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Understanding the controls of agriculture and climate change on recharge rates is critically important to develop
appropriate sustainable management plans for groundwater resources and coupled irrigated agricultural systems. In this study, several physical (total potential (ψT) time series) and chemical tracer and dating (3H, Cl−,
Br−, CFCs, SF6, and 3H/3He) methods were used to quantify diﬀuse recharge rates beneath two rangeland sites
and irrigation recharge rates beneath two irrigated corn sites along an east-west (wet-dry) transect of the
northern High Plains aquifer, Platte River Basin, central Nebraska. The ﬁeld-based recharge estimates and
historical climate were used to calibrate site-speciﬁc Hydrus-1D models, and irrigation requirements were estimated using the Crops Simulation Model (CROPSIM). Future model simulations were driven by an ensemble of
16 global climate models and two global warming scenarios to project a 2050 climate relative to the historical
baseline 1990 climate, and simulate changes in precipitation, irrigation, evapotranspiration, and diﬀuse and
irrigation recharge rates. Although results indicate statistical diﬀerences between the historical variables at the
eastern and western sites and rangeland and irrigated sites, the low warming scenario (+1.0 °C) simulations
indicate no statistical diﬀerences between 2050 and 1990. However, the high warming scenarios (+2.4 °C)
indicate a 25% and 15% increase in median annual evapotranspiration and irrigation demand, and decreases in
future diﬀuse recharge by 53% and 98% and irrigation recharge by 47% and 29% at the eastern and western
sites, respectively. These results indicate an important threshold between the low and high warming scenarios
that if exceeded could trigger a signiﬁcant bidirectional shift in 2050 hydroclimatology and recharge gradients.
The bidirectional shift is that future northern High Plains temperatures will resemble present central High Plains
temperatures and future recharge rates in the east will resemble present recharge rates in the western part of the
northern High Plains aquifer. The reductions in recharge rates could accelerate declining water levels if irrigation demand and other management strategies are not implemented. Findings here have important implications for future management of irrigation practices and to slow groundwater depletion in this important agricultural region.

1. Introduction
Accurate estimates of present and future recharge are largely motivated by the need to better manage groundwater resources under
current demands and future climate change, particularly for aquifers
that currently have unsustainable groundwater abstractions to support
irrigated agricultural systems in semiarid and arid regions. Largely in
response to the Intergovernmental Panel on Climate Change (IPCC)
fourth assessment report (IPCC, 2007) that lacked any substantial
mention of groundwater, there has been a growing number of studies to

⁎

better understanding how climate variability and change will eﬀect
groundwater resources, including recharge (Crosbie et al., 2013; Green
et al., 2011; Meixner et al., 2016; Taylor et al., 2013; Treidel et al.,
2012). The majority of these studies are either generalized global-level
characterization of future recharge trends or basin/location-speciﬁc
studies (Meixner et al., 2016) that rely on numerical models with
varying levels of parametrization from ﬁeld-based unsaturated hydraulic properties to simulate future recharge rates (Crosbie et al.,
2013). There has also been an increasing trend in studies designed to
evaluate how the historical conversion of natural rangeland and
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precipitation gradient (Fig. 1b), and future climate change on diﬀuse
and irrigation recharge to the High Plains aquifer, particularly at scales
consistent with natural resource management (Gurdak et al., 2012;
Meixner et al., 2016). Only three published regional-scale studies have
estimated future recharge to the High Plains aquifer over the next
50–100 years using model projections (Crosbie et al., 2013; Ng et al.,
2010; Rosenberg et al., 1999). To help ﬁll this knowledge gap at the
management scale, the U.S. Geological Survey (USGS) established the
regional and ﬁeld-based High Plains Unsaturated-Zone Research Network (HPUZRN) (Fig. 1) to more accurately determine the controls on
recharge rates under a range of LULC and across both the north-south
air temperature gradient and east-west precipitation gradient
(McMahon et al., 2003, 2006, 2007; Gurdak et al., 2007, 2009; Steele
et al., 2014). Relying on data from the HPUZRN, this study presents a
ﬁeld- and modeling-based investigation to evaluate the LULC, climatic,
and hydrogeologic controls on diﬀuse and irrigation recharge rates in
the northern High Plains aquifer. The speciﬁc objectives are as follows.
First, ﬁeld methods are used to quantify irrigation recharge rates beneath two irrigated cropland and diﬀuse recharge beneath two natural
rangeland sites in the USGS HPUZRN along the east-west precipitation
gradient in the Platte River Basin of central Nebraska. Second, numerical simulations are used within a probabilistic framework to
evaluate the eﬀects of a future 2050 climate relative to a historical 1990
climate on the east-west gradients of precipitation, irrigation demand,
ET, and recharge rates at the four study sites. This is the ﬁrst study of
the High Plains aquifer to use ﬁeld-calibrated unsaturated ﬂow models
to simulate historical and future diﬀuse and irrigation recharge while
considering the eﬀects of agricultural LULC, future irrigation demand,
and climate change at a spatial scale that is consistent with groundwater management and farming practices.

