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I N T R O D U C T I O N  

The purpose of the study described in this paper was 
to ascertain, through analysis of precipitation measure- 
ments from gage systems upon mountainous watersheds, 
the reliability of computed rainfall averages, and on t,he 
basis of this malysis to d e d e  what modifications of or 
additions to the original ga.ge distributions are nec.essary 
in order to obtain results ac,curate within preestablished 
limits. 

Since it is known that mount.ain precipitation varies 
considerably in amount for any single storm or season, 
even within quite limited areas, it is not possible to obtain 
exact data on total precipitation from a single raingage 
or even from several gages, but an average is required 
of measurements from sufficient instruments, well clis- 
tributed over the watersheds in question, to furnish 
statistically reliable results. In  the past, raingages have 
been distributed in mountain areas with little regard to  
a planned system; their location has been influe,nced 
mainly by pro.xhity to a permanent habitation where 
continuous measurements could be made. It is not 
unusual to find only one gage in an area of 25 to 50 square 
miles. With distributions such as this i t  is impossible to 
apply a statistical analysis of the precipitation measure- 
ments for a watershed. 

The present study was made on the San Dimas Esperi- 
mental Forest. This research area on the Angeles Na- 
tional Forest has been equipped by the California Forest 
and Range Experiment Station for inve.stigations into the 
relation of vegetation to water yield and erosion from 
mountain watersheds, with the ultimate objective of de- 
veloping a system of management which will provide a 
marnmum yield of usable water with minimum erosion. 
This tract of 17,000 acres (26.6 sq. miles) is locatred on 
the south slopes of the San Gabriel Mountains about 30 
miles east of Los Angeles, California. Topographically 
the area is typical of a large part of the mountain range, 
with its sharp, V-shaped ridges and steep-sided canyons. 
The drainage system has developed to the climax. Ele- 
vations range’from about 1,700 to 5,400 feet above sea 
level. (See-fig. 1.) 

Here the problem of pre,cipitation measurements has 
been divided into two phases, distinct from one another 
by reason of their reiative ’requireme?ts of accuracy: 
first, the obtaining of precise precipitation data on two 
sets of three small watersheds; and second, the procure- 
ment of averages reliable within practical limits for 10 
intermediate watersheds of varying size and complexity. 

1 Now with Forest Service, Washington, D. C. 
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The arrangement of the areas studied in these two 
phases of the problem is shown in figure 5. The small, 
intensively studied watersheds, as outlined and labeled 
on the map, are Bell watersheds at the left, and Fern a t  
the right. Intermediate compartments are the basins 
includecl within heavy dashed lines, and located by roman 
numerals. It should be noted that watershed IV is a 
large drainage unit including watersheds I1 and I11 as 
well 8s the unit surrounding numeral “IV” on the map, 
since these two wat,ersheds drain into tlie lower section ; 
and that watershed VI  siniilarlp includes watersheds I to 
V, together with the unit labeled “VI” on the map. In 
tlie following discussion the small and intermediate water- 
shed groups are treated as independent units. 

R A I N G A G E  D I S T R I B U T I O N  

Small watersheds 
For the distribution of gages within the two groups of 

small drainages, contour trails were constructed a t  rela- 
tively short altitudinal intervals: 300 feet in Bell Canyon, 
and 350 feet in Fern Canyon. The selection of contours 
for this purpose was based upon knowledge of the two 
principal factors producing rainfall variations in nioun- 
tains: elevation and surface relief. Beside sampling dif- 
ferences in elevation in a reasonably complete manner, 
contours traverse all topographic variations. With these 
trails available, it  was necessary to distribute gages upon 
them at  such int,ervals that variations in surface relief 
wodd be sampled as nearly as possible in proportion to 
the total watershed area occupied by each class of topo- 
graphic variation. 

As the best criterion of variation in surface relief within 
the triplicate wittersheds “facets of slope” were taken- 
elementary topographic units, each of which, bounded on 
one side by a ridge and on the other by a canyon or draw, 
is characterized by a single aspect and degree of slope, with 
negligible variation, The facets existing within each 
watershed studied were delineated on an accurate contour 
map, and from their planimetered areas was determined 
the total area facing in each of eight compass directions 
within each watershed (table 1). 

In order to obtain the fairest possible sampling of the 
areas in each aspect, gage locations were established 
mechanically on the map by several methods, using in 
each case the intersection of ruled lines with trails: (1) 
Polar coordinates a t  angles of 8’ to each other, from the 
point of intersection of the axes of the small watershed 
units included in each area; (2) rectangular coordinates 
a t  400-foot intervals, with gage locations set on trails a t  
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North ................................ 
Northe% ............................ 
E3.t ................................ 
Youthea~t ........................... 
Soilth ................................ 
Southwest. .......................... 
I V V F t ~ ~ .  ............................. 
NorthwestL ......................... 

Total .......................... 
Dcriation 1 ...................................... 

Wwtershed 1~ 
Watershed 3 
Watershed 3 ......................... 

Total .......................... 

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

FIGURE 1.-Topographic map of Sau Dimas Experimental Forest with coutnur iutwml of 5o(I fwt. hlajor drainage boundaries are iudicated by heavy dashed lines; intermediate 
aud minor watershed di\ ides are shoan t q  lishter dashes. 
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17.9 16. 7 
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18.8 1s. , 
13. 2 14.6 
10.3 10. 4 
5. 3 2. 1 

100.0 100.0 
5. 3 

33.3 31. 3 
41. 8 39.6 
35. 9 29. 1 

100.0 100.0 

___ 

_ _ _ _ ~  

poiiits nearest the corners of the rectangles; and ( :3 )  
parallel hies  n t 300-foot horizontal intervals, draum 
norinal to the axis of each watershed (fig. a) .  

A site description TVRS obtained for each gage locntioii 
established by each niethocl, iziid these descriptions were 
coiiipnred with the nctunl average envirormientsl charac- 
teristics of the watersheds. In  coinparing the allocn tioii 
of gages to various aspects, for es:iriiple, the percentage 
of pages assigned by each method to each class of topo- 
grctpliic variation wns determined, nnd the results coin- 
pared statistically with the actual relief existing in each 
watershed (see table 1). The parallel-line method of 
location was adopted finally, as gnge sites obtaiiied by 
this method most closely fitted the general environIiientd 
chumcteristic., of the watersheds and resulted in the 
smallest deviation of topographic location of instruiiieiits 
from the nctual surfnce relief. Although method 3 gave 
a slightly better proportion of gages to the iiidividud 
watersheds than method 3, it was believed that the 
superiority of method 3 in the matter of exposure out- 
weighed the other considerations. 

TABLE 1.-C'oniparison of three nicthods of locating raingages with 
respect to aspect m i d  watershed 

BELL C.4NYON TRIPLICATE WATERSHEDS 

Aspect or water.;lied 
Gam distributioi 

Water5hed j area j 
hIe?hod I Method 2 

Perrtst 
0 
6 .2  

22. u 
14. 6 
I?. 5 
16. 7 
6. 3 

?n. 8 

1w. 0 
5. 1 

31. 3 
41. 7 
2;. 0 

100.0 

>y- 

Method 2 

Pcrrtnl 
0 

14.3 
23.2 
19.6 
17. 9 
10.7 
12.6 
1.8 

1cQ. 0 
2.8 

31.6 
40.4 
28.0 

100.0 

1 Square rout of mean squared deviation of percentages under each method, from the 
percentage of area in each aspect. 
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F i w m  Z.--Raingage distribution, Bell Canyon smdl  aatershrds. The  method a h l ~ t e d  for g d g ~  dwtributiou is indlceted by dnshed lines; the gage lorations by circles. 

