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DUKE POWER COMPANY 
P.O. BOX 33189 

CHARLOTTE, N.C. 28242 
HAL B. TUCKER TELEPHONE 

VICE PRESIDENT (704) 373-4531 
NUCLEAR PRODUCTION November 19, 1982 

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. O'Reilly, Regional Administrator 
U. S. Nuclear Regulatory Commission 
.Region II 
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 

821130022B 821119 
PDR ADOCK 05000269 
P PDR



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. 10- 5/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. identification of critical plant areas in which the EFWS and SSFASWS 

could be exposed to damage due to tornado winds; 

2. 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; 

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

4. determination of the frequencies of tornados following those paths 

whose velocities exceed the building design criteria; and 

5. estimation of the conditional probabilities that, given tornado.wind 

exposure, critical equipment would be damaged.  

The following assumptions were made relative to the steps listed above: 

1. 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.  

2. The EFWS is vulnerable to tornados resulting in damage to either the 

east and west penetration rooms or the Turbine Building.  

3. 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.  

4. 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 =t 

A 

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: 

z = L * W + L * D 

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 113 mph, and damage 

indicated as "considerable".  

Calculation of mean damage areas:



from the data for tornados with F ( 2, 

I = 8.0 mi, L W = 0.687 mi 2 

the mean damage area for a single unit is 

Z = L W + L D, D = 50 ft 

.2 
z = 0.763 mi 

the mean damage area for the station, D = 470 ft, is 

-= 1.40 mi 2 

Calculation of mean regional tornado frequency: 

there were 33 tornados recorded in 30 yr,, 

33 
t = - 1.1 tornados/yr 30 

Calculation of mean tornado strike frequency: 

--z t 
P- A = area of 50 NM radius circle 

for a single Oconee unit, 

- (0.763 mi 2 )(1.1) 
T(50 NM *1.15 mi/NM)2 

= 8.1 x 10- 5/yr 

for any one or more units, 

P = 1.5 x 10 /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: 

P0 5 = 1.7 x 10- 6/reactor-year, 4.2 x 10-6/station-year 

P5 0 = 2.3 x 10- 5/reactor-year, 4.9 x 10-
5/station-year 

P95 = 3.1 x 10-4/reactor-year, 5.7 x 10~ /station-year 

P 5 = 8.1 x 10-5/reactor-year, 1.5 x 10-4 /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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YR P0 DAY 11M- STATF SED SC LAT (nN LAT LCN LFNGTH4 ulDTP DEATMS INJURIrS *N"Af r P. P - zPp.  
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t2 ? 29 1oo GA 7 1 424 R37C !42' P312 100 230 C 0 4 2 22;. 72.  
!7 2 29 1930 r.A F 1 3422 P.335 3422 P32t 100 900 0 3 5 2 3 3 232./ 43.  
52 5 10 _ 1400 SC . 1 34i8 VMS1 3*44 0200' 60 .2 . ( 0 1 ). 9(*/3* .  

5 10 1415 Sc 1 7 344h 6208 3*41 91153 170 2 4 .,C./ 3P* 

.54 .3 .31_-__5 5. C 6.. ..1 .. 3407 p I'19 340" 14 30 .100 8-o . C . 5 5 2 .3 20'./ ..  
54 3 31 1525 GA 6 2 3409 0304 3410 825, 8C 600 C 20 5 2 19 * 40.  
. 4 7 4 1400 .. GA .. 1....1 .. 342f.. P.307 C C . 2400 ( 0 3 1 - 4 20f.* 25.  
!5 1 23 1400 SC 4 3 3l30 A240 C 0 1" 0 3 0 - 1 14 ./ 21.  
5r. 4 6 1230 SC 2 1 3408 m723 3412 822C 50 300 C 1 5 2 2 2 347./ AP.  
* ' 9 13 1515 SC 5 1 3435 P237 0 0 3 250 r 0 3 1 0 2 13./ 19.  
!9 9 6 1345 SC 3 ) 347 21 C 2 0 C 0 0 C - 0 .110. !2.  

61 7 16 1530 GA 37 1 3420 P01P 0 0 9 1300 0 4 1 0 1 22!./ 2P .  
61 8 18 1930 SC 10 1 3443 8247 0 0 100 C 0 3 1 0 1 13.1./ Ih.  
f3 8 13 1720 SC 5 1 3420 P223 C 0 20 30 ( 0 3 2 1 0 13.9./ !R.  
64 4 2A 1730 SC 5 1 34!3 .. 200 . 0 C 0 1 0 0 1 4./ 45.  

64 4 28 1830 SC 6 1 3503 8206 0 0 ( 0 1 61./ *2.  
I4 12 24 2330 SC .1 I 315. -21 4 C 0 2 50 C .0 1 0 - 0 7 ./ 34.  
65 1 10 515 NC 1 1 3504 P342 0 C r 0 3 1 0 0 292./ 42.  

