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Abstract The Californian Mono Lake Basin (MLB) is a fragile ecosystem, for which a
1983 ruling carefully balanced water diversions with ecological needs without the consid-
eration of global climate change. The hydroclimatologic response to the impact of projected
climatic changes in the MLB has not been comprehensively assessed and is the focus of this
study. Downscaled temperature and precipitation projections from 16 Global Climate Mod-
els (GCMs), using two emission scenarios (B1 and A2), were used to drive a calibrated Soil
and Water Assessment Tool (SWAT) hydrologic model to assess the effects on streamflow
on the two significant inflows to the MLB, Lee Vining and Rush Creeks. For the MLB, the
GCM ensemble output suggests significant increases in annual temperature, averaging 2.5
and 4.1 °C for the B1 and A2 emission scenarios, respectively, with concurrent small (1—-
3 %) decreases in annual precipitation by the end of the century. Annual total evapotrans-
piration is projected to increase by 10 mm by the end of the century for both emission
scenarios. SWAT modeling results suggest a significant hydrologic response in the MLB by
the end of the century that includes a) decreases in annual streamflow by 15 % compared to
historical conditions b) an advance of the peak snowmelt runoff to 1 month earlier (June to
May), c) a decreased (10-15 %) occurrence of ‘wet’ hydrologic years, and d) and more
frequent (7-22 %) drought conditions. Ecosystem health and water diversions may be
affected by reduced water availability in the MLB by the end of the century.

1 Introduction
Mono Lake in the Californian Sierra Nevada is the preeminent icon of the water use struggle

in the Western United States. Since the 1940s two of the three major tributaries flowing into
Mono Lake have been diverted for water and power for the city of Los Angeles, California.
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Between 1941 and 1985 the Los Angeles Department of Water and Power (DWP) diverted
an average of 84 million cubic meters per year out of Mono Lake Basin (MLB; Blumm and
Schwartz 2003). In 1969, the diversions increased to 111 million cubic meters per year,
consisting of approximately 17 % of Los Angeles’ water supply (Steinhart 1980). Deprived
of its major freshwater source, Mono Lake water level dropped by 11.2 m below the 1940
lake elevation (1,955.9 m above sea level) and lake volume shrunk by 45 % (Vorster 1985).
This resulted in several major environmental problems: Mono Lake salinity concentration
doubled; important nesting islands within the lake became peninsulas vulnerable for preda-
tion; photosynthetic rates of algae were drastically reduced; the reproductive abilities of
brine shrimp became impaired; stream ecosystems were damages due to lack of streamflow;
and air quality became poor because of the exposed lakebed (Steinhart 1980; Dana and Lenz
1986; Loomis 1987; Mono Basin EIR 1993).

Environmental communities and organizations such as the National Audubon Society and
the Mono Lake Committee began to pay attention to these environmental problems. In 1979,
these organizations filed a suit to control the DWP’s diversions and after numerous proce-
dural maneuverings, the California Supreme Court handed down its landmark decision in
December 1983, that the public trust doctrine applied to Mono Lake. The Court ruled that
the California State Water Resources Control Board (SWRCB) has the authority to reexam-
ine past water allocation decisions and the responsibility to protect the lakes environmental,
recreational, and aesthetic values where feasible.

Based on examination of public trust resources, flows needed for aquatic species protec-
tion, and impacts of the decision on water available for municipal and power production for
Los Angeles, the SWRCB concluded that the water rights licenses of Los Angeles should be
amended in several aspects. These changes included the establishment of minimum in-
stream flows for protection of aquatic ecosystems, which limits diversions during the wet
and dry seasons based on whether the previous hydrologic year is a ‘dry’, ‘normal’, or ‘wet’
year. Therefore, the rate and amount of future diversions will largely depend on the future
climatic and hydrologic conditions within the MLB; however, to the best of our knowledge,
these have not previously been assessed.

The MLB represents an important and unique ecosystem for several species. The natural
salinity of Mono Lake prevents it from being a major freshwater fishery. The salinity,
however, provides a productive habitat for brine shrimp and flies. These food sources, in
conjunction with the in-lake islands and inlets, provide an important habitat for nearly 100
species of birds (Dana and Lenz 1986; Loomis 1987; Mono Basin EIR 1993). Nearly 80 %
of the State of California’s population of California gulls nests within these habitats (Loomis
1987). Therefore, in addition to water resources, it is expected that climate change may also
have an effect on ecosystems that rely on a healthy lake habitat.