Intermediate compartments 

As illustrated in figure 5, 10 intermediate watersheds in 
the experimental forest vary in area from a square mile 
up to approximately 14 square miles. I n  this large 
group, the number of gages which may be installed arid 
measured after each storm, and therefore the accuracy 
of the resulting rainfall averages, are directly controlled 
by practical limitations of transportation and available 
man power. The objective in gage distribution was 
necessarily to obtain the best records possible within 
these practical limits. ' 

For gage installation it was originally conteniplatecl to 
construct a complete system of contour trails across the 
intermediate compartments at 2,100-, 3,100-, 4,100-, and 
5,100-foot elevations, since a mechanical distribution of 
gages along contours a t  these intervals might be expected 
to give a good sample of precipitation. An examination 
of this large area demonstrated, however, that such a 
trail system fails to give a satisfactory lateral sampling 
of the forest. In broad, gently sloping basins large 
blank wens remain between 1,000-foot contours, while in 
a precipitous zone the same contour may enter a narrow 
canyon and return within a short horizontal distance. 
It was decided to utilize, in addition to the contour 
system, a number of grade trails and roads which satis- 
factorily fill in the blanks left by contours alone, and 

therefore give a more complete lateral sampling of the 
watersheds. Accordingly, during the period encom- 
passed by the initial study of rain-gage distribution, 
about 175 gages were progressively set out in a mechanical 
distribution a t  half-mile intervals along all trails (contour 
and grade) and roads which were practical for the purpose. 

METHOD OF ANALYSIS 

Rainfall records obtained in the small watershed areas 
and each of the intermediate conipartments of 10 repre- 
senta tive storms occurring between December 1933 and 
April 1935, were analyzed statistically to determine their 
reliability, and, where they proved to be inadequate, 
to find the number of additional gages necessary to 
furnish a desired degree of accuracy. The dates of the 
10 storms occurring in the 16 months of record are as 
follows: 

December 30-31, 1933. 
January 21, 1934. 
February 22, 1934. 
April 14-17, 1934. 
June 5, 1934. 
October 17, 1934. 
November 15, 1934. 
December 10, 1931. 
January 10, 1935. 
April 7, 1935. 
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Judgment as to the representative character of these 
storms was based upon their closeness of fit to an average 
curve in which, for all stornis recorded on the experimental 
forest, the size of storm was plotted against the coefficient 
of variability of each storm. A curve illustrating the 
relationship, taken for Fern Watershed 1, is shuwn in 
figure 3. It will be seen that on the average there seems 
to be a clear relation between the size of any storm and 
its variability, as expressed by the coefficient of variation; 
and that this average relationship may be expressed by a 
curve approaching in form a rectangular hyperbola. 
The stornis chosen for analysis (solid black points in 
figure 3) fit with reasonable closeness to this curve. 

tistical constants. Actually, the removal of this effect by 
computing means w eiglited by areas within several alti- 
tudinal ranges, for instance, and by tin analysis of var- 
iance, would demonstrate the reliability of data obtained 
from these gage distributions to be greater than that 

Dr. George F. h/IcEwenlZ using five st'orms in the Be r 1 
computed in this study. An analysis of variance made b 

triplicate area, gave weighted mean values agreeing 
closely with simple averages, and residual probable errors 
consistenbly less than two-thirds of the probable error of 
each simple average. 

As R further check, isohyetal niaps of Bell and Fern 
caiiyons were constructed for the 10 stonns considered 
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RELATION OF STORM MAGNITUDE TO VARIABILITY OF 
RAINFALL MEASUREMENTS. 

FERN CANYON TRIPLICATE WATERSHED NUMBER I .  
1933- 1935. 

STORM SIZE IN INCHES 
~~ ~~ 

FIQKTRE 3.-Relation of Storm Magnitude to Variability of Railfall hIeilsurements. Fern Canyon Triplicate Watershed Number 1. 1933-1935. 

Small watersheds 
On these two small watershed groups, gages were 

installed in sufficient numbers (57 in Bell Canyon, and 
47 a t  Fern) to insure a reasonably certain sample of all 
rainfall variability which might occur within each area. 

Table 2 presents, for each storm in each watershed of 
the t y o  triplicate areas, the statistical data involved in 
determining the accuracy of averages obtained with the 
existing gage distribution. Except for the smallest storms, 
these averages are reliable in general within 3 to 5 percent 
(2 times the standard error), although variation of indi- 
vidual readings from the mean may in some,cases esceed 
25 percent. 

I n  this study of records for the small watersheds, no 
attempt has been made to isolate the effect of systematic 
variance, as with elevation, on the means and their sta- 

above. Maps covering 4 of the storms are shown in 
figure 4. Volumes of total precipitation catch were com- 
puted from the maps by planhietering the areas between 
itcljncent isohyet,s, multiplying each area by the average of 
the two isohyets, and obtaining the sum of these products. 
These quantities v, ere compared with volumes obtained by 
multiplying a simple average of gage readings by the area 
of watershed. This is in effect comparing a weighted 
average with a simple average. Table 3 shows the volumes 
obtained by both methods and the percent deviation. 

The close agreement of results as computed by these 
three methods indicates that the present gage distributions 
in the small watersheds are so complete and representative 
that no alterations or additions to them are necessary. 

f Scripps Institution of Oceanography, La Jolla, Calif. Paper presented to the Amerlcan 
Meteorological Society, 1934. 
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FIGWEE I.-Isohyetd maps for four storms in Bell (left) and Fern Canyons. 
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1. n 
3. n 
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5. i 
1 . 0  
. 3  
. 3  

1.3 
. b  

1 . n  

F I G U R E  5.-Raingage distribution. San Dim=:; Experimental Forest. H w v y  dulled lines art' wntershetl hoimdaries; roman numerals. wat.ershed nurnhers; light doiihle lines arr mad>; 
light. solid lines. contour t.rails; and light dashed lines arp grade trails. Standard rain:.%@ bcations urt: shown hy SIIlall circles, ant1 intensity gages hy  solid hlacli iiuts. 

2. -1 
2. R 
1 .7  
4 . 3  
1. 7 
1 .2  

1 . 4  
1 .1  
1 .2  

._  

TABLE 2.--StatisticaZ data for 10 storms, on the basis of ezisting gage 
rlistribulioii, f rom small icntersherls 1 ,  9, and Y of Bdl a i d  F e r n  
c%nyolls 1 

BELL SMALL W.4TERSflEDS 

I Catch of rainbll 1 Standard deviation I Stnndml  innr  

13.74 
. 1 9  

2. 46 . 'T, -. 
. i 2  

i . 4 6  
2.6; 

. i l  
1.64 
3.b6 

1- ........ 
2-  ........ 
3. ........ 
4.. ....... 
5. ........ 
6. ........ 

s - - . -  ..... 
9. ........ 

1 ......... 

10. ....... 
I I I I I I 

F E R N  SMALL JVATERSHEDS 

I I I I I I I 
1 2 . i l  

23 
2.56 

. 2 1  

. i S  
7.47 
2.67 
.70 

1.154 
4 .11  

1.. ....... I 
2.-.~.~~-. 
3 ......... 
4... ..... 
5. -. ~ ~. ~. . 
6 ........ 
7.. ....... 
8 .  ........ 
9.  ........ 
10. ....... 

