-TV.

.
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Figure 7.3 A few minutes after the picture in Figure 7.2,
funnel clouds appeared inside suction vortices. Photo by Er.
Anderson.

It will probably take years before we can establish an engineering model of
multiple-vortex tornadoes. Since we cannot wait until we obtain a complete solution
of such tornadoes, a "first-guess " model has been worked out by the author. 'The
author's generalized model includes the following parameters:

CORE RADIUS, R. OF TORNADO (but not of suction vortex) is assumed to
vary with the maximum tangential velocity, Vm . 'Ihis assumption can
be expressed by

R = J Vm = 0.8 V. (7.1)

where J is a constant, 0. 8, when R. is expressed in meters and V,,, in
mph.

CORE RATIO, n = R. / R. OF TORNADO is a non-dimensional value defined
as the ratio of the radii of inner and outer core expressed by

n = 0. 9 -0. 7 eO 5Ro (7.2)

This equation is identical to Eq. (6.2) in Chapter Six.

CORE RADIUS, RD, OF SUCTION VORTEX is computed assuming that a
circular suction vortex occupies the annular space of the outer core of
the parent tornado. Thus we write

o = a(Ro - R,) = (1 n) Rc. (7.3)
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Numerical values of the above three quantities are given in Table 7.1.
Presently, a 150 m core radius is used as that of the design-basis violent tornado.
It will be found later in this chapter that the maximum tangential velocity of an F 5
tornado is less than 208 mph. This means that a tornado with V. = 250 mph may
be regarded as unrealistic.

The core radii of suction vortices are 0. 6 to 0.2 times those of the parent
tornadoes. Formerly, the radii of suction vortices were assumed to be one order
of magnitude smaller than those of the parent tornadoes. This estimate was made
by the narrow band of debri deposit left behind suction vortices. 'The core diame-
ter of a vortex should be several times the width of the deposit band. In view of
our re-evaluation, the core radii of suction vortices in Table 7.1 appear to be
reasonable.

Table 7.1 Core diameters of tornado
vortices given as functions of V., the
velocity of the tornado.

and embedded suction
maximum tangential

Nax.tan.vel. Tornado core radius S..V. core radius Core ratio

Vm R. RC n = Rn/Ro

50 mlph 40 m 13 m 0,327
100 80 23 0.431
150 120 29 0.516
200 160 33 0.585
250 200 36 0.642

gi

t

I'
2. Maximum Total Windspeed

As has been discussed in Chapter Three, the maximum windspeed of a tornado
occurs at the top of the inflow layer.
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MAXIMUM HORIZONTAL WINDSPEED, MH, OF TORNADO occurring
on the right side of a traveling tornado at the top of the inflow layer is expressed
by

MH = T + Vm (7.4)

where T is the translational velocity and Vm, the maximum tangential velocity.
Based on an assumption that violent tornadoes travel at high speed, we express both
T and Vm as simple functions of MH. These functions are

T I 4MH and Vm = TMH* (7.5)

The center of the suction vortex is located halfway between the outer edges of
the inner and outer cores. The edge of a circular suction vortex makes contact with
these core boundaries.

REVOLVING RADIUS, E, OF SUCTION VORTEX is computed by

ER= + Ri,) = (I 1+ n) R. (7.6)

It should be noted that both R. and n vary with VY,, the maximum tangential velocity.

REVOLVING VELOCITY OR TRANSLATIONAL VELOCITY, T, OF
SUCTION VORTEX around the parent tornado is assumed to be the mean tangential
velocity of the tornado flow inside the inflow layer. Now we express

* 6 E v.
j = J V d h = 6 (7.7)

which can be combined with Eq. (7. 6) to obtain

3 =7 (I +n)V,. (7.8)

MAXIMUM TANGENTIAL VELOCITY, Vm, OF SUCTION VORTEX is
assumed to be one-half of V, . That is

= V (7o9)

This means that a suction vortex inside a Vm = 200 mph tornado rotates at a 100 mph
tangential velocity.

MAXIMUM HORIZONTAL VELOCITY, Mi, OF SUCTION VORTEX is a
sum of three velocities,

AH = T + T + V'M. (7. 10)
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This velocity occurs at the top of the inflow layer, on the right side of a suction
vortex. This equation can be rewritten into ,

MH= Mm + 3 (I} + n) 4 MH + 2 3 MN

8 2 8-L ( I+ n )) M.,
= 28

5 + 7 (I I+n)jVh . (7.11)

Since the smallest value of n is 0.2, M H should always be larger than 1.01 MH .

This means that the maximum total horizontal windspeed inside a suction vortex is
always larger than that of the parent tornado itself.

MAXIMUM VERTICAL VELOCITY, Wm,. OF SUCTION VORTEX is
expressed by

= 0.397 V = 0.199 V, . (7.12)

Tornado and suction-vortex parameters given in Eqs. (7.4) through (7.12) are
computed as functions of V, , the basic tornado parameter for engineering purposes
(see Table 7.2).

Table 7.2 Tornado and suction-vortex parameters computed
as functions of Vm.

Tornado parameters Suction-vortex parameters
0

Vm T Wm MN Vm T HM

50 mph 17 mph 20 mph 67 mph 25 mph 28 mph 10 mph 70 mph
100 33 40 i40 50 61 20 144
150 50 60 210 75 97 30 222
200 67 79 279 100 136 40 303
250 83 99 349 125 175 50 383

MAXIMUM TOTAL WINDSPEED, MT, OF TORNADO occurring at the same
location of MH is written as

MT M H + Wm (7.13)

where W. denotes the maximum vertical velocity at the top of the inflow layer. From
Eq. (6.43) we have

We = 0. 397 Vm = 0. 298MH M (7.14)

Thus we rewrite

MT = (1 + 0.298 2 )MH

or MT = 1.043 MN = 1.391 V, , (7.15)

1s

I

I'
. c,

&

I
an.

k

i

V,



103

MAXIMUM TOTAL VELOCITY, MT , OF SUCTION VORTEX is obtained
by combining Eqs. (7.11) and (7.12). Thus we have

M2 = 2 i2MT = MH +~
0

or MT = ELV"

where = [{5 + (I +n ) + 0. 199 2) 2. (7.16)

The smallest value of /2 occurring when n = 0.2 is 1. 362.

The above equations of tornado and suction-vortex parameters now permit
us to express the maximum total velocities as functions of Vm (see Table 7. 3).

Table 7.3 Maximum total velocities of tornado and suction
vortex computed as functions of Vm, the maximum tangential
velocity of tornado.

Tornado parameters Suction-vortex parameters

V. ET 2L MT AT-MT
50 mph 70 mph 1.415 71 mph 1 mph

i00 139 i.459 i46 7
150 209 1.496 224 15
200 278 1.525 305 27
250 348 i.550 388 40

This table reveals that the maximum total velocity of the suction vortex
embedded inside a tornado is larger than that of the parent tornado. The difference
in velocities increases significantly with Vm , indicating that the stronger the tornado,
the larger the difference.

The effect of winds upon structures is proportional to the square of the wind-
speed impinging upon them. Table 7.4 shows the increased wind effects in suction
vortices when tornadoes of various V. are characterized by these model suction
vortices. A 10 to 20% increase in wind effect is expected to occur inside these
suction vortices. This is why severe damage to structures is often found along the
paths of suction vortices.

Table 7.4 Percent increase in the wind effect upon structure
when tornadoes of various windspeeds are characterized by model
suction vortices presented in this paper.

22V,, NT NT) % increase

50 0.49 xI0 mph2  0.50 xiO mph2  2 %
100 1.92 2.13 11
150 4.37 5.02 15
200 7.73 9.30 20
250 12.11 15.05 24
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The F-scale assessments of tornado damages are based on the maximum
total velocities at structure levels. Assuming that the worst structural damage is.
caused by the maximum total wind inside the suction vortex, we compute maximum
tangential velocities corresponding to each F scale windspeed.

Results in Table 7.5 indicate that the maximum tangential velocity of the top
F 5 tornado is 207 mph. The core diameter increases with the F scale, reaching
the largest value of 166 m.

Table 7.5 Maximum tangential velocities and core radii of
tornado corresponding to F-scale windspeeds.

F scale Windspeeds Max.tan. velocities Core radii
VF AT V. R,

F 0 40L- 72 mph 29- 51 mph 23 - 400m
F i 73 -i2 52- 77 i4 - 62
F 2 113- 157 78- 107 63- 85
P 3 158 -206 108- 138 86 - 110
F 4 207 - 260 139- 172 .111- 137
P 5 261 - 318 173- 207 138 - 166

.1

I

I

iA
3. Maximum Pressure Drop

The maximum pressure drop inside a combined Rankine vortex is proportional
to the air density and the square of the maximum tangential velocity. Since a suction
vortex is small compared with its parent tornado, we assume that the total pressure
field is the sum of the partial pressure field induced independently by these two types
of Ranidne vortices. These pressure drops are

AP. = P V2 for tornado (7.17)
i

.1;
IAand AP. = PV for suction vortex. (7.18)

From the assumption in Eq. (7:.9) we express Eq. (7.18) by V,; thus,
I
I

i

I

T

AP P= IV2 (7.19)

This means that the maximum pressure drop induced by this model suction vortex is
only one-quarter of that induced by the parent tornado.

Equations (7. 17) and (7. 1 9) along with Table 7.6 now permit us to compute
the maximum pressure drop by both tornado and embedded suction vortex. Table 7.7
was obtained by assuming the air density to be 1.226 kg/m3 (sea level).
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Table 7.6 Maximum tangential velocities of tornado, core
radii and maximum translational velocities of suction vortex
corresponding to maximum total velocities of embedded suction
vortices.

Max.total vel. Max.tan.vel. Core radii Max.tran.vel. s.v.