The goal of this study then, is to investigate the effects of projected climatic changes on
the hydrology in the MLB. We use the Soil and Water Assessment Tool (SWAT) hydrologic
model coupled with statistically downscaled projections of 16 Global Climate Models
(GCMs), each under a higher and lower greenhouse gas emission scenario, to model the
Lee Vining and Rush Creek watersheds in the MLB. Specifically, we aim to address the
following questions: [1] What are the projected changes in precipitation and temperature for
Mono Lake Basin under high and lower greenhouse gas emission scenarios?, [2] What are
the projected changes in streamflow due to climate change within the Mono Lake Basin?,
and [3] Based on the California Supreme Court definition, what will be the distribution of
future ‘dry’, ‘normal’, and ‘wet’ years under climatic changes? The last two questions carry
serious implications related to the future of water resource diversions for Los Angeles, and
concurrently the aquatic ecosystem health within the MLB.
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2 Materials and methods
2.1 Study site

The MLB is located approximately 305 km east of San Francisco on the eastern edge of the
Sierra Nevada mountain range and western edge of the Great Basin (Fig. 1). The size of the
MLB is approximately 1,800 km?. Surface water runoff and groundwater is derived from
precipitation, and since the MLB is hydrologically closed, all surface and groundwater drain
towards Mono Lake (Vorster 1985). Also, because the MLB is hydrologically closed, the
lake volume is sensitive to changing inflows (and evaporation), expressing these historically
as variability in lake level. On average, approximately 82 % of the annual total Mono Lake
inflow is in the form of runoff (streamflow and groundwater input), with the other 18 %
coming from precipitation (Vorster 1985). Of the annual total runoff, approximately 89 % is
from Sierra Nevada snowmelt. This snowmelt drains into the three principal streams that
contribute runoff to Mono Lake: Rush Creek (carries 53 % of total runoff), Lee Vining Creek
(33 %), and Mill Creek (14 %) (LADWP 1995). These data result in an average annual
runoff ratio (runoff/precipitation) of approximately 0.66. Lee Vining and Rush Creeks are
the only water bodies diverted for Los Angeles water use and are therefore the only inflows
that are assessed in this study.

The region’s climate is characterized by a high altitude Mediterranean climate with large
seasonal and annual temperature and precipitation variability. Average annual precipitation
is approximately 64 cm (WRCC 2011; Fig. 2). Much of the precipitation occurs as winter
snow, and varies considerably with elevation and distance from the Sierra Nevada crest with
a strong orographic effect. Mean annual temperatures vary from below freezing to approx-
imately 8 °C. Mean daily winter temperature is below freezing during the winter season
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Fig. 1 California and the Mono Basin region, with the locations of Lee Vining and Rush Creeks
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Fig. 2 Average monthly temperature and total precipitation in the Mono Lake Basin

(December through February), while the summer daily temperature is between 15.5 and
18.3 °C (WRCC 2011; Fig. 2). As a result, streamflow is highly seasonal, with most of the
winter precipitation arriving as snowmelt-derived streamflow during the months of April
through August.

2.2 Hydrologic model

SWAT is a continuous-time, quasi-physically based, distributed watershed model designed
to simulate watershed processes at a river-basin scale (Arnold et al. 1998) and has been
successfully applied in many settings (Gassman et al. 2007). SWAT models the entire
hydrologic cycle, including surface flow, lateral flow, evapotranspiration, infiltration, deep
percolation, and groundwater return flows. Input data for SWAT include basin topography,
soil properties, land use/cover, and climate time-series data. The model was run at a monthly
time step for 1950-1992 and future climate scenarios.

For this study, surface runoff was estimated using the Curve Number (CN; USDA 1972),
and evapotranspiration was estimated using the Penman-Monteith method (Penman 1956;
Monteith 1965). Water within the soil column can be removed by evaporation or plant water
uptake, deep percolation for aquifer recharge, or move laterally in the soil column for
streamflow contribution. Groundwater return flow is estimated based on the groundwater
balance, where shallow and deep aquifers can contribute to streamflow. SWAT uses a
temperature index-based approach to estimate snow accumulation and snowmelt processes
within subbasin elevation bands based on the work of Fontaine et al. (2002). This study used
four elevation bands for each subbasin. Further details on SWAT model components can be
found in Neitsch et al. (2005).

2.3 Input data

SWAT input parameter values such as topography, land use/cover, and soils data were
compiled using databases from various state and governmental agencies. A 30-m digital
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elevation model (DEM) from the United States Geological Survey (USGS) was used for
watershed and HRU delineation and the estimation of stream slopes. The 2001 National
Land Cover database was used for land use/cover definition. This version was used because
it is directly compatible with SWAT. The State Soil Geographic database (STATSGO) soil
layer was used to derive the soil physical properties needed for SWAT. STATSGO was used
over higher-resolution Soil Survey Geographic database (SSURGO) to decrease the com-
putational requirements of the model and because of ease of use within SWAT. Natural flow
data for Lee Vining and Rush Creek were gathered from the California Data Exchange
Center (CDEC) and USGS. These data, which are estimated by the California Department of
Water Resources (CA DWR), are derived from climate/runoff relationships and is the
streamflow that would occur if no reservoirs were present. Daily climate data from 1949
to 1992, including precipitation, maximum and minimum temperature, and wind speed were
obtained from gridded observed meteorological data (Maurer et al. 2002). The dataset is at a
1/8° (~12 km) spatial resolution. Solar radiation and relative humidity are generated for the
historical and future scenarios using the built-in weather generator within SWAT. See
Nietsch et al. (2005) for full weather generator details.