1.1'7 
. ( I ?  
.IS 
, 04 
.nI? 
. o l  
.O? 
.o-I 
. O i  . 20 

1 . 3  
4. 9 

5.  I 

1.1  
. 3  
. 3  

2.9 
1.1 
1 .6  

1.0 

l?. 11 
.?3 

2. I9 
. ? I  
. 79 

7. 45 
2. 67 
.69 

1.57 
4. os 

0.71 

. l l  

.04 . (19 . ow . I l i  . ofi . 27 

.n5 

. 04 

0. 45 

.13 

.05 

.03 

. 09 

.03 . IO4 

.os 

. l i  

~ .n? 

' f r c f i i t  Perernt 
1.6 1.8 
1. s 2 . 5  
1.6 1 . i  
1.6  1 .5  
1.:: 1. I I  
a. 2 1. x 

. 5  . 9  

l.:? 1.n 
4 . 0  4. fi 

1.6 1 . n  

1 Tlie numher of gages on which the* data m e  hased are as follows: In Bell Canyon. 
18 gages in No. 1 wntershwl; 12 iu No. 2; ani1 16 in No. 3. In Frrn Cauyon, 1:1 gages in 
No. 1 witershed; lfi in No. 2; and 16 in No. 3. 

Intermediate Compartments 

Tlie relilibility of any group of nieusureineiits use51 to 
c4 ina te  the average of iiiensiirenieiits of n riindoni vnrirtble 
tlepeiids not only upon the number of observations avail- 
:ihle, hut just ns much upon a truly representative sampling 
of  the variable studied. In the Bell aiicl Fern triplicate 
;ireas such sampling was obtained with more than reneon- 
nhle certainty, because of the large number of carefully 
tlistributecl gages. Conditions in the 10 intermediate 
compnrtments, 011 the other hnncl, where gaym are widely 
scattered over N large area, call for n chcsck on tlie thorougli- 
ness of sampling before nvernges niicl their stn tistical 
constnnts may sxfely be used as an estiniate of precipitntion. 

Compnrison of simple rainfall averages with totals corn- 
puted from isohyetal maps affords a means for making 
such n clieck. In any of the esperiinental watershds, an 
isohyetd map provides the best weighted niean for the 
basin, since the rainfall contour lines t:ke in to account tlie 
efiect not only of gages within each witershed, but also of 
those in adj:icent clrainages. Tlie effect of a poorly dis- 
t8ributed gage system, then, is ti wide deviation of simple 
averages from the isohyetal, or weighted, results. Study 
of tnb!e 4 shows that, after the initinl gage distribution was 
reason:ddy close to completion, large deviations between 
simple awl  isohyetal averages occurred oiily in rare in- 
st:tnces. 
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Acre- 
f ee t  
71.47 
2.13 

20.21 
1.38 

43.11 
12.1s 
3.95 
6 . 5  

20.54 

3.30 

The standard error (S. E.) was used as zt criterion of the 
reliability of averages obtained with the existing gage 
distribution, in the same way tbnt this constant was eni- 
ployecl for the sniell watershed :wens. In  addition, this 
c,oiicept was employed to conipute the number of gages 
required to furnish a precleterniinecl degree of reliability. 
Solving tlie standard error formula for "N," the number 
of instruments required is: 

Per .  
cent 
-0.8 
-.9 

-1.4 
-.7 

-1.8 
+.2 +. 3 
0 

- 4 . 3  

0 

TABLE 3.-Comparison of precipitation catch computed from sitjLlde 
average 7idth that obtained by isohyetal ?nethod 011. three small ~r~atc i -  
sheds of Bell and Ferri Carillons 

BELL SMALL Ti' iTERSIIEDS 

+2.2 
+1.9 

- .4  
+6.S 
+2.0 +. 1 

+. 1 
+l.fi 
+1.5 

Catch on watershed 1 

41.02 
. i l  

Y.34 
.fii 

2.4s 
24.64 
8.56 
2.23 
5. 2.5 

13.49 

Catrh on  aatprshefl 2 

-0. 1 
+? .h  +. 2 
1 3 .  [I 
+2.0 

0 -. 6 
-1.3 

0 " . I - 

Catch on watershed 3 

51.33 
. 9 i  

10.5fi . \'> 
3.2s 

,. " 3  
2.91 
1;. 53 

li.34 

3i.21 

l . . ~ . ~  ............... 
2 . . ~ .  ............... 
3 .................... 
4 .................... 
5 .................... 
6~ ................... 
i ~ . ~  ................. 
S .................... 
9 .................... 
10 ................... 

Acre-frrt :lcrt-fcct Pfrcr i i t  
1,371.07 1,417.01 t . 3 . 3  

76.60 73.34 -4.4 
281.72 20?.96 +4.0 

54.52 59.8Y +9.s 
127.90 124.69 -2.5 
S37.23 S41.3fi +.5 
3PU.dY 3!I!.t;l -2.9 

r5.1(1 1 6 . 3  +2.3 
128.Y9 128.07 - . 7  
4X1.33 492.i3 +2.4 

Aerc.Jirt  
1,435.44 

31. 08 
2J0.2i 
37.49 

101. 62 
800.54 
315.45 
Y0.33 

163, w 
455.46 

A m - f r r t  P, rcmt 
1,442. 15 +l. 3 

30. 79 -. 9 
2S6.12 +2.1 

8 i . 3 9  -.3 
w. 56 -3. 0 

i9O. 22 - 1.3 
31J$.M -2.1 
Si.31 - 2 . 8  

1IiR.  07 +.Y 
441.93 -3.0 

1 .................... 
3 .................... 
3 ................... 
4~ ................... 
5 ................... 
6 .................... 
7~...- ............... 
R~ ................... 
9 
10 ................... 
.................... 

7.fii9.20 7.614.79 -0.8 
254.86 2F.K.53 +.; 

1.831.92 1 
231. fi3 
606. OS 

4.506.0? 4 
l,XJ7.4? 1 

476.+J 4S1.5; +1.1 
S16.fi4 8?4.01 +.9 

2,679.11 2,648.89 -1.1 

__ 

Dcvia- 
tiou 

___ 
1-0- 

hpvtt:l 
uleth- 

O d  
__ 
:lcrr- 

f f  e t  
j9.38 
1.27 

17.00 
1 . 3  
2. 65 

36.25 
16.13 
3.37 
5.5:: 

1% 46 

~ 

D ~ v i s -  
tion 

__ 
Per .  
cent 
-11. 2 
0 

4 
-1. fi 
-. 4 

+1. s 

-1.: 

+. ,9 
. , - 

., - 

- 
BO- 

byetal 
meth- 

od 

Btorm 
No. 3 im p l ~  

awr -  

__ 
Acre- 
j e t t  
59.24 
1.27 

16. Y3 
1.21 
2. 6-1 

35. $4 
16.02 
3.43 
5. 5 s  

19.33 

-I--- 
Acre- 
fed  
72.05 
2. 15 

20.49 
1.39 
3.30 

43.92 
12.16 
3.94 
6.55 

21.47 

A m -  
feel 

9$ :f 
I. -, 

36. s7 
1.94 
4.2; 

56. 9s 

5. 3fi 
9. u5 

29.26 

2 n . x  

.4crr- 
feet 

53 .  0s 
2. 27 

26. 6s 
1. %I; 
4.22 

5fi. 69 
20. i 5  
5.32 
8. ss 

28.45 

Per- 
cent 
-n. b 

- 0 -  ., 
-_ 5 

-1.2 
-. 5 -. 8 -. 7 

-1.9 
-3. s 

1 ......... 
2. ........ 
3. ........ 
4.. - - -. -. . 
5. -. - -. - -. 
6- ........ 
7 - - -. -. - -. 
5. ........ 
9. ........ 
10. - - - .-. . 

w-liere S. E. is any stanclnrd error desired, such as  3.5 
percent, 5 percent, or 10 percent of the average. 

