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Introduction and Background

wWeather modification projects representing a wide range of effort and capability
have been conducted in California’s southsrn and central Sisrra Nevada since the late
1940°%s, The major sbjective of this study was to prepare a regional hydrolegic analysis of
the sntirs southsrn and central Sisrra, extending from the latituds of Bakersfisld, Calif.,
to the latituds of Reno, Nevada, to identify tremds in runoff and to identify which of these
trends might rsasonably be associated with westher modification activitiess, The analysis
was not intsnded in any way to svaluate ths rslative sffects of specific projects on
specific targets, nor was it intended to evaluate statistically specific increases in run-
of f resulting from weather meodification sctivities. Instead, the analysis was designed to
(1) outline areas of increased runoff resulting from weather modification activities and
to provide general information on the probable magnitude of increases; (2) to identify
changes in runoff in terms of target and/or generator locations, and (3) to investigate
possible downwind or side effects; and possible interproject effscts of major magnitude
which might exist in the area of rsgional analysis,

The Sierra Nevada creates a metsorologic barrier soms 400 miless long; with sleva-
tion ranging from nesar saa lesvel in the San Joaquin vVallsy to owar 14,000 feet aleng the
crest, This is an area in which accumulation of snow during the winter months storas water
for release during spring and summer snowmslt. Inaccessibility of the snow covered area
during the period of accumulation has limited the smount of data availabls, Although snow
measuraments are made throughout the area; thess measursments are made only at monthly
intervals. Only within recent years have major strides been made in obtaining teslemetered
data fram the high country. As a consegusnce of paucity of detailed precipitation and snow-
pack data, streamflow data have bscoms psrhaps the most valuable source of informatien for
estimating climatelogic end hydrolsgic trends throughout the Sisrra,

Three major weather modification projects have been carried on in ths southern and
central Sierra, although many smaller projects have besn attempted during the same periocd of
time (Figurs 1). The southernmost project considered in this paper is intended te increass
the runoff of the entire 1,600 square mile Kings River Watershed. The project is conducted
for thes Kings River Water Assoclation by Atmospherics,; Inc.; of Fresnc. This project has
besn continucusly operated from the 1955 water year to present, Prsdscesscr companies may
havs carrisd on seme activity in the area prior to 1955. The sscond project is in the San
Joaguin drainage and is conducted for the Southern California Edison Company, a power gen-
erating utility, by North Amsricen Weather Consultants. This project has besn conducted
continuocusly from the 1551 water year to the present, The target ares of this project is
somswhat smallsr than that of the Kings River project, as it includes only the up=stream
tributaries above Southern Califormnia Edison diversion,; storage and gensrating facilitiss.
Ths third project was conducted on the Stanislaus and Molelumne River watersheds at the
northern end of the central Sisrra for the Pacific Gas and Electric Company by North Amer-
ican Weather Consultants, This projsct lasted from 1953 to 1961. Note that thers is a gen-
aral overlap of periods of operstion,

Exploratory Work

The first step in explorstory work on this projsct was to select basic data for
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use in analysis, rscognizing that some basins may have frands resulting from works of men,
differences in masasursment tschnigues, change in locstion of ogaging stations, eteo. It was
reascned that careful selectisn of contzol basins and analysis of numercus test basins
would tend to minimize unreal trends.

Initial analysie consisted of double-mass pletting (Linsley, Kohler and Paulhus,
1958) of annual streamflow for the 40~year period 1925 to 1964, At the time ths project was
initiated, corrections for impairments al many stetiene could bs made enly through the
1963-1964 water year, Recerding gage-helight instruments came inte commen use in the sacly
1920°s, and it was anticipated that the entirs 40-year period would be suitable for use in
hydroleogic analysis. Heowsver, deuble-mass pleotting quickly showed that many of ths stations
with long pericd records did have inconsistencies in the sarly portisn of that period.
Rather than attempt to corrsct the sarly period record; the first 10 ysars of ihe psricd
were eliminated so that the final period of the analysis was 1935 throuagh 1964,