Projections from 16 GCMs in Table 1 using the emission scenarios of A2 (higher
greenhouse gas emissions) and B1 (lower emissions) were used for climate change projec-
tions. Data include daily precipitation, maximum and minimum temperature, and wind speed
from 1950 to 2099. All GCM data were obtained from World Climate Research

Table 1 Climate models used in the study

Model # IPCC model ID  Modeling Group and Country References
1 BCCR-BCM 2.0  Bjerknes Centre for Climate Research Furevik et al. 2003
2 CGCM3.1 (T47) Canadian Centre for Climate Modeling & Flato and Boer 2001
Analysis
3 CNRM-CM3 Météo-France/Centre National de Recherches Salas-Mélia et al. 2005
Météorologiques, France
CSIRO-MK3.0 CSIRO Atmospheric Research, Australia Gordon et al. 2002
5,6 GFDL-CM2: US Dept. of Commerce/NOAA/Geophysical Delworth et al. 2006
2.0, 2.1 Fluid Dynamics Laboratory, USA
7 GISS-ER NASA/Goddard Institute for Space Studies, USA Russell and Rind 1999;
Russell et al. 2000
INM-CM3.0 Institute for Numerical Mathematics, Russia Diansky and Volodin 2002
IPSL-CM4 Institut Pierre Simon Laplace, France IPSL 2005
10 MIROC3.2 Center for Climate System Research (The K-1 model developers
University of Tokyo), National Institute for 2004

Environmental Studies, and Frontier Research
Center for Global Change (JAMSTEC), Japan

11 ECHO-G Meteorological Institute of the University of Legutke and Voss 1999
Bonn, Meteorological Research Institute of KMA
12 ECHAMS/MPI-  Max Planck Institute for Meteorology, Jungclaus et al. 2006
oM Germany

13 MRI-CGCM2.3.2 Meteorological Research Institute, Japan Yukimoto et al. 2001
14 CCSM3 National Center for Atmospheric Research, USA  Collins et al. 2006

15 PCM National Center for Atmospheric Research, USA  Washington et al. 2000
16 UKMO-HadCM3 Hadley Centre for Climate Prediction and Gordon et al. 2000

Research/Met Office, UK
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Programme’s (WCRP’s) Coupled Model Intercomparison Project phase 3 (CMIP3) (Meehl
et al. 2007a). All GCM output was then interpolated onto a common 2° grid, and statistically
downscaled to 1/8° using the well-established bias-correction and spatial disaggregation
(BCSD) method of Wood et al. (2002, 2004). The BCSD method has been widely applied in
California and the western United States (e.g., Barnett et al. 2008; Cayan et al. 2008; Maurer
2007; Maurer et al. 2010). Wind data are randomly re-sampled historical wind data, where
the same selected random month is used for precipitation, maximum temperature, minimum
temperature and wind. The GCM output data are used to force SWAT to simulate the
hydrologic response to future climate projections. The use of two emissions pathways and
16 GCMs ensures that the two most important sources of projection uncertainty for
temperature and precipitation are assessed (Hawkins and Sutton 2009, 2010), namely the
uncertainty associated with the level of GHGs and the response of the climate system to
these increased GHG levels. While the uncertainties associated with the response of the
climate to changes in atmospheric composition may be much larger than that represented by
the ensemble of GCMs (Roe and Baker 2007; Sanderson et al. 2007), the use of ensembles
of GCMs to characterize this is a common technique for assessing some of this uncertainty
around the central tendency and to provide more quantitative climate change information for
impacts studies (Meehl et al. 2007b).

2.4 SWAT model calibration and validation procedure

An automated calibration technique using the program Sequential Uncertainty Fitting
Version 2 (SUFI-2; Abbaspour et al. 2007) was used to calibrate the SWAT model at the
Lee Vining and Rush Creek outlets. Initial and default parameters relating to hydrology
were varied until an optimal solution was met. Four optimization criteria were used:
[1] the coefficient of determination (R2), [2] a modified efficiency criterion ¢(bR2), [3]
the Nash-Sutcliffe coefficient (NS), and [4] the mean square error (MSE). NS is defined
as:
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where NS is the Nash-Sutcliffe coefficient, O’ is the observed data, Q', is the simulated
data, and Q4 is the average of the observed data. A NS value of 1 is a perfect match of
model data to observed data. ¢ is a slightly modified version of the efficiency criterion
defined by Krause et al. (2005) where the coefficient of determination, R?, is multiplied by
the coefficient of the regression line between observed and simulated streamflows, . This
function allows accounting for the discrepancy in the magnitude of two signals (captured by
b) as well as their dynamics (captured by R?). ¢ is calculated by:
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For ¢, a perfect simulation is represented by a value of 1. MSE is the mean of the square
of the residuals between the observed and simulated data. The observed streamflow data
from 1950 to 1974 was used as calibration, while the streamflow data from 1975 to 1992
was used for validation.