Table Ei presents, for each intermediate compartment, 
the average rainfall, standnrcl deviation, and percent 
stundarcl error for each storm; nlso the number of existing 
gage< and  of those requiretl in each caqe to  give B standard 
error of 2 . 5 , 5 ,  or 10 percent of tlie fiverage. On watersheds 
I1 (Ferli) and VI11 -(Bell), two gnges were nllowecl for the 
area covered by the sinal1 watersheds and included in the 
total of existing gnges for these ilrens. Computation of 
the staiidard error arid iiriniher of gages required was 
omitted for all stornis in which insufficieii t gage readings 
were available to give accurate figures. 

Storms 3 n i i d  -4, both small in size, show considerable 
variation throughout each of the IO interniedinte coni- 
partmeiits. These two storms, each less than 0.5 inch 
in amount, comprise only about 2.5 percent of the total 
precipitation for the season 1933-34. By referring to 
tnhle 5 i t  cnn be seen that to obtain n standard error less 
thin 3.5 percent for such small storms, a great number of 
gages would be necessary; whereas for the larger storms, 
alniost eiiouyh gages esist a t  tlie present time on most of 
the intmerniediate watersheds. The question that must be 
answered, therefore, is how niuch weight small storms 
should hare in influencing the cleternlinntion of the 
standim1 errors to be required, nncl therefore the number 
of gages neceqsary to give these stanclarcl errors. 

- 
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51. fil 
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2.53 
24.14 
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34.45 
.52 
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.59 

1.9s 
20.50 
11.06 
1.91 
4.41 

10.46 

35.20 
.53 

F. 70 
.ti3 

2.02  
20.52 

1.93 
4.4s 

10. fi3 

11.01 

1.. ....... 
2.. ....... 
3.. ....... 
4. ........ 
5 - . -. - - - . - 
6 .  ........ 
7. ........ 
5. ........ 
9. -. . - . . -. 
10. ....... 

Isohyetal maps were used also to test each gage locntion 
for local interference or lack of representative exposure. 
On these maps an unreprescntative gage rending stands 
out smrrounded by nn isohyet in the shape of a sniaI1 ring. 
This is caused by the fact that the rending does not, fit 
into the picture drawn from tlie surroimding gage readings. 
If one gage gave uiirepresentnbive readings for a series of 
storms, it would be safe to assiime that the gage was poorly 
loca tecl. Some of tlie gages gave questionable readings for 
single storms, but in all storms analyzed no gage was con- 
sistently out of line with hlie rest. 

TABLE 4.-Comparison of piecipifai ion catch cotnpided by w i n g  simple average wiih lhnl obtained by isohyetal method on 10 inlermcdiate 
tilatersheds of entire forest 

Watershed I1 

sohyetal Piui1'1e Deria- 
mcthod 1 average 1 t i m  

________ 
U'stershed I\' Watershed V 

Deria- Isnh;\etal Simple Del ia-  
tiou ~ ' i e t h ~ d  I average I--  tinu 

___.______ ___ Watershed I --___-_- 
Storm No. 

I -Acrt.Jcft 
, 2. 400. 4s 

i9. RR 
;ui .  Sh 
74.1s 

1x0. 41 
1.4% i 7  

G3lN 27 
llill. 7 i  
"C3,'jS 
920.26 

.Arr?-jert 
3.282. 50 

74.53 
7111. 69 
Y1.5i 

?.51. ss 
1, 2(ll;. 89 

X h .  63 
217.16 
86% $I4 

I. 106.46 

.-Lere+rt Ptrerzt 
3 ,  Xi3. ii +>. A 

73.24 - 1 . 6  
73(1.44 +2.? 

Sfi.65 -5.4 
2411. 33 -4. fi 

1, 979. 24 +3. 8 
r4y.47 +. 1 
218.SB +.s 
379.42 +3.5 

1, Wl. 46 -4. 1 

.Arrc-fyi Prrernt 
?.3Sb. , 1 -0. 5 

%?.OS 4-3.4 
720.s3 + I . *  

i 4 .  i 8  +. b 
171.72 - 4 . S  

2fi-l. 4s 

I 

Watershed l X  Wntershed S I Watershed VI1 tershed VI11 

965.73 
31. 31 

203. S'L. 
15. I?? 
4 i .  $4 

53:;. $8 
?35.99 

4,<. 76 

?hi.  92 
.in. 78 

1. K9. i 3  
23.74 

ala. 25 
15.23 
44. 7 2  

559.82 
'219. 50 
49.20 
80. R'? 

30s. YO 

9fi2. fii 
3. 11 

224.;9 
16.5!) 
39.17 

505.44 
1SY. 51 
45. 98 
73.1fi 

248. S i  

-1. Y 
0 

- 4 . 4  
+x. s 
+3 .4  
-2. 4 
+l. 4 +. 4 
-3. 9 
-3.3 

+7.3 1 ........ ........ I .......... F85.lS S96.52 
24. 53 26.47 

2.17. 211 2-12.67 
15. 7,5 15. 33 
31.63 32.oY 

494. 63 49;. 3s 
161;. ill Ifill. IJh 
45. A l l  45. 99 
71.02 i0.89 

252. i 4  25s. 74 

+6. 3 9SO. 32 
-R.S 25.11 
+7. 6 335. us 
-2.5 15. !I* 
-6 .5 3i.h; 
+4.Y SIi.RI1 
+l. 5 1BC. w 

+.Y 45.68 
0 ifi. 10 

+7.3 257.52 
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Watershed and storm No. 

TABLE 5.-Rainfall averages and statistical constants, an.d the number 
of gages required to give various degrees of accuracy, i n  10 inter- 
mediate watersheds-Continued 

Obser 
va- 

tions 

TABLE 5.-Rainfall averages and statistical constants, and the number 
of gages required to give various degrees of accuracy, i n  10 inter- 
mediate watersheds 

Wst.ershed and storm No. 

Gages required if ratio 
01 8. E. to mean is- Obser- 

va- 
tions 

srd de- 
vi3tion 

Inches 

.305 

.050 

.020 

.65:3 

.I22 

.051 

.121 

.6i2 

....... 

Gwes required if ratio 
of 6 .  E. to mean is- 

nrd -- 
error ~ . ~ p e r -  5 per- 10 p e p  

cent cent cent 
--I_-__- 

Pereenl Number hhmber  Number 
....................................... 

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

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

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

................................ 
3.01 18 S 2 
1.44 4 1 1 
3. 19 9 2 1 
3.96 23 6 2 
5.63 56 14 4 

__ 
Wnt.ershed X: 

1 .............................. 
2. ............................. 
3 ....................... 
4 ....................... 
5 ....................... 
6 ....................... 
i ....................... 
x ....................... 
Y ....................... 
10 ...................... 

X i m b c  

3 
6 
6 

12 
12 
11 
12 
11 

4 ....................... 
5. ...................... 
6. ...................... 
7.. ..................... 
8 ....................... 
9. ...................... 
10 ..................... 

1 ....................... 
2. ...................... 
3. ...................... 
4 ....................... 
5. ...................... 
6. - -. - -. - - - - -. -. - - - -. 
7. ...................... 
8. ...................... 
9. ...................... 
10. ..................... 

1 ....................... 
2. - -. - - - -. - - - - - -. - -. - -. - 
3.. ..................... 
4.. -. -. - - - - - - - - - . . -. -. -. 
6.. - -. - - - - - - -. - - - - - - - -. 
6 ....................... 
7. ...................... 
8. ...................... 
9.. ..................... 
10 ...................... 

