
U. S. DEPARTMENT OF COMMERCE 
SINCLAlR WEEKS, 3ecrewry 

\) !>, W E A T H E R  B U R E A U  
, ', F. w. R8ICUELoEnaEH, chi6 

RESEARCH PAPER NO. 36 

Cloud Seeding Operations in the 
Bishop Creek, California 

Watershed 
bY 

FERGUSON HALL 

and 

T. J. HENDERSON and STUART A. CUNDIFF 

U. S. WEATHER BUREAU 

CALIFORNIA ELECTRIC POWER COMCAN 

AQR 0 62007 

&ion 

I( JUN 2 -  1\53 ): 

For aele by the Superintendent of Documentr. U. S. Government Printing O l h ,  Wadiington 25. D. C. - Priw 25 w n u  

a3053 



National Oceanic and Atmospheric Administration 

Weather Bureau Research Papers 

ERRATA NOTICE 

One or more conditions of the original document may affect the quality of 
the image, such as: 

Discolored pages 
Faded or light ink 
Binding intrudes into the text 

This has been co-operative project between the NOAA Central Library and 
the Climate Database Modernization Program, National Climate Data Center 
(NCDC). To view the original document contact the NOAA Central Library 
in Silver Spring, MD at (301) 713-2607 x 124 or 
Librarv.Reference @ noaa.gov. 

HOV Services 
Imaging Contractor 
12200 Kiln Court 
Beltsville, MD 20704- 1387 
January 22,2008 



Blank page r e t a i n e d  for p a g i n a t i o n  



CONTENTS 
Page 

F1 GURES 

1 
1 
4 

I O  
21 
24 
25 
25 
25 
25 
26 . 
26 
26 
26 
26 
28 

28 
29 

28 

14 
18 
19 
20 
21 
24 
27 

2 
3 
5 ’  
5 

0, 7 
8, 9 

10 
11 
12 

13 

13 
15 
15 
15 
16 
16 
16 
17 
18 
18 
19 
20 
21 
22 

111 



Page 
22 
22 

Rock Creek _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  23 
23 
24 
24 
24 

25.-Comparison of snowpack on five Bishop courses with that in Rush Creek area and to the north- - - - - - - - _ _  - 
26.-Comparison of snowpack on low Bishop courses with that on lowest Rock Creek course.. _ _  - - - - - - - - - - - - - - - 
27.- Departures of Bishop annual flow from that expected from snowpack compared with similar departures of 

28.- Comparison of snowpack on high and low courses in Bishop watershed- - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - 
29.- Comparison of precipitation in Bishop and Gem Lake (Rush Creek) watersheds - - - - - - - - - - - - - - - - - - - - - - - - - 
30.- Comparison of Bishop snowpack (high courses) with precipitation gage catch _ _ _ _ _  _ _  - - - - - - - - - - - - - - - - - - - - - 
31.-Comparison of actual Bishop annual natural flow with that computed from precipitation data-.. - - - - - - - - - - - 

IV 



CLOUD SEEDING OPERATIONS IN THE BISHOP CREEK, CALIF., WATERSHED 
FERCUSON HALL, T. J. IIENDERBON, AND STUART A. CUNDIFF 

MHnuscripI received Novcmber 13, 19521 

ABSTRACT 

Cloud seeding operations using dry ice dispensed from aircraft have been carried out 
by 1 he California Electric Powor Co. in the lIigli Sierra ne4r Bishop, Calif., since February 
1948. Limited visual observations suggest that snow showers can be produced froin non- 
precipitating orographic clouds by seeding, the snow reaching the ground a t  tlio higher 
elevations. Coinparison of the annual runoff froin the seeded watershed with that, froin 
adjacent areas for the 3 years 1948,1!)49, and 1950 sliowcd a positive departure in the 1948-49 
season significant, a t  the 1 percent level. Significant departures did not appear during- 
the other two years, but the average for the 3 years was significant at the 5 percent level. 
From t#he same analysis it iniglil be estimated that the average annual flow during the 3-gear 
period was augmented by 9 percent, with 90 percent, confidence liinils bcing ecro and 18 
percent. On I lie other liand the iuiusual circulation prevailing diiring the 1948-40 winter 
inay have been rcspoiiuiblc, at least in part, for tho departure in flow during this season. 
Snow pack comparison did not indicate a significant increase in t,he 13ishop area, brit it  is 
shown that snch a result is not incoinpatiblc with the possiblity that additional prccipitation 
was produced which was not reflected in t,hc snow surveys. 

1. INTRODUCTION 

In l~cbrnnry of 1948 t h o  Cdifornin Eloctric 
Power Co. bcgnii n scrios of tosts to dotorinino tho 
oxtont to  wliicli tho snow pack ovor its Bisliop 
Crcok, Cnlif., watorsliod could bo incronsod by 
cloud sooding tochniquos. Oporatioris hnvo con- 
tinuod, m d  an ostirnato can bo mndo of tlio rosults 
obtainod during 1948, 1949, and 1950. 

At tlio invitation of tlio powor company a ropro- 
sontntivo of tlio IT. S. Wontlior Buronu visitod tlio 
situ of tlio opcrn,tions in t h o  spring of 1950, and 
bogan nn intlrpondont iinnlysis of rosults. Tho 
coinpnny l ind  proviously niado a proliniinary osti- 
mato that tlio runoil’ from Bishop Crook lind boon 
incroasocl from 10 to 14 pcrcont during tlio iirst 2 
yonrs of tlio oporiition. This ruport sunimnrizos 
tlio inotliods of oporntion nnd analysis of tho ro- 
sults, and corn1)inos tlic findings of both tho corn- 
pany and t,ho Wentliar Biiroau. 

1 Iio p o w c ~  compt~ny owns and oportitos four 
hyclrooloctric systoins on tlio onstorn slopos of tlio 
Sicrrn Novndti along tho uppor O ~ ~ o n s  Vtdlcy and 
Mono Bnsin in Cnlifomiti. ’rl~oso systoms draw 
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tlioir wntor supply from four diflaren t watcrslieds 
along tho slopo, with Bishop Crook to tho sout,li, 
and Riisli, Loevining, nnd Mill Crooks to tho 
nortli. Sovord othor wnters1:ods nro locatod bo- 
twoon Bisliop and Rusli Crooks, tlio most impor- 
tan t boing ltoclc Crock, iniiiicdin toly to tho nortli 
of Risliop, niid Owons ltivor, which dorivos its 
iiiitial flow from an nron, botwcon Rock and Rush 
Crooks. T o  tlio soutli, Big Pino Crook mid its 
wntorsliod iiiiiiioclin tcly nd join %diOp, but tlioro 
nro no otlior i~nportniit stronms in this diroction. 

Tlio onstorii f w o  of tho Siorrn Novnda is vary 
prccipitous, fiilling froin tho ridgo liiio of nround 
12,000 fcot to tlio vallcy floor nt 4,000 foot in a 
distrincw of 6 to 15 milos. ‘rlio Jlow of tlio stroams 
is quito light oii tlio nvoriigo, iintl t,lio liydro plants 
two dosigiiod to opcwito on ti liigli liond mid sinal1 
voliinio, sonio of tlio plmts linviiig n hcnd in cx- 
cos9 of 1 ,GOO foot. On Bishop Crsolr tlioro nro 5 
plnnts oporutiiig botwoon 8,200 foot tind 4,500 foot. 

