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Assessing Natural Recharge in Indian Wells Valley, 
California: A Basin Characterization Model Case Study

By Dina Saleh, Lorraine Flint, and Michelle Stern

Abstract
The communities in Indian Wells Valley (IWV), in the 

northern Mojave Desert in California, rely on groundwater for 
domestic and agricultural use. Mountain front recharge from 
the surrounding Sierra Nevada is the main source of natural 
recharge to the valley. Increased urbanization, agricultural 
development, and groundwater pumping during recent decades 
put IWV in a state of critical overdraft. The U.S. Geological 
Survey Basin Characterization Model, version 8 (BCMv8) was 
used to evaluate historical and future climate and hydrologic 
conditions in IWV. The BCMv8 estimated natural recharge in 
IWV at 10.7 cubic millimeters (mm3) per year for the period 
from 1981 to 2010. Future patterns of water balance variables 
using three future climate scenarios, hot-​wet, hot-​dry, and 
warm-​moderately wet, were calculated for mid-​century 
(2040–69) and end-​of-​century (2070–99) periods. Results 
for both wet models projected an increase in recharge in both 
periods, whereas the hot-​dry model projected a decrease in 
recharge in both periods. All models reported a large increase 
in seasonal variability in recharge, indicating more future 
availability and frequent occurrences of drought years. All 
climate scenarios projected an increase in climatic water 
deficit in both periods. These increases in irrigation demand 
and variability of water supply highlight the importance of 
strategic management planning for the sustainability of water 
resources in IWV.

Introduction
Climate change and unpredictable precipitation with 

associated increases in temperatures, along with urbanization 
and agricultural development, are increasingly competing 
for and stressing the water resources in the southwestern 
United States desert (Allen and others, 2019). In California, 
overdrafts have become far more common, especially in arid 

basins. As a result of the 2012–15 drought (Langridge and 
Van Schmidt, 2020), many wells went dry and increased land 
subsidence. These overdrafts prompted the 2014 legislation 
called the “Sustainable Groundwater Management Act” 
(SGMA; California Department of Water Resources, 2014), 
which authorizes local agencies to form Groundwater 
Sustainability Agencies (GSAs) to manage basins sustainably, 
requiring them to adopt plans for crucial groundwater basins. 
These GSAs require tools and information to develop their 
sustainability plans. Within these plans, recharge is one of 
the most uncertain processes requiring characterization or 
quantification. Demonstrating sustainability involves showing 
that the water management of a basin is not allowing more 
groundwater use than is being recharged to the basin. With 
changing climate conditions, estimating future recharge 
rates can inform long-​term sustainability and the adoption of 
suitable management plans.

Groundwater is the sole source of drinking and irrigation 
water for residents of Indian Wells Valley (IWV), which is 
in east-​central California in the northern part of the Mojave 
Desert (fig. 1). Since 1959, annual pumping from the aquifer 
has exceeded estimates of mean annual recharge, resulting in 
an overdraft of the groundwater basin (Berenbrock and Martin, 
1991; Todd Engineers, 2014). Indian Wells Valley is critically 
over drafted and classified as a “high priority” SGMA basin. 
It has been well documented that the IWV groundwater 
basin has been in overdraft since at least the 1960s and 
that currently, basin outflows exceed basin inflows by 
approximately four times (Flint and others, 2021a). Updated 
estimates by the IWV Groundwater Sustainability Plan (GSP) 
concurs with that rate, with a magnitude of overdraft of 
approximately 25,000 acre-​feet per year (acre-​ft/yr). The IWV 
GSA is co-​managed with the Kern County GSA by the City of 
Ridgecrest, Inyo County, San Bernardino County, IWV Water 
District, the U.S. Navy—Naval Air Weapons Station China 
Lake, and the Bureau of Land Management (Indian Wells 
Valley Groundwater Authority, 2023).
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Figure 1.  Study area of the Indian Wells Valley, California, showing subareas, calibration sites, and the 
groundwater basin boundary (California Department of Water Resources, 2025). Site names and descriptions are 
shown in table 2.
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Because of the heavy reliance on groundwater in IWV, 
numerous studies have evaluated natural recharge in the valley. 
Early studies by Lee (1913) and Thompson (1929) estimated 
recharge in IWV at 33.3 cubic millimeters (mm3; 27,000 acre-​
feet) and 48.1 mm3 (39,000 acre-​feet) per year, respectively. 
In the 1960s, groundwater pumping in IWV began to exceed 
the water yield from the lower aquifer, causing the upper 
aquifer to become a source of recharge to the deep aquifer 
(Berenbrock and Schroeder, 1994; Todd Engineers, 2014). 
This state of overdraft led to several other studies using 
various methods, resulting in a range of natural recharge 
estimates during the last few decades, from 11.96 mm3 
(9,700 acre-​feet) per year (Bean, 1989) to 12.10 mm3 
(9,806 acre-​feet) per year (Todd Engineers, 2014). Table 1 
includes a range of previous studies with estimates of recharge 
in subareas within the IWV Basin. These studies identified 
mountain front recharge as the main source of natural recharge 
in IWV, with 60–75 percent of the recharge generated from the 
eastern slopes of the Sierra Nevada, 20–30 percent from the 
Coso and Argus Ranges, and 0.5–4 percent from the El Paso 
Mountains (table 1). The most recent study on recharge (Flint 
and others, 2021a) was calibrated regionally at the statewide 
scale and had lower estimates for Sierra Nevada and Argus 
than previous studies and included estimates for the valley 
floor and volcanic subareas.

Because of the SGMA requirements and a high level 
of public concern over the adequacy of water supply for 
municipal and agricultural uses, the GSA decided to estimate 
current and future natural recharge in IWV, not only to provide 
additional confirmation of the water balance in the basin, 
but also to evaluate how changes in climate conditions could 
further affect the limited water resources. Previous studies 
agree that natural recharge to the IWV groundwater system is 
primarily from mountain front recharge from the surrounding 
Sierra Nevada on the western edge of the IWV Basin (table 1). 

Recharge from infiltration of surface runoff and snowmelt 
occurs at high elevations where precipitation is higher, 
snowmelt can exceed soil water holding capacity, and air 
temperature and evapotranspiration (ET) is lower. Recharge 
from the Coso and Argus Ranges and El Paso Mountains to 
the northern and eastern boundaries of the IWV Basin is less 
than 30 percent because of the smaller amount of rainfall in 
these subareas (Todd Engineers, 2014).

Basin wide recharge quantification was achieved by 
using an analytical method, the Basin Characterization Model 
(BCMv8; Flint and others, 2013), that was revised to improve 
recharge estimates (Basin Characterization Model, version 
8, BCMv8; Flint and others, 2021a), calibrating it in IWV 
with local data and information to improve on the statewide 
regional calibration. With little groundwater data in the basin, 
it is important to evaluate all of the various components of the 
water balance to improve estimates of recharge, which is the 
most uncertain component.

Purpose and Scope

This study was done in cooperation with Kern County, 
California. The objective of this study is to utilize all available 
data to calibrate the various components of the water balance. 
By utilizing all available data, this study aims to provide a 
more refined and accurate estimate of the average annual 
natural recharge and other hydrologic water balance variables 
in the IWV Basin. This study validates the many historical 
estimates and provides a more realistic view of the basin's 
hydrologic conditions. Additionally, the calibrated model was 
used to apply future climate projections, thus providing insight 
into potential future hydrologic conditions. The information 
obtained from this study may be used to guide sustainable 
resource management planning for the IWV Basin.



4  


Assessing N
atural Recharge in Indian W

ells Valley, California
Table 1.  Previous estimates of natural recharge to the principal aquifer in Indian Wells Valley, California.

[There is no surface drainage from volcanic subareas. Abbreviations: mm3, cubic millimeters; —, no data]

Data source

Surface and sub-
surface 

drainage from 
Sierra Nevada 

Range 
(mm3)

Surface drain-
age 

from Coso 
Range 
(mm3)

Surface drain-
age 

from Argus 
Range 
(mm3)

Surface drainage 
from El Paso 
Mountains 

(mm3)

Surface drain-
age 

from volcanics 
(mm3)

Recharge to 
valley floor 

(mm3)

Inflow from 
Rose Valley 

(mm3)

Total natural 
recharge 

(not including Rose 
Valley) 
(mm3)

Lee (1913) — 33.30 — — — — — 33.30
Thompson (1929) — 48.10 — — — — 12.30 48.10
Kunkel and Chase (1969) — — — — — — — 13.6 to 18.5
Bloyd and Robson (1971) 7.69 3.90 — 0.49 — — 0.06 12.08
Dutcher and Moyle (1973) — — — — — — — 13.57
St. Amand (1986) — — — — — — — 13.57
Austin (1988) at least 37.0 — — — — — — 37.00
Bean (1989) 7.77 2.47 1.20 0.49 — — 0.49 11.96
Berenbrock and Martin (1991) 7.69 3.90 — 0.49 — — 0.06 12.10
Watt (1993) 10.95 1.20 — 0.00 — — — 12.15
Thyne and others (1999) 9.90 — — — — — 1.60 9.90
Brown and Caldwell 

Consultants (2013)
7.27 0.37 2.00 0.06 — — 1.23 9.67

Todd Engineers (2014) 3.8 to 7.3 0.37 2.00 0.06 — — 1.23 12.10
Reitz and others (2017) — — — — — — — 9.04
Flint and others (2021a) 2.45 0.43 0.40 0.15 0.27 0.03 3.44 3.73
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Study Area

The IWV is in the Mojave Desert east of the Sierra 
Nevada, about 200 kilometers (km) north of Los Angeles 
(fig. 1). The valley floor covers an area of 777 square 
kilometers, ranging in elevation from 655 to 732 meters (m) 
above sea level. The valley is bounded on the west by the 
Sierra Nevada, on the north by a low ridge of volcanic rocks 
and the Coso Range, on the east by the Argus Range, and on 
the south by the El Paso Mountains and Spangler Hills. In 
contrast to the steep topography surrounding the valley, the 
valley floor gently slopes toward China Lake, a large dry lake 
or playa, in the central northeastern valley. At an altitude of 
655 m, it is the primary natural groundwater discharge point in 
the valley (fig. 1).

The IWV has an arid climate, with annual precipitation 
ranging from 10 to 15 centimeters (cm) falling on the valley 
floor (primarily in winter and spring, October through March). 
During the remainder of the year, rain falls infrequently 
during summer thundershowers. Mean air temperatures range 
from about 4 degrees Celsius (°C) in winter to about 28 °C in 
summer. Native vegetation covers most of the IWV study area, 
with desert scrub covering more than 56 percent of the valley 
floor. Barren lands cover about 4 percent of the study area, 

mostly over the volcanic rocks and in the China Lake playa. 
The rest of the basin is covered with other vegetation types, 
including desert scrub, alkali desert scrub, sagebrush, juniper, 
mixed chaparral, grasslands, and pines (fig. 2).

The IWV basin is bounded to the west along the Sierra 
Nevada by a north trending fault that is present in the center 
and eastern part of the valley (Berenbrock and Schroeder, 
1994; Todd Engineers, 2014; fig. 3). Surficial geologic types 
in the IWV Basin include granites, which surround the valley, 
volcanics mostly in the north, conglomerates in the south, 
and small inclusions of metasediments. Desert fill covers the 
entire valley floor and western drainages. Unconsolidated 
deposits from lakebed, stream, and alluvial fans make up an 
upper aquifer and a lower aquifer. The primary deep aquifer in 
the IWV consists of alluvial deposits as much as 300 m thick, 
covering the main valley floor. The lower aquifer is generally 
unconfined except in the eastern part of the valley where the 
aquifer is confined by silt and clay lenses, lake deposits, and 
playa deposits. In the east-​central part of the valley, beneath 
China Lake and other dry lakebeds (fig. 3), the lower aquifer 
is overlain by an upper aquifer that consists of lacustrine, 
alluvial, playa, and sandstone deposits (Berenbrock and 
Schroeder, 1994; Todd Engineers, 2014).
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Methods
The BCMv8 was used to simulate the hydrologic 

variables for the IWV Basin. The BCMv8 is a mechanistic, 
grid based, water-​balance model that is run on a monthly 
time step. Version 8 of the model (Flint and others, 2021b) 
incorporates vegetation-​specific actual evapotranspiration and 
uses available spatial data of vegetation, topography, physical 
soil properties, and geology (to provide bedrock permeability 
values). The BCMv8 uses these spatially distributed inputs, 
which are parameterized during calibration, and transient 
climate data to spatially distribute and quantify the amount of 
rainfall or snowmelt that is evaporated or transpired, remains 
in the soil profile, or becomes either recharge or runoff. This 
process depends on the storage properties of the underlying 
soil and saturated hydraulic conductivity of the shallow 
bedrock. These components comprise those of a typical water 
budget for a basin but do not include deliveries or extractions 
of water. The BCMv8 was originally developed and calibrated 
on a statewide regional scale for the state of California (Flint 
and others, 2021a, b; https://doi.org/​10.5066/​P9PT36UI). 
In this study, the BCMv8 was calibrated on a local scale to 
ensure that parameterization was not averaged over large 
regions but was specific to the IWV area.

All spatial data were developed to a scale of 270 m. 
Transient climate data, such as precipitation and maximum 
and minimum air temperature, were estimated using the 
Parameter-​elevation Regressions on Independent Slopes 
Model (PRISM; Daly and others, 2008) and then spatially 
downscaled to a scale of 270 m using methods described in 
Flint and Flint (2012). Monthly potential evapotranspiration 
(PET) was calculated using simulated solar radiation, 
topographic shading, atmospheric properties, and cloudiness 
and calibrated to 120 measurement sites in California (Flint 
and others, 2021b). Snow accumulation and melt were 
calibrated to 99 snow courses throughout California, and 
spatially distributed model parameters were developed to 
optimize the match to measured snow throughout the state 
(Flint and others, 2021b). The BCMv8 was run to calculate 
the monthly water balance components, including snow 

accumulation and melt, actual evapotranspiration (AET), 
and changes in soil moisture storage, runoff, and natural 
recharge. Natural recharge was calculated as the water that 
penetrates below the rooting depth of vegetation and may take 
many years to reach the groundwater table depending on the 
thickness of the unsaturated zone. The climatic water deficit 
(CWD) is the evaporative demand that exceeds available 
water and was calculated by subtracting AET from PET 
(PET-​AET; Reitz and others, 2017). The CWD defines the 
amount of water in the soil that can be maintained for plant 
use throughout the growing season and summer dry season as 
the amount of water necessary to maintain crop water demand, 
which can be used to track landscape stress over time.

Basin Characterization Model, version 8 Local 
Calibration for Indian Wells Valley

Local model calibration was done in two steps to match 
AET and streamflow measurements. The first step was done 
by parameterizing the BCMv8 to match estimates of AET 
reported by Reitz and others (2017) by vegetation type for 
the IWV Basin to create monthly time series of AET for 
October 2000 through September 2013. In IWV, there are 
19 vegetation types, with desert scrub covering more than 
56 percent of the study area (fig. 2). Parameterization was 
done first by calculating monthly scaling factors (Kv) for each 
vegetation type using the AET values estimated by Reitz and 
others (2017) divided by PET calculated using the BCMv8 
for each month and averaged during the measurement period. 
These Kv values represent the proportion of AET below 
potential for each month that a vegetation type transpires. 
Additional vegetation parameters included adjustments to the 
effective rooting depth to increase the amount of effective soil 
storage and increase AET, which is often required to match 
the AET values estimated by Reitz and others (2017), while 
reducing the water available for recharge and runoff. There 
also were growth parameters that allowed for the seasonality 
of AET for vegetation types that are sensitive to seasonal 
and annual variations in precipitation. More details on 
parameterization can be found in Flint and others (2021b).

https://doi.org/10.5066/P9PT36UI
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The second step to local model calibration was to 
assemble streamflow measurements and accumulate the 
BCMv8 recharge plus runoff values for drainages upstream 
from each streamgage. Streamflow data measured at 10 gaging 
stations (8 U.S. Geological Survey stations and 2 Kern 
County stations, and data are available in Saleh and Flint, 
2019) in relatively unimpaired streams were used for model 
calibration (fig. 1). Because of scarcity of streamflow data 
within the basin, it was necessary to use streamflow data 
from outside the IWV sub-​watersheds to calibrate all local 
soils, vegetation, and geologic types (fig. 1). Table 2 provides 
the location, collecting agency, numerical identifier, and the 
period of record available from these gaging stations used for 
calibration (Saleh and Flint, 2019). Note that two streamgages 
measure drainage from the Sierra Nevada to the west, 
streamgages 7 and 8 measure drainage from lower mountains 
to the northeast, streamgages 3 and 6 measure drainage from 
intermittent lower elevation sites to the south, and streamgages 
4, 5, 9, and 10 measure drainage from locations at the Sierra 
Nevada front where excess flow becomes runoff instead of 

mountain front recharge. Post-​processing in a spreadsheet 
was done to accumulate monthly recharge and runoff values 
upstream from every streamgage. Post-​processing used 
exponential decay values to calculate basin discharge to 
match peak flows, recession flows, and baseflows of the 
measured hydrographs (Flint and others, 2021b). Calibration 
statistics included the coefficient of determination (R2) and 
Nash-​Sutcliffe Efficiency (NSE; Nash and Sutcliffe, 1970) 
and were used to evaluate calibration results and optimize 
the goodness-​of-​fit. Bedrock permeability was adjusted to 
change the ratio of recharge to runoff in the BCMv8 runs and 
to optimize the shape of the calculated hydrograph for each 
subarea. Adjustments to AET parameters were done iteratively 
with bedrock permeability to ensure the best fit of modeled to 
measured streamflow and to optimize the different components 
of the water balance. Additional calibrations to the model 
included matching observations of ponding on the China Lake 
playa. This calibration was done by reducing the bedrock 
permeability of the consolidated valley fill materials to allow 
for intermittent ponding during high precipitation events.

Table 2.  Site name, longitude, latitude, site number, agency, and period of record for each streamflow calibration site in Indian Wells 
Valley, California. 

[Site locations are shown on figure 1. Abbreviations: NAD 83, North American Datum of 1983; CA, California; USGS, U.S. Geological Survey; —, no data]

Site number 
(on fig. 1)

Site name
Longitude, 

NAD 83
Latitude, 
NAD 83

USGS site 
number

Agency
Period of 

record

1 South Fork Kern River near Onyx, 
CA

−118.1737 35.7374 11189500 USGS 1955–76

2 South Fork Kern River near 
Olancha, CA

−118.1290 36.1832 11188200 USGS 1957–69

3 Cottonwood Creek near Cantil, CA −118.0448 35.3138 10264770 USGS 1966–72
4 Goler Gulch near Randsburg, CA −117.7962 35.3927 10264710 USGS 1966–72
5 Darwin Wash near Darwin, CA −117.5225 36.3207 10250800 USGS 1962–89
6 Wildrose Creek near Wildrose 

Station, CA
−117.1787 36.2649 10250600 USGS 1960–75

7 Ninemile Creek near Brown, CA −117.9273 35.8430 10264878 USGS 1961–72
8 Little Lake Creek near Little Lake, 

CA
−117.9131 35.9591 10264870 USGS 1964–73

9 Sand Canyon Creek −117.9075 35.7759 — Kern County Water 
Agency

1999–2016

10 Grapevine Canyon Creek −117.9167 35.7330 — Kern County Water 
Agency

1997–2016
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Future Climate Scenarios

To evaluate future hydrologic conditions in IWV, the 
calibrated IWV model was run using three future climate 
models (table 3) from the Global Climate Models (GCMs) 
selected for California’s Fourth Climate Change Assessment 
(4CCA) as best representing historical climatic patterns 
in California (California Department of Water Resources 
Climate Change Technical Advisory Group, 2015). The 
three selected models correspond to the Representative 
Concentration Pathway (RCP) 8.5, representing a future 
with a high global population, slow economic growth and 
technological change, and a high dependence on fossil fuels, 
without any consideration to reductions into greenhouse gas 
emissions (Riahi and others, 2011; Pierce and others, 2014). 
These three climate scenarios were statistically downscaled 
using the Localized Constructed Analogs (LOCA) method 
described in Pierce and others (2014) from the native model 
resolution (table 3) to a 6-​km resolution. The statistical 
downscaling was done to improve estimates of extreme events 
and reduce the common downscaling problem of too many 
light-​precipitation days (Pierce and others, 2014). The data 
were then further downscaled spatially to 270 m for BCMv8 
application following the methods described in Flint and Flint 
(2012). The selected future scenarios represent a range of 
projected conditions, with the Second-​generation Canadian 
Earth System Model (CanESM2) representing hot-​wet 
conditions, the Community Climate System Model version 4 
(CCSM4) representing warm-​moderately wet conditions, and 
the Hadley Centre Global Environmental Model version 2 
climate configurations (HadGEM2-​CC) representing hot-​dry 
conditions (table 3). The resulting datasets provided monthly 
minimum and maximum air temperature and precipitation for 
the 1981–2099 period. A historical baseline climate dataset 
from water years 1976 to 2005 (Livneh and others, 2013) was 
used to train the LOCA GCMs. Bias correction was applied to 
each LOCA scenario to match the modeled historical climate 
statistics with those of the historical observational data for 

that period (Pierce and others, 2014). As a result, to account 
for any slight differences between the historical GCM climate 
data and PRISM data (Daly and others, 2008), all calculations 
comparing BCM-​derived results for historical and future 
30-year mean periods were made using BCMv8 results based 
on the GCM-​simulated historical data.

Figure 4 shows temperature and precipitation data 
available from the PRISM dataset used to run the historical 
BCM, along with simulated data from the model projections, 
which are run from 1950 to 2099 with carbon dioxide forcings 
beginning in 2006. Figure 4 shows that the bias-​correction of 
the LOCA downscaled data to historical climate data (Livneh 
and others, 2013) do not exactly match the PRISM data. The 
difference can be partially explained by the fact that even 
though the Livneh and others (2013) dataset was based on 
PRISM, it used a consistent lapse rate throughout the domain 
(allowing for the dataset to extend outside of the continental 
United States), whereas PRISM used a variable lapse rate. 
More importantly, the bias correction was done to match the 
statistics (mean and variance) for the period 1976–2005, not 
1981–2010, as shown in table 4.

The mean temperature rises for all models for both future 
periods, ranging from 4 to more than 5 °C by end of century. 
Precipitation is variable among models. The CanESM2 
model increases the most for precipitation and has the most 
annual variability in the future run for precipitation and air 
temperature of all models, with the mean increasing from 
221 millimeters per year (mm/yr) in the historical period to 
324 mm/yr by end of century. The standard deviation also 
increases by nearly 30 percent by end of century, indicating 
that the future is projected to have more extreme precipitation 
years that also are hotter. The CCSM4 model also has 
increases in precipitation, with additional variability mid-​
century but not in the end-​of-​century period. HadGEM2-​CC 
has variable changes in precipitation, rising mid-​century and 
lowering by end of century, but the variability indicates more 
extreme rises by end of century.

Table 3.  Global Climate Models used for future climate modeling in Indian Wells Valley, California, with modeling center information.

[CanESM2, Second-​generation Canadian Earth System Model; CCSM4, Community Climate System Model version 4; HadGEM2-​CC, Hadley Centre Global 
Environmental Model version 2 climate configurations; ID, identification; km, kilometer]

Model name
Institute 

ID
Modeling center or group

Model 
resolution1

Model 
conditions

CanESM2 CCCMA Canadian Centre for Climate Modeling and Analysis 128×64 Hot-​wet
(247 km)

CCSM4 NCAR National Center for Atmospheric Research, United States of 
America

288×192 Warm-​moderately wet
(110 km)

HadGEM2-​CC MOHC Met Office Hadley Centre, United Kingdom 192×45 Hot-​dry
(165 km)

1Size of the model’s atmospheric grid (number of longitudes by number of latitudes).
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EXPLANATION

Figure 4.  Annual climate data from historical Parameter-​elevation Regressions on Independent Slopes Model (PRISM) data 
(1981–2010) and from three Localized Constructed Analogs (LOCA) climate scenarios (1981–2099): A, Canadian Centre for Climate 
Modeling and Analysis, Second-​generation Canadian Earth System Model (CanESM2), representing hot-​wet projected conditions; 
B, National Center for Atmospheric Research, United States of America, Community Climate System Model version 4 (CCSM4) 
representing warm-​moderately wet projected conditions; and C, Met Office Hadley Centre, United Kingdom, Hadley Centre Global 
Environmental Model version 2 climate configurations (HadGEM2-​CC), representing hot-​dry projected conditions. LOCA climate is 
simulated from 1950 to 2099, with five carbon dioxide forcing beginning in 2006. The five carbon dioxide forcings refer to the five 
different greenhouse gas concentration scenarios (or radiative forcing pathways) that drive future climate projections. These 
scenarios are based on Representative Concentration Pathways (RCPs), which specify the level of radiative forcing (measured in 
watts per square meter) caused by greenhouse gases like carbon dioxide by the year 2100 relative to pre-​industrial levels (Pierce 
and others, 2014).
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Results
The application of the BCMv8 to simulate hydrologic 

conditions in IWV relies on the model calibration to obtain 
the best fit between simulated model outputs and field 
observations. Figure 5 shows a comparison of BCMv8 actual 
AET to the observed AET from Reitz and others (2017), 
hereafter referred to as “Reitz AET,” for the eight widely 
occurring vegetation types in the IWV Basin. Monthly 
simulated BCMv8 AET for the years 2000–13 compared well 
to measured Reitz AET values, especially in locations in the 
mountains (montane chaparral and Sierran mixed conifer). 
The BCMv8 values were overestimated for vegetation in 
the valley floor subarea (desert scrub, sagebrush, and alkali 
desert scrub) during summer 2005 and spring 2011 (fig. 5). 
These vegetation types are very responsive to precipitation on 
a sub monthly basis, and although the BCMv8 incorporates 
all precipitation and AET for each month, the Reitz AET 
is developed based on the Moderate Resolution Imaging 
Spectroradiometer (MODIS) remotely sensed data. These data 
are collected as a snapshot and may undersample the AET of 
vegetation that actively responds to precipitation. Notably, 
the barren vegetation type, which occupies the area over the 
volcanics geology in the northern part of the basin, has low 
AET, although not as low as desert scrub or alkali desert scrub. 
This low AET provides more water for recharge and runoff in 
the water balance calculation, and in this relatively permeable 
geology, it results in a higher proportion of recharge. Although 
there was no measured streamflow in this location to constrain 
the estimates of bedrock permeability locally, there were 
ample stations throughout the arid and semi-​arid locations in 
California with this geologic type, and the regional calibration 
value for this geologic type was used for this local calibration.

