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Abstract
Groundwater plays a critical supporting role in agricultural production in the California
Central Valley (CV). Recent prolonged droughts (notably 2007–2009 and 2012–2016)
caused dramatic depletion of groundwater, indicating the susceptibility of the CV’s water
supply to climate change. To assess the impact of climate change on groundwater storage
in the CV, we combined integrated surface water and groundwater models with climate
projections from 20 global climate models and thereby explore the vulnerability of CV
groundwater under two climate scenarios RCP4.5 and RCP8.5. We found that ground-
water has been declining over the past decades (3 km3/year on average during 1950–
2009). In the absence of future mitigating measures, this decline will continue, but at a
higher rate due to climate change (31% and 39% increase in loss rate under RCP4.5 and
RCP8.5). The greatest loss (more than 80% of the total) will occur in the semi-arid
southern Tulare region. We performed computational experiments to quantify the relative
contribution of future crop water use and headwater inflows to total groundwater storage
change. Our results show that, without management changes, continuing declines in
future groundwater storage will mainly be attributable to ongoing overuse of groundwa-
ter. However, future changes in the seasonality of streamflow into the CV, (small) changes
in annual inflows, and increased crop water use in a warmer climate will lead to 40–70%
more annual groundwater losses than the current annual average, up to approximately
5 km3/year.
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1 Introduction

Global warming poses serious threats to water resources, particularly in the Western US
(Gleick 2000). Climate change can directly and/or indirectly affect different components
of the hydrological cycle, in which precipitation, snowmelt, and evapotranspiration are
linked to agricultural water supply and demand (Garrote et al. 2015). Increases in water
demand and decreases in surface water supply caused by a warming climate can
negatively affect groundwater storage through increased groundwater exploitation, espe-
cially in regions like the Central Valley of California where groundwater is already
stressed.

The Central Valley (CV) of California is one of the most productive agricultural regions in
the world. On average, sources of irrigation water are about equally divided between surface
water and groundwater (Li et al. 2018), but during droughts, surface water availability is
reduced, and the difference is mostly made up by groundwater, along with some reduction in
irrigated area to reduce demand. Throughout the CV, groundwater resources relative to surface
water resources vary, partly due to the natural north-south precipitation gradients, with
groundwater relatively more important to the south. Surface water comes mostly from streams
that originate in the Sierra Nevada Mountains east of the CV (hereafter referred to as
headwater watersheds). Precipitation is highly seasonal, mostly occurring from October
through March. Pronounced spatial differences exist in terms of the amount and timing of
surface water supplies from the headwater watersheds, arising from higher total precipitation in
the north and greater winter snowpack storage in the south of the Sacramento-San Joaquin
delta. To address these differences and the overall semi-arid climate, the CV relies on a
complex network of reservoirs and manmade canals to store, import, and transfer water,
especially to its driest southern parts.

In recent decades, a gap has widened between water demand and surface water supply,
which was caused by reductions in water available from the Colorado River Basin, a shift from
row crops to more water intensive crops, and pervasive droughts over much of the last decade.
This gap has been mitigated mostly by the extraction of groundwater, along with the reduction
in irrigated areas (Xiao et al. 2017). Overexploitation of groundwater was especially pervasive
in southern part of CV. Concerning the long-term viability of agriculture in the CV and the
dropping groundwater levels, California State Legislature enacted the Sustainable Groundwa-
ter Management Act (SGMA), which requires that groundwater use in the state be managed at
sustainable levels (California State Legislature 2014).

Historically, the area devoted to irrigated agriculture in the CV expanded over a 100-year
period from the 1870s to the 1970s, during which the areas under irrigation were roughly
stable (Olmstead and Rhode 2017). However, except for exceptionally high runoff years, the
water balance in parts of the CV has been in deficit (Xiao et al. 2017; Famiglietti 2014). This
situation worsened during two drought periods in the past decade. Using satellite data from the
Gravity Recovery and Climate Experiment (GRACE), Famiglietti et al. (2011) estimated that
the CVexperienced net groundwater depletion of about 20 km3 during 2003–2010. Xiao et al.
(2017) estimated cumulative groundwater storage change (ΔGW hereafter) using multiple
data sources, including GRACE data and in situ records, and found a depletion rate of 7.2 ±
1.0 km3/year from April 2006 to March 2010 and 11.2 ± 1.3 km3/year for the 2012–2016
drought. Other relevant studies support similar findings that CV groundwater has been in
decline at least in the past 50 years (e.g., Famiglietti et al. 2011; Scanlon et al. 2012), with most
accelerated decline over the last decade. The loss of groundwater in recent droughts is a key
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indicator of the susceptibility of the CV groundwater system to climate variability and change,
to an extent that has not previously been estimated.

The objective of this study is to assess the historic changes in groundwater storage
and to estimate the additional stress likely to be imposed by future climate change within
CV over the next century. In general, there are two important factors that affect CV
groundwater, these are (i) climate change, which has resulted in changes in headwater
runoff patterns associated with earlier snowmelt and increased evaporative demand
(VanRheenen et al. 2004) and (ii) crop evolution (change in crop area and patterns),
resulting in increased crop water use (Alam et al. 2019). In this study, we disentangle
these effects over the historic records and determine how much additional stress future
climate may impose.

