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A STUDY OF THE VARIATION IN ANNUAL RAINFALL OF OAHU ISLAND (HAWAIIAN 
ISLANDS) BASED ON THE LAW OF PROBABILITIES 

By WINTERS T. NAKAMURA 
[Weather Bureau office, Honolulu, Hawaii, Deoember 19331 

SYNOP8IS tive rainfall of the island. However, it does not show the 
variations that are known to occur at  many places from 
year t'o year, and whic'h for problenls Of water supply and 
flooding of Streams, esbreme conditions and fluctuations 

By a method esplained in detail the probabilities of the occur- 
rences of estreme rainfalls were computed for a number of stations 
on Oahu. The coefficients of These values are given in table 3. 
variation were determined foF42 stations and plotted in figure-10. 
The significance of this map is discussed in the latter part of the 
paper. 

Since the Hawaiian Islands are very mountainous and 
in a trade-wind region it follows, for reasons well known, 

are perhaps of greater importance than average conditions. 
This study was undertaken to supplement Voorhees' 
paper with that additional useful information. 

The variation in annual rainfall a t  Honolulu (U.S. 
Weat,her Bureau Office) is shown graphically in figure 2. 
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FIGURE I.-Average annual rainfall map of Oahu Island. (W. T. Nahamura.) 

that the annual amount of precipit,at,ion over them varies 
greatly from place to place. This is well shown by a 
study of the average annual rainfall of Oahu made by 
J. F. Voorhees (1). Figure 1 is an average annual rain- 
fall map of Oahu Island, taken from that study, which 
shows the wide divergences that obtain in the average 
rainfall over short distances, the relative importance of 
elevation and distance from crest in determining isohyetal 
lines, and, in general, a good, broad view of the quantita- 

It gives an idea of the variation from the average, but no 
general law can be given for this variation. 

To study cyclical and progressive trends in annual 
rainfall the method of progresslve means may be resorted 
to. The heavy line in figure 3 is drawn through the de- 
partures of progressive means of Honolulu (WBO) data 
which were calculat,ed from the forumla: 

a+ 4b + 6c + 4d + e 
16 

c' = 
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where a, b, c, d, and e are the annual rainfalls of consecu- 
tive years and c' is the progressive mean for the year in 
which the rainfall was c. The dotted line joins points of 
departures of the actual rainfall from the average. While 
conclusive evidence is not shown, from this figure it is 
seen that maximum and minimum rainfalls tend to occur 
approximately every 14 years. However, this cycle is a t  
best too indefinite to be of any value for forecasting rain- 
fall in the future, as is apparent when the actual depar- 
tures and departures of progressive means are compared 
in the figure. The time covered is too short for this kind 

Annud rain. 
fall 

of analysis. 
Another and more detailed method of analyzing rainfall 

data which has been utilized bv Allen Hazen (2) and 
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21. 288 
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32. 410 
34.262 
36.114 
37.966 
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43.522 
45.374 
47.212 
49.078 
50.930 

Thorndilie Saville (3) is based on"the law of probabilities. 
While this method is by no means absolutely dependable 
much beyond the limits of experience, it has its value in 
interpreting the relation of rainfall to water engineering 
problems. A brief theoretical discussion is here presented, 
using the rainfall data for Honolulu (RTBO) as an example. 

Taking the frequency as ordinate and observed annual 
rainfall as abscissa where the class interval is 4 inches, we 
obtain the frequency polygons or histogram of figure 4. 
The lower of the 2 rows of figures along the abscissa 
axis designates the midpoints (class marks) of t)he class 
intervals. 

Now it is shown in works of statistics (4) that if the true 
average of a series of N observations is 2, and a near 
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FIGWEE 2.-Variation in annual rainfall at Honolulu (Weather Bureau Offire). 

average, or base value, taken arbitrarily is A; j, the class 
frequency, and c the departures of the class marks from 
A, then 

(1 1 1 2 = A + 2 (fc) 

in class intervals. It is also shown that the index of 
variability of a distribution, u called the standard devia- 

tion or standard variation is given by 

U =  Pc2) N -=(fee) 
in class intervals. 