The BCMv8 also was calibrated against selected monthly 
streamflow measurements at 10 streamgages (fig. 1; table 2). 
Comparisons of the BCMv8 basin discharge and measured 
streamflow indicated a relatively good match for most of the 
streamgages and poorer fits for streamgages with intermittent 
flows. Figure 6 shows an example comparison of measured 
streamflow from four of the streamgages in the study area 
used for model calibration. Calibration results indicated that 
the BCMv8 was more successful in effectively capturing the 
magnitude and timing of peaks in the monthly time step for 
sites with more frequent measured streamflow data (figs. 6A, 
6B, 6D) and not as successful for sites with minimal measured 
data (fig. 6C). These results also are reflected in the calibration 
statistics (table 5), which indicated relatively better goodness-​
of-​fit based on the NSE statistic for sites with continuous 
streamflow (table 5). These sites had average monthly NSE 
values of 0.80, and R2 values of 0.73 (sites not used in average 
calculations because of minimal streamflow are marked 
in table 5).

Uncertainty

There are many sources of uncertainty in this study; 
however, improving the spatial distribution of physical 
properties during parameterization, hydraulic function 
tables, and local data used for model calibration, can reduce 
uncertainty and improve estimates of potential hydrologic 
outcomes. The BCMv8 addresses some of these uncertainties 
by incorporating vegetation-​specific AET and using available 
spatial data of vegetation, topography, physical soil properties, 
and geology. Calibrations are done to optimize the fit to 
measured data for each hydrologic component of the water 
balance calculated by the model. Additional uncertainties in 
the BCM and extrapolation to ungaged basins are discussed 
at length in Flint and others (2013). Addressing uncertainties 
related to future climate-​hydrology scenarios using GCMs is 
particularly difficult; however, we reduced this uncertainty by 
selecting a subset of the GCMs that were analyzed specifically 
to represent the range of historical climatic conditions in 
California and were selected for California’s 4CCA (California 
Department of Water Resources Climate Change Technical 
Advisory Group, 2015). In this study, we selected the 
CanESM2, CCSM4, and HadGEM2-​CC to represent a range 
of projected hydrologic conditions in IWV.

Table 4.  Mean and standard deviation (SD) of precipitation data 
for the Localized Constructed Analogs (LOCA) simulations for 
three periods in Indian Wells Valley.

[CanESM2, Second-​generation Canadian Earth System Model; 
CCSM4, Community Climate System Model version 4; HadGEM2-​CC, 
Hadley Centre Global Environmental Model version 2 climate configurations; 
mm, millimeter]

LOCA scenario
Mean 

precipitation 
(mm)

Precipitation 
standard deviation 

(mm)

Historical (1981–2010)

CanESM2 221 131
CCSM4 201 113
HadGEM2-​CC 211 115

Mid-​century (2040–69)

CanESM2 280 171
CCSM4 215 140
HadGEM2-​CC 218 120

End-​of-​century (2070–99)

CanESM2 324 187
CCSM4 216 117
HadGEM2-​CC 167 122
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Figure 5.  Indian Wells Valley, California, Basin Characterization Model, version 8 model calibration using model estimated 
actual evapotranspiration (AET; orange) compared to measured AET from Reitz and others (2017; blue). A, desert scrub; B, barren; 
C, pinyon-​juniper; D, annual grassland; E, alkali desert scrub; F, montane chaparral; G, sagebrush; and H, Sierran mixed conifer. 
Percentage value represents the percentage of the three-​vegetation types within the study area (Multi-​Resolution Land 
Characteristics Consortium, 2018).
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Figure 6.  Calibration time series comparing monthly measured discharge and Basin Characterization Model, version 8 estimated basin discharge in cubic meters 
per second for four basins in Indian Wells Valley, California: A, South Fork Kern River near Onyx, California; B, South Fork Kern River near Olancha, California; 
C, Cottonwood Creek near Cantil, California; and D., Canyon Creek, California. Calibration statistics, Nash-​Sutcliffe Efficiency (NSE) statistic, and monthly coefficient 
of determination (R2) are included.
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Historical Climate Evaluation

Historical climatological and hydrological conditions for 
all subareas in IWV averaged during the 1981–2010 period 
are summarized in table 6. Total recharge for IWV from 
BCMv8 local calibration using historical PRISM data was 
estimated at about 10.7 mm3 (8,680 acre-​feet) per year. This 
recharge value corresponds well with estimates from previous 
studies (table 2), developing a consensus among estimates 
during the last 50 years. Spatial distribution of natural 
recharge in IWV is shown on figure 7 and is a function of 
climate, geology, soil storage, and vegetation type. Most of 
the recharge in IWV is mountain front recharge from the 
Sierra Nevada (48 percent), volcanics subarea (21 percent), 
and the Argus Range (12 percent). Rose Valley subarea is 
not included in the sum of total recharge. Rose Valley is 
a subbasin northwest of Indian Wells Valley that—under 
wetter conditions more than 10,000 years ago—was part of 
a river system that flowed from Owens Valley through Rose 
Valley and Indian Wells Valley to Death Valley. Surface flow 
between the basins now occurs rarely, if ever. Subsurface 
flow is obstructed by geologically recent basalts, which force 
most of the groundwater to the surface as it crosses between 
basins (Todd Engineers, 2014).

Figure 8 shows the relation between precipitation 
and natural recharge estimated from the BCMv8 for each 
of the subareas in IWV during the 1981–2010 period. 

In all subareas, the relation had a low slope until enough 
precipitation occurred to exceed the requirements of soil-​
moisture storage, ponding, evaporation, and transpiration, 
after which recharge occurred. This threshold is approximately 
150–250 mm/yr for all of the subareas, except for the 
volcanics, with a threshold of less than 100 mm/yr because 
of this subarea’s higher permeability (fig. 8). The distance 
that the recharge curve is offset from the 1:1 line is controlled 
by the potential for precipitation to be diverted to the other 
pre-​recharge processes. For example, in the arid valley floor, 
where there is less precipitation and substantial soil storage, 
the estimated recharge was about 8 percent of the total 
BCMv8 estimated IWV recharge, and most of the precipitation 
was diverted to evapotranspiration (table 6); whereas, the 
Sierra Nevada subareas have more precipitation, much of it 
as snow.

The CWD is correlated with landscape stress, forest die-​
off, wildfire risk, and irrigation demand, and its variability 
is largely dominated by air temperature and available water. 
The spatial distribution of CWD over IWV is shown on 
figure 9, with the mean annual CWD of 1,200 mm/yr in the 
Sierra Nevada subareas. The melting of the snowpack in the 
Sierra Nevada subareas provides a longer seasonal duration 
of available water, thus maintaining a lower annual deficit. 
The highest CWD is present in the valley floor subarea of 
IWV, with more than 1,450 mm/yr, because of increased air 
temperature and PET and lower precipitation (table 6).

Table 5.  Basin Characterization Model, version 8 (BCMv8) calibration statistics for sites in Indian Wells Valley, California (Nash and 
Sutcliffe, 1970).

[R2, coefficient of determination; NSE, Nash-​Sutcliffe efficiency; CA, California]

Site number 
(on fig. 1)

Site name
Period of 

record

Number of days 
with streamflow 
measurements

R2 NSE

1 South Fork Kern River near Onyx, CA 1955–76 239 0.85 0.81
2 South Fork Kern River near Olancha, CA 1957–69 131 0.67 0.59

13 Cottonwood Creek near Cantil, CA 1966–72 6 0.03 0.07
14 Goler Gulch near Randsburg, CA 1966–72 8 0.65 0.86
5 Darwin Wash near Darwin, CA 1962–89 323 0.2 0.17

16 Wildrose Creek near Wildrose Station, CA 1960–75 18 0 0.84
7 Ninemile Creek near Brown, CA 1961–72 63 0.48 0.72

18 Little Lake Creek near Little Lake, CA 1964–73 12 0 0.36
9 Sand Canyon Creek 1999–2016 93 0.8 0.91

10 Grapevine Canyon Creek 1997–2016 125 0.83 0.98

1Sites not used in average calculations due to minimal streamflow; on-​site locations are shown on figure 1.
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Figure 7.  Indian Wells Valley, California, average annual recharge (1981–2010) calculated using the Basin 
Characterization Model, version 8.
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Table 6.  Annual Parameter-​elevation Regressions on Independent Slopes Model (PRISM) historical climate and hydrological parameters from the Basin Characterization 
Model, version 8, averaged during the 1981–2010 period in Indian Wells Valley, California. Recharge is in cubic millimeters (mm3).

