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INTRODUCTION

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 the
basis of this analysis to decide what modifications of or
additions to the original gage distributions are necessary
%n order to obtain results accurate within preestablished
1mits.

Since it is known that mountain 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 dis-
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 influenced
mainly by proximity 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 it is impossible to
apply a statistical analysis of the precipitation measure-
ments for a watershed.

The present study was made on the San Dimas Experi-
mental Forest. This research area on the Angeles Na-
tional Forest has been equipped by the California Forest
and Range Experiment Station for investigations 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
maximum yield of usable water with minimum erosion.
This tract of 17,000 acres (26.6 sq. miles) is located 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 precipitation measurements has
been divided into two phases, distinct from one another
by reason of their relative requirements 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.
168460—39—1

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 at
the right. Intermediate compartments are the basins
included within heavy dashed lines, and located by roman
numerals. It should be noted that watershed IV is a
large drainage unit including watersheds II and III as
well as the unit surrounding numeral “IV’’ on the map,
since these two watersheds drain into the lower section;
and that watershed VI similarly includes watersheds I to
V, together with the unit labeled “VI” on the map. In
the following discussion the small and intermediate water-
shed groups are treated as independent units.

RAINGAGE DISTRIBUTION
Small watersheds

For the distribution of gages within the two groups of
small drainages, contour trails were constructed at rela-
tively short altitudinal intervals: 300 feet in Bell Canyon,
and 250 feet in Fern Canyon. The selection of contours
for this purpose was based upon knowledge of the two
principal factors producing rainfall variations in moun-
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 intervals that variations in surface relief
would 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 watersheds ‘“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 at 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
at 400-foot intervals, with gage locations set on trails at
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FIGURE 1.—Topographic map of San Dimas Experimental Forest with contour interval of 500 fret,

Major drainage boundaries are indicated by heavy dashed lines; intermediate

and minor watershed divides are shown by lighter dashes.

points nearest the corners of the rectangles; and (3)
parallel lines at 300-foot horizontal intervals, drawn
normal to the axis of each watershed (fig. 2).

A site description was obtained for each gage location
established by each method, and these descriptions were
compared with the actual average environmental charac-
teristics of the watersheds. In comparing the allocation
of gages to various aspects, for example, the percentage
of gages assigned by each method to each class of topo-
graphic variation was determined, and the results com-
pared statistically with the actual relief existing in each
watershed (see table 1). The parallel-line method of
location was adopted finally, as gage sites obtained by
this method most closely fitted the general environmental
characteristics of the watersheds and resulted in the
smallest deviation of topographic location of instruments
from the actual surface relief. Although method 2 gave
a slightly better proportion of gages to the individual
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.—Comparison of three methods of locating raingages with
!
respect to aspect and watershed

BELL CANYON TRIPLICATE WATERSHEDS

i Gage distribution, by—
Aspect or watershed w a;?:;hm
Method 1 | Method 2 | Method 2

Percent Fercent Percent Percent

North_______ . ... 0 0 (1} 0
Northeast .. ____________ 16.9 &3 8.2 14.3
A8t el 17.9 16.7 20,8 23.2
Southeast. . _______________________ 17.6 29,2 22,9 19.6
South.. . 18.8 18.7 14.6 17.9
Southwest. .. ______ ... ______________ 13.2 14.6 12.5 10.7
West . .. 10.3 10. 4 16.7 12.5
Northwest .. ... .__. 5.3 2.1 6.3 L8
Total .. 100.0 100.0 100.0 100.0
Deviationt___ 53 5.1 2.8
Watershed 1 . ___ . ... .. ... 3 31.3 3L3 316
Watershed 2__ .. .8 39.6 417 40.4
Watershed 3. __._______________.___.. 25.9 29.1 7.0 28.0
Total 100.0 100.0 100. 0 100, 0

1 8quare root of mean squared deviation of percentages under each method, from the
percentage of area in each aspect.
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FilgurE 2.—Raingage distribution, Bell Canyon small watersheds.

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. In this large
group, the number of gages which may be installed and
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 contemplated 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 at 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 areas 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

The method adopted for gage distribution is indicated by dashed lines; the gage locations by cireles.

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 at 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 compartments of 10 repre-
sentative 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:

Storm No.—

December 30-31, 1933.
______ January 24, 1934.

____ February 22, 1934.
___. April 14-17, 1934.
—--- June 5, 1934,

—-_- October 17, 1934.
November 15, 1934.
December 10, 1934.
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 storms recorded on the expenmental
forest, the size ’of storm was plotted against the coeflicient
of vavria,bility of each storm. A curve illustrating the
relationship, taken for Fern Watershed 1, is shown 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 storms chosen for analysis (solid black points in
figure 3) fit with reasonable closeness to this curve.
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tistical constants. Actually, the removal of this effect by
computing means weighted by areas within several alti-
tudinal ranges, for instance, and by an analysis of var-
lance, would demonstrate the reliability of data obtained
from these gage distributions to be greater than that
computed in this study. An analysis of variance made b
Dr. George F. McEwen,? using five storms in the Bell
triplicate area, gave wewhted mean values agreeing
closely with <11np1e averages, and residual probable errors
consistently less than two-thirds of the probable error of
each simple average.

As a further check isohyetal maps of Bell and Fern
canyons were constructed for the 10 storms considered

100 RELATION OF STORM MAGNITUDE TO VARIABILITY OF

o RAINFALL MEASUREMENTS.
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Fi1GURE 3.—Relation of Storm Magnitude to Variability of Railfall Measurements. 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 at 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 two 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 exceed
25 percent.

In 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 catech were com-
puted from the maps by planimetering the areas between
adjacent isohyets, multiplying each area by the average of
the two ISOhVth, and obtaining the sum of these products.
These quantities were 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.

$ Scripps Institution of Oceanography, La Jolla, Calif. Paper presented to the American
Meteorological Society, 1934.
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FIGURE 4.—Isohyetal maps for four storms in Bell (left) and Fern Canyons.
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FI16URE 5.—Raingage distribution, San Dimas Experimental Forest.
light solid lines, contour trails; and light dashed lines are grade trails.

TaBLE 2.—Statistical data for 10 storms, on the basis of existing gage
distribution, from small watersheds 1, 2, and 3 of Bell and Fern
Canyons 't

BELL SMALL WATERSHEDS

Catch of rainfall Standard deviation Standard error
Storm
No.

1 2 3 1 2 3 1 2 3
Inches | Inches | Inches | Inches | Inches | Inches | Percent |Percent | Percent
11.33 11.36 1178 1.27 0.87 0.62 1.6 1.6 1.3
.34 .02 .03 3.6 1.8 28
3.20 26 W21 2.1 1.6 L7
.21 02 .0L 3.1 1.6 1.3
.51 .03 .02 1.4 1.2 1.6
6,41 63 .48 3.8 2.2 1.8
2,56 .09 . 0% 1.1 -8 .9
.62 05 .03 1.3 1.6 1.0
1. 06 06 .04 1.2 1.2 il
3.25 .66 .70 f.8 4.0 4.6

WATERSHEDS

12. 7 12.71 12.11 0.7 0.4% 1.22 1.3 1.0 2.4
L19 23 .23 .05 .03 02 4.9 3.0 2.6
248 2. 56 2,49 L1l .13 18 1.0 1.3 1.7
23 .21 2] .04 05 04 a7 5.7 4.3
72 .78 7! .04 03 08 1.1 1.0 1.7
7. 48 7.47 7.45 09 09 01 .3 .3 1.2
2.67 2.67 2.67 .09 03 02 .9 .3 .2
71 B £9 07 04 04 2.9 1.3 1.4
1.64 1.64 1.57 .06 08 07 1.1 W& 1.1
3. 56 4.11 4.08 R 17 20 1.6 L0 1.2

L The number of gages on which these data are based are as {follows: In Bell Canyon,
18 gages in No. 1 watershed; 22 in No. 2; and 16 in No. 3. In Fern Canyon, 13 gages in
No. 1 watershed; 16 in No. 2; and 18 in No. 3.

Heavy dashed lines arc watershed boundaries; roman numerals, watershed numbers; light double lines are roads;
Standard raingage locations are shown by small circles, and intensity gages by solid black dota.

Intermediate Compartments

The reliability of any group of measurements used to
estimate the average of measurements of a random variable
depends not only upon the number of observations avail-
able, but just as much upon a truly representative sampling
of the variable studied. In the Bell and Fern triplicate
areas such sampling was obtained with more than reason-
able certainty, because of the large number of carefully
distributed gages. Conditions in the 10 intermediate
compartments, on the other hand, where gages are widely
scattered over a large area, call for a check on the thorough-
ness of sampling before averages and their statistical
constants may safely be used as an estimate of precipitation.