I 66 5 1 1430 GA 8 1 3412 P.34 C 0 10 150 ( 0 4 2 2 1 22./ 49.  
66 12 10 330 GA 21 1 3435 A320 0 5 1500 C 0 3 2 0 3 23./ 2 5 .  
87 5 15 1230 GA _ 22 1 3442 P340 0 0 5 100 C 0 4 1 0 1 261./ !.  

67 5 2' 1010 1 SC 4 1 3450 A225 p C 10 200 C 0 4 2 1 2 B*2.  

67 7 12 1700 SC 8 1 3450 A222 C 0 1 Re 0 0 4 D - 0 8*./26.  
68 11 17 1,16 GA 19 1 3412 0314 C 0 26 150 C 0 4 1 1 1 20!./ 40.  
C-P 3 22 1630 SC. . I 438 P230 0 f ! 40 C 0 3 1 0 0 117./ 22.  

883 22 1730 SC 3 1 3501 rI5p C 0 5 40 C 0 3 1 0 0 74./ 4R.  
89 A 15 1419 SC 8 1 3451 8215 1 0 1 0 1 0 0 0 85./ 32.  
C9 8 15 1419 SC 8 1 3451 9215 C 0 C 0 1 0 0 0 t0./ Z2.  
9 P 15 142. St 9 1 3451 A215 0 0 f C 1 C 0 0 85./37.  

- 0 2 5*0 GA 1 3418-8256-321 *0252 50 300 C.2 4 2 1 2 103.1 30.  
70 4 9 1645 GA 9 1 348 8308 3419 81301 30 1200 0 0 5 3 1 201.f 32.  
71 1 30 1835 GA 12 1 3*34 8325 0 0E 5 P C 6 * 1 0 1 241*/ 29.  
71 7 19 1100 GA 44 1 3406 8254 0 0 1 150 f 0 4 - 10*/ 42.  
72 3 2 1500 GA -101 3400 A247 3407 8246 Ro 120C 0 0 5 1 2 3 173./ 4A.  
73 5 27 1730 GA 14 1 3450 P320 0 0 150 f 0 4 1 0 1 27-./ 21.  
73 5 28 130 GA 1 1 3419 A 313 0 0 0 120 0.0 5 1 11 20F./ A3.  
73 11 21 830 GA 24 1 3434 A317 0 0 C 0 4 2 0 2 234./ 24.  
73 31 1000 SC 1 3446 0237 3452 8226 110 300 ( 0 4 2 3 2 90./ 14.  
73 3 31 1P20 SC 2 1 3405 P234 Z415 8217 210 600 7 .0 6 * 3 3 15%. 46.  

. 3 3 31 1900 SC 2 2 3415 8217 341' 8215 20 600 ( 0 6 4 131./ *5.  
73 5 27 1720 Sc P 1 3446 A226 3*55 8213 150 300- C 17 6 3 3 2 91./ 23.  
13 5 7 1730 SC 8 2 3455 82133500 8203 130 5* -. f1 6 3 71./ 34.  

73 5 27 I20 SC 8 3 3500 203 3510 A146 210 300.. a 6 3 74./ 4.  
73 2 271930 SC 9 1 348 8317 3457 0256. 230 .600 C. . . 5 2 3 3 270./ 19.  
73 5 27 2130 SC 10 1 3452 0259 C 0 10 300 C 0 4 2 1 2 314./ 6.  
) S- 5 27 1-30 SC 1 1 3418 8231 3424 8221 160 300. C 7 5 2 12 14E./ 36.  
73 5 27 2100 SC 12 1 3453 9247 3450 8227 250 45r 0 P 4 2 2 2 4./ 8.  
73 5 28 1530 SC 13 1 3448 f 8225 C 0. 5 270 C 0 3 10224 90./ 2*.  

J. 73 11 21 910 SC 17 1 3429 0235 C 0 3 150 0 0 * 2 0 1 247./23.  
73 12 13 1q10 SC 1P 1 3416 210 3410 8203 70 6n0 C 2 6 3 3 3 131./ 4.  
74 4 3 2000 GA 17 1 3458 8323 0 0 3 60 C 0 5 2 0 0 29!./ 26.  
74 4 3 1500 NC 5 1 7 3507 8250 C 0 1 0 .90 C 0 4 1 1 10./ 19.  
7 12 25 355 NC 22 1 3502 8348 3503 3* 90 50 C 0 1 2 1 20./ *6.  
74 2 25 *20 NC 2. 2 35038340 3504 8337 40 50 C 0 4 1 292./ 61 .  

f 74 4 8 15'3 SC 6 1 3425 8245 C 0 -10 300 0 0 3 3 1 2 162./24.
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4 4 A 100 SC 7 1 3424 A 245 r 5 270 C p 3 1 0 2 163./25.  
75 1 10 2030 NC 1 1 3509 A1?50 3512 8248 30 60 c 0 4 2 1 1 **/ I1.  

Th) 3 12 3 430 N4C 3 1 3522 P309 C n _ 0 2 C - / A 
75 10 IT 73 C 3 54 24 (0 1 s 0 3 1 - 1 24,/ 40.  

7b 3 24 925 r C 2 1. - 3 4 17 9233 2. t -. 231- 2c- 0 0 n 0 1 -- I1 3 1S. n0 
7i 3 2 i 93 0 S C 2 2 345A P 23 1 3 5 00 8 223 10 no (00 C 5 1 6:./ 21.  

70 5 14 2100 G A 13 1 3415 b334 3 4 3 t 0333 Ic 4 k0 (0 1 2 2 2 22 !/ *7.  
7( 5' 14 10 G 13" f 7 415' P33 3 420r n330 60V 4 n0 0 2 5 7 224./ 46.  

T7 5 14 2115 - G A le 1 34 20 A332 G 0 1 0 150 C 0 5 7 1 1 237./ .%7.  
76 2 18 123 NC- 1' 1 3530 4315 V 0 20 120 G 0 5 1 0 1 33 F./ 45.  

7f, ? 18 1305 NC 2 1 3532 P257 0 0 10 1 50 C a 5 1 0- 1 25 . 44.0 
76 2 8 1 4 C 3 3 3 1 3 9 3 1 325 40 1 !.0 j1 0 5 1 1 1 Z1). 7 .  
76 7 ]a 1335 NT 5 1 35)3 P240 0 V ) 20 'c 0 5 1 0 1 14.f 46.  
76 2 10 1345 NC 6 1 3518 A223 0 0 (1G 90 c 0 5 1 1 1 4{* E . .  
76 F r 28 1P30 c 14 3 3119 p310 0 r 2 0 5 2 - C Z37*/ 34.  

76 7 2 1600 NC 317 1 351 322 i 0 1 0 c 0 3 1 T 1 31 o 34.  
753 6 9 1630 S C 12 1 3502 158 1 0 2 150 C 0 2 1 7./ 21.  
17GA 1 1 3415 11315 0 0 I3 330 0 5 1 1 2 23./ 24 

77 11 5 1900 GA 17 I 3435 A319 0 r ? 300 r 0 2 1 0 2 23F*/ 24.  
77 17 21120 NC 23 1 3523 8222 !519 021A 100 150 C 0 4 2 3 1 37./ 1.  

77 8 17 1136 NC _23 2 3519 E218 . 51 . 0215 2 0 4 1- 04./ 43.  
77 5 18 1740 SC 4 1 3431 8258 r 0 10 150 ( C 5 1 0 G . 4.  

77 2 7 1450 SC 7 1 3505 8207 c 0 3 230 0 a 1 1 2 611. 41.  
77 12 5 1020 SC 8 1 3445 8 241 0 0 10 150 0 - 0 5 1 0 2 1to11 .  

79 3 23 1720 GA 2 1 3538 331 33 0 5 1 1 5./ 3(.  

79 ~ 9 293 1700 CA 17 1 33 P13 3 03? 1 0 15 0 0 0 1 1 24 35.  
79 6 19 1530 SC 1 1352 8122 0 _ _ .223_0 _0 2 1 - 1 7!. 25.  

17 9 j45 G A 14 1 33 3 0 0 1A 3 0 6 '62 A300 5 1 1 2 21 2*.  
77n 4 1 19005 GA 1712 3435 A31! ;40f 301 0 0 1 1 4.  

7 9 13 1700 GA 17 1 3434 2 3350 2 10 150 C 0 * 1 3. 42.  

17 9 17 1135 GA 23 3519 219 51 p215 p 0 * 1 1 2144./ 43.  

'Q 77 7. 24 1740 SC 43 1 1 3431 P152 0 0510C55 1 1. 7 

324 3 1750 GA_ 2 1 3423 8331 ?34 A2925 2iC___ 10 1 - 6. 2. 2- 1 - _1_4 5.1 326 .  

79 9i 13 1700a SA 17 1i 3434' i 3334 0i -05C0 4 2 1 1 2 81* 35.  
79 3 23 1530 SC____1 1 3451 8224 0 0 . 1 230 0 2 _ 6 2 - 2 __85./ 25. __ 

80*4 13 1645 GA l4 1 3400 11306 5402 8303 250 300 0 0 4 1 31 192./ 49.  
80 4 23 1655 GA l1 2 3402 A303 540 300 ____ -. 0 - 0 ___ 4 -1 __R19./ 47.  

eC * 13 1705 GA 14 3 3*06 8300 3415 82*5 11 4 1 l10./ 42.  
80 6 16 1905 GA 29 1 3419 8338 0 0 1 _ 0 0 0 2 1 - 1 231./*47.  
00 1 24 1830 GA 31 1 340( 9252 0 0 1 60 0 0 3 1 - 1 170./ 42.



.... ... TORNAD DATA 

The en~osedtorn i~Bst ng povioc nfr an on Alt rerorttif torrndtee5 in the art& IndifateC ftem 1950 through 19IPO. Tie 

C' various Pntries, and tableS ar-e ePV laird_ be~low .....II YeuhAvP aditional questions;, plemsewfi te..Or-.CfitltheN~tionalSevere_ 
Str reiorca.t Cnnter. Room 1770v 602 12th St.,Kansas City, Mn. 6410f* phone (816) 37A-3427* 

The item-by*item Listina shows they year. monthe date and time of occurrence of each torrado in Central ntantard Time.  

The rotuIn labeled 0Sr and SEC. indicate thessrau naonumber andn C om rirumerfeuecht to n do. scuenceniberrsiorec 

-. chronotocica~lyit in each state. The first tornaco in 1973 inChia Is _givrn ?enuence number I for the state of nhio that 

yhronol nctorawt have more than one touchdown pointo that is they may tcuchrlnwn again. These tcrnadoes are broker down 

into s agmants ond the morent hare indicated u %epeet numbers. For a tornhdo with_7 gsnrerts the seauence numter staysth(__ 

C %Me b'ut t epsment number is different for each sepnrat etouchdown. The statistics in the tables are basec only on the 

Initial touchdown points.  

C The Latitude and oeitu o of the e tinin and.r endiin of each tornadc are shown lotcuad by the rvertL tnath and...  

width1. Deth an inWrre fo eahsg t I~ lite.flwdbyDae Class. Vamar Class numbers ranfe from I to 9 ard 

provide an estimate of the domeae according to the table (01) below.  

The coluwns Ilabeled FPP VrovirfC the Fujits-P'eartoo scale estimates. of Forces Path_ Length and Patt Wildth. Alt th re scet esae 

lopariteci 
*i ausrniofo 1frteg etc-ategory to *5 for the la rpest.  

the olotin tabl 2) how th anP in each scale. The Fath Lenath and the Fath Uicth values reoresent estimates ps to 

the actual amount of pround contact ror eich tornado. For innttance_ if a tornado had an overall length of 4 mites but mace 

acttual round contact only 60 percent of the time the Path 1.rnath scale value would e a 3.  

1he AZRAN column indicates the aziruth and range from the center point. 129/83 indicates the tornado touchdcun was 129 decrees 

r' (southeast) at 83 nautical miles from the centet point.  

A circular plot of tornado touchdown points is enclosed. The cityof interest is at the center cf thePtot_ north is athe typ 

-O as t th e ri-hthan d side. etc. -Lach digit represents he nunber of tcucbcowns in a small sourre area, ahcut m ites on a 

siede. Thus, whet miht be plotted as 21 actuall reprsents 2 touchdowns in one scuare and I totchdcun in te acjacent (quare.  

The four frequency tabLes provide detailed information about the time of day.3 tim of r and t and virth characteristics 

of tornadoes in the area of interest 

The rath Vidlh vs Path Length tabet 
hs oputed from he he a at Altoc h rean pak th and mear path areas are 

computed from the P1 and Pw data. When the length and width &cale values are corverted tack to enoth and width fioures the 

cme tedvatue in each r an ge are use . thr ten t value of 3 is converted to a length of 10 miles in the calculation.  

The morthly and hourl TsTribution tables ddT~at he eW- orcO e ims tom day andy yar for tornaes in efch trea. Mon thy ard 

hourly percentages are shown on the hourly distribution table. Mean times are shao for each morth and for the enitire year.  

huie11T se nhsoT fu on with he hourly percentages in examiniro the diurnet trend of 

tornadoes. Alt times in these tables are Central Stancard Time.  

The latitude and longitude of the center point of the search prooram is listed at the upcer right hand side cf ite Hourly 

h are nnudegrees and hundredths. The ap scale used in the circular plot is compatible wi th 

the USR 57 radar map, 125 nautical range.  

Table at (DAMAGE CLASS) I_.. ....tatle 02 (FPP .A

CALE F (mph) DAPAGE P1 (mites) Pu width) 
sca@ ...... ----- ------------------- - - - - -

1 Less than 150 1 Less than 40 little or Less thn .3 Less than 6 

2 150d to $500 no damane) (.  

