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DukeE POwWER GOMPANY
P.O. BOX 33189
GCHARLOTTE, N.C. 28242

HAL B. TUGKER TELEPHONE
VICE PRESIDENT (704) 373-4531
NUGLEAR PRODUGTION NOVemb er 19 198 2
>

Mr. Harold R. Denton, Director
Office of Nuclear Reactor Regulation
U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

Attention: Mr. John F. Stolz, Chief
Operating Reactors Branch No. 4

Subject: Oconee Nuclear Station
Docket Nos. 50-269, -270, =287

Dear Sir:

By letter dated October 18, 1982, the NRC requested additional information
concerning a tornado protected means of providing steam generator cooling
water. The response to this request is attached. Portions of this response
were discussed during a telephone conference call with the NRC on November 16,
1982.

Very truly yours,

Hal B. Tucker

RLG/php
Attachment

cc: Mr. James P. 0'Reilly, Regional Administrator
U. S. Nuclear Regulatory Commission
.Region IT
101 Marietta Street, Suite 3100
Atlanta, Georgia 30303

Mr. Philip C. Wagner
| Office of Nuclear Reactor Regulation
| U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

Mr. W. T. Orders
NRC Resident Inspector
Oconee Nuclear Station
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Duke Power Company
Oconee Nuclear Station

Response to NRC Request for Information
Tornado Protected Means of Providing Steam Generator Cooling Water

1. You state that the bounding evaluation of the frequency at which a tornado
might be expected to damage the EFWS and the SSF ASWS piping and controls,
where they enter the reactor building through the west penetration room,
showed that the frequency of occurrence is no higher than approximately
7.5 x.1073/yr. for any particular Oconee unit.

Provide a description of the methodology, assumptions, modeling and error
bounds of your analysis.

Response

In order to estimate the frequencies of tornados that could damage both the
emergency feedwater system (EFWS) and the Standby Shutdown Facility auxiliary
service water system (SSFASWS) the following steps were performed:

1.

The

identification of critical plant areas in which the EFWS and SSFASWS
could be exposed to damage due to tornado winds;

determination of which minimum sets of these areas must be exposed to
tornado winds simultaneously in order to defeat the function of both
the EFWS and the SSFASWS;

identification of the paths a tornado could follow to damage those areas;

determination of the frequencies of tornados following those paths
whose velocities exceed the building design criteria; and

estimation of the conditional probabilities that, given tornado wind
exposure, critical equipment would be damaged.

following assumptions were made relative to the steps listed above:

The west penetration room is vulnerable to tornados that produce wind
loadings normal to its west or north walls; this is the only critical
area for the SSFASWS. ’

The EFWS is vulnerable to tornados: resulting in damage to either the
east and west penetration rooms or the Turbine Building.

The Turbine Building is subject to damage from any tornado producing
winds in excess of 95 mph; damage to the Turbine Building is assumed
to result in failure of the EFWS.

Because the penetration rooms are relatively small with respect to
the area of their exposed walls, EFWS and SSFASWS equipment located
in them are assumed to fail when the walls fail.




5. Because the tornados typically rotate counter-clockwise in this region,
the west penetration rooms are exposed to tornados originating from compass
points S through N; the east penetration rooms are exposed to tornados
originating from compass points N through S (see Figure 1).

The tornado frequencies were obtained from data tabulated by the National
Severe Storms Forecast Center for the area within 50 nautical miles of Clemson,
South Carolina for the thirty-year period, 1950-1980 (copy attached).

In light of the assumptions outlined above, it can be seen that damage to the
east penetration room is not relevant, since the EFWS is assumed to fail when
the Turbine Building is damaged. Therefore, the frequency at which the EFWS
and SSFASWS are damaged for any unit is equivalent to the frequency at which
that unit's west penetration room is struck by a tornado. ' As suggested by
Thom (see attachment), the frequency at which a tornado will strike a point
.can be expressed as the following: :

_ zt
P=
where =z = tornado path area
A = geographical area for which tornado data
are collected
t =

frequency of tornados occurring in area A

Because the targets presented by an Oconee unit and by the site are not negligible
compared to the width of a tornado, the value of z must be increased to account
for these targets. This is done as follows:

where L = path length
W = path width
D= equivalent target diameter

For a single Oconee unit, D is taken as the length of a west penetration room
wall, approximately 50 feet. For a tornado striking any of the three Oconee
units, D is taken as the distance from the north end of the Oconee 1 west
penetration room to the south end of the Oconee 3 west penetration room, approx-
imately 470 feet.