Comparison of simple rainfall averages with totals com-
puted from isohyetal maps affords a means for making
such a check. In any of the experimental watersheds, an
isohyetal map provides the best weighted mean for the
basin, since the rainfall contour lines take into account the
effect not only of gages within each watershed, but also of
those in adjacent drainages. The effect of a poorly dis-
tributed gage system, then, is a wide deviation of simple
averages from the isohyetal, or weighted, results. Study
of table 4 shows that, after the initial gage distribution was
reasonably close to completion, large deviations between
simple and isohyetal averages oceurred only in rare in-
stances.
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Tapre 3.—Comparison of precipitation caich compuled from simple
average with that obtained by isohyetal method on three small water-
sheds of Bell and Fern Canyons

BELL SMALL WATERSHEDS
|

Catch on watershed 1 Cateh on watershed 2 Catch on watershed 3
Storm
Iso- ; Iso- | o Iso- | o
No. | pyetal S;?,:}?}e Devia- | hyetal b""?p!e Devia- | hyetal | SI0e | pagie.
meth- | A4 tion | meth- | 8VEL tion | wmeth- [ 27 | Ttion
od £e od ase od uge
Acre- | Acre- Per- Acre- | Acre- Per- ~Acre Acre- Per-
Jeel fect cent feel cent Jeet Jest cent
72.06 71.47 —0.8 03. 34 ~0.8 39.38 59.24 —0.2
2.15 2.13 -.9 2.27 A 0 1.27 1.27 0
20.49 20.21 —1.4 26,87 il -.7 17,00 16. 93 —.4
1.39 1.38 —.7 194 .4 —. 5 1.23 1.21 —1.6
3.30 3.30 0 27 . ~1.2 2,63 2,64 —.4
43.92 43.11 -1.8 56. 9% . —.5 36.25 35. %4 —t.1
12,16 12.18 +.2 20,92 20. —.8 16.13 16.02 —.7
3.9 3.95 +.3 5.26 3 -7 3.37 3.43 +L8
6. 58 6.58 0 9. 05 . S8 ~1.9 3. 53 b, 5% +.9
21.47 20. 54 —4.3 29. 26 28.45 ~2.8 19, 46 19.33 -7
FERN SMALL V
35.20 -+2.2 0.5
.53 -+1.9 ]
6.70 —.4 +.9
.63 +6.8 +4i5
2.02 42.0 2.7
20. 52 +.1 I
11.01 —.5 —.6
1.93 -+.1 .7
4.48 +1.8 -~.3
10.62 +1.5 —~.6

Isohyetal maps were used also to test each gage location
for local interference or lack of representative exposure.
On these maps an unrepresentative gage reading stands
out surrounded by an isohyet in the shape of a small ring.
This is caused by the fact that the reading does not fit
into the picture drawn from the surrounding gage readings.
If one gage gave unrepresentative readings for a series of
storms, it would be safe to assume that the gage was poorly
located. Some of the gages gave questionable readings for
single storms, but in all storms analyzed no gage was con-
sistently out of line with the rest.
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The standard error (S. E.) was used as a criterion of the
reliability of averages obtained with the existing gage
distribution, in the same way that this constant was em-
ployed for the small watershed areas. In addition, this
concept was employed to compute the number of gages
required to furnish a predetermined degree of reliability.
Solving the standard error formula for “N,” the number
of instruments required is:

N S. DY
T\S. E.
where S. E. is any standard error desired, such as 2.5

percent, 5 percent, or 10 percent of the average.

Table 5 presents, for each intermediate compartment,
the average rainfall, standard deviation, and percent
standard error for each storm; also the number of existing
gages and of those required in each case to give a standard
error of 2.5, 5, or 10 percent of the average. On watersheds
IT (Fern) and VIII (Bell), two gages were allowed for the
area covered by the small watersheds and included in the
total of existing gages for these areas. Computation of
the standard error and number of gages required was
omitted for all storms in which insufficient gage readings
were available to give accurate figures,

Storms 2 and 4, both small in size, show considerable
variation throughout each of the 10 intermediate com-
partments. These two storms, each less than 0.5 inch
i amount, comprise only about 2.5 percent of the total
precipitation for the season 1933-34. By referring to
table 5 it can be seen that to obtain a standard error less
than 2.5 percent for such small storms, a great number of
gages would be necessary; whereas for the larger storms,
almost enough gages exist at the present time on most of
the intermediate watersheds. The question that must be
answered, therefore, is how much weight small storms
should have in influencing the determination of the
standard errors to be required, and therefore the number
of gages necessary to give these standard errors.