3 1500 to 5000 0 40-72 Licht 03-1C 6-17.yards 

3 T500 to ss -0 I 7S-112 Macerate 1 0-3.I 18-t5 yards 

5 150,000 to 500000 12 113-157 Cosiderabte *-*yards_ 

6 100.000 o- M~ million 3 IC06Svre .. 131 176.-556 yards 

7 6 5 Million to S0 mi tion 207-260 Devastating 32-99 0.3-0.9 miles 

a 1o TFon to 1500 TTIO n . 6 1318 ncredib I 10-315 1.0-3.1mites 

- -------------------------- --- -------- - - - .- ------ ------- ----------------------- ---------------
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TORNADO PROBABILITIES 
H. C. S. THOM 

Office of Climatology, U.S. Weather Bureau, Washingion D.C.  

Manuscript received July 2, 1963; revised August 7. 1963) 

ABSTRACT 

The frequencY distributions of tornado jith width ind length are developed tsing dati series from Iowa and 

Knisms. Front these, the distribution of path area is derived. Direction of pittli and aiinual frequency are discussed. 

It is foiund that it t about. I percent.of lowa tornadoes iaid path directions toward the nortieast md sotitheast 

(undrints. ' The antoif frequency for a groiip of Iowa counties is found to have t negative bittomnial didt.ribution 

idicat ing that, the clim:1iological series is formed from a Polya stochastic process. Thisrsmblei- the situintion 

for other types of storms where the events tend to cluster. A new lmnp of innual frequiency for the United States 

is presented for the period 1953-(2, during which it is believed tornndo observatfion wis fiirly stable. The expected 

vnhin of tormndo area is derived frpin the area distribution. Front this and the annual frequency, the probability 

of a turtindo striking a point is found.  

1. INTRODUCTION distribution. 'Phis plevetitd obtaiing a complete solu

'i'here itIve been a large numiber of studies of torlido ton to. tlie distribution problem. In 1958, Ban [41 
dit tit log, iiot o \liili it.VClictiSui pl cunt o pir.setv (it simple frequency d iigraint of pathI length, 

climaitologY, mlost of which haove been sipycolint's ofn 

tornialoes for various areas amd titme periods. Asp (1] hut his Objective was to Study the duration of a toriado, 

lists 78 references, a few of which iae not. climit atolo'icIal not its prolahulity of occurrce.  

in ni ature; not all references have been listed. NIany of 

these Studies have recognized t-he possible incolipleteniess 

of tle frequency series and the difliculties of observation, possible itiore satisfactory solution to tie area distribu

b hut. little could be done to correct this deficiency. So far tioi problem The (istribution of annual frequency 

as is known, none of these studies made a direct attack, Is also discussed and several comnarisons of (ata are 

on the problem of tornado probability, which is the object a 

of tile presen t, stud.. homogeneity.  

In 1945, William F. Kuitffel, then of tlie Dubuque 2. PATH LENGTH AND WIDTH DISTRIBUTIONS 
Marile I lsurance Company, asked tile writer to develop 

a system of limiting tile loss fron a single tornado in a Since pat Iwiit Ind lemgth cainot be negative zero 

given region for the purpose of preventing liabilities froiti iust le tile lower bound of any (list rihut ioi assuilleI, 

exceeding reserve funds. h'Ilis resulted in a limiited study alt bough this need not le a greatest lower bound. As 

for several Iowa counties [21 in which fIthle direction fro- will i aitillel of Otter physical variables, where le true 

(Ilency and path length and width dist ribultions were. hottd is certaii Ilea Zero, btt Cannot be established 

discussed. Froit this, a directed standard path was to be different from zero, it has proven convenient to 

devised within whose boun1ds the insured liability could assuie that the (list ribution has a zero lower bound.  

he totaled. If this exceeded a certain limitrelated to Also, ii t-iisiistaice, it would appear that, 1)0 It variables 

tle reserves of tile coipaniy, tle excess coul d be reitisured should have a probability (ensity of zero at. tle origin, 

with other companies. It. should he noted that tle for as the patl length and widti approach their greatest 

occurrence of more thban one toritdo in tle rgion is still lower bounds, the proliabilit~y (etsity sliouliipproach 

to be taken (are of by the ordinary risk of the business 

which is not well defined in this type of insurance coverage. In nei. siuit s a zr haouiri ed t a a 

By 1957, these ideas htadl deeveloped, further n3, .andav 13Y 957 thse dea ha devlopd frthr [1, and zero' probability (lensity at thle origin. When fitted to 

after mathemnat.ical distributionls were fitted to the path length and width data, both variables gave shape pararn

length and width it was possible to determine the prob- cter estimates which indicated non-zero densities at the 

ability of a tornado striking a point. There still remained origin. Furthermore, with tis function the distribution 

a bothersome correlation betccn path length aind of area becomes intractable, and above all, the distribution 

width which was not easily'taken into account in the area did not fit the data series particularly well.
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listribltitol mees till the hove, theo- TABLF .- Polh .qistirx (logarithms) 

.s: It m1111y hIve i zero homul, its l'uith I ngi h Nth 11dth 

is zero lt the origin, anlid the distriblu

7niteft is siiply a convolution of tile logiritlliuic 

ihut ions of palith length and width , the correlation..............................1. 1.25 5.41 1.02 

cen them entering quite unturally.2 
.4 .1 09 

cci en ctern q itCna ulhl.Kflf5s 1,53-62........ ..................... 1.L32 1.44 4.92 1.12 

't r he the path leng1th in miles, and iv be the pat3h 
Townn (9751)...  

h ~ ~ ~ ~ ~ ~ ~ ~ ~ aaitc (logarithmtonfomngt lgrihis w i)v 

record wvhic coistl of 106 obseirviatios of paath ligth 
u=I1n U). (2) nn;d 103 observa tiolis of pat~li wid thI. These samples were 

inaersely hitgh tenofohrm to loOitsu twee plottg, so only talee midle 
z= ey, (.3) point. of c ies of repinted values was plotted on 

figulres 1 Ii tid 2. While t his iiiiglit, sen t~o ma11ke,. th fit 
w . (4) i,),eill bet lcr, this ci icislis ciiii nit. be impolilit because 

lhe fits were Shiownt to he good1 by tilie sign i 6en nec test..  
(Y( ) and 0"( ) he tle niein and variaince operators Tile tluorcticilines on tie griiphs were obtained from 
ctively. Theni, if y is normnlly distributed, tile t 
ibution of x is log-normal, i.e., 

______________~~are bY -jv)J ~ li~ u Bartlett,'s test, andi no significiint difference lit 

.x) exp i i (lu x-(I()]' dX (5) tie 0.05 level was found for either path lctigtI or width.  
re~y 2FY(y) X,,(Y,,r2 Itowever, anl antilysis of varianiion tile three records 

e L(x) is the distribution function or cumulative showed significant differences in the. means for both path 

ibution. Similarly, for w length nid widtl. Siive this could he (ile t. poorer.  
ilarl, . .observ ing d i'ling (-he 1937-52 period, it, wals decidled to 

Iw)= c r I d discard t li malier record for resent prposes. d-wests 

f (?U) 'u)"\r2, 2o'(u) fnwiiijonl the Iowa nld Kanisas mcalns for the 1953-62 record 
wa(u) V e(u 

(6) then showed no significant. dlifferece iat the 0.05 level for 
eit-her patth Iciigtdi or widdfi. An F,-test on thle vatriances, 

is well known that the mnei iand variance estin ated fop lcui? showed no significint diffcrcc. t tile 

!e usual fishion are jointIly sufficient staitistics for 0.05 level as the varimices are nearly identical. Tle 

-ting a,(y), a2 (it), (y), ald '(). Since functions vai'ianccs for path widthi howver, tested significantly 
flicient statistics ire also sufficient, tle optill11mm hircueit. imuch as tho difference is siill ai1 the 

-rty holds for tle tiraiisformed sample gi\ven by equa

(3) mnd (4). Hence, we many work in thle lognritiuns r 
(3)iii~h(4. Icice wema wok n li lg1,t nn conisidlering th li ccuracy of the observations, it was deC

forming back after estimation is completed.  
irce sets of data. were inalyzed with distributions were from tlo santc poliition. The resulting mens 

Ind (6): Iowa tornadoes for the period 19:37-56, iown ai sian(hird deviiitions of path length aill wid tire 
does for tio period 1953-62, a kuill( of standard shown at the foot of table .  

,l to be discussed liter, ud Kansa s tornadoes for Althoigh expcctel superiority of pat-li wid Iand length 
-A ailird period. Tornadoes with paths longer talin ohscrva.tions over frequcncy observatiois was the bnsis 
Mi. md paths wider than 1000 yd. were rejected it for the study, it was a-surprise to the writer to find ain 
fil observantions. The relitive frequency of these appaccntl (ride observatioill technique prodsig such 

11il and, if included, would i ave little effect. Oil tleia rensarkIde agreen t, letweel data for Iowa and 
ibutions considering tle iccuracy of di observations. anot le forgotten, however, thatt tolan 

lits to the path lengti are all excellent, nsone of io 
(ldist ribuitionls haingll anl absoluite dep-artulre signifi*~ ~ ~ ~ _ (itii iosIaiganaoliI(Ieatur Igi- should be (devisedh foi- test-ing tb is. Data front other asreas 
at the 0.05 level oii the Kohnilogorov-Smiirnov distri

Mi. The fits to the path width ire ilso good, there characteristis prsented here are invariant over lrger 
I no absolute departure signifiecint at the 0.01 level. areas or possibly physically invariant.  
somNewIhat greater precision of the patli length obser