1-. ..................... 
2.... ................... 
3... .................... 
4- _ _  - - - - - - - - -. - - -. . 
5.- - - 
6.. ..................... 
7 ....................... x.. ..................... 
9. ...................... 
10 ...................... 

1.. ..................... 
2 ....................... 
3.. ..................... 
4. ...................... 
5. ...................... 

7. -. . -. 
8. ...................... 

10 ...................... 

1 ....................... 
2.. ..................... 
3.. ..................... 
4-. ..................... 
5-. ..................... 
0.. ..................... 
7- ...................... 
8.. .................... 
9.......... ............ 
10 ...................... 

1 _ _  -. . - -. -. - - - - -. . -. . -. . 
a ....................... 
3. - - - - - - - - - - - - - -. - - - - -. . 
4.- - - - - - - - - -. - - - - - - -. -. . 
5 ............. I ......... 

Watershed IV: 

Watershed V: 

Watershed VI: 

-. - - - - - - -. - - - -. 

Watershed VII: 

..................... 
- -. -. -. - - -. -. . 

a. ...................... 

Watershed VIII: 

- Watershed IX: 

Rain- 
fall 

Rain- 
fall 

-~ 
Inches 
........ 
........ 

3.56 
.30 
.43 

6.66 
2.13 
. i o  

1.01 
3.60 
- 

- 
10 per- 
cent 

ftimber 

- 
....... 
....... 

1 
11 
2 
1 
1 
2 
1 
1 

------- 
- - - - - - - 

1 
21 
2 
2 
1 
2 
2 
2 

-. -.._. 
....... 

!.5 per 
cent 

5 per. 
cent 

Inches 
9.5E 

1.97 
.40 
.85 

5.69 
2.49 
.52 
.89 

3.33 

12.01 .a 
2. 34 

.81 
6. i5  
2.54 . i o  
1.35 
3.61 

10.06 
.21 

2. 65 
.22 
.75 

6.52 
2.45 . R2 
1. 22 
3.42 

11.24 
.25 

2.36 
.28 . so 

6.53 
2. 51 
.73 

1.21 
3.50 

9.91 
.31 

2.86 
.30 
.68 

5.91 
2.55 .w 
1.05 
3. 62 

10.43 
.32 

2.60 
.32 
.74 

6.04 
2.65 
. 65 

1. OR 
3. 46 

12.19 
.?a 

2.58 
.18 
.51 

6.46 
2.67 
.5; 
.92 

3.46 

11.10 
.32 

3.06 
.23 
.53 

fi. 79 
2.5fi . 61 
1.00 
3.44 

I?. 94 
.39 

3.55 
.23 
.46 

7.41 
2.48 
. 6 i  

1.03 
3.68 

.48 

.3a 

lnchr. 
1.37: . 15. . 13: 
.13 . 101 . 45: . 221 
.07: 
.03' . 25: 

.95: 

.03( . 181 . 13! . 10: . 11. 

.24! . 07; 

.18: 

.41( 

1. :u 
.04: 
.464 
.09f 
.03: 

1. oof . 154 . lo( . 15s 
.53: 

1.53c 
.064 
.40E 
.13C . 085 
.871 
.214 
.11E 
.3SF 
.497 

.838 

.OS3 

.355 

.095 

.I?? 

.433 

.110 

.lo1 . os 
1.450 
,132 
.45? 
,125 
.139 
,739 
.247 
.I29 . 280 
.426 

.73i 

.022 

.?63 

.027 

.134 

.399 

.121 
,035 
,036 
,749 

1.202 
. M4 
.3% 

C .  

. loa 

. nifi 

. n4s 

. 4 M  . 159 . a 7  . Mfi 
,351 

.130 . a36 

.283 . m3 

.(H6 

.484 
,215 . ow 
,112 
.513 

Zrccn 

1.6E 
7.9: 
2.94 
2. 1: 
2.01 
3.9f 
2.6f 
1.81 

...... 

...... 

...... 

...... 
1.9€ 

11. 71 
3. 1: 
2. fi4 
2.41 
2. i i  
3.53 
3.05 

.._.__ 

..-..- 

...... 
-..-.. 

1.65 
5. 14 
1.9g 
3.67 
3.95 
4.94 

_..___ 
...... 

3.60 
9. 23 
2. IG 
2.52 
1.59 
3.03 
5.93 
2.79 

...... 

...... 
2.23 
2.86 
3.37 
1.36 
.74 

2.89 
1.67 
1.41 

...... 

...... 
2. 15 
4.63 
2.12 
1.37 
1.01 
2. 19 
2.85 
1.36 

..___. 

..___. 

._.._. 

...... 
8.67 
1.96 
1.42 
1.95 
1.24 
6.96 

..... 
7. 40 
4.5s 
3.03 
3. 72 
2.54 
2. 19 
2.72 
2.33 
3.61 

...... 
2.40 
5. fi.7 
3.02 
1.97 
2.62 
2.45 
2.2s 
4. 20 

rumbe Watershed I: Numb1 ........................ 
2.. ..................... 
3. ...................... 
4. ...................... 
5.. ..................... 
6 ....................... 
7.. ..................... 
8. ...................... 
9. - - - -. -. -. -. -. - - - - - - - - - 
10 ...................... 

1.. ..................... 
2.. ..................... 
3. ...................... 
4.-. .................... 
5.. ..................... 
6 ....................... 
7. ...................... 
8. ...................... 

Watershed 11: 

1; 
1t 1; 

1 2  I( 
1f 

l i  
I( 

I( 
l! 
l! 
1t 
1f 
If 
1f 
1: 
14 

8 

t 
E 

11 

1c s 

i a  11 

15 
16 
23 
2.4 n 
29 
29 
30 29 

26 

22 
22 
31 
31 
23 29 

34 
34 
33 
34 

50 
49 
71 
73 
78 w 

84 
82 

e 
7 
6 
5 
9 

10 
10 
10 
10 
10 

4 
7 
8 
5 
6 
i 
R 
R 
R 
8 

4 

84 87 

11 4 

11 
11 
11 
11 
11 
11 
11 

...... 
8 

172 
23 
16 
14 
32 
li  
10 

...... 

4: 
I 

4 

I 

...... 
10 

331 
25 
1s 
15 
20 
30 
21 

...... 

8: , 
9 
E 
f 

Records of rainfall for the city of Glendora covering 54 
years give a.ii average annual ra.infal1 of 22.55 inches, of 
which only 9.3 percent (S. D., 5.4) fell in st,orms of less 
th:m ha.lf mi inch and 23.3 percent (S. D., 13.3) in storms 
of less than 1 inch. From t,hese data it may be; estimated 
tQat ru.ins of hdf an inch or less may seldom be expected 
to exceed 30 percent of the annual precipitat'ion (mea11+2 
S. D.); and t,liat storms of an inc.h or less will not be 
e.spe,cted to esceed 50 percent of the tota.1 annua.1 precipita- 
tion. From this linowle,clge, and to compromise with 
pmct,ica.l expediency in gage distribution, it w8.s decided 
to set up the following arbitrary requirenients of accuracv 
for storins of vn.rious magnitudes: For storms below 0.5 
inch, a. standard error of 10 percent; storms between 0.5 
and 1 inch in size, 5 percent; and all larger storms, 2.5 
percent. 

Table 6 presents t,he number of gages a t  present inst'alled 
in each intermediate watershed, and the approximate 
number which will be necessa,rp in order to give the 
required accuracy of results. The 1atte.r figure is the 
simple average of the numbers apparently required for 
emh of t,he 10 storms. Figure 5 is a ma,p of the entire 
forest showing location of trails, rain gages and wat'ershecl 
boundaries. 