Double-mass plotting alse uncoversd an apparent north-south trend im runoff. With-
in recent years of recerd, northern statiens have apparently had more runoff than expected
comparsd to sputhern stations. Analysis of this preblem, which extendsd as far nerth as the
Sacramento and Feather River basims and the north coastal arsa, indicated that the trend
apparently psrsists throughout the arsa investigated., To verify that this was not strictly
a runcff phenomenon, groupings of precipitation stations were alao analyzed, disclesing ths
same basic trend (Figure 2}. If any specific break in this time trend could be pinpointed,
it would bs in the middle 1940%s,

In order to further enalyze possible trsnds, ssveral strsams with extremely long
periods of receord wars plotted back to the turn of the century, Similar spparent trends are
discernible in this sarly record, Studies conducted by the U. 5. Geslogical Survey in
Southern California (USGS, 1963) indicate thait precipitation data in the southern portion
of the state shows a time trend similar te that indicsted in the southern Sierra, furthsr
verifying the effects noted in runcff data,

Evidence of apparent nerihesouth time trends in the records dictated that any
model crsatsd for analysis of the date would have to include comparativs data beoth to ths
north and to the south of the test basin under analysis. The assumption made was that some
linear relationship exists between the twe contrecl basins and that the intsrmediate taest
basin being analyzed would fit intc the overall pattern., Further statistical analysis of
basic data tended to bear out this assumption. For example, a linear regression betwsen dis-
charge of the Kings River and the Merced River at Pohono Bridge, lecated approximately 85
miles to the north, gave a correlation coefficient of approximatsly 0.88. On the sther hand,
a gimilar multiple limear regressicn to estimate discharge of the Kirngs using the Merced on
the north and the Kern River near Kernvills on the south gavs a corrslation coefficient of
over 0,88, Peor corrslations tend to maks detection of trends more difficult and statisti-
cally less rsliabls.

Analysis Technigue

After the decisien te use a dual centrel type model was made, the most reasonable
approach for proliminary analysis appearsd te bs a computerized multipls regression., During
analysis more than 300 multiple regresssions were run on this project., The computsr analysis
was to be used only for preliminary work, leaving more detailed analysis to a method which
permitted visual inspection of data,

The unit time interval used in the final enalysis was ths watsr ysar. The water
year discharge in acres fest was selected as the unit of analysis because it most nmsarly re-
presents the lsngth of the snowmelt hydrograph in the Sisrra, Carry-sver from sources other
than snowmelt represent a minor portion of the amnual runoff (Hannaford snd Williams, 1967)
on most basin,

In order to simplify detection of the effect of wsather modificatiom, if this
effect does exist on a particular basin, a modification veriable was takem as zero in ysars
where no modification activity sccurred and plus one in years where modification programs
were active, A separate set of weather modification data was preparsd for sach of the
three projects, That set of data was applisd to all streams where seading effects might be
detected. It should be pointed put that since these projects overlappsd in time and in fact
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covered almpst the same perled of record, the results obtained using data from one wsather
modif ication project wers generally very similar te results using data from either of the
sther two projscts,

Basic Runoff Data

In an anlysis of this type, there is always a question concerning the effects of
naturs or man upon hydrelogic records. Increased consumptive use, construction of major
storege or diversion werks, change in gaging station location or the method of measursment,
improved measursment techniques snd weather modificatien activitiaes may have an sffect on
the runoff from any given basin, Each of the records used in this study was analyzed in
order to avoid or winimize thase effscts. The problem of attempting to develop a group of
consistent records where the very item which is under study will be manifest in a record-
incensistency can rsadily bes visvalized,

The first step im analysis of the basic data was to select groups of control basin
records which would be as frese of the works of man as possible. Howsver, it is difficult te
find a major basin in ths central and southern Sierra that is completsly uncontaminatad by
weather mdofication prejscts, (Figure 1).

