AEEendix A. Mono Lake Monthlz Water Balance M odel

The hydrology of Mono Lake has been analyzed by congtructing a monthly water budget that
indudesinflow terms, astorage change term, and an outflow term. The monthly inflows are the gaged and
ungaged monthly streamflows, groundwater inflows, and direct precipitation onthelake surface. Ungaged
sreamflow and groundwater inflows are caled "unmeasured inflows'. The monthly change in sorage is
caculated from the measured change in eevation and Mono Lake surface area. The outflow term isthe
unmeasured evaporation that is estimated from anassumed monthly evaporation rate and the lake surface
area. The water budget method attempts to estimate each of these terms to provide a consistent
description of Mono Lake hydrology.

Methodsfor Estimating Terms

The basic data needed to cdculate an accurate monthly water budget for Mono Lake are:

bathymetry (lake surface area and volume a each devation),
monthly water surface elevations,

monthly lakewide average precipitation,

monthly surface water and groundwater inflows, and
monthly lakewide average evaporation.
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Bathymetry datafor this gppendix were obtained from the combination of aerid photogrammetry
by Pacific Western Aerid Surveysand adetailed bathymetric survey of Mono Lake conducted by Pelagos
Corporation for LADWP in summer 1986, when Mono Lake eevation was gpproximately 6,380 feet.
Raw datawere obtained from 60,000 depth soundingsthroughout Mono Lake. Thedepth soundingswere
converted into 5-foot depth contours, and the area within each contour interval was estimated.
I nterpolation methods were used to obtain measurements of 1-foot area increments.

Monthly Mono L ake surface e evations were obtained from LADWRP records of periodic (but not
aways end-of-month) eevation measurements, linearly interpolated to end-of-month estimates. LADWP
records were adjusted by adding 0.37 foot (4.5 inches), so that the € evations are consstent withthe U.S.
Geologica Survey (USGS) 1929 sealeve datum.

Monthly lakewide average precipitation data are estimated from LADWP monthly Cain Ranch
precipitation records. Because Mono Lake is in the "rain shadow” of the Sierra Nevada crest, it is
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reasonable to suppose that the lakewide average precipitation isless than the Cain Ranch (elevation 6,850
feet) average of 11 inches. A precipitation station at Simis Ranch on the eastern side of Mono Lake has
an estimated (short-term record) average precipitation of 7.5 inches. Each of the previouswater budgets
for Mono Lake use Cain Ranch as an index of lakewide precipitation. Vorster (1985) and LADWP
(1990) annual water balance models each assume an average lakewide precipitation of 8 inches (73% of
Can Ranch average). The variations in lakewide precipitation are assumed to follow the Cain Ranch

pattern.

Monthly surface water and groundwater inflows can only be partidly measured with streamflow
gages on the mgor tributaries (Mill, Lee Vining, Walker, Parker, and Rush Creeks). Because of irrigation
diversions downstream of the gages on each tributary, the available flow records are only approximate
estimates of the totd surface water and groundwater inflow to Mono Lake. Additiond inflow may exist
that is proportiond to the measured runoff, or the additiond inflow may be a congtant term that does not
depend on variationsin surface runoff. Each of the previous water budgets for Mono Lake has used the
messured runoff as an index for esimating the totd inflow term.

Monthly lakewide evaporation can be estimated from loca evaporation pan measurements,
observed changes in lake evation, assumed relationships with meteorologica data (wind and humidity),
or heat budget modeling of Mono Lake surface temperatures (Romero 1992). Because the lakewide
evaporation cannot be measured directly, any of these methods can provide only assumed evaporation
rates. Favorablecomparison between these methods of estimation increasesthe confidenceintheassumed
monthly evaporation pattern for Mono Lake.

Available Hydrologic Data

The available hydrologic data for 1941-1989 are given in the basic data file MONOWB.WK1,
available from SWRCB consultants. The year and month are followed by the end-of-month elevation
(USGS datum). The surface areaand monthly volume changes are ca culated by interpol ation of the 1-foot
interval bathymetry data thet is given in datafile BATHY.WKZ1. The monthly Cain Ranch precipitationis
provided in the next column. The precipitation volume estimate is calculated from the average lake area
and the precipitation depth.