The figures in column 1 of table 1 are the annual rain- 
falls a t  Honolulu (WBO) arranged in ascending order of 
magnitude. The limits of the class intervals into which 
these data were arranged are given under column 1 in 
table 2. Under column 2 (f) is given the frequency or 
number of times the annual rainfall fell in the different 
classes. Under column 3 (c) are given in class intervals 
the departures of the class marks from the arbitrary base 
value, A. Values for fc and-fc2 are products of .f and c,  
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FIGURE 3.--innual rainfall and progressive means for Honolulu (Weather Bureau 

Office). 

and off and c2, respectively. The numerical computa- 
tions for Z and u are given below the da.ta in tsble 2. 
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IC-14. ....................................... 
14-18. ....................................... 
18-?2 
22-26- ....................................... 

26-30- ....................................... 

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

TABLE 2 

0 ; 

Class interval IM- 

30-34 ........................................ 
3 c 3 s  ........................................ 
3s-42 ........................................ 
42.-- ........................................ 
.(t50 .................................................. 
50-54 ........................................ 

6 
8 
3 
3 

2 

28 
7 

+5 .................... 

z = 32" 

141- 72 

A = 28.00 
S j c = 5 5 - 5 1 = 4  

4 
54 Z - A = -class intervals = 0.2964 inches 

Z=28.00+0.2964=28.2964 inches 
-- '$- 5.9630 

u2=5.9630- (0.0741)' 
= 5.9575 

=9.76 inches 
u = 2.44 class intervals 

The dotted curve of figure 4 is the curve of equation 
(3'). Values of x are the upper of the 2 rows of figures 
along the X axis. 

This normal curve may be put into cumulative form. 
Such a curve would show the frequenc,y of observations 

Assuming that the distribution of rainfall as shown by 
the histogram of figure 4 is normal, it is an easy inatmter 

FIGIJRE I.-Ogive or coiuulntive curve. 

to obtain the curve of best fit. 
curve called the norinal frequency curve is 

The equnt,ion of such n 

(3 1 

where y designates the frequency, e is the familiar base of 
the Napierian system of logarithms, x denotes in unit of 
class intervals the departure froin the arithmetic mem, 
T is the constant 3.1416, and N and u have the same 
meaning as designated above. 

Substituting the values of the constants as found in the 
computations of table 2, in the above equation, we have 

(3') 
Or putting it in logarithmic form for easy computation, 
we have 

log ~ = 0 . 9 4 5 6 6 5 - 0 . 0 3 6 0 8 6 ~ ~  

N 2 e 2 d  
y= 7% 

y = 8.824e-0.083W 

P 

below any given class h i t .  Graphically it is obtained 
by reading on the norinal frequency curve the departures 
and then adding the corresponding class frequency values 
progressively, start,ing with the smnllest departures (5 ) .  

A more exact method would be to obtain the percentage 
of the total area under the curve to the S axis and froin 
x= - 03 to soine finite value of 2. When values of x and 
the corresponding values of the percentage of total area 
are plotted the cumulative or ogive curve of figure 5 is 
the result. The percentages of the total area are readily 
obtained from tables of the probability integral (6). 
Take, for esample, the abscissa, - 2 ,  and required to  find 
the percentage of the total area under the curve from 
T =  - 03 t,o x= - 2 .  Davenport's table IV gives for t>he 

entry -= ---=0.82 the value 0.2939, which is the area 

under the probability curve from x = O  to x= -2 .  Since 
the area of one half the curve is 0.5000 the area from 
x =  -2  to x =  - 03 is 0.5000-0.2939=0.2061, or 20.61 
percent (7). 

In figure 5 if the abscissae had been expressed in units 

of u, that is by -= t ,  the ordinate could have been ex- 

x 2  
u 2.44 

X 
U 

of the ordinate axis certain values of the above prob- 
ability integral are taken between the limits - Q) to t and 
placed opposite the corresponding values of t on the 
abscissa axis. The result is an anamorphosed ordinate 
scale and is called the probability scale. Or else, in 
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general, by assigning definit#e values to the probability 
integral and finding the limits of the integral, Le., t=-* 
we obtnin t.he relative distances of the lines on the 

2 
U 

(/riches/ 
FIGURE &-Probabilities of auuual rainfall. Probability percentnge of observations 

below given rainfrill 

anariiorpliosed scale from the 50-percent line on the same 
scale. The cumulative curve of figure 5 becoiies a 
straight line when drawn on such a scale. In  figure 6 
the clotted line marked “Honolulu” is t8he result of 

(/riches) 
FIOURE ‘i.-Probahillties of annual rainfall. Probnhllity prrcrut.i$e of observations 

helow given rainfall. 

drawing the curve of figure 5 on such a scale. The 
departures are not shown, however. They are easily 
gotten by adding or subtracting class interval units (4 
inches for Honolulu [WBO] data) froni the average. 