@ Springer



Climatic Change

2.5 State Water Resource Control Board imposed in-stream requirements

For the protection of the lake and its ecosystem, the SWRCB decided on a set of streamflow
flow rates to be met throughout the year based on whether the previous hydrologic year is
‘wet’, ‘normal’ or ‘dry’(Table 2). The flows under this mandate must remain in the stream
and shall not be diverted for any use. The hydrologic year (April 1st to March 31st) type is
defined as:

—  Dry hydrologic conditions: projected runoff of Lee Vining and Rush Creek less than
68.5 % of the 1950-1992 average

—  Normal hydrologic conditions: projected runoff of Lee Vining and Rush Creek between
68.5 % and 136.5 % of the 1950-1992 average

—  Wet hydrologic conditions: projected runoff of Lee Vining and Rush Creek greater than
136.5 % of the 1950-1992 average

The average SWAT-modeled monthly streamflow discharge for 1950-1992 is 3.06 m®/s
for Lee Vining and 2.04 m*/s for Rush Creek, respectively. The hydrologic year streamflow
flow rates for ‘dry’ and ‘wet’ conditions, which is based on the 1950-1992 SWAT-model
average used in this study, can be found in Table 3.

2.6 Statistical analyses

T-tests for dependent samples were performed to compare all climate change and historical
scenarios. The target level of significance was a=0.05.

3 Results and discussion
3.1 SWAT model calibration and validation

The SWAT simulation generated good results in the comparison with the unimpaired stream-
flow data at the Lee Vining and Rush Creek outlets (Fig. 3 and Table 4). At the Lee Vining
site, the NS coefficient for streamflow was 0.86 for calibration and 0.81 for the validation
period. The NS coefficient for the Rush Creek outlet was 0.82 and 0.79 for the calibration
and validation period, respectively. The SWAT simulation also generated good seasonal
results, with a NS value of 0.72 and 0.78 for the Spring and Summer months, respectively,
for Lee Vining Creek and 0.59 and 0.90 for Rush Creek. Full calibration and validation

Table 2 In-stream streamflow

requirements based on the Califor- Hydrologic ~ Season Lee Vinin%g Rush
nia Supreme Court decision year type Creek (m*/s) Crgek
(m°/s)

Dry April 1 through September 30 1.05 0.88

October 1 through March 31 0.71 1.02

Normal April 1 through September 30 1.53 1.33

October 1 through March 31 1.13 1.25

Wet April 1 through September 30 1.53 1.93

October 1 through March 31 1.13 1.47
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Table 3 Streamflow values of

‘wet” and ‘dry” hydrologic year Site Average (m/s) Dry (m’/s) Wet (m’/s)
types
Lee Vining Creek 2.04 <1.40 >2.80
Rush Creek 3.06 <2.10 >4.20

statistics can be found in Table 4. The SWAT simulations had the tendency to underestimate
flows in the calibration period and overestimate flows in the validation period. This may be
due to changes in land use, as the MLB has undergone a rapid conversion of rangeland for
agricultural uses (USFWS 2006). The largest difference in the observed and simulated
hydrographs occurs during the 1980s, where a large number of extremely wet years occurred
(Karl and Riebsame 1984). These wet years largely led to an over-prediction compared to
the observed data. Regardless, the calibration and validation results indicate satisfactory
simulations based on the guidelines established by Moriasi et al. (2007), where a NS value
greater than 0.50 is considered “satisfactory.”

An analysis between streamflows simulated using observed climate data (from Maurer et
al. 2002) and streamflows using historical GCM projections (1950-2010) was conducted to
determine if there was a bias in the GCM projections. Overall, very little bias was found
between the two historical streamflow sets for both emission scenarios. The NS coefficient
between streamflow using observed climate and streamflow using historical Bl GCM
projections was 0.98 for Lee Vining Creek and 0.98 for Rush Creek. Similar results were
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Fig. 3 Simulated and observed streamflow for the calibration and validation period at Lee Vining and Rush Creeks
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Table 4 Model efficiency statistics for Lee Vining and Rush Creeks for the calibration and validation periods
as well as all Spring and Summer months

Calibration (1950-1974) Validation (1975-1992)
Site R? NS bR? MSE (m%s)  R? NS bR? MSE (m’/s)
Lee Vining Creek 0.86 0.86 0.79 0.83 0.91 0.81 0.78 1.12
Rush Creek 0.82 0.82 0.72 2.19 0.89 0.79 0.81 247
Spring Summer
Lee Vining Creek 0.80 0.72 0.77 1.56 0.78 0.78 0.63 1.13
Rush Creek 0.67 0.59 0.55 2.68 0.87 0.90 0.71 1.05

found using the historical A2 GCM projections, where the NS coefficient was 0.99 for Lee
Vining Creek and Rush Creek. The model efficiency statistic, percent bias, was also used to
measure the tendency of the historical GCM projected streamflows to be larger or smaller
than the observed climate simulated streamflows. The lower the value, the closer the datasets
are to each other and a positive value indicate underestimation bias, while a negative value
indicates overestimation bias. Comparing the streamflows simulated using observed climate
and historical GCM projections, the percent biases for Lee Vining Creek was —6.6 % for the
B1 emission scenario and 2.0 % for the A2 emission scenario. For Rush Creek, the percent
biases were —9.1 % for the Bl emission scenario and —6.2 % for the A2 emission scenario.
We therefore have confidence that the historical streamflows derived from GCM historical
simulations are not significantly or systematically biased as compared to observed
streamflow.