The available streamflow measurements are given in the next severd columns. Previous water
budget models used various sums and adjustments to arrive at an index of surface runoff into Mono Lake.
Because the total runoff from the four diverted tributary creeks are used astheindex of runoff-year types
(wet, normd, or dry) for Mono Basin, flow measurementsfor these creeks are used for the monthly Mono
Lake water budget runoff index. For the historical period of 1941-1989, LADWP measured the spill at
Lee Vining Creek intake and the releases and spills from Grant Lake reservoir to Rush Creek. The sum
of these values was taken as the surface inflow to Mono Lake from the four diverted creeks. Releases
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from Walker and Parker Creeks were generdly used for irrigation and were not included in the surface
inflow estimates, dthough in wet years some nonirrigation releases were made.

For a portion of the historical period, LADWP operated streamflow gages on Lee Vining Creek
(1941-1969) and Rush Creek (1952-1967) near their mouths at Mono Lake. These records provide an
indication of the portion of the creek flowsthat infiltrated or were evapotranspirated on irrigated pasture
or in the riparian corridors. They cannot provide a better estimate of the inflow to Mono Lake because
the infiltrated water would enter as groundwater flow.

The next column isthe difference between the observed monthly changein Mono Lakevolumeand
the estimated termsfor measured inflow and precipitation. Themissing terms, evaporation and unmeasured
inflow, are more difficult to identify.

The average monthly evaporation pattern was estimated from the observed loss of water from
Mono Lake. The observed monthly changes in Mono Lake volume are usudly less than the estimated
inflows (measured surface flows plus precipitation) and these differences are greatest in the warm summer
months. These average differences were used to approximate the monthly evaporation rates.

Surface inflow from portions of Mono Basin without streamflow gages and groundwater inflow
cannot be measured. Some reasonable estimate for these unmeasured inflows must be used; a congtant
long-term average and/or some fraction of measured precipitation or gaged runoff can be used.

Because both evaporation and unmeasured inflows must be estimated from the change in Mono
L ake volumethat is not explained by measured inflows and direct precipitation, the magnitude of oneterm
must be assumed to cd culate the magnitude of the other. An independent estimate of annua evaporation
based on temperature modeling by the University of Cdifornia, Santa Barbara (UCSB) (1992) was used
to set the magnitude of annua Mono Lake evaporation at 48 inches. This dlowed the magnitude of the
unmeasured inflow to be estimated to complete the monthly Mono Lake water budget mode!.

Previous Mono L ake Water Balance M odels

SWRCB g&ff evauated two annua (runoff year) water budget models and determined that the
historica accuracy of both models, when compared with recorded Mono L ake volume changesfrom 1937
to 1989, was essentidly equivalent (Rich pers. comm.). Vorster (1985) had developed a modd that
included many separate hydrologic terms, dthough severa could not be measured directly. LADWP
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(1990) had devel oped amode with fewer termsthat lumped many measured and unmeasured inflowsinto
a sngle "runoff factor” regresson equation. The following review of each modd will explain the basic
techniques of congtructing awater balance modd.

Vorster Modél

Vorster (1985) summarized al previous water budgets for Mono Lake and analyzed al available
hydrologic data to estimate terms for an annua water balance for Mono Lake. LADWP runoff and lake
elevation data for 1937-1983 formed the basis for estimates of the annua water budget terms. Vorster
attempted to separate each identifiable hydrologic term to provide an accurate and reliable water budget
and sengtivity andysis. However, because data were not available for direct estimation of each term,
several terms were based on assumptions and indirect evidence. The accuracy of each individud term is
unknown, athough the overal match with the historical Mono Lake eevation record is good.

Vorder's modd is based on the following water budget terms:

# Precipitation a Mono Lake is assumed to average 8 inches and to fluctuate with Cain Ranch
measurements.

# Evaporation is assumed to average 45 inches, to fluctuate with Long Valey evaporation pan
data, and to be reduced dightly (3-5%) by Mono Lake sdinity.

# Sierra Nevada runoff as measured at streamflow gages (150 thousand acre-feet per year
[TAF/yr]) isincreased by 11% to account for unmeasured Serrarunoff, with an additiona 20
TAF assumed from non-Sierran aress, 9 TAF from precipitation on land around the lake, and
1.5 TAF from VirginiaCreek diversons. The total average inflows are 197.5 TAF and can
be estimated as 111% of measured runoff plus a constant of about 30.5 TAF.

# Severa water |osses are assumed; bare ground ET around the lake perimeter averaged 5.5
TAF, Grant Lake reservoir evaporation averaged 1.5 TAF, phreatophytes around the lake
account for 3 TAF, riparian ET averaged 1.5 TAF, irrigated pasture ET averaged 8 TAF, and
the export of groundwater in the Mono Craters Tunnel accounts for about 7 TAF. These
relaively congtant losses total 26.5 TAF.

# Therecorded LADWP exports from West Porta are subtracted from the available water.

# A find regresson of unexplained lake volume changes with evaporation and runoff isused to
correct the average 2.5 TAF/yr error in the modd ed estimates of Mono Lake volume change
during 1937-1983. The resulting estimates of Mono Lake eevationhad an average error of
0.25 foot (3 inches).
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The Vorger water baance includes many separate hydrologic terms that can be evduated
throughout the basin but does not provide vaidation of the individua estimates because hydrologic data
are not collected for each identified term. The ability of the model to account accurately for the net water
ba ance for Mono L ake suggests thet the relative magnitude of the assumed inflowsand lossesis correct.

LADWP Model

LADWP developed awater balance with precipitation, evaporation, and asingle net inflow term
that used the available streamflow and diversion data to estimate the total releases toward Mono Lake.
For an assumed evaporation rate, LADWP used a regresson andysis to adjust the estimated inflows to
match the historica fluctuations in Mono Lake volume for 1937-1989.

The LADWP-90RY modéd is based on the following water balance terms:

# Precipitation at Mono Lake is assumed to average 8 inches and to fluctuate withCain Ranch
measurements.

# Evaporaionisassumed to average 41 inches, to fluctuate with Long Valey evaporation pan
data, and to be reduced dightly (3-5%) by Mono Lake sdinity.

# SerraNevada runoff as measured at streamflow gages (148 TAF/yr average) is decreased
by irrigation diversons (7.5-12 TAF/yr), storage in Grant Lake reservoir, and West Porta
exports. Thisisthe measured portion of the estimated net inflow toward Mono Lake.

# A linear regression of unexplained higtorica lake volume changes with estimated releases to
the lakeis used to estimate the totd inflow. The regression equation was estimated to be:

Unmeasured inflow = 18.5 - .0585 x measured rel eases to Mono Lake

The LADWP formulation recognizes that the only available data are the measured streamflows,
diversons, and lakeleve fluctuations. However, the regression equation for the unmeasured inflow could
aso be formulated in terms of the measured runoff, rather than the releases toward Mono Lake.
Nevertheless, the historical match is comparable to the Vorster model, with an average error of 0.25 foot
(3 inches).

Mono L ake Bathymetry

The bathymetric datafor Mono Lake are summarized by the surface area and volume at 1-foot
intervals from the lake bottom at eevations of 6,230-6,440 feet. The bathymetric data originated from a
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bottom depth-sounding survey conducted by Pelagosfor LADWP in 1986 (Pelagos 1986) when thelake
surface e evation was gpproximately 6,380 feet. Thetransectsfor the sounding equipment required at least
5 feet of depth. Aerid photogrammetry was used to estimate 5-foot eevation contours from 6,372 to
6,430 feet.

These badic data have been modified dightly in the elevation range of 6,365-6,430 feet and were
extended to 6,440 by SWRCB consultants who mapped severa contours based on visible benchmarks
on aerid photographs (see Appendix G). The bathymetry datafor elevations 6,300-6,440 feet are given
in Table A-1. Egtimates of sdinity and specific gravity (density) are given for reference. Thesurfacearea
of Mono Lake for eevations between 6,340 feet and 6,440 feet are shown in Figure A-1. The areas
mapped by the SWRCB conaultants are shown for comparison with the Pelagos bathymetry. Thevolume
of Mono Lake for elevations between 6,340 and 6,440 feet is shown in Figure A-2.