To address these issues, we use a suite of global climate model outputs archived for
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC).
We test projections both for modest global emissions increases (RCP4.5) and a more
draconian scenario (RCP 8.5). Compared with previous efforts (e.g., Massoud et al.
2018; Hanson et al. 2012), we use a full suite of climate models and scenarios to
represent future climate conditions that will affect CV groundwater in the coming
decades. We use a hydrology model to represent the effects of headwater watersheds
in producing streamflow into downstream reservoirs and subsequent releases from
reservoirs that produce surface flows into the CV. Finally, we represent the implications
of future surface runoff into the CV on groundwater use. Our domain is the entire
Sacramento-San Joaquin-Tulare lowland and upland domain (SSJT, see Fig. 1), as
described in the next section.

2 Study area

The study area consists of the entire CV from north of Redding to the Tulare River basin
lowlands (see Fig. 1). In total, the study area encompasses approximately 160,000 km2,
around one-third of the area of California. Most of the CV is nearly flat or in low-relief,
in contrast with the surrounded high-elevation headwater watersheds. Strong precipita-
tion gradients characterize the transition from the valley floor to the mountains, and a
subtler precipitation gradient exists from the humid north to the semi-arid south (Bales
et al. 2006).

Averaged over the domain, more than 75% of the average annual precipitation occurs
between October and March (Cooper et al. 2018). Notwithstanding that headwater basins to
the south are more snow-dominated than those to the north, northern watersheds generate more
than two-thirds of the total annual inflow to the CV. This imbalance has motivated the
construction of dams and conveyance structures that transfer water from the north to the
south. This complex network of surface storage and conveyance structures control the basin-
wide surface water distribution throughout the year. The reservoirs store high winter and spring
flows and release them during the high-demand summer season, while providing flood
protection and environmental services (mostly supplementing summer low flows). There are
around 18 major reservoirs located in headwater watersheds (shown in Fig. 1) and five major
hydrologic regions (HR) in CV, including Sacramento (SC), San Joaquin (SJ), Tulare (TL),
Delta, and East-Delta (Brush and Dogrul 2013). In this study, we compared groundwater
storage changes in three major hydrologic regions: Sacramento, San Joaquin, and Tulare.
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3 Approach and data

3.1 Modeling approach

We used a range of climate model projections and hydrologic and water resources manage-
ment models to evaluate groundwater storage changes in major hydrologic regions. In general,
our headwaters-to-groundwater modeling framework can be divided into three major compo-
nents, which include models representing the headwater watershed, headwater reservoir
regulation, and integrated surface water-groundwater. We linked each of the components
forced with different climate projections and scenarios. A conceptually similar modeling
approach was taken by Hanson et al. (2012), which showed that such a model integration
can effectively estimate potential changes in groundwater due to climate change over the CV.
The steps we followed are to (1) identify representative climate models and extract downscaled
climate variables; (2) simulate headwater watershed runoff using the Variable Infiltration
Capacity (VIC) model (Liang et al. 1994); (3) model headwater reservoir storage and releases
using a reservoir simulation model (CVmod: VanRheenen et al. 2004); (4) model the integrat-
ed surface water-groundwater system using the California Central Valley Groundwater-Surface
Water Simulation Model (C2VSIM: Brush et al. 2013); and (5) assess historical and future
change in groundwater storage in CV (Fig. 2).

Fig. 1 Map showing Central Valley and its surrounding watersheds (headwater watersheds). The five major
hydrologic regions and rivers flowing through them are shown in the map to the right. Headwater watersheds and
major reservoirs we represent in the study region are also shown (right). Blue shades indicate elevations of
headwater watersheds
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3.2 Headwaters to groundwater modeling framework

The headwater watersheds in our modeling framework are represented by the VIC model—a
physically based semi-distributed hydrological model that solves the land surface water and
energy budgets at the grid cell level (Liang et al. 1994). While there are other models like
Noah-MP (Niu et al. 2011) and BCM (Flint and Flint 2007) that could be used to simulate
headwater watershed hydrology, we selected the VIC model because it has a long history of
success in numerous studies, including those conducted for the CV system (Van Rheenen et al.
2004; Xiao et al. 2017). For the current study, we used VIC simulations by Pierce et al. (2018)
that are available at daily time step and 1/16th degree (6 km) spatial resolution for both
historical (driven by the Livneh et al. 2015 gridded historical dataset of 6 km resolution) and
future periods (driven by LOCA downscaled climate projection for 32 climate models by
Pierce et al. 2014 at 6 km resolution). We obtained the VIC simulation data from the Cal-Adapt
online portal (Cal-Adapt 2018). We aggregated VIC-simulated daily runoff to monthly to
generate inflows to reservoirs and other CV inflow points. Hereafter, we refer to VIC-
simulated headwater watershed flows as inflows to the CV, which are regulated by reservoirs
(where they exist) or otherwise flow directly to the CV. To verify the accuracy of VIC-
simulated headwater watershed flows, we compared annual flows from major watersheds with
available unimpaired flow estimates (CDWR 2016). They are generally in agreement (see
Table S1 and Fig. S1 in supplementary information). We then used the headwater inflows as
inputs to the headwater reservoir model (where reservoirs exist) and surface water-
groundwater model (in headwater watersheds without reservoirs).