,us was to be expected -since the pati width is more 3. THE DISTRIBUTION OF PATH AREA 
ilt to estimate.  

ae sample nicans and stanhdardl deviations ire shown in The coivolution of the (list riltions of the logarithms 
1. Since ill of the dist.ribution fits were very good, is the transformed (istrilution of the product. Thus, the 

1 decided to show only those for the Iowa 1953-62 distribution of- yu=v is tie transformed distribution of 
704-966-6.11---17
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PROBABILITY 

FlounE 1;-Distribution of path length for Iowa tornadoes during 1953-62.  

rw= z, the path length times the path width, or the tor- where p(y, U) is the correlion between the logarithm of 

nado path area in yard-miles. ThIe equations of trans- pth length and i(ith. The correbltion coefficient he

formation are similar to those of path. length and width, tween 96 pairs of path lengths and widths for Iowa wis 

I~e., foun~d to be 0.39. 1 I1flilhll1 ats the correlation would be 

v=ln z (7) expected to vary less areally than Ole variances, we use 

and this. correvIation coefficient. wvith the average pathI length 

z=e' . andiwidlt variances of table 1. This gives a sample path 
arca variance of s 2 (') = 4.233 and standard dleviation' 

Since y and n are normally distributed, their sum v is also s(v)= 2 .(V5 7 . Substituting the sample means from table 1 

normally distributed, and z has the log-normal distribution in equation (9) gives v=6.41 
We shiall tieed to know t-he mean value of z. This is 

* dQz)=zu~)1~ ex{- 2 (V) logv-a~v)2}d. ~ given by the expectation operator 
dQ(a)= exp -2 [log v-a,(v)]' dz.() 

E(z) E"(e') 

The value of a,(v) is given easily by the sum of the means 

of y and u or 
f evdN(v) 

a, (V)=ady) +a, (U)() 
where N(v) is a normal distribut-ion. By the moment gen

The variance of v is more complicated because the path crating properties of the normal (iStribution, (11) gives 

length and path width are positively correlated. This 

introduces a covariance term and the variance is then V 

a'(v)=a,2 (y)+.g2 (u)+2p(y, u)o(y).(u), .(10) It is interesting to note that although t Q Qxpected value
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PROB.ABILITY 

FwlvR 2.-Distribution of path width of Ioiva tornadoes, 1053-62.  

t product is not the product of the expectations when A( now consider the annual frequency of tornadocs for 

factors are correlated, in case the factors have log- a central section of Iowa where it is believed that the 
IMal (list ribut ions the adjustment for the correlation is population mean annual frequency vas constant (uring 

covariaince term of equation (10) which defines the the pio( 1916-56. This series consists of the data for 

ince term in (12). Boone, story, M arshjallDallas,lPolk,andJisper Counties.  

-lbstit.uting sample values .v and s'(i) into equation To demonstrate the-stability of annual frequency, wo 

) gives a mean path area of 4964.8 mi. yd. - Dividing made a run test on the annual series. The number of 
1760 gives 2.8209 mi. 2  runs of years with frequency of one anl zero and those with 

4.frequency 
greater than one was 18, hich is approximaely 

4. DRE~rON AD ANUAL REQUNCYat the lniedian frequency. This value has a probability 

i is well known that the preponderant direction of of 0.37 of being exceeded on the run distribution, and is 
lado movement is toward the northeast.. Our findings therefore clearly not significant at the 0.05 level. The 

in a tabulation of 230 tornadoes in 1owa are in agree
t with this. Table 2 shows the (listribution by direc

Is. It is seen in the table that about 63 percent of the TABLu 2.-Tornado path direcion-frequency 

.adoes tabulated have path directions toward the 
i heast, while about 90 percent of them have an easterly Toward NW N NF P a Total 

sponent in their paths. For practical purposes, it Number..................3 13 145 35 32 2 

lit be useful to assume that almost all tornadoes have .................... 1.3 8.8 83.1 11.0 13.8 12 100 

is with a component toofarlo the east.
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FaIiRE 3.-Total frequency of tornadoes, 1953-62 

annual frequency series for ce itral Towa may .therefore* tc(l inl (1:3) for various iiid occUrrences, 

be treated as a randuom series. probabilities at each t were obtained. Whenti tese in 

Since the annual tornado series is discrete, it would turn were iiiultiPlied ly thi total uiiber of occrces 

appear timat. sole (list ribiut ion such as that of the Poisson for tle record 41, the (stinitei annual frequency g for 

stochastic process would fit the annual frequencies. each t was 0)-ai ned This is shown in tle Coiparative 