By the beginning of the 1935-36 rainy season, the ga.pe 
distribution was complete,d a.ccording t,o the requirements 
se.t up in the above analysis for waterslxds I-VIII. To 
check the adequa.cy of sampling by these gages, a study 
was ma.de of all storms of any appreciable size during this 
season, occ.urring on bhe following dates: 
Stjornl NO.- 

11 . . . . . . . . . . . . . . . . . . . . .  0ctobe.r 14, 1935. 
12 _ _ _ _ _ _ _ _  _ _  _ _ _  _ _  _ _ _ _  _ _  November 17-18, 1935. 
1 3  . . . . . . . . . . . . . . . . . . . . .  December 3-4, 1935. 
Id  . . . . . . . . . . . . . . . . . . . . .  De,cenibe.r 29, 1935. 
15 . . . . . . . . . . . . . . . . . . . . .  Februnry 1-2, 1936. 
16 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Fe.brua.ry 10-20, 1936. 
17 . . . . . . . . . . . . . . . . . . . . .  Februa.ry 22-23, 1936. 
18 . . . . . . . . . . . . . . . . . . . . .  March 21, 1936. 
19 . . . . . . . . . . . . . . . . . . . . .  h'Iarch 24, 1936. 
20 . . . . . . . . . . . . . . . . . . . . .  Ma.rch 30, 1936. 
31 . . . . . . . . . . . . . . . . . . . . .  April 3-4, 1936. 

Table 7 shows that the st8ancla.rcl errors of these ra.infal1 
nverages we,re well within desira,ble liriiihs for most storms. 
It will be noted in this respect t,hat number of gages 
required a.s set up in table 6 a.re based on an average 
figure, a.nd therefore, storms wit,h an unusua.lly high 

(See standa.rd errors un,derlined, in ta.ble 7.) 

1 
j 
i 
1 

1 
\miability will fall outside the re.quirec1 limits of nccumc,y. 1 , 

9. ...................... 
10 ...................... 
1. ...................... 
2~ ...................... 
3 ....................... 

Watershed 111: 

..___. 

...... 

...... 
4 

35 
7 

24 
13 
39 

...... 

...... 

...... 
1 

IC 
I 
F 
4 

i a  

....... 
1 
3 
1 
2 
1 
3 

....... 

....... 
3 

21 
2 
2 
1 
3 

11 
2 

- _ _ _ _ _  
48 

327 
21 
29 
12 
43 

164 
33 

...... 
11 
81 
5 
S 
3 

11 
41 
8 

...... 
25 

164 
51 
9 

moa 
43 
15 
11 

-..--. 
7 

41 
13 
3 

75 
11 

4 
3 

...... 

...... 
14 
63 
14 
fi 
4 

I6 
3 
6 

. - - - -. - 
2 

11 
4 
1 

19 
3 
1 
1 

....... 

. - - . . 
4 

16 
4 
2 
1 

4 
; 

..... 
53 

25 1 
56 
24 
15 
64 

109 
35 

..... 
...... 
...... .._.. 

.... 
110 

; 
7 
3 

77 

...... 
62 
Pi 

...... 

...... 
8 
7 

1; 
17 

...... 
.... 

I 1  
5fi 
16 
8 

12 
11 
I9 
32 

...... 
?7 
2 
1 
2 
1 

19 

..... 
16 
7 

.---.. 

...... 
2 
2 
3 
2 
5 

..... 

..... 
3 

14 
4 
2 x 
9 
5 
8 

...... 

I 
1 
1 
1 
5 

..--.. 
4 
2 

.___.. 
1 
1 
1 
1 
1 

...... 
1 
4 
1 
1 
1 
1 
2 
2 

R. ...................... 
7.. ..................... 
8. ...................... 

10 _ _ _ _ _  - _ _  _ _  - a.. ..................... _ _  - - - - - - - 
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11 ................. 
12 ........................ 
13 ........ ......_.. 
14 ................. 
15 ................. 
Ifi ................. 
17. ................ 
18 ................. 
19 ................. 

21 ................. 
20 ................. 
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Numhr 
4 

9 
9 
9 
9 
9 
9 
9 

9 
Q 

~ 

?umber 
6 
9 
9 
9 
E 
9 
9 
9 
9 
9 
9 

Inches 
.30 
.36 
.32 
.75 

3.60 
11.54 
1.63 
.25 
.63 

1.87 
2.24 

............... 
.023 
.040 
.251 
.406 
.151 
.IN2 
.053 
.I35 
.21Q 

2.3 
1.7 
2.1 
1.2 
2.7 
5.8 
2.9 
2.5 
9.6 

Storm No. 

11. ................ 
12 ................. 
13 ................. 
14 ................. 
15 ................. 
16 _.____.._________ 
17 ................. 
18 ................. 
18. ................ 
20 ................. 
21 ................. 

~ 

Watershed I 
Stand. 

Gages %y dg$, 
tion 

Number Incher Iiirhra 
Q 0.28 . O.OS1 

13 .40 ,043 
I1 .33 .09E 
20 . E4 .I44 
24 3.91 .574 
24 10.71 .e20 
23 1.86 .159 
23 .37 .IO1 
23 .61 .OS0 
23 1.54 .1M 
24 1.92 .I66 

- - ~  11 ..................... 
12. ................ 
13. ................ 
14 ................. 
15 ................. 
I6 ................. 
17 ................. 
18 ................. 
19. .-- ..- _ _  .~ -.___. 
20. - -. 
21 ................. 

- - - - - - - 

............... 
.43 
.33 
.E5 

4.02 
12.5s 
1.36 
.30 
.65 

2.07 
2.31 

.os9 

.022 

.040 

.E26 

.SlE 

.1E4 

.073 

.052 

.I16 

.232 

. _. 
9 

11 
5 

10 
10 
11 
11 
11 
11 
11 

...................... 
.44 .054 
.37 ,030 
.S1 .203 

3.94 .643 
12.90 1.M: 
1.35 .280 
.23 .om 
.64 .O6l 

2.03 .I69 
2.20 .245 

11 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
12 ................. 
13 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
14 ................. 
15 ................. 
16 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
17 ___________._____ 
18 ................. 
18 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
20 ................. 
21 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

2 
14 
15 
14 
16 
16 
15 
18 
18 
19 
15 

0.23 
.35 
.28 
.74 

4.09 
10.58 
1.79 
.24 
.61 

1.W 
2.26 

0.010 
.035 
.070 
.073 
.627 
.975 . 123 
.085 
.071 
.262 
.153 

2E 
35 
43 
43 
40 
44 
50 
60 
52 
51 

............... 
0.40 
.30 
.80 

4.30 
10.76 
1.89 .... 
.28 ,099 
.62 .079 

1.94 .2% 
2.20 .?32 

..... 

1.1 
1.4 
5.0 
1. E 
1.6 
1.5 

11 .__.._ 
12 ...... 
13 ._.___ 
14 ..___. 
15 ..____ 
16 ...... 

Number Inches Inches Percent 
60 0.31 0.107 4.5 17 

125 .39 .062 1.4 18 ...... 
153 .31 .MO 1.5 19 
157 . R 1  .125 1.2 20 
178 3.80 .698 1.4 21 
176 10.90 1.301 .9 

rumber 
1SO 
1S7 
179 
1EE 
191 

Inches Inches Percent 
1.70 0.285 1.2 
.29 .lo2 2.5 
.61 .067 .8 

1.84 .313 1.2 
2.10 .349 1.2 

11 _____________.___ 
12 ................. 
13 ................. 
14 ................. 
15 ................. 
16 __________.______ 
17 ................. 
18 ................. 
19 ................. 
20 ................. 
21 ................. 