TaBLE 4.—Comparison of precipitation caich computed by using simple average with thal obtained by isohyetal method on 10 inlermediate
watersheds of entire forest

Watershed T Watershed II Watershed 11 Watershed 1V Watershed V
Storm Nao. .
Isohyetal | Simple Devia- |Isohyetal | Simple Devia- [Isohyetal| Simple Tievia- |Isohyetal | Simiple Devia- |Ischyetal | Simple Devia-
mwethod | average tion method | average tion method | average tion niethod | average tion method | average tion
Acre-feet | Acre-feet | Percent | Acre-feet | Acre-feet | Poreent | Adcre-feet | Acre-fect | Perceat | Acre-fect | Acere-fect | Percent | Acre-fect | Acre-feet | Pereent
1 1,371.07 | 1,417.01 43.3 | 1,425, 44 | 1,442.15 +1.2 | 1,209.66 | 1,212.84 ~+0.3 | 3,282.50 | 3,373.77 +L08 2,400,485 | 2, 77 -0.5
2 76. 60 73.24 —4. 31,08 30.79 —. 9 : —-2.9 74.53 73,54 —~1.6 79.33 05 +3.4
3 281.72 292, 96 ~+4.0 280,27 286, 12 2.1 +3.6 TI0. €9 730, 44 28 . 53 +1.8
4. _. 54, 52 59. 89 ~49.8 37.49 37.349 ~.3 —13.0 Y1, 57 RA, 65 —5.4 7 +.8
5 127.90 124, 69 =25 101. 62 8. 56 —3.0 —3.4 2, * 240, 33 —4.6 —4. 8
6 837.23 541. 36 +.5 800. 54 790, 22 —L3 . 9 | 1,979. 24 +3.8 —+1.2
7. 350, 83 340, 64 —2.9 315. 45 304, 86 2.1 .3 . 6 49, 47 +.1 +.8
8. 75. 10 76,79 +2.3 90. 33 8 —2.8 .9 6 218, 8% +.8 +1.6
9__. 128. 94 128,07 —.7 163, 60 “+.9 145,56 +1.7 368, wi 379, 42 28 4.2
10 4%1.33 492.73 -+2.4 455, 46 -3.0 414, 30 —8.8 | 1,106.46 { 1,061. 46 ~41 +.4
‘Watershed VI Watershed VII Watershed VIII Watershed 1X
1. —0.8 ~46.3 9%0. 32 962. 67 —L8 £35.18 896. 52 [ o 2 PSR PPN I,
2. +.7 —K. 8 25.11 5. 11 0 24.53 26,47 B o, 2 PSR U (U,
3. +2.4 +7. A 235,05 224.79 —4.4 247.20 242 67 ~1.8 310,02 +6.8
4. +4.9 —2.5 15. 0% 16. 59 3.8 15.75 ~2%7 22,88 .2
a. —3.4 —6.5 37.87 39. 17 +3.4 31.63 +1.4 36,28 +3.0
6. +1.0 +4.9 817,80 H05. 44 —24 4, 63 4 ] +.7 562, 59 —-1.7
7 +1.8 +1.5 186, 88 189. 54 +1.4 1686. 70 169, 05 +1. 4 197. 45 +.2
R ~+1.1 +.¢ 45. 68 45, 58 +.4 45,60 45,99 +.9 58,20 +2.8
9._. +.9 0 76,10 73.16 —3.9 7102 70. 39 —. & 8126 —2.6
10 2, 648, 89 —1.1 +7.3 257. 52 248,97 —3.3 262.74 258,74 +2.4 301. 80 —3.2
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TABLE 5.—Rainfall averages and statistical constants, and the number
of gages required to give various degrees of accuracy, in 10 inter-
mediate watersheds—Continued

QGages required if ratio

Stand- | Stand-| ©f 8. E. to mean is—

Watershed and storm No. | va- R{:ﬁr ard de-| ard
viation | error

2.5 per-| 5 per- | 10 per-
cent cent cent

Gages required if ratio
8. E. to mean is—

Obser- Rain- | Stand- | Stand- o
Watershed and storm No-| va- fall fardde-| ard
tions viation | error