Control basin criteris were set up as follows:

1. No major works of man were to be placad above the gaging station during the
period of analysis, This obviously eliminated a large pertion of tha watersheds
in the Sisrrs almost immediately, With the exception of one watershed; no new
work was done abgve the control gages within the period of analysis, and in
that particular instance, correction was made for trans-basin diversiocns for
two years on the end of the racord.

2, Pre-axisting effects of man were to be acourately and censistsntly recorded ta
make corrections for such itsms as ressrvoir storags.

3. The full peried of racord was to be taken at the sams location or completely
correctible to the sams locabion,.

4, ELClavatiens, topoogrsphy and physical characteristics of ths basins selected
ware to be representative of the Sisrra at that latituds,

5. A United States Geological Survey streamgage raliability rating of *good" or
wgxcellent® was required (USGS 1964),

6. The basin was to be leocated in an area where there was no probable effect of
waather modification activities; or at least the effect was thought te be
vary minor,

Double mass plots wers run on all proposed control basins against out-gf-target
area precipitation and out-of-target area runoff. Final selection of centrol basins included
the following from north to south along the Sisrra:

Name of Gaging Stalion Average Annual Runoff 1/ Location and Study Area
middle Fork of American 1,067,600 AF Northern
River nesar Auburn
Tuolumne River asar Hetch 769,100 AF Central
Hetchy
Merced River at Pehono 535,000 AF Central
Bridge
Kern River near Kermnville 4,450,800 AF Sosuthern

Historically some of these controls have been used by others in hydrologic evalua=
tion in the southern Sisrra. Henderson (1364) has ussd ths Kern River near Kernville and
the Merced River at Pohono Bridge to svaluate runoff sn the Kings River, Inflow to Pine
Flat Reservoir. Markevic (1966) used the Merced River at Pohono Bridge alone to evaluats
the Kings Rivaer, Inflow to Pine Flat., Elliott and Leng (1967) have used the Merced River at
Pohone Bridge for svaluation of projects in the area, It is interesting te note that the
U, S. Genlogical Survey has designated “ths Mercsed River in the Sierra Nevada . . . as ons
of . . . a group of stations in diverse environments throughout the nation that are not

i/ Avarage is for the period 1935 to 1966,
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likely to be affected by the works of man,; but will vary solely as the result of natural
causes, Thase stations will serve as a network of benchmarks with which other stations can
be compared to provide a measure of the effect of men®s activities on hydrelogy.® (USGS,
1867)., The Tuolumns River near Hetch Hetehy is located in Yosemite National Park, There is
storags above the gaging station that has been opsrating in ths arsa since 1923, A major
portion of the Kern River above Kernville, Califernia, also lies within a national park,
Howsver, at the point of measursment, e pertisn of the water is divarted through a power
canal, The summation of the flow in ths stream and ths power canal has bsen ussd as the
record for Kern River mear Kernville simce 1923, Unliks other streams sslected as cone
trols, the mMiddle Ferk of ths American River msar Auburn does not lis within a national
park, Drainages of several hundred square miles eor mors im ths northern Sisrra without

the works of men are bscoming increasingly difficult to find, This rscord wes corrected
for minor diversiens which have occurred Iin ths past and for storasge which has besn da-
velopad in the past few ysars in the upper portions of the basin,

Criteris for selection of othsr basins used in ths analysis were not as stringent
as for control basins, The requiresment for no change in impairment during the period of
record would have left too fasw stations for a reglonal analysis. ALl stations were cor-
rected as nearly as possibls to the same physical conditiens throughout the sntire period
of record. It should be berne in mind that the results can be influsnced by changes in
measurament methods. Inter-basin diversions might make spparent changes in the character-
istics of ths runoff. Thars ars any number of other problems which could influsnee the
basic data, The peint of a regional analysis is that it takes into account all recerds
which are availablse, and bilases, linked to wsather modification or not, may be considered
in analysis,