10 0.30 0.053 
31 .36 .043 
35 .28 .036 
35 .84 .I73 
37 3.62 .700 
36 10.57 1.113 
36 1.78 .244 
37 .28 .056 
32 .60 .045 
35 1.82 .141 
37 2.26 .155 

soh etal 
met%od 

32.25 
5?. 73 
36. E8 

101.41 
552.66 

1,354.01 
242.10 
30.74 
77.83 

243.50 
279.70 

Acre-feet 

Simple Devia- 
average tion --- I 

11 ................... 
12. .................. 
13 ................... 
14 ................... 

Acre-feet 
42.08 
60.44 
43.41 

116.36 
-1.3 
+.9 
- . 6  

-3.0 
+2.3 
-2.1 
+1.3 

1. 2%. 55 
2,968.83 

583.20 
81.53 

186.87 
599.05 
670.71 

913.18 
2,705.53 

452.13 
72.13 

151.93 
462.32 
575.44 

-1.3 
-1.7 -. 3 
+2.7 

-.9 
+1.2 
-1.1 

-4 .1 
+2.4 
4-3.4 
4-6.6 
-3.8 
+1.9 
+9.4 

4-12.2 
4-9.3 

+ . 6  
-1.1 

21.35 35.31 
29.25 29.40 
23.42 22.43 
Xl.63 59.25 

380.71 277.3i 
871.48 E6E.63 
95.13 O? 92 
15.65 14.16 
45.76 44.85 

144.70 143.?? 
I f i l . 5 3  159.?3 

36.37 
32.65 
60.29 

349.13 
1.038.6X 

117. 13 
?4.63 

170.55 188.80 

53.93 

............................. 
36.76 +l .3  
30.59 -R.3 
66.91 +10.5 

328.06 -6.0 
1,069.14 $2.9 

114.96 -1.9 
23.60 - 4 . 2  

167.62 142.68 -1.4 -3.3 

.x .m -2.  I 

TABLE &-Number of gages required statistically i n  10 intermediate 
watersheds 

T ~ B L E  7.-Raiiifall averages and statistical constants, 10 intermediate 
uwtersheds, season 13S5-,S6--Continued 

Watershed VI1  Watershed VI11 

Gages Rain- I fall 

Stand- 
ard 

devia- 
tion 

Stand- 
ard 

error 

Storm No. 
Qages Rain- 

fall 
I. - - - - - - - - - - - - - - - _ _  - - 17 10 VI  ................. 87 34 

III. - ---- - - - - - - - _-  _ _  - VI11 ................ 10 Iv- - -- - - -- - - - - - - - - - - IS------.-----.--.-- 12 

1 Average number necessary to give standard errors (6. E.M) of 2%, 5 and 10 percent. 
respectively, lor storms over 1 inch, between 12 and 1 inch, and undrr U, Inch In roni- 
puting these averages, storms were omitted in which variation was not completely 
tarnuled. 

II ................... 1 1611vIr ................ I 34 

* v  -------_-_-_____-_- 34 37 X-----..--.----.--.- 12 20 -I---- 
Inches 

. 2 i  

.33 

.77 
3.93 

11.67 
1. E6 
.24 
.61 

1.82 
2.10 

....... 

Inches Percenl 
,006 1.1 

Inches 
. o n  
.025 
.018 
.074 
.208 

1.045 
.152 . a39 
.036 
.I78 
.23E 

’ercent 
1.6 
2.3 
1.9 
3.3 
2.0 
3.0 
3. I 
5.1 
1.9 
s. i 
5.6 

P m n t  number of gages In watershed V I  greater than number required, because i t  
Includes those In watersheds I, IV, and V. 

TABLE 7.-Rainfall averages and statistical coiistants, 10 intermediate 
watersheds. seasoii 195.5-56 

- 
Stand- 

ard 
error 

- 
Stand- 

ard 
error 

Watershed X Watershed I X  

- - - - -. - 
4. 1 
2.4 

11.3 
6.  F? 
2.6 
6.7 
E. 6 
2.9 
2 .6  
3.4 

__ - 

..... 
10 
10 
3 

10 
10 
10 
10 
10 
10 
10 

- 
Srcciil 

9.7 
3.0 
9.0 
3. 8 
9.0 
1. 2 
1. 8 
5.7 
2.7 
2.0 
1. 8 

- 
Percent 

10. 2 
4. 
E. 4 

2.0 
2.6 
1.3 
2. 1 
7. s 
2.9 
?. 0 
2.4 - 

1s I1 

6.6 
2. 1 
2.7 
6.6 
2. 1 
4. 

11.6 
2.5 
1 .E  
3 . 2  

1 Entire  forest above flood-control 
dams 

Entire forest above flood-control 
dams Watershed I11 I Watershed IV (incluc 

and 111) 

3. 1 
2.6 
6.5 
2.6 
3 .9  
2.4 
1. E 
E. 5 
2.7 
3.1 
1.6 

. - - -. -. 
0. O i O  . ow 
.082 
.604 
.768 
-177 

_ _ _ _  
3. 3 
6. 2 
1.6 
2. 1 

-1-1-1- 

I Watershed V Watershed V I  (I, IV, V, 
inclusive) - 

5.7 
2. 2 
2. 1 
3. 5 
J. P 
1.8 
2. 3 
3.3 
1.3 
1.3 
1. 1 

4.5 
1.8 
2.6 
1. 5 
1.5 
1.0 
1.0 
2.5 
1.1 
1.2 
1. 1 

In  table 8, the deviation of rainfall catch computed by 
simple a.verages froni those obtained by isohyetal maps 
are excessive only in sniall storms, for which only a 
part of the rain gages had been read and t,hese not, 
well enough distributed to sample adequately individual 
watersheds. 

TABLE 8.-Comparison of precipitalion catch computed by using simple aeerage with that oblainrd by isohyetal method on 10 intermediate 
watersheds. eztensiee system, 6eason 1935-36 

I Watershed I Watershed I1 Watershed I11 I Watrrshed I V  Watershed V 

Simple 
average 

Devia- Isohgctal Siinylo 
tion 1 mrthod 1 awriiqo --- 

Simple Devia- 
average tion ___- I Simple 

average 

Acre-fert 
40.91 
59.16 
47.45 

121.95 
548.49 

1,571.97 
273.56 
64.21 
90.14 

226.96 
280.70 

Ptershed 

De.via- 
tion 

Perccnt 
-2.8 
-2. 1 
+9.3 
+4. E 
-5. 5 +. 1 
-2. 2 

+11.5 
+6.4 
+?. 8 
+l. 9 

Devia- 
tion 

Percrnt 

+I. 6 

+l. 2 
+l. 7 -. 1 
+n. 1 

........ 

+. 2 
. _  - 

+? 
+: z 

sohyetal 
met.hod 

Acre-feet 
28.33 
43.54 
33.11 
Y2. E3 

505. S6 

222.02 

13.06 
243.59 
272.92 

1,305.19 

29.55 

Isohyetal 
method 

Acrr-fret 
75.80 
86.03 
72.45 
205.96 
825. l? 