The tabulated data indicate that there are no tornados originating from compass
points N, NE, E and SE. Thus, direction of origin is not a factor affecting
the frequency of tornados of interest. The tornado wind speeds are tabulated
according to F-scale. The break point in this scale corresponding most closely
to the design value of 95 mph is at F > 2, wind speeds of 2 113 mph, and damage
indicated as '"'considerable''.

Calculation of mean damage areas:



1V’

from the data for tornados with F 2,

0.687 mi?2

I1=80mi, L - W
the mean damage area for a single unit is

L -W+1L D, D=50ft
2

z

z

0.763 mi
the mean damage area for the station, D = 470 ft, is
Z = 1.40 mi’

Calculation of mean regional tornado frequency:

there were 33 tornados recorded in 30 yr, .
t = 5= = 1.1 tornados/yr

Calculation of mean tornado strike frequency:

P = EKE A = area of 50 NM radius circle
for a single Oconee unit,

(0.763 mi%) (1.1) -
7(50 NM - 1.15 mi/NM)

P =

8.1 x 1079 /yr

for any one or more units,
P =1.5%x 10—4/yr
Uncertainty bounds are estimated by calculating the variances for each of the
parameters and combining them using the method of moments., Assuming, as

suggested by Thom, that the resultant probability distribution is approximately
lognormal in shape, the following bounds are obtained:

Pos = 1.7 x 10"%/reactor-year, 4.2 x 10_6/station—year
P50 = 2,3 x 10—5/reactor—year, 4.9 x lO_S/Station—yearA

Pg5 = 3.1 x 10—4/reac£or—year, 5.7 x 10_4/station—year

§'> 8.1 X»10'5/reactor—year, 1.5 x lo"a/station—year



Conservatisms

It was assumed that the capacity of the Auxiliary Building walls is nominally
95 mph. However,. this is the design value for a continuous wind loading. The
walls could be expected to withstand greater momentary loading under tornado
conditions. A higher threshold wind speed would reduce the tornado occurrence
frequency. ’

It was also assumed that damage to the penetration room walls and to the
Turbine Building is certain to cause system failures. However, the equipment
could escape damage despite wall failures, since the building frames are
substantially stronger. In addition, most EFWS equipment is located in the
Turbine Building basement, affording substantial protection from tornado wind
effects.

2. [The NRC requests the] results of an analysis which demonstrates that
‘adequate decay heat removal can be continuously maintained through the
use of the existing auxiliary service water system, and that such a cool-
down method will not result in an accidental overpressurization of the
auxiliary service water system or the excessive loss of reactor coolant.

Response

In view of the low likelihood of occurrence of a tornado which would result
in damage to the west penetration room, and the multiple sources of steam
generator cooling water available, Duke respectfully declines to respond to
this item.
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Vo Tt TORNADO DATA . ’ T T

“SJhe enclosed tornraco 11sting provices {rnformation on all repnv-!-;d“(oTnndce:'—].n_i'F;—_n_Fca 1:57;“0( from i_ﬁo 'hrt;u*gia 1980, Tle -
¢ wu_-inun_g-_r\_t_r_i_e_-_c__qg'a_q_t.ab_lc_x"_a_r_e_"c_'-p\wa.iqc.,d_brlov_- _____ 11 yeu _have ndditional questions, please vette or_call the National Severe . . _. .. f

“Storms Forecnst Crntery Room 1728s 601 €o 12th SteeKansas Cilye Moo 6A10fs phone (H16) 374-3427.