We simulated headwater reservoir operation using the reservoir simulation model CVmod
(Van Rheenen et al. 2004). CVmod operates at a monthly time step. The model takes natural
inflows from surrounding headwater basins (observed or simulated by a hydrological model
such as VIC) as inputs and simulates reservoir storage and releases based on operations related
to flood control, hydropower production, navigation, instream flow requirement for fish, and
water supply demands. We calibrated CVmod to historical reservoir operations (releases and

IPCC Climate Scenarios
(20 GCMs, 2 RCPs)

Downscaled climate data from 
LOCA

California Central Valley Groundwater-Surface 
Water Simulation Model (C2VSIM)

Simulate surface-groundwater dynamics 
in Central Valley

Regulated streamflowClimate data
Natural streamflow

Variable Infiltration Capacity
(VIC)

Estimate headwater natural 
runoff

Reservoir Simulation Model
(CVmod)

Headwater reservoir simulation

Groundwater storage changes 
due to future climate

Evaluate changes under 
RCP4.5 and RCP8.5

Groundwater storage changes 
due to crop-pattern shift

Shift from low to high 
consumptive crops

Scenario analysis to evaluate
Impacts of future (1) crop-water 

use and (2) headwater inflows

Scenario analysis to evaluate
Impacts of future changes in 
headwater inflow (1) volume

and (2) seasonality

Fig. 2 Connectivity and flow of data in our integrated modeling system. Items in the dashed box are the key
analysis and outputs

87Climatic Change (2019) 157:3 – 406 391



storage). We also extended the model to represent four additional reservoirs in the Tulare basin
(Pine Flat, Isabella, Success, and Kaweah Lake), calibrated with historical flows, and evaluated
performance relative to observed reservoir storage and releases. We ran CVmod using VIC
simulated headwater inflows to obtain reservoir release and storage for both historical and
future climate simulations (Fig. 1 shows reservoirs considered in this study). (Details of model
performance are given in Text S2, Table S2 and Fig. S2 of supplementary information.)

We used C2VSIM to simulate CV surface water and groundwater dynamics. C2VSIM,
originally developed by CDWR, has a long history of development and applications in climate
change studies (Miller et al. 2009; Brush et al. 2013; Brush and Dogrul 2013; Dale et al. 2013).
The model simulates groundwater flows in three layers on finite element grids and dynami-
cally couples with a one-dimensional simulation of land surface hydrologic processes,
streamflow, vertical movement in the vadose zone, lakes, and flows from adjacent ungauged
watersheds (Brush and Dogrul 2013). The groundwater flow equations are solved at 1392
finite element grids (51,000 km2) and land surface hydrologic processes are computed at 21
water balance sub-regions. We used a coarse grid version of the model with element sizes
ranging from 5.4 to 87 km2 (average 37 km2). The model estimates water demand given
irrigated land use as determined by agricultural management parameters, crop types, water
supply from surface water diversions and groundwater pumping, and climatic forcing. Brush
et al. (2013) calibrated C2VSIM for the period 1975–2003 to produce a good match between
simulated and observed streamflow, groundwater heads, and head differences between wells.
C2VSIM runs for the period October 1921 to September 2009 at a monthly time step (see
Brush et al. 2013 for details). While there are other models like CVHM (Faunt et al. 2009) that
could be employed for simulating groundwater processes, we selected C2VSIM because of (i)
its greater temporal coverage for the current study and (ii) a long history of successful
applications.

Among the many input data to C2VSIM, the ones we adjusted were precipitation, crop
evapotranspiration (ETc), crop types, surface water diversions, urban water demand, and
inflow from surrounding watersheds. To demonstrate the direct impacts of climate change
on agriculture and groundwater resources, we set urban and agricultural land use patterns,
and irrigation efficiency to 2003 values. However, given that urban water demand is
anticipated to increase in the future (Johnson 2009), we applied a 1.2% annual rate of
increase in urban water demand, similar to Hanson et al. (2012), from year 2000 through
2098. We computed ETc as the product of the crop coefficient (Kc) and reference crop
evapotranspiration (ETo) following Allen et al. (1998). The mean values and seasonal
variations in Kc are obtained from Brush et al. (2004) and ITRC (2003). We estimated ETo
using the Penman-Monteith equation and following Allen et al. (1998) at 1/16-degree
spatial resolution for the study region. This ETo calculation requires air temperature, vapor
pressure deficit, relative humidity, solar radiation, and wind speed (Eq. 1).

ET0 ¼
0:408Δ Rn−Gð Þ þ γ

900

Tþ 273
u2 es−eað Þ

Δþ γ 1þ 0:34u2ð Þ ð1Þ

In Eq. 1, Rn is net radiation, G is ground heat flux (assumed zero), T is mean daily air
temperature at 2 m height (°C), u2 is wind speed at 2 m height, es is saturation vapor pressure,
ea is actual vapor pressure, Δ is the slope of the saturation vapor pressure curve, and γ is the
psychrometric constant.
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We extracted all the required variables over CV from the VIC model (driven by Livneh
et al. 2015 data for the historical period and LOCA climate projections from Pierce et al. 2014)
for the future. We temporally aggregated ETo to obtain monthly data from daily time series and
extracted the sub-region averaged ETo. Twelve major crop types are used by C2VSIM
including virtual crops that aggregate multiple actual crops (e.g., grains, orchard, field crops,
truck crops). To verify that C2VSIM performed well during the historical simulation driven by
the Livneh et al. (2015) data, we compared our groundwater storage change results with
previous studies (shown in Section 4).

Additionally, C2VSIM requires user-defined surface water diversion information along the
stream network (shown in Fig. 1). Previous studies of the CV and its contributing watersheds
used relatively simple methods to estimate surface water deliveries. For instance, Hanson et al.
(2012), Hanson and Dettinger (2005) estimated future diversions based historical analogs
(partitioning years into wet and dry periods), and Miller et al. (2009) used historic diversion
statistics (mean, median). We developed a simple linear programming (LP) model with surface
water networks similar to C2VSIM to estimate surface water diversions (Fig. 1 showing the
network and diversion locations; a more detailed description of the diversion locations is
available in Brush and Dogrul 2013). The objective of the LP model is to maximize the surface
water delivery under constraints like mass balance and maximum/minimum instream flows
(see Text S3 of supplementary information). We used upstream headwater watershed flows as
the upstream boundary to the LP model. We first ran the LP model at a monthly time step for
the projection period and then applied the surface water diversion outputs to C2VSIM. In
C2VSIM, surface water deliveries are used first to meet demand, and any deficit in surface
water supply is then met by pumping groundwater.