Poisson-related (list ributions and their criteria were ais- tale, t'aIle 3. 1ere the observed value go is compared to 

cussed in [51 and [61. As described in[ A 2  ssowed te fit of tukme 

test was applied to the central Towit series nid showed a negative binomial (ist-nibution to be excellent, as is also 

prohbaility of less - than 0.0005, indicating a significant clear fron a comparison of go and ^. As iight, htve been 

departure of the series from a Poisson distribution in the expected, like -other convectional storms [71, tornadoes 

dfirection of a time clustering of tornado occurrences in tend to cluster within years and follow a Polya process 

the annual totals;. Hence, the series is of the Polya typo rather than a Poisson process in areas where frequency of 

having a negative binomial distribution. The 'probabili- occurrence is high.  

ties of this distribution are given by 

(t+1) -k (e (13) aTAiLE 3.(-Annal tornado frequencies-cenual Ioua 

whero p and k are parameters. 
ml 

asain showedthatie...This....is F shw1i0h. cmartv 

2.............. 81 170 

Application of Fiser's critHerion hi1 o v-------------- m.  

eof 
moments 

mould not proauce efficient estvi- 3^.A x'- s 
1-lected liee-er 2 [ t a 

mates, of nd k; ence, tle nethod of maximum likeli- y 

hood [61 had to th aned. This produced estim atpesro es in re 0 o4 

e 1.30, kti 1.06, using t 1.37. When these were substi-
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.- st the differencennialthecmeans. Tfetornadonedi9o3-ty.  

5. TRNAD FRQUENY INTHEUNITD STTES the two periodls to be different. Hence, it was necessary 

Whe th ineret i loal evee sorm intheWeaher to correct for thlis, using Geary's met hod wvhichi resuiltedl 

* ~rea wa hegh cud b I ie(leclo~ntntof oreastng in a redluct ion of thle degrees of freedom from the original 
* ehod i th ht e194's itwa alead fllyreliztl36+9=45 to 24. Even this severe reduction in the de

tornado . grees of freedom didl not alter the test result.; (lie difference 
Itti obervaion wer iicomplete i man aras.between thle niean frequencies of the two periods was not 

Srsignificant at tle 0.10 level. This indicates that for the 

te oseratin o frquecy oreconple eandl~ ~ Towa record the mean does not appear to have changed, 
wast lougi tat lage roprtin o t ie OIiii10 bu1t. the va riiimce has. liIence, in all probability there has 

The un est on li cet ra Ioa ~~ ~ I iC1~C~lbeeni a change in thle shapile of the distribution.  

hov di no sho~~ a ignitiami lak o inis ii li 196- It appears likely thierefore t hat, since there was a change 

perO~l Ths culdhe ccontel fr ethe byt~le~fctin the Iowa record there was all the more c' iange in other 
I tt osevin ws areay eary xhastie n thi araareas. Consequently, it seems desirable to prepare a 

hmihi pparsto ~ea god osibiity o t at otenogh Unitedl States muap for the shorter more compillete recordl 
sfor the period 1953-62 and thus, it is hoped, to avoid 

We hal no. g ino Ihisfurherat resntbutraterlarge biases at the expense of miore moderate increases in 

'tae ales. o th anualfrquecie fo th ~voleSta~e standlard errors.  

F Ioa. he eanfreqemiy fr te peiod19 6-5 is Figure 3 shiowvs a map of the total number of tornadoes 
.6occurring in 10 squares smoothed by Han arcal smooth

lie ampes re airy lrgeand he lis riu4.onsnotirng, i.e., smoothing in both the north-south and west-east 
yodirections with the Iann weights 0.25, 0.50, 0.2LFigure 
re4 sows the mean annual frequency of occurrence of tor

We, m b n f Tnadoes. This is needed in estimating probability of a 
nuirel byt the facte t bhat an F-test showe the variances of tornado strikinn a point.
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6. POINT PROBABILITY TALr. 4.-Areas of Pn squarces (sq. mi.Y 

For a number of applications the place where a tornado I Ltitude ofmiddle ofsqunre 

inight strike may be approiiated by a geometrial point, 25*30' 3o'30' 350' 40*30' 45*30' 5 

therefore the prohnbility of a tornado striiking a point. is 
of interest. By tle principles of geonetrical probability A ren.................430 4109 3987 3634 3354 2993 

tie probability of w tornado striking a point is the ratio 

of the mean aren covered bN tornadoes per year to the 
ren over which thie tornaudoes maiy oeeutr, If wo tilko ACKNOWLEGMENTS 

the iean pati arela of a tornalo to be z in squareiles 
imul the ieatfluhe r of torn aoes prr year tok . then The amthor expresses his sinere npprevintion to '\ Trs, 
the average area covered by tornadoes per year will be rg 
tz. If z and 1 are defined for 10 squares as t is in figure 4, frequency aps and for performing many of tie eoinpu

-~v., then the mean probability i of a tornado striking a tations, and to Mr. Maurice Kasinoff for performing and 

in any year in a lo square with z, I, and area A is checking part of the final computations.  
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