—fi\rﬁ—ew-by- 1tem tistino Thows the y years monthe da te and t Ame of —OIC;.C—\J-;IV'-C.I';EC_-O'i“P‘!;l-."-\-' or ra—do-in h(‘c:.l_;'nl—- “tancard Time. '

“Jhe tolumn Labeled STQ ang SLG dndicate the secauence number and seoment rnumter 0f eech Vornido. Cecuénce nimbers nre atsiorec
__Eb_rog_()lqgjgg_llz vithin each state. The first_tornaco in 1973 4n Chio_is _piven srovence nusber 1 for the state_of fhio_that

~a

yeare Many tornadocs have wmore Chan one touchdoun pointe that 4o they moy tcuchenwn again. These tcrnadoes are bhroken down
into stoments and the seuﬂ'thI_B!‘_{_lﬂ_d_ic'a_fgg__by__gp_lgrl!__nyg!hc_r_asv.___F_ormn_.lo!'nzdo with I gearerts the_seaurnce numtber stays_tho_

C “same but the sepment number 1 different tor esch seprrate touehdoun. The statistics In the tables are basec only on the
inftial touchdown pointse

uidih. UDeesths and injuries for each sepment mfe Listeds follcwed by Oamsge Class. Damace Class nusbers range from 1 to 9 ard
provide an estimate of the dameue according to the table (81) beleve

§
C The Latitude and Lloncituce of the tecirning and endinn points of cach tornadc are shown follcved by the rverell tenoth and (

! _The colurns labeled FPP provide the fuj1ia-}’eort_o.q__ts_l!.l‘i__es.t_imn!'_:_dq_fm_r_n_rgep_,‘_’aﬂh__Lc_r‘glh‘_ap_d__'fa_'_}_\l_jjf_{h:___Q_l_l three_scales are
i iogarithmnetic with values rangina 1rom -1 for the smallest category to +5 for the larpest.

r

the following tabte (#2) shows the range in each scales The Tath Lenath and the Tath Udcth vatues reoresent estimates as to
the sctual smount of pround contact for erch ternado. For Inctances 11 » tornado ha.d_a_'J_q_v_c.r_e.l_.!_l.ﬂ."_c_t_t\_gf_ﬁ_'ﬂ.1_15_8__!13:!_,M_q_cr_,_____,___'

“ectual around contact only 60 percent of the “time the Path Lenoth scale value vould be 8 3.

The AZRAN column indicates the ariruth and range from the center points 129783 indicates the tornsdo touchdcun vas 129 cecrees
o (southeast) at 83 nautical miles from the center point. . _ . . IS

| .
A circular plot of tornado touchdoun points is enclosec. The city ot interest As 2t the center cf the plots north_4s _at the tepe
>, esst ol the right hend sides ete. Lach digit repretents the nurber of tcuchcouns 4n a seall sauare area. abcut Z miles on a

(.7\ » cice. Thuse what micht be plottec as 21 actually represents : touchdowns in one square and 1 totchdewn fn_tte acjacent squares

) The four frequency tables provide detailed $nformation sbout the time of days tire of yeer and length and wicth characteristics
ol tornadoes in the area of interest. ;

(" TTRe Folth width vs Path Length table Te corputed from the 71 and Pu data. Alsos the mean patt Leroth and mear path areas are (
computed from the P1 and Pv data. Vhen the tenpth and width scale values are corverted tack to_length and width fioures the

»inimur values In each range are Used. for examrley a F1 value of i it converied to a tength of 10 miles in the catculatione

The worthly and hourly distribution tables TraVeste Lhe Tavored timcs of day and year for tornacces in each zrea. *onthly ard
hourly percentages are shouwn on the hourly distribution table. Mean times are shoun for each morth and for the entfire year.

Yhese times should be Tnterpreted and usec ¥n conjunction with the hourly perceninnes in ex
tornadoes. ALl times In these tables are Central Stancard Time.

aeinirg the diurnel trend of

! () _The latttude and Lonaitude of the center point of the search prooran 15 isted at the upcer riaht hand side cf the Hourly

—§Tstribulion Tables Thes figures are in degrees shd RURdredihs. ihe map scele used in the eireular plot is compatible with ‘

the MSR 37 radar mape 125 nautical rongee.