3.2 GCM projections for the Mono Lake Basin

Figures 4 and 5 show GCM projected changes in annual temperature and precipitation,
respectively, between the historic (1961-1990) and future (2070-2099) periods for the 20 %,
50 % (median), and 80 % quantiles. According to the projections, the greatest warming is
expected within the Sierra Nevada and east of the Sierra Nevada in the Great Basin. The
median projection of temperature changes for the MLB range between 1.7 and 2.8 °C by the
end of the century for the Bl emission scenario and 2.8 to 5.0 °C for the A2 emission
scenario. For the 20 % quantile, the temperature change for the B1 and A2 scenarios is
between 1.1 and 2.5 °C and 2.2 and 4.1 °C, respectively. For the 80 % quantile, the
temperature change for the B1 and A2 scenarios is between 2.0 and 3.9 °C and 3.0 and
5.5 °C. The large variation in quantile temperature changes indicates a wide range in
projected GCM temperature and precipitation estimates. Therefore, the use of all GCMs
and emission scenarios in the analysis enables us to present results in terms of the inherent
uncertainty of climate change projections.

The precipitation projections suggest a change, relative to 1961-1990, between —13 to
13.5 % for the B1 scenario and —16 to 16 % for the A2 scenario. Overall, the median
precipitation suggests a slight but statistically insignificant (»p>0.05) decrease over the MLB
region. For the 20 % quantile, the precipitation changes range from —25.4 to 6.7 % for the B1
scenario and —34.7 to 11 % for the A2 scenario, with decreases in annual precipitation of
approximately 15 % over the MLB region. The ranges for the 80 % quantile are —2 to 20 %
and —5 to 38 % for the Bl and A2 scenarios, respectively, with increases in annual
precipitation of approximately 8 % over the the MLB region.
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Figure 6 shows the annual average change between the historic (1961-1990) and future
(2070-2099) periods for each of the 16 GCMs under each emission scenario for the MLB.
Annual increases in temperature average 2.5 and 4.0 °C for the Bl and A2 emission
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scenarios, respectively. Overall, 5 GCMs under the B1 emission scenario project a temper-
ature increase greater than 2.8 °C, while 14 GCMs under the A2 emission scenario project an
increase greater than 2.8 °C. All models suggest a warming of at least 1.7 °C for either
emission scenario. The GCM ensemble projects a statistically insignificant (p>0.05)
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Fig. 6 End ofthe century change in temperature and precipitation for the 15 GCMs. The IPSL GCM is not plotted

decrease in annual precipitation by 3 % for the B1 scenario and 1.7 % for the A2 scenario.
There was high variation in precipitation projections between GCMs, with a standard
deviation of 14 % for the B1 scenario and 21 % for the A2 scenario. The Institute Pierre
Simon Laplace (IPSL) GCM appears as an outlier regarding precipitation projections,
showing an increase of 25.3 % for the B1 emission scenario and 56.9 % for the A2 emission
scenario and is thus not plotted. When the IPSL GCM is removed from the ensemble, as has
been done by others studying California with an ensemble of GCMs (Lobell et al. 2006), the
ensemble mean average precipitation change, which is statistically insignificant (p>0.05)
is =5 % for the Bl scenario and —6 % for the A2 scenario.

3.3 Future hydrology of the Mono Lake Basin

For the observed time period (1950-1992), SWAT was forced with daily observed climate
data to assess its ability to reproduce historical Mono Lake inflows at the Lee Vining and
Rush Creek outlets into the lake, as shown in Fig. 1. After calibration and validation, the
SWAT model was then forced using daily data from 32 future climate projections (16 GCMs
with two emission scenarios) through the end of the 21st century. The impact of potential
climate change on streamflow was evaluated by comparing simulations using the GCMs in
Table 1 under the B1 and A2 emission scenarios for two future time periods: 2050s (2040—
2069) and 2080s (2070-2099) to those of the observed time period.

In California, evapotranspiration exerts a significant control on streamflow during the summer,
where little to no precipitation occurs. Basin-wide total annual evapotranspiration is projected to
increase under climate change. The historical annual total evaporanspiration for the MLB is
130.1 mm. Under the B1 scenario, evapotranspiration is projected to increase to 136.9 mm during
the 2050s and 139.8 mm during the 2080s. Under the A2 scenario, larger end-of-the-century
increases are expected, with increases to 135.7 mm during the 2050s and 140.7 mm during the
2080s. All increases are significant at the 0.05 level. With a projected decrease in precipitation,
increased evapotranspiration may result in a large loss of water within the MLB.

At Lee Vining Creek, under the B1 emission scenario, annual streamflow (median of the
GCM ensemble) is projected to decline by 0.24 (11 % decrease) and 0.30 m*/s (13 %
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decrease) for the 2050s and 2080s. Under the A2 scenario, annual streamflow is projected to
decline by 0.11 m*/s (5 % decrease) and 0.27 m*/s (11 % decrease) for the 2050s and 2080s,
respectively. Annual streamflow is projected to decrease for all time periods and scenarios
for Rush Creek, with a 0.50 (15 % decrease) and 0.61 m®/s (18 % decrease) decrease under
the B1 emission scenario for the 2050s and 2080s, respectively, and a 0.32 (10 % decrease)
and 0.63 m’/s (19 % decrease) decrease under the A2 emission scenario for the 2050s and
2080s, respectively. The declines found for the 2050s were not significant at the 0.05 level,
while the decline for the 2080s were significant at the 0.05 level. These results are consistent
with the theory of Wigley and Jones (1985), where a median projection of a slight decline in
precipitation would produce a more dramatic decrease in runoff when direct CO, effects are
not modeled.

In addition to changes in annual runoff, streamflow timing is shifted as a result of earlier
spring snowmelt, as shown in Figs. 7 and 8. Earlier spring snowmelt is due to higher spring
temperatures, which results in a larger fraction of precipitation falling as rain rather than snow as
well as earlier melt. Despite the large range of precipitation projections (Figs. 5 and 6), there
was general agreement between GCMs that higher temperatures will lead to dramatic changes
in the amount of snowfall and snowmelt-associated streamflow. For the historical time period,
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Fig. 7 Average monthly streamflow for the 2050s and 2080s under each emission scenario for Lee Vining
and Rush Creeks
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Fig. 8 Percent change in monthly streamflow for the 2050s and 2080s under each emission scenario for Lee
Vining and Rush Creeks

the streamflows peaked in June, whereas, for the 2050s, streamflow peaked up to 1 month
earlier, resulting in a June/May peak for the B1 emission scenario and a May peak for the A2
emission in Lee Vining and Rush Creeks. Further, the magnitude of the snowmelt peak
decreased (Fig. 7). The accuracy of both the timing and the peak of the snowmelt runoff pulse
are likely affected by the use of a monthly time step, however, earlier runoff timing and lower
runoff peaks suggest a reduced snowmelt runoff volume. For the 2080s, under both emission
scenarios, the timing of peak runoff was shifted by 1 month, from June to May. In addition, peak
runoff decreased by 8 to 15 % for all future time periods and emission scenarios as compared to
historical volumes.

Figure 8 illustrates that the GCM-driven simulations are in general agreement across
models and emission scenarios in projecting winter and early spring streamflow increases
and summer streamflow decreases. Thus water availability on the monthly scale will likely
undergo significant changes. For Lee Vining Creek, average monthly streamflow increased

@ Springer



Climatic Change

during the spring and winter months and decreased for the summer months for all time
periods and emission scenarios. For Rush Creek, average monthly streamflow increased for
the late winter and spring months, decreased during the summer months, and had no
apparent trend for the early winter months for all time periods and emission scenarios. For
the 2050s, the largest increase occurred in April for Lee Vining Creek (60 % increase) and
March for Rush Creek (60 % increase). The largest monthly streamflow decrease for the
2050s occurred in July for both creeks with a 35 % decrease for Lee Vining and Rush
Creeks. The largest average monthly streamflow increase for the 2080s occurred in March
for Lee Vining (100 % increase) and Rush Creek (120 % increase). The largest decrease for
the 2080s occurred in July for Lee Vining (50 % decrease) and Rush Creek (55 % decrease).

3.4 Probability of future ‘wet’ and ‘dry’ hydrologic years in the Mono Lake Basin

While projected temperature and precipitation changes will likely have serious implications
for streamflow timing, the distribution of ‘wet’ and ‘dry’ hydrologic years will also shift
(Table 5). Figure 9 displays percent exceedance curves of historical and future streamflows
along with the established ‘wet’ and ‘dry’ year streamflows shown in Table 3. From this we
can determine how the ‘wet’ and ‘dry ‘distributions can be expected to shift under climate
change. As previously noted, by legal mandate the amount of water diverted out of MLB is
contingent on whether the previous hydrologic year is ‘wet’ or ‘dry’ based on the definition
in Section 2.5. The annual streamflow median value, as well as the 1st (25th percentile; not

Table 5 Percent exceedances

based on established ‘wet’ and Time Period Median 3rd Quartile st Quartile
‘dry’ year streamflow values.
All values are in percent Wet hydrologic years
Lee Vining Historical Ave. 25 - -
Bl 2050s 11 13 5
2080s 9 14 5
A2 2050s 17 33 12
2080s 13 30 4
Rush Historical Ave. 23 - -
Bl 2050s 12 16 7
2080s 10 15 8
A2 2050s 12 27 10
2080s 10 25 2

