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CLOUD SEEDING OPERATIONS IN THE BISHOP CREEK, CALIF., WATERSHED

Fercuson Havrt, T. J. HENDERSON, AND StuarT A. CUNDIFF

Manuscript received November 13, 1952]

ABSTRACT

Cloud sceding operations using dry ice dispensed from aircraft have been carried out
by the California Electric Power Co. in the High Sierra near Bishop, Calif., since February
1948. Limited visual observations suggest that snow showers can be produced from non-
precipitating orographic clouds by secding, the snow reaching the ground at the higher
elevations. Comparison of the annual runoff from the sceded watershed with that from
adjacent arcas for the 3 years 1948, 1949, and 1950 showed a positive departure in the 1948-49
season significant at the 1 percent level. Significant dopartures did not appear during
the other two years, but the average for the 3 yecars was significant at the 5 percent level.
From the same analysis it might be estimated that the average annual flow during the 3-year.
period was augmented by 9 percent, with 90 percent confidence limits being zero and 18
percent. On the other hand the unusual circulation prevailing during the 1948-49 winter
may have been responsible, at least in part, for the departure in flow during this season.
Snow pack comparison did not indicate a significant increase in the Bishop area, but it is
shown that such a result is not ineompatible with the possiblity that additional precipitation
was produced which was not refleeted in the snow surveys.

I. INTRODUCTION

In February of 1948 the California Electric
Power Co. began a series of tests to determine the
extent to which the snow pack over its Bishop
Creck, - Calif., watershed could be increased by
cloud seeding techniques. Operations have con-
tinued, and an estimate can be made of the results
obtained during 1948, 1949, and 1950,

At the invitation of the power company a repre-
sentative of the U. S, Weather Bureau visited the
site of the operations in the spring of 1950, and
bogan an indepondent analysis of results. The
company had previously made a preliminary esti-
mate that the runofl from Bishop Creek had been
increased from 10 to 14 pereent during the first 2
years of the operation. This report summarizes
the mothods of operation and analysis of the ro-
sults, and combines the findings of both the com-
pany and the Weather Bureau,

The power company owns and operates four
hydroelectric systems on the eastern slopos of the
Sierra Nevada along the upper Owens Valley and
Mono Basin in California. These systems draw

their water supply from four different watersheds
along tho slope, with Bishop Creck to the south,
and Rush, Leevining, and Mill Creocks to the
north. Several other watersheds are locatod be-
tween Bishop and Rush Creeks, the most impor-
tant being Rock Croek, immediately to the north
of Bishop, and Owens River, which derives its
initial flow from an ares between Rock and Rush
Crecks. To the south, Big Pine Creek and its
watershed immediately adjoin Bishop, but there
are no other important streams in this direction,

The eastern face of the Sierra Nevada is very
precipitous, falling from the ridge line of around
12,000 feot to tho valley floor at 4,000 feet in a
distancoe of 5 to 15 miles. The flow of the streams
is quite light on the average, and the hydro plants
are designed to operate on a high head and small
volume, somo of the plants having a head in ex-
cess of 1,600 feet. On Bishop Creck there are 5
plants operating between 8,200 feet and 4,500 foet.

A map of the arca is shown in figure 1. 1t will
be observed that the Bishop watershed (outlined)
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F16urE 1.—Map of Bishop Creek, Calif., and surrounding area. The heavy dots outline the Bishop watershed,

is approximately 15 miles long, north and south,
and 5 to 10 miles wide. Most of the area is
above 8,000 feet, with the major boundaries at
around 12,000 feet. Iigure 2 shows an aerial
view of the watershed.

During most of the year (autumn, winter,

and spring) this portion of the Sierra is subject
to the passage of frontal systems associated with
middle-latitude cyclones which move in over the
west coast from the ocean. With the approach
of these storms the increased circulation produces
over the mountains orographic clouds which,
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F1GURE 2,—Aerial photograph of Bishop Creek watershed,  View is to the southwest. South Lake is visible to the left of conter, and Lake Sabrina to the right.

when the wind has a westerly component (the
usual case), build up on the western slopes, reach
maximum development at the crest, and rapidly
dissipate over the castern slopes,  As the storms
move closer upper and middle clouds appear in
the usual sequence and usually merge with the
orographic clouds. Following the storm passage
the upper clouds soon disappear, but the oro-
graphic clouds may persist for a day or so. Before
and after the main storm passage the bases of
the clouds lie close to the mountain tops (12,000
to 14,000 t.) and cloud tops range from 17,000
to 30,000 feet. Often during these periods the
tops present a quite regular appearance and little
turbulence is normally encountered. As the
storms grow to maximum intensity the clouds

usually lose this regular appearance and give
evidence of considerable convective activity.

Although considerable precipitation falls from
the cloud systems during actual storm passages,
little or none may fall from the orographic clouds
preceding and following the main storm passage.
If precipitation does occur it is often limited to
the highest elevations, is quite light, and consists
of fine crystals. Such clouds are observed to
contain considerable supercooled water and often
give no evidence of the presence of ice crystals in
the upper portions.

The purpose of the operations described here
was to test the hypothesis that the amount of
precipitation from these orographic clouds could
be increased by providing additional ice particles
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artifically through cloud seeding. No attempt
was made to seed the clouds during the height of
storm passages, under the assumption that natural
nucleation was sufficient, and to avoid possible
reduction in snow due to overseeding.

Dry ice (solid carbon dioxide) was used almost
exclusively in the tests, although on a few occasions
silver iodide smoke was dispensed from an aircraft
generator. The dry ice was ground into pieces
ranging in size from rice grains for clouds 4,000
feet thick to the size of a man’s thumb for the
thickest clouds. It was dispensed manually from
a hole in the floor of a P-38 aircraft at a rate of
about 1 or 1.5 pounds per mile. This rate was
chosen after earlier tests indicated that greater
amounts produced rapid dissipation of the clouds.

On each seeding occasion thickness and tem-
perature distribution of the clouds were de-
termined during climb to altitude. Short flights
through the clouds permitted a rough observation
of icing intensity, from which the presence of
supercooled droplets could be ascertained and a
general idea of the moisture content of the clouds
obtained. Next a small seeding run was made
on the edge of the cloud to determine the reaction
of the cloud, and estimates of wind direction and
speed were obtained. The seeding runs were
usually made at right angles to the wind and at a
sufficient distance upwind to allow 5 to 10 minutos
for the seeded clouds to drift over the watershed.
- The seeding was done just above the cloud tops,
and the scattering of the dry ice behind the plane
produced a seeded path about 600 feet wide on
the cloud tops. A radio station was installed in
the Weather Bureau Office at the Bishop Airport,
and the official in charge maintained communica-
tion with the pilot during flights. A magnetic
recording was made of radio and intercom
communications.