It will 
bo obscrvod tliut t ho  Bisliop wii torsliod (outlined) 

1 

A ninp of tlio aroa is &own in figuro 1. 







artifkally 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 milo. 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 tho clouds were de- 
termined during climb to altitude. Short flights 
through the clouds permitted a rough observation 
of icing intensity, from which tho presence of 
supercooled droplets could he 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 tho cloud, and estimates of wind direction and 
speed were obtained. The seeding runs were 
usually made a t  right angles to tho wind and a t  a 
sufficient distance upwind to allow 5 to 10 minutes 
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 widc on 
the cloud tops. A radio station was installed in 
the Weather Bureau Oifce a t  the Bishop Airport, 
and the oifcial in charge maintained communicn- 
tion with the pilot during flights. A magnetic 
recording was made of radio and intercom 
communications. 

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

adjacent streams and areas could be uscd as 
statistical controls on the tests. In  approximately 
6 cases during the project, however, seeding was 
probably inadvertently carried out ovcr tho 
adjacent areas to the north. Since this number is 
relatively small compared to tho total number 
of secdings during the 3 years, it is not thought 
that the effects would seriously affect the 
evalun tion. 

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

194s 
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 
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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 
Decembcr 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*,’127* 
August 2* 

Silvrr Iodide sccdlng. 

11. 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. Subscquently, the seeded por- 
tion of the cloud may bulge upward slightly, and 
in other cases dissipation occurs, sometimes lcav- 
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ing a hole through which the ground is visible. 
The effect spreads laterally to solno extent in the 
course of time. Undcr the conditions of the 
present cxpcrimcnts the seeded portions oi tho 
clouds quickly took on a fuzzy appearance, and 
bulging of tho tops oftcn occurred very soon after 
the seeding. In  some cases the bulging was quite 





, 

ti 





, 
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be clnsscd as “virga.” If such precipitation fcll 
on the higlicr clcvations, however, a sul~st~~nt~inl  
portion would have reached the surface bcfore 
evaporating. 

Figure 6 shows a series of photograplis of a 
seeding operation coodrictcd as  a visual test on 
Mt~rc11 17, 1950. The view is to t h o  north from 
Bishop Airport, n,nd the clouds have built up 
against the White Mountains on the eastern side 
of Owens Valley. Thc valley floor is at 4,000 
feet and the mountains average 12,000 feet. A 
storm had passctl earIicr in the da,y, and the clouds 
are typical of post-frontal conditions. Cloud 
hascs were a t  12,000 feet with a tcmpcrature of 
0’ C., and tops at 16,500 feet with a, tcmpcrature 
of -9’ C. It will be noted that prior to and at 
the time of seeding (figs. 6 (a) to 6 ( e ) )  there 
appeared to be no npprociahle precipitation falling 
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from tlic cloud s-yst(w, wliil~ in figrit~: 6 ( j ) ,  10 
minutes aftor scrtling, n rather Iit~a,vy snow sliowor 
can be ohscrvrtl. Wjnds at cloud l ~ v c l  WPI*C from 
the west at approsimatclly :jO m. 1). I i . ,  niitl t,alciiig 
into accorint the tlrift, of llic clout1 i n  10 rninut~cs, 
it wonltl appear thal thc snow is fnllirig from thr 
scwlcd portion of tlie cloud. Figuro f i  (9)  shows 
considc!r.able dissipation of the c*loutl ant1 11 rcduc- 
tion in intcnsity of the sltowcr. 

A sirnilar series of pliolograplis is sliowii in  
figure 7. Thc occasion was Mnrcl~ 2 2 ,  1950, nntl 
weather conditions were compnrrrblr with tliosc of 
tho  preceding exrrmplc, a cold front havinv )n.ssod 
about an hour carlior. As iridionlctl, sectling oc- 
curred tmtwecn the timcs of figurcs T (a) airti 7 ( b )  
in a run from cast to west, but littlr i f  m y  cflect, 
that coulcl I)(? ascri1)atl solcly to the scwling was 
apparent, dthouglr t lie appcwiLnc-c of n now 

? 





C 

Tho purposc of tlic oxprrimonts was to drtrr- 
mine the possihility of incrcasing tlic flow of 
Bishop Crcok, nncl i t  will l ~ c  ~1rsirnl)lc to n,tt,rrnpL 
a dcI,ormination of wlicthcr II significrmt increase 
in the flow occurrctl over what might ot,hc!rwiso 
hnvc h e n  rxpcv9d. Such n stucly is d(5siratAc 
not only bccausc the flow is tlie ultimnto r~siilt of 
intorcst, hut also l>c:causc it, provides t h o  most 
scnsitivc index of cvaluatiort availnblc 71ndcr the 
circumstanccs of thc tcsts. This is d u o  to thc high 
correlation hctwccn t h o  natural flow of Bishop 
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accretions at lower lovols added to tho flow linos 
through small catcliment dams located just below 
oacli plant. Natural flow is dotorminod from t h o  
actual flow combined with storago or draft in 
the reservoirs. Examination of tho Vonturi records 
over the past sevcral yoars gavo no ovidcncc of 
irregularity, and sincc t1ic:rc lias bcon no silting 
boliind tlie storago darns thcro is no reason to 
bcliovc that tho  topography of thc rcsorvoirs has 
cliangod sinco tho original survey. 

Flow of Rush Crock, mothor in tlio conipmy’s 
systom, is dotorminod in tlio s f m o  mannor as that 
of Bishop Crook. Again Vonturi rocords liavo 
bcon oxamincd for consistoncy, and silting in tlio 
roscrvoirs has boon nogligiblo . 

Itock Crcok is undor tlic coiitrol of tho  city of 
Los Angolos, and moasuromonts of flow aro mado 
a t  tlio baso of tlio mountains with propollor typo 
gages. 

Owons River is also in tlio Los Angolos systom. 
Prior to 1936 tho flow was moasurod diroctly a t  
tho Gorgo station (Owons ltivor a t  L O I I ~  Valley 
near tho sito of tlie dam indicatod in fig. 1). 
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Yiouiilc lO.--Doriblo.mnss curvo showirig cot~il~nrisoii of oumuhtivo nniiunl 
nnturnl flow of Owons Rlvor arid tho coniblriod flows of 13ldiop, Rook, nnd 
Rush Crooks. 

From April 1036 tlirougli April 1037 tho iiow a t  
this station was computetl from its rolationship to 
a lowor station (Owons Rivor a t  Littlo Routid 
Valloy) . This was nccossary bocauso of diversions 
mid oscavations for tho dum which was iristallod 
a t  tho liot~d of tho gorgo t~nd wliicli croatod tho 
Long Valloy ltoscrvoir. I h u i  A4ay 1037 through 
April 1041 tlio rocord wns ngnin obtaincd a t  tlio 
rogulnr station. Froin M i ~ y  1041 to dato tho flow 
lias boon cornputod froin storogo tind drtlft moas- 
iiremen ts. ‘l’lio wn tar froin Riisli and Mill Crooks, 
to tlio iiortli, is now ncldod to Owcns ltivor, but is 
not includod in tho flow vdiics horo used. Irri- 
gation diversions aro llorinally modo abovo t h o  
reservoir. ‘l’liosc nro not includod directly in tlio 
flow valuos, but sinco somo roturn occurs abovo 
tlio point of mo~~siiromont, somo of this watiti: is 
includad. .a 

r 1  1 o dotoct any systoiiiatic cliangos that niiglit 
liavo occurrod in tlio flow cliaractoristics of tlio’so 
strcains or in tlio systoins of nionsuromont, doublo- 
mass curvcs of tlio conipnrativct cumulated flow of 
tho vnrious stronnis wcro proparod both for annunl 

0 4 8 12 16 
BISHOP, ROCK,& RUSH CREEKS ( IO’ACRE-FT) 

Fiounlc ~l.-l>oublc-xiinss curvo sbowliig coinparisoil of oriniuluLivo April- 
July niitiirnl flow of O\voiis Ilivor nnd tho oornblnod flows of Blshop. Rook, 
nnd llrisli Crocks. 
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and April-July ilow. No changes were detected 
in tho flows of Bishop, Itock, 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 liave been 
fitted to tho points before and after this change, 
and an adjustment factor, based on the tlif€ercnce 
in dope of the two lines, has been obtained hy 
which values prior to 1942 can he multiplied to 
bring the points into the lino fitting the 1942-47 
points. Such adjustment does not affect tlie 
random fluctuations in the relationship, and thus 
will not affect regressions using the ad justcd 
values. Neither is it felt that any freedom has 
been lost in the proccss, in view of the separate 
knowledge of the charlgc in mcasuremen t occurring 
a t  the timc. A similar double-mass curve for tho 
April-July flow is shown in figure 11. It will be 
seen that three distinct regimes can be identified. 
In view of tlie limited number of observations in 

Crock 
itljustcd 

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

The year used in reporting flowago is tho water 
year heginning October 1 and ending Scptombor 
30, and the term “annual flow” will refer to tho 
flow during the water year. The April-July flow 
is also used extensively in the area, since it rcprc- 
sents quite well the melt of tho snow a t  tho higher 
elevations wlierc precipitation is groatost, and since 
it usually constitutcs a large fraction of the annual 
now. 

Annual and April-July natural flow of the 
various streams €or the period of record are listed 
in table 1.  Data for Rock Creek and Owens River 
were ltindly furnished by the city of Los Angcles. 
Both original and adjustcd values are given for tlie 
Owens Itivcr annual flow. 

Considering first the natural flow o i  Bishop 
Crcclc dono, a frcqucncy distribution of the ariniiul 
values is shown in figure 12. The values for tho 
three secding years arc shown by the arrows, and 
the mean and the vulues for one and two standard 
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Numbers in pnronthcsos aro values supplied by the city or Lou hnnclasuftor Ilicov:rlunl,ion Irnd hem complotctl. T& indicnte tlint use or tlw now vnlucs 

would hnve no effect on the results ohtainrd. 
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deviations arc indicated. Altliougli tlio values 
during sectling all fall below t h o  mean, this docs iiot 
establish that seeding had iio cffcct, since in t'he 
absence of seeding tlic points iniglit have been 
cveii lowor. Tlic cI1ar.l docs sc~rve to illustrate tlro 
lack of scnsitivity of aiiiilysis using o ~ l y  data from 
the seeded area, since largc iricrenscs in flow would 
be required for detection. A similar aiialysis using 
overlapping 3-year ineaiis sliowcd that tlie incan 
for the sccding ymm ,was cscecded in 26 out of thc 
32 tlircc-year rncails of tho prc-sccding pcriod. 
Again, liowcvcr, tho dispersion 01 tho previous 
values was so great Clint siicli a comparison w o ~ l d  
be quite insensitiv . T h o  tcsts do, 1iowever, 
suggest tliat no large iiicrcascs in the flow wwc 
produced. 

Consideration of the Bisliop flow alono fails to 
talrc into account tllp gciioral wotiicss or dryuess of 
tlic ycurs which iii tlic  pas^ prod~~cad the wide 
variations in the flow valucs. To provide a more 
sensitive means for predictillg what the flow of 
I3ishop Crc& ~ O U I ~  have been without, seeding, 
tlie flow of Bishop has bccil compared with that of 
adjacent streams which wore umfIocted by the 
seeding. The results are sliown hi figures 13 to 17. 
In figure 13 (Bishop aiiiiiial 'us. ltock nllnual) tlirco 

I In n normal distribution 07 pcroout of tho vniucs would bc cxpcctod to full 
botwocti n vuluo on0 stuitdnrd dovintion (u) nbovo imd below thc tncaii value 
Wd 06 IJCrCctlt botwcoll values of 2a ubova ILtld bdOw, 
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Bishop Creek natural f low 1914-1947 (103acre-ft.) 

I;'raWrta 12,--~11~~0~ru1ri of nnttuijl tit~turnl flows 01 I3hlio)1 Crook, 101447. 
Flow during soodltig yours is shown by iwrows. 

rogression lines have beon drawn, 0110 for t h o  period 
of record (1921-47) prior to  seeding, ono for tho 
same period but oinitting tlio 1938 value, and one 
for the period 192G-47, omitting 1938. Tho 1938 
value was ornittcd in tl10 two cases since it is felt 
locally that the flow was so lioavy as to be nom 
roprosontntivo of more iiorinal relationships. Tlic 
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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, 

* /  

0 20 40 60 80 100 
RUSH CREEK ANNUAL NATURAL FLOW (IOa ACRE-FT.) 

FIOURE 16.-Compnrison between annual natural flows of Bishop and Rush 
Crooks. 
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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 Creek are shown in figures 15 and 16. The 
correlation is less, since Rush Creek 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 inalce 
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 unrcprescnt- 
ative when the entire record is considered, but 
might appear so in relation only to the 192647 
values. The 1948 and 1950 points do not appear 
unusual, but the 1949 value is well above tho line. 
I ts  significance depends greatly upon which regrcs- 
sion line is used. If the longer record is considered 
most reliable, 1949 WRS equalled in 1932 and cx- 
cecded in 1941. If the shorter period is used, 
1949 was about equallcd in 1941. 

Several points are evident from these compari- 
sons : 
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FIGURE 17.-Compnrison botween nnnuol nnturnl flows of Blshop Crook nnd 
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(1) The variance about tlio regression lines is 
muoh loss tlinn that around tlio incan of Bishop 
CrecIt, when the flow of that strcnm alone is 
considered. 

(2) Tlic vnrinrico nl)out tlic rcgrcssion lines in 
t hc  difl’cre~it~ diagrrms, and for diflcrciit periods 
of d n t a ,  is diflorcnt. 

(3) TIic flow of Bishop Creok for tho ycnr 1949 
appears lo stand out on a nuinbcr of tlia charts 
but not on others. 

(4) The Bishop flows for 1948 nnd 1950 do 1101 
dopnrt iiintcrially from expectation on most of t h o  
cliarls, l)ut8 1948 is quite low in figure 16. 

(6) Difl’crcnt csthntcs of the seeding cll’cct 
could be mndo by using onch of tho c-liflcrcnt 
dingrmns. 

(6) Dill’orcnt, cstimutcs could. be mado by using 
dilforent periods of datn. 

In ordor t,o maltc tho  best possible 1w.r of the 
flow data in cvnluating tho cfk’ccts of s~oding, t h o  
rclat~ionsIiip bctwccn t h o  flow of Bishop Creek 
ant1 thnt of the otlicr strcnins prior to sccding wns 
estnl)lislrcd by miiltiplc rcyyc~ssion. l‘liis tccli- 
nique IIIJWS it, possible to  ut ilizc all civnilablc 
iiifor~iint ion, anti objectivrly wciglits the flo\\rs of 
tho d , in(wi i t  streams in suc‘li a way ns t o  Iurnisli 
the best, possiblo cstiinrito of tlic I3ishop Ilow with 
t l ir  iivi~iliiblo flow clntn. 

Of tlic four strcnnis involvcd, Itusli Crcck lins 
the sliort,ost rword, t,lic data bcing avnilablc only 
sincc I9Zi.  Itoclc Crork (lata tire nvnilnblo sincc 
1921, ant1 Owciis Itivcr sinco 1917. A stnndnrd 
rcgrcssion using all of tlic stlwmis is t,licrrforc 
lirnitd to data for tlic pcriod 1926-47, It is for 
this rcnson tlint regression liiics in figures 13, 14, 
niitl 17 wcrc drnwn for this pcriod. In  ordrr t80 
avoid possible nonlinrnrity arising from tlic 1938 
flow arid to rnnlto tlic nncilysis as scnsitiv(~ ns 
possiI)lr, tlic dntn for 1938 l~nve ~ C C J I  omit 
this instance. 

Limitation of pust, data to 1926 rcsults in tlio 
disc‘arding of the inforinntion contninrd in t8hc 
flow rccords of ltoc~k tint1 Owens prior t o  that, tiinc. 
In ortlcr to iiicliidc tlirso dntri in tlic ovw-nll 
analysis, n second inidtipla rclgrcssion has becii 
csteblislic?tl for tlic ciitiro period 1917-47. This 
lias bwn tlonc by csti~nut~i~ig the flow of Itusli prior 
to 1926 by s e p t ~ r r i t ~ ?  rogrcssiori with Owens niid 
Ro& for 1921-25 i~ii t l  with Owens nlono for 1917- 
20. ‘ 1 ’ 1 1 ~  flow of ltoclr lins I)ccii similarly cstiinntod 
from Owciis for t h o  pcriod 1917-20. Using valucs 
thus obtnincd for tho  earlier ycnrs and tho actual 

data ivlioro available, tlic second rcgr.rc~ssion has 
boon cstablishccl. In this cnsc tho 1938 valucs 
liavc boon iiicludod. In bo tli cnscs tJie rcgrcssions 
linvc been nssunicd lincnr, since it was found t’liat 
this nssuniption csplninccl n grcnter proportion 
of tho co~npnrnbilit~y thnn any o tlicr plnusible 
liypotliesis. 

Tlic 192647 rcgrcssions wcrc coriiput cd for 
bottli nniiunl niid AprilJuly flow. As riicwtioiied 
previously, it  wns riot fensiblo to adjust, Owciis 
April-July vnlucs, so t’liis strcnm was used only in 
tho a n n u d  mse.  Tlic 1917-47 rcgrcssion wns 
computed only for nnnunl ilow. 

Considrring first trlic dtitn for tlic poriod 1920-47 
(omit1 ing 19:%), tlic rcgrcssion cquntions mcrc 
found to be, for t h o  annun1 flow, in tl~ousnnds of 
ncro feet : 

Bisliop= - 1.788s 1.235(ItocIi) +.394(Rush) + 
and for tlic April-July flow, ngnin in thousands of 

I 

.lo1 (O\\rcns) 

13ishop=2.231 + I  -737 (Rock) +.4$4(lt~sli) 

7’1io sqiuircd niultiplc corrcltit ion cocfficicnts wcro 
.95S4 for tlic annurd cnsc nntl .0479 for tho  April- 
JuIy case. 

fl’lic nctml flows of 13isliop Crceli ns conipnrcd 
with t h o  flows conipii tccl froin t licso i d n t  ionsliips 
aro slio\vn in figuro 18 for 1 1 1 ~  annual cmc niid in 
figure 19 for tho April-tTuly cnsc. It will bc ob- 
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COMPUTED BISHOP CR. ANNUAL NATURAL FLOW (10’ ACRE-FT.) 

~ ~ I G V l l E  lA.--Coinpnrison botweon nctiiiil ntiti coiiiputud ii iu~i~al tiultmil flows 
of Dlsliop Cmck (based on 192547 dutn). 
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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 WRS obtained in each case by 
methods outlined in Exelrial [4]. The two seeding 
years 1949-50 were then combined, as were all 
three seeding years, and the significance of the 
means,established 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, t is the ratio of the (leviation to  the 
standard deviation, and P is the pro1)ability of 
finding a departure of that magnitude and sign 
due to the normal variation in flow between the 
streams. 
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TABLE 2.-Annual and A p r i l - J u l y  stream Jlow (i92ZF-iD6Y 
data) 

____ - -- 
ANNUAL FLOW 

Doviation 
I’ 

n. 60 

. in  

. n6 

. 01 

.014 

‘VVhen the annual flow is consi(lcrcc1, ant1 valucs 
showing probabilities of natural occurrence of 0.05 
or less as significant, are us(lt1, 1949 shows a flow 
which is significantly greater than normal cxpec- 
tation. Ncithcr 1948 nor 1950 show unusual 
flows. When 1949 is ave~t~ged with 1960 and 
with 1948 and 1950, the ni(vi,n results arc? d s o  
significantly greater than cxpc.ctation, d u o  pi- 
rnarily to the rather wide departure in 1949. 

As regards the April-July flow, thoro appcw to 
he no significant tloparturrs for any of thc 3 yca1.s. 
Kcither is the 3-year avcrage significunt. ‘I’his 
seems to indicate that if scwling was cfl’wtivc! 
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JW.UJILE 20.-Cornpurlson hctwcoii uctuul uud coinputoct unnunl  natural flows 
of 13isliop Crcck (buscd 011 1017-47 tlntn). 

i~nnunlly, ils contribulion did not affect the ilow 
during April-July significantly. ‘J’hc question of 
whcthcr secding, at Ioast in 1949, may have pro- 
duccd any additional precipitation at  the lower 
elevations where the bulk of the snow would Jiave 
melted prior t o  April, is discussed Ialcr. 

Considering now the scconcl typc of rcgrt~ssion , 
using all of the  aviiilablo data bacli to 1917, and 
supplying the earlier values for ltoclc and Rush by 
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c4I’ects 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, tlie 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 incrcase) 
or more with 50 percent confidence, and 9,000 
acre-feet or more with 5 percent confitlcncc. 
Similarly one could say that seeding protluced a 
decrease in flow with 5 percent confidence. 

Further uncertainty would arise in attempting 
t,o use these results as an indication of efrects 
which might occur in the future. The rosults 
arc based on only three seasons of operation, aiid 
are the result of seeding under the particular 
weather conditions then prevailing. Thc appar- 
ently greater effect in 1949 suggests, though it docs 
not establish, that conditions may have bocn more 
favorable during that season. I n  order to  estab- 
lish a basis for prediction of future seeding results, 
continuation of the tests for a sufficient riurnbcr of 
years to cstablisli variability of results would lw 
necessary. It would also be of iritcrest to  dcter- 
mine whether any seeding effects varied with tlie 
general wetness of the se t~so~ i  or whctlier they 
were independent of natural prccipitation. 

Notwithstanding the u11ccr t air1 tics rcmainir ig, 
tho results thus far obtnined might bo of some use 
to the company in deciding whcjtllor to  continue 
operations on a routine basis. Knowing the cost 
of tfic sceding operations, and tho  value of 
tliffercnt amounts of atldi tional wtztcr, the com- 
pany could make use of the prol-mbilitics in figurc 
21 to decide whcthcr it wished to risk further 
out,lays. If,  for a modest, increase with a fairly 
high probability, thc cost is low comparcd with 
the value of the incrcasc, the compang iniglit 
consider it desirable to engage in scetling opcrcztions 
on a regular basis. 

Returning to tho analysis ol seeding cfl’ccts, it 
appoarcd desirublc to compare the flows of the 
various streams, taking into account tlioir geo- 
graphical location, in order to see if any noticen1)lo 
pattern could bc detected. Since tho seeding liad 
been almost entirely coricentratcd over tho Bishop 
watershed, the effects should have been greatest in 
this area and should have dccr~ased with incrcas- 
ing distanco to the north. Such arialysiu should 
also suggest whether soeding effects ovcrflowcd 
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onto the adjncc~it III’C~~S to sucli t i n  ostcnt thnt i t  
would riot propor to c:onsitler tlionl as coiitrols. 
7’110 tuinut~l flows of tho scvrrtil stronrns, in torins 
of standtwtl tleviritions, ttrc shown in figure 22. 
All flows w(:t’c 1 ) o l o ~  nornid for*cnt~li of t l i c a  :J ycars. 
In 1948 tho vt~ri:~tions tire in tho opposite dii*c!ctioii 
from what would be rspoctctl from a sigiiificant 
scotling cfroot. Owons unt l  Itush hnvo lowor 
riqptivo doptrrturc~s tiitin Bishop r ~ r i t l  Itoclc. In 
1949 13isliop shows 111) hvortihly ILS compnrctl to 
ltocli riiitl Owcns, m t l  t i  ct~rry-ov~v of soeding to 
Itoclc might be suggested, but tigain lliisli shows 
tho least ricgativc dqmrtiire. T n  1950 thcro np- 
pcars little significririt tlifl’croncc: bctwcon Bishop, 



Rock, and Owciis, but for tho third time Rusli hns 
a sinall riogativo doviation. In goncral tlicro sooms 
to bo little inforinntion to La gairiod from considor- 
ing tho goographical position of tlio sovornl stronms 
over tliat furuislied 011 tho bnsis of tlio rogrossions. 

Rnotlior way iii wlrioli to osimino tlio signifi- 
caiico of tho  dcpiirturo of tlio Bisliop flow tis com- 
pi~rctl to tlic nd joccn t strcwns ovor tlio 3-ywr 
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with 1949 showing tho greatest departure. The 
correlation is comparablc to that obtained bc- 
tween the flows of Bishop and Rock Crccks. l’ro- 
ceding farthcr north, figure 24 shows a compari- 
son of Bishop with thc two courses in the Mam- 
moth (Owens River source region) arca. 7 ‘ 1 1 ~  1949 
point again is low, and 1950 is above the line al- 
though not by a significant amount. Figure 25 
shows a comparison of tlic five highest Uisliop 
courst’s with thc &new (Rush Creck area) and 
‘I’iogrL Pass and Dana Meadows (Lcovining area) 
courses. I-fcrc 1948 and 1949 are still below tlic 
line (nlthough 1949 is much closer), and 1950 is 
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FIGURE !&-Compnrison of snowpock on thrcc highcst Ijishop coursos with 
that in Mornmobh nrca. 
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FIGURE 25.-Comporison of snowpack on flvc Bishop courses with thnt i n  
Rush Creck oreti ond to the north. 
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well above, but one is improsscd with tho “nor- 
mality” of the points for tlic 3 years. 

Comparison of two of the low Bishop courses 
with the lowcst Itoclr Crccli course is shown in 
figure 26, and again fails to show significant in- 
creases in the Bishop arcs. 

r Y h ~ ~ ~  comparisons woiiltl seem to indicate 
sonicwliat negative seeding cfi’ccts, and thus would 
appear to contradict the rtwilts obtained in coni- 
paring flows of tlw ~t~rcams. It would appoar, 
Iiowcvcr, quite possihlc that scccling incrcasctl tlic 
total precipitation o v t ~  tlic wntershcd without 
this being clearly rc>flccted in tlic snow surveys. 
7‘0 investigate tjo wliat extent snowpack cornpaxi- 
sons might be expected to depart from ilow com- 
parisons of two strcams, the joint distribution of 
diffcrcnces between actual flows ant1 thosc com- 
puted from snow siirvc~ys for 13isliop (Bishop and 
East and West, l’iutc Passrs) and Rock Crcclrs 
(courst~s 1 ,  2, and 3) is prcscntcd in figure 27. 
Because of tho liornogcncity of tlie region it might 
110 expechcd that tlic two strcams would bchavc 
somewlint siinilarly, and the diagram does indicate 
a tcndcncy for the points to lie in the uppcr right 
and lower lcft yuatlrrrnts. The points for socding 
years 1948 and 1950 follow this tr&d and thus fall 
within normal cxpcctation. ‘I’lie rather wide 
tlisplacomcnt of the 1949 point in tlie upper lcft 
qqadrant might, be attribut ctl to the seeding (as, 
for example, incrrasctl snow laid down during wind 
and otbcr conditions not 11~11~~11y provailing during 

ELEVATIONS 
Nortb Lokr 9,500 ft 
South Fork hfeodows 6,800 
South Creek NO. 1 8,700 

y- .89X f .35  
R=.94 

1932-36, 36-41, 
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0 5 I O  15 20 

ROCK CR. COURSE NO. I A P R I L  SNOWPACK (IN.OF WATER) 

FIGURE 20.-Cornpnriutin of snowpack on low Bishop courscs with thnt on 
lowcst Rock Orcck course. 



snowfall nnd not tlicrcforc falling pi.oportionatcly 
on the snow courses), but probably morc important 
is tlic fact t81iat such t i  deviation would npprnr 
possiblc naturally in view of tlw scat tor of tlio 
points for otlicr years, tlius ail’ording a inraiis of 
resolving the co~iflict~ bct8wcrn t h e  cstimnt os of 
seeding rrsults from the flows and. from thc~ s n o ~  
surveys. A similar tlicigrnm comparing Bishop 
wit11 Owens River gnvc siihstiinticilly tlic snme 
I~esults. 

Furtlicrmorc! thc purposo of tlir sccding wiis not 
to  incretise snowpnck on tlic snow coiirsw n( 
snrily, but rntlier to incrciiso tlic flow of t’lio 
strcnm, ant1 sinccb it further rniglit nppcnr Ilial t lie 
flow was a better ~net~siire of the prccipitntion 
o v c ~  tlio enlirc wntcrshcti tlim were the surveys, 
it srcms justifiabl(: t o  accept the results bnsed on 
the flow as furnishing the better mensiir(? of tho 
results of tlic sording operations. 

Tlrc wido displaccincnt of tlic 1950 point in tlic 
lower left quadrant was appnrrntly not conncctd 
with seeding since it indicates t h t  bot 11 t ho  
Bishop and Rock area sufl‘crcd departures in Idic 
snine direc:tion. A siniilar departure wns obscrvrd 
in tlic flow of Owrns Rivcr. 

Snow survoy tints can nlso bo used t o  study tiny 
])ossible rrdist ribution of snowpack within tlia 
Bishop wn tersliecl which might linvc resid tod from 
sccding operations. A comparison between tlie 
tdircc liiglicst and two lower courses is shown in 
figurcl 28. Tlio 1048 and 1940 values fall below 
t lie rcgrcssion line, meaning that8 tlic lower courscs 
fnrcd better tlian tlic higher ones, with tba 1040 
point bcirig t h o  morc significant. NciClirr pain($ 
falls boyontl tlic rango of experience, however, nnd 
neither nppcars particularly significant, in view of 
tho rclei,tivcly low correlation. ‘l’hc 1950 point,, 
on tlic otlicr hand, falls well above tdic liiir, 
nlthoiwli probiebly not  by n significant nriiount. 
A sirnilnr analysis using tlic two lowest Bishop 
courses (South Fork Mcndows rind Bishop Pnrlc) 
wns quite compamblc, csocpt t d i l t  tho  1949 point 
nppcnrrcl rcln tivcaly even lower. 

If, for the inoniciit, the 1948 and 1949 point,s 
vier(’ considcrrd as indictating ronl ofl’ccts, it, would 
suggrst tlitit8 any citlditional procipi tat,iori lint1 bcon 
produced inc~irily a t  lower clcvntions. Since sccd- 
ing in 1948 did 11ot bcgiri iirilil February rerid was 
011 n rntlicr expcrimcnttil basis, it would not be es- 
pected tlint, any results would substnntIidly ckff cct 
tlic annual or su1n:iier flow. At tdic same time n 
fnw induced slrowers iniglit aiig~nant~ tlic lowrr 
c‘ourscs suflicirntly to account, for tdie obsc~rved 
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Braune 28.-Coinpurisoii of siiowptick on liicli and low COIII’SCS in  Bishop 
\\.lit~ralrod. 

rolntionship. In 1049 tddilioncil snow t i t  the 
lowor elcvnt,ions miglit, not only account for the 
relationship, but c~splniii tdic fact that tllie flow 
nnnlysis suggcstctl mora of nn incrraso in the cin- 
nud t l i t in  in tlic April-July runofl’, siiico most of 
tlio siiow at and bolow tlir loivcr (‘oiirsrs m(4 te 
brforo April. This rocisoning c~niiiiot, liowc‘vrr, bc 
followoci in tlio casc of 1!)50. In virw of t l i ~  sliort- 
ness of thr aspoi*imont nnd t h o  inconsistcncics be- 
twrrn thcl yetirs, it is not, frlt thtit, niilrli significance 
(’an bc ut,tnclicd to vnrin t h i s  bctwccii tlie Bishop 
courses. 
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V. PRECIPITATION RECORDS 

1924-25 ................... 
1925-20 ..--. . - - -. . -. - -_ - - - 
19Zi27 _ _ _ _  - - - - - - _ _  - - - - - - - 
1027- .................... 
1928-29 ................... 

