located near Bishop, near Big Pine, north of
Independence, and near Lone Pine (Hollett and others,
1991, fig. 5).

HYDROLOGIC SYSTEM

The hydrologic system of the Owens Valley
can be conceptualized as having three parts: (1) an
unsaturated zone affected by precipitation and evapo-
transpiration; (2) a surface-water system composed of
the Owens River, the Los Angeles Aqueduct, tributary
streams, canals, ditches, and ponds; and (3) a saturated
ground-water system contained in the valley fill.

The following evaluation identifies key
components of the hydrologic system, describes their
interaction, and quantifies their spatial and temporal
variations. Discussion of the unsaturated zone is
limited to precipitation and evapotranspiration. The
evaluation also includes the interaction between the
hydrologic system, much of which has been altered by
human activity, and the native vegetation; this
interaction is the subject of recent controversy and
litigation.

For purposes of organization, the surface-water
and ground-water systemsare presented separately. For
items that have both a surface-water and a ground-
water component, such as the river—aqueduct system,
the discussion is presented in the section entitled
“Surface-Water System”; included in thisconventionis
the quantification of ground-water recharge and
discharge. All water-budget calculations are for the
areadefined by Hollett and others (1991) asthe aquifer
system (figs. 4 and 5). Three key periods—water years
1963-69, water years 1970-84, and water years
1985-88—were used to calculate historical water
budgets, to calibrate the valleywide ground-water flow
model, to verify performance of the model, and to
evaluate past and possible future changesin the
surface-water and ground-water systems (table 4). A
compl ete description of the ground-water flow model is
included in the section entitled “ Ground-Water
System.”

Precipitation and Evapotranspiration

Precipitation

The pattern of precipitation throughout the
OwensValley is strongly influenced by altitude, and
precipitation varies in a predictable manner from

approximately 4 to 6 in/yr on the valley floor to more
than 30 in/yr at the crest of the Sierra Nevada on the
west side of the valley (Groeneveld and others, 19863,
1986b; Duell, 1990; Hollett and others, 1991, fig. 3).
On the east side of the valley, precipitation follows a
similar pattern, but with somewhat |ower rates of 7 to
14 in/yr because of the lower atitude of the Inyo and
theWhite M ountains and the rain-shadow effect caused
by the SierraNevada. Snow, when present onthe Sierra
Nevada and the White Mountains, commonly is absent
on the Inyo Mountains (fig. 3) and the Coso Range. Of
the total average annual precipitation in the Owens
Valley drainage area, about 60 to 80 percent falls as
snow or rainin the SierraNevada, primarily during the
period October to April. A lesser quantity falls during
summer thunderstorms.

As shown in figure[7A] the pattern of average
precipitation is well defined by the more than 20 pre-
cipitation and snow-survey stations that have been
monitored routinely, many for more than 50 years

[ (fig. 7C). Average precipitation tends to increase from
south to north, much as does altitude of the land sur-
face. Thestrong correl ation between altitude and recent

mean annual precipitation can be seen in and

can be described by the regression equation,

RAVE
P!

i = 0.00245 LSD; —3.205 , 1)

where
P FAE isrecent mean annual precipitation, in inches
per year, on the basis of datafor rain years
196384,
LSD isadltitude of land surface, in feet above sea
level; and

i isanindex referring to location.