2.5per-| 5per- | 10 per-
cent cent cent

Inches | Inches |Percent | Number| Number| Number

.48 SIS || e
1.97 . 132 1.68 8 2 1
40 . 131 7.95 172 43 11
.85 . 100 2.94 23 ] 2
5.69 . 483 2.12 16 3 1
2.49 . 228 2.08 14 4 1
52 .073 3.96 32 8 2
.89 .091 2.69 17 5 1
3.33 . 252 1.89 10 3 1
12.01 LO57 |
.26 030 |
2.3 . 180 1.98 10 3 1
.30 . 138 11.71 331 83 21
.81 . 102 3.12 25 7 2
6.75 .713 2. 64 18 & 2
2.54 . 245 2.41 15 4 1
70 .077 2.72 20 5 2
1.35 .184 3.53 30 8 2
3.61 .410 3.05 21 6 2
10.06 § 1.
.21 .
2. 65 .
.22 . -
7! .035 1.65 4 1
6.52 | 1.006 5.14 38 10 3
2.45 . 154 1.99 7 2 1
2 . 100 3.67 24 [} 2
1.22 . 159 3.95 13 4 1
3.42 . 535 4.94 39 10 3
124 | 1530 |oooooo ||
25 G064 |
2.36 .408 3.60 48 12 3
. 130 9. 23 327 81 21
S0 . 089 2.16 21 5 2
8.53 .871 2.52 29 S 2
2.5 . 214 1.50 12 3 1
73 118 3.03 43 11 3
1.21 . 386 5.93 164 41 11
10, oo 26 3.50 .497 2.79 a3 8 2
Watershed V:
L8361 e
G083 ||
.355 2.23 25 7 2
. 095 2. 86 164 41 11
122 3.97 51 13 4
.433 1.38 3 1
.110 .74 202 75 19
. 108 2.89 43 11 3
. 101 1.67 15 4 1
. 208 1. 41 11 3 1
1450 ||
LI82 || - -
.452 2.15 53 14 4
.125 4.63 251 63 16
. 139 2.12 56 14 4
. 739 1.37 24 f 2
. 247 1.01 15 4 1
.129 2.19 64 16 4
. 280 2.85 109 28 7
. 426 1.36 28 6 2

- 064 7.40 62 16 4
. 396 4. 58 7 7 2
.08 3.03

-048 3.72 -
. 456 2.54 2 1
L1580 2.19 7 2 1
L047 2.72 10 3 1
. 066 2.33 v 2 1
.351 3.61 17 & 1
G130 |l
L036 . (R R (O
. 283 2.40 11 3 1
. 043 5. 63 56 14 4
.046 3.02 16 4 1
.484 1.97 8 2 1
.215 2.62 12 3 1
. 054 2.45 11 3 1
L112 2,28 19 5 2
.513 4.20 32 8 2

Number| Inches | Inches | Percent | Number| Number| Number

Watershed X:
L.

Records of rainfall for the city of Glendora covering 54
years give an average annual rainfall of 22.85 inches, of
which only 9.3 percent (S. D., 5.4) fell in storms of less
than half an inch and 22.3 percent (8. D., 13.3) in storms
of less than 1 inch. From these data it may be estimated
that rains of half an inch or less may seldom be expected
to exceed 20 percent of the annual precipitation (mean-2
S. D.); and that storms of an inch or less will not be
expected to exceed 50 percent of the total annual precipita-
tion. From this knowledge, and to compromise with
practical expediency in gage distribution, it was decided
to set up the following arbitrary requirements of accuracy
for storms of various 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 the number of gages at present installed
in each intermediate watershed, and the approximate
number which will be necessary in order to give the
required accuracy of results. The latter figure is the
simple average of the numbers apparently required for
each of the 10 storms. Figure 5 is a map of the entire
forest showing location of trails, rain gages and watershed
boundaries.

By the beginning of the 1935-36 rainy season, the gage
distribution was completed according to the requirements
set up in the above analysis for watersheds I-VIII. To
check the adequacy of sampling by these gages, a study
was made of all storms of any appreciable size during this
season, occurring on the following dates:

Storm No.—
i . October 14, 1935.
Y2 L __ November 17-18, 1035.
13 . December 3-4, 1935.
14 ____ December 29, 1935.
Y. February 1-2, 1936.
16 L ____ February 10-20, 1936.
17 . February 22-23, 1936.
18 March 21, 1936.
O . March 24, 1936.
20 .. March 30, 1936.
2l ____ April 34, 1936.