3.3 Climate models and crop and hydrologic scenarios

To account for the uncertainty associated with future projections from different GCMs,
we performed a preliminary analysis to select suitable climate models for this study. We
compared the empirical cumulative distribution functions (ECDFs) of mean annual
runoff (VIC-simulated annual total runoff averaged over 2006–2099 for the Sacramento,
San Joaquin, and Kings Rivers for RCP 8.5) among different combinations of GCMs (for
more information, refer to Text S4 and Fig. S3 of supplementary information). Based on
our comparison, we selected 20 GCMs that capture most variability out of the 32 GCMs
archived in the Coupled Model Intercomparison Project phase 5 (CMIP5; the selected
GCMs are shown in Table S3 of supplementary information). We considered both RCP
4.5 and RCP 8.5 global emissions scenarios. We first ran integrated chain of models for
the historical period (1950–2009), where land use and cropping patterns vary annually
(referred to as “Hist” hereafter). Next, we ran the models with historical climate (1950–
2009) and assumed fixed (to 2003 levels) agricultural practices and cropping patterns
(referred to as “Baseline”). To assess the impact of climate change, we ran the models
with future climate forcings (2010–2098) based on projections for RCP4.5 and RCP8.5
(we refer to this simulation as “CCR” hereafter), where we assumed fixed (at 2003
levels) agricultural practices and cropping pattern. We also conducted scenario analyses
to examine future climate impact on groundwater storage. We analyzed the simulation
results for three future periods: beginning of century (BOC; years 2010–2039), mid-
century (MOC; years 2040–2069), and end of century (EOC; years 2070–2098). The
formulation of scenarios is detailed in Sections 3.3.1 and 3.3.2 as well as in Table 1.
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3.3.1 Future crop water use and headwater inflow change scenarios

The amount of groundwater being pumped to meet agricultural demands in the CV is
essentially a balance between the crop water demand, precipitation, surface water supply from
headwater watersheds, and delta outflow to the Pacific. Crop evaporative demand increases
with temperature or, precisely, with temperature-dependent variables such as the vapor
pressure deficit, net radiation, and the slope of the vapor pressure relationship with tempera-
ture. Historically, crop water demand in the CV has been met primarily by surface water (~
51%) and groundwater (~ 49%) (Li et al. 2018). As climate continues to evolve, both demand
and supply are expected to change, the magnitudes of which will exhibit inter-region variabil-
ity. In general, there are two main factors that control the CVaquifer response to climate: crop
water use (crop evaporative demand) and supply from headwater watersheds. A good under-
standing of the groundwater changes attributable to these factors is necessary to design proper
mitigation measures, as required by SGMA. Here, we conducted two scenario analyses to
quantify the relative contribution of these factors to futureΔGW. The scenarios are (1) current
crop water use and future inflows (FI) and (2) current inflows and future crop water use (FC).
Both the scenarios require current and future input data (inflow and crop water use) of equal
time span; however, the historical data spans 60 years (1950–2009) and future data spans
90 years (2010–2099). To solve this issue of varying time length, we generated synthetic time
series data that we used as a proxy for current crop water use and headwater inflow. To do so,
we randomly sampled the baseline (1950–2009) historical analysis to generate time series of
monthly data for 30 years. We repeated the random sampling two more times to create 90 years
of data (we used the same 30-year data for each future period for consistency). After
performing the experiments, we calculated the change associated with future crop water use
(FC) from the difference in CCR and FI, whereas the changes due to future inflow are taken as
the difference between the CCR and FC scenarios.

3.3.2 Future headwater inflow volume and seasonality change scenarios

Both the volume (of annual inflow to the CV) and timing (seasonality) of headwater inflows
are expected to change in the future. An understanding of the relative contribution of
headwater inflow volume and seasonality to groundwater storage change is important to
design potential mitigation measures like managed aquifer recharge, as suggested by SGMA.

Table 1 Summary of the scenarios considered in this study

Scenario Description Period

Hist Historical climate and cropping pattern 1950–2009
Baseline Historical climate and cropping pattern for 2003 1950–2009
CCR Climate change run (future forcing + 2003 cropping pattern) for RCP 4.5 and RCP 8.5 2010–2098
FC Future crop water use (CCR forcing over CV + headwater inflows as Hist + 2003

cropping pattern)
2010–2098

FI Future inflows (Hist forcing over CV + headwater inflows as CCR + 2003 cropping
pattern)

2010–2098

I_SC Headwater inflows seasonality change (seasonality as CCR + mean annual volume as
Hist) + 2003 cropping pattern

2010–2098

I_AC Headwater inflows annual volume change (mean annual volume as CCR + seasonality as
Hist) + 2003 cropping pattern

2010–2098

CS Cropping shift (future forcing + 40% and 60% shift from row to tree crops) 2010–2098
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Moreover, the effects of these projected changes on groundwater storage have not been
quantified previously. Here, we conducted two scenario analyses by adjusting the projected
inflows to quantify relative importance of headwater inflow volume versus seasonality. We
multiplied the projected headwater inflows (2010–2098) by perturbation ratios between
projected inflows and historical inflows following Wang et al. (2011) and Miller et al.
(2003). The scenarios are described as follows:

Annual inflow volume adjustment We determined annual perturbation ratios (Ac) from the
30-year (1971–2000) historical mean annual inflows (R) and 30-year projected mean annual
inflows (R′c) for three future periods (2010–2039, 2040–2069, and 2070–2099). We then
multiplied the projected inflows (R′cij, c= 2010–2039, 2040–2069, and 2070–2099, i = 1, …,
12 for each month, j = 1, . . , 90 years) by these ratios. The modified time series (Tcij) consists
of inflows that have the same annual mean as historical (1971–2000), but with seasonality as
projected for the future period.