Regression equation 1 was fitted by hand from
figure 7B, which is a graph of data presented in figure
7C, with an emphasis on data from the west side of the
valley where the bulk of the more transmissive mate-
rials of the ground-water system are present (fig. 4).
Predictably, the White Mountain Stations 1 and 2 (sites
19 and 20, fig. 7B) fall somewhat below the line. A
similar relation that more accurately represents precipi-
tation falling on the east side of the valley could be
developed (Lopes, 1988, fig. 3). However, that relation
would need to account for the difference between the
guantity of precipitation falling on the White Moun-
tains and farther south on the Inyo Mountains
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(fig. 3)—only part of which seemsto be attributable to
adifference in altitude of the two mountain ranges.
The time period (rain years 1963-84) used to
develop equation 1 was chosen on the basis of two
criteria: anearly completerecord for al 20 stationsand
symmetry with the period selected for calibration of the
ground-water flow model. Because very little precipi-
tation occursin the Owens Valley during July through
September, precipitation valuesfor arain year (July 1—
June 30) arevirtually identical to valuesfor the corres-
ponding water year (October 1-September 30), which
is used to summarize streamflow and ground-water
pumpage data. Equation 1 can be generalized for a
much longer period of record using datafor the U. S.
Weather Bureau station at Independence (site 10,
[fig. 7C).|Long-term mean annual precipitation at this
station, for the 99-year period 1886-1985, is5.10 in/yr
(M.L. Blevins, Los Angeles Department of Water and
Power, written commun., 1986)—in comparison with
5.98 in/yr for rain years 1963-84. Scaling equation 1
by theratio 5.10/5.98 produces an estimate of the long-
term mean annual precipitation (P ™) at any location
aong the west side of the valley. Thisrelation is:

PiLTAVE _ 510 p RAVE, @

9

o
[e3]

where unitsof both P*™E and P™E areinches per year.
Precipitation (P, ;") for a particular year (j) can be
estimated by using annual precipitation at the Inde-
pendence station (P, ,, ") for that same year as a
weighting factor:

AN

Bl o

where
PAN isannual precipitation, in inches per year;
P-™E islong-term mean annual precipitation, in
inches per year; and
P. isannual precipitation at the U.S. Weather
Bureau station at Independence, in inches
per year.
Estimates of precipitation based on equations 1, 2, and
3 for locations on the valley floor need to be used
cautiously because of significant local variability in

precipitation|(fig. 7B).

Although the spatial distribution of mean annual
precipitation iswell documented and highly correlated
with altitude (fig. 7B), the spatial distribution of
precipitation during specific yearsis highly variable
(Hollett and others, 1991, fig. 3). For example, annual
precipitation at Bishop and at I ndependence was
compared for rain years 1935-8§ (fig. 8)| On average,
similar quantities of precipitation fall at Bishop and at
Independence (sites 2 and 10, respectively, fig. 7C).
Thissimilarity occurs because both sitesare located on
thevalley floor and differ in altitude by lessthan 160 ft.
Asshown in figure 8, however, it is not uncommon for
either site to have more, sometimes much more,
precipitation during a particular year. C.H. Lee (1912,
p. 15) noted that the high variability in precipitationin
the OwensValley istheresult of thethreedistinct types
of stormsthat occur inthearea: (1) north Pacific storms
that dominate the rainy season and provide most of the
precipitation both to the mountain areas and the valley
floor, (2) south Pecific stormsthat migrate north up the
valley (usually afew times each year) generating
sporadic precipitation, but favoring neither the Sierra
Nevada nor the Inyo Mountains, and (3) local storms
which occur during summer and which are an impor-
tant contributor to total precipitation on the east side of
the valley. This annua and seasonal variability makes
continued monitoring of precipitation at various sites
throughout the valley important—especially because
both the quantity and the timing of precipitation on the
valley floor play acritical role in the water use and the
health of native vegetation (Sorenson and others,
1991). Ground-water recharge from precipitation is
highly dependent on the quantity of water used by the
overlying vegetation and is discussed in the next
section on evapotranspiration.

Evapotranspiration

Evapotranspiration by the dominant native
vegetation of the valley had not been measured since
the detailed lysimeter studiesby C.H. Lee(1912) inthe
early 1900's. Instead, evapotranspiration was estimated
astheresidual, avery large residual, in numerous
water-budget studies (California Department of Water
Resources, 1960, 1965, 1966; L osAngel es Department
of Water and Power, 1972, 1976, 1978, 1979; Danskin,
1988). A key element of the cooperative studies begun
in 1982 by the U.S. Geologica Survey, Inyo County,
and the Los Angeles Department of Water and Power
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Figure 7. (A) Contours of mean annual precipitation; (B) relation between recent mean annual precipitation and altitude; and (C) data for
selected precipitation stations in the Owens Valley, California. Data from E.L. Coufal, Los Angeles Department of Water and Power,
written commun., 1986, and oral commun., 1989. Map modified from Stetson, Strauss, and Dresselhaus, consulting engineers, written

commun., 1961.

26 Evaluation of the Hydrologic System and Selected Water-Management Alternatives in the Owens Valley, California



B 30
= c? 20 I— 9 —
S § 14
~ —
S0 N Site number Values not used in _|
g g = (see 7C below) X regression equation
O > >
rz g
ﬁ = 3—) 10— 185\ v Regression equation I
< iy 16 3 (P RAVE) = 0.00245 LSD - 3.205
% LL % | 18— 2 r2 =0.99 |
S B\
I 1312°9
= 8 0 — —
i | _
o
10 | | | | |
0 5,000 10,000 15,000
ALTITUDE OF LAND SURFACE (LSD), IN FEET ABOVE SEA LEVEL
C Recent mean annual
precipitation for rain Period of
Site years 1963-84  Altitude Latitude Longitude record
no. Station name (inches/year) (feet) (north) (west) (rain years)
1. Rock Creek at store 18.30 9,700 37°27" 118°45' 1948-88
2. U.S. Weather Bureau, Bishop 5.67 4,108 37°22' 118°22' 1931-88
3. Bishop Yard 7.12 4,140 37°21 118°24' 1931-88
4. U.S. Weather Bureau, Lake Sabrina 16.56 9,100 37°13" 118°37" 1926-88
5. U.S. Weather Bureau, South Lake 20.30 9,620 37°11' 118°34" 1926-88
6. Big Pine Power House No. 3 10.72 5,400 37°08' 118°20' 1927-88
7. Big Pine Creek at Glacier Lodge 19.45 8,200 37°06' 118°26' 1948-88
8. Tinemaha Reservoir 7.20 3,850 37°04' 118°14' 1935-88
9. Los Angeles Aqueduct at intake 6.49 3,825 36°58" 118°13' 1932-88
10. U.S. Weather Bureau, Independence 5.98 3,950 36°48' 118°12' 1886-1988
11. Onion Valley 122.77 8,850 36°46' 118°20' 1950-88
12. Los Angeles Aqueduct at Alabama Gates 4.24 3,675 36°41' 118°05' 1931-88
13. Lone Pine 4.06 3,661 36°36' 118°04 1919-88
14. Cottonwood at Golden Trout Camp 119.04 10,600 36°29' 118°11' 1948-81
15. Cottonwood Gates 7.31 3,775 36°25' 118°02' 1928-88
16. North Haiwee Reservoir 6.60 3,850 36°14' 117°58' 1931-88
17. South Haiwee Reservoir 7.79 3,800 36°08' 117°57" 1924-88
18. Haiwee Power House 15.34 3,570 36°07" 117°57 1930-75
19.  White Mountain No. 2 119.73 12,070 37°35' 118°14' 1953-88
20. White Mountain No. 1 113.94 10,150 37°30' 118°10' 1950-77

1Short or discontinuous record.

Figure 7. Continued.
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was to measure evapotranspiration at representative
vegetation study sites throughout the valley (fig. 2), to
relate these data to soil and plant characteristics at the
sites, to extend the relations to quantify evapotranspi-
ration throughout the valley, and then to synthesize the
resultsin an analysis of the overall hydrologic system.

As part of the studies of native vegetation, Duell
(1990) used micrometeorol ogic equipment to collect
detailed evapotranspiration measurements during
198485, aperiod of relatively abundant surface water
and ground water in the valley. The results for high-
ground-water alkali meadow and alkali scrub com-
munities (fig. 6 and table 3), which are summarized in
table 5, show that evapotranspiration rateson thevalley
floor ranged from about 12 in/yr to about 45 in/yr
depending on the type and percentage of vegetative
cover. Assuming that these rates are representative of
average conditions on the valley floor where the depth

to water is approximately 3 to 15 ft, then evapotran-
spiration is about 3 to 6 times greater than the quantity
of precipitation that is available.

During the same period and at the same sites,
Groeneveld and others (1986a, 1986b) collected tran-
spiration measurements from native vegetation using a
porometer, an instrument that encloses afew leaves of
aplant and measures water-vapor flux (Beardsell and
others, 1972). These measurements can be converted to
transpiration from an entire site using measurements of
total leaf area per plant and plant density per site.
Results from Groeneveld and others (1986a, p.117)
suggest that most of the evapotranspiration measured
by Duell (1990) istranspiration from native vegetation.

Coincident monitoring of soil moisture at the
same sites indicated that most of the transpired water
camefromthe unsaturated zone, including that part just
below the land surface. These findingsindicate that the
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plants, although originally classified as phreatophytes, (Nevada saltbush) (tables 3 and 5), was found to be
might be described more accurately as facultative restricted to shallow-ground-water zones. The phenol-
phreatophytes (Sorenson and others, 1991). However, ogy, reproductive processes, and flooding tolerance of
one common plant on the valley floor, Atriplex torreyi Atriplex torreyi suggeststhat it is an obligate

Table 5. Composition of native plant communities, ground-water-level and precipitation data, and range in evapotranspiration estimates at
vegetation study sites in the Owens Valley, California

[nc, not collected; —, not available; USGS, U.S. Geological Survey. Vegetation data from the Los Angeles Department of Water and Power (R.H. Rawson,
written commun., 1984, 1987); evapotranspiration estimates from Duell, 1990. Estimated annual evapotranspiration from the saturated ground-water system
equals average annual evapotranspiration for 1984-85 minus annual precipitation for 1984]

Annual evapotranspiration for ~ Estimated
Most common plant types

1984-85 (inches) annual
Site evapotrans-
desig- Native high- Total Range of Annual piration
nati(?n Well ground-water Percent- vegeta- ground-water precipi- from the
(figure 2 number plant ¢ age of tive  levelsfor1984 tation for . A Mini saturated
gn p (table 1) community ommon total cover  (feetbelow 1984 axi- Ver: n- ground-
table 1) (table 3) name vegeta- (percent) land surface) (inches) mum age mum water
tion system for
1984-85
(inches)
A USGS1... Alkdine Alkali sacaton... 43 42 10.5-15.5 nc 33.6 32.3 30.9 —
Me0OW.  pissian thistle.. 22
C USGS2... Alkaine Satgrass........... 34 35 10.2-11.4 59 21.8 185 14.8 12.6
meadow. - b ibber 25
rabbitbrush.
E USGS3.... Alkaine Rubber 24 26 10.2-10.9 nc 23.6 23.6 235 —
scrub. rabbitbrush.
Alkali sacaton... 23
Mormon tea...... 8
F USGS5.... Alkadine Satgrass.......... 34 24 8.0-9.0 6.3 18.9 15.2 11.9 8.9
scrub. Greasewood...... 27
G USGS6.... Alkaline Saltgrass........... 30 33 7.1-89 nc 25.8 24.3 22.8 —
meadow.  Akali sacaton... 13
Rubber 9
rabbitbrush.
J USGS7... Alkdine  Nevada 29 50 4.7-1.2 nc 33.0 320 310 —
meadow.  saltbush.
Alkali sacaton... 21
Rubber 16
rabbitbrush.
L USGS10.. Alkaine Saltgrass........... 20 72 1-39 31 44.8 40.5 331 374
meadow. - Alkali sacaton... 17
Balticrush......... 15
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Power (R.H. Rawson, written commun., 1988).
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phreatophyte in the OwensValley (Groeneveld, 1985).
This species aso was found by Dileanis and
Groeneveld (1989) to be among the most drought
tolerant of the dominant species on the valley floor.

Soil-moisture monitoring also indicated that

much of the precipitation that falls on the valley floor

[ (fig. 7)|percolates into the near-surface unsaturated
zone and later is transpired by native vegetation
(Sorenson and others, 1991). Except during brief
periods of rainfall or snowmelt, or in areas where the
water tableis nearly at the land surface, evaporation is
not adominant part of evapotranspiration from the
valley floor.