Analysis and Interprastatien

In sach case where computer analysis indicatsed results sultable for additisnal
work, furthsr analysis was dons te obtain a more graphic repressntation of any spparent
trends. Double-mass diagrams were plottaed of the actual annual discharge from the test
basin versus discharge from the test basin sstimated from two control basins {Figure 3),

In analysis of the plots, en sttsmpt was made to establish or identify the
following:

4. Did any break in the doubls mass line coincide with the aspproximate date when
wsather modification activities begsn in an arsa which might influsncs the partice
ular test basin? In some cases computer analysis showed an appavent change in run-
of f related to the period of weather medification activity, even though plotting
indicated that the actual point of break was before or well after the date when
waather medificetion ectivity bagan, In many cases results were eliminated Trom
this study becauss of Insufficient svidence that an apparent increass im rumoff
could be directly associated with the time period of weather modificatien activity
in ths area, The matsrial repressnted en the map (Figure 4) shows an apparent
change in runoff coincidsnt with the period of wsather modificetion of one or

more of the Sierra projescts.

2, Did mors then one break point occur? If more than one major bresk did oscur,
then was variation in slope the result of change im runoff characteristics of the
basin in wet eor dry periods,; or could it be traced through station histories? Re-
sults were adjusted or ignored, depsnding upon the information availabls,

3. What was the magnituds of the change in slope? The magnitude of the spparent
change in runoff during the period of weather modification sctivity was sstimated
both from the regression analysis and from the plotted data. Generally ths plotted
data controlled as the effect of trends could bs more readily observed visuslly
than numericelly.

Figure 3 shows a typical double-mass plet prepared from the computer analysis in the San
Joaguin targst area. Results of all of the analysss appsar in Table 1.
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Rasults of Analysis

Targat Ares Effect The rasulis of ths analysis delineated on ths map of ths
southern and central Sierra (Figure 4) indicete that, for the most part, spparent increases
have occurrsd in the intendsd target aresas,

In the Kings River basin,; (Kings River, Inflow to Pine Flst), an increase of about
7 percent was detected starting about 1954 or 1955 and continuing through 1964, The method
of racording flows at this station has been alisred over the ysars, lsaving ampls reason to
doubt an increasse in runoff from statistical analysis, Pine Flat Dem went into operation
within a very few years of the date when a major westher modification project wse initiated
in the basin. Differsnces in msasurement procsdurss necessitated by Pine Flat Dam may
have resulted in an apparent changs in the runoff from ths basin, Mowever, inspsction of
increases at a numbar of subebasins within ths major Kings drainags verifies increasad
runoff in the 5 to 10 percsnt range. Highest incrsases in this basin ars on the Nerth Fork
which may be consistant with sesding generastor locations and storm wind direction in ths
Kings River basin. However, sven the socuthern poriion of the Kings basin suggests soms
increase in runoff. Inspesction of records at these up-stream points reinforces the validity
of the incrsase detected at ths Pilne Flat station, OF ths stations analyzed in the Kings
River basin, only the Kings River above North Fork (South and Middie Forks of iths Kings
River) has had no interruption in record or censtruction during the psriod of analysis,

In the San Joagquin project area, increases similar to thoss on ths Kings were notw
sd. Previous investigaters have reportsd en 8 percent increase in runoff for the target of
the San Joaquin preject as a whole., (Elliott and Lang, 1967) This regional study substan-
tiates their rssults, sven though variation from sub-basin to sub-basin has been notad,
The drainags of Big Cresk bslow Huntington Lake has an incrsase over 10 psrecent, it is
interesting te nots that this particular basin probably has the gresatest concentration of
ssading generators Likely te have potential influence on prscipitation in that basin,
Howaver; a majority of the water passing through the basin is diverted from other targst
basine in the mrea. Lven small discrepanciss in computabion of the full natuzal flow in
the Big Cresk basin could result in substantisl appsrent incrsassss of runeff. Howsver, any
consistent error made in the rscord for Big Creek below Huntington Lake would probably be
the result of a similar consistsnt srror with the opposite sign mads in ons or more of the
other targst aress in the projsct,