Dry hydrologic years
Lee Vining Historical Ave. 93 - -

B1 2050s 91 96 88
2080s 89 92 81
A2 2050s 86 96 83
2080s 80 91 75
Rush Historical Ave. 83 - -
B1 2050s 74 85 66
2080s 72 84 64
A2 2050s 72 38 68
2080s 58 80 55
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Fig. 9 Percent exceedance plots based on the California Supreme Court ‘wet’ and ‘dry’ year definitions for
all emission scenarios and time periods

shown in Fig. 9) and 3rd quartiles (75th percentile; not shown in Fig. 9), for the GCM
ensemble are assessed.

For both creeks, the occurrence of ‘wet’ hydrologic years will decrease in the 2050s
under either emission scenario. At the Lee Vining outlet, during the historical time period,
a ‘wet’ hydrologic year streamflow value is exceeded approximately 25 % of the time
(Fig. 9). In the 2050’s, the median exceedance of this value will decrease to 11 % for the B1
scenario and 17 % for the A2 scenario. For the 1% quartile, the ‘wet’ hydrologic streamflow
value is exceeded 5 % of the time under the B1 scenario and 12 % under the A2 scenario.
For the 3™ quartile, the ‘wet” streamflow value is exceeded 13 % of the time under the B1
scenario and 33 % under the A2 scenario. Thus, only the 3rd quartile under the A2 scenario
displays an increase in ‘wet’ hydrologic years. During the 2080s, the median percent further
decreases to 9 % for the B1 scenario and 13 % under the A2 scenario. The occurrence of ‘wet’
hydrologic years for the 1st quartile further decreases to 5 % under the B1 scenario and 4 % for
the A2 scenario during the 2080s. For the 3rd quartile, the ‘wet’ hydrologic year streamflow
value is exceeded 14 % under the emission scenario and 30 % under the A2 scenario. Again,
only the 3rd quartile A2 scenario value exceeds the historical value for “wet” hydrologic years.

The occurrence of ‘wet’ hydrologic years also decreases for Rush Creek. During
the historical time period, a ‘wet’ hydrologic year streamflow value is exceeded
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approximately 23 % of the time. The B1 and A2 emission scenarios show similar percent
decreases to approximately 12 % for the 2050s and 10 % for the 2080s (median values).
During the 2050s, under the B1 scenario, the 1st and 3rd quartile percent exceedances are 7
and 16 %, respectively. The 1st and 3rd quartiles are 10 and 27 %, respectively, under the A2
scenario. During the 2080s, under the B1 scenario, the 1st and 3rd quartile percent exceed-
ance values are 8 and 15 %, respectively, and 2 and 25 % under the A2 scenario. As found
for Lee Vining creek, the 3rd quartile for both emission scenarios is the only value that
exceeds the historical value for the occurrence of ‘wet’ hydrologic years.

Further, our results suggest an increase in the occurrence of drought years with projected
climatic changes in the MLB (Fig. 9). Under current climatic conditions, median streamflow
is higher than the ‘dry’ streamflow value approximately 93 % of the time for Lee Vining
Creek, thus drought years occur 7 % of the time. During the 2050s, this value shifts to 91 %
for the B1 scenario and 86 % for the A2 scenario. For the 1st quartile, the ‘dry’ hydrologic
streamflow value is exceeded 88 % of the time under the B1 scenario and 83 % under the A2
scenario. The 3rd quartile is exceeded 96 % of the time for both scenarios. The median ‘dry’
streamflow exceedance further shifts during the 2080s to 89 % for B1 scenario and 80 % for
the A2 scenario. Thus, late in the study period, the median occurrence of drought years
would increase to 11 % and 20 % for the B1 and A2 scenarios, respectively. For the 2080s,
the exceedance of ‘dry’ hydrologic years for the 1°* quartile is 81 % under the B1 scenario
and 75 % under the A2 scenario. For the 3rd quartile, the ‘dry” hydrologic year streamflow
value is exceeded 92 % under the emission scenario and 91 % under the A2 scenario.

For Rush Creek, droughts conditions are even more likely. Under current climatic
conditions, the ‘dry’ streamflow value is exceeded approximately 83 % of the time. The
median value shifts during the 2050s to 74 % for the B1 scenario and 72 % for the A2
scenario. During the 2050s, under the B1 scenario, the 1st and 3rd quartile percent exceed-
ances were 66 and 85 %, respectively. These values slightly increase under the A2 scenario,
where the 1st and 3rd quartile values are 68 and 88 %, respectively. During the 2080s, the
‘dry’ streamflow value is only exceeded 72 % of the time for the B1 scenario and 58 % for
the A2 scenario, suggesting that drought conditions will likely occur in 28 % and 42 % of the
years for the Bl and A2 scenarios. During the 2080s, under the B1 scenario, the 1° and 3™
quartile percent exceedance values are 64 and 84 %, respectively, and 55 and 80 % under the
A2 scenario. Thus, for both inflows, the median and 1% quartile during the 2050’s and 2080s
are in agreement that the occurrence of ‘dry’ hydrologic years will increase, while the 3™
quartile values for drought exceedance are very close to historical conditions.