Localization of the sceding was attempted
throughout the experiments, in order that the

adjacent streams and areas could be used as
statistical controls on the tests. In approximately
6 cases during the project, however, seeding was
probably inadvertently carried out over the

.adjacent areas to the north. Since this number is

relatively small compared to the total number
of seedings during the 3 years, it is not thought
that the effects would seriously affect the
evaluation. '

Operations were conducted only during the
autumn, winter, and spring, except for some silver
iodide seeding in July and August 1950. The
dates on which seeding flights were made are as
follows:

1948
February 2, 3,4, 5, 10, 17, 28
March 27
April 2, 6, 9, 13, 15, 21, 28, 29
May 9, 11, 12, 13, 14, 15, 18, 19, 29
June 5, 7
October 11, 13
November (none)
December 3, 5, 7, 16

1949

January (none)

February 3, 6, 9, 10, 11, 20, 24, 25
March 1, 2, 3, 22, 28, 30

April 7, 15, 18

May 9, 14, 15 16, 18, 19
November 9

December 7, 8, 15, 17, 18

1960

January 2, 11, 16, 24, 28
February 10
March 5, 8, 17, 22, 23
April 7
May 2, 27
June (none)
July 24%, 25%, 26%V27*
August 2%

* Bilver fedide seeding.

1I. VISUAL EFFECTS OF SEEDING

When dry ice is dropped from an airplane onto
the tops of stable supercooled clouds, the trans-
ition of the seeded portion of the cloud from one
of water drops to one of ice crystals can usually be
observed visually. Subsequently, the sceded por-
tion of the cloud may bulge upward slightly, and
in other cases dissipation occurs, sometimes leav-

4

ing & hole through which the ground is visible,
The effect spreads laterally to some extent in the
course of time. Under the conditions of the
present cxperiments the seeded portions of the
clouds quickly took on a fuzzy appearance, and
bulging of the tops often occurred very soon after
the sceding. In some cases the bulging was quite
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FIGURE 3.—View of cloud tops following seeding run, Tuzziness in texture and build-up of tops can be observed.

PHOTOGRAPH BY ROBERT SYMONS

TFIGURE 4.—Intense build-up of cloud top following seeding. A ppearance indicates considerable instability believed caused by releaso of latent heat of fusion
by seeding.
2443006—53——2 5
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Fiaure 5.—Effect of seeding clouds over the lower Mono Basin (about 40 miles northwest of Bishop). Three examples are shown,
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Ficure 5.~—Continued

limited, but in others the cloud became somewhat
unstable, and expanded vertically for thousands
of feet. An example of fuzziness and light bulg-
ing is shown in figure 3. Figure 4 illustrates a
rather large-scale release of instability. Partial
dissipation of the clouds in the immediate vieinity
of the seeding is also noted at a later stage in many
Cases.

The changes occeurring in the cloud tops are not
sufficient to establish that precipitation falls from
the seeded cloud or reaches the ground, or is in
excess of that which would have fallen naturally.
Numerous tests by the Weather Bureau and Air
Force [1, 2, 3] disclosed that changes in the appear-
ance of the tops or upper portions of clouds were
often not associated with precipitation from the
bases. This was found to be true in various parts
of the country including the Donner Pass area of
the Sierra, where 15 tests were made in 1949,
Consequently, little weight can be attached to
observations of cloud tops as a measure of addi-
tional precipitation reaching the ground.

Observations of the bases of seeded clouds are
difficult in the Bishop watershed, because of the
hazard of flying near the mountains in cloudy and

precipitating conditions and because the view
from the wvalley floor is usually obscured by
intervening hills and clouds. In a few cases,
however, such observations have secemed to indi-
cate an increase in precipitation or a shower
apparently falling from the seeded portions of the
clouds. On a few occasions the superintendent
of the company has observed the seeding opera-
tions from high clevations in the watershed.
Shortly after the seeding he has observed that the
precipitation changed from fine ice crystals to
thick wet flakes which fell for a half hour or so
and produced an inch or more of snow. Subse-
quently the precipitation stopped, and there ap-
peared to be a pronounced depression in the
clouds over the area which seemed to persist for
some time.

In a few cases cloud seeding tests have been
made over the valley where the view is unob-
structed.  Figure 5 shows examples of the effects
of such operations. In other cases, however, no
effects were observable. It appears from the
photographs that most if not all of the precipita-
tion was evaporating before reaching the surface
(here about 8,000 to 9,000 ft.), and would thus
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F16URE 6.—Series of photographs of cloud seeding operation on Mareh 17,1950,  View is to the north and cloud mags has formed over the White Mountains.

(1) Forty minutes prior to seeding.
(b) Thirty minutes prior to seeding,

be classed as “virga.” If such precipitation fell
on the higher elevations, however, a substantial
portion would have reached the surface before
evaporating.

Figure 6 shows a series of photographs of a
seeding operation conducted as a visual test on
March 17, 1950. The view is to the north from
Bishop Airport, and the clouds have built up
against the White Mountains on the eastern side
of Owens Valley. The valley floor is at 4,000
feet and the mountains average 12,000 feet. A
storm had passed earlier in the day, and the clouds
are typical of post-frontal conditions. Cloud
bases were at 12,000 feet with a temperature of
0° C., and tops at 16,500 feet with a temperature
of —9° C. It will be noted that prior to and at
the time of seeding (figs. 6 (a) to 6 (¢)) there
appeared to be no appreciable precipitation falling

8

(¢) T'wenty minutes prior to seeding.
(d) 'T'en minutes prior to sceding,

from the cloud system, while in figure 6 (f), 10
minutes after seeding, a rather heavy snow shower
can be observed.  Winds at cloud level were from
the west at approximately 30 m. p. h., and taking
into account the drift of the cloud in 10 minutes,
it would appear that the snow is falling from the
seeded portion of the eloud. Figure 6 (g) shows
considerable dissipation of the cloud and a reduc-
tion in intensity of the shower.

A similar series of photographs is shown in
figure 7. 'The occasion was March 22, 1950, and
weather conditions were comparable with those of
the preceding example, a cold front having passed
about an hour earlier. As indicated, seeding oc-
curred between the times of figures 7 (a) and 7 (0)
in a run from east to west, but little if any effect
that could be ascribed solely to the seeding was
apparent, although the appearance of a new



Ficure 6.—Continued

(e) Time of seeding operation. Dry ice was dropped into cloud top ap-
proximately as indicated by arrow.

(f) Ten minutes after seeding,  Snow shower from seeded portion of eloud
is visible on mountains,

(¢) T'wenty minutes after seeding, Seeded portion of clond is drifting

cloud buildup in ficure 7 (¢) might be attributed
to the operation.

Figure 8 shows a series of photographs of a
seeding operation over the crest of the Sierra on
March 17, 1950, the same day as the test of
figure 6, and about a half hour later. Conditions
over the mountains an hour before seeding are
illustrated in figure 8 (@), and indicate the difficulty
of observations directly into the mountains. The
view is toward the west with Mount Tom to the
right. Seeding was carried out at the time of
figure 8 (b) over Piute Pass, indicated by the
arrow. In figures 8 (¢) and 8 (d) a darker cloud
mass appears in the vicinity of the seeding
operation, but it is difficult to ascribe it to the
seeding.

A similar operation on March 22, 1950, the same
day as the tests of figure 7, is illustrated in figure 9.

across Whito Mountains, Snow is still falling but seeded portion appears to
be dissipating,

(h) Thirty minutes after sceding, Entire cloud system is breaking up due
to movement of frontal system to the east,

Again low clouds obscure conditions within the
watershed. Considerable instability is apparent
on this occasion, making cloud characteristics
irregular, and preventing the detection of any
singular effects from the seeding.

In summary, visual observations of the effects
of seeding on the tops and upper portions of the
clouds, although of interest, do mnot afford a
satisfactory means of estimating artificially pro-
duced precipitation reaching the ground, because
of the imperfect correlation between cloud top
effects and precipitation effects.. Observations of
seeded clouds from below or at the side indicate,
from the few observations available, that showers
can often be produced by cloud seeding, and it is
probable that at the higher eclevations much of
such precipitation reaches the ground before
evaporating. In many cases, however, it is

9



Fraure 7.~8eries of photographs of cloud seeding operation on March 22, 1950, View is the same as in figure 6.

(a) Seeding is about to begin. Runs were made to and from crest of
White Mountains in an east-west direction.
(b) Five minutes later. Seeding runs completed.

impossible to clearly differentiate between natural
effects and those which may be due to seeding.
Direct observations from the ground at the higher

(¢) Nine minutes after seeding. New cloud buildup is visible (indicated
by arrow).
(d) Seventeen minutes after seeding, Entire cloud system is moving off.

clevations were few in number, but did seem to
indicate a change in the character of the snowfall
followed by dissipation of the clouds,

III. EFFECT ON FLOW OF BISHOP CREEK

The purpose of the experiments was to deter-
mine the possibility of increasing the flow of
Bishop Creek, and it will be desirable to attempt
a determination of whether a significant increase
in the flow occurred over what might otherwise
have been expected. Such a study is desirable
not only because the flow is the ultimate result of
interest, but also because it provides the most
sensitive index of evaluation available under the
circumstances of the tests. This is due to the high
correlation between the natural flow of Bishop

10

Creek and that of adjacent streams not subject
to the seeding effect.

Natural flow is defined as the total water
entering a stream above the point of measurement
during a particular period. On Bishop Creek the
actual flow is obtained by Venturi measurements
on the flow line leading to the final plant in the
system located in the valley at an elevation of
4,500 feet. This flow includes water from the
storage reservoirs at the higher clevations (Lake
Sabrina, South ILake, North Lake) as well as



Traure 8.—Series of photographs of cloud seeding operation over Sierra Nevada on Mareh 17, 1050, View is toward the west from Bishop Airport,

(@) One hour prior to sceding. Clouds obscure all but the lower (¢) Five minutes after seeding.
elevations. (d) Ten minutes after seeding.
(b) Time of sceding operation. | Approximate location of seeding is (e) T'wo hours after seeding.

indicated by arrow.
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F16URE 9.—Series of photographs of seeding operation ovc{ Sierra Nevada on March 22, 1950,  View is toward the west from Bishop Alrport,

(a) One hour before seeding. again indicated. Pilot reported visible effect on cloud top.

(b) Beginning of seeding runs (lasting 6 minutes). Approximate Joca- ' (@) Twenty-five minutes after seeding.
tion of seeding is shown by double arrow. (¢) One and one-half hours after sceding,
©) Fm’een minutes after seeding, Approximate location of sceding runs (f) Four hours after seeding,
L]
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accretions at lower levels added to the flow lines
through small catchment dams located just below
each plant. Natural flow is determined from the
actual flow combined with storage or draft in
the reservoirs. Examination of the Venturi records

over the past several years gave no evidence of

irregularity, and since there has been no silting
behind the storage dams there is no reason to
believe that the topography of the reservoirs has
changed since the original survey.

Flow of Rush Creck, another in the company’s
system, is determined in the same manner as that
of Bishop Creek. Again Venturi records have
been examined for consistency, and silting in the
reservoirs has been negligiblo.

Rock Creck is under the control of the city of
Los Angeles, and measurements of flow are made
at the base of the mountains with propeller type
gagos.

Owens River is also in the Los Angeles system.
Prior to 1936 the flow was measured directly at
the Gorgoe station (Owens River at Long Valley
near the site of the dam indicated in fig. 1).
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From April 1936 through April 1937 the flow at
this station was computed from its relationship to
a lower station (Owens River at Little Round
Valloy). This was necossary because of diversions
and excavations for the dam which was installod
at tho head of the gorge and which created the
Long Valley Reservoir. From May 1937 through
April 1941 the record was again obtained at the
rogular station. Irom May 1941 to date the flow
has been computed from storage and draft meas-
uroments. The water from Rush and Mill Crecks,
to the north, is now added to Owens River, but is
not included in the flow values here used. Irri-
gation diversions are normally made above the
reservoir.  These are not included directly in the
flow values, but since somo return occurs abovo
the point of measuremont, some of this wator;is
included. s
To dotect any systematic changes that might
have occurred in the flow characteristics of these
streams or in the systems of moeasurement, double-
mass curves of the comparative cumulated flow of
the various streams were propared both for annual

14
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FIGURE 11.—~Double-mass curve showing comparison of cumulative April-
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and April-July flow. No changes were detected
in the flows of Bishop, Rock, or Rush Creeks.
The annual flow of Owens River, when compared
with the individual and combined flows of Bishop,
Rock, and Rush Creeks, does show evidence of
systematic change around 1941 or 1942. This is
illustrated in figure 10. Straight lines have been
fitted to the points before and after this change,
and an adjustment factor, based on the difference
in slope of the two lines, has been obtained by
which values prior to 1942 can be multiplied to
bring the points into the line fitting the 1942-47
points. Such adjustment does not affect the
random fluctuations in the relationship, and thus
will not affect regressions using the adjusted
values. Neither is it felt that any freedom has
been lost in the process, in view of the separate
knowledge of the change in measurement occurring
at the time. A similar double-mass curve for the
April-July flow is shown in figure 11. It will be
seen that three distinct regimes can be identified.
In view of the limited number of observations in

each regime no adjustment has been attempted
and the April-July flow of Owens River has not
been used in the analysis.

The year used in reporting flowage is the water
year beginning October 1 and ending Septomber
30, and the term ‘“‘annual flow” will refer to the
flow during the water yecar. The April-July flow
is also used extensively in the area, since it repre-
sents quite well the melt of the snow at the higher
elovations where precipitation is greatest, and since
it usually constitutes a large fraction of the annual
flow.

Annual and April-July natural flow of the
various streams for the period of record are listed
in table 1. Data for Rock Creck and Owens River
were kindly furnished by the city of Los Angeles.
Both original and adjusted values are given for the
Owens River annual flow.

Considering first the natural flow of Bishop
Creek alone, a frequency distribution of the annual
values is shown in figure 12. The values for the
three seeding years are shown by the arrows, and
the mean and the values for one and two standard

TaBLE 1.—Natural flow of streams in the Bishop area

I i
) Annual natural flow (10? acre-feet) April-July natural flow (102 acre-fect)
]
I Water year Owens River
! Rock Rush Bishop Owens Rock Rush Bishop
Creck Creek Creck River Creek Creck Creck
Actual Adjusted
1,004 603
867 517
999 647
1016~17 - 848 518
1907~18 . 670 441
X 695 428
446 405
688 434
970 6450
661 372
405 211
564 363
575 384
791 b32
540 324
434 247
401 266
345 178
748 514
518 315
439 234
583 380
682 459
718 625
& 1,103 707
b X 626 337
1,524 1,430 254 403 54 420
1, (82 1,578 334 539 959 [ix10)
1, 689 1,680 271 495 837 505
1,498 51 , h52) 1,498 268 453 75% 473
1,265 (1,244) 1,255 210 349 615 357
1,623 (1,617) 1,623 202 482 856 760 182 560
1,434 (1,489) 1,434 316 340 787 400 (554) 182 447
1,100 (1,197) 1,190 215 333 616 383 (303) 117 301
1,068 (1,061) 1,068 138 346 443 445 (438) 76 303 285
962 062 165 324 fit: 1) 362 100 301 356
1,046 (1,049) 1,046 176 319 560 384 118 204 360
{

Numbers in parentheses are values supplied by the city of Los Angelesafter the evaluation had been completed. Tests indicate that use of tho now values

would have no effect on the results obtained.
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deviations ! are indicated. Although the values
during seeding all fall below the mean, this does not
establish that seeding had no effect, since in the
absence of seeding the points might have been
even lower. The chart does serve to illustrate the
lack of sensitivity of analysis using only data from
the seeded area, since large incroases in flow would
be required for detection. A similar analysis using
overlapping 3-year means showed that the mean
for the seeding years was exceeded in 25 out of the
32 three-year means of the pre-sceding period.
Again, however, the dispersion of the previous
values was so great 'L‘hat such a comparison would
be quite 1nscnsmvv These tests do, however,
suggest that no lmgc increases in the flow were
produced.

Consideration of thg Bishop flow alone fails to
take into account the genoral wetness or dryness of
the years which in the past produced the wide
variations in the flow values. To provide a more
sensitive means for predicting what the flow of
Bishop Creck would have been without seeding,
the flow of Bishop has been compared with that of
adjacent streams which were unaflected by the
seeding, The results are shown in figures 13 to 17.
In figure 13 (Bishop annual »s. Rock annual) three

! In a normal distribution 67 pereent of the values would be expected to fall
between a valuo one standard deviation (o) above and below the mean value
und 95 percent between values of 20 sbove and below,
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Fravre 12,—Histogram of annual natural lows of Bishop Creek, 1014-47,

Flow during seeding years is shown by arrows.

~ regression lines have been drawn, one for the period

of record (1921-47) prior to seeding, one for the
same period but omitting the 1938 value, and one
for the period 1926—47, omitting 1938. The 1938
value was omitted in the two cases since it is felt
locally that the flow was so heavy as to be non-

representative of more normal relationships. The
140
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F1oURE 13.~Comparison between annusl nptural flows of Bishop and Rock
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use of the 1926-47 data will be discussed later.

It will be noted that the 1948 value falls above the
regression lines, although not by a significant
amount. The 1949 point is well above the line,

™
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I
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I

BISHOP CREEK ANNUAL NATURAL FLOW (103 ACRE-FT)
o
]
I

20 Y =146X +11.6 (1926-47, 1938 omitted)
R=.89
. l | ! |
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RUSH CREEK ANNUAL NATURAL FLOW (103 ACRE~FT.) .

F16URE 15.~Comparison between annual natural flows of Bishop and Rush
Creeks,
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F1o0URE 16.—Comparison between April-JTuly natural flows of Bishop and
Rush Crecks.
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although exceeded or equalled in 1925, and, if the
line for the entire period is used, exceeded in 1922.
The 1950 value lies close to the three lines. A
similar diagram for the April-July flow is shown in
figure 14, in which the 1948 and 1949 points are
relatively closer to the lines and less significant
than before, and 1950 is below the line, although
not by a significant amount.

Corresponding diagrams relating Bishop with
Rush Creck are shown in figures 15 and 16. The
correlation is less, since Rush Creck is much farther
to the north. In both diagrams the 1948, 1949,
and 1950 points lie below the line, with the 1948
April-July point being rather significantly low.
It will be noted that inclusion of 1938 would make
little difference in the location of the regression
line. Comparison of Bishop with the adjusted
annual flow of Owens River is presented in figure
17. The 1938 value does not appear unrepresent-
ative when the entire record is considered, but
might appear so in relation only to the 1926-47
values. The 1948 and 1950 points do not appear
unusual, but the 1949 value is well above the line.
Its significance depends greatly upon which regres-
sion line is used. If the longer record is considered
most reliable, 1949 was cequalled in 1932 and ex-
ceeded in 1941, If the shorter period is used,
1949 was about equalled in 1941,

Several points are evident from these compari-
sons:

120
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F16unre 17.—Comparison between annual natural flows of Bishop Creck and
Owens River (adjusted),



(1) The variance about the regression lines is
much less than that around the mean of Bishop
Creek, when the flow of that stream alone is
considered.

(2) The variance about the regression lines in
the different diagrams, and for different periods
of data, is different.

(3) The flow of Bishop Creck for the year 1949
appears to stand out on a number of the charts
but not on others.

(4) The Bishop flows for 1948 and 1950 do not
depart materially from expectation on most of the
charts, but 1948 is quite low in figure 16.

(5) Different estimates of the sceding cffect
could be made by using cach of the different
diagrams,

(6) Different estimates could be made by using
different periods of data.

In order to make the best possible use of the
flow data in evaluating the effects of seeding, the
relationship between the flow of Bishop Creck
and that of the other streams prior to seeding was
established by multiple regression. This tech-
nique makes it possible to utilize all available
information, and objectively weights the flows of
the adjacent streams in such a way as to furnish
the best possible estimate of the Bishop flow with
the available flow data.

Of the four streams involved, Rush Creck has
the shortest record, the data being available only
since 1926. Rock Creek data are available sinco
1921, and Owens River since 1917. A standard
regression using all of the streams is therefore
limited to data for the period 1926-47. It is for
this reason that regression lines in figures 13, 14,
and 17 were drawn for this period. In order to
avoid possible nonlinearity arising from the 1938
flow and to make the analysis as sensitive as
possible, the data for 1938 have been omitted in
this instance.

Limitation of past data to 1926 results in the
discarding of the information contained in the
flow records of Rock and Owens prior to that time.
In order to inelude these data in the over-all
analysis, & second multiple regression has been
established for the entire period 1917-47. This
has been done by estimating the flow of Rush prior
to 1926 by separate regression with Owens and
Rock for 1921-25 and with Owens alone for 1917-
20. The flow of Rock has been similarly estimated
from Owens for the period 1917-20.  Using values
thus obtained for the carlier years and the actual

data where available, the second regression has
been established. In this case the 1938 valucs
have been included. In both cases the regressions
have been assumed linear, since it was found that
this assumption explained a greater proportion
of the comparability than any other plausible
hypothesis.

The 1926—47 regressions were computed for
both annual and April-July flow. As mentioned
previously, it was not feasible to adjust Owens
April-July values, so this stream was used only in
the annual case. The 1917-47 regression was
computed only for annual flow. .

Considering first the data for the period 1926-47
(omitting 1938), the regression equations were
found to be, for the annual flow, in thousands of
acre feet:

Bishop=—1.788--1.235(Rock) +.394 (Rush) -+
191 (Owens)

and for the April-July flow, again in thousands of
acre feet:

Bishop=2.2314-1.737(Rock)--.484 (Rush)

Thoe squared multiple correlation cocflicients were
9584 for the annual case and .9479 for the April-
July case.

The actual flows of Bishop Creek as compared
with the flows computed from these relationships
are shown in figure 18 for the annual ease and in
figure 19 for the April-July ease. It will be ob-
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F1aURE 18.~Comparfson botween actunl and computed annual natural flows
of Bishop Creck (based on 1926-47 datn).
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served that the relationship is not perfect, the
computed and actual values differing somewhat
each year. The extent to which the points for
the seeding years deviate from the computed
values determines the statistical significance of
such points, and also permits rather crude esti-
mates of the magnitude of any seeding effect.
A measure of the residual variability around the
computed values was obtained in each case by
methods outlined in Ezckial [4]. The two seeding
years 1949-50 were then combined, as were all
three seeding years, and the significance of the
meansiestablished both by a method devised by
Thom [5] and by one given by Fisher [6]. The
results are presented in table 2.