There are three precipitation gages in the Bishop 
watershed. One is located at  each of the main 
storage rcserviors, Lake Sabrina and South Lake, 
as shown in figurc 1, and the third is located a t  a 
lower elevation. To the north the nearest gage 
with a long rccord is located a t  Gem Lakc in the 
Rush Creck watershed. Data are givcn in table 6. 
A comiarison of the Bisliop annual precipitation 
(mean of South Lake and Sabrina) with that of 

15.9 
14.3 
20. 4 
14.0 
12.2 

TABLE 6.-Precipitation (inches) 

19:14-&5 - - - - - - - - - - - - - - - - 
1936-36 .___ _ _  - _ - - -  ~ _ - - - - -  - 
193R-37 ................... 
1037-38..- ................ 
1938-39..- ................ 
1939 -40 ................... 
194041 ................... 
1041-12 ................... 
1942-43 .................. Lf 
194344 _.___ - _ _  - --. ~ _ _ _ _  _ _  

Bishop 
annual Year 

192(9-30..- ~ ____. - _ _ _  _ - _  -. - 12.3 
1uaO-31 ................... I 12.1; 
1931-32 ................... 24.1 
1932-33 ................... 13.3 
1933-34 _ _ _ _  _ _  - - ~ ~ _ _  - - _ _  - ~. 13. 7 

17. 8 
22. n 
21.1 
33. (i 
13. 2 
13. li 
23.6 
17.6 
16.6 
12.9 

194g.50 ................... 

24. f i  

-31.3 

20. R 
22.9 
19.4 
27.2 
16.7 
17.0 

28.2 
25.1 
21.7 
34.2 
17.4 
29. 1 
37. 7 

?X. 4 

26. n 

20. x 
2x. 7 
23. 5 

2% 0 
XJ. f i  
16. 1 
13.0 
13. 6 
13 7 

8.6 
7. *5 

1B. 8 

7. 6 
7.4 
6.1 

20. 0 
9. I1 

10. d 5  

18.3 
19.1 
24.8 
9. I 

12.0 
17.5 
14.9 
12.li 
11.0 

17.9 
17.0 
13. 7 

fi. 4 
11. I) 
11. 6 

9. x 

in. 4 

in. F 
10.8 
22.9 
14. 2 
9.4 

10. 6 
7. 3 

21.8 
10.7 
11.0 

Ih. 6 
IO. 4 
19. 9 
27.3 
IO. R 
13.0 
21.6 
l(i. f i  
15.6 
12. x 
20.0 

16.0 
9.4 

13. 6 
12.9 

17.8 

Values for Hishop ure averaxes of Sabrina and South Lake gage?. Annual 
VRIUL~S arc for the period October I tlirongh S’cpleinher 3 0 .  

FrorJRE PO.-Comparison of precipitation in I3ishorJ and C h r l  Lakc (Rush 
Crook) watcrsliods. 
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Gem Lalie is shown in figure 29. The relationship 
is rather poor, and in view of tlic low correlation 
little significance can be attadrod to tlie position 
of the points for the seeding years. 
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Figure 30 shows a comparison of tlie snow pack 
a t  tlic tlircc highest Bishop courses with tlie 
Octobrr-March precipitation. No significant dc- 
parturcs are notcd for tlic secding years, although 
t h e  distribution of points is quite sirnilax to those 
in the comparisons bctwcon tlio liigli and low snow 
survoys. 

Figure 31 presents a comparisoii bctwccri truc 
annual nntural flow of %hop Crook and that 
computed oii the basis of precipitation according 
to t,hc formula 

Annual flow (lo8 acre-ft.)= 

-.72$(3.5&+.64x,f- .%&) 

wlioro Xo, XI, and Xz are tlie Bisliop 0ct.-May 
precipitation (inclies) for the current,, previous, 
and 2d previous y e ~ ~ r s ,  rcspcctivoly. None of 
tho individual sccdiiig yoars appears significant,, 
although the-fact that d l  three points fall above 
tlic line rniglit suggest that any additional pre- 
cipitation may litive frillen clscwliero tlitiii in tho 
vicinity of tho gages. 

VI. TIIE UNUSUAL WEATHER OF THE 194'8-49 WINTER 

Tlic foregoing analysis indicates tlilit mtlicr pro- 
iiounccd tlc]>nat,urcs occurrod in the 1948-49 souson 
in t,lie relationships bctweon tho flows of Bishop 
and ccrtnin of tho  adjacent crcclcs. Wlictlic~ tllcsa 
iiriusiiiil fcaturrs wore tlic result of scetling or were 
duc to nn tiiml ('aims canno 1, bo niisw~rcd by purcly 
statisticail mctliods whicli mcrcly furnish an csti- 
mato of tho probabilities of mtural cause. Tho 
ratlicir low pi-obtibility of purely Iintm'ul caustLtioi1 
in tdic 1948-49 scasoii suggcsts tlint furlhcr iiivcs- 
tigatioii of this poriotl bo inndo. Onc of tdic pos- 
sibilities is to csainiiic tlir gcncrnl wcntlicr 
conditions during this year. 

It will bo recnllocl tliut tlic 1!)4540 winter sctisoii 
was clinrnctoi*izod by inrii~lced cstrerncs of woii tlicr 
in tliil'orcnt ptwts of tho world. A study of tlio 
wclnthcr t i n d  ciiwlatioii tliiring this sotison liris 
b o ~ n  rnadr by Kleiii [7]. Esuli~inntioii of his 

various clinrts rovouls tliut tlii~iiig Jnnuriry 1049 a 
ccntcr of pronouiiced negative lioight dcptirturo 
from normal n t  tho 700-inb. levo1 wns locnt1od nl- 
most ovw thc Bisliop 11r~ti. Siiniliir deptirturos in 
tlio geiioral viciiiity of Cnliforiiin wcrc also prcsciit 
in l~obninry niid h4nrcli. 

Wliotlicr tlin wiiitl flow iiiicl other fnctors cissoci- 
tltcd with tlicsc Iic4glit niioiiiiilics could linvo pro- 
diiccd tlio unusutil tlistdnition of rcnliznblc wut,rr 
ns batwccii tho rnrious ndjticcwtt wutorslicds is not 

locril conditions t is  nfi'rt tl by circdntioii pnttcrns 
would bo nocossniy boforc 1\11 tuis\var to this ques- 
tion coulcl bo nttcnipt8cd. Tlio possibility that 
sucli ctfi'wts coiitributd 21 t lciist in part to tlic 
rosult(s of tlic flow niid s i i o w  siir\-c+y coniparisons 
inust, of course, hc rccognizcd. 

dotrrlnincrl, cind mucl1 nioro lruo\dcdgc of tl1e 

VU. SUMMARY OF 194'8, 194*9, 1950 OPERATIONS 

1 .  Visua,l obscrvntiona.-Convcrsiori of supc'r- 
cwolctl cloud tops to icc crystnls W ~ L S  g a n o ~ l l y  pro- 
ducctl by tlio soding. 111 niost CLLSOS n noticothlc 
l)ulging of the cloud tops wtls producod iiiitinlly, 
with occiisiorid pronoiiiiccd rcloaso of instnbility, 
altlioiigh sii1)sqiiaiit clissipat,ioii of tlic sctcdad 
clouds was often not,icod. Limitcd obsorvritions 
of clout1 1)nsc.s froin tlio vnllcy floor suggost tlint 
siiow sliowcrs ctin bc pi*otlucotl froin nonprocipi- 
triting clotrds by sooding. Such procipitntion is 
irsually in tlio form of virga ovor tlio vnlloy, but 
will rocicli tho gromitl u t  liiglicr olovntioiis. A fow 
obscrvn tioris fimn tho  grouxid at high olcvtitions 

suggest tliut sootliiig ciiii Iinvc t h o  ofl'cct of oliniigiiig 
tl I c olin rn u tor, i*tito, 11 i i  (1 (1 11 rii ti oil of snow f 1111. 