4 Implications and conclusions

Mono Lake in the California Sierra Nevada represents a unique ecosystem that has been
affected by water diversions to the City of Los Angeles over several decades, and has been
the subject of a landmark ruling recognizing the application of the public trust doctrine and
guaranteeing minimum flows to the lake. This study assessed the impacts of projected
climatic change through the end of the century on the inflows to MLB using the SWAT
hydrologic model. The inflows considered here are Lee Vining and Rush creeks, as they
represent important sources for water diversions by the LADWP. The model was calibrated
and validated with historical natural monthly streamflow data from the CA DWR, and was
able to satisfactorily replicate the streamflow, with NS coefficients of about 0.8 for calibra-
tion and validation in both creeks. Subsequently, output from 16 different GCMs and for the
B1 and A2 emission scenarios was used to drive the hydrologic model.
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Based on the 16 GCM projections, climate in the MLB was affected such that temper-
ature (and hence evapotranspiration) appreciably increased, while overall precipitation saw
little or no change. Annual average increases in temperature by the end of the century are 2.5
and 4.1 °C for the B1 and A2 emission scenarios, respectively. The GCM ensemble predicts
a decrease in average change in annual precipitation by 3 % for the B1 scenario and 1.7 %
for the A2 scenario by the end of the century.

Our modeling results suggest that annual streamflow rates will decrease for both creeks,
with the largest declines by the end of the century. The decreased flows were observed in
spite of very small changes in precipitation amounts and can be explained by higher land
evapoptranspiration rates. The average annual total land evapotranspiration is project to
increase by 10 mm by the end of the century for both emission scenarios. Decreases in
average annual streamflow, as indicated in this study, will lead to less water available for
aquatic ecosystems and water resources. Decreases in streamflow coupled with increases in
Mono Lake evaporation from increased temperatures will further reduce the Mono Lake
volume (Schneider et al. 2009).

In addition to reduced overall streamflow, warmer temperatures connected to decreased
snow deposition and earlier snowmelt are expected to shift the timing of the spring snowmelt
runoff to earlier in the year. Peak runoff in the MLB historically occurred in June, but could
advance to earlier in June, and May for the B1 and A2 emission scenarios, respectively, by
2050. For the 2080s, under both emission scenarios, the peak will advance from June to
May. The magnitude and direction of this projected shift is similar to that of other studies for
the Western United States (Stewart et al. 2005). Changes in flow timing could have serious
implications for ecosystems and water diversions connected to the Mono Lake inflows, both
of which depend on certain seasonal flows. In addition, the in-stream requirements for Lee
Vining and Rush Creeks differ between the Spring and Summer months (April through
September) and Fall and Winter months (October through March). Our results showed that
shifts in streamflow timing are likely to increase the Fall and Winter streamflow average,
while concurrently decreasing the Spring and Summer month average. Specifically, the
earlier snowmelt peak resulted in decreased modeled summer flows, a time of year when
water usage demand is at its highest, thus further complicating water resource diversions.

While climate change is expected to have serious implications for streamflow amounts
and timing, it will likely also affect the distribution of ‘wet’, ‘normal’, and ‘dry’ years, as
currently defined by the California Supreme Court for the purpose of water diversions. The
‘dry’, ‘normal’ and ‘wet’ year designations for any given year determine the minimum in-
stream flow requirements for the following year and are a thus a critical component for both
maintaining aquatic ecosystems and municipal water resources. Based on the 1983 Califor-
nia Supreme Court decision, the LADWP can divert more water out of MLB when ‘wet’ or
‘normal’” hydrologic years occur. Our results, given as the number of years in which flow
exceeds the ‘dry’ or ‘wet’ cutoffs, indicate a substantial increase in the occurrence of ‘dry’
years and a decrease of ‘wet’ years by the end of the century. Assuming that all other
conditions remain the same, an increased occurrence of drought conditions could cause
significant changes in the sustainability of water resources within MLB. Less available water
leaves water managers with one of two options: Either the water left in the system for
ecosystem sustenance will be removed, or water deliveries to southern California will
become less reliable, especially as the 1983 California Supreme Court decision generally
sided with the health of the ecosystem and lake.

Because of its unique ecosystem, expansive water resource history and controversy, and
pivotal role in the history of environmental legislation, an assessment of the effect of
climatic changes on the MLB water resources is of special importance. While our modeling
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results suggest important climate induced hydrologic changes in the MLB, it should be
noted, that many other factors that will influence future streamflow, such as land use,
vegetation, geomorphic and population changes, are not accounted for in this study. Larger
populations and longer growing seasons due to warming temperatures may drive the system
further towards conditions of less available streamflow.
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