2.751.1.5 
453.31 
io. 21 

153.37 
456.94 
5E2. 13 

method 

Percent 
+13.0 
+3.6 
+2. 5 
+l. 1 +. fi +. 4 +. 3 

+IO. 3 
+l. 5 -. 7 
-1.9 

Percrnt I ~ c r c - f e e t  I Acre-feet Acre-feet 
36.51 
64.64 
37.82 

102.51 
555.76 

24?. E7 
33.83 
78.98 

241.72 
274.52 

1,35s. 79 

Acre-fed 
27. fi3 
42 51 
33. iS 
91. 50 

499.21 
1, 317. 21 

220.62 
;8.67 
, 4 7 1  

238.39 
276.34 

tershrd \ 

22.83 
27.21 
24 53 
fJn. 42 

W7.21 
945.05 
132.28 
20. <w 
4R 12 

143.83 
li0.34 

-?. 5 ................... 1 1tKJ:;: I 121.54 
90. R4 

-1.1 253.09 252.63 
580.44 

1,569.94 
279.79 
48.61 
84.75 

230.86 
275.39 

I, 3 0 1 . ~  
3,019.55 

5E1.79 
86.00 

1N. 61 
593. .I9 
673.52 

15 ................... 
16. _ _ _ _  - _. .-- - - - - -. - - 
17 ................... 
18. .................. 
19.. ................. 
M. - -. - - - - - - - - 
21 ................... 

- -. -. . 

1 7  I Watershed -I Watershed VI1 

24.67 I 22.00 I -10.8 

M 
33.6’ 
26.57 
3 . 7 3  
56.67 

29% 41 
927.15 
120.93 
18.27 

144.74 
172.33 

44. n i  

210.74 
286.25 
224.23 
615.16 

3,031. E5 
8,148.85 
1,416.21 

212.60 
457.13 

1,349.65 
1,828.03 

219.03 
290.28 
226.41 
67.4.92 

3,028.04 
8,059.26 
1,409.33 

225.35 
4R5.95 

1,379.32 
1.628.9Q 

+3.9 
4-1.4 
+l. 0 
i l .  6 -. 1 
-1.1 
-. 5 

t 6 . 0  
+l .  9 
+a. 0 

0 

11. .................. 
12 ................... 
13.. ................. 
14.. ................. 
15 ................... 
16 _._.. _ _  - - - - - - -. . _. . 
17- .................. 
18 -.-.__ - - - _ _  _ _ _  _ _  
19 ................... 
20.. ................. 
21 ................... 

+64.9 +. 4 
-4.0 

+1;. 0 
-1.2 
-. 3 

-9. 5 

-1.0 
-1.4 

” ”  - J - 
-2. n 

...... 
-3. 6 
-1.5 
-3.2 
+3. 2 
+4.0 +. 3 -. 4 
+3.0 
+s. 1 
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Altitude (meters) 

CONCLUSIONS 

1 .  A mechanical distribution of gages such as  described 
in this study appears to give reasonably thorough sampling 
of rainfall variation in mountain watersheds. Additions 
to or modifications of such distributions in order to improve 
sampling may he macle by a study of isohyetal maps and 
statistical constants based upon a preliminary rain gage 
installation. 

2. The gage system employed iu tl& experiment gives 
results accurate for most storms measured, within practical 
limits. 

Num- 

~~~~~ 

rations 

3. In  order to avoid employing an impracticably large 
number of rain gages, the requirements for accuracy of 
averages should be niodified in inverse relation to the size 
and importance of storms. 

4. With a system of gages distributed so as to sample 
rainfall variation as thoroughly as possible, a simple aver- 
age of their readings will agree within close limits with 
rainfall catch computed from isohyetal maps. Applica- 
tion of the former method requires much less time and skill 
than the isohyetal method. 

hIean di- 
rection 
from- 

PRELIMINARY RESULTS OF PILOT-BALLOON ASCENTS AT LITTLE AMERICA 

Resultant Mean 
direction rrlor- 
from- i ty  

By G. GRIMMINQER 
[Weather Burrnu, Washington, D. C.. June 19391 

a. p .  8 .  
f i ,S 
5. 7 
3.2 

3 . 7  
3.2 
2.4 
1 .2  
1 . 0  
1.4 
1.5 
2.0 
2.3 
2.0 

2.3  
2.9 
1.8 

2 . 2  

2. ri 

The meteorological observations a t  Little America dur- 
ing the two Byrd Espeditious include 969 pilot-balloon as- 
cents. These have been worked up fairly completely and 
the results of the two years of observation combined, 111- 
though it has not yet been possible to give tlie results the 
study they deserve, it will be of interest to point out 
some of the more obvious facts which they disclose. 

From the combined clntn for both the expeditions, there 
have been computed the nieau direction and mean veloc- 
ity as  well as the resudt:mt direction, resultant velocity, 
and stability. The above quantities have also been 
worked out, for each of the 4 seasons, 

The mean clirec tion shoulcl be distinguished from the 
resultant direction; the former is computed by using the 
frequency with which the different directions occur, while 
the latter is coiiiputecl by using the velocities as well as 
the directions and gives the direction of the vector repre- 
senting the resultant air transport. 

The stability, nientionecl above, refers to  dire:- 
tional stability, and is coniputed by forming the ratio 

Pcrccnl 
39 -120 
49 1110 
RC 1x0 

2s 490 
26 430 
21 380 
12 40° 
I ?  -290 
18 -290 
20 -90 
2 i  --Bo 
30 -90 
2 i  -10" 

30 -4' 
4 1  50 
45 180 

zn cfio 

5 -90 

resiil tant velocity 
niean velocitv X 100; this gives a nieasiire of the stencli- 

ness of the w i d  direction, for, if the wind always blows 
from the same direction, tlie resultant velocity and  the 
mean velocity are the same nncl the stability is 100 per- 
cent. If, on the other hand, the directions are equally 
distributed and also have the same velccity, the resultant 
velocity arid therefore the stability will be zero. 

TABLE l.-Aienn unlires of dzrection, velocity, and stobilit!) of the Il%?ld 
nt Little Anaericn 1 

[Ghed  on 2 Sears of Observation. 1929 and 19341 

12.000. ............. 
11,000 .............. 
10,Ooo .............. 
9,oOo .............. 
R.OO0 ............... 
7.000. ............. 
fi.nm- .............. 
5.091). ............. 
4.o(KI ............... 
3.000. .............. 
2.5l)O.. ............. 
2,oOo ............... 
1,500. .............. 
1,000. .............. 
750 ................ 
600 ................. 
2.50 ................. 
Surirlre.. .......... 

4 
9 
30 
65 
115 
liZ 
236 
31s 
416 
549 
fi25 
704 
772 
S54 
8Y1 
924 
9.57 
969 - 

N 19' I%'. . 
N \V.-.  
N8O E.... 
N 1 2 O  E .. 
N IO0 I\'.. 
N 230 117 ~ . 
N 37' \V. 
N 55' M.. 
S lo E-.... 
s .......... 
8 E...-. 
9 l i 0  E.... 
9 19" E.... 
S ZOOo E ... 
S 25' E ~ - - .  s 340 R . . . ~  
S 15O E.... 
6 2?O E.... 

1 Latltude 7X034'06" south, longitude 163O66'58" west. 

m. p. a. 
17. 5 
11.6 
8.9 
11.0 
13.0 
13. 5 

9. I 
8.4 
7. 7 
7. 4 
7 .4  
i. 3 
i. 4 

7. # 

7. 1 
4.0 

11.: 

7. 2 

tlirec- 

ant  di- 
rect ion 

In  table, 1 are give.n the mem vadues of the direction, 
velocity, and stability of the wind a t  stancla.rc1 levels for 
the 2 years of observation, 1929 and 1934. The vertical 

FIGURE I.-Verticrll distrihution of the  mean wind velocity a t  Littlo America. 

distribution of the mean velocity is shown in figure 1, 
from which it is seen that a m a - h u m  value is reached at  
about 7,700 m. From the studies of Peppler (1) and 
Dobson ( lA) ,  this wind mrt.simum can be related to the 