Table 7 shows that the standard errors of these rainfall
averages were well within desirable limits for most storms.
It will be noted in this respect that number of gages
required as set up in table 6 are based on an average
figure, and therefore, storms with an unusually high
variability will fall outside the required limits of accuracy.
(See standard errors underlined, in table 7.)
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TABLE 6.—Number of gages required statistically in 10 intermediate  TABLE 7.—Rainfall averages and statistical constants, 10 intermediale

walersheds watersheds, season 1935-36—Continued
Total Total
Present Present Watershed VII Watershed VIII
Watershed No. | number n:;g?:r Watershed No. | number “gﬁ:’;r i
Baees required ! BARES _|required 1 Storm No Stand. Stand.
. ; " | Stand- : " | Stand-
7 4 Rain- | ard Rain- | ard
}(73 ig 27 24 Gages | “fall | devia- e?;r(}r Gages | "y devia- earrrgr
%1 18 18 10 tion : tion
0 40 1 12
34 87 12 20 Number| Inches | Inches | Percent |Number| Inches | Inches | Percent
t Average number necessary to give standard errors (S. E.m) of 254, 5 and 10 percent, 4 .27 . 006 11 6 .30 .012 1.8
respectively, for storms over 1 inch, between !4 and 1 inch, and under ¥ inch. Incom- 12 .. . ..l o ___|.... 9 36 .025 2.3
putmlg dthese averages, storms were omitted in which variation was not completely g §('; gig f? g §g 8;2 ég
sampled. T . . 7 . . 4
Present number of gages in watershed VI greater than number required, because it 9 3.93 - 251 =1 8 3.60 .08 2.9
includes those in watersheds I, IV, and V. g 1;{' gg ?g? '1’ ?’ 8 l} g; L (l)gg gt])
TaBLE 7.—Rainfall averages and statistical constants, 10 intermediate 3 Zf 8;% 33 8 65’ _8%2 f;l,
walersheds, season 1935-36 9 1s82| .135 2.5 9| 1.87) .178 s.1
9 2.10 .219 8.6 9 2.24 .238 3.5
Watershed I Watershed 1
Storm No. a Rain- St;ar%d- Sm&d_ o Rain- Stnart(!ld- Staréd- Watershed IX Watershed X
ages ia.| 8T ages , in. | 8T
fall d&;’!‘f‘ error fall d&gi? eor
Number| Inches | Inches | Percent |Number| Inches | Inches | Percent 10 43 -0%9 5.8 9 -4t -054 4'1
10 .33 . 022 2.1 11 .37 . 030 2.
0.28 0. 081 9.7 8 0.30 0. 087 10. 2 3 85 040 2.7 5 .81 .203 11.8
401 .04 3.0 13 45 085 4.0 10| 4.02| .826 8.5 10] 3.94| .643 5.2
33 .09, 9.0 7y .31 .1 8.7 10| 1258 | .818 2.1 10| 12.90 | 1047 2.6
84 .44 3.8 20 -8 .07l =0 10| 138| .18 48 11| 1.38| .260 5.7
391 | 5714 | 80 20| 4.62] .58 26 10 20| ol f1s ul el Coso 6
o7 .60 12 17 11040508 13 0] 65| los2| 25 11| 4| .06l 2.9
188 150 18 2 L9 -1 E 10{ 207 .116 1.8 1| 2.03| .169 2.5
- 3 -~ . . - L
61 7080 57 20 ‘64 | 087 29 10 2.31 . 232 8.2 11 2.20 . 245 8.4
1.92 1 1.8 pis . 2 « 258 2.
" " Entire forest above flood-control Entire forest above flood-control
Watershed IIT Wm:ershe.da];l\zj (IlInI(;ludlng II dams dams
)
Storm Storm
0.23 | 0.010 F: 15 U ORI PSP DRI B . N
85| 035|208 28| T6.a0’|ooro| a3 Mo Rain. | Soand-| stang- || NO- Ratn. | S8%04" | gtand-
.28 .070 6.5 35 .30 090 5.2 Gages | “pn | devia- ard Gages | 5 devia- | 8rd
.74 .073 2.6 43 .80 082 1.8 tion error tion error
lg. (5)3 . g$7 3.9 43 4. gg i 2.1
5 .975 2.4 40 10. 1.1
i ,,7: - ég? é? g‘é 1 §g (1];; ég Number| Inches | Inches | Percent Number| Inches | Inches | Perceni
ol el &8 o el o o 5| 031 0.107 4 180 | 170 | "0.285 13
1 9 T 060 ; 1 52 1' 9; 2é4 Lé 125 .39 . 082 1.4 187 .29 .102 2.5
sl ey 3 21 2% % -8 153 [ .31} .060 L5 179 .61 | 067 .8
. N N . - . 157 . Sl L1268 1.2 lgS é 83 . g‘ig % 2
v 178 . 80 . 698 1.4 191 .1 . .2
Watershed V Watershed V15 IV, Vs 176 | 10.90 | 1.301 9
. :130 0. gg 0. 853 5.7 30 0. gg 0. 872 4,5
- 1 . .04 2.2 7 . . 05 1.8
AR AR I R AR 2.6 In table 8, the deviation of rainfall catch computed by
: gl aez| a0 sel LIl Zer) e 1.5 simple averages from those obtained by isohyetal maps
d | Lr| taa| 23| 16| Wes| tme| 10 are excessive only in small storms, for which only a
- - 1 A a1 - I B 25 part of the rain gages had been read and these not
I 3| L8| a1 L3 u7T| Lsl| s 12 well enough distributed to sample adequately individual
................. A . 155 1.1 11 2.14 . 247 1.
9 ! watersheds.