In this table deviation from computed flow is
in thousands of acre-feet, S is the standard
deviation, ¢ is the ratio of the deviation to the
standard deviation, and P is the probability of
finding a departure of that magnitude and sign
due to the normal variation in flow between the
streams.

TaBLE 2.—Annual and April-July stream flow (1926-1947

data)
ANNUAL FLOW
Deviation
, from Percent ;
_ Water Year computed|deviation 8 ¢ P
flow

0 0 4.12 0 0.50
10.0 20, 6 3,96 2.53 .01

3.5 6.7 3.80 .92 Bt
16.8 17.5 2.89 2.34 L014
14,5 19.0 2,54 L77 .06

APRILIULY FLOW

‘ —5.6 3.39 [

1948 e el -1.7 —0.50 >0.70

1049 0C 44 12.8 3,18 1.8 .10

1050 ... ~1.0 —2.7 3,10 - 42 > 50

1949-50___ . 17! 5.1 2,29 .74 S.20

1948-49-50___ 011100 =8 { —2.6 201 —.42 560
1 Mean.,

When the annual flow is considered, and values
showing probabilities of natural occurrence of 0.05
or less as significant, are used, 1949 shows a flow
which is significantly greater than normal expec-
tation. Neither 1948 nor 1950 show unusual
flows. When 1949 is averaged with 1950 and
with 1948 and 1950, the mean results are also
significantly greater than expectation, due pri-
marily to the rather wide departure in 1949.

As regards the April-July flow, there appear to
be no significant departures for any of the 3 years,
Neither is the 3-year average significant. This
seems to indicate that if seeding was effective
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Tigure 19.~Comparison between actual and computed April-July natural
flows of Bishop Creek,
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I'1GURE 20.—Comparison between actusl and computed sunual natural flows
of Bishop Creek (based on 1917-47 data),

annually, its contribution did not affect the flow
during April-July significantly. The question of
whether seeding, at least in 1949, may have pro-
duced any additional precipitation at the lower
elevations where the bulk of the snow would have
melted prior to April, is discussed later.
Considering now the second type of regression,
using all of the available data back to 1917, and
supplying the earlier values for Rock and Rush by
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estimation, the following relationship for the
annual flow in thousands of acre-feet is obtained:

Bishop=8.636-41.224 (Rock)-+.312 (Rush) -+
124 (Owens)

with a squared multiple correlation coeflicient of
0.9026. Actual flows are plotted against com-
puted values in figure 20. The resulls of the
analysis arc summarized in table 3.

TABLE 3.—Annual flow (191747 dala)

l)nrvmti(m . ¢

NUECHUR rom Creon o

Water Year computed|devistion 8 t r

flow
-3.0 ~0. 06 6,79 -0, 04 >0.50

8.8 17.8 6. 59 134 . 085
2.8 .4 6.10 .47 >80
5.8 11.4 Flsher’s mothod 12

1948-49-50.. 3.8 7.5 Fisher's method ]

According to this analysis none of the seeding
years shows departures significant at the 5 percent
level, although again 1949 shows the greatest
deviation. The earlier regression, using only the
more recent data, might be thought of as furnish-

ing a more accurate cstimate of possible cffects
since the correlation is greater.  On the other hand
it did not make use of all available data. The
above analysis used the additional flow data for
Rock Creek and Owens River, but in such a way
that makes it more difficult to estimate the sig-
nificance, since the true variability between Rock.,
Rush, and Owens during the carly years was not
known and was assumed zero.

Since the 3-year average deviation in annual
flow was barely significant at thoe 5 percent level
in the first analysis and was less significant. in the
sccond, estimates of the quantitative effects of
seeding can be stated only rather broadly. It will
be recalled that in the first analysis the average
3-year increase was 4,500 acre-feet, and in the
sccond 3,800 acre-feet. 'These figures were ob-
tained by erediting all the ow above the regression
line to seeding. Sinee, as will be observed in
provious years, the points normally vary around

-the regression line in a random fashion, it cannot

be stated with certainty just where the natural
points would have fallen during the seeding years
in the absence of the sceding. This residual
uncertainty as to the magnitude of the seeding
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effects can be expressed in terms of probability
using the theory of confidence limits. This is
illustrated graphically in figure 21, which shows
the probability of obtaining the observed 9 percent
3-year average increase for different (minimum)
values of the true seeding effect. Thus, for
example, the chart could be used to say (using the
1926-47 curve) that the true increase was 2,000
acre-feet or more with 84 percent confidence,
4,500 acre-feet (the 9 percent average increase)
or more with 50 percent confidence, and 9,000
acre-feet or more with 5 percent confidence.
Similarly one could say that sceding produced a
decrease in flow with 5 percent confidence.

Further uncertainty would arise in attempting
to use these results as an indication of effects
which might occur in the future. The results
arc based on only three seasons of operation, and
are the result of sceding under the particular
weather conditions then prevailing. The appar-
ently greater effect in 1949 suggests, though it does
not establish, that conditions may have been more
favorable during that season. In order to estab-
lish a basis for prediction of future seeding results,
continuation of the tests for a sufficient number of
years to establish variability of results would be
necessary. It would also be of interest to deter-
mine whether any seeding effects varied with the
general wetness of the season or whether they
were independent of natural precipitation.

Notwithstanding the uncertaintics remaining,
the results thus far obtained might be of some use
to the company in deciding whether to continue
operations on a routine basis. Knowing the cost
of the seeding operations, and the value of
different amounts of additional water, the com-
pany could make use of the probabilitics in figure
921 to decide whether it wished to risk further
outlays. If, for a modest increase with a fairly
high probability, the cost is low compared with
the value of the increase, the company might
consider it desirable to engage in seeding operations
on a regular basis,

Returning to the analysis of seeding effects, it
appeared desirable to compare the flows of the
various streams, taking into account their geo-
graphical location, in order to sce if any noticeable
pattern could be detected. Since the seeding had
been almost entirely concentrated over the Bishop
watershed, the effects should have been greatest in
this area and should have decreased with increas-
ing distance to the north. Such analysis should
also suggest whether secding effects overflowed
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FIGURE 22—Deviations of Bishop, Rock, Owens, and Rush from their
historical means in terms of standard devistion during the seeding years,

onto the adjacent areas to such an extent that it
would not be proper to consider them as controls.
The annual flows of the several streams, in torms
of standard deviations, are shown in figure 22.
All flows were below normal for each of the 3 years.
In 1948 the variations arc in the opposite direction
from what would be expected from a significant
seeding  effect.  Owens and Rush have lowoer
negative departures than Bishop and Rock. In
1949 Bishop shows up favorably as compared to
Rock and Owens, and a carry-over of seeding to
Rock might be suggested, but again Rush shows
the least negative departure. In 1950 there ap-
pears little significant difference between Bishop,

Tasre 4.—Departure of {hree-year Bishop flow from those
predicted by 1926-47 regression

3-yeur period d?)‘,’],’l‘c“rfu;f) 3-year period (11)6’}:"‘“_"%-’;8)
10206-28 e ~27 1 Y3637 ~10
1927-29. . —80 | 1039-41 - —20

~106 | 1040-42 -20
—41 | 1941-43 +35
37 | 1042-44 —

4100 | 194345 —-10

111 | 1944-46 +16
+21 | 1045-47 430

—5 | 1948-50 +135




- Rock, and Owens, but for the third time Rush has
a small negative doviation. In general there seoms
to be little information to be gained from consider-
ing the geographical position of tho several streams
over that furnished on the basis of the regressions.

Another way in which to examine the signifi-
cance of the departure of the Bishop flow as com-
pared to the adjacent streams over the 3-year

seeding period is to examine the departure of the
actual 3-year flows of Bishop Creck from those
predicted from the 192647 regression. The
results are presented in table 4, and indicate that
the departure during 1948-50 -of 13,500 acre-feot
exceoded all of the preceding values, the greatest
covered by the period of record being the 11,100
acre-foot value during 1932-34.

IV. SNOWPACK COMPARISONS

Depth and water content of snow aro measured
periodically at established locations (courses)
throughout the Sierra during the winter. The
survey made around the first of April is considered
most representative of the winter’s snow catch, at
least for higher eclevations. Thore are seven
courses in the Bishop area, three in the Rock Creek
watershod, and others to the mnorth. Those
referred to herein are shown in figure 1. The
April survey data for the various courses are given
in table 5.

Numerous comparisons of the Bishop snowpack
with that in the adjacent areas have been made.
Only a few representative illustrations will be
presented here.  Figure 23 compares the averagoe
of the throe high Bishop courses with the high Roclc
Croeck course, As will be noted, all the points {for
the sceding years fall below the regression line,

50
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Fraurg 23.—Comparison of snowpack on three highest Bishop courses with
that on highest Rock Creek course,

Tanre 5.—April snowpack (inches of water)

South

West Fast 3 N
‘o Bishop | ‘o | Saw- | North | Iork |Bishop
Year Pass 1;3}‘3; ]1):::5‘: mill | Lake | Mead- | Yark
: ows

Rock
Jreek
No. 1

5.
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1041, ... 46,4 |  44.4 20. 6 24.5 17.5 14.0 1.5 16,2
1942, ... 38,3 12.8 22,0 227 11.2 0.0 83| 10.6
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{ March Survey.
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3 February Survey,
4 One Point Method.
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with 1949 showing the greatest departure. The
correlation is comparable to ‘that obtained be-
tween the flows of Bishop and Rock Creeks. Pro-
ceeding farther north, figure 24 shows a compari-
son of Bishop with the two courses in the Mam-
moth (Owens River source region) area. The 1949
point again is low, and 1950 is above the line al-
though not by a significant amount. Figure 25
shows a comparison of the five highest Bishop
courses with the Agnew (Rush Creek area) and
Tioga Pass and Dana Meadows (Leevining area)
courses, Here 1948 and 1949 are still below the
line (although 1949 is much closer), and 1950 is
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F16URE 25.—Comparison of snowpack on five Bishop courses with that in
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well above, but one is impressed with the “nor-
mality’’ of the points for the 3 years. ‘

Comparison of two of the low Bishop courses
with the lowest Rock Creek course is shown in
figure 26, and again fails to show significant in-
creases in the Bishop area.

These comparisons would seem to indicate
somewhat negative seeding cffects, and thus would
appear to contradict the results obtained in com-
paring flows of the streams. It would appear,
however, quite possible that seeding increased the
total precipitation over the watershed without
this being clearly reflected in the snow surveys.
To investigate to what extent snowpack compari-
sons might be expected to depart from flow com-
parisons of two streams, the joint distribution of
differences between actual flows and those com-
puted from snow surveys for Bishop (Bishop and
East and West Piute Passes) and Rock Creeks
(courses 1, 2, and 3) is presented in figure 27,
Because of the homogeneity of the region it might -
be expected that the two streams would behave
somewhat similarly, and the diagram does indicate
a tendency for the points to lic in the upper right
and lower left quadrants. The points for seeding
years 1948 and 1950 follow this trend and thus fall
within normal expectation. The rather wide
displacement of the 1949 point in the upper left
quadrant might be attributed to the seeding (as,
{for example, increased snow laid down during wind
and other conditions not usually prevailing during

n
o
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South Creek No./ 8,700 .
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F1guRE 26.—Comparison of snowpack on low Bishop courses with that on
lowest Rock Creck course,



snowfall and not therefore falling proportionately
on the snow courses), but probably more important
is the fact that such a deviation would appear
possible naturally in view of the scatter of the
points for other years, thus affording a mecans of
resolving the conflict between the estimates of
seeding results from the flows and from the snow
surveys. A similar diagram comparing Bishop
with Owens River gave substantially the same
results.

Furthermore the purpose of the seeding was not
to increase snowpack on the snow courses neces-
sarily, but rather to increase the flow of the
stream, and since it further might appear that the
flow was & better measure of the precipitation
over the entire watershed than were the surveys,
it seems justifiable to accept the results based on
the flow as furnishing the better measure of the
results of the sceding operations.

The wide displacement of the 1950 point in the
lower left quadrant was apparently not connected
with seeding since it indicates that both the
Bishop and Rock area suffered departures in the
same direction. A similar departure was observed
in the flow of Owens River.

Snow survey data can also be used to study any
possible redistribution of snowpack within the
Bishop watershed which might have resulted from
sceding operations. A comparison between the
three highest and two lower courses is shown in
figure 28. The 1948 and 1949 values fall below
the regression line, meaning that the lower courses
fared better than the higher ones, with the 1949
point being the more significant. Neither point
falls beyond the range of experience, however, and
neither appears particularly significant in view of
the relatively low correlation. The 1950 point,
on the other hand, falls well above the line,
although probably not by a significant amount.
A similar analysis using the two lowest Bishop
courses (South Fork Meadows and Bishop Park)
was quite comparable, except that the 1949 point
appeared relatively even lower.

If, for the moment, the 1948 and 1949 points
were considered as indicating real eflects, it would
suggest that any additional precipitation had been
produced mainly at lower clevations, Since seed-
ing in 1948 did not begin until February and was
on a rather experimental basis, it would not be ex-
pected that any results would substantially affect
the annual or summer flow. At the same time a
few induced showers might augmoent the lower
courses sufficiently to account for the observed
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FIGURE 27.—Departures of Bishop annual flow from that expected from
snowpack compared with similar departures of Rock Creek,
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Fraure 28.—~Comparison of snowpack on high and low courses in Bishop
watershed.

relationship. In 1949 additional snow at the
lower elevations might not only account for the
relationship, but explain the fact that the flow
analysis suggested more of an increase in the an-
nual than in the April-July runofl, since most of
the snow at and below the lower courses melts
before April.  This reasoning cannot, however, be
followed in the case of 1950. In view of the short-
ness of the experiment and the inconsistencies be-
tween the years, it is not felt that much significance
can be attached to variations between the Bishop
courses.
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V. PRECIPITATION RECORDS

There are three precipitation gages in the Bishop
watershed. One is located at each of the main
storage reserviors, Lake Sabrina and South Lake,
as shown in figure 1, and the third is located at a
lower elevation. To the north the nearest gage
with a long record is located at Gem Lake in the
Rush Creek watershed. Data are given in table 6.
A comparison of the Bishop annual precipitation
(mean of South Lake and Sabrina) with that of

TABLE 6.—Precipitation (inches)