The 1-foot incrementd areas are the basic building block for the bathymetric data; the lake surface
areaisthe sum of the incremental areasto that elevation, and the incrementa volumes are calculated from
the average area a the top and bottom of the increment. Review of the origind Pelagos incrementd area
data showed that large incrementa areas occurred near the 5-foot contour €evations, with much smaller
increments midway between the 5-foot contours. Thisresult is attributable to the SURFACE 11 graphics
interpolation program used by Pelagos. SWRCB staff and consultants determined that thiseffect could be
eliminated by 11-foot interva linear smoothing of the incrementa area vaues (Rich pers. comm.).

Figure A-3 showsthe origind Pelagos and "smoothed" 1-foot incremental area values for Mono
L ake between elevations of 6,350-6,420feet. Thelargest incrementa areas (morethan 600 acres per foot
of devation) occur in the range of 6,365-6,375 feet because the shoreline dope is generdly smallest a
these devations. The smalest incrementa areas (about 200 acres per foot of eevation) occur between
elevations 6,400 and 6,415 feet wherethe shordineis stegpest. The smoothing hasrdaively smdl effects
on the lake surface and volume increments used in the water budget.

The bottom of Mono Lakeisat about 6,230 feet levation. At an eevation of 6,370 feet, thelake
surface area is approximately 35,820 acres (56 square miles), and the lake volume is approximately 2.1
millionaf (MAF). At an devation of 6,420 feet, the lake surface areais approximately 55,500 acres (87
sguare miles), and thelake volumeisabout 4.5 MAF. For the August 1989 point of referencefor thisEIR,
Mono L ake surface elevation was 6,376.3 feet above sealeve, with asurface area of about 41,000 acres
and avolume of approximately 2.33 MAF.

In the water balance model, monthly volume changes of the |ake were estimated from the surface
aress interpolated from the 1-foot bathymetric data.
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Evaporation and Precipitation

The monthly evaporation rates (inches'rmonth) were assumed to be constants for each year. The
morthly volume change from evaporation was estimated for the 1940-1989 historica period as the
assumed evaporation rate multiplied by the surface area of the lake at the beginning of the month. The
monthly preci pitation contribution to thelakevolume was estimated using the observed monthly Cain Ranch
precipitation multiplied by the lakearea. Asprevioudy noted, the average 1940-1989 Cain Ranch annual
precipitation was gpproximately 11 inches. This is dightly higher than the estimated lakewide average
precipitation of 8 inches based on maps of precipitation contours (Vorster 1985, LADWP 1990). This
uncertainty in net evaporation (evaporation minus precipitation) is accounted for in the resdud inflow
estimate discussed in the next section.

The available hydrologic data were used to provide theinitia estimate of monthly evaporation for
Mono Lake. The monthly measured change in Mono Lake volume was compared with the estimated
inflows from precipitation and measured surface inflows. This resdud volume change was then divided
by the surface areato give aresdud devation changein inches. These monthly estimates were averaged
for eech cdendar month. The results provide an estimate of the minimum possible monthly average
evaporation because any unmeasured inflows must be balanced by additiona evaporation to match the
historica surface elevation changes. Figure A-4 showsall the monthly estimates of "missng water”, sorted
by caendar months. These monthly resdual estimates are scattered because of data errors and
unmeasured inflows.

The monthly averages of these resdua estimates of minimum evaporation rates are listed in
Table A-2. The seasond pattern isquite reasonable. The annual average sum of "missing water" is about
38inches. Thiscan beinterpreted asthe minimum possible evaporation because unmeasured inflows must
be baanced by increased evaporation. This initid evaporation pattern can be confirmed with other
estimates of evaporation for Mono Lake.

Two evaporation pan records for Mono Basin are available. A floating pan was maintained by
LADWRP in Grant Lake reservoir from 1942 to 1969, and aland pan replaced the floating pan in 1968
(elevation 7,200 feet). Measurements are only obtained in nonfreezing months, and Cain Ranch
precipitation estimates are used to correct the actual pan data. Nevertheless, the average May-October
Grant Lakereservoir evaporation measurementsgivenin Table A-2 suggest asimilar, but grester, seasond
pattern when compared to the resdua monthly estimates.

The second evaporation pan record was collected at the Simis Ranch meteorologicd stationfrom
1980 to 1983 (Vorster 1985). The monthly average vaues were higher than Grant Lake reservoir data
but followed a smilar seasond pattern.