[km2, square kilometer; mm, millimeter; °C, degree Celsius; —, no data; w/o, without]

Subareas
Area 
(km2)

Precipitation 
(mm)

Potential evapo-​
transpiration 

(mm)

Maximum air 
temperature 

(°C)

Minimum air 
temperature 

(°C)

Climatic 
water deficit 

(mm)

Runoff 
(mm)

Recharge 
(mm)

Recharge 
(mm3)

Northern Sierra Nevada 256.3 232.8 1,353.00 23 14 1,232 8.7 12.1 3.1
Southern Sierra Nevada 249.8 252.3 1,393.00 23 13 1,263 6.8 8.2 2.1
Coso Range 289 206.4 1,362.50 23 13 1,313 5.4 3.2 0.9
Volcanics 129.5 135.4 1,498.00 28 16 1,451 26.4 17.4 2.3
Argus Range 511.8 202.6 1,421.00 24 14 1,378 3.6 2.4 1.2
Spangler Hills 105 141.1 1,484.30 27 16 1,468 0 0 —
El Paso Mountains 79.6 173.7 1,472.90 26 16 1,442 3.7 2.9 0.2
Valley floor 1,582.90 126.5 1,504.10 28 17 1,491 0.6 0.6 0.9
Rose Valley1 414.1 216.1 1,364.00 24 13 1,290 8.3 13.9 5.8
Total w/o Rose Valley — — — — — — — — 10.7

1Rose Valley subarea not included in sum of total recharge.
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Figure 8.  Power function regression between precipitation and natural recharge estimated from 
the Basin Characterization Model, version 8 from 1981 to 2010 for Indian Wells Valley, California.
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Future Climate Projections

Future projected hydrological conditions from three 
future climate scenarios for all subareas in IWV averaged 
during the 2040–69 mid-​century and 2070–99 end-​of-​
century periods were compared to simulated historical LOCA 
1981–2010 conditions. Tables 7 and 8 show the percentage of 
change in projected climatic and hydrologic conditions when 
compared to 1981–2010 historical LOCA conditions. All three 
models show projected increases in average air temperature 
for IWV, and this increase is greater for end of century 
(table 7). The CanESM2 model projected the highest (as much 
as 29 percent, about 5 °C) increase in temperature in the end-​
of-​century period compared to the other two models (table 7). 
There was large variation in the projected precipitation from 
the three GCMs for both periods. The CanESM2 model, a 
hot-​wet projection, showed an average of 20-​percent (about 
4 cm) increase in precipitation in the mid-​century period and 
an average of 31-​percent (about 6 cm) increase in the end-​of-​
century period when compared to historical LOCA data. The 
HadGEM2-​CC model, a hot-​dry projection, showed a decrease 
in precipitation in both periods, with a larger decrease for all 
subareas in the end-​of-​century period and reaching anywhere 
from a 23-​percent decrease in the Coso Range to a 40-percent 
decrease in the Spangler Hills and El Paso Mountains 
(table 7). The CCSM4 warm-​moderately wet model showed a 
small change in precipitation in both periods, with a slightly 
larger increase in the end-​of-​century period (table 7).

Future projected runoff for IWV was estimated using the 
three GCMs for the mid-​century and end-​of-​century periods 
and compared to historical LOCA data (table 7). Results from 
the CanESM2 and CCSM4 models projected an increase in 
runoff in both future periods. CanESM2 projected a greater 
increase in runoff in the end-​of-​century period, whereas the 
more moderate CCSM4 model projected a similar increase in 
both periods. The hot-​dry HadGEM2-​CC model projected an 
increase in runoff in the mid-​century period and decrease in 
the end-​of-​century period. This decrease is most significant 

(38 percent and 39 percent) in the El Paso Mountains and 
valley floor subarea, respectively. These results compare well 
with the HadGEM2-​CC projected decrease in precipitation 
during the end-​of-​century period (table 7).

Generally, the trends shown in table 7, based on 
comparisons of 30-​year annual means, indicate that there 
is a consensus among models that temperature is predicted 
to rise approximately 20–29 percent by end of century, 
which corresponds with the prediction from all models that 
CWD will also rise for all locations. However, there is not 
a consensus among models about whether it is predicted 
for more or less precipitation available in IWV, which 
determines how much water is available for AET, runoff, 
or recharge. Table 8 shows the percentage of change in the 
standard deviation of climatic and hydrologic conditions 
in comparison to historical conditions. In all subareas 
for all models, the annual variability in precipitation and 
air temperature increased in the mid-​century and end of 
century by 1–42 percent for precipitation and 8–38 percent 
for temperature. Results from the CCSM4 model indicated 
an increase in annual variability in precipitation and air 
temperature only during the mid-​century, followed by a 
decrease in precipitation, AET, CWD, and recharge in some 
subareas by the end of the century (table 8). However, 
most importantly for planning purposes, there is strong 
model consensus that by mid-​century, variability in annual 
precipitation, runoff, and recharge—the primary water-​supply 
variables—will increase, with recharge projected to rise by as 
much as 57 percent in the Sierra Nevada and 76 percent on the 
valley floor. This rise is caused by the increased variability in 
precipitation and the increase in the precipitation thresholds 
for recharge projected by all the models. These projections 
point to wet years where decisions to capture or store water 
are prudent. Also notable, results for all models indicated 
that all hydrologic variables increased on average in the Rose 
Valley subarea by end of century, except for HadGEM2-​CC 
for precipitation, AET, runoff, and recharge (table 7).
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Table 7.  Percentage of change in average climatic and hydrologic conditions in Indian Wells Valley, California, in comparison to historical period (1981–2010) using three future 
climate models for mid-​century (2040–69) and end-​of-​century (2070–99) periods: Second-​generation Canadian Earth System Model (CanESM2) representing hot-​wet projected 
conditions, Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected conditions, and Hadley Centre Global Environmental Model 
version 2 climate Configuration (HadGEM2-​CC) representing hot-​dry projected conditions.

[CanESM2 representing hot-​wet projected conditions; CCSM4 representing warm-​moderately wet projected conditions; and HadGEM2-​CC representing hot, dry projected conditions. 
Abbreviations: %diff, percentage difference; N, northern; S, southern; Mtns, mountains; —, no data]

Subbasin

Historical to mid-​century Historical to end of century

Average 
precipitation 

(%diff)

Average 
temperature 

(%diff)

Average 
actual evapo-​
transpiration

(%diff)

Average 
runoff 
(%diff)

Average 
climate 
water 
deficit 
(%diff)

Average 
recharge 

(%diff)

Average 
precipitation 

(%diff)

Average 
temperature 

(%diff)

Average 
actual evapo-​
transpiration

(%diff)

Average 
runoff 
(%diff)

Average 
climate 
water 
deficit 
(%diff)

Average 
recharge 

(%diff)

CanESM2

N Sierra 
Nevada

20 21 13 62 5 51 30 29 20 74 7 58

S Sierra 
Nevada

20 20 16 71 5 61 31 28 22 81 7 70

Coso 
Range

20 20 37 56 3 32 31 29 46 70 5 46

Volcanics 21 16 21 50 5 28 32 24 33 60 7 37
Argus 

Range
20 18 48 46 3 37 31 26 58 63 5 57

Spangler 
Hills

20 16 63 — 4 — 31 23 73 — 5 —

El Paso 
Mtns

19 17 50 57 4 37 30 24 62 70 5 52

Indian 
Wells 
Valley 
Floor

21 15 55 60 4 57 32 22 66 71 6 67

Rose Valley 21 20 28 92 3 55 31 28 35 94 6 62
HadGEM2-​CC

N Sierra 
Nevada

0 19 4 31 6 4 −30 26 −27 −2 12 −40

S Sierra 
Nevada

−2 19 2 25 6 1 −34 26 −34 −3 12 −49

Coso 
Range

5 19 26 38 5 17 −23 26 −11 11 9 −40

Volcanics 0 15 −2 22 5 3 −28 21 −37 −4 8 −65
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Table 7.  Percentage of change in average climatic and hydrologic conditions in Indian Wells Valley, California, in comparison to historical period (1981–2010) using three future 
climate models for mid-​century (2040–69) and end-​of-​century (2070–99) periods: Second-​generation Canadian Earth System Model (CanESM2) representing hot-​wet projected 
conditions, Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected conditions, and Hadley Centre Global Environmental Model 
version 2 climate Configuration (HadGEM2-​CC) representing hot-​dry projected conditions.—Continued

[CanESM2 representing hot-​wet projected conditions; CCSM4 representing warm-​moderately wet projected conditions; and HadGEM2-​CC representing hot, dry projected conditions. 
Abbreviations: %diff, percentage difference; N, northern; S, southern; Mtns, mountains; —, no data]

Subbasin

Historical to mid-​century Historical to end of century

Average 
precipitation 

(%diff)

Average 
temperature 

(%diff)

Average 
actual evapo-​
transpiration

(%diff)

Average 
runoff 
(%diff)

Average 
climate 
water 
deficit 
(%diff)

Average 
recharge 

(%diff)

Average 
precipitation 

(%diff)

Average 
temperature 

(%diff)

Average 
actual evapo-​
transpiration

(%diff)

Average 
runoff 
(%diff)

Average 
climate 
water 
deficit 
(%diff)

Average 
recharge 

(%diff)

HadGEM2-​CC—Continued

Argus 
Range

3 17 35 25 4 −8 −28 24 13 −2 8 −34

Spangler 
Hills

−5 14 −17 — 5 — −40 20 −15 — 7 —

El Paso 
Mtns

−5 15 −8 6 5 3 −40 21 −41 −38 8 −64

Indian 
Wells 
Valley 
Floor

−4 14 −9 21 5 22 −36 20 −17 −39 7 −75

Rose Valley 4 18 16 30 5 2 −24 25 −9 −8 9 −33
CCSM4

N Sierra 
Nevada

2 19 4 41 5 19 4 25 10 43 7 17

S Sierra 
Nevada

1 18 5 50 5 25 4 25 12 51 7 22

Coso 
Range

2 18 22 39 4 16 0 25 21 29 7 6

Volcanics 5 15 9 36 4 12 3 21 11 31 6 13
Argus 

Range
2 16 28 26 4 13 −1 23 11 14 7 −4

Spangler 
Hills

1 14 25 — 4 — 2 19 −26 — 6 —

El Paso 
Mtns

1 15 20 24 4 9 2 21 6 20 7 12
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Table 7.  Percentage of change in average climatic and hydrologic conditions in Indian Wells Valley, California, in comparison to historical period (1981–2010) using three future 
climate models for mid-​century (2040–69) and end-​of-​century (2070–99) periods: Second-​generation Canadian Earth System Model (CanESM2) representing hot-​wet projected 
conditions, Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected conditions, and Hadley Centre Global Environmental Model 
version 2 climate Configuration (HadGEM2-​CC) representing hot-​dry projected conditions.—Continued

[CanESM2 representing hot-​wet projected conditions; CCSM4 representing warm-​moderately wet projected conditions; and HadGEM2-​CC representing hot, dry projected conditions. 
Abbreviations: %diff, percentage difference; N, northern; S, southern; Mtns, mountains; —, no data]

Subbasin

Historical to mid-​century Historical to end of century

Average 
precipitation 

(%diff)

Average 
temperature 

(%diff)

Average 
actual evapo-​
transpiration

(%diff)

Average 
runoff 
(%diff)

Average 
climate 
water 
deficit 
(%diff)

Average 
recharge 

(%diff)

Average 
precipitation 

(%diff)

Average 
temperature 

(%diff)

Average 
actual evapo-​
transpiration

(%diff)

Average 
runoff 
(%diff)

Average 
climate 
water 
deficit 
(%diff)

Average 
recharge 

(%diff)

CCSM4—Continued

Indian 
Wells 
Valley 
Floor

4 14 27 75 4 77 1 19 −5 68 6 73

Rose Valley 3 18 13 74 4 83 4 25 16 75 7 83

Table 8.  Percentage of change in the standard deviation of climatic and hydrologic conditions in Indian Wells Valley, California, in comparison to the historical period 
(1981–2010) using three future climate models for mid-​century (2040–69) and end-​of-​century (2070–99) periods: Second-​generation Canadian Earth System Model (CanESM2) 
representing hot-​wet projected conditions, Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected conditions, and Hadley Centre 
Global Environmental Model version 2 climate Configuration (HadGEM2-​CC) representing hot-​dry projected conditions.

[CanESM2 representing hot-​wet projected conditions, CCSM4 representing warm-​moderately wet projected conditions, and HadGEM2-​CC representing hot-​dry projected conditions. 
Abbreviations: %diff, percentage difference; Mtns, mountains; —, no data]

Subbasin

Historical to mid-​century Historical to end of century

Standard 
deviation 

precipitation 
(%diff)

Standard 
deviation 

temperature 
(%diff)

Standard 
deviation 

actual evapo-​
transpiration 

(%diff)

Standard 
deviation 

runoff 
(%diff)

Standard 
deviation 
climate 
water 
deficit 
(%diff)

Standard 
deviation 
recharge 

(%diff)

Standard 
deviation 

precipitation 
(%diff)

Standard 
deviation 

temperature 
(%diff)

Standard 
deviation 

actual evapo-​
transpiration 

(%diff)

Standard 
deviation 

runoff 
(%diff)

Standard 
deviation 
climate 
water 
deficit
(%diff)

Standard 
deviation 
recharge 

(%diff)

CanESM2

N Sierra 
Nevada

35.89 14.62 14.20 2.99 58.19 53.18 39.32 22.35 2.89 −1.22 66.55 55.70

S Sierra 
Nevada

36.06 13.25 15.32 4.80 59.96 57.06 42.28 20.57 13.25 8.12 70.12 62.88
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Table 8.  Percentage of change in the standard deviation of climatic and hydrologic conditions in Indian Wells Valley, California, in comparison to the historical period 
(1981–2010) using three future climate models for mid-​century (2040–69) and end-​of-​century (2070–99) periods: Second-​generation Canadian Earth System Model (CanESM2) 
representing hot-​wet projected conditions, Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected conditions, and Hadley Centre 
Global Environmental Model version 2 climate Configuration (HadGEM2-​CC) representing hot-​dry projected conditions.—Continued

[CanESM2 representing hot-​wet projected conditions, CCSM4 representing warm-​moderately wet projected conditions, and HadGEM2-​CC representing hot-​dry projected conditions. 
Abbreviations: %diff, percentage difference; Mtns, mountains; —, no data]

Subbasin

Historical to mid-​century Historical to end of century

Standard 
deviation 

precipitation 
(%diff)

Standard 
deviation 

temperature 
(%diff)

Standard 
deviation 

actual evapo-​
transpiration 

(%diff)

Standard 
deviation 

runoff 
(%diff)

Standard 
deviation 
climate 
water 
deficit 
(%diff)

Standard 
deviation 
recharge 

(%diff)

Standard 
deviation 

precipitation 
(%diff)

Standard 
deviation 

temperature 
(%diff)

Standard 
deviation 

actual evapo-​
transpiration 

(%diff)

Standard 
deviation 

runoff 
(%diff)

Standard 
deviation 
climate 
water 
deficit
(%diff)

Standard 
deviation 
recharge 

(%diff)

CanESM2-​CC—Continued

Coso 
Range

28.03 15.31 32.08 27.86 58.94 34.90 32.99 24.44 37.50 33.77 71.91 47.01

Volcanics 29.72 18.11 31.52 7.04 37.93 20.90 32.84 25.56 25.39 10.75 46.80 17.69
Argus 

Range
25.20 19.35 37.14 34.71 51.12 71.40 30.48 27.20 42.98 40.07 71.75 85.69

Spangler 
Hills

28.98 16.57 42.18 40.03 — — 33.18 23.32 51.36 47.42 — —

El Paso 
Mtns

31.26 14.01 36.11 32.59 62.30 55.44 36.73 20.78 47.47 43.68 69.31 67.37

Indian 
Wells 
Valley 
Floor

28.18 19.01 42.32 38.75 48.92 49.74 32.80 25.69 52.59 46.62 58.95 58.55

Rose 
Valley

33.50 13.63 26.71 20.15 59.21 44.42 37.21 23.21 26.53 21.76 66.73 48.33

HadGEM2-​CC

N Sierra 
Nevada

6.32 31.68 2.25 −8.25 48.95 18.74 13.94 20.12 11.35 1.01 38.94 25.81

S Sierra 
Nevada

6.90 32.40 11.27 1.80 36.04 16.15 10.27 21.42 12.09 2.45 28.30 12.36

Coso 
Range

8.99 31.10 38.48 23.66 55.34 43.83 22.88 17.78 36.05 21.73 58.54 50.09

Volcanics 1.07 31.86 35.33 −16.94 32.00 9.44 21.32 20.40 47.17 −12.19 41.13 10.90
Argus 

Range
6.81 32.19 44.87 24.30 30.29 8.76 22.19 21.20 47.77 29.98 41.03 52.27

Spangler 
Hills

0.82 32.45 14.65 −71.32 — — 11.34 20.20 26.52 −47.79 — —
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Table 8.  Percentage of change in the standard deviation of climatic and hydrologic conditions in Indian Wells Valley, California, in comparison to the historical period 
(1981–2010) using three future climate models for mid-​century (2040–69) and end-​of-​century (2070–99) periods: Second-​generation Canadian Earth System Model (CanESM2) 
representing hot-​wet projected conditions, Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected conditions, and Hadley Centre 
Global Environmental Model version 2 climate Configuration (HadGEM2-​CC) representing hot-​dry projected conditions.—Continued

[CanESM2 representing hot-​wet projected conditions, CCSM4 representing warm-​moderately wet projected conditions, and HadGEM2-​CC representing hot-​dry projected conditions. 
Abbreviations: %diff, percentage difference; Mtns, mountains; —, no data]

Subbasin

Historical to mid-​century Historical to end of century

Standard 
deviation 

precipitation 
(%diff)

Standard 
deviation 

temperature 
(%diff)

Standard 
deviation 

actual evapo-​
transpiration 

(%diff)

Standard 
deviation 

runoff 
(%diff)

Standard 
deviation 
climate 
water 
deficit 
(%diff)

Standard 
deviation 
recharge 

(%diff)

Standard 
deviation 

precipitation 
(%diff)

Standard 
deviation 

temperature 
(%diff)

Standard 
deviation 

actual evapo-​
transpiration 

(%diff)

Standard 
deviation 

runoff 
(%diff)

Standard 
deviation 
climate 
water 
deficit
(%diff)

Standard 
deviation 
recharge 

(%diff)