Year Bishop Uem Lake Bishop Bishop
) annual annual Oct.~-Mar, | Oct,-May
102425 . el 15.9 24.6 8.5 10.6
1925-26._ 14.3 28.4 7.5 10.8
1926-27 ... 26.4 31.3 19.8 22.9
1927-28_.. 4.6 25.8 9.8 14.2
1928-29__. 12,2 20.6 7.6 9.4
1920-30___ 12.3 22.9 7.4 10.6
1930-31... 12.6 19.4 5.1 7.3
1031-32__. 24,1 27.2 20.9 21.8
1932-33__. .- 13.3 16.7 9.0 10.7
1933-34 . e e oo 13.7 17.0 10.5 11.0
1934-85 - e 17.8 28.2 10.4 15,5
1935- 36 22.8 25.1 18.3 19.4
1936-37 21.1 24.7 19.1 19.9
1037-38.__ . 33. 6 34.2 24.8 27.3
1938-30 13.2 17,4 9.1 10.5
1039-40..___ 13.6 29.1 12.0 13.0
194041 23.5 37.7 17.5 21.6
1941-42 17.6 20.8 14.9 16. 6
1942-43 16.5 28.7 12,6 15,6
1943-44 12.9 23.5 11.0 12.8
1944456 ... ... .. 22.6 28.0 17.9 20.0
1945-46. 20,6 20.6 17.0 17.8
1946-47 16.5 16.1 13.7 15.6
1047-48 10.0 13.0 6.4 .4
1948-40 16.0 13.6 110 13.5
1949-50_ 15.2 13.7 1.5 12.9

Values for Bishop are averages of Sabrina and South Lake gages, Annual
values are for the period October 1 through September 30.
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Gem Lake is shown in figure 29. The relationship
is rather poor, and in view of the low correlation
little significance can be attached to the position
of the points for the seeding years.
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TIGURE 30.—Comparison of Bishop snowpack (high courses) with
precipitation goge cateh.
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Figure 30 shows a comparison of the snow pack
at the three highest Bishop courses with the
October-March precipitation. No.significant de-
partures are noted for the seeding years, although
the distribution of points is quite similar to those
in the comparisons between the high and low snow
surveys.

Figure 31 presents a comparison between true
annual natural flow of Bishop Creck and that
computed on the basis of precipitation according
to the formula

Annual flow (10° acre-ft.)=
- .72+ (3.5X0+ .64X.1 + .SGXZ)

where X, X, and X, are the Bishop Oct.~May
precipitation (inches) for the current, previous,
and 2d previous years, respectively. None of
the individual seeding years appears significant,
although thefact that all three points fall above
the line might suggest that any additional pre-
cipitation may have fallen elsewhere than in the
vicinity of the gages.

VI. THE UNUSUAL WEATHER OF THE 1948-49 WINTER

The foregoing analysis indicates that rather pro-
nounced departures oceurred in the 1948-49 scason
in the relationships between the flows of Bishop
and certain of the adjacent creeks.  Whether these
unusual features were the result of sceding or were
due to natural causes cannot be answered by purely
statistical methods which merely furnish an esti-
mate of the probabilities of natural cause. The
rather low probability of purely natural causation
in the 1948—49 scason suggests that further inves-
tigation of this period be made. One of the pos-
sibilities is to examine the general weather
conditions during this year.

It will be recalled that the 194849 winter season
was characterized by marked extremes of woathoer
in different parts of the world. A study of tho
weather and circulation during this season has
been made by Klein [7]. Examination of his

various charts reveals that during January 1949 a
center of pronounced negative height departure
from normal at the 700-mb. level was located al-
most over the Bishop area.  Similar departures in
the general vicinity of California were also prosent
in February and March.

Whether the wind flow and other factors associ-
ated with these height anomalies could have pro-
duced the unusual distribution of realizable wator
as between the various adjacent watersheds is not
determined, and much more knowledge of the
local conditions as affected by circulation patterns
would be necossary before an answer to this ques-
tion could be attempted. Tho possibility that
such effects contributed at least in part to the
results of the flow and snow survey comparisons
must, of course, be recognized.

VIL SUMMARY OF 1948, 1949, 1950 OPERATIONS

1. Visual observations.—Conversion of super-
cooled cloud tops to ice crystals was generally pro-
duced by the seeding.  In most cases a noticeable
bulging of the cloud tops was produced initially,
with occasional pronounced reloase of instability,
although subsequent dissipation of the seceded
clouds was often noticed. Limited observations
of cloud bases from the valley floor suggest that
snow showers can be produced {from nonprecipi-
tating clouds by sceding. Such precipitation is
usually in tho form of virga over the valley, but
will reach tho ground at highoer clevations, A fow
observations from the ground at high elevations

suggoest that seeding can have the effect of changing
the character, rate, and duration of snowfall,

2. Stream flow.—Individual comparisons of the
flow of Bishop Creck with that of adjacent streams
led to conflicting conclusions, Multiple regres-
sions between the flow of Bishop and that of
adjacent streams indicated that the 1949 annual
flow doviated rather widely from expoctation in
one of the two analysis procedures used. Noither
the 1948 nor 1950 annual flows showed significant
departures, nor did the April-July flows during any
of the 3 seeding years. Becauso of the deviation
in the 1949 annual flow, the 3-year average annual
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flow showed a similar deviation which, using the
more favorable procedure, was just significant at
the 5 percent level. Considerable uncertainty
exists regarding the probable amount of increase
over the 3-year period, but the value probably lies
between 0 percent and 18 percent, with 1 chance
in 20 that the value was negative and an equal
chance that it was above 18 percent.~. Comparison
of departures of Bishop and the adjacent streams
from their historical means did not reveal any
consistent increases in Bishop flow or definite
indications of the carryover of sceding effects onto
adjacent areas.

3. Snow surveys.—Comparison of snowpack in
the Bishop watershed with that in adjacent areas
failed to demonstrate any significant increase in
the Bishop area. The data rather tended to
suggest an opposite effect, but it was shown that
this result was not incompatible with the possi-
bility that additional precipitation was produced
which did not appear in the snow surveys. Com-
parison of high and low level courses within the
Bishop watershed gave little suggestion of any
consistent effect, although in two of the years (1948
and 1949) the lower courses had a greater propor-
tion than normal.

4. Precipitation.—Comparison of precipitation
gage catch in the Bishop area with that in an ad-
jacent area showed a low correlation, and little
significance could bhe attached to the relation
during the seeding years. Significant departures
from the normal relationship between the snow-
pack at the higher elevations and the catch in the
gages were not observed. The data suggested

that any additional precipitation did not fall pri-
marily in the vieinity of the gages.

5. Conditions of the test.—The seeding operations
were conductd in an area where orography greatly
influences cloud formation and precipitation. Op-
crations were in general limited to occasions where
orographic clouds alone were present. Such clouds
are supercooled over a large portion of the year
and often give little or no natural precipitation.
The high elevation of the watershed was favorable
for the production of precipitation reaching the
ground rather than merely virga, because of the
limited opportunity for evaporation. Secding was
primarily accomplished by dropping dry ice from
an airplanc and had to be timed so that any
induced precipitation would strike a relatively
small target area. Sceding opportunitics were
limited. No attempt was made to influence the
precipitation during the summer months. Seed-
ing was begun late in the 1947—48 scason and most
of the carlier operations involved experimentation
with different seeding techniques.