Temperature and sdinity modeling of Mono Lake by UCSB daff independently estimated the
evaporationfor 1990 that provided the best match with biweekly surface temperature measurements. The
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annua vaue was gpproximately 48 inches (Romero 1992). This vaue was therefore selected for usein
the Mono Lake monthly water budget model. Figure A-5 shows the sensitivity of modeled Mono Lake
surface temperaturesto the evaporation coefficient. Theresulting annua evaporation ratesareshown. The
best estimate was determined to be 0.8 times the base estimate. UCSB gtaff plan to collect daily surface
temperatures and complete local meteorologica data in hopes of determining an even more accurate
edimate of Mono Lake evaporation. However, some uncertainty will aways remain in evgporation and
al other terms of the water budget.

Unmeasured I nflows

The monthly water balance modd uses the monthly residua water estimates to determine the
monthly fractions of an assumed total annua evaporation (Table A-2). A linear regression equation was
then estimated between unmeasured inflows and monthly runoff to complete the monthly water budget.
Both the congtant and the fraction of runoff increase with the assumed evaporation. For the assumed
evaporation of 48 inches, the congtant term is 2,915 af/month (34,992 af/year), and the fraction of runoff
iS22.8%. This 22.8% fraction of runoff regressionterm includes Mill and DeChambeau Creeks because
the runoff term was selected to correspond to the diverted tributary creeks. Because the Mill and
DeChambeau Creeks average 18% of the diverted creeks runoff, unmeasured inflow is about 5% of
diverted creeks runoff, plus the constant term of about 35 TAF/yr.

Thisregression of unmeasured inflowsis cong stent with the assumed evaporation rate because the
runoff from Mill and DeChambeau Creeks is about 18% of the diverted creeks total runoff. If the runoff
vaiadle term is assumed to equd runoff from Mill and DeChambeau Creeks, then at least 44 inches of
evaporation are required for an 18% runoff term in the unmeasured inflow regression. Alternatively, if the
tota unmeasured inflow term is assumed to equd runoff from Mill and DeChambeau Creeks, then at |least

37 inches of evaporation are needed. The assumed 48 inches of evaporation are consstent with this
unmessured inflow regresson estimate.

M ode Calibration with Observed L ake-L evd Fluctuations

The monthly water balance can be summarized as.
# assumed congtant annua evaporation of 48 inches, distributed in constant monthly fractions;
# measured Can Ranch monthly precipitation;

# monthly releases from Lee Vining, Walker, Parker, and Rush Creeks to Mono Lake; and
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# additiona monthly inflow of 2,916 af plus 22.8% of monthly runoff from the four diverted
creeks; the total additiona inflow averages 63,116 af per year.

These monthly estimated evaporation and additional inflow terms, together with the measured
higtorical releases to Mono Lake from the diverted tributaries, provide an accurate smulation of the
observed variations in lake volume and surface devation. Figure A-6 shows the smulated and observed
Mono Lake elevations for the 1941-1989 period. The average error for the 49-year period is 0.5 foot.
However, the average absolute error since 1965 when the lake level declined below 6,390 feet is only
0.27 foot.

The cdibration using the assumed 48 inches of evaporation and results for a 36 inch evaporation
edimate are shown. Lower evaporation rates are balanced by smaler unmeasured inflows regressions,
so that the resulting match with the historicd Mono Lakedevation patternisnearly identicd. Thesmulated
elevations remain consistently bel ow the measured € evationsfrom about 1950 to 1983, suggesting an error
in the measured inflow terms.

The monthly water budget terms can be summarized with annua vaues for the historica period
1941-1989, as shown in Figure A-7. The terms are shown as cumulative annud vaues. Thefirg termis
the unmeasured inflows that fluctuate with runoff. The next term is precipitation on Mono Lake. Thethird
inflow is the measured releases to Mono Lake from the four diverted creeks. These inflow terms have
varied from about 50 TAF to more than 350 TAF. When the assumed 48 inches of evaporation are
subtracted from these inflows, the find estimated change in Mono Lake volume is given. For cdibration
purposes, the actua observed changes in Mono Lake volume aso are shown.

This monthly water budget for Mono Lake is considered adequate for purposes of this EIR and
was usad in the agueduct smulation mode (Auxiliary Reports 5 and 18) and, in modified form, in the
extended drought analysis (Appendix H).
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