In  the above discussion it was shown that the ogive 
curve of a normal distribuhion of annual rainfall can be 
represented by a straight line by the use of probability 
paper; that is, coordinate paper with an anamorphosed 
scale as described above. At this point it is clew that 

instead of placing the rainfall into classes the actual 
rainfall arranged in ascending order may be used for the 
abscissa of the cumulative curve of figure 5. The corre- 
sponding ordinates would then be obtained as follows: 
since there are 54 observations, to each rainfall abscissa 
there corresponds an ordinate whose value is -= 1.852 
ercent added cumulatively. In other words for the 

h e s t  rainfall abscissa the ordinate would be 1.553 per- 
cent; for the nest lowest 2X1.852 or 3.704 percent; etc. 
The points were placed a t  the center of t8hese percentage 
strips, that is, the first point a t  0.936 percent; the second 
a t  2.775 percent; etc. 

These same data if plotted on probability paper would 
lie nearly on a straight line if the data conform essentially 
to a normal distribution. The points along the dotted 
line marked “Honolu1u’~ of figure 6 represent Honolulu 
(WBO) rainfall data while the curved continuous line is 

100 
54 

F I G I I R K  fi.-Prolmtiilitie:: of snnual rainfall. Probahility perceutege of observations 
below given rainfall. 

a.n attempt to fit the data by inspection. The continuous 
curve depnrts slight’ly from the straight line a.nd it means, 
therefore, that the rainfall distribution a t  Honolulu 
(WBO) departs somewhat from the normal; that is, the 
distribution is skewed. 

In this study as mentioned above the curve was drawn 
by inspection, and no attempt was made to obtain a 
computed curve. Figures 6 to 9 show sinda.r curves for 
26 stations on Oahu Island. No doubt some of these 
would be closer fitted by skew c,urves, but the data are 
not sufficiently skewed to justify this refinement (8). 

From these curves the probable frequency of occur- 
rence of given amount of rainfall can be obtained. 
The probable frequency of occurrence is equal to 

. Table 3 gives the linlit,ing rainfalls 100 
percentage of years 
for G values of this frequency for S stations. It was 
comparatively easy to project lines to the data for these 
sbations because of the grmter number of observat,ions, 
and t,he curves, therefore, may be considered as best-fit 
curves for practical purposes. 

In the discussion thus far an attempt has been made to 
show how the dotted line of figure 6 is 0btaine.d by putting 
the n.nnun1 ra.infal1 into 4-inc.h classes. Because of the 
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Honolulu (W.B.O.) ....................... 
Ewa Plantation Mill ....................... 
Wahiawn Water Co.  intake ............... 
Waianm.. ................................ 
Waialua Mill .............................. 
n'aimanalo ................................. 
Nuuanu Valley.. .......................... 
Luakaha (lower) ........................... 

FIGURE 9.-Prohabilitles of annual rainfall. Probability percentage of observations below given rainfall. 

13- or 46+ 11- Or 52+ 10- or 56+ 
8- or 40+ 6- or 4i+ 5- or S2+ 

16a- or ZgY+ 161- or314+ 140- or -* 
d - or 3i+ 6- Or 43-b 5- or 46+ 

15- or 55+ 14- or 63+ 12- or 67+ 
22- or 74+ -* or 65+ -* or 9% 
25- Or 57+ 22- or 62+ 20- or 65+ 
89- or 1964- 77- or 210+ 70- or 220+ 

small number of observations, however, the standard 
variation, Q, ns well as other constants like r=probable 
variation of a single observation,' and R = probable 
variation of the average were obtamed from the formulas 
given below. If K=any observation, v=variation of a 
single observation from the true nie.an, 2, and N = number 
of observations, it is shown in works of statistics (9) that: 

zK Z = r  

TABLE 3.-Limiting rainfalls for 6 values of the probability of' 
occurrence at 8 stations on Oahu Island 