XT Vm Ro T + T

50 mph 36 mph 29 m. 32 mph
100 70 56 64
150 iO3 82 97
200 135 108 131
250 166 133 165
300 197 157 199

Table 7.7 Maximum pressure drops by
suction vortex at sea level (p = 1.226

tornado
kg,/m3 ).

and embedded

Max. total vel, Tornado Suction vortex
0 0

Mr P m

50 mph 3.1 mb 0.04 psi 0.8 mb 0.01 psi
100 11.9 0.17 3.0 0.04
150 25.8 0.37 6.4 0.09
200 44.9 o.65 11.0 0.16
250 67.5 0.98 16.9 0.25
300 94.9 1.38 23.7 0.34

It should be noted that the amounts of the maximum pressure drop are much
less than those computed by assuming that the maximum wind velocity inside a
tornado is a simple addition of T and V,,, . This generalized model by the author
includes suction vortex as an additional swirl wind which increases the maximum
windspeed. Iherefore, it is not necessary for a tornado to be characterized by a
large maximum pressure drop in order to create specific damage.

T1he maximum total pressure drop due to both the tornado and suction vortex
is not the sum of APm and APm, because the pressure drop of the tornado at the
revolving radius, t, of the suction vortices is smaller than APn..

The pressure drop of the tornado at E in Eq. (7. 6) can be computed from

A Pe . IAP. +PIo- dR,-F R
(7.20)

Putting V = Vm .R into this equation we integrate

A PE = ( I ± I 8E) A Pm (7.21)

where 8= 2 (l+n) = E/R. from Eq. (7.6).
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The maximum total pressure drop by both the tornado and the embedded
suction vortex combined is

APmT = APE + A Pm (7.22)

Values of APMT were computed as a function of maximum total velocity, AH , of
embedded suction vortex (see Table 7.8).

It is of interest to find that the maximum total pressure drop of a 300 mph
tornado turned out to be only 94.9 mb or 1. 3 8 psi.

Table 7.8 Pressure drop, AP" at revolving radius, maximum
pressure drop, APm by suction vortex, and maximum total pres-
sure drop APE + APm by both tornado and suction vortex.

AT APE APE + APm

50 mph 2.5 mb 0.04 psi 0.8 mb 0.01 psi 3.3 mb 0.05 psi
100 9.1 0.13 3.0 0.04 12.1 0.18
150 19.1 0.28 6.4 0.09 25.5 0.37
200 32.4 0.47 l1.0 0.16 43.4 0.63
250 47.5 o.69 16.9 0.25 64.4 0.93
300 65.2 0.95 23.7 0.34 88.9 1.29

..

'7i,

I

Ii

1.

i.

.

t. e.~

"I"

YZI
g,

En.

4. Maximum Rate of Pressure Change

The maximum rate of pressure change caused by a combined Rankine vortex
is expressed by

(dP/dt)m = T AP, (7.23)

where T denotes the translational velocity of the vortex; R.', the core radius; and
,AP the maximum pressure drop. When T is expressed in mph and R. in meters

the rate per second is computed from

(dP/dt). = 0.447 T AP, sec-1 (7.24)

This equation is readily applicable to both a tornado and the embedded suction
vortex. For a tornado we use Eqs. (7. 1) and (7.5) to write

I IT =M4MH 3m . ad R o=J V. (7.25)

and obtain the maximum rate of pressure change

(dP/dt)m = 0.186 A Pm A sec'1 (7.26)
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For the embedded suction vortex we replace T in Eq. (7.24) by T + TI
and R, by R0 to obtain

(dP/dt)m = 0.447 T+Ti AOm
Ft.

see' (7.27)

where (d P/ dt ) m is the maximum rate of pressure change caused by the suction
vortex. Using A0 in Eq. (7. 3) and I in Eq. (7. 8) we express Eq. (7. 27) as a
function of n and AP.

(dP/dt). = 0.447 0.333 + 0.429 ( + n) Aa
0.4(1- n) P. m

sec- (7, 28)

The maximum rates of pressure change in Table 7. 9 were computed from
Eqs. (7. 27) and (7.28). The maximum rate due to a tornado is only 8.4 mb/sec or
0.12 psi/sec when MT = 200 mph (top F3 tornado). This is why the pressure effect
can be neglected for most tornadoes.

Table 7.9 Maximum rate of pressure change by tornado and
embedded suction vortex computed as functions of MT.

Max.total vel. Tornado Suction vortex

NT (dP/dt)m (dP/dt)I Ratio

50 mph 0.58mb/s 0.01psi/sec 1.09mb/s 0.02psi/sec 1.9
100 2.21 0.03 4.85 0.07 2.2
150 4.8 0.07 12.1 0.18 2.5
200 8.4 0.12 24.0 0.35 2.9
250 12.6 0.18 40.6 0.59 3.2
300. 17.7 0.26 64.0 0.93 3.6

Pressure effects in a suction vortex are more serious than a tornado. The
maximum rate in suction vortex is 2 to 4 times larger than that experienced in a
tornado. On the other hand, the maximum amount of pressure drop by a tornado
is 4 times larger than that by a suction vortex.
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\ Table 7.10 Maximum tangential velocity, Vm given as a function of

F-scale windspeed, VF which is the maximum total velocity, MT Of

multiple-vortex tornadoes. Vm is the primary parameter of this tornado

model, DBT-78 in computing n, the core ratio; R., the core radius;P Vm,

the maximum pressure drop, etc. (P = i.226 kgdm3)

VF=2 0 V RVF= MT Vm fl Ro T P m Ro T _P
FO

FO

FO
Fl

FT

40mph
41
42
43
44
45
46
47
48
49

28.7mph
29.4
30. 1
30.8
31 * S
32.2
32.9
33.6
34.3
35- 0

0.276
0.278
0. 279
0.281
0.283
0.285
0.286
0.288
0.290
0.291

23. Om
23.5
24.1
24.6
25.2
25.8
26.3
26.9
27.4
28.0

9.6mph
9.8

10.0
10.3
10.5
10.7
1 1.0
1 t.2
11.4
11.7

2 Omb
2-1
2.2
2.3
2.4
2.5
2.7
2*8
2.9
3.0

e.3m
8.5
8-7
8.9
9.0
902
9 4
9-6
9.7
9-9

15.7mph
16. 1
16.5
16.9
17.3
17.7
18.2
18.6
19.0
I 94

0.5mb
0.5
0.6
0.6
0.6
0.6
0.7
0.7
0.7
0.7

50 35*7 0.293 28*6 11.9 3-1 I0.1 1 98 0*8
51 36.4 0-295 29. 1 12.1 3.2 10.3 20.2 0.8
52 37. 0 0D296 29.6 12.3 304 10-4 20.6 0.8
53 37.7 0.298 30.2 126 3.5 10.6 21.0 0.9
54 38*4. 0.300 30.7 12.8 3-6 10.8 21 .4 0.9
55 39.1 0-301 31-3 13.0 3.7 10.9 21.8 0.9
56 39.8 0.303 31.8 13.3 3.9 11.1. 22.2 1.0
57 40.5 0.305 32*4 13.5 4.0 11.3 22.7 1.0
58 41.2 0.306 .33.0 13.7 4.2 11.4 23.1 1.0
594"- 41-9 0-308 33.5 14.0 4.3 11.6 23.5 l-1
60 42.6 0.310. 34.1 14.2 4.4 11-8 23.9 1.1
61 43.3 0.311 34.6 14.4 4.6 11.9 24.4 1.1
62 44.0 0.313 35.2 14.7 4.7 12.1 24.8 1*2
63 44.6 .0.314 35.7 14.9 4.9 12.2 25.1 1.2
64 45.3 0.316 36.2 15.1 5-0 12-4 25.6 1.3
65 46.0 0.318 36.8 15.3 5.2 12.6 26.0 1.3
66 46.7 0.319 37*4 15*6 5.3 12.7 26.4 1.3
67 47.4 0.321 37.9 15.8 5.5 12*9 26.9 1.4
68 48-1 0*323 38.5 16.0 5.7 13.0 27.3 1.4
69 48*8 0.324 3900 16.3 5.8 13.2 27.7 1.5
70 49.4 0.326 39.5 16.5 6.0 13.3 28V1 1.5
71 50.1 0.327 40.1 16.7 6.1 13.5 28.5 1*5
72 50.8 0.329 40.6 16.9 6.3 13.6 29.0 1e6
73 51.5 0-330 41.2 17.2 6o5 13.8 29.4 1.6
74 52.2 0.332 41.8 17.4 6a7 13.9 29-8 1.7
75 52.8 0.333 42.2 17.6 6.8 14.1 30.2 1.7
76 53.5 0.335 42.8 17.8 7.0 14.2 30.6 1.8
77 54.2 0-336 43.4 18.1 7-2 14.4 31-1 1.8
78 54.9 0.338 43.9 18.3 7.4 14.5 31.5 1.8
79 55.6 0.340 44.5 18.5. 7o6 14.7 32.0 1.9
80 56.2 0.341 45.0 18.7 7.7 14.8 32.3 1.9
81 56.9 0.342 45.5 1900 7.9 15.0 32.8 20
82 57.6 0.344 46-1 19.2 8.1 15.1 33.2 2.0
83 58.3 0.346 46.6 19.4 8.3 15.3 33.7 2.1
84 59.0 0.347 47.2 19.7 8.5 15*4 34e1 2.1
85 59.6 0.348 47.7 19.9 8.7 15.5 34.5 2.2
86 60.3 0.350 48.2 20.1 8.9 15.7 34-9 2.2
87 61.0 0.352 48.8 20.3 9.1 15.8 35-4 2.3
88 61.6 0.353 49.3 20.5 903 15*9 35.8 2.3
89 62.3 0.354 *49.8 20.8 9.5 16.1 36.2 2.4
9U
91
924-
93
94
95
96
97.
9a
99

63-0 U
63.7
64.3
65. 0
65.7
66.4
67.0
67.7
68-4
69.0

0.357
0.357
0.359
0.360
0.362
0.363
0.365
0.366
0-368
0.369

b0O4
51.0
51 .4
52.0
52.6
53.1
53.6
54.2
54.7
55.2

21.0
21.2
2 1.4
21.7
21.9
22.1
22.3
22.6
22.8
23.0

9.i7
9-9

10. 1
10.3
10. 6
10.8
1 to. 0
11.2
11.5
11-7

16.4

16.5
16.6
16.8
16.9
17.0
17.2
17.3
17.4

36.6
37.1
37.5
37.9
38.4
38.8
39.2
39.7
40-1
40.5

2.4
2.5
2.5
2.6
2.6
2.7
2.7
2.8
2.9
2.9

-I



109

VF-=>1T Vmf n Ro T P Vr. Ro T p /
100
101
102
103
104
105
106
107
108

69. 7
70.4
71.0
71.7
72.4
73.0
73. 7
74.4
75.0

0.370
0*372
0.373
0.375
0.376
0.377
0.379
0-380
0.381

55.8
56.3
56e8
.57-4
57.9
58-4
59.0
59.5
60.0

23.2
23.5
23.7
23.9
24.1
24.3
24.6
24.8
25.0

11.9
12. 1
12.3
12.6
12. a
13.- 1
13-3
13.6

13.8

17.6
17.7
17.8
17.9
18. 1
18.2
1803
18.4
18.6

41.0
4 1.4
41.8
42.3
42.7
43. 1
43.6
44. 1
44.4

3.0
3.0
3. 1
3.1
3.2
3.3
3.3
3.4
3.4

Ft
F2

F-2

F2
F37

109 75.7 0.383 60.6 25.2 14-0 18.7 44.9 3.5
110 76.4 0.384 61.1 25.5 14.3 18.8 45.4 3.6
111 77-0 0-386 61.6 25.7 14.5 18.9 45.8 3.6
112 77.7 0.387 62.2 25.9 14.8 19.1 46.2 3.7
113 70.3 0.388 62.6 26.1 15-0 19-2 46.6 3.8
114 79.0 0-390 63.2 26.3 15.3 19.3 47.1 3.8
115 79.7 0.391 63.8 26.6 15.6 19.4 47.6 3.9
116 8003 0-392 64.2 26.8 15.8 19.5 48.0 3.9
117 81.0 0-394 64.8 27.0 16.1 19.6 48.4 4.0
118 81.7 0-395 65.4 27.2 16.3 19.8 48-9 4.1
119 82.3 0.396 65.8 27.4 16. 6 19.9 49.3 4.1
120 83.0 0.398 66.4 27.7 16-9 20.0 49.8 4.2
121 83.6 0-399 66-9 27-9 17.1 20.1 50.2 4.3
122 84.3 0-400 67-4 28.1 17.4 20.2 50.6 4.3
123 84.9 0-402 67.9 28.3 17.7 20.3 51.0 4.4
124 85.6 00403 68.5 28.5 17.9 20.4 51.5 4.5
125 86.3 0-404 69.0 28.8 18.2 20.6 52.0 4.6
126 86-9 0-406 69-5 29.0 18.5 20.7 52.4 4.6
127 87-6 0.407 70-1 29-2 1868 20-8 52.9 4-7
128 88.2 0.408 70.6 29.4 19.1 20.9 53.3 4.8
129 88.9 0.409 71.1 29.6 19.4 21.0 53.8 4.8
130 89.5 0941X 71.6 29.8 19.6 21.1 54-2 4.9
131 90.2 0-412 72-2 30.1 19.9 21.2 54.6 5.0
132 90.9 0-413 72-7 30.3 20.2 21.3 55.1 5-1
1334- 91.5 0.415 73.2 30.5 20.5 21.4 55.5 5.1
134 92-2 0.416 73.8 30.7 20.8 21-5 56.0 5.2
135 92.8 0-417 74.2 30.9 21.1 21.6 56.4 5.3
136 93.5 0.418 74.8 51.2 21.4 21.8 56.9 5.4
137 94.1 0.420 75.3 31.4 21.7 21.8 57.3 5.4
138 94.8 0-421 75.8 3t.6 22-0 22-0 57.8 5.5
139 95.4 0.422 76.3 31.8 22-3 22.1 58.2 5.6
140 96.1 0.423 76-9 32-0 22.6 22.2 58.7 5.7
141 96.7 0-425 77.4 32.2 22.9 22.3 59.1 5.7
142 97.4 0.426 77.9 32.5 23.2 22.4 59.6 5.B
143 98.0 0.427 78.4 32.7 23.5 22.5 60.0 5.9
144 98.7 0.428 79.0 32.9 23-9 22.6 60.5 6-0
145 99.3 0.429 79.4 33*1 24-1 22.7 60-9 6.0
146 100.0 0.431 80-0 33.3 24-5 22.8 61.4 6.1
147 100.6 0-432 80.5 33.5 24.8 22.9 61.8 6.2
148 101.3 0.433 81.0 33.8 25-1 23.0 62.3 6.3
149 101.9 0.434 81.5 34.0 25.4 23.1 62.7 6.4
150 102-6 0-436 82.1 34.2 25.8 23.2 63.2 6.4
151 103.2 0.437 82.6 34.4 26-1 23.3 63.6 6.5
152 103.9 0-438 83.1 34.6 26.4 23.4 64.1 6.6
153 104.5 0.439 83.6 34.8 26.7 23-4 64.5 6.7
154 105.2 0.440 84-2 35.1 27.1 23.5 65.0 6.8
155 105.8 0.442 84.6 35.3 27.4 23*6 65.4 6.9
156 106.5 0.443 85.2 35.5 .27-8 23.7 65-9 6.9
157 107.1 0.444 85.7 35*7 28.1 23.8 66.3 7.0
158 .107.7 0.445 86.2 35.9 28.4 23.9 66.8 7.1
159 108.4 0.446 86.7 36.1 28.8 24.0 67.3 7.2
160 109.0 0.447 87.2 36.3 29.1 24.1 67.7 7.3
161 -109.7 0.449 87.8 36-6 29.5 24.2 68-2 7.4
162 110.3 d.450 88.2 36.8 29.8 24.3 68.6 7.4
163 111.0 0.451 88.8 37.0 30.2 24.4 69-1 7.5
164 111.6 0.452 .89-3 37.2 30.5. 24.5 69-5 7.6
165 112.3 0.453 89.8 37.4 30-9 24.6 70.0 7.7
166 112.9 0.454 90.3 37.6 31.2 24.6 7094 7*8
167 113.5 0.455 90.6 37.8 31 5 24*7 70-9 7.9
168 114.2 0.457 91-4 38.1 31-9 24-8 71.4 Boo
169 114.8 0.458 91.8 38.3 32.3 24.9 71.8 8.1
170
171
172
173
174

,115-5
1 16. 1
116-o8
117.4
11.0

0.459
0.460
0-461
0.462
0-463

92-4
92.9
93.4
93*9
94.4

38- 5
38.7
38.9
39.1
39- 3

32. 7
33. 0
33.4
33- 8
34. 1

2Z o
25- 1
25.2
25.2
25.3

72.3
72-7
73-2
73-6
74*1

8.2
8.3
8.4
8 -5
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VF-RjA, Vm n Ro' T P V.' Ro T El %
F3

F3
F4

F4

175
1764-
177
178
179

118.7

120.0
120.6
121.2

0.465
0.466
0.467
0.'468
0.469

95.0
95.4
96.0
96.5
97. 0

390.6
39.8
40.0
40.2
40. 4

34.5
34.9
35. 3
35.6
36. 0

25*4
25.5
25.6
25.7
25.7

74X6
75.0
75.5
75.9
76s4

8.6
8.7
8.8
8.9
9.0

i80 121.9 0.470 97.5 40.6 36.4 25.8 76.9 9.1181 122-5 0-471 98.0 40.8 36.8 25.9 77.3 9.2162 123.1 0.472 98.5 41-0 37-1 26*0 77.7 9.3183 123.8 0.473 99.0 41.3 37.5 26*1 78*3 9.4184 124.4 0-474 99.5 41.5 37.9 26.2 78.7 9.5185 125.1 0.476 100.1 41.7 38*3 26.2 79.2 9.6186 125.7 0.477 100.6 41.9 38.7 26.3 79.6 9*7187 126.3 0.478 101.0 42-1 39.1 26-4 80.1 9.8188 127-0 0-479 101.6 42*3 39.5 26*5 80.6 9.9189 127.6 0.480 102.1 42-5 39.9 26.5 81.0 1000190 128.2 0.481 102.6 42.7 40*2 26*6 81.4 10.1191 128.9 0*482 103-1 43.0 40*7 26*7 82.0 10.2192 129.5 0.483 103.6 43-2 41.1 26-8 82-4 10.3193 130.2 0.484 104-2 43.4 41.5 26.9 82-9 10-4194 130.8 0.485 104-6 43.6 41.9 26.9 83.3 10-5195 131-4 0-486 105.1 43.8 42-3 27.0 83e8 10*6196 132o1 0O487 105o7 44.0 42.7 27e1 84*3 10.7197 132-7 -0.488 106-2 44.2 43.1 27.2 84*7 10.8198 133.3 0.489 106*6 44.4 43.5 27.2 85e2 1009199 134.0 0o490 107*2 44.7 44.0 27.3 85.7 11-0200 134.6 0.491 107.7 44.9 44-4 27.4 86.1 11.1201 135.2 0-492 108.2 45-1 44.8 27.5 86.6 11.2202 13509 0o494 108.7 45.3 45.2 27.5 87.1 11-3203 136-5 0-495 109.2 45.5 45-6 27-6 87-5 11.4204 137 1 0-495 109.7 45.7 46*0 27.7 88.0 l1.5
205 137.8 0.497 11092 45.9 46.5 27.7 88.5 1106206 138-4 0-498 110.7 46.1 46*9 27.8 88.9 11.7207 139.0 0-499 111.2 46.3 47.3 27.9 89.4 11.8208 139.6 0.500 l11.7 46.5 4797 27w9 89.8 11.9209 140.3 0.501 112*2 46.8 48.2 28.0 90.3 12.0210 140-9 0.502 112.7 47-.0 48.6 28.1 90.8 1 2. 1211 141*5 0-503 113.2 47.2 49*0 28.2 91-2 12.3212 142*2 0.504 113.8 47.4 49.5 28.2 91.7 12-4
213. 142-8 0505 114-2 47.6 490.9 28s3 *92-2 12-5214 143.4 0.506 114.7 47o8 50.4 28.4 92.6 12.6215 144.1 0-507 115-3 48-0 50S9 28.4 93.1 12.7216 144*7 0.508 115.8 48*2 51.3 28.5 93.6 12.8217 145.3 0-509 11692 48.4 51*7 28.6 94.0 12.9218 145 9 O0509 116*7 48*.6 52.1 28.6 94.5 13.0
219 IL46. 6 0.511 117.3 48.9 52.4p6 2897 951.0 13*220 147*2 0.512 117.8 49-1 53.1 28.8 95.4 13.3
221 147.8 0.512. 11802 49.3 53.5 28e8 95-9 13-4222 148*5 0.514 118-8 49.5 5490 28.9 96.4 13-5223 149.1 0O514 119.3 49.7 54.4 29.0 96.9 13.6224 149.7 0.515 119.8 49.9 54.9 29.0 97.3 13.7
225 150*3 0s516 120.2 50.1 55.3 29.1 97.8 13.8
226 151*0 0.517 120-B 50.3 55.8 29.2 98.3 14.0
2274- 151.6 OS518 21.3 50.5 56.3 29.2 98.7 14.1
228 152.2 0.519 21l8 50.7 56e7 29e3 99.2 14.2
229 152.9 0.520 122.3 51.0 57.3 2993 99.7 14.3230 153.5 0.521 122 8 51.2 257.7 29- 4 100.2 14.4231 154.1 0.522 123-3 51.4 58.2 29.5 100.6 14- 5232 154.7 0-523 123- 8 515 6 58*6 29.5 101.1 14.6233 155.4 0.524 124- 3 51.8 59.1 2966 101.6 14.8234 156.0 0.525 124.8 52.0 59.6 29.6 102.1 14.9235 156.6 0.526 125.3 525 2 60.1. 29.7 102.5 15.0
236 157.2 0.527 12508 52.4 6095 29.8 103.0 15.1237 157.9 0.528 126.3 52.6 61.1 29.8 103.5 15.3238 158.5 0.529 126.6 52.8 61. 5 2909 103.9 15.4239 159.1 0.530 127.3 53.0 62.0 29.9 104.4 51505
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24u
241
242
243
244
245
246
247
248
249

1505 7
160.54
161.0
1610.6
162.2
1620.
163.5
164. I
164.7
165.3

065JU
0.531
03532
01533
01534
01535
01536
0. 537

0&538
0.539

128.*3
128.8
12953
129.8
130a 2
130.*8
131.3
131.08
132.2

53.5
53.7
53.9
54.1
54.43
54.65
54. 7
5469
55. I1

CeZ* t
6330
6335
643 0
64s*4
64. 9
65.5
65.9
66. 4
66s9

30.1
30.1
30.2

307.2
30.3

30.4
30.5
30e5

104.09
105.4
105.8
106.3
10618
107.2
107.7
108.2
108. 7
109. 1

IL be C
15.7
15.9
16. 0
16. 1
16.2
16.4
16.5
16s6
16.7
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VF-FMT Vm n Ro T p V.' t p W
250 166.0 0.540 132.8 55.3
251 166.6 0-541 133.3 55.5
252 167.2 0-541 133C8 55.7
253 167-8 0.542 134.2 55.9
2S4 168o4 0.543 134.7 56.1
255 169.1 0.544 135.3 56.4
256 169.7 0.545 135.8 56.6
257 170.3 0.546 136.2 56.8
258 170-9 0.547 136.7 57.0
259 171-5 0.547 137.2 57.2

67.5 30.6
68.0 30.6
68-5 30.7
69.0 30.7
69.5 30.8
70.0 30.8
70.5 30.9
71.0 30.9
71.S5 31.0
72.0 31.0

109.6
11 0. 1
110.6

11 1.0
111.5
112.0
112.5
112*9
113.4
1 13.9

16.9
17.0
17.1
17.2
17.4
17.5
17.6
17.7
17.9
1s.0

F4
F5

F5

F5
F6

260 1722 -0.548
261 172.8 0.549
262 173.4 09550
263. 174.0 0-551
264 174.6 0-552
265 175*3 09553
266 175.9 0.554
267 176-5 0.554
268 177*1 0.555
269 177.7 £.556

137.8 57-4
138e2 57-6
138.7 57.8
139.2 58.0
139.7 58.2
140-2 58-4
140.7 58.e
141.2 58.8
141.7 59-0
1A2.2 sQ9.2

: . _ _ _ _ _

72.6 31.1
73.1 31.2
73e6 31.2
74.1 31.3
74.7 31.3
75.3 31.4
75.8 31.4
76.3 31.5
76. 8 31.5
77.3 31.6
77.9 31.6
78.5 31.7
79.0 31-7
79.5 31.7
80-1 31.8
80.6 31.8
812 31.9
81e7 31.9
82.3 32.0
82.8 32.0

.1

14#.4 18.1
14.9 18.3
15.3 18.4
15.8 18-5
16.2 18.7
16.8 18.8
17.2 18.9
17.7 19.1
18.2 . 19G2
18.6 19-3

_ _ _

270
271
272
273
274
275
276
277
278 *
279

178-4 0. 557
179.0 0.558
179. 6 0 559
180.2 0-560
180.8 0.560
181.4 0*561
182.01 0*562
182.7 0.563
183.3 0.0564
183.9 0.565

142.7 59.5
143.2 59. ?
143.7 59.9
144.2 60.1
144.6 60.3
145.1 60.i5
145.7 60.7
146*2 60.9
146.6 61.1
147.1 61.3

1 9.2
119.6
120. 1
120.6
121.0
121.5
122-0
122.5
123.0
123. 4

19.5
19-6
19.7
19.9
20.0
20.1
20.3
20.4
20.6
2o.7

280
281
282
283
284
285
286
287
288
289

*84.5 0.565
185.1 0.566
185.8 0.567
186.4 0.568
187.0 ,0.569
187.6 0-569
188-2 0-570
188.8 0.571
189.5 0-572
190.1 0.573

147.6 61o5
14801 61-7
148.6 61.9
149.1 62.1
149.6 62.3
150.1 62.5
150.6 62e7
151*0 62*9
151.6 63.2
152.1 63.4

83e4 32.1
83o9 32.1
84.5 32.2.
85.1 32-2
8596 32.3
86.2 32.3
86.7 32.4
87.3 32.4
87.9 32.4
88.5 32.5

123.9
124.4
124.9
125w4
125.8
12693
126.8
127.2
127*8
128*3
128.7
129.2
129.7
130.1
130.6
131.2
131.6
132. 1
132.6
133.0

20.8
21-0
21.1
21-3
21.4
21.5
21-7
21.8
22.0
22.1

290
291
292
293
294
295
296
297
298
299

190.7 0.574
191.3 0*574
191.9 0-575
192*5 0.576
193.1. 0.577
193e8 0.578
194e4 0.578
195.0 0.579
195.6 0. 50
196.2 0.581
196.8 0.581
197.4 0.582
198.1 0-583
198.7 O0S84
199.3 0o585
199.9 0-585

200.5 0.586
201.1' 0587
201.7 0-588
202.3 0.88

152.6 6.l
153.0 63.8
153.5 64-0
154.0 64.2
154.5 64.4
155*0 64*6
155e5 64.8
156.0 65.0
156.5 65.2
157.0 65.4
_ .67- fs_ A

89-1 32.5
89.6 32.6
90.2 32.6
90.8 32.7
91.3 32.7
92.0 32o7
1 92.6 32e8
93.1 32s8
93D7 32.9
94.3 32.9

22*3
22-4
22.5
22-7
22.8
23.0
23. 1
23.3
23-4
23.6

300
301
302
303
304
305
306
307
308
309

157o.9 65.8
158.5 66.0
159.0 66.2
159.4 66.4
159-9 66.6
160.4 66-8
160o9 67*0
161.4 67-2
161-8 67.4

94-9 33.0
95.4 33.0
96.1 33.0
96-7 33.1
97.3 33.1
97*9 33.2
98.5 33*2
99.0 33.2
99.6 33.3

100.2 33.3

133.5
134.0
134.5
135.0
135.5
136.0
136.4
136.9
137.4
137 8

23*7
23.8
24.0
24.2
24.3
24.5
24-6
24-8
24-9
25-0n

310 203.0 0.589 162.4 67.7 100.9 33.4 .138.4 25.2
311 203.6 0-590 *162.9 67.9 101.5 33.4 138.9 25.4
312 204e2 0-591 163.4 68.1 102.1 33.4 139.3 25-5
313 204*8 0.591 163.8 68.3 102.7 33.5 139.8 25.7
314 205.4 0.592 164.3 68.5 103-3 33.5 140*3 25.8
315 206.0 0,593 164-8 68*7 103.9 33.5 140.8 26s0
316 206.6 0.594 165*3 68.9 104-5 33.6 141.2 26.1
317 207.2 0-594 165.8 69.1 105.1 33.6 141*7 26.3
318 207.8 0.595 166.2 69.3 105.7 33*7 142.2 26.4
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CHAPTER EIGHT

RISK COMPUTATION BY DAPPLE METHOD

(Co-authored by Robert F. Abbey, Jr.)

The DAPPLE 2amage Area Per Path LEngth) METHOD for calculating the
probabilities of tornado risk wits devised by Abbey and Fujita (1975). This method
uses the Fujita -Pearson (F PP) tornado classification scheme based on intensity
(F scale), path length (first P scale), and path width (second P scale).

Although the data bases of historical tornadoes are available in various I
publications, the new forms of data archiving listed below will be extremely useful
to tornado researchers. Two major efforts are underway for the archiving of
historical tornado data in the United States in "Tape " form. One is being carried
out at the National Severe Storms Forecast Center (NSSFC) and the other at the
University of Chicago. Parameters included in these tapes are:

NSSFC Tape (being directed by Allen D. Pearson)

* Year, month, date, time, weather event
* Longitudes and latitudes of beginning and ending points
* Type of path, % on the ground, storm type and rotational I

sense
* Path length and mean path width
* Fatalities, injuries, and-damage class [
* Affected states and counties
* FPP scale

DAPPLE Tape (being directed by T. Theodore Fujita)

* Year, month, date, and time
* F scale I
* Fatalities and injuries
* Affected sub-boxes identified by 1 x 1 degree, longitude

and latitude boxes, each subdivided into 15-min sub-boxes
* Path. length, path types, and direction within each sub-box

These tapes may be made available to potential users at the cost of duplicating the
tapes.

1. Weighted Mean F Scale

The range of windspeeds between the maximum and minimum speeds within
each F scale increases from 32 mph (F0) to 57 mph (F 5). It is necessary to V
define windspeeds which represent the center tendency value of each F-scale wind-
speed. For this purpose we divide one F-scale range into n equal parts of A F, or

ArF = (7.29) I
n.
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where n is an arbitrary number of divisions.

By choosing n = 10, for example, the center F scales of successive divisions
are expressed approximately by

C, = F + 0.5 AF

C2 = F + 1.5 AF

C3 = F + 2.5 AF

...............

Cn F + (n-0.5) AF (7.30)

where C denotes the center F scale of each division and F, an integer scale, 0, 1,
2, O.. 5.

Arithmetic mean F scale is a simple average written as

F = (Ci + C2 + ..... Cn)

F + 0.5 (7.31)

which means that this mean is the center value of each integer F-scale range.

Weighted mean F scale can be computed by multiplying a specific weighting
function.

- C N
n (7.32)
EN

where N is a weighting function which varies with the center division, C. It is
meaningful to choose N to be the number of tornadoes within each division of A F.
N may, thus, be regarded as "spectral frequency of tornadoes ".

Median F scale is defined by an equation

F =F + m AF

where m n
w N = XN (7.33)

which varies, like median income, according to the distribution of N within each
integer F scale.

The latest results of the F-scale classification of 24,148 tornadoes between
1916 and 1977 (see Table 1. 8) was used in determining the spectral distribution of
tornado frequencies in Table 7.11 and Figure 7.4. Note that each integer F scale
was divided into ten 0.1 fractional scales.
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Table 7.11 Smoothed distribution of N, the number. of
tornadoes within each division of AF=0.1. N may be regarded
as a weighting function or a spectral distribution of F-scale
tornadoes. Based on 1916-77 tornadoes in Table 1.8.

F 0 F 1 F 2 F 3 F 4 F 5
C N C N C N C N C N C N

0.05 125 1.05 791 2.05 823 3.05 46i 4.05 117 5.05 29
0.15 290 1.15 809 2.15 807 3.15 403 4.15 102 5.15 25
0.25 410 1.25 825 2.25 785 3.25 354 4.25 89 5.25 21
0.35 500 1.35 837 2.35 761 3.35 302 4.35 78 5.35 17
0.45 565 1.45 845 2.45 732 3.45 259 4.45 68 5.45 13
0.55 621 1.55 848 2.55 698 3.55 223 4.55 57 5.55 9
0.65 665 1.65 850 2.65 663 3.65 184 4.65 48 5.65 6
0.75 706 i.75 849 2.75 621 3.75 172 4.75 41 5.75 4
0.85 738 1.85 845 2.85 574 3.85 152 4.85 37 5.85 2
0.95 768 1.93 835 2.95 521 3.95 134 4.95 33 5.95 i

fI

I
[

U 1

i

Total 5388 8334 6985 2644 670 127
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Figure 7.4 Spectral distribution of 24,148 tornadoes reported in
the United States during the 62-year period ending 1977. The peak
frequency is located between F 1.6 and 1.7. The distribution curve
was extended to F 5.9 where N was assumed to reach zero.
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Table 7.12 shows the variations of the mean values computed from
Eqs. (7. 31) through (7. 33). It is evident that the median values as well as the
weighted values are higher than arithmetic means when N increases within an
integer F scale. On the other hand, the former is smaller than the latter when N
decreases. For F5 tornadoes, for instance, the mean F scale windspeed is
290 mph. The weighted mean windspeed is 278 mph and the median windspeed is
as low as 275 mph.

Mean intensities of F-scale tornadoes are important in assessing tornado
risks because the use of the maximum windspeed within each F scale always
results in an overestimate of the risk, while the minimum windspeed results in an
underestimate. Properly, the weighted mean values should be used as the repre-
sentative intensities.

Table 7.12 Three values of averaged F scale and correspon-
ding windspeeds. Based on 1916-77 tornadoes.

F scale Extreme values Arith. mean Weighted mean Median
F.,n Fmcix F VVF V£ VF

F 0 40 mph 72 mph 0.50 56 mph o.60 59 mph o.63 60 mph
F i 73 112 1.50 92 i.50 92 1.51 93
F 2 1i3 157 2.50 135 2.46 133 2.44 132
F 3 158 206 3.50 182 3.39 176 3.33 174
F 4 207 260 4.50 234 4.38 227 4.33 225
F 5 261 318 5.50 290 5.29 278 5.25 275

2. Definition of Damage Area

A typical area of tornado damage extends from the beginning point to the
ending point (see Figure 8. 1). These points vary according to the intensity of
damage. In general, light to moderate damage occurs prior to the beginning and
after the end of severe or devastating damage.
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SCHEMATIC ISOVELS OF AN F3 TORNADO

A2(F3r-Area inside I2 isovel of F3 tornado
\ ~A3(F3)by

Beginningi )Ending.

L uF3

Lo(F3)

L2(F3) I2 isovel of F3 tornado j

Figure 8.1 Iso-lines of maximum velocities (ISOVEIS) drawn inside
the damage area of an F 3 tornado. Although the selection of veloci-
ties is, more or less, arbitrary, an extensive F-scale assessment
will permit us to draw isovels of F-scale windspeeds. I 2 isovel,
for example, denotes that of the F 3 windspeed.

The path length, the length of the path between beginning and ending points,
is a function of the intensity of damage or, in general, that of windspeed induced

by a storm. As for one specific storm, the length of the FO damage is the
longest, followed by those of higher F-scale damage. The so-called path length
of a tornado denotes FO length.

If there were numerous anemometers over a tornado area measured wind-
speeds would permit us to draw contour lines of the maximum winds. Such a

contour line is called, in this paper, the "isovel " (iso-line of the velocity of

damaging wind). Commonly used,"isotach" is a line connecting points of equal

windspeed usually on a synoptic chart. The use of the term "isotach" is avoided
in this chapter to prevent possible confusion.

TV
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Because we do not have wind stations dense enough to measure windspeeds
during the passage of a tornado, isolines of F-scale contours are probably the best
possible substitute. Therefore, the available isovels are limited only to the veloci-
ties corresponding to the lowest integer F scale. These isovels are

IO ... isovel of the lowest FO windspeed (40 mph)
Il ... isovel of the lowest Fl windspeed (73 mph)

.........................................

............. ..............................

15 ., isovel of the lowest F5 windspeed (261 mph).

TIhe path lengths can now be expressed as a function of isovels. Ihus, we
define

Lo ... Length of IO isovel
..........................

..........................

By definition, the number of isovels inside a tornado area increases with the
tornado's F scale up to F plus one. For example, an F 0 tornado is characterized
by only one isovel, an F 4 tornado by 5. Figure 8. 1 shows a method of expressing
various path lengths; for instance,

L3(F3) ... Length of I3 isovel area of an F3 tornado

LOVF5) . .. Length of IO isovel area of an F 5 tornado.

We define, likewise, both averaged width and areas of isovels inside the
area of a tornado with F-scale intensity. They are, for example,

AO(F3) ... Area inside IO isovel of F 3 tornado

A (F5) ... Area inside II isovel of F 5 tornado.

The averaged width of the area inside a specific isovel is defined by

WI = L(8.1)

where A and L are the area and the path length of a specific isovel; and W, the
width averaged over the path length of the same specific isovel, not over the entire
path length of the tornado.

3. Concept of DAPPLE

Tornado risk probabilities per year are calculated by

PZCF) = (Total Area)X(Statistical Years) (8.2)

where the suffix I denotes a specific isovel; A, the area inside the isovel; and P,
the probability per year of the velocity designated by the isovel.
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As shown in Table 8. 1 there are 21 types of isovels in F 0 through F5
tornadoes. The area, path length, and averaged width corresponding to each of
these isovels can be expressed as a combination of I and F.

AI(F) , LIM , and WVF1 (8.3)

where isovel I varies between 0 and up to 5 while F varies between 0 and 5.

Table 8.1 Twenty-one kinds of isovels to be
the areas of FO through F5 tornadoes.

found inside

F scale of tornadoes
P5 F4 F 3 F 2 F I F P

IO(F5) IO(F4) IO(F3) IO(F2) IO(Fi) IO(FO)
I1(F.5) I1(F4) li(F3) li(F2 TI(Fi) _

Isovels 12 (F5) 2(F4 12(F3) 12(F2) __ _
I3(F5) I3(F4 I3(P3) -_ __ __
14(F5) i4(F4 __ __ _
I (F5) -______

i

JI

II
Vt

i

S.

I
IX

into
Using the relationship of Eq. (8.1) we rewrite the summation in Eq. (8.2)

E AIrFOF5)= 2 WzFojLr(Foj + ... 2 WXCF5) L5(F5)

= W'r(FO(FO£J-'zcr) + . . . W F5) L11F5) (8.4)

whlere WICF51 denotes the "mean width " of a specific isovel area of a number of
F5 tornadoes. It is expected that WuIF) increases with F and decreases with I
so that the value can be expressed by a function of I and F,

W(FI = fA (I , F ) (8.5)

Likewise, we express the sum of the path-lengths in (8.4) by

.2 Lr(F, = 2I(F) - LO(F) (8.6)

where *IVF) denotes the "mean path factor ", Lo(F), the path length of an
F-scale tornado from its I0 beginning to the I0 ending (see Figure 8.1). We
also expect that the mean path factor can be expressed by another function of I
and F,

(F) - fB (I, F) (8. 7)
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A combination of Eqs. (8. 2), (8. 4), (8. 6), and (8. 7) now permits us to
write

pi WUF 'kIMF LOWFI (8.8)
(Area) X (Year)

where the product of the "mean width " and the "mean path factor " is called the
"DAPPLE ". Thus, we write

DAPPLE = W%(F) YrXMF} = fc (I, F) (8.9)

which can be used for calculating the risk probabilities as a function of I and F.

For a better understanding of the DAPPLE, Eq. (8. 6) and (8.9) can be
combined into

DAPPLE = WXF) M (8.10)
M: LOiF}

-Azcr) (8.11)
E Lo(F)

where AzCF) is the total area inside a specific isovel, I , of the tornadoes rated
as a specific F scale. Equation (8. 11) clearly shows that DAPPLE is the area of
a specific windspeed damage averaged over the "entire " path length of tornadoes.

4. Determination of D A P P L E

Although " Storm Data ", the basic source of tornado data published by NOAA,
includes both path lengths and widths of most tornadoes, the publication does not
include sufficient information for the determination of DAPPLE. This is why the
past risk assessments were dependent heavily on " tornado frequencies" and "mean
damage areas " which were readily available.

Equation (8.10) indicates that we must know, in addition to F 0 path length,
the path length of isovel patterns corresponding to each F-scale windspeed. Like-
wise, the path widths as a function of isovels are also required. Ihese data will
have to be obtained through detailed surveys of tornado areas. They are:

Breakdown of Path Lengths by I and F

147 tornadoes plus one downburst on April 3-4, 1974 were surveyed in
detail. The result published in April 1975 as a super-outbreak color map includes
F scale values along each tornado path.

Abbey and Fujita used the color map to obtain a breakdown of damage paths
by F-scale isovels for the 147 tornadoes grouped together by their intensity scale,
FO through F5. The result in Table 8.2 is, so far, the best statistical data base
of the path length breakdown necessary for DAPPLE value computations.
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Table 8.2 Breakdown of path lengths based on 147 Superoutbreak
tornadoes. Since it was not practicable to add up the lengths of
the lowest F-scale tornadoes, F scale at the top of the table
represents the weighted-mean F scale. Path lengths were computed
based on the isovel of the windspeed of the weighted-mean F scale.

Isovels Windspeeds F5 F W F F 2 FI F0

I 0 59 mph 302 858 710 360 295 46 miles

I 92 233 643 486 '187 91 __

I 133 203 5526 356 103 __ __

I3 176 155 331 187 -- -- --

I4 227 86 i75 -- __ __ __

I5 278 39 -- -- -- -- --

Number of tornadoes 6 24 35 30 31 21

Breakdown of Path Width by I and F

Distribution of tornado winds in the direction normal to the translational
velocity should also be determined through detailed aerial and ground survey. How-
ever, an assessment of the lateral distribution of damage intensities requires an
extensive zigzag flight and/or driving across damage areas. This type of survey
is far more time consuming than F-scale assessments of heaviest damage along
the damage swath.

Making use of the surveyed damage widths of the Superoutbreak tornadoes,
Abbey and Fujita (1975) obtained an empirical formula,

WI = 2. 4 _'Wa O8.]

where Wa denotes the width of approximately 60 mph isovel area (weighted mean
F 0 windspeed = 59 mph) and Wy, the width of the isovel area of weighted mean
F-scale windspeed.

W5 values were estimated from the outermost boundaries of 147 Superout-
break tornadoes to compute the mean width as a function of F scale intensity. A
breakdown of path width by I and F, thus computed, is shown in Table 8. 3.

The analytical model of tornadoes in Chapter 6 and of tornado parameters
in Chapter 7 provide us with an independent means of computing the widths of
isovel areas of tornadoes. This subject will be discussed later.

I.
I,

r9

12)

fE&
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Table 8.3 Breakdown of path width based on Eq. (8.12).
Both Tables (8.2) and (8.3) are from Abbey and Fujita (i975).

Isovels Windspeeds F5 F F 3 F 2 F1 F0

I 0 59 mph 0.487 0.457 0.366 0.185 0.062 0.028mile

I 1 92 0.203 0.190 0.153 0.077 0.026 --

I 2 133 0.085 0.079 o.o64 0.032

I 3 176 0.035 0.033 0.026 -- -- --

I 4 227 0.015 0.014 -- -- -- --

I5 278 0.06 -- -- -- -- --

5. Wind Fields of Tornadoes and Embedded Suction Vortices

The maximum tangential velocity, Vm , the basic tornado parameter, can
be obtained from Table 7.10 which tabulates the total maximum windspeeds at one
mile per hour intervals between 40 and 318 mph. The feature of the model tornado
that can be determined from parameters derived from V. is presented in Figure
8.2.

Translational velocity, T, in the figure denotes the rate of displacement.
of the tornado center, from left to right. Such a translational motion is provided
by the deep layer of the airflow in which a tornado vortex is embedded. This air-
flow- -called the " steering flow "- -usually decreases toward the ground, reaching
theoretical "zero " at the ground. Observational evidence shows that air is
usually calm before a tornado; then winds pick up suddenly to destructive levels.

LEFT LOGE OF THE CORE

R T

TT --- - -,N~s ,,

,,,,,, _,,_ R TE CENTE~ [-o

RIGHT EOGE OF THE CORE

Figure 8.2 Fujita's latest model of multiple-vortex tornadoes
for engineering applications. The design-basis tornado model in
Chapter 6 developed in 1977 was identified as "DBT-77". Design-
basis suction-vortex parameters in Chapter 7 were added to the
DBT-77 in constructing this latest analytical model, to be
idetified as "DBT-78".
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It is not reasonable, therefore, to assume that a uniform vector of T
extends far away into a tornado environment. Namely, vector T must decrease
with increasing radius from the tornado center.

For the purpose of further computations, the translational velocity at the
level of H, is assumed to decrease outward from the tornado center as expressed
by the functions

T = constant inside the tornado core

'El

A_.

,.-

i

Te = T rf' ( r =R/ R.) (8. 13)

where Te is the vector field of the translational velocity in the tornado environment.

Based on logic similar to that of tornado environment, the translational
velocity, T, outside the embedded suction vortex is expressed by

T = constant inside the s. v. core

Te Tr ' (8.14)

where the suffix o " denotes suction-vortex parameter.

The maximum tangential velocity, Vm, of the model tornado occurs at
H; , the top of the inflow layer, which can be computed from Eqs. (6. 2), (6. 3), (6. 4),
(6. 9) and (7.1) as a function of Vi.

Table 8.4 reveals that H; increases from 17m or 55 ft (mean FO tornado)
to55m or 180 ft (mean F5 tornado).

Table 8.4 Hi, heights of the maximum tangential velocities
of the weighted mean tornadoes.

Tornado Weighted Corresponding Tornado parameters

F scale mean F velocity, MT Vm Ro Hi

F 0o.60 59 mph 41.9 mph 34 m 17 m 55 ft

Fi 1.50 92 64.3 51 25 81

F 2.46 133 91.5 73 33 109

F 3 3.39 176 119.3 95 41 135

F Z 4.38 227 151.6 121 49 160

F 5 5.29 278 183.3 147 55 180

I
I
II
i
I

The height of the maximum tangential velocity of suction vortex is assumed
to occur at the top of the inflow layer of the vortex. Thus, we use Eqs. (6.1) through
(6.4), which are also applicable to tornadoes, to compute the inflow heights as a
function of the core radius for suction vortices (refer to Table 7.10). Table 8.5 was
obtained by using these core radii and maximum tangential velocities of suction
vortices from Eq. (7. 9).

I
i

I

I

.1
44--11

___ MiL.-
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Table 8.5 'H;, heights of the maximum tangential velocities
of suction vortices embedded inside the weighted mean tornadoes.

Tornado Weighted Corresponding Suction-vortex parameters

F scale mean F velocity, AT % A. A;
F o.60 59 mph 21.0 mph 12 6 m 20 ft

F 1 1.50 92 32.1 17 8 28

F 2 2.46 133 45.8 21 ii 36

F 3.39 176 59.7 26 13 42

F 1 4.38 -227 75.8 29 i5 48

F 5.29 278 91.7 32 16 52

It should be noted that the angular velocity of the spinning motion (spin rate)
of suction vortex is not constant. On the other hand, the spin rate of the .parent
tornado from Eq. (7. 1) is constant,

) = Vm = J- (8.15)

where J is 0. 8 when R, is expressed in meters and Vm in mph. Ihe numerical
value and the unit of J is, therefore, 1. 79 sec or

I = 0.559 sec'§, (8.16)

The spin rate of suction vortices from Eqs. (7.1), (7.3), and (7. 9) is

Co = Vm

AO
= -+5 R. (1 - n) J

-- L0-(In) R. 1n (8.17)

The computed spin rates of weighted mean tornadoes and embedded suction vortices
are presented in Table 8. 6. It is seen that the spin rates of suction vortices are
45 to 130% larger than their parent tornadoes. This means that the model tornado
is accompanied by fast-spinning suction vortices.

Table 8.6 Spin rates of tornadoes and embedded
suction vortices. From Eqs. (8.15) and (8.16)

Weighted mean F scale

Spin rates F0 F 1 F2 F 3 F F5

Tornado (W) 0.559 0.559 0.559 0.559 0.559 0.559 see-

S. vortex (co) 0.808 0.872 0.956 1.047 1.160 1.282'sec-1
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Localized Damage by Suction Vortex

By virtue of its small core radius and fast spinning motion, a suction vortex
is accompanied by strong winds at a relatively low level above the surface. Figure
8. 3 shows the vertical distribution of the maximum total windspeeds of the weighted
mean F 4 tornado and embedded suction vortex.