South Fork of the San Joaquin River above Florenca Lake, Bsar (rask and feno Cresk
show apparent increasss in the 6 to 8 percent rangs, which a2rs cowmparable to incrsases de-
tected on the North Fork of the Kings River. Bear Cresk, a high elsvation watershed lying
batween the South Fork of the San Joaquin and Mono Creek, shows littls or no apparent ef-
fact in the computsr analysis, but pletting disclosss an increass of approximately 6 pere
cont baginning 1954 or 1955. A break in slope in the serly 1940%s apparently masks out
any increase coincident with weether modificetion in the computer analysis,

while not the primary target on the Southern California fLdison prejsct, the northe
arn portion of ths San Joaguin basin has at least been considered = sseondary targst. Data
which covsrs the sntire period of analysis is not avallable on the North and Middis Forks
of the San Joaguin River, A few records were started about 1922 and continued through 1928,
Annual records wers reinitisted in 1952 or later. Remote location and ssvere winter cone
ditions affected the early records at these statiocns so that only two statisms wers thought
to have record satisfactory for analysis, These records wers analyzed using a comparison of
slopes betwesn the sarly record and the late rascord, The San Josquim River at #Miller
Crossing shows an apparsnt increass in runoff of approximatsly 7 psrcent, which is compare-
abie to that on the primary target arsa. Nocth Fork of the Sen Joaguin bslow Iren Crask,
which is adjacent te ths Merced Rivsr basin, shows an aspparent incrsase of 4 percent. The
reliability of this increase may be very low, bui it seems to fit into the pattsrn develop-
ing in Figure 4.

In thas Stanislaus-Mokelumne arsa, only on three watersheds were significent in-
creases detscted, Although data problems may be in part responsibles for the results found,
the pattern suggssts storm wind movement and targeting problems. The Socuth Fork of the
Mokslumne River near West Point, the Middie Fork of the Mokslumne River near West Point,
and Cole Creek nsar Mokelumne Psak sll had imcreases in the 5 ts 10 percent range, The
two Mokslumns River stations have an inter~basin diversion and certain uses which make
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the date somswhat guestionable, but the effect is sposrentiy quits zeal end clossly relat-
ed to the period of weather modification activity, North Fork of the Stanisleaus Rivar near
pvety shows & small apparent increass., The bresk in slupe occurs about 1950 and there is
no reduction in slops after 1961 when seeding activities cessed on ths local srejesct,
Other Stanislaus tributaries showed Little effect, Minor positive effects have heen noted
in watersheds located te the north of the target area, but these effects, slthough consis-
tent in sign, could by no means be termed statisticaslly significant. Construction starting
in this srea about {959 has affacted recurds coneiderably,

Contrel Arsa Lffect Analvsis using various combinations of control basins suggests
that soms control basins may be expesriencing effects from weather modification. As an ex-
ample, the Merced River at Pchono Bridge shows s slight positive effect when compared with
a lower stetlon, Merced River, Inflow to Excheguer. This situation suggests s minor posi=
tive effect of weather modification in the upper portion of the Rercsd River watershed,
This is understandable coneidering that ths Msrced basin is adjacsnt to the North and
Middle Forks of the San Joaquin, which are sscondary target arsas in the San Joaquiln pro-
ject, but resulte are far from conclusive. Positive effects on a control may tend to de-
crease the apparent effect on the test basin,

If the Merced is affectsd by the projescts to the ssuth, it is sntirely possible
the same cenditicn may be Found on the Tumlumne. Though little svidence of such sffect
appearsd in thess studiass, the mep of Figure 4 suggests the sffect may be thers.