perennial vegetation to irrigated agriculture has inﬂuenced recharge
rates and mechanisms (Döll, 2009; McMahon et al., 2006; Taylor et al.,
2013). However, only two published estimates of future recharge in the
western U.S. have considered both climate change and potential
changes in farming and irrigation (Meixner et al., 2016). Accurate estimates of historical and future recharge rates under a range of land
use/land cover (LULC) and climate change are important for resource
managers tasked with developing well-constrained groundwater budgets and conjunctive use strategies with the goal of maintaining sustainable groundwater resources and dependent agroecosystems
(Hanson et al., 2012).
Climate variability and change will likely cause signiﬁcant changes
to the spatiotemporal patterns of recharge rates and mechanisms
(Crosbie et al., 2013; Green et al., 2011; Meixner et al., 2016). Diﬀuse
recharge that is sourced from precipitation represents about 30% of the
world’s renewable freshwater resources (Döll, 2009). Irrigation recharge is sourced from irrigation water that inﬁltrates below the root
zone of crops to intercept the water table (Scanlon et al., 2002;
McMahon et al., 2006). In addition to diﬀuse and irrigation recharge,
other important recharge mechanisms not included in this study are
focused and mountain system recharge (Gurdak et al., 2008; Meixner
et al., 2016). The high socioeconomic value of diﬀuse and irrigation
recharge, coupled with concerns about reduced groundwater quality
due to nitrate contamination from irrigation recharge (Liao et al., 2012)
and the uncertainty surrounding climate variability and change, is
driving many management challenges and scientiﬁc questions about the
current and future recharge and the implications for renewable
groundwater resources (Döll, 2009; Green et al., 2011; Taylor et al.,
2013; Treidel et al., 2012). Many studies have predicted reduced recharge rates (Crosbie et al., 2013; Earman and Dettinger, 2011; Green
et al., 2011; Meixner et al., 2016); however, the eﬀects of climate
change might not be negative in all aquifers during the same time
period (Döll, 2009; Green et al., 2011; Meixner et al., 2016). The rates
and timing of recharge are largely a function of the locally prevailing
LULC, hydroclimatologic variables (precipitation, irrigation, evapotranspiration (ET)), and hydraulic properties of the vadose zone. In
some regions, irrigation recharge rates beneath irrigated cropland have
been reported to be 1–2 or more orders of magnitude greater than
diﬀuse recharge rates beneath adjacent natural rangeland (McMahon
et al., 2006; Scanlon et al., 2005, 2006). The vadose zone in semiarid
and arid regions can be many tens of meters thick, and have both slowly
evolving and dynamic nonlinearities of unsaturated hydraulic properties that pose considerable challenges in eﬀorts to quantify the spatiotemporal pattern of recharge and the temporal lags between LULC and
climate change and corresponding recharge dynamics (Corona et al.,
2017; Dickinson et al., 2014; Gurdak et al., 2007; Phillips, 1994;
Velasco et al., 2017). Additