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An efficient evaluation method for the probability of a tornado missile strike without using

the Monte Carlo method is proposed in this paper. A major part of the proposed probability

evaluation is based on numerical results computed using an in-house code, Tornado-borne

missile analysis code, which enables us to evaluate the liftoff and flight behaviors of un-

constrained objects on the ground driven by a tornado. Using the Tornado-borne missile

analysis code, we can obtain a stochastic correlation between local wind speed and flight

distance of each object, and this stochastic correlation is used to evaluate the conditional

strike probability, QV(r), of a missile located at position r, where the local wind speed is V. In

contrast, the annual exceedance probability of local wind speed, which can be computed

using a tornado hazard analysis code, is used to derive the probability density function,

p(V). Then, we finally obtain the annual probability of tornado missile strike on a structure

with the convolutional integration of product of QV(r) and p(V) over V. The evaluation

method is applied to a simple problem to qualitatively confirm the validity, and to quan-

titatively verify the results for two extreme cases in which an object is located just in the

vicinity of or far away from the structure.

Copyright © 2017, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Tornadoes can produce airborne missiles because of their

high-speed wind, and missile impact on structures, systems,

and components of a nuclear power plant could lead to

physical and functional damage with possible deviation from

normal plant conditions. To understand such risk induced by

tornado missiles, we need to evaluate not only the degree of

potential damage incurred but also the probability of the

occurrence. In the USA, probabilistic evaluation of tornado

missile hazard and fragility was intensively studied in the

1980s. In particular, the Electric Power Research Institute

developed a probabilistic computer code for tornado missile

risk analysis, TORMIS, to compute the damage probability and

its uncertainty range [1e3]. In recent years, Tornado Missile

Strike Calculator has been developed by Westinghouse Elec-

tric Company (Windsor, CT, USA) [4], which has demonstrated

that Tornado Missile Strike Calculator is capable of yielding
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reasonable results comparable to those of TORMIS. In these

tools, the probability of a missile strike is computed using the

Monte Carlo method with the running of an enormous num-

ber of simulation cases.

The objective of this study is to formulate an efficient

evaluation method for the probability of a tornado missile

strike without using the Monte Carlo method. In this study,

the tornado missile liftoff and flight behaviors are computed

by our in-house software, named Tornado-borne missile

analysis code (TONBOS) [5,6], which enables us to reasonably

compute dynamic behaviors for unconstrained objects

placed on the ground, such as automobiles. The numerical

results are used to obtain a stochastic correlation between

the local wind speed at 10 m above ground level (AGL), V, and

the flight distance, L; with these pieces of information, the

conditional strike probability can be efficiently computed. In

contrast, the annual exceedance probability of local wind

speed, computed with a tornado hazard analysis code, is

used to obtain the probability density function of the local

wind speed. Then, the annual probability of tornado missile

strike on a structure is computed using the convolutional

integration of both ingredients [7]. In the following section,

we will fully explain the evaluation scheme for annual

missile strike probability. As a numerical example, the

method is applied to automobiles on the ground to compute

the annual strike probability on a cylindrical structure, as

explained in Section 3. We shall discuss the validity of the

results and the effects of tornado pressure distribution on

the flight behavior in Section 4 and draw conclusions in

Section 5.

2. Materials and methods

2.1. Overall framework

Fig. 1 shows the overall framework of the proposed evaluation

method. First, a correlation between local wind speed, V, and

flight distance, L, is obtained from the numerical results of

TONBOS and is used to compute the conditional probability

density function, SV(L), with respect to the flight distance

under a specific local wind speed condition. Then, conditional

strike probability, QV(r), can be obtained via convolutional

integration of the product of SV(L) and q(r,L) over L, where q(r,L)

is the strike probability of an object (possible missile) at po-

sition r, whose flight distance is L. By contrast, the annual

exceedance probability of local wind speed, H(V), computed

with a tornado hazard analysis code, e.g., Tornado Wind

Speed Hazard Model for Limited Area (TOWLA) [8], is used to

obtain the probability density function, p(V), by differentiation

of H(V) with respect to V. Then, we can finally obtain the

annual probability of tornado missile strike on a structure,

Ph(r), with the convolutional integration of the product of QV(r)

and p(V) over V.

The basic equations used in TONBOS for the missile liftoff

and for the flight model are explained in Subsection 2.2,

whereas those for the tornado wind field model are provided

in Subsection 2.3. In Subsection 2.4, it is explained howwe can

obtain the conditional probability density function, SV(L), that

represents the stochastic correlation between local wind

speed V and flight distance L. In Subsection 2.5, we discuss the

evaluation scheme for annual missile strike probability,

particularly how the tornado hazard curve, H(V), is combined

with the conditional strike probability.

2.2. Missile liftoff and flight model of TONBOS

A user of TONBOS can select either the Fujita model (DBT-77)

[9] or the Rankine vortex model [10,11] as a tornado wind field

model, while motion of objects in flight is modeled with 3

degrees-of-freedom translational equations in which aero-

dynamic drag force and gravity are taken into account [10,11].

The unique feature of TONBOS is that objects are assumed to

be subject to lift force near the ground; this force is generated

by asymmetric air flow around objects because of the ground

effect.

2.2.1. Liftoff model
Objects on and near the ground are assumed to be subject to

lift force generated by asymmetric air flow because of the

TONBOS 
Tornado-borne Missile Analysis Code 

Flight distance L of missile at each position

Conditional probability density of flight 
distance SV(L) under a certain wind speed V

Conditional strike probability QV(r) under 
a certain wind speed V via eq. (16).

TOWLA 
Tornado Wind Speed Hazard 

Model for Limited Area 
Annual exceedance probability 
of local wind speed H(V)

Annual strike probability Ph(r) via eq. (18). 

Probability density function 
p(V) for wind speed V

q(r,L):strike probability of 
an object locating at r, 
whose flight distance is L

Fig. 1 e Computational flow of annual strike probability.
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ground effect, as shown in Fig. 2. This lift force, FL, is

expressed by a lift coefficient, CL(zc), in combination with the

relative wind velocity, Vw e VM, and the projection area, a, as

follows:

FL ¼ 1
2
rCLðzcÞajVw �VMj2x;y; (1)

where Vw and VM are the wind velocity vector and the missile

velocity vector, respectively; zc is the elevation of the object

center from ground level; r is the air density; and jVw e VMjx,y
denotes the magnitude of the horizontal component of the

relative velocity vector, Vw e VM. To maintain conservatism

and to increase practicability, the authors proposed the

following model instead of Eq. (1) in TONBOS [5,6].

FL ¼ 1
2
rCDAfðZ=dÞjVw � VMj2x;y; (2)

where CDA and f(Z/d) are defined as follows:

CDA ¼ CDxAx þ CDyAy þ CDzAz

3
(3)

fðZ=dÞ ¼

8><
>:

1� ðZ=3dÞ
1þ ðZ=dÞ ð0 � Z � 3dÞ

0 ð3d<ZÞ
; (4)

where CDi
and Ai are, respectively, a drag coefficient and a

projection area for i-direction flow, and Z is the gap between

an object and the ground, i.e., Z ¼ zc e d/2, where d is object

height. The conservatism of Eq. (2) can be justified with

various experimental data described in relevant works in the

literature [12e17].

2.2.2. Flight model
In TONBOS, the 3 degrees-of-freedom dynamic equation is

used for simulations of missile flight motion, as originally

proposed by Simiu and Cordes [10] as well as Simiu and

Scanlan [11]. The schematic image of the dynamicmotion of a

missile is depicted in Fig. 3; the basic equation can be written

in the following form, taking the ground effect into account.

dVM

dt
¼ 1

2
r
CDA
m

jVw �VMjðVw �VMÞ � ðg� LÞk; (5)

where t is the time, m is the mass of the missile, g is the

gravitational acceleration, and k is a unit vector in the z di-

rection. The lift acceleration due to the ground effect, L, is

defined as follows:

L ¼ FL

m
¼ 1

2
r
CDA
m

fðZ=dÞjVw � VMj2x;y; (6)

where CDA/m is the flight parameter.

2.3. Tornado wind field model

The typical wind velocity vectors of the Fujita model [9] are

shown on a tornado center cross section in Fig. 4. It can be

seen that the central region of a tornado is divided into an

p=p1 

Vw 

d 
FL 

zc 

Asymmetric flow 

Z 

p=p2 

Fig. 2 e Flow pattern around object on/near the ground.

Fig. 3 e Schematic image of the dynamic motion of a

missile modeled in TONBOS. TONBOS, Tornado-borne

missile analysis code.
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inner core and an outer core, whose maximum radii are

denoted by Ri and Rm, respectively; these two values are

related by the following formula, proposed by Fujita [9].

Ri ¼ nRm (7)

n ¼ 0:9� 0:7 exp ð � 0:005RmÞ; (8)

where Rm is expressed in meters. The Fujita model also pos-

tulates a boundary layer near the ground, called the inflow

layer, whose height is denoted by Hi and is related with the

following empirical formulae.

Hi ¼ hRm (9)

h ¼ 0:55
�
1� n2

�
(10)

In the following, all the velocity components of the Fujita

model are written as functions of the nondimensional

radius r (¼ r/Rm) and the nondimensional axial coordinate z

(¼ z/Hi). The tangential wind speed Vq is expressed as fol-

lows [9]:

Vqðr; zÞ ¼ min
�
r; r�1

�
�min

�
zk0 ; expf � kðz� 1Þg

�
� Vm; (11)

where Vm is the maximum horizontal velocity of vortical

flow excepting translational velocity; this value of Vm is

equal to the maximum tangential velocity in the Fujita

model.

For constants k0 and k, we set k0 ¼ 1/6 and k ¼ 0.03 as

recommended in the Fujita model [9]. The radial

component, Vr, which has a positive value for the outward

direction, is derived from the continuity law of fluids, as

shown below.

Vrðr; zÞ ¼

8>>>><
>>>>:

0 ðr � nÞ
Vq tan a0

1� n2

�
1� n2

r2

�
ðn< r<1Þ

Vq tan a0 ðr � 1Þ

(12a)

tan a0 ¼
(

�A
�
1� z1:5

�
ðz<1Þ

Bf1� expð � kðz� 1ÞÞg ðz � 1Þ
(12b)

The upwardwind speed,Vz, is defined by Eq. (13); this value

exists only in the outer core region and is independent of the

radial and azimuthal positions in the region.

VzðzÞ ¼

8>>>>>><
>>>>>>:

3
28

hVm

1� n2
A
�
16z

7
6 � 7z

8
3

�
ðz< 1Þ

hVmB expð � kðz� 1ÞÞ
kð1� n2

� f2� expð � kðz� 1ÞÞg ðz � 1Þ
;

(13)

where A and B are constants; we use a recommended value of

0.75 for A, whereas the constant B is given by B ¼ 3kA/(k0 þ 1)

(k0 þ 2.5), so that the velocities abide by the continuity

constraint.

Equation (14) describes the wind velocity, Vw, in Cartesian

coordinates by assuming that a tornadomoves translationally

toward the þx direction with a constant speed, Vtr.

OOOuter
corecorecorecorecccore

Ground

z = H
i

Fig. 4 e Cross-sectional view of wind field of Fujita model.
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Vw ¼
0
@ cos q �sin q 0

sin q cos q 0
0 0 1

1
A
0
@Vr

Vq

Vz

1
Aþ

0
@Vtr

0
0

1
A; (14)

where q is the azimuthal angle shown in Fig. 5 and the radial

distance at (x, y, z), r, is defined by r2 ¼ (x e VtrT)
2 þ y2 at t ¼ T,

assuming that the center of the tornado is initially located at

the origin (t ¼ 0).

2.4. Stochastic correlation between wind speed and
flight distance

Assuming the wind field of a translating tornado defined by

the Fujita model, local wind speed, V, which is defined as the

largest horizontal wind speed at 10 m AGL experienced

during a whole tornado action, can be calculated at an arbi-

trary point (x, y, 10) using Eq. (14). By contrast, the flight

distance L of objects initially placed around a tornado path,

such as that shown in Fig. 6, can be computed using TONBOS.

Flight distance L is dependent on the location of each point

relative to the tornado position and the translating direction.

In particular, objects around the origin tend to fly for long

distances, because a tornado is assumed to suddenly appear

at the origin at t ¼ 0, imposing high wind on objects around

the origin. By contrast, objects initially placed in the down-

wind side (þx region) tend to fly for short distances, because

the objects will be picked up by wind of lower speed, flying at

rather low altitudes and hitting the ground quickly. To be

conservative, in our method the flight distance computed is

represented by themaximum value at the upwind side (orex

direction).

Based on these numerical results, we are able to compute

the conditional probability density function, SV(L), with

respect to the flight distance under a specific local wind

speed condition, for which the following mathematical re-

striction should be satisfied.

Z∞
0

sVðLÞdL ¼ 1 (15)

It should be noted that probability density function SV(L)

can be expressed as a delta function d(L) for V < Vc, where Vc is

theminimum local wind speed at 10mAGL required for liftoff.

In other words, objects will not be lifted and will not be

transported by tornado at all (i.e., L¼ 0) if the local wind speed

is below the critical local wind speed, Vc.

2.5. Conditional strike probability and annual strike
probability

Whether an object would strike a target should generally

dependon theflightpathof theobject, including such factorsas

theflight distance,height, anddirection relative to the target. In

our method, we presume that tornadoes that attack a site do

not have any preferential direction along their paths, which

means that theprobability ofmissile flight direction is uniform.

A further presumption is that the strike probability, q, of an

object placed at position r relative to the target can be approx-

imately expressedonly by theflight distance, L, suchas q(r,L). In

such a case, the conditional strike probability under a specific

local wind speed condition, QV(r), can be obtained by the inte-

gration of product of SV(L) and q(r,L) over L, as shown in Eq. (16).

QVðrÞ ¼
Z∞
0

qðr; LÞSVðLÞdL (16)

By contrast, the annual exceedance probability of local

wind speed H(V) can be computed using a tornado hazard

analysis code (e.g., TOWLA) [8]. The probability density func-

tion, p(V), for local wind speedV is obtained as follows through

the differentiation of H(V) with respect to V, with a negative

sign.

pðVÞ ¼ �dHðVÞ
dV

(17)

Then, the annual probability of tornado missile strike on a

structure, Ph(r), is computed with the convolutional integra-

tion of the product of QV(r) and p(V) over V, as shown below:
Fig. 5 e Translational motion of tornado.

Fig. 6 e Arrayed arrangement of objects around a tornado.
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PhðrÞ ¼
ZVm;l

0

pðVÞQVðrÞdV ¼
ZVm;l

Vc

pðVÞQVðrÞdV; (18)

where Vm,l is the maximum value of the local wind speed.

3. Results

As a numerical example, we shall compute the annual strike

probability of an automobile on a tall cylindrical structure.

Assuming that the mass of an automobile is 1,140 kg, and the

dimensions are 4.4 m (length) � 1.7 m (width) � 1.5 m

(height), the flight parameter, CDA/m, of the automobile is

calculated as 0.0097 m2/kg via Eq. (3). The automobile is

assumed to be at radius r from the center of the tall cylin-

drical structure, whose radius is 20m (Rt ¼ 20m), as shown in

Fig. 7. As for the tornado condition, a maximum wind speed

of 92 m/s (Vm ¼ 78 m/s, Vtr ¼ 14 m/s) and a core radius, Rm, of

30 m are assumed here.

Local wind speeds at 10 m AGL were computed using the

Fujita model wind field at 58,081 (241 � 241) points within a

120m� 120m square region; the spatial distribution is shown

in Fig. 8. It can be seen that a higher local wind speed exists

around y ¼ �Rm, because the tornado is assumed to rotate

counterclockwise and translates in the þx direction. Mean-

while, flight distances were computed with TONBOS for au-

tomobiles located at the same points within the 120m� 120m

square region. As shown in Fig. 9, flight distance is dependent

on the relative location around the origin, but independent of

the x coordinate at the downwind side (þx region) because, to

assure conservative evaluation, the flight distance was

replaced by the maximum value at the upwind side, as

explained in Subsection 2.4. A phase plot of the local wind

speed, V, and the flight distance, L, is shown in Fig. 10, where

we can see that the critical local wind speed (Vc) is about 45m/

s, the maximum value of the local wind speed (Vm) is about

90 m/s, and the maximum value of the flight distance (Lm) is

about 85 m.

The probability density function, SV(L), corresponding to

the data in Fig. 10, is shown in Fig. 11. High values of SV(L)

can be seen near the right-hand side end (boundary be-

tween zero and nonzero distribution) in this figure. This is

because the flight distance in the downwind region was

replaced by the maximum value at the upwind side, as

mentioned above.

Considering the geometrical condition of the target struc-

ture relative to the automobile, as shown in Fig. 12, the strike

probability, q(r,L), of an automobile placed at radius r¼ jrj from

Fig. 7 e Arrangement of object (automobile) and cylindrical target.

Fig. 8 e Distribution of local wind speed, V.
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the cylinder center, whose flight distance is L, can be conser-

vatively calculated via Eq. (19).

qðr; LÞ ¼

8><
>:

0 ðif 0 � L � r� RtÞ
1
p
sin�1

�
Rt

r

�
ðif r� Rt < LÞ (19)

Then, the conditional strike probability under a specific

local wind speed condition QV(r) can be obtained by integra-

tion of the product of SV(L) and q(r,L) over L via Eq. (16), as

shown below.

QVðrÞ ¼
Z∞
0

qðr; LÞSVðLÞdL ¼ 1
p
sin�1

�
Rt

r

� ZLm
r�Rt

SVðLÞdL (20)

In this numerical example, the annual exceedance proba-

bility of the local wind speed at a certain point, H(V), is hy-

pothetically assumed to be expressed by an exponential

function, such that H(V) ¼ 10�6/y at V ¼ 70 m/s and

H(V)¼ 10�7/y at V¼ 92m/s, i.e.,H(V)¼ 0.00152 exp(e0.10466V).

With these assumed data, the annual strike probability of the

automobile on the structure, Ph(r), is computed using Eq. (18),

yielding the result shown in Fig. 13.

4. Discussion

4.1. Qualitative and quantitative validation

Fig. 10 indicates that the minimum local wind speed required

for liftoff at 10 m AGL, Vc, is about 45 m/s. Because of the

Fig. 9 e Distribution of flight distance of automobile, L.

Fig. 10 e Phase plot of local wind speed, V, and flight

distance, L.

Fig. 11 e Example of the probability density function, SV(L).

Fig. 12 e Geometrical condition of object and target.
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vertical profile of the wind speed, Vc should be slightly larger

than the critical liftoff wind speed at the level of the auto-

mobile on the ground, Uc. We can confirm this relation with

the value of 40.6 m/s estimated by Uc ¼ (mg/(0.5rCDA))
0.5,

which is derived from the balance of the gravitational force

and the lift force.

Besides this, we shall confirm not only the qualitative

validity of the result, but also the quantitative consistency for

two special cases in which the automobile is located in the

vicinity of or far away from the structure. The annual ex-

ceedance probability of local wind speed, H(Vc), at the mini-

mum local wind speed, 45 m/s, is calculated as 1.37 � 10�5/y

via H(V) ¼ 0.00152 exp(�0.10466V), which is the probability

that the automobile will detach from the ground and fly for

any distance and in any direction. If the automobile is located

just in the vicinity of the structure, the possibility of a strike

should be almost half of H(Vc), owing to the requirement of

V > Vc and the uniform chance of the flight direction. There-

fore, the probability of an automobile strike on the structure

should be approximately half of 1.37 � 10�5, i.e., 6.85 � 10�6/y.

The Ph value at r ¼ Rt, shown in Fig. 13, is very close to this

value, indicating the quantitative consistency of the result.

Furthermore, the Ph value drastically decreases beyond

r ¼ Rt þ 80, as can be seen in Fig. 13, which is consistent with

the maximum flight distance of the automobile, i.e., about

83 m.

4.2. Effect of tornado pressure distribution on flight
behavior

In this subsection, we discuss whether or not a pressure

depression in the center of a tornado can affect the flight

behavior. For simplicity, assuming the flow with the Rankine

vortex model, the pressure distribution can be theoretically

derived as shown below:

p
rV2

m

¼

8>>>><
>>>>:

1
2

�
r
Rm

�2

� 1 ðr � RmÞ

�1
2

�
Rm

r

�2

ðr>RmÞ
(21)

The aerodynamic force due to the pressure distribution

acting on the object, FB, can be computed using the following

integrals.

FB ¼ �
Z
S

pndS ¼ �
Z
B

VpdB; (22)

where S, B, and n are the surface of the object, the volume of

the object, and a unit outward normal vector on the object

surface, respectively. The pressure gradient can be calculated

from Eq. (21) as follows for x > 0 and y > 0.

Vp ¼
 
rV2

mmin

 
x
R2
m

;
R2
mx
r4

!
; rV2

mmin

 
y
R2
m

;
R2
my
r4

!
;0

!
(23)

With Eqs. (22) and (23), the magnitude of the force due to

the pressure distribution, jFBj, can be approximately

expressed in the following form:

jFBj ¼ jVpjB ¼ rV2
mB

Rm
min

�
r
Rm

;
R3
m

r3

�
(24)

By contrast, themagnitude of the aerodynamic force due to

drag, jFAj, is approximately expressed by Eq. (25), assuming

the stationary Rankine vortex as the tornado wind field for a

stationary object.

jFAj ¼ 1
2
rCDAV

2
mmin

 
r2

R2
m

;
R2
m

r2

!
(25)

Then, the ratio of both the magnitudes, jFBj/jFAj, can be

expressed as below.

jFBj
jFAj ¼

2B
CDAr

(26)

This ratio is much lower than unity in the outside region of

the tornado core (r > Rm) and around the core radius (r ¼ Rm),

because 2B/CDA is equivalent to the length scale of the object,

and is much smaller than the tornado scale, Rm. By contrast,

around the tornado center (r << Rm), jFBj as well as jFAj ap-
proaches zero as radius r decreases, suggesting that the

gravitational force prevails. The above discussion suggests

that tornado pressure distribution will not significantly affect

the flight behavior.

In the case of the Fujita model, Eguchi et al [18] computed

the pressure distribution by solving a pressure Poisson equa-

tion with an appropriate boundary condition, and demon-

strated that the pressure depression of the Fujita model is

weaker than that of the Rankine vortex model. This implies

the same conclusion for the wind field of the Fujita model, as

shown above.

5. Conclusion

The authors have formulated an efficient method to evaluate

the probability of tornado missile strike without using the

Monte Carlo method. Using a computational code, TONBOS, a

stochastic correlation between the local wind speed, V, and

the flight distance, L, was computed for a large number of

objects initially placed around a tornado path; the correlation

was used to evaluate the conditional strike probability. By

Fig. 13 e Annual strike probability of an automobile on the

structure, Ph.
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contrast, annual exceedance probability of local wind speed,

derivable using a tornado hazard analysis code, was utilized to

obtain the probability density function of the local wind

speed; then, the annual probability of tornado missile strike

on a structure was computed by combining the conditional

strike probability and the probability density function of the

local wind speed. The evaluation method was applied to the

evaluation of strike probability of an automobile on a tall cy-

lindrical structure. The results demonstrated qualitative val-

idity and quantitative consistency for special cases in which

an object is located just near or away from the structure.

In the numerical examples presented in this paper, tor-

nado intensity and radius were specific values. To obtain

missile strike probability and its uncertainty in the true sense

of probabilistic assessment, variations of tornado character-

istics such as intensity and scale have to be incorporated into

the strike probability evaluation. Furthermore, temporal var-

iations of the aerodynamic force during missile flight may

need to be taken into account. We believe that the method

presented here can be improved in such directions as our

future work.
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