Percentage of years ......................... 15 10 
Prohable frequency, once in ...__...........I 4 y%rs I 0.7 years I 10 years 
~~ 

Honolulu (W.B.O.) ........................ 20- 
Ewa Plantation Mill ....................... 14- 
Wahiawa Water Co. intake ................ 205- 
Waianae ................................... 13- 
Waialua Mill ............................... 22- 
Wsimanalo ................................. 31- 
Nuuanu Valley.. .......................... 33- 
Luakaha (lower) ........................... 119- 

or 34+ 
or 27+ 
or 2%+ 
or 26+ 
or 30+ 
or 53+ 
or 4R+ 
or 163+ 

18- or 39+ 
11- or 3?+ 

192- or 2r4+ 

30- or SO+ 
10s- or l i s +  

16- or 41+ 
10- or 35+ 

182- or 284+ 
9- or 33+ 

18- or 48+ 
25- or 65+ 
28- or 53+ 

100- or la+ 

Probable frequency, once in.. ............ 

* Undetermined. 

I Books on statistics usually give ~=0 .67454% This formula is applicable with a 
When n is smell 8s i t  is in this work, the formula large number of observations, n. 

retaining the term (TI-1) is more accurate. 

TABLE 4 

Honolulu (U.8.W.B.) ........... 
Wvllie Street (Honolulu) ........ 
Insane ~ s y l u m .  ................. 
Punahou ( C .  J. Lyons) .......... 
Tant.alus (W. F. Frear) ......... 
United States Naval Station- -. - 
Nuuanu Valley (Hall) ........... 
Luakaha (upper) ................ 
Luakaha (lower) ................ 
Wairnanalo _ _ _ _  - - -. __. . - -. - -. . -. - 
Kaneohe ........................ 
hloanalua.. ..................... 
Puulnn.. ........................ 
Pearl Harbor .................... 
United Rates Magnetic Station. 
Waimannlo Village.. ............ 
No. 6 Reservoir.. ............... 
E n 8  Plantation Mill ............ 
.4pokaa.. ....................... 
Aiea ............................. 
Waimalu ........................ 
Waiawa ......................... 
Hoaeae (upper) .................. 
Wainnae. ....................... 
Mnkaha ......................... 
Wnialua Mill ................... 
Schofield Barracks. ............. 
Wahiawa ........................ 
Opaeula.-. ...................... 
Army Reservoir ................. 
Wahiawa Water Co.  intake. .... 
Gahana (800) .................... 
Waimnlu (500) .................. 
Maunawili Ranch ............... 
Ahuimnnu. ..................... 
Waianne (Mauka) ............... 
Pupuken ........................ 
hIakapuu Point ................. 
Kawaiiki ........................ 
Enhuku ......................... 
Aies (500) ....................... 
Wnipnhu ........................ 

1 
2 
3 
4 
5 
6 
7 
8 
Y 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
2s 
29 
30 
31 
32 
33 
34 
35 
36 
3 i  
38 
39 
40 
41 
42 

lum 
ber 
Of 

3ser 

ions 
Fa- 

- 

54 
30 
34 
21 
24 
27 
39 
28 
41 
3; 
26 
26 
29 
l i  
30 
23 
22 
38 
2 
30 
29 
a2 
2.1 
33 
20 
32 
19 
18 
28 
16 
26 
15 
24 
37 
21 
?a 
10 
17 
24 
39 
23 
31 
- 

Aver- 
.ge an. 
nun1 
rain- 
fall 

Prob- 
able 

varia- 
:ion of 
single 
obser- 
vation 

- 

Prob- 
ab!e 

Ion of 
wer- 

:@ma- 

age 

Itsnd- 
ard 

varia- 
tion 
(3 

loeffi- 
!dent 
of 

tUl* 
tion 

nchta 
0.358 
.189 
,310 
,288 
,197 
.367 
.no 
.222 
.214 
,370 
,324 
,349 
.525 
.464 
.491i 
.497 
.494 
.46U 
.478 
,332 
.3Fs 
.309 
,364 
,481 
.229 
.391 
,362 
.332 
,285 
,296 
.1Y3 . 195 
,316 
,372 
,263 
,238 
. a 7  
.a2 
.?49 
.343 
,336 
.490 