Ac ¼ R
R

0
c

ð2Þ

Tcij ¼ Ac � R0
cij ð3Þ

The modified inflows (VIC-simulated) corresponding to each GCM were used as input to the
CVmod (for CV tributaries where reservoirs exist) or C2VSIM (where no reservoirs exist). We
refer to this scenario as I_SC hereafter. TheΔGWattributable to future inflow volume change
is later determined from the difference in ΔGW estimated by CCR and I_SC scenarios.

Monthly inflow perturbation We also generated headwater inflow time series that keep the
projected annual inflow volumes unchanged in the future, with monthly (mean) fractions of
mean annual inflows the same as in the historical period (1971–2000). We determined the
mean monthly fractions of annual flows from the 30-year historical period (Bi, i = 1,…, 12 for
each month). We then multiplied the projected annual flows (R′j) by the fractions (Bi) to obtain
inflow time series (Gij) with the historical seasonality. Accordingly, the annual volumes
remained as projected for the future period.

Gij ¼ Bi � R0
j i ¼ 1; ::; 12; j ¼ 1; ::; 90 ð4Þ

The modified inflows (VIC-simulated) were used as inputs to the CVmod (for CV tributaries
where reservoirs exist) or directly to C2VSIM (where no reservoirs exist). We refer to this
scenario as I_AC hereafter. The ΔGWattributable to future inflow seasonality change is later
determined from the difference in ΔGW estimated by CCR and I_AC scenarios.

3.4 Cropping pattern scenario

We quantified theΔGW that is attributable to the historic evolution of crop (area and patterns)
from 1950 through 2009. We did this by finding the difference in groundwater storage change
estimated from two sets of simulations: (i) crops evolve as they did during the historical period
(this is basically the “Hist” simulation) and (ii) crops remain fixed at year 1950 conditions (all
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other inputs remain same as “Hist”) or Hist_50 hereafter. Moreover, we quantified the climate-
related ΔGW during historical period that can come from changing crop water use (as ET
changes with climate) and headwater inflow (in the form of seasonality and volume). We
estimated historicΔGWattributable to the change in crop water use (due to climate) from ETo
trend, whereas we estimated the effect of headwater inflow change as the difference between
total change and crop related changes.

In addition, we quantified the ΔGW that would occur due to a cropping shift from mostly
row crops to tree crops (together with future climate). For the scenario analysis, we specified
40% and 60% row crops (classification of row and tree crops based on Xiao et al. 2017) to
high water consumptive tree crops (orchard). One motivation behind choosing 40% change is
from Xiao et al. (2017), who showed that during 2007–2016, there was an average 40% shift
from row crops to tree crops, suggesting that much of the change we “project” has already
occurred. In our case, we applied the shift relative to the baseline cropping pattern (year 2003).
We ran the models with 40% and 60% crop shifts for all (20) future GCM climate scenarios
(referred to as CS hereafter). The difference between the CS and CCR scenarios (ΔGW) is due
to a shift from row to tree crops.

4 Results and discussion

4.1 Analysis of historical changes in groundwater storage

Figure 3a, b shows historical (1950–2009) changes in precipitation, headwater inflows, and
cumulative changes in groundwater storage (ΔGW). The historical (1950–2009) groundwater
depletion rate ΔGW is around 3.0 km3/year, with interannual variability in that increases
during the latter half of the record (1980–2009) due to intermittent wet and dry years (as seen
in the precipitation and inflow time series shown in Fig. 3a). For the baseline scenario (2003
cropping patterns), the simulated ΔGW rate is − 3.1 km3/year. The baseline groundwater
depletion rate is slightly higher than the historical rate, mainly due to difference in the
historical evolution of land use and cropping patterns; the historical run considers changes
(i.e., agricultural area increased monotonically between 1950 and 1975, then became relatively
stable), while the baseline run considers land use and cropping patterns to be fixed at 2003
levels.

We compared the simulated ΔGW from C2VSIM with other available estimates. The
simulated change (mean trend) inΔGW for April 2006 to September 2009 from C2VSIM is −
8 km3/year, compared with − 7.9 ± 1.3 km3/year by Xiao et al. (2017) and − 7.8 km3/year by
Scanlon et al. (2012). GRACE-based estimates include − 7.2 ± 1 km3/year by Xiao et al.
(2017) and − 6.0 km3/year by Famiglietti et al. (2011) for the period April 2006 to March 2010
which is also close to our simulated estimate of ΔGW. Figure 3c compares monthly GRACE
ΔGW from Xiao et al. (2017) and C2VSIM; it is visually evident that C2VSIM reasonably
captures the increasing/decreasing trends.

We estimated the relative contribution of crop water use (evolution of crop area, cropping
pattern, and climate-related changes) and headwater inflow change (volume and seasonality) to
the historical groundwater overdraft (Section 3.4 discusses the method of separating the
individual effects), as shown in Fig. 3d. On average, the relative contribution of crop water
use and headwater inflow toΔGW for the entire CV is around 82% and 18%, respectively. We
found that the crop water use–related groundwater loss almost entirely comes from historical
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evolution (increase) in crop area and shift in cropping patterns, whereas climate-related
increase in crop water use is negligible (no significant trend exists in reference crop evapo-
transpiration). Moreover, our region-wide analysis shows that the relative contribution of
historical crop evolution and headwater inflow (i) for SC was around 100% and 0%, (ii) for
SJ around 60% and 40%, and (iii) for TL around 91% and 9%.