The findings of Duell (1990) and Groeneveld
and others (1986a, 1986b; 1987) were combined with
extensive mapping of vegetation by the Los Angeles
Department of Water and Power (D.D. Buchholz, writ-
ten commun., 1988) in order to produce an estimate of
average annual transpiration from the valley floor

[(fig. 9)| The mapping was donein thefield using aerial
photographs and land-use maps. Data collected for
each mapped area (parcel) included information about
plant communities, species composition, percentage of
bare ground, and land use. The data were compiled on
topographic maps at a scale of 1:24,000 and then
digitized into data points every 250 m (820 ft) based on
the Universal Transverse Mercator grid system
(Synder, 1982, 1985, 1987; Newton, 1985). These
individual data points of total evapotranspiration were
combined with regressed values of precipitation (fig. 7)
and averaged using the grid of the valleywide ground-
water flow model. Evaporation from the water table
was assumed to be negligible for most areas of native
vegetation and to be of minor importancein thelimited
areas of riparian plants. To maintain consistency with
analysis of the same data done by the Los Angeles
Department of Water and Power (R.H. Rawson, written
commun., 1988), about 50 percent of the precipitation
on the valley floor was assumed to evaporate. This
percentage is reasonable but has a high degree of
uncertainty (D.N. Tillemans, LosAngeles Department
of Water and Power, oral commun., 1987). The
resulting transpiration values for native vegetation are
summarized in figure 9.

Transpiration by native vegetation from most of
the valley floor islessthan 1.0 ft/yr, and transpiration
from much of the valley floor, particularly along the
east side of the valley, islessthan 0.5 ft/yr. These
estimates are generally lower than previous estimates

of transpiration by native vegetation (R.H. Rawson,
Los Angeles Department of Water and Power, written
commun., 1986) and are lower than calculated values
obtained by subtracting a percentage of precipitation
from estimated evapotranspiration (Danskin, 1988;
C.H. Lee, 1912). Thisreduction in transpiration is
consistent with the lower values of valleywide evapo-
transpiration calculated by Hollett and others (1991,
table 6) in comparison with values from prior studies
(C.H. Lee, 1912; L osAngeles Department of Water and
Power, 1974b, 1975, 1976, 1978, 1979; Danskin,
1988). These prior studies quantified transpiration or
evapotranspiration for periods before the additional
diversions of water from the valley in 1913 and 1970.
The additional diversionsreduced the quantity of water
available for transpiration by native vegetation.

In afew areas of the valley floor, infiltration to
the water table may occur during part of the year. For
example, in meadow areas, such as east of Independ-
ence, the water table is nearly at the land surface in
winter months and some precipitation likely percolates
to the saturated ground-water system. However, the
high annual evapotranspiration rates observed by Duell
(1990) in those areas—for example, at site L
and fig. 2)—indicate that the meadow areas are net
discharge points from the ground-water system. Any
water that infiltratesin winter isremoved in summer. In
other parts of the valley floor, such assmall akali flats
or patchesthat are almost devoid of vegetation (fig. 3),
net infiltration may result during unusually wet periods
when rainfall or local runoff exceeds evapotranspira-
tion. The quantity of infiltration from such microplaya
areas, however, isvery small because of extremely
dlow infiltration rates through these characteristically
fine-textured, deflocculated soils (Groeneveld and
others, 19864). Asinthe meadow areas, wet conditions
generaly are present only in winter, and all the water
infiltrated (perhapswith some additional ground water)
isremoved in summer when evapotranspiration rates
increase markedly (Duell, 1990, fig. 24). For the area of
the valley fill smulated by the valleywide ground-
water flow model (fig. 4), average net discharge by
evapotranspiration from the saturated aquifer system
was estimated to decrease from 112,000 acre-ft/yr for
water years 1963-69 to 72,000 acre-ft/yr for water
years 1970-84.

In the alluvial fan deposits and volcanic rocks,
the depth to water ranges from many tens to many
hundreds of feet. Extraction of water by plantsfrom the
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saturated ground-water system is not possible, and the
plants subsist on direct precipitation. Because the
precipitation rates are higher than those on the valley
floor| (fig. 7), somerechargeto the ground-water system
may occur. However, the density of vegetation also is
greater at the heads of fans and may balance the
increased precipitation (M.O. Smith and others, 1990a,
b). Any precipitation that does infiltrate past the root
zone eventually recharges the saturated ground-water
system, probably at arelatively uniform rate, and flows
toward the center of the valley. About 16 percent of the
direct precipitation on the alluvial fan areas was
estimated to recharge the ground-water system (C.H.
Lee, 1912). This percentage equates to about 1.25 to
2.75 inlyr of recharge. Ground-water simulation
studies suggest that these rates may betoo high and that
maximum values of from 0.5 to 1.0 in/yr are more
likely (Danskin, 1988; Hutchison, 1988; Hutchison and
Radell, 19884, b; Los Angeles Department of Water
and Power, 1988). An investigation of recharge from
precipitation in other arid regions indicated that
recharge did not occur until precipitation rates
exceeded about 8 infyr (Mann, 1976, p. 368). The area
of valley fill in the OwensValley that has an average
precipitation of more than 8 in/yr islimited to the
higher attitudes, mostly along the western alluvial fans
(fig. 7A). Onthe basis of these findings, equation 2 was
used to calculate 5 percent of the average annual pre-
cipitation for values greater than 8 infyr (fig. 7A). For
the defined aquifer system (fig. 2), the total quantity of
infiltration from direct precipitation, which occurs pri-
marily on the alluvial fan deposits and volcanic rocks,
averages approximately 2,000 acre-ft/yr. Detailed
evapotranspiration dataon the alluvial fanswill help to
confirm this approximation.

These conclusions about recharge from
preci pitation and discharge from evapotranspiration are
in general agreement with the assumptions made in
previous water-budget studiesby C.H. Lee (1912), Los
Angeles Department of Water and Power (1972, 1976,
1978, 1979), Hutchison (1986b), and Danskin (1988)
and in soil-moisture studies by Groeneveld (1986),
Groeneveld and others (1986a, 1986b), and Sorenson
and others (1991). All the studies assume that a mini-
mal quantity of recharge occurs from direct precipita-
tion on the valley floor, generally less than 10 percent
of the average precipitation rate, and that a somewhat
greater potential for recharge from direct precipitation

is present on the alluvial fan deposits and volcanic
rocks.

An important difference between this study and
those done prior to 1983, when the fieldwork and
model simulations for this study were begun, isthe
assumption of alower infiltration rate from direct
precipitation onthealluvial fan and volcanic areas. The
lower infiltration rate multiplied by thelarge size of the
affected arearesultsin a substantially lower value of
recharge to the saturated ground-water system. This
decrease in recharge is matched by a similar decrease
in discharge by evapotranspiration from the valley
floor. In general, average evapotranspiration rates
measured by Duell (1990) and transpiration rates
measured by Groeneveld and others (1986a, 1986b) are
lower than previous estimates and support the assump-
tion of lower recharge rates from direct precipitation.
Because of the recent collection of detailed evapotran-
spiration data on the valley floor, recharge from direct
precipitation on the alluvial fan deposits and volcanic
rocksis now the least quantified part of avalleywide
ground-water budget. Additional evapotranspiration
measurements or soil-moisture studies in these areas
would help to confirm present water-budget estimates.

Surface-Water System

The primary source of surface water in the
OwensValley is precipitation that falls on the slopes of
the Sierra Nevada. Rivulets from the resulting runoff
form tributary streams that flow down mountain
canyons, across the alluvial fans, and out onto the
valley floor. In the Bishop Basin, the tributary streams
are captured by the trunk stream of the valley, the
Owens River, which has its headwaters in the Long
Valley (fig. 1). In the Owens Lake Basin, approxi-
mately 5 mi downstream (south) from the Tinemaha
Reservoir, the Los Angeles Department of Water and
Power diverts nearly al flow in the Owens River into
the Los Angeles Aqueduct. The upstream end of the
LosAngelesAqueduct isreferred to as the “intake’
(fig. 1). Any water not diverted into the agueduct
continues to flow east of the aqueduct in the natural
channel of the lower Owens River. South of the
intake, additional tributary streams along the west
side of the valley are diverted into the aqueduct. The
combined flows of the river—aqueduct system and the
diverted tributary streams are routed south out of the
valley through the Haiwee Reservoir. Any water
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