The maximum total windspeed of the suction vortex is 227 mph which is
only 17 mph larger than the maximum total windspeed of the parent tornado. At
the 15m level, however, the tornado windspeed is only 167 mph -- 60 mph slower
than that of suction vortex. This is why frame houses and mobile homes inside the
suction-vortex swaths are often found to be seriously damaged.

m
I nu.

Vertic

- I

V al Distribution of Max. Windspeeds of F4 Tori

0.~..., IMr 21 0mph

A227mpt

15 M

iado ft
300

_-20o

-_100
Ii71

I I I _

)
1

. .

. _ O
50 100 150 200 250 mph

Figure 8.3 Vertical distribution of maximum total windspeeds
inside tornado and embedded suction vortices. This figure shows that
damaging winds of suction vortex is closer to the ground than those
of the parent tornado, the maximum windspeeds of which often stay
way above structure heights.

winds,
while,

While the airflow in tornadoes can often be approximated as straight-line
the turning radii of the air inside suction vortices are very small. Mean-
the inflow air gains vertical velocity while swirling around the vortex center.

The vertical acceleration of the air at 3m AGL, the height of frequent
missile generations, is relatively small in a tornado. Inside the model suction
vortices in Table 8. 7, the vertical acceleration increases rapidly with the tornado's
F scale, reaching the maximum value of 0.61 x g.
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Table 8.7 Vertical acceleration of the air swirling up inside
the tornado and embedded suction vortex. Vertical acceleration
induced by tornado is larger than that by suction vortex, but
it occurs at high level. At 3m AGL, suction vortex induces much
larger vertical acceleration than tornado.

Weighted F scale of parent tornado

F O F 1 F 2 F 3 F P5

Outer core, R, 33.5 51.4 73.2 95.4 i21.3 i46.6 m
Inner core, R. 10.3 18.4 30.4 44.5 62.8 82.7 m

TORNADO Max. vert. ace. 0.27 0,44 o.66 0.91 1.23 1.59xg
occurs at (AGT) 9.0 13.3 18.0 22.2 26.3 29.7 m

Ace. at 3 m AGT O.11 0.12 0.12 0.12 0.13 0.1 4 xg

Outer core, Ro ii.6 16.4 21.4 25.5 29.2 32.0 m
Inner core, Ra 2.8 4.2 5.8 7.2 8.6 9.6 m

S.VORTEX Max. vert. ace. 0.19 0.32 0.50 0.72 1.02 1.38xg
occurs at (AGa) 3.2 4.5 5.9 7.0 7.9 8.6 m

Ace. at 3 m AGT 0.19 0.27 0.33 0.39 0.48 0.6ixg

Such an enormous acceleration cannot possibly be created by the so-called
"buoyancy " force which may generate up to 0. 1 X g acceleration. 'The swirling
air in a suction vortex is literally " sucked up " or " pushed up " by the vertical
gradient of the non-hydrostatic pressure, the.pressure induced by dynamical effects
of atmospheric motions.

Suction vortices are likely to produce small "DAPPLEs" of high-speed
isovels. The patterns of isovels left behind suction vortices are complicated (see
Figure 8. 4).

Figure 8.4 Localized swaths of suction vortices. Wind effects
of suction vortices are frequently far more severe than those of
the parent tornado, resulting often in so-called "skipping damage".
The hit probability by suction vortices inside a tornado swath inc-
reases from -Y to +Y.
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Unfortunately, it is rare to find only one suction vortex inside a tornado.
Usually 3 to 5 suction vortices swirl simultaneously around the tornado center.

A concept of "hit probability" was devised for computing DAPPLE values
of suction vortices. If a structure were on the right side of the tornado at the
distance Y = + R in Figure 8. 4, the hit probability was assumed 100% or 1. 0.
On the left side of the center the probability should be small. Thus we assumed

o = 0.2 (Y / -R.)

C = 0,6 + 0.4 RY (-R.- Y £+ R.)

0 ( 0 Y + + R.) (8.18)

where o- is the hit probability by suction vortices.

6. Computation of Isovel Widths from DBT-78

An analytical model, DBT-78 provides us with the tornado's wind field as
a function of the maximum total velocity including embedded suction vortices. It
is now feasible to compute the widths of isovel areas, abreeviated as "isovel
width, " based on DBT-78.

The maximum total velocity, Me, as defined in Figure 8.5 occurring at
the outer-core boundary is computed by

m = T + Vm cos 0) + (VVm sine) +W

= (1,269 + - cos 8 ) Vm (8.19)

where 8 is the argument of the tornado-centric vector'measured from +Y axis
which extends toward the right of a traveling tornado. Values of T and Wm, in
relation to V,, , are defined by Eqs. (7.5) and (7.14), respectively. Substituting
cos 8 by Y / R., we have

Me= (1.269 + - )2 Vm (8.20)

where Y is positive on the right side and negative on the left side of the tornado
center.
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The maximum total windspeeds outside the swath of tornado core can be
expressed simply by

MR = (Vn + T) R, = 4 R, jRn

Y 3 Y

(8.21)

(8.22)and

where MR and ML are the maximum total windspeeds on the right and on the
left side, respectively. Note that both Te and V decreased outward from tornado
core inversely proportional to the distance from the tornado center.

The velocity profile at the top of the inflow level across the swath of the
tornado core is shown in Figure 8. 5. A jump in the velocity on the core boundary
is due to the addition of vertical velocity, IV. .

VELOCITY PROFILE c
(TO RNADO)

it Hi
MT

Ae

Contribution of W.4

V.-*T
V+ T

I

I

-W. In verlical plane

I

JT I

1\
Left Side Right Side

Of .

. . . .- 1 -' ---- * + Y

Figure 8.5 Profile of the 8-dependent maximum velocity across the
path of a tornado. Isovels corresponding to various windspeeds can
be computed from such a velocity profile.

A similar velocity profile for a suction vortex is presented in Figure 8. 6.
The maximum total velocity, in this case, includes four basic parameters.

V, = I v.

*,, = O. 397 Vm

T~ = 3 (1 +n)V .

Eq. (7. 9)

Eq. (7. 12)

Eq. (7. 8)

T = - Vm Eq. (7.4).
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The & -dependent, maximum total velocity, Me can now be given by

2 02 a + p2 2

A 2= r (OV+ T) cose + T)2 + ( V + T) sin e + Q

= ( K? + 0.269 + 2 K cos e ) V.'

where K = ( Yi + T ) / Vm = 13 + 13 n14 7

Substituting cos e by Y / Ro , we have

(8.23)

(8.24)

ME = (K 2 + 0.269 + 2 K *)L .3 R- )7 Vm.. (8.25)

The maximum total windspeeds by suction vortex on both sides of the tornado
core are expressed by

MR (T+T) + VR0  (8.26)Y E

and I 4 L ( T-T) RT _y 4E (8.27)

where AR and ML are the maximum total windspeeds on the right and left sides,
respectively.

VELOCITY PROFILE at Ai
(SUCTION VORTEX)

BY

Left Side STEX Right Side

Figure 8.6 Profile of the 6- dependent maximum velocity of suction
vortex. As shown in Figure 8.4, some locations inside the swath of
a tornado core escape damage by the maximum velocities of suction
vortices.
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Equations (8. 19) through (8. 27) derived from the DBT-78 model will permit
us to compute the isovel widths of given windspeeds. These widths, however, rep-
resent the values at the levels of the maximum total velocities which vary according
to the inflow heights of tornadoes and embedded suction vortices.

Since F-scale assessments of storm damages are based primarily ols trees
and structures with their usual heights of 5 to 15m AGL (above ground level),
isovel widths computed from DBT-78 will have to be at the heights of the objects for
F-scale assessments.

lOim AGL was, thus, chosen as the height for computing isovel widths.
The DAPPLE values to be computed are identified as "DAPPLE at lOm AGL ",

Computation of velocities at lOm AGL can be achieved by substituting V.,
W. S T, etc. by height- and radius -dependent quantities.

When R is equal to or larger than Ro , we use Eq. (6. 9) to write

V (r, h) = RO F(h) V, (see also Table 6.2)

where F (h) is the height function specified by Eqs. (6.12) and (6.13). Likewise,
the vertical velocity can be expressed by

7 8

W (at h) = 0, 0442 ( 16 h 6 - 7h 3 ) (see Table 6. 7)

where W is constant horizontally inside the outer core. These equations and
tables are applicable also to suction vortices.

Since Te and te must reach zero at the surface, the height function of
these parameters were chosen as

R

and Te(ath) T-R-F (h). (8.28)
R

Velocity profiles at lOm AGL computed from these equations of DBT-78
are presented in Figure 8. 7. The five profiles in this figure represent those of
the weighted mean tornadoes F 0 through F 5 with embedded suction vortices.

At 10 m AGL, suction vortices induce higher windspeeds than their parent
tornadoes. The difference increases with F scale, revealing that suction vortices
induce a small DAPPLE of high windspeed.
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VELOCITY PROFILES at Orm AGL (from DBT-78) mph

F5
TORNADO die 16mAGL
CEN TER ia.

2 Fmph FSeat IOmAGL

155

207mph- 4

fiord§ / 1 ! \200 X

-y -300 -200 -100 0 100 200 300 400m +Y 1

Figure 8.7 Velocity :profiles of FOthrough F5tornadoes at 10 inAQIJ.
Profiles were compuited from equations of the DBI-78 model. ;

F ,,

Isovel widths computed from DBT-78 are presented in Table 8. 8. It should
be noted that the isovel widths of the highest velocity range of each tornado category
are contributed exclusively by suction vortex, not by tornado. The total isovel {
widths in meters and miles were computed by applying the hit probabilities. Note 1
that isovel widths were computed for the lowest F-scale windspeeds, rather than ;&
the weighted mean F-scale windspeeds.

L.
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F2A
11.3r ph

100
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Table 8.8 Isovel widths of FO through F5 tornadoes at lOm AGL.
Fractional numbers in ( ) represent the hit probability by suction
vortices applicable to each width. Based on DBT-78.