TaBLE 8.—Comparison of precipitalion caich compuled by using simple average with that oblained by isohyetal method on 10 intermediaie
watersheds, extensive system, season 1935-36

‘Watershed I Watershed II ‘Watershed III Watershed IV Watershed V
Storm No. Isohyetal | Simple | Devia- |Isohyetal| Simple | Devia- |isohyetal| Simple | Devia- |Isohyetal| Simple | Devia- |Isohyetal| Simple | Devia-
method | average tion method | average tion method | average tion method | average tion method | average tion
Acre-feel | Acre-feet | Percent | Acre-feet | Acre-feet | Percent | Acre-feet | Acre-feet | Percent | Acre-feet | Acre-feet | Percent | Acre-feet | .Acre-feet | Percent
42.08 40.91 -2.8 32.25 36. 51 +13.0 28.33 27.63 L% T RS DS R 75. 80 75.57 —.3
60. 44 59. 18 ~2.1 52.73 54. 64 +3.6 43, 54 42. 51 —2.4 119. 59 121. 54 +1.6 86.03 80. 56 +5.3
43. 41 47.45 +49.3 36, 88 37.82 —+2.5 33.11 33. 7. +2.0 90.16 90. 64 +.5 72. 45 71.08 —.6
116.36 121.95 +4.8 101. 41 102, 51 +1.1 92,83 91. &0 —1L1 253.09 252. 63 —.2 208. 96 212. 58 +1.7
580. 44 548. 49 —5.5 552. 66 555. 76 +.6 505. 86 499, 21 —1.3 | 1,286.55 | 1,301 48 +1.2 925.12 913.18 -1.3
1,569.94 | 1,571.97 4.1 1,354.01 | 1,358.79 +.411,305.19 | 1,317.21 +.9 | 2,960.83 | 3,019.55 +1.7 | 2,751.15 | 2,705.53 -1.7
279,70 273. 56 —2,2 242,10 242, 87 +.3 222.02 220.62 —.6 58220 581,79 —. 1 453.31 452.13 -.3
48.61 54.21 +11.5 30. 7- 33.83 410.3 29. 55 28.67 —3.0 81.83 86.00 +5.1 70. 24 72.13 —+2.7
84.75 90. 14 -+6.4 77.83 78.98 +15 73.06 74.71 +2.3 186. 87 190. 61 2.0 153.37 151.93 —.9
220. 86 226. 96 2.8 243. 50 241.72 -7 243,59 238.39 -2.1 599. 05 593. 49 -2 456. 94 462. 32 +1.2
275.39 280. 70 +1.9 279.70 274. 52 -1.9 272.92 276. 34 +1.3 670. 71 673. 52 +.4 582.13 575. 44 -1.1
‘Watershed VI Watershed VII Watershed VIII Watershed IX
219.03 +3.9 24,67 22.00 —10.8 23.82 22.83 ~4.1 21.35 35.21 +64.9
290. 28 1.4 | ... _. [ P, 26. 87 27.21 +2.4 29.29 29. 40 +.4
220. 41 +1.0 29.21 28.45 —-2.6 23.73 24. 53 3. 4 23.42 22,49 —4.0
624, 92 —+1.6 64, 43 63. 47 =15 56. 67 60. 42 +6.6 50. 63 59. 25 17.0
3, 028. 04 —.1 335. 43 327.89 =22 208. 41 287.21 —3.8 280.71 277.37 —1.2
8, 059. 26 —1.1 925. 58 954, 98 +3.2 927.15 945.05 +1.9 871.48 868. 63 -3
1, 409. 33 —. 5 147. 58 153.79 ~+4.0 120.93 132.28 9.4 95.13 92,92 —2.5
225.35 —+6.0 20. 50 20. 43 +.3 18.27 20. 50 +12.2 15.65 14.16 —4.5
4685. 95 +1.9 53.10 52. 89 —.4 44.01 48.12 +9.3 45.75 44. 85 —2.0
1,379.32 +2.0 152.10 156.70 +3.0 144, 7. 143. 83 +.8 144. 7 143.22 ~1.0
1,629.99 0 168. 94 177.48 451 172.32 170. 34 -1.1 1A1. 52 159.23 ~1.4
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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 be made by a study of isohyetal maps and
statistical constants based upon a preliminary rain gage
installation.