In  t8nble 1 under column 1 are shown in the order of 
iiiagnitude t8he nnnunl rainfall a t  Honolulu. The depar- 
t8ure from the xean ( P ) ,  the square of the departure (v2), 
and the percentage of the whole observations or total 
years which had rainfall below the corresponding annual 
rainfa11 are given in the ot'her (3) column. 
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From this table and from the formulas above, i t  was 

found that for Honolulu 2 = 28.21 , u = 10.1 1, T = 6,831, and 
R = 0.928. 

The standard variation, U, gives a good idea of how the 
annual rainfalls are distributed about the mean for a 
single station or for stations with nearly the same average. 
The main purpose of this study has been, however, to  
find how the variations a t  different stations differed 
from one another. Since it is known that tthe average 
annual rainfalls a t  the different stations vary greably 

The coefficient of variation is strictly speaking a 
measure of variability for normal distributions. No 
meaning is attached to it if it is used for comparing dis- 
tributions of varying degrees of skewness except that it 
is the coefficient of variation for a normal frequency 
curve of best fit to  the data. However, for distributions 
of about the same degree of skewness it may still be used 
zxs a comparative measure of variation. In figures 6 to 9 
an idea of the estent of the departure of the distribution 
from the normal distribution may be gained from the 

15845’ 

--I-- -+- 

3 45 

I 

I’ 5’ 158’ 55‘ 50’ 45’ 157O40‘ 

I IO’ 5’ /58* 55’ 50‘ 45‘ I5 

FIaZlRE 10.-Rainfall coefficient of variation (Oahu Island). 

some measure of variability other than u was, therefore, 
needed which would take into account the average from 
which the deviations are calculated. The desired mens- 
ure or coefficient of variat,ion is the ratio of the stnnd- 
ard variation to the average or expressed in symbols 5. 31 
This coefficient as well as u ,  R, and r have been cnlcu- 
lated for 42 stat,ions on Oahu Island, and they are given 
in table 4. 

I n  figure 10 lines were drawn through places of equal 
coefficients. The sinaller numbers are station numbers as 
given in table 4, while the larger numbers are the 
coefficients. 

extent to which the continuous curves depart from the 
straight lines drawn through the points, T = arithmetic 
average, y = 50 percent, and x = u, y = 34 percent since in a 
normal distribution 34 percent of the observations are 
enclosed by the ordinates a t  x = average and a t  x = u. It 
can be shown, moreover, that the distance along the 
average ordinate (on the percentage of time scale) from 
the 50 percent line to the point where the curve crosses 
the average ordinate is a measure of the coefficient of 
skewness of the distribution. The straight lines nien- 
tioned above are not shown in figures 6 to  9 except for 
Honolulu. 

H. Alden Foster (10) states that the coefficient of 
variation can be computed with considerable accuracy 
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from a record of moderiite length but that the coefficient 
of skewness cannot be computed with any degree of 
precision escept from a very long record. However, he 
shows that for practical work an average coefficient of 
skew may be assumed as applicable to data of all the 
stations. This average c.oeffic.ient was not determined in 
this study. Whatever it may be, with the sxne coeffi- 
cient of skewness for all stations, the coefficient of varia- 
t,ion can be used as a riieasiire of variabiliby. 

Any locdity with a low coefficient of variation will 
get more nearly t,he average amount of rainfall eac.h year 
than will a locality with a higher coefficient. For inshance 
from table 4 this coefficient is 0.355 or nearly 0.36 for 
Honolulu (station no. 1) and 0.46 for Ewa Plant'ation 
Mill (stat,ion no. IS). This means that a variation of 
36 percent' from the average a t  Honolulu comes as often 
as one of 46 percent from the average a t  Ewa Plantation 
Mill and with a frequency of once in about 6 or 7 years. 
I n  other words, the variations at different localities are 
directly proportional to the coefficient of variation a t  
those locnlities. 

In table 3 the percenta.ge of years of 15 or a probable 
frequency of once in 6.7 years c.orresponds closely to a 
variat,ion in annual rainfall equal to the c,oefficient of 
varint.ion. More exactly it is 16 percent instead of 15 
since as previously iiient'ioned 34 percent of the tot>al 
observations fall between the ordinates a t  x = average 
and a t  x= u. 

In figure 10 t81ie lines of equtil coefiicients closely follo\v 
the lines of equal average annual rainfall (isohyets). 
Isohyet,nl lines are shown in the map of figure 1. It is 
evident that, in general, the wetter regions are regions 
of smaller variations. Three regions of low coefficients 
are dist,inguishable: (a)  around the north central c.rest of 
t.he Koolau Range, ( b )  around the crest of the Waianae 
Mountains, and ( c )  the regions somewhat to leeward of 
the crest of bhe southern port8ion of the Koolau Range. The 

first region incloses the wettest area of Oahu Island, the 
average annual rainfall being 340 inches. In  the third 
region coefficients are equally Imv although the average 
annual rainfall is about 140 inches. The region to the 
south and southwest of P e d  Harbor has tlie highest 
rnriability, and it is also tlie driest region of the island. 

Like the maps of isohyetal lines the map of figure 10 
should be regarded as an approsimntion in view of the 
character of the topography. Great differences in annual 
rainfall are noticeable over short distances; likewise, in 
the coefficients of variation, so that more complet>e data 
are likely to change the position of the lines of figure 10. 

Aclrnowledgnients are due hlr. John F. Voorhees, 
official in charge, Weather Bureau Office, Honolulu, T.H. 
for his kind advice during the course of this study; Prof. 
H. S. Palmer, of the geology department of the Uiiiversity 
of Hawaii, and hIr. J. F. Kunesh, hydraulic engineer 
of the Honolulu Board of Water Supply for their criti- 
cisms of this paper and for valuable suggestions. 
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PRELIMINARY STATEMENT OF TORNADOES IN THE UNITED STATES DURING 1933 
By R. J. RIARTIN 

[Weather Bureau, Washington, D.C., January I9341 

In  keeping with the custom of recent years, ti prelim- 
inary statement of loss of life and property daniage by 
windstorms is included in the December issue of the 
REVIEW. A final and more detailed study will be made 
during nest summer, and will appear in the Report of 
the Chief of the Weather Bureau for the year 1933-34. 
Practically all of the information given in this summary 
is abstracted from the monthly REVIEW tables of "Severe 
Local Storms" which are compiled from the reports of 
many observers and the various section directors of the 
Bureau. While it is thought the figures given are sub- 
stantially correct it must be remembered that a11 are 
subject to change after the final study mentioned above. 

May, with 73 (possibly SO) tornadoes and 205 fatalities, 
was the month with the greatest number of storms and 
greatest loss of life. The second highest figures occurred 
in blarch, with 33 tornadoes and 95 deaths. Both these 
months were esceeded in property damage by April; 
during which month there were 26 storms and a property 
loss of nearly $10,000,000. 

The total number of tornadoes during the year, 197, 
was considerably greater than in 1932. This figure has 
been esceeded only twice (1928 and 1929) during the 
last 1s years. The total number of deaths resulting 
from the 1933 storms was 343, which is considerably less 
than the 1932 number (394) and Ear less than the 1925 
and 1937 figures (794 and 540, respectively). 

The property damage caused by such storms in 1933 
is roughly estimated a t  $22,lSO,OOO--nearly three times 
t,hat of t,he preceding-year. This total has been esceeded 
only three times during tlie last 18 years, in 1927 ($43,- 
445,650), 1934 ($26,12O,S50), and 1925 ($34,033,900). 

If further study shows the storms listed in the hble  of 
tornadic winds to be true tornadoes, the 1933 sums will 
be 220 tornadoes (greater than either the 1928 or 1929 
figure), 344 deaths, and property losses exceeding 
$23,90S,OOO. 

TORNADOES A N D  PROBABLE TORNADOES 

Number .......... 
Deaths .....___ -..I $1 '!I fl 81 i:g 
Damage I _._____. 1,136 37 3,3G2 9,645 i , O %  1S1 813 110 2 2 31 ?2,190 

I In  thousands of dollars. 
2 Damage occurred iri addition to amount stated. 
J Fome of thebe may not be classed as tornadob; in the final study. 
4 Damage occurred: no estimate secured. 