Yable %1 (DAMAGE CLASS) | - tatle $2 (FPP SCALE)
A v eeeeeeemecscss-ssseme-sscsssooooosems rguuEp A rhsbukatniaihaie ettt o= B et Rl L bt itdid
O 1 SCALE F tmph) DAMAGE P1 (siles) Py (width) ¢
R l ----------------------------------------------------------------------------
o 1 Less than 350 } -1 Less than 80  CUlfttle or Less - than .3 Less than 6
Q 2 350 to 3500 ] no damaoe) — ¢
3 4500 to 354000 | 0 4g-72 Licht D.3-1C _6-11__ yoards
4 354000 to 3504000 | 1 73-112 Mocerate 1.0-3.1 18-t5 y ards
¢ 5 350,000 to 35004000 I 2 113-157_ Corsiderable - 3.2-9.9 S6-175 yards
T 6 TI5004000 to $5 miliieon i 3 156-206 Severe .. 10-31 176-556 yards
7 35 million to $50 Million { 8 207-260_ Devastating _32-99 0.3-0.9 miles
4 8150 K1l {on to 3500 #¥lUion | ~ Z61-318 Incredible 100-318 7T 7T T 100-3.1 miles

-
"




“in nature; not all references have been listed.

- but little could be done to correct this deficiency.
as is known, none of these studies made o direct attack |

" TORNADO PROBABILITIES o )
H. C. S. THOM

Ollice ol'Cllmaloloor, U.S. Weather Bureau, Washington D.C.
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' ABSTRACT

The frequency distributions of tornado path width and length are developed using datn serics from lown and N
Kansas.  From these, the distribution of path area is derived.  Dircction-of path and annual frequency arc discussed. =
It is forund that all but about 1 perecent.of Towa tornadoes had path directions toward the northeast nnd southeast '

quadrants. |

The annual frequency for a group of Towa countics is found to have a negative binominl distribution

indieating that the climttological ‘series is formed from a Polva stochastic process. ) This_resembles. the situation

for other types of storins where the events tend to cluster.
is presented for the period 1953--62, during which it is believed tornado observation was foirly stable.
valuo of tornndo area is derived from the aren distribution.

of n tornndo striking o point is found.

1. INTRODUCTION

There have been o large number of studies of tornudo
climtology, most of which have been simply counts of
tornndoes for various arens and time periods.  Asp [1]
lists 78 references, a few of which are not climatological
Many of
these studies have recognized the possible incompleteness
of the frequency series and the difficulties of observation,
So fur

on the problem of tornado probability, which is the object
of the present, study.

In 1945, William F. Kuffel, then of the Dubucque Fire
Marine Insurance Company, asked the writer to develop
a system of limiting the loss from single tornado in a
given region for the purpose of preventing linbilities from
exceeding reserve funds.  This resulted in o limited study
for severnl Town counties (2] in which the direction fre-

queney and path length and width distributions were

discussed.  From this, a directed standard path was
devised within whose bounds the insured liability could
be totaled. If this exceeded a certain limit related to
thereserves of the ('mnpnn_\}, the excess could be reinsured
with other companies. Tt _should be mnoted that the
occurrence of more than one tornado in the region is still
to be tnken care of by the ordinary risk of the business
which is not well defined in this type of insurance coverage.

By 1957, these ideas had developed further {3}, nnd
after mathematical distributions wero fitted to the path
length and width it was possible to determine the prob-
ability of o tornado striking a point. There still remained
a bothersome correlation between path length and
width which was not easily taken into account in the area

did not fit the data scries particularly well. / :

A new map of annual frequency for the United States
The expected
From this and the annual frequency, the probability

distribution. This prevented obtaining a complete solu-

tion to. the distribution problem. In 1958, Battan {4)

K\ J . .
- presented” a simple frequency dingram- of path length,

but his objective was to study the duration of a tornado,
not its probability of occurrence. :
" In the present study, we introduce distribution theory
which provides a better fit to the basic data and makes
possible u more satisfuctory: solution to the area distribu-
tion' problem. The distribution of annual frequency
is also discussed and several comparisons of data aro
made, together with a number of statistical tests for
homogeneity.

2. PATH LENGTH AND WIDTH DISTRIBUTIONS

Since path width and length cannot l)(\tn(‘gulivo, 26T0
must be the lower bound of any distribution assumed,
although this need not be n greatest lower bound. As
with o number of other physical variables, where the true
bound is certainly near zero, but cannot be established
to be different from zero, it has proven convenient to
assume that the distribution has a zero lower bound.
Also, in this instance, it would appear that both varinbles
should have a probability density of zcro at. the origin,
for as the path Iength and width approach their greatest
lower bounds, the probability density should_approach
7ero.

In previous studies [3], n gamma distribution was as-
sumed. While it has a zero bound, it need not have a
zero probability density at the origin.  When fitted to
length and width data, both variables gnve shape param-
ecter estimates which indicated non-zero densities at the
origin. Kurthermore, with this function the distribution
of aren becomes intractable, and above all, the distribution

.



listribution meets all the above theo-
st I may have n zero hound, - its
is zero at the origin, and the distribu-
e TE  @ply o convolution of the logarithmic
sibutions of path length and width, {he correlation
cen them entering quite naturally.

~t z be the path length in miles; and w be the path
h in yards; then, transforming to logarithms, we have

y=In >x, RN ¢ D)

_ d=ln w. . 2)
inversely B

) r=¢', (3)

w=e". 4

a( ) and ¢2( ) be the mean and varinnce operators

actively.,  Then, if  is normally dmtnbutcd the -

ibution of x is log- normal, i.e.,

; STPYI G
_moxp,{—gi(—y; [lux‘ 1(3/)]}(11: (5)

o L(r) is the distribution function or cumulative
ibution.  Similarly, for w B

/(w)=m-cxp { ?( 3 [In w—a, ()] } dw(G)

is well known that the mean and variance estimated .

ne usunl fashion are jointly suflicient statistics for
mting &,(y), oy (1), o¥(y), and ¢?(w). Since functions
aflicient statistics are also sufficient, the optimum
~rty holds for the transformed sample given by equa-
(3) and (4). THence, we may work in the lo«vnrithms
forming back after estimation is completed.

ree sets of data were nnalyzed with distributions

Sind (6): Town tornadocs for the period 1937-56, Towa
idoes for tho period 1953-62, a kind of standard
«l to be discussed later, and Kansas tornadoes for
«tandard period. Tornadoes with paths longer than
mi. and paths wider than 1000-yd. were rejected as
itful observations. The relative lrequency of these
mll and, if included, would have little effect on the
ibutions considering the nceuracy of the observations.
fits to the path length arve nll excellent, none of the
+ distributions having an absolute departure signifi-
at the 0.05 level on the Kolmogorov-Smirnov distri-
m.  The fits to the path width are also good, there
- no absolute departure significant at the 0.01 level.
somewhat greater precision of the path length obser-
ns was to be expected since the path width is more
ult to estimate. C—
«e sample means and standard devintions are shown in
1. Since nll of the distribution fits were very good,
13 decided to show only those for the Towa 1953-62

704-066—63——17
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TAm E 1.—Path statislics (loganlhnn)

Path 1ength 'ath Width

v () i )
Town 1037-50 . oo aeaaeaaaaann 1.99 1.25 6.41 1.01
Town 195362 et e 1.42 1.43 515 0.91
KANSS 195362 oo oeememmennamcaoecmmnnnns I.32 Lad| - 492) LI2
Menne 1953-62. . .ooo.ooooo. eeeaaans 1,37 1.43 5.04 1.02

record which consisted of 106 observations of path length
and 103 observations of path width.  These samples were
large enough to confuse the plotting, so only the middle

point. of each series of repented values was plotted on

fizures 1 and 2. While this might scem to mnke the fit
nppear better, this eriticism enn not be timportant beenuse
the fits were shown to he good by the signifiennee test.
The theoretienl lines on the graphs were obtained from
the statistics for Town 1953-62 in table 1.

The varinnee of the three records of table 1 were com-
pared by Bartlett’s test and no signifieant difference at
the 0.05 level was found for either path length or width.,
However, an analysis of varinnce.on the three records
showed signifiennt differences in the means for both path
length and .width. Since this could be due to poorer.
observing during the 1937-52 period, it was decided to
diseard the earlier record for present purposes. {-tests

on the Towa and Kansas means for the 1953-62 record

then showed o signifiennit difference at the 0.05 level for
cither path length or width.  An F-test on the varinnces
for path lengtit showed no:signifiennt difference at the
0.05 level as the variances are nearly identieal. The
varianees for path width, however, tested significnntly
different. Inasmuch as the difference is small and the
number of degrees of freedom large (103 and 125), and
considering the accuracy of the observations, it was de-
cided to average the variances as if they, like the means,
were from the same population. The resulting means
and standard .devintions of path length and width- are
shown at the foot of table 1. '
Although expected superiority of path width and length
observations-over frequency observations was the basis
for the study, it was a-surprise to-the writer to find an
apparently erude observational technique produc\ng such

a remarkable agreemént between data for Jowa and
Kansas. It should not be forgotten, however, that the

observational technique still may be binsed and methods
should be devised for testing this.  Data from other areas
should also be analyzed to determine whether the tornado
characteristics presented here are invariant over larger
areas or possibly physically invariant.

3. THE DISTRIBUTION OF PATH AREA _ '

"The convolution of the distributions of the logarithms

is the transformed distribution of the product. Thus, the
distribution of. y+4wu=uvis the transformed dmtnbutlon of




W

D730 MONTHLY WIATHSK KISV L)Y Bl
-'_I.O. : T — .1 T _&r.' —T T — T ]‘ I%ﬁ‘ T T — 100
0.8 — : : - e —— 80
0.6 - - 60
0.4 : : 40
0.3 - : 30
- . Y
2 =
S <
- p
2 0.1 0o 5
w - / z
- 0.08 w
e
— / T
2 0.06 6 &
] ! a
> / >'<
0.04 / 4
0.03 3
0.02 2
0.01 | R DN S NS4 NS NN N EEN NN IS EURS N N S S B S 4 |
: 0.l 1 2 5 10 20 30.40 50 60 70 80 90 95 98 99 99.9 99.99

PROBABILITY

FiGure 1,— Distribution of path length for Towa tornadoes during 1953-62.

sw=2z, the path length times the path width, or the tor-
nado path area in yard-miles. The equations of trans-
formation are similar to those of path length and width,
ie., ‘

, v=In 2z : (7
and '

z=¢e",

Since y and % are normally distributed; their sum » is also

" normally distributed, and z has the log-normal distribution

1 1 ' . |
dQ(:Z)=m ONI){—W {log v—en (V)] }dz- ®

The value of «,(v) is given easily by the sum of the means
of y and u or :

o () =a(y) +an(u) ’ (9)

The variance of v is more complicated bectuse the path
length and path width are positively correlated. This
introduces a covariance term and the variance is then

o*(0) =a*(y) +o*(u) +2p(y, Wa(y)o (), (10

where p(y, u) is the correlation between the logarithm of
path length and width.  The correlntion coefficient be-
tween 96 pairs of path lengths and widths for Towa was
found to be 0.39. Inasmuch as the correlation would be
expected to vary less areally than the variances, we use
this correlation coeflicient with the average path length
and-width varinnces of table 1. This gives a sample path

area variance of s2(r)=4.233 and standard deviation’ -
s(v)=2.037. Substituting the sample means from table 1-
“in equation (9) gives v=>6.41. '

We shall need to know the mean value of z. This is
given by the expectation operator

L(z)=Le’]

- [_., ¢*dN (1) (11)

where N(v) is a normal distribution. By the moment gen-
erating properties of the normal distribution, (11) gives

E()=cxpla@) +1/20°@) —  (12)

‘It is interesting to note that although thg gxpected value

(—
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Figure 2.— Distribution of path width of Towa tornadoes, 1953-62.

a product is not the product of the expectations when
- fuctors are correlated, in case the factors have log-
mal distributions the adjustment for the correlntion is
. covariance term of equation (10) which defines. the
mnee term in (12). . :

.ubstituting sample values » and s%(») into equation
‘) gives a mean path aren of 4964.8 mi. yd. - Dividing
1760 gives 2.8209 mi.? .

4. DIRECTION AND ANNUAL FREQUENCY

1t is well known that the preponderant direction of
qndo movement is toward the northeast. Our findings
m a tabulation of 230 tornadoes in Jowa are in agree-
at with this. Table 2 shows the distribution by direc-

13. Tt is seen in the table that about 63 percent of the-

andoes tabulated have path directions toward the
theast, while about 90 percent of them have an ensterly
ponent in their paths. For practical purposes, it
ht be useful to assume that almost all tornadoes have
hs with a component toward the east.

We now consider the annual frequency of tornadoes for
a central section of Iown where it is believed that the
population mean annual frequency was constant during
the period 1916-56. This series consists of the data for
Boone, Story, Marshall, Dallas, Polk, and Jasper Counties.
To demonstrate the_stability of annual frequency, we
made a run test on the annual serics. The number of
runs of years with frequency of one and zero and those with
frequency greater than one was 18, which is approximately
at the median frequency. This value has a probability
of 0.37 of being exceeded on the run distribution, and is
therefore clearly not significant at the 0.05 level. Theo

TanLe 2.—Tornado path direction—frequency

Toward ' NW | N ' NE E 8K 8 | Total
NUMIDOr - —ceceeeeaeaeneans 3 13 145 35 32 2 230
Peroent. . ooeoemeenesinenns| 1.3 58| 61| 10| 138 1.2 100
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Fiaurg 3.—Total frequency of tornadoes, 1953-62

anmal frequeney series for central Town may therefore
be treated as a random series. . :

Since the annual tornado series is diserele, it would
appear that some distribution such as that of the Poisson
stochastic “process would fit the annunl  frequencies.’
Poisson-related distributions and their eriterin were dis-
cussed in [5] and [6]. As deseribed in 6], Sukatme’s
test was-applied to the central Town series and showed a
probability of Jess than 0.0005, indicating a significant
departure of the series from a Poisson distribution’in the
direction of a time clustering of tornado occurrences in
the annual totals. Ience, the series is of the Polya type
having a negative binomial distribution. The probabili-
tics of this distribution are given by

r(t+k)p' _
r¢+nrE)a+pt

J)= (13)

whero p and k are parameters.

Application of Fisher’s criterion as in [5] showed that
the method of moments would not produce eflicient esti-
mates-of p and k; hence, the method of maximum likeli-
hood [6]. had to be used. This produced estimates
$=1.30, k=1.00, using 1=1.37. When these were substi-

" tuted in equation

‘table, table 3.

(13) for vavious annual occurrences,
probabilities at each ¢t were obtained. When these in
turn were multiplied by the total number of occurrences
for the record, 41, the estimated annual frequency i for
cnch ¢ was obtained. This is shown in thie comparative
Here the observed value go is compared to
A x*-test showed the fit of the

L. A
the estimated value g.
excellent, as is also

negative binominl distribution to be
. . . A .
clear from a comparison of go and g. As might have been

seerenm o

expcc‘tcd, like -other convectional storms [7], tornadoes

" tend to cluster within years and follow a Polya process

rather than a Poisson process in areas where frequency of
occurrence is high.
i

TarLe 3.—Annual tornado frequencies—central Towa

R
¢ [0 [}
i 0 17 17.0
1 10 10,2
2 8 5.0
3 2 3.4 ‘
4 2 2.0 }
5. 0 1.2
6. 1 0.7
7 0 0.4
8 1 0.2
;




CICTORER-DECEMBER 1063

MOZ\"I'I‘LY WAL

TIER REVIEW .

i .-

] T
N
- L

A e

4

(<]

0.5'0.3

(=]

| 020z

!

20 204!; gl 3!
T 1

s P N

I

1.0]1.4]1.%

LXIIX)

ojae|io)-

! 14°060809010/90.7
.. 93 0403040308 1000 é‘s'ee -
- i H

4 . .
/ ’ ’ S PR - .
’ [ . -3"0‘3[. 04 ‘, F.‘S ._ i
K 0.y |
’ e | [ - 10‘3,0": 0.5«15‘05:0.5 80.8/0.5
P ] : ; g
' e L .710.
v C e \/_F fmromunm foi b}
. : ‘

L Ao g
1oloso7/lol3freis|re

e 2Q30405) ’ ford ‘ :
;- ’ ‘03.04.05"0.0’ 0.40.4 07 0.9/0.9'080.7/0.
. Q30406 L !
.- ’o.co.s!o.rl L:_s 0s08liofie|i|rolo.
i ! N
I s Lejofie r.7leolesle olis .
-7/' 3,14-7 18l elr? 2apsee 2.4i2 2|1,
e R AT ) . - B
o.

’ .
9]'-' 1410 )1.0'e.0le.s[e le 6|e.ole.

'°f’°~_°j°~9 1.8 2.2!3.0 aijealailse

Ti1aurE 4.~—DMean annual frequency of tornadoes, 1953-62.

5. TORNADO FREQUENCY IN. THE UNITED STAT_ES

When the interest in local severe storms in the Weather
Surenu was heightened by the development of forecasting
aethods in the late 1940’s, it was already fully realized
hat tornndo observations were incomplete in many areas.
Beginning in the early 1950’s, efforts were made to make
he observation of frequency more complete, and by 1953
. was thought that a large proportion of the tornadoes
n the areas of high frequency was being reported.

The run test on the central Iowa Counties discussed
bove did not show a significant lack of runs in the 1916~
4 period.  This could be nccounted for either by the.fact
hat observing was nlready nearly exhaustive in this area,
vhieh appears to be a' good possibility, or that not enough
i the period after 1952 was included to show in the test.

We shall not go into this further at present, but rather
nake a test on the annual frequencics for the whole State
f Towa. The mean frequency for the period 1916-52 is

3.8 and the mean frequency for 1953-62 is 16.6. Since
he samples are fairly large and the distributions not

idely different from normal, the t-test may be used to
-3t the difference in the means. There is one difficulty,

awever, which must be taken care of first. This is
nused by the fact that an F-test showed the variances of

‘the two periods to be different. Tlence, it was necessary
to correct for this, using Geary's method which resulted
in a reduction of the degrees of freedom from: the original
36+9=45 to 24. Even this severe reduction in the de-
grees of freedom did not alter the test result; the difference
between the mean frequencies of the two periods was not
significant at the 0.10 level. 'This indicates that for the
Tewa record the mean does not appear to have changed,
but the variance has.  Hence, in all probability there has
been a change in the shape of the distribution.

It appears likely therefore that since there was a change
in the Towa record there was all the more c?mnge in other
arens. Consequenlly, it seems desirable to prepare a
United States map for the shorter more complete record
for the period 1953-62 and thus, ‘it is hoped, to avoid
large biases at the expense of more moderate increases in
‘standard errors, '

Figure 3 shows a map of the total number of tornadoes
occurring in 1° squares smoothed by Hann areal smooth-
ing, i.e., smoothing in both the north-south and west-east
directions with the Hann weights 0.25, 0.50, 0.25._ Figure
4 shows the mean annual frequency of occurrence of tor-

nadoes. This is needed in estimating probability of a

tornado striking a point, !

)
'
'
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6. POINT PROBABILITY

For a number of applications the place where a tornado
might strike may be approximated by a geometrieal point,

therefore the probability of a tornado striking a point. is

of interest. By the principles of geometrieal probability
the probability of a- tornado striking a point is the ratio
of the mean area covered by tornadoes per yvear to the
nren over which the tornadoea mny oceur, If wa tako
the mean path aren of a tornado to he z in squarc_miles
and the mean numberof tornadoes per year to_be 2, then
the average area covered by tornndocs per year will be
tz. If z and { are defined for 1° squares as { is in figure 4,
then the mean probability I” of a tornado striking a point
in any vear in i 1° square with z, ¢, and area A is

|

Y

P:2

£

(14)

o

If it is nssumed further that z is invariant, we may substi-

- tute the value for z previously obtained and equation (14)

becomes -~
. 2.82007 - ol
P= o O

< may be found from geographical tables but for con-
venienee we give in table 4 its value for each 5° for the
range of Iatitude of the United States. Lincar interpola-
tion will suffice between the values. :

For the square below Des Moines, Towa, at latitude
40°30", t==1.3 and A=3634; hence P=0.0010. The mean

_recurrence interval for a tornado striking a poiy.is\
/ /

R=1/P or 1000 yT. for a point in this square. 7/
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TanLe 4.—Areas of 1° squares (3q. mi.)<T -
[ Latitude of middle of square !
25°30° | 30°30’ | 35°30° | 40°30° | 45°30° | 50°30°
Arefoceioceciaiiicnnnns 4300 4109 3887 3634 3354 2083
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