Isovels WIDTHS CAUSED BY
Tornado Suction vortex

I5(F) -

I4(.. -- i52m(0.79), i2m(1.00) i32m 0.082mi
I3(@ 128 167 (0.49), 6 (1.00) 216 0.134
I2( 343 42 (0.26), 3 (0.20) 355 0.221
I1( . . 554 -- 554 0-344
IO(..) 1,011 -- iOli 0.628

14(F4) -- 21m(0.97), 2m(1.00 22m O.Oi4mi
I3(.) ID 159 (0.72 , 13 (1.00 127 0.079
I2(..) i93 92 (0.36 , i (0.20 259 0.161
Ii( .)383 -- 383 0.238
______ 699 __ 699 0.434

I3(F3 -- 33m(0.93), 2 0) 33m 0.02imi
I2( 67 98 (0.58 3 227 0.079
IiF 243 i7 (0.23 4 (0.20 248 0.154

447 _ 447 0.278

MF2? -- 58m(0.85), 3m(i.00) 52m 0.032mi
I1 . 1 27 47 (0.39), 145 0.090
IO(.:) 276 __ 276 0.172
Ii(FI) 6 43m(0.76), .5m(100 44m 0.027mi
IO(.) 145 -- 2 (0.20) 145 0.090

IO(FO) 53 7m(0.74) 58m 0.036 mi

Isovel 6 T~ 7 - i 6 T 6 4 T 2_ 3 4 _ ,

I
U
C
C

2

IL

ft

kLL

I I I A * a I I j , I * - I A 6 & I I Tmiecs
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30 Ires295

0 0 XAXO
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I iI
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Figure 8.8 Heavy curves which represent smoothed isovel lengths of
Superoutbreak tornadoes of April 3-4, 1974. Data point with mileage
denote the isovel length of the I 0 windspeed of F 0 through F 5 tornadoes
(Refer to Table 8.2).
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For computing isovel areas as a function of I and F, the path lengths in
Table 8. 2 from Abbey and Fujita (1975) were smoothed and Interpolated (see
Figure 8. 8). Equation (8. 10) was then written as

DAPPLE = WI(F) ZLI(F)
2 L6(F)

(8.29)

for use in computing DAPPLE as a function of the isovels of the lowest F-scale
windspeeds and weighted mean F scale of tornadoes (see Table 8. 9).

The total path length of a tornado is theoretically the isovel length of the
F 0 windspeed (40 mph). Survey experiences and "Storm Data " show, however,
that it is not practical to determine the lengths of 40 mph isovels, becausedamage
to trees and structures by a 40 mph wind is barely visible.

Table 8.9 DAMPIE at lOm AGL computed from smoothed and interpolated
isovel lengths of Superoutbreak tornadoes and from isovel widths of
DBT-78 tornadoes. **I O denotes original value of Superoutbreak
tornadoes.

Tornado Isovels Velocities I S 0 V E L D A T A DAPPLE
F scale I (F) VF LF WF AF DF

*I 0 59mph 302mi
I 5 261 52 0'OOOmi O.Omi2  0.OOOOmi

F I 4 207 93 0.082 7.6 0.025
I 3 i58 155 0.134 20.8 o.o69
I 2 li3 234 0.221 51.7 0.171
I ± 73 302 0s344 103.9 0.344
I 0 40 370 O.-628 232.3 0.769

**I 0 59mph 858mi
I 4 207 224 O.Oi4mi 3.1mi2  0.0036 mi

F I 3 i58 380 0.079 30.0 0.035
I 2 113 589 o.16i 94.8 0.110
I 1 73 813 0.238 193.5 0.225
I 0 40 954 0.434 414.0 0.483

**I O 59mph 710mi
I 3 158 240 0.021mi 5.0mi2 0.007mi

F 3 I 2 i13 427 0.079 33.7 0.047
I i 73 631 0.154 97.2 0.137
I 0 40 871 0.278 242.1 0.340

**I O 59mph 36 0mi
F 1 2 113 1;1 0.032mi 4.5mi' 0.012mi

I 1 73 269 0.090 24.2 0.067
I 0 40 489 0.172 84.1 0.234

*I 0 59mph 295mi 2

F 1 I 1 73 i78 0.027mi 4.8mi 0.016mi
I 0 40 501 0.090 45.1 0.153

F O *I 0 59mph 46mi 2
I 0 40 12 5 0.036 mi 4.5mi 0.098mi



133

The so-called path lengths of tornadoes are likely to be the isovel lengths
of the F 0 (59 mph) winds if detailed surveys are performed. If not, the reported
path lengths might represent isovel lengths of much higher windspeeds. For this
reason, the DAPPLE in Eq. (8. 29) was computed by using the isovel lengths of F0
damage in Table 8.2.

Finally, the DAPPLE at lOnm AGL of the violent, strong, and weak tornadoes
was determined by using the number of F-scale tornadoes as a weighting function
(see Table 8. 10).

Table 8.10 DAPPLE at 10 m AGL of violent(F5tF4), strong(F3+F2),
and weak(Fl+FO) tornadoes. Values from Table 8.9 were used in
computing the weighted DAPPLE in this table. N, the number of tor-
nadoes in each F category was used as weighting function.

Isovels F-scale speeds F5 tornadoes F4 tornadoes Violent tornadoes
IF VF N5 = i27 N4= 670 weighted DAPPLE

15 261mph O.OOOOmi 0.OOOOmi 0.OOOOmI
I4 207 0.025 0,0036 0,0070
13 158 0.o69 0.035 0.040
12 1i3 O.171 0.1iO O.20
II 73 '.344 0.225 0.244
IO 40 0.769 0.483 0.528

Isovels F-scale speeds F3 t nadmoes F2 tornadoes Strong tornadoes
IF VF N3 = 2644 N2 = 6985 weighted DAPPLE

13 i58mph 0,007 0.000 0.0019
12 I13 0.047 0.012 0.0022
II 73 0.137 0.o67 0.086
10 40 0.340 0.234 0.263

Isovels F-scale speeds Fi tornadoes FO tornadoes Weak tornadoes
IF VF N1= 8334 No= 5388 weighted DAPPLE
II 73mph 0.016 0.000 0,0097
10 40 0.153 0.098 0.131

7. Comparison of DAPPLE Values from AF-75 and DBT-78

Path length data used in computing DAPPLE by AF-75 and DBT-78 were
obtained from the superoutbreak tornadoes of April 3-4, 1978.

In computing isovel widths, AF-75 used the empirical formula of Eq. (8.12),
while the isovel widths of the DBT-78 were obtained by solving analytic functions
of the model. Namely, the major difference between these independent computa-
tions are the methods of estimating the isovel widths as a function of I and F.
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DAPPLE values computedfrom these two methods were plottedin 6
graphs for comparison purposes. The results, as presented in Figure 8. 9, are
encouraging. In spite of a number of assumptions and inevitable uncertainties,
these two independent DAPPLEs are now found to be very close indeed.

i
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Figure 8.9 Comparison of DAPPLE values obtained by Abbey and Fujita
(i975), abbreviated as AF-75, and those computed from DBT-78 model.

DAPPLE at 50-mph intervals from AP-75 has been used in assessing
tornado risks at several sites in the United States. The new DAPPLE values by
DBT-78 in Table 8.10 were also computed at 50-mph intervals of F-scale wind-
speeds and tabulated along with the AF-75 DAPPLE (see Table 8.11 and Figure
8.10).

This table reveals that the differences between these two sets of DAPPLE
values are rather small, especially when windspeeds are low within each category
of tornadoes. AF-75 always gives higher DAPPLE for high windspeeds because
the analytic function, Eq. (8.12) becomes small but remains finite, no matter
how large the input F scale may be. On the other hand, the output from DBT-78
results in "zero width " when isovel windspeeds exceed the maximum total wind-
speed af a specific tornado at a given height for DAPPLE computations.

.:
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Table 8.11 Comparison of DAPPLE values from Abbey and
Fujita (1975) or AP-75 and those computed from DBT-78.
DAPPLE from AF-75 was used by Fujita for site evaluations
until August 31, 1978. The "MEAN DAPPLE" in this table
will be used effective September 1, 1978.

Tornadoes in Maximum total windspeeds at 10 m AGL
3 categories 50 100 150 200 250 300 318 mph

VIOLENT [ORNADOES
AF-75 0.51 0.14 0.036 0.0081 o.0oi6 0.00023 0.00010 mile
DBT-78 0.43 o.16 0.050 0.0101 0.00014 0.00000 0.00000
MEAN DAPPLE 0.47 0.15 0.043 0.0091 0.0009 0.00012 0.00005

STRONG TORNADOES
AF-75 0.43 0.062 0.0098 0.0012 0.000087 -- --

DBT-78 0.19 0.035 0.0037 0.0000 0.000000 -- --

MEAN DAPPLE 0.31 0.049 0.0068 0.0o06 0.000044 -- --

WEAK TORNADOES
AF-75 0.074 o.0028 0.000052 -- -- -- --

DBT-78 0.o76 0.0000 0.000000 --

MEAN DAPPLE 0.075 0.0014 0.000026 -- -- -- --

Figure 8.10 DAPPLE computed by DBT-78 as functions of the three cate-
gories of tornadoes, The three categories are: violent (F3+ F4), strong
(F 3 + F 2), and weak (F 1 + F 0) tornadoes.

How can we resolve such a difference? 'The answer to this question may
not be forthcoming soon, because it is not possible for anyone to specify the
maxjimumn possible windspeeds of tornadoes which include suction vortices.
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The best possible approach, at the present time, is to use the "MEAN
DAPPLE " of AF-75 and DBT-78 until further progress in DAPPLE computations
is made through investigations of the wind.effects of more tornadoes.

However, the present state of the art in risk computations is not as inaccu-
rate as it may appear to be. The extremely small DAPPLE within the high velocity
ranges results in the probability of the top F 5 (318 mph) windspeed as being less
than 10-7 per year in most areas of the midwestern United States.

It may be concluded that the use of the "MEAN DAPPLE " presented in'
this workbook will give engineers a reasonable guideline for the structural protec-
tion needed against the extreme winds of tornadoes and embedded suction vortices.
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