2. Sirm m ~ow.-liitliviclucil compnrisons of tlic 
flow of 13isliop Crcclr with thii t of ndjticoiit strcniiis 
lot1 to coiiIlic.tiiig c~oiiclusio~is. hlnltipla rogrcs- 
sioiis bot\vocn tlir Ilow of Bisliop niid tlint of 
cidjncoiit stratiins iiidir*ntcrd t,litit tlia 1949 a~inrid 
flow doviatotl rrithar widcly from oxpoetation in 
0110 of tho two cincilysis procotlui*os uscd. Noitlior 
tlic 1948 nor 1050 niiiiiiiil Ilows sliowcd significant 
ctoprturas, nor did tlio April-July fhvs  during ally 
of tlio 3 sccdiiig ycrirs. Bccnuso of tlm deviation 
in tho 1949 iiiiiiunl flow, the 3 - y ~ ~  i~\~orngo 1in1111al 
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flow showed a similar deviatiori which, using the 
more favorable procedure, was just significant a t  
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 canyover of seeding effects onto 
adjacent areas. 

3 ,  Snow .rurveys.-Cornparison of snowpack in 
the Bishop watershed with that in adjacent areas 
failed to demonstrate any significant increase in 
the Bishop arca. ‘l’he data rather tended to 
suggest an opposite effect, but it was shown that 
this result was not incompatildc with the possi- 
bility that additional precipitation was produced 
which did not appear in the snow surveys. Com- 
parison of high and low levcl courses within tho 
Bishop watershod gavc littlc suggestion of any 
consistent cf€ect, altlioughin two of the yours (1948 
and 1949) the lowcr courses had a greatcr propor- 
tion than normal. 

4.  Preci~itatior~.--Co~nparisori of precipitation 
gage catch in the Bisliop arca with that in an id- 
jaccnt area showed a low corrclation, and littlc 
significance could be attached to  1,he rclation 
during the seeding years. Significant dcparturcs 
from the normal relationsliip between the snow- 
pack at tlie higher elevations arid the catch in the 
gages w ~ r c  not observcd. ‘l’hc data suggrstod 

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

5. Conditions of the test.-The seoding operations 
were conductd in an arca where orogrupliy greatly 
influences cloud formation and precipitation. Op- 
erations were in general limited to occasions where 
orographic clouds alone were present. Such clouds 
arc supercooled over a large portion of the y ~ a r  
arid oitcn give little or no natural precipitation. 
The high elevation of the watershed was favorable 
for the production of precipitation reaching tlic 
ground rather than merely virga, because of the 
limitcd opportunity for evaporation. Sccding was 
primarily accomplished by dropping dry ire. from 
an airplane antl had to be timctl so that an.v 
induced precipitation would strilre a relat ively 
small target arca. Sectling opportunitics w(’rc 
limitcd. No uttcmpt was made to influencc the 
precipitation during tlie summer months. Soecl- 
ing was h g u n  late in the 1947-48 wason and most 
of tho carlicr opcrations involvcd clxperimmt ation 
with dif€ercnt seeding tccliniqucs. 

It was plso pointed out that an unusud rircw- 
lation pattern provailcd over tlic ospcrimentd 
arm tluring tlie winter s(w.ori 1948-49, purticu- 
lady in .January, antl may liavc contrributect in 
wliolc or in part to  tho tlepartmw in tlie relation- 
ships bctwccn tho llows of t b o  sovcral strcams. 

‘l’hc rcwlts of thrsc t ~ s t s  shoultl bc c+onsitlrretl 
in the light of the spocial conditions pi*ovailing 
ant1 of tlie particular proccdurw atloptod. Trans- 
lat ion ol thc results to otlior regions or climatic 
regirnos ‘or to othcr sc!eding tccliniqurs sliould be 
clonc! only with oxt,rcIne c.aution. 

VIII. FURTI-IER EVALUATION 

Analysis of individual clays of seeding and indi- 
vidual storms lias bccn considcred, and it is fclt 
that further evaluation might profitably procecd 
along this line. Additional precipitation records 
are available in tlie control areus which liave yeai. 1948-49. 

lirnitctl records in terms of years but which would 
b o  suitable for such a study. More rcfinctl analysis 
might also be conccrned with explaining the ap- 
parently more succcssful results siiggestotl for tho 

IX. TRE 1951 SEASON 

The sccding operations continlied during t h  
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 wost of tho 
Bishop-Rock Creek area. ‘Ylie existence of such 
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operations will liavc to  bo talrcri into consitlei~~tion 
in the evaluation of tho 1950-51 Bishop projocl. 
Such evaluation can only bo made under at least 
one of two assumptions: 

1. ‘l’hat tho silver iodide sacding lias such a 
srnall cf€cct compard to dry ice tliat it can be 



TABLIC 7.--1961 data 

, 7  

6 

1 

__ - 
Precipitntlou 

(Inches) 
Snowpnck (April suow survey) 

(inches of wntw) 
April-July nnturnl flow 

(10 1 ucre-It.) 

Bishop nvc. unnunl____ _ _  16.48 
Bishop nvo. Oct .- Mny ... 13.01 
Dislio uvc. Oct .- Mnr ... 11.28 
~ o r i i  L e  aniiniil.____ _ _  a). 5 

Blsliop Crook _.__ _.___ 005 
Rock Creek __.________ %I:+ 
Owcns River .... _ _ _ _  1.171 
Rush Crock ... . _ _ _ _ _ _  308 

~~ 

Anniinl from IO2647 rogri~ssioii (lg. ___. _ _  ._______...__. ~ -... ~ 026 
Arinunl from 1O21-47 rc~grc!ssion [fig. 20). . . . -. __. . _ _  .. __. . - .. __. . . . - 616 
April-July from 102M7 regrossion (flg. 10). -. . . __._ __._ _.__ ~ _._. .. .._ 300 
Annunl from snowpnck (fig. 27) .__________. .--. __._ ~ ______.___.___.__ 074 
Annunl from procipitatlori (fig. 31) .... . __. . -. ____. . __.. ___. __. . ._--__ 030 

Crook No. 1 _.______ _ _ _  
Orcuk No. 2... ~ -. __. ~ ~ 

Annnul froin snowpack (fig. 27). . ____._________ ~ ___.___ ._._. . _ _  . ~ .  . . 172 

nishop Crook ..___________ 376 31. u 
Rock Crrck.. . __. ~ _ _  _ _  - 128 
O w n s  lllvcr .... _ _ _  _ _ _ _ _ _ _  472 37. 2 
Itosli Crcck ... . -. -. _ _  _ _ _  313 Snwmill_____ _ _ _  ~ .._____ ~ ~ 13.5 

North Lnkc .... ._.___ _ _  _..__ nono 
S. Fork Mondow. - - - - - ~ _ _  - -. noiic 
Rock 110110 
1lnr.k 0. 7 

x. 5 
3;;: :} 11101111- 18. 