It was plso pointed out that an unusual circu-
lation pattern prevailed over the experimental
arca during the winter scason 1948-49, particu-
larly in January, and may have contributed in
whole or in part to the departures in the relation-
ships between the flows of the several streams,

The results of these tests should be considered
in the light of the special conditions prevailing
and of the particular procedures adopted. Trans-
lation of the results to other regions or climatic
regimes "or to other sceding techniques should be
done only with extreme caution.

VIII. FURTHER EVALUATION

Analysis of individual days of seeding and indi-
vidual storms has been considered, and it is felt
that further evaluation might profitably proceed
along this line. Additional precipitation records
are available in the control areas which have

limited records in terms of years but which would
be suitable for such a study. More refined analysis
might also be concerned with explaining the ap-
parently more successful results suggested for the
yvear 1948-49. '

IX. THE 1951 SEASON

The seeding operations continued during the
1950-51 season. However an extensive seeding
project using ground silver iodide generators was
conducted during this period on the headwaters
of the San Joaquin River just to the west of the
Bishop-Rock Creek area. The existence of such
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operations will have to be taken into consideration
in the evaluation of the 1950-51 Bishop project.
Such cvaluation can only be made under at least
one of two assumptions:

1. That the silver iodide seeding has such a
small effect compared to dry ice that it can be



TasLe 7.—1961 data

Annual natural flow April-July natural flow Snowpack (April snow survey) Precipitation
(10 2 acre-ft.) (10 % acre-it.) (inches of water) (inches)
Bishop Creek._ .. 605 || Bishop Croek._ . ......... 376 || Bishop Pass_............ .. 31.9 Bishop ave, annual. ... 15.48
Rock Creek.. 213 || Rock Creek... .. 128 || E. Piute Pass.............. 11.1: mean=26. 7 || Bishop avo. Oct.~May... 13.01
Owens Rivor. 1,171 |} Owens River.. .. 472 ) W.Plate Pass.....__._.._... 37,2 Bishop ave. Oct.~Mar... 11,28
Rush Creek........... 308 || Rush Creek...ocooooooooe 313 || Sawmill ... ... 13.5 Gom Lake annual. ... 20.5
North Lako.. ... ... none
8. Fork Meadow _.__......._ none
Rock Oreek No. 1........._. none
Rock Oreck No. 2. ..._._.. 0.7
1Iv}ock Crt(i:allt\INol. [ SR, 8.5
AMmmo! [ 20 S 33.8 .
Mammoth No. 2 3. 4} monn=18. 4
Agnew... 20.9
"Tloga IPass. 24, ()l{ mean=25.1
Dana Meado 30. 6
Predicted flows ! of Bishop Creck (10 ? acre-ft.) Predicted flow ! of Rock Creek (10 ? acro-ft.)
Annual from 1920-47 rogrossion gng. 18)... 0626 {| Annual from snowpack (fig. 27) ...l 172
Annual fromn 1021-47 regression (fig. 20) . 616
April-July from 192647 regression (fig. 1 396
Annual from snowpack (fig. 27)____ 6'14
Annual from preeipitation (fig, 31). D

1 Caleulated by tho same methods used to obtain the computed flows that are plotted in the reference figures.

neglected.  Although it is currently felt that dry
ice is a much more coffective agent than silver
jodide because of its ability to work at higher
temperatures, and although many of the oro-
graphic clouds do not extend to low enough
temperatures for silver iodide to become effective,
there mnevertheless remains the possibility that
under the circumstances the silver iodide might
have had some cffect. :

2. That the area affected by the silver iodide
can be determined and can be disregarded in
studies relating to Bishop. It is almost impossible
“to specify the drift of silver iodide at present, so
that attempts to plot its coverage would be hardly
practical.

It is not justifiable to assume that the silver
iodide spread sufficiently to cover both Bishop
and the adjacent areas cqually during occasions
of dry ico seeding, and then to assume that the
same typo comparisons as before can be made
between Bishop and the adjacent streams.  This
is because no past data are available as to the
normal relationship between the streams in the
presonce of the silver iodide project, thus seeming
to prohibit the use of control streams as a basis
for analysis.

It is possible, however, to examine the data for
1950-51 under assumption (1) above, that is, that
the silver iodide had a small and negligible cffect
compared to the dry ice, and then consider the
rosults tentative until the coffect of silver iodide
seeding has become more clearly defined.

The pertinent date for 1950-51 are given in
table 7.

Seeding operations were carried out on the
following dates:
" 1950
October (none)

November 16, 20
December 2, 7

1951
January (none)
February 3, 4
March 29
April 4, 5, 6, 16, 17, 19, 28
May 19*
June 1, 2

1t will be observed from the data that the actual
flow of Bishop Creek fell below that predicted on
the basis of the regressions, as well as that pre-
dicted from the snowpack and precipitation. On
the other hand, the three highest Bishop snow
courses (Bishop, and Kast and West Piute Passes)
received an unusually high snowpack as compared
with the Rock Creck Course No. 3 (fig. 23), the
Mammoth courses (fig. 24), and Agnew, Tioga,
and Dana Meadows (fig. 25). The lower Bishop
courses received less snow than normal, as did the
low courses in the adjacent Rock Creek watershed
(fig. 26). Comparison of the high with the low
Bishop courses (fig. 28) shows, of course, a high
displacement of the 1951 point toward the high
courses. The data suggest that the seeding may
have had the cffect of increasing the Bishop
April 1 snowpack at the higher clevations only,
but not furnishing sufficient additional water to
show up in the flow of Bishop Creeck. Plotting
the 1951 point on figure 27 gives some suggestion
that the seeding may have decreased the snowpack
at the lower elevations.

*Sitver jodide seoding,
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X. THE 1952 SEASON

Because there was adequate natural precipita-
tion, no cloud seeding operations were carried out

over the Bishop Creek watershed during the 1951—
52 season.
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APPENDIX

The formula for the variance as given by
Ezekial |4, p. 344] is

V= =BV, (14 5+ Cuat+ Coi+ Cusit-
20 e+ 20 5202+ 202:@2(53)

where V, is the variance about the regression
surface, B is the multiple correlation coefficient,
V, is the variance of Y, n’ is the number of degrees
of freedom, Cy; are the Gaussian coeflicients, and
the 2’s are deviations {from the means of the inde-
pendent variables (in our case of the flows of the
adjacent streams).

Thom has extended this formula to cover the
mean of several independent tests (years) by
writing

Vuc:: (1—R% Vy (‘}:"I";};’f’ CuZi+ CoZi+ Ci3 -

20125@24—201351534_2023@53)

where £ is the number of years to be averaged, and
the ZF's are averages of the departures in the &
years.

For the annual case, using the 1926—47 data,
the formula is

V, =13.1949 (—1154—-1—17—{—.0069435?—}—.00190023
0005018 —.001219%F,— 00258057, —

.000960@@)
and for the April-July case is
V,,c=9.6138(715+—1%+.00731()I§+.0018(‘)9}3-
.0060745152)

where 2, is the deviation of Rock Creek in 103
acre-feet
2y is the deviation of Rush Creek in 10%
acre-feet
r3 is the deviation of Owens River in 103
acre-feet »
Fisher [6] shows that if Py, P, . . . P2, are the
probabilities of occurrence of 7 independent
events, twice the sum of their logarithms is dis-
tributed as x* with 2n degrees of freedom.
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