HadGEM2-​CC—Continued

El Paso 
Mtns

1.92 31.44 2.79 −43.94 12.60 9.91 7.07 19.20 −4.98 −52.03 16.34 23.16

Indian 
Wells 
Valley 
Floor

0.98 32.05 −7.72 −71.25 24.84 23.89 15.96 21.54 18.54 −49.06 29.07 26.91

Rose 
Valley

6.33 30.86 21.52 5.96 44.17 14.08 18.69 16.88 22.04 6.77 32.18 28.96

CCSM4

N Sierra 
Nevada

15.85 10.45 7.13 3.57 37.40 22.57 −6.42 32.58 −15.46 −14.81 23.50 4.43

S Sierra 
Nevada

12.59 8.00 8.39 4.92 39.60 19.70 −5.64 30.88 −8.47 −8.12 23.36 2.01

Coso 
Range

13.89 10.73 9.30 5.71 45.84 18.61 −18.37 32.85 −15.51 −18.20 5.44 −30.16

Volcanics 16.54 15.35 14.93 0.21 30.76 12.78 −20.50 36.47 −22.27 −13.01 3.14 −24.93
Argus 

Range
13.65 18.61 13.06 8.86 47.68 56.98 −24.49 38.24 −29.19 −31.23 −8.53 −21.26

Spangler 
Hills

13.46 14.58 14.44 8.03 — — −24.59 36.19 −72.58 −61.36 — —

El Paso 
Mtns

9.27 10.61 5.36 0.05 21.53 5.42 −23.83 33.58 −41.60 −40.64 −27.06 −17.30

Indian 
Wells 
Valley 
Floor

13.45 17.27 13.85 4.81 70.35 76.43 −27.36 37.98 −84.56 −54.81 47.67 62.84

Rose 
Valley

16.91 8.62 10.98 7.05 29.57 26.74 −10.31 31.61 −12.64 −15.20 4.29 10.04
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Table 7 shows the change in AET and CWD from 
historical (1981–2010) to mid-​century (2040–69) and to end-​
of-​century (2070–99) periods for each of the three GCMs. 
The three scenarios varied in their projections of AET because 
HadGEM2-​CC has lower projected precipitation and less 
available water for AET. The CanESM2 scenario showed 
the largest projected increase in AET in both periods in 
comparison to the historical period, with a larger increase in 
the end-​of-​century period, reflected in a more than 60-​percent 
increase in AET in some subareas (Spangler Hills, El Paso 
Mountain, and valley floor) during the end-​of-​century period. 
This increase in AET corresponds with an increase in CWD 
among all sites in mid-​century and end-​of-​century periods, 
with average CWD increases of 4 and 6 percent, respectively 
(table 7). Results from the HadGEM2-​CC model indicate an 
overall increase in mid-​century AET projections; however, 
there are large variations in AET projections in this period 
when evaluated on a subarea scale. AET increased as much 
as 35 percent in the Argus Range subbasin and decreased 
17 percent in the Spangler Hills (table 7). The HadGEM2-​
CC model projected a decrease in AET for all the subareas 
in the end-​of-​century period except for a 13-​percent increase 
in the Argus Range subarea. The HadGEM2-​CC model 
showed an increase in CWD for both periods; however, 
HadGEM2-​CC showed a bigger increase (almost double) 
in CWD projections for all subareas in the end-​of-​century 
period (table 7). Results from the CCSM4 model projected 
an increase in AET in all IWV subareas during both periods 
except for Spangler Hills and valley floor subareas, where 
CCSM4 projected a 26-​percent and 5-​percent decrease in 
AET by end of century, respectively. The CCSM4 results also 
indicated an increase in CWD in both periods: an average of 
4 percent in mid-​century and 7 percent in the end-​of-​century 
period compared to historical conditions. Spatial distribution 
of percentage of change in CWD estimations in the IWV 
projected by the GCMs for mid-​century (2040–69) and end 
of century (2070–99) compared to the historical LOCA data 
are shown on figure 10. Although all the GCMs projected an 
increase in CWD in both periods, CanESM2 and CCSM4, the 
wet models, projected the largest spatial variation in all the 
subareas in both periods, with the greatest increases projected 
to be in the end-​of-​century period in the Sierra Nevada and 
valley floor subareas. HadGEM2-​CC projected a lower spatial 
variation in CWD in both periods, with the larger projected 
increase in CWD in the end-​of-​century period.

Table 7 shows the percentage of change in projected 
recharge from the three GCMs when compared to 1981–2010 
historical LOCA conditions. The three scenarios varied in 
their estimations; however, most recharge projections from 
the three models were greater than the model’s projection of 
precipitation for each period, except for the HadGME2-​CC 
model in the end-​of-​century period, because most recharge 
occurs in years when precipitation exceeds the recharge 
threshold illustrated on figure 8. The change in the annual 
variability of precipitation (table 8) is much greater than 
historical precipitation, particularly for the two wet models 
(CanESM2 and CCSM4), ranging from 9 to 36 percent in 
the mid-​century period, thus resulting in more opportunities 
for recharge in the future scenarios. All models showed an 
increase in recharge in the mid-​century period for all IWV 
subareas, except for the 8-​percent (0.09 mm3; 750 acre-​
feet) decrease projected by HadGEM2-​CC for the Argus 
Range. Overall, the CanESM2 scenario projected the largest 
increase in recharge during the mid-​century period, with a 
projected 51–61 percent increase in recharge in the Sierra 
Nevada subareas; however, CCSM4 projected a 77-​percent 
increase (the largest estimate, Rose Valley, not included in this 
evaluation) in recharge in the valley floor subarea (table 7). 
There is a great variation in recharge projections from the 
three GCMs during the end-​of-​century period. CanESM2 
projected an increase in recharge for all IWV subareas (Rose 
Valley not included in this evaluation) from an average of 
70-percent (4.3 mm3; 3,456 acre-​feet) increase in recharge in 
the South Sierra Nevada subarea to a 67-​percent (0.6 mm3; 
490 acre-​feet) increase in recharge in the valley floor subarea. 
The CCSM4 model also projected an increase in recharge 
in all the subareas during the end-​of-​century period (except 
for a small decrease in the Argus Range). However, CCSM4 
projections are smaller in magnitude than CanESM2 estimates 
in all subareas, except for the valley floor and Rose Valley 
where the CCSM4 estimate was larger, with a 73-​percent 
(0.2 mm3; 154 acre-​feet) increase in recharge (table 7). 
The HadGEM2-​CC model showed a different pattern than 
the CanESM2 and CCSM4 models in the end-​of-​century 
period. HadGEM2-​CC results indicated a large decrease in 
recharge for all subareas in IWV, from a 45-​percent (2.4 mm3; 
1,900 acre-​feet, Rose Valley not included in this evaluation) 
decrease in the Sierra Nevada, to a 75-​percent (0.6 mm3; 
486 acre-​feet) decrease in the valley floor (table 7).
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Figure 10.  Percentage of change in climatic water deficit in comparison to the historical period (1981–2010), using three future climate models for mid-​century (2040–69) and 
end-​of-​century (2070–99) periods in Indian Wells Valley, California. Second-​generation Canadian Earth System Model (CanESM2) representing hot-​wet projected conditions, 
Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected conditions, and Hadley Centre Global Environmental Model version 2 climate 
Configuration (HadGEM2-​CC) representing hot-​dry projected conditions. 
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Spatial distribution of percentage of change in recharge 
estimations in all IWV subareas projected by the GCMs 
for mid-​century (2040–69) and end-​of-​century (2070–99) 
periods compared to the historical LOCA data are shown 
on figure 11. As previously stated, natural recharge in IWV 
is mostly generated from mountain front subareas (Todd 
Engineers, 2014), and results from CanESM2, a hot-​wet 
scenario, and CCSM4, a warm-​moderately wet scenario, show 
an increase in recharge in mid-​century and end-​of century 
periods in comparison to the historical period, particularly 
in the mountain front subareas. CanESM2 shows a larger 
increase in recharge in the end-​of-​century period compared 
to the mid-​century period (recharge averaged among all sites, 
except Rose Valley, was 12-​percent higher in the end-​of-​
century period; table 7). This increase can be related to the 
increase in other CanESM2 projected climate conditions, 
such as the 11-​percent increase in precipitation and 8-​percent 
increase in average air temperature (averaged among all sites, 
except Rose Valley) in the end-​of-​century period compared to 
the mid-​century period. CCSM4, unlike CanESM2, shows a 
greater increase (about 5 percent more, when all sites except 
Rose Valley were averaged) in recharge at mid-​century 
when compared to recharge at the end of the century. Results 
from the HadGEM2-​CC hot-​dry scenario indicated a greater 
variation in projected recharge in the two periods. Results 
indicated an increase in recharge at mid-​century in IWV (as 
much as 22 percent in the valley floor), except for an 8-​percent 
decrease in the Argus Range (table 7). However, there was 
a large decrease in recharge (as much as 75 percent in the 
valley floor) in the end-​of-​century period, accompanied by a 
large decrease in the HadGEM2-​CC projected precipitation 
of 32 percent (averaged among all sites, except Rose 
Valley; table 7).

The BCMv8 model’s interannual variability in recharge 
and runoff was evaluated using the standard deviation of 
seasonal (winter: October–March; summer: April–September) 
means simulated for the historical (1981–2010) and mid-​
century (2040–69) periods projected by the three GCMs 
(fig. 12). The standard deviation reveals only the magnitude 
of the variability and nothing about the seasonality of when 
water-​year extremes generally occur. Results indicate that for 
all the IWV subareas, there is a large interannual variation in 
historical (1981–2010) recharge and runoff, particularly in the 
winter months, as well as a large difference among subareas 
(fig. 12A). This variability is more significant in subareas with 
more estimated recharge and runoff like the Sierra Nevada and 
the volcanic subareas, which increases the differences among 
subareas for recharge (fig. 12A). Projections from the GCMs 
indicated a similar variability in recharge and runoff in the 
mid-​century period, with variability being more significant 
in the winter than in summer. However, the wet scenario 
from CanESM2 and the dry scenario from HadGEM2-​CC 
showed greater seasonal variation. As figures 12B and 12C 
show, regardless of the larger magnitude of the CanESM2 
wet scenario, both models showed almost double recharge 
and runoff in winter than in summer, specifically in subareas 
like the Sierra Nevada and El Paso Mountains, which provide 
most of the surface runoff and mountain front recharge to 
IWV. CCSM4, the moderate scenario, showed lower seasonal 
variations in runoff and recharge (fig. 12D). Given the large 
seasonal increases projected in the variability of runoff, these 
results illustrate that runoff also may be a valuable water 
resource in some years and, if managed strategically, could be 
used to supplement the groundwater supply.
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Figure 11.  Percentage of change in recharge in comparison to the historical period (1981–2010), using three future climate models for mid-​century (2040–69) and end-​
of-​century (2070–99) periods in Indian Wells Valley, California. Second-​generation Canadian Earth System Model (CanESM2) representing hot-​wet projected conditions, 
Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected conditions, and Hadley Centre Global Environmental Model version 2 
climate Configuration (HadGEM2-​CC) representing hot-​dry projected conditions.
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Figure 12.  Indian Wells Valley, California, seasonal interannual variability in recharge and runoff from A, the Basin Characterization Model, version 8, 
for historical (1981–2010) period, and three LOCA projections for mid-​century (2040–69); B, Second-​generation Canadian Earth System Model 
(CanESM2) representing hot-​wet projected conditions; C, Hadley Centre Global Environmental Model version 2 climate Configuration (HadGEM2-​CC) 
representing hot-​dry projected conditions; and D, Community Climate System Model version 4 (CCSM4) representing warm-​moderately wet projected 
conditions. Seasonal time step is winter (October–March) and summer (April–September).
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Discussion
Seasonal timing of precipitation and snowmelt and 

their effects on the hydrologic response of recharge and 
runoff drive the ability to manage scarce water resources in 
desert valleys. Distinct thresholds exist for the amount of 
precipitation that will result in recharge in any given year in 
IWV, overcoming the soil storage and evaporative demands. 
These thresholds vary throughout the basin as a result of 
the distribution of the different water balance components. 
An understanding of how these variables will change with 
climate, given the relatively static nature of the controlling 
properties of soils, geology, and vegetation, can help to 
facilitate decision-​making and planning to ensure sustainable 
management of this resource.

It's important to keep in mind that future changes in 
annual water magnitudes and reaching recharge thresholds 
don't tell the whole story because of the seasonality of 
precipitation and the projected variability of water recharge 
and runoff. It is also prudent to consider runoff as an 
important aspect of available water supply, even if it is 
difficult to manage under historical conditions. The average 
change in recharge from historical to future periods indicates 
generally more water recharge and runoff because an increase 
in extreme weather conditions allows for more precipitation 
to exceed the recharge threshold. However, the increased 
variability indicates that the increase in water recharge 
won't occur every year. Resource management planning 
can be done to consider these possibilities. The increases in 
extremes, which have model consensus through mid-​century, 
and only for the wet models by end of century, indicate more 
dry years and droughts. Although runoff has been of limited 
consequence historically, it may become more of a resource 
in coming years.

The projected changes in runoff and recharge in the 
Rose Valley subarea indicated increases in inflows to IWV 
some years, which may be captured and managed. Consider, 
for example, managed aquifer recharge as a practice to 
increase groundwater recharge during years when there are 
more extreme precipitation events and runoff. Although the 
relative proportion of inflows from Rose Valley was small 
for the historical studies, the calculation of recharge and 
runoff using the BCMv8 indicated that Rose Valley may be 
a source of water supply. The statewide-​calibrated BCM 
calculated 3.44 mm3 of recharge, which is slightly less than 
the recharge calculated for IWV at 3.73 mm3 (table 1). The 
locally calibrated version had Rose Valley natural recharge 
at 5.8 mm3, which is 54 percent of the total recharge in IWV 
(10.7 mm3; table 6). The future climate models all projected 
fairly large increases in runoff and recharge by mid-​century 

(table 7), and the two wetter models (CanESM2 and CCSM4) 
projected even larger increases by end of century, 81 percent 
increase in runoff in the South Sierra Nevada subarea and 
73 percent increase in recharge in the Indian Wells Valley 
Floor subarea. Depending on the mechanisms responsible for 
resulting inflows to IWV, increase in runoff and recharge could 
be an asset in which to develop management plans.

Climatic water deficit generally is increasing with 
all model projections because of the consistent rise in air 
temperatures and evaporative demand consistent across 
models. The implications of rising CWD in mountains 
indicate more plant water use and more frequent development 
of landscape and forest stress, which leads to forest die-​off 
(Anderegg and others, 2015) and wildfire risk (van Mantgem 
and others, 2013; Mann and others, 2016). The greatest 
increases were projected to be in the Sierra Nevada subareas. 
Increases of CWD on the valley floor have implications for 
crop demand. CanESM2 and CCSM4 projected a spatial 
variation in the increases, likely related to differences in soil 
properties and vegetation in the southwestern part of the valley 
and may provide some guidance for future crop development. 
However, it is important that changes in crop water demand of 
as much as 7 percent (Anderegg and others, 2015) are taken 
into consideration for irrigation planning to coincide with a 
more variable water-​supply resource.

Summary
Groundwater is the main source of water in Indian 

Wells Valley (IWV) and is used for municipal, industrial, 
and agricultural use. Throughout the last several decades, 
overpumping of the main aquifer in the valley has critically 
depleted water availability in the valley and has classified IWV 
as a “high priority” Sustainable Groundwater Management 
Act basin. The locally calibrated Basin Characterization 
Model, version 8 (BCMv8) for IWV provided historical 
spatially distributed estimates of recharge and landscape 
stress in the valley. The BCMv8 was calibrated to actual 
evapotranspiration and historical measured streamflow data 
to constrain estimates of water-​balance variables. Long-​term 
average (1981–2010) natural recharge in IWV was estimated 
to be 10.7 million cubic millimeters (mm3) per year, generated 
mainly from mountain front subareas. These findings are 
consistent with historical estimates of recharge from previous 
studies; however, BCMv8 provides an improved estimate of 
the IWV water balance by incorporating vegetation-​specific 
actual evapotranspiration and using available spatial data of 
vegetation, topography, physical soil properties, and geology.
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Three localized constructed analog Global Climate 
Models (GCMs), corresponding to the Representative 
Concentration Pathway 8.5, were used to evaluate future 
climate conditions in the IWV through the end of the century. 
The three GCMs represent different projected climatic 
conditions: Second-​generation Canadian Earth System Model 
(CanESM2), hot-​wet; Community Climate System Model 
version 4 (CCSM4), warm-​moderately wet; and Hadley 
Centre Global Environmental Model version 2 climate 
configurations (HadGEM2-​CC), hot-​dry. Results from the 
three models provide useful information to understand future 
changes in water availability (as recharge and runoff) and 
landscape stress and irrigation demand (as climatic water 
deficit). All three GCMs showed an increase in climatic water 
deficit through the end of the century, corresponding with an 
increase of potential evapotranspiration because of higher air 
temperatures. The mid-​century and end-​of-​century projections 
estimated by the three GCMs provide insights into potential 
variations in future hydrological conditions. The CanESM2 
hot-​wet model projected an increase in recharge at both mid-​
century and end of century, with a greater increase by end of 
century. This pattern of increase in recharge corresponds well 
with the models projected to increase in precipitation for the 
same periods. On the other hand, the HadGEM2-​CC hot-​dry 
scenario projected a decrease in recharge in both periods, with 
a larger decrease projected for the end-​of-​century period. This 
pattern of decrease also corresponds well with the HadGEM2-​
CC model projected precipitation in mid-​century and end 
of century.

All models agreed that the change in annual and seasonal 
variability will be large through mid-​century with a greater 
variability by end of century, as projected in the two wet 
models. This change in variability provides information 
that is important for consideration when developing water-​
supply management strategies. Regardless of the magnitude 
of projected change from each model, these results provide 
the two end points of extreme future climate conditions (wet 
or dry) and can be useful in addressing IWV future water 
needs. The projected increases in climatic water deficit will be 
important for land and water managers in IWV for planning 
in mid-​ to long-​term time scales regarding availability of 
irrigation water because the demand is likely to increase. 
Knowing the historical interannual variability and the potential 
changes to recharge can help Groundwater Sustainability 
Agencies manage uncertainty and reduce the undesirable 
effects of groundwater overdraft, including land subsidence, 
water-​level declines, and water-​quality issues.
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