2. The gage system employed iu this experiment gives
results accurate for most storms measured, within practical
limits,
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3. In order to avoid employing an impraecticably large
number of rain gages, the requirements for accuracy of
averages should be modified 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.

PRELIMINARY RESULTS OF PILOT-BALLOON ASCENTS AT LITTLE AMERICA

By G. GRIMMINGER

{Weather Bureau, Washington, D. C., June 1939]

The meteorological observations at Little America dur-
ing the two Byrd Expeditionsinclude 969 pilot-balloon as-
cents. These have been worked up fairly completely and
the results of the two years of observation combined, al-
though it has not yet been possible to give the 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 data for both the expeditions, there
have been computed the mean direction and mean veloe-
ity as well as the resultant direction, resultant velocity,
and stability. The above quantities have also been
worked out for each of the 4 seasons.

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

The stability, mentioned above, refers to direc-
tional stability, and is computed by forming the ratio
resultant velocity

mean velocity
ness of the wind direction, for, if the wind always blows
from the same direction, the resultant velocity and the
mean velocity are the same and 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 and therefore the stability will be zero.

% 100; this gives a measure of the steadi-

TABLE 1.—Mean values of direction, velocity, and stability of the wind
at Little Americal

{Based on 2 years of observation, 1929 and 1934}

N lwlgeau
Num- . alrec-
Mean di- | Resultant | Mean | Result- . 3
Altitude (meters) :Sze‘:.{ rection | direction | veloe- | ant ve- Sti“tt;,‘l' :;21‘111'{_
vations from— from— ity locity aﬁt di-
rection
m. p. &.im. p. & | Percend
4 | NIQ°W. [ NTOW__ 17.5 6.8 39 —12°
9| N8 W__ [ N18W__| 1L6 5.7 49 10°
30| N8°E.__ | NS°W,_ __ 8.9 3.2 an 13°
65 | N12° E.__{ N14°W __ 1.0 2.2 20 260
115 | N 10° W__] N 58° W __ 13.0 3.7 28 49°
172 | N 23°'W N 66° W, 12.5 3.2 26 430
236 | N371° W N 70° W _ 11.2 2.4 21 33°
318 | N 55° W S85° W_. 9.7 1.2 12 40°
415 | S1°E_ ... S28° W 8.4 1.0 12 —29°
59| S ... 8329°W 7.7 14 18 —24°
6251 89°E. ____ 7.4 L5 20 —a°
704 [ 81T°E.__| S0 E____. 7.4 2.0 27 —8°
772 [ 81S°E SeE 7.3 2.2 30 —0e°
864 | 820°E S10°E 7.4 2.0 27 ~10°
883 | B25°E .. | 816 E 7.5 2.0 27 —9°
924 | S34°E....| S30° E 7.7 2.3 30 —4°
957 | 835° E_ S40°E_. 7.1 2.9 41 5°
969 | S22°E 540°E 4,0 18 45 18°

1 Latitude 78°34/06’ south, longitude 163°55'58’ west.

In table 1 are given the mean values of the direction,
velocity, and stability of the wind at standard levels for
the 2 years of observation, 1929 and 1934. The vertical
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FIGURE 1.—Vertical distribution of the mean wind velocity at Little America.

distribution of the mean velocity is shown in figure 1,
from which it is seen that a maximum value is reached at
about 7,700 m. ¥rom the studies of Peppler (1) and
Dobson (1A), this wind maximum can be related to the