I ogir 1 n u  ... _ _  - __.._ _ _  _ _ _  _ _  
T h i i n  hfcndows .... ..____ __. . 

I1 / I  __- 

.4nlw;.: .--. . _--_. . . - ~. . ~. . 

.__.I___-_- 

ll-- l’rrdictorl flow I of Rock Crwk (10 8 ncro-It.) 

-. 

Prcdictcd flows 1 of 13isliop Crcrk (10 3 ncrr-ft.) 

.._... 
Rock Crook No. 3... - _ _ _  _ _ _  - 
Mnrumoth No. 1 _ _ _ _ _ _ _ _ _ _ _ _  
hlninnioth No. 2 _________. _ _  

I Cnlculntod by tho snulo nictliods usod to obtniii tlic cotnputcd floas tlint nrc plottcd in tllo rcfcroncu Ognrcs. 

ncgloctcd. Although i t  is currently felt that dry 
ice is a milch rnorc ofIcct8ivc agciit tbnn silvcr 
ioditio because of its d)ilit,y to  work at liiglior 
ternpwatums, nilti dtlrougli mt111y o€ the OTO- 

graphic clouds do riot est crid to low e110ilgli 
tcmpcratures for silvcr iotlitlo to  brcomc c 
t h r c  riovcrtliclcss rcriiaiiis t l i ~  possibilit8y tlint 
under tho c.irc.mnstnliocs tlic silvw iodide migli 1, 
l1avc l1ad SO1110 cl€ecl. 

2 .  That tho nroa afTc~ctot1 1)). 1110 silvcr iotlitlo 
rniincd aiicl ctw br tlisrognrdcd in 

studies relating t o  Bishop. It is iil~iiost iinpossiblc 
to  specify ihc drift, of silvcr ioditio at pr(writ,, so 
that attompts to  plot its covcragc ivoald be linrtlly 
practical. 

It is not justifiablo to  assliillo that t h o  silvor 
iodido spread sufli(~icwt1-y to ( ~ ~ v ~ r  both 13isliop 
and tho adjtiocnt iir~iis oqutilly (luring occasions 
of dry  ico seeding, and t l ic~ i  io  iissiixne that t , l i ( a  
sariic typo compnrisons u,s brforc can bc madc! 
bctwwn Bisliol) ant1 tdic adj accnt8 strwms. ‘J‘liis 
is bccauso no past) tliata arc iivailablo as io ilrc 
normal Idationsliip betwoon tho  strcarris in t h  
prosotice of tho  silver iotliclo proj oct, tlius sccriiirig 
to  prohibit tbc! uso of con (1.01 slsciims ILS t i  bnsis 
for analysis. 

It, is possiblc, 1iowov~~r, to  cwiiiiinn tho  diitn for 
1950-51 under ussmiq)tion (1) abovc, tliut is, idiiit 

the silvcr iodide hiid u small ntid nogligiblc ofrcct 
coinparod to tlic dry ice, und tlirn oonsitlrr tlio 
rcsults tcntativo until the. cdlrct of silvrr iotlit-lr 
socltiiiig Iias I;ocoiiic morc clotirl.~ dotinod. 

’l’lic pertinent dr~ta for 1950-51 arc given in 
table 7. 

Socdiiig oportitious iwre ciirricvi out on the 
following dates : 

Octobcr (11011P) 
Novoiiil)c~r 10, 20 
I~ccclal,rr 2, 7 nInrcil 29 

nlny 1!1* 

1960 185 1 
.I (111 Ilury (I1 OIlC’) 

I’ebrunrg 3, 4 

April 4 ,  5, (i, 16, 17, I!). 28 

.Jriiie 1 ,  2 

11 will be obswvcd frorii thc t h t n  tliat the 0 

llow of 13ishop Crrclc fdl  bclow i81int prcdictrti oil 
t81ic hasis of t h ~  rcgr(wions, t is  wcll ns thatc pro- 
dictcd froin tlic snowpuuk aut1 ])rrc-ipitutioii. 011 
tflio otlicr linntl, t lio three liigliclst 13ishop snow 
coiirscs (Uisliop, iiiicl E n s t  a i d  W c s l  Piiit’o l’nsses) 
rccrivocl an uiiusiinlly liigli snowpack ns aoiiiprarrd 
with t h o  IZock Crrclr Coiirso No. 3 (fig. 23), tlio 
Mn~miiot~li courses (lig. 24), tinct Agiiew, ‘l’iopI 
and Diiiia hrctadows (fig. 25). 1 B o  lower Uishop 
courses roccivet1 less snow than iioriiial, as (lid the 
low courses in tho  n d j  ticwit Itock Crcrk witt~(~rs1iid 
(fig. 26). Conipnrison of tlio high with tlic low 
13ishop coiirses (fig. 28) shows, of coiirse, a high 
displuccincnt of tlio 1951 pointr toward tlic high 
c~oiirsc‘s. l’lie d a h  suggcsl that tho seeding imy 
have had tlio ofloct of incw\nsing tlic Bishop 
April 1 snowpnclc at tho h i g h  clovutioiis o l i l ~ ,  
b u t  not f wiiisliing sufficient additional witor t o  
show up iii tlic flow of Bishop Crcclr. Plottiiig 
tlic 1!)cil point on iigurc 27 gives some suggcstion 
t,liat, t , l i c b  scoding 1nn-y Iitivo docroasod the  sr~owpack 
tit t h o  lowar olcwitions. 

*Sllvcr iodldu soodiiig. 
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X. TlIE 1952 SEASON 

Because there was adequate natural precipita- 
tion, no cloud seeding operations wcrc carricd out 

over the Bishop Crcek watcrshcd during the 1951- 
52 season. 
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APPENDIX 

7’1ic formula for the variance as give11 by 
Ezckial 14, p. 3441 is 

1 VVC = (1 -E) vu (1 +;;ti+ 412’1 + cizx; + (733x32 + 
2c1:22122 + 3 CI,X,X, + 2c232sx3 

where VVc is the vnriancc about tlic 1-cagrcssion 
surfaco, 12 i s  the Iiiuliiple correlation cocfiiciciit, 
V, is the variaricc of Y, n’ is thr numbcr oi d~grcrs  
of freedom, C,, arc thc Gtiussiau coelficicrits, arid 
tlic z’s are deviations from the incans of tlic intlr- 
pendent variablrs (in our ctiso of tlio flows of the 
adjacent streams) . 

‘I’hom has oxt,cndcd this iori~iula to  cover tlic 
moan of sovcral indcpeiidrnt t csts (ycars) by 
writing 

1 1  vu,= (1 - 1 2 2 )  v, + 2 + cllg + C& t c3:,i$-l- 
2Cl2ZlZz+2C1&Z3+ 26‘&?2>:< 

wlierc k is the number of yems lo bo avcragcd, and 
the 5’s are averagcs of tho  tIcparturcs in ~,hc k 
years. 

For the aiiiiunl case, using the 192647  data, 
the formula is 

and for tlic April-Jrily case is 

Vvc = 9, G 13 8 (i +A + .OO7 3 1 OS;- + .OO 18697; - 

.006074?1>~) 

where rl  is the tlcvintioii of Rock Crcek in IO3 

x2 is tlic dcviatioii of Rush Crccli in lo3 

rr3 is t1ho dcviatioii of Owciis River in io3 

Fisher [GI shows tlint if P1, Pp,  . . . arc tlic 
probabilities of occurwiice of n iiidopeiideiit 
evciits, twice tho surn of t81icir logarithms is dis- 
tributcd as xz witb 2n dcgrecs of frcodom. 

lLCl.c-fcPt 

ncrc-foot 

acrc-feet 
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