There is a possibility that the Kern River above Kernville wmay have alsoc besn
affected by weather modification sctivitiss in the past. In spite of this pepesibility,
analysis of the Kern was far from conclusivae,

Downwind Effects Controversy has ranged far and wide on ths effects of weather
modification activitiss outsids the target ares. Apparent effects identified in this study
are delinsated on Figure 4,

Observers commenting on the direction of storms as they pass over the Sisrrs
Nevada {Eliiott, 1967c) indicate that winds approsching the rangs from the southwest are
deflascted as they mest ths range, travel to the north and sventually cross sasterly over
the range somewhers to the north of the original point of intersection of the Sisrra. This
factor would indicats that downwind effects could be expected te the north of eaxisting
sseding projects. Analyses of streemflow records slong the sast side of the Sierra indicate
no really significant effects in the (Qwens Vallsy regien south of Bishop. In the Ouwens
Valley area, watersheds do tend to be grouped by positive and negative effscts, but thsss
affects could not be termed significent from a statistical view-pnint,

On ths easst side watershsds adjacent to the Tuclumne and Stanislaus watershsds, an
arsa of substentlasl apparent incresse was detbected. AlL enalysis indicates thet this ine
crease is actual and timed to coincide with the wesather medificetion projscts in the south-
ern portion of the west slope of the Sierra. Apparent increases in the 5 to 10 psrcent
range wsre notad on the Walker and Carsen Rivers, being gensrally larger in the southern
portion of the sres and smaller in the north. This pattern tends to confirm Elliott's
{1967b) findings. It should bs noted that ths timing of these increases is such that it
nearly coincides with the beginning of all thres of the major projects discussed, Howevsr,
the slopes of the double-mass plots showing this increase does not return to its pre-ssadsd
value following termination of the project on the Mokelumne-Stanislsus basins in 1961,

Areas of Neagative Effect Negative effects were noted on some stream basins {i.e.,
there was an apparent decrease in runeff within recent years). In sach of these casss, the
test basin silther had diversion for consumptive uss above the gaging station or major con-
struction within the basin during the period of analysis, Presumably consumptivs use may
have increased with time, thus producing an apparent decrease in the runoff with time, In
no cass did a basin with a significant apperent decrease show the beginning of that de-
crease coincident with the beginning of the weather modificatien cperations in the area,

Conclusions
in cenclusion, this regional hydrologic study has provided important background

informstion concerning weather modification projscts conducted in California®s Sisrra
Nevada,
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First, most target ereas hve shown apparent increases in punoff during e periocd
caincident with weather modification opsrations in the area, Tha pattern is clear sven
though increagss may only be in the 5 te 10 percent range. This certainly implies that,
for the most part, Sierra weasther modification projects have bsen succsssful,; being his-
torically well targeted and effective, Even though the Stanislaus-Mokelumna projesct did
not sppear to target the desired area, some spparent increases were dstected in ths im-
mediate arsa of the project.

Second, thare is an appsrent area of downwind effeet showing increases in runoff
of a magnitude aimilar to that in the targst areas. Howsver,; the mschanisms for these af-
facts and the point of origin will require more analysis before specific conclusiens can
be drawn. The pattern on Figurs 4 appears coneistent with Ellictt®s (1967b) findings, and
no reagson has yet been feund to rsject these resulis, although considerable affort has
baen expendad to seek out causses other than weather medification for the abserved trends,
It is anticipated that additional work will be dons to investigats downwind effects in the
Nevada desert reqgion and in the Sierra north of Lska Tahoe, whers effscts of the Stanislaus-
Mokelumne project might be detectsd if the apparent southern Sierre pattern prevails,

Third; no periphsral or downwind effects indicating decreases in runoff were found
which could be asscciated with the period of weather wodification activity. If any negetive
effects do exist, they are sither too swall to be detectad or we have not explorsd far
enosugh afisld to find thenm,

It is rscognized that rigorous stetistical proof with the data in this anelysis is
a virtual impossibility. Apparent effects ars small when ralested te overall discharge and
potential msasurement errors, sc that detection with a suitable degres of statistical re-
liability on many individual basins may not be possible, Howsver; as indicated on Figure
4, an overall pattern is developing which appears consistant with findings of others in
this and sthsr aress. It is belisved that this study has given valusble insight as to the
ef Facte and mechanics of weather modification operations in California®s Sierra Nevada,
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