4.2 Changes in hydrology

Figure 4 shows mean annual changes (%) in precipitation (P), headwater inflows (I), and
reference evapotranspiration (ETo) for all 20 climate models and scenarios during three future
periods (BOC, MOC, and EOC) compared with the historic climate reference period (1971–
2000). Multi-model precipitation estimates over CV have a median annual change of − 2.2%
and − 4.4% for RCP4.5 and RCP8.5 respectively near EOC. However, the variability of the
multi-model estimates is quite high (standard deviations of 8.9% and 15.2% for RCP4.5 and
RCP8.5, respectively). On the other hand, temperature increases in the future will increase crop
evaporative demands (here, we have shown ETo change as proxy). Climate change will cause
ETo over the CV to increase by 6.6 ± 1.5% and 10.5 ± 1.8% over the CV near the end of the
century (EOC) for RCP4.5 and RCP8.5, respectively. The rate of ETo increase is higher in
RCP8.5 due to continuing increase in temperature, whereas the rate of increase decreases
slightly after mid-century (MOC) in RCP4.5. Additionally, projected changes in temperature
and precipitation over the headwater watersheds result in varying impacts on headwater
inflows (I). Mean annual inflows have negative trends but high variability especially towards

(a)

(c)

(b)

(d)

Fig. 3 Historical estimate of annual precipitation and inflows (a), annualΔGW (b), ΔGW comparison between
C2VSIM simulation and GRACE estimation at monthly time step (c), and relative contribution of historical crop
water use versus headwater inflow to total ΔGW (d)
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the end of the century, with changes of − 4.20%± 12% and − 4.37% ± 19% at MOC and −
3.59% ± 16% and − 8.19% ± 23% at EOC for RCP4.5 and RCP8.5, respectively (changes of
hydrologic variables are shown in Table S4 of supplementary information).

Fig. 4 Changes in annual precipitation (Pann), ETo, and headwater inflow (Iann) in CVand major regions for three
future periods relative to 1971–2000. Seasonal variations in inflows are shown in the bottom two rows (sky blue,
RCP4.5; brown, RCP8.5). Horizontal axis represents three future periods—beginning of century (BOC; 2010–
2039); middle of century (MOC; 2040–2069); end of century (EOC; 2070–2098)
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Headwater inflow changes can be both positive and negative (in contrast to ETo
which increases in all models). The variability (standard deviation) of future inflow
changes is higher than the median in all cases; the headwater runoff projections range
from negative to positive depending on the GCM. Moreover, there is a contrasting trend
in the cool season (October through March) versus the warm season (April through
September) flows where cool season flows are expected (in the median) to increase, and
warm season flows are expected to decrease. The variability in multi-model estimates
increases towards the end of century (percentage changes in seasonal inflows are shown
in Fig. 4). The median changes in annual inflows are negative; this is dominated by
warm season decreases versus cool season increases (volumetric changes in inflow are
shown in Fig. S4 of supplementary information). To get an idea of multi-model agree-
ment as to the sign of the median change, we calculated the number of concordant minus
discordant pairs, divided by the numbers of pairs for annual precipitation and annual and
seasonal inflows (shown in Fig. S5 and Fig. S6 of supplementary information). We found
that there is little agreement in the annual estimates of inflows (concordance 0.1–0.3) and
precipitation (concordance 0.1–0.6, lowest during EOC) among models over the CV.
There is, however, greater agreement at the seasonal level of inflow changes (concor-
dance in warm season 0.9–1 and cool season 0.4–0.9). On average, concordance for
decreases in inflow during the warm season is higher than for increases in inflow during
the cool season.

At the regional level, changes in precipitation are smaller (in absolute value) in the
Sacramento than in the San Joaquin and Tulare, where variability across GCM is also
larger (Fig. 4). Similarly, mean annual runoff decreases in SJ and TL, whereas there is no
clear trend in the multi-model median for SC (percent changes in annual volume are
higher in TL and SJ than in SC). However, the multi-model median of headwater inflows
in all the regions increases during the cool season and decreases during the warm season,
with a high degree of concordance in both measures.

4.3 Projected climate change impacts on groundwater storage

We quantify ΔGW for the projection period (2010–2098) where the forcings come from
20 climate models and 2 RCP scenarios. Figure 5a shows ΔGW for the entire CV and its
major hydrologic regions (ΔGW time-series for each climate model are shown in Fig. S7
of supplementary information). It is visually evident that in both RCP scenarios, the CV
is expected to go through continuous groundwater depletion with higher multi-model
variability towards the end of the century. Median ΔGW at the end of the century (2098)
is expected to be − 373 ± 88 km3 for RCP4.5 and − 406 ± 116 km3 for RCP8.5. Further-
more, we fit linear regressions and estimated trends in ΔGW over the future periods
(Fig. 5b). The long-term (2010–2098) median (over GCMs) trend in ΔGW is − 4.1 ±
1.1 km3/year for RCP4.5 and − 4.4 ± 1.4 km3/year for RCP8.5, respectively. These
represent median trend increases of 31% and 39% compared with the baseline trend
(2003 cropping patterns) for RCP4.5 and RCP8.5, respectively. The rate of depletion and
uncertainty is higher during EOC, with a median rate ΔGW of − 4.4 ± 1.1 km3/year
(RCP4.5) and − 4.9 ± 1.4 (RCP8.5) km3/year, which is equivalent to increases by 40%
and 56% increase in ΔGW depletion rate compared with the baseline trends (2003
cropping patterns), respectively. Overall, there will be 40–70% increase (interquartile
range of all percent changes) in groundwater depletion over the entire CV.
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The rate of groundwater decline under future climate change scenarios is not
uniform across the CV. The southernmost part (the TL region) will experience higher
groundwater declines compared with the central and northern parts (SJ and SC). On
average, due to future climate conditions, TL will experience 88% more groundwater
decline than either SJ and SC. Separating the results according to the major hydrologic
regions of CV, median rates of change in ΔGW in TL during the projection period are
− 2.5 ± 0.7 km3/year (RCP4.5) and − 2.5 ± 0.9 km3/year (RCP8.5), which is equivalent
to 26% and 28% increases in ΔGW depletion rate compared with the baseline trends
(− 2.0 km3/year) for RCP4.5 and RCP8.5 respectively in TL. The second highest
depletion is expected in SJ where long-term rates of ΔGW change are − 0.78 ±
0.2 km3/year (RCP4.5) and − 0.86 ± 0.3 km3/year (RCP8.5), which are equivalent to
49% and 65.7% increases in ΔGW depletion rate compared with baseline (− 0.52 km3/
year) for RCP4.5 and RCP8.5, respectively. ΔGW in SC is even smaller, with a rate of
change in ΔGW expected to be − 0.38 ± 0.11 km3/year (RCP4.5) and − 0.48 ± 0.14 km3/
year (RCP8.5), which is an increase in ΔGW depletion rate by 31.3% and 63.5%
compared with baseline (− 0.29 km3/year) for RCP4.5 and RCP8.5, respectively.
Groundwater losses (in absolute value) are higher for all regions at the end of century
(2070–2098) and higher for RCP8.5 than for RCP4.5. In particular, the median (over
GCMs) ΔGW rates will increase by 44.4%, 47.1%, and 33.3% respectively under
RCP4.5 and 80.9%, 53.9%, and 47.5% for SC, SJ, and TL, respectively, under
RCP8.5 at the end of century (regional time series of ΔGW are shown in Fig. S8 of
supplementary information).

Fig. 5 a ΔGW (relative to 2010) in CV and major regions for RCP4.5 (sky blue) and RCP8.5 (brown). The
boxplots represent ΔGW obtained by forcing the chain of models with forcing from 20 climate models (ΔGW
till 2040, 2070, and 2098 reported in the plot). b ΔGW rate during three future periods. Whiskers represent min
(max) value or 1.5 times interquartile range from first (third) quartile, whichever is bigger (smaller)
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There are three main elements of the climate change contribution to groundwater storage:
(1) changes (increases) in crop water demand due to warmer temperatures, (2) the effect
(mostly negative) of changes in annual mean inflows to the CV, and (3) changes in the
seasonality (generally, more flow in winter and less in spring and summer) of the inflows to
CV. We discuss these elements in the following sections.

4.3.1 Role of future crop water use versus headwater inflows

We analyzed the effect of changes in the demand (crop water use) versus supply (surface water
inflows) component of the CV water budget. Figure 6 shows the annual average ΔGW
(additional) between FC (future crop water use) and FI (future inflow) scenarios for three
future periods. Here, we first calculated the difference in groundwater anomalies (between
CCR and FI or FC) and determined the median of the multi-model ensembles, and then we
took the mean of the annual changes for each future period.

In all cases, climate change is expected to increaseΔGW (in absolute value). We found that
future crop water use (change) will have a greater (negative) impact on total groundwater
storage in the CV than inflow changes (FI) (predominantly during the middle to end of the
century under RCP8.5); the relative contributions attributable to FC and FI are around 60%
and 40%, respectively. At a regional level, future crop water use will have greater (negative)
impact in SC (on average 60% of ΔGW), whereas future inflow will have almost equal or
greater (on average 50–60% of change) impact (negative) in SJ (except RCP8.5 during EOC),
indicating that the SJ is susceptible to both inflow changes and increased crop water use.
However, the changes in groundwater in TL due to future inflow changes and crop water use
changes are almost the same at BOC and MOC, and changes (negative) due to crop water use
are higher at EOC (on average the relative contribution is 50%). We found similarities in the

Fig. 6 Additional changes in groundwater storage (annual) due to future crop water use and inflow under
RCP4.5 (a) and RCP8.5 (b) compared with historical (averaged over three future periods). The barplot represents
average changes, and the whiskers show the interannual variability (one standard deviation)
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relative effect of FI and FC in snow-dominated regions (SJ and TL) as opposed to the rain-
dominated region (SC). Our results also indicate that the interannual variability (hence
uncertainty) in all cases is higher for FI, which is due to higher uncertainty in inflows (as
shown in Fig. 4) and relatively less uncertain future increase in crop water use (because
temperature rises in all cases).

4.3.2 Role of headwater inflow volume and seasonality shifts under future climate

Figure 6 shows the effect of FI and FC, where FI is made up of a combination of changes in
annual inflow volumes and changes in seasonality. Both effects contribute to ΔGW. To
determine the relative magnitude of these effects, we conducted an experiment in which we
partitioned the future inflows into seasonal and annual changes (I_SC: seasonality changes in
the future, and I_AC: annual volume changes in the future). Figure 7 shows the changes in
annual average groundwater storage (additional) due to future inflow seasonality (I_SC) and
annual volume (I_AC) (higher negative ΔGW means greater groundwater loss) changes. We
followed the same process discussed in the previous section (but between CCR and I_SC or
I_AC) and compared the changes (Fig. 7). We found that ΔGW change attributable to FI is
about 80% from future headwater seasonality changes and 20% from future annual volume
changes. The greatest effect of seasonality changes (more than 80%) is in SC and SJ. On the
other hand, inflow volume changes have almost equal effect as seasonality changes in the TL
region. We noted that the effects of changes in natural inflows are mediated to varying degrees
by headwater regulation; this mediation is much greater for seasonality in contrasted with
volume changes. One potential measure to reduce the negative impact of future headwater
inflow seasonality is to recharge excess cool season flow through managed aquifer recharge or
MAR (DWR Flood-MAR whitepaper). Recent work has shown that Flood-MAR or Ag-MAR

Fig. 7 Additional changes in groundwater storage (annual) due to future inflow volume and seasonality changes
for RCP4.5 (a) and RCP8.5 (b) compared with historical (averaged over three future periods). The barplot
represents average changes, and the whiskers show the interannual variability (standard deviation)
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can be a promising solution to mitigate the effect of climate change on groundwater storage
(Kocis and Dahlke 2017; Gailey et al. 2019; Fogg et al. 2018).

4.4 Crop-shift scenario

We compute the ΔGW associated with a 40% and 60% shift towards tree crops (see
Section 3.4) for all climate models (RCP8.5 scenario only). In general, a shift towards tree
crops is expected to increase water use requirements, but some of the increased water demand
is due to climate change, so we partitioned the climate- and crop change–related components.
We found that a 40% shift towards tree crops (compared to 2003) causes an additional
0.91 km3/year groundwater loss, which is equivalent to a 29% increase in ΔGW (in absolute
value) compared with the baseline ΔGW rate. The groundwater depletion rate from the
combination of future climate (RCP8.5) and crop-shift (40%) shows that the relative contri-
butions of climate and crop-shift are about 58% and 42%, respectively. However, it is
important to note that the 40% shift we considered is with respect to the 2003 cropping
pattern. As noted above, much of this shift is already in place as of 2018 (see Xiao et al. 2017).
For this reason, we also tested a scenario with 60% crop-shift (row to tree), the results of which
are that groundwater declines at a rate of (increase relative to baseline) 1.39 km3/year
(equivalent to 44% increase in groundwater depletion rate relative to the baseline). While
the shift towards trees from row crops causes increased groundwater loss in all the major
regions, the percentage changes are greatest in SJ (46% and 70% increase for two crop-shift
scenarios), and the absolute changes are (by far) the largest in TL (0.55 km3/year and 0.83 km3/
year for 40% and 60% shifts, respectively).

5 Summary and conclusions

Groundwater plays a critical role in the Central Valley’s agricultural production and environ-
ment. The vulnerability of groundwater to climate in the Central Valley is evident from the
drastic decline of this resource over the past few decades (Xiao et al. 2017), during which
average annual groundwater loss has exceeded 3.0 km3/year. Given this backdrop, our
objective was to assess historic changes in groundwater storage and to estimate the additional
stress likely to be imposed by future climate change within the CV. Our methodology involved
(1) simulation of surface and groundwater in the region using chain of integrated models
(C2VSIM, CVmod, and VIC), (2) forcing the models with climate model projections under
different climate change scenarios (RCP4.5 and RCP8.5), and (3) simulation experiments for
cropping pattern change scenarios. Based on our simulations, we conclude that:

& Groundwater storage in CV has been declining in recent decades (1950–2009) at an
average rate of about 3 km3/year. This decline in groundwater has resulted from a
combination of gradual increases in crop water use (82% of the overdraft) due to increased
crop area (and shifts towards more water intensive crops) and changes in headwater inflow
seasonality and volume (18% of the overdraft in aggregate).

& In the absence of mitigation measures, over the future period (2010–2098), groundwater
loss is likely to continue, but at an increased rate. Assuming no (further) change in crop
types (relative to 2003), the long-term (2010–2098) rate of groundwater decline in CV
under future climate will increase from about 3.0 km3/year to 4.1 ± 1.1 km3/year (RCP4.5;
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modest greenhouse emission scenario) and 4.4 ± 1.4 km3/year for RCP8.5 (worst scenar-
io), or 31–39% higher than the base case with 2003 crop patterns.

& Groundwater declines are associated both with (1) increased groundwater pumping due to
increased crop water demands associated with rising temperatures (and to a lesser extent,
reduced precipitation) and with (2) reduced surface water supply to CV from headwater
watersheds. We found that, without mitigating measures, the dominant cause of future
groundwater declines will be increase in future crop water use (~ 60% of total change). We
noted that the projections of headwater inflow changes are much more uncertain (hence,
projection variable) as they are dominantly associated with precipitation changes, whereas
projections of crop water use, which are dominated by temperature changes, are less
uncertain.

& Groundwater declines, both in the past and projected for the future, are dominated by the
Tulare (TL) region, which has accounted for roughly 80% of the historical decline.
However, the sensitivities of future groundwater loss to climate-related crop water use
and inflow changes are not necessarily greatest in the TL basin.

California’s new Sustainable Groundwater Management Act (SGMA) mandates that ground-
water depletions be brought into balance. Increases in crop water use and reduced surface
water availability associated with climate warming constitute an additional stress on the
system; depending on specifics, these additional stresses will increase the current imbalance
by one-third to one-half. These additional stresses will need to be addressed by efforts to
formulate the sustainable surface and groundwater management strategies that will be required
to comply with the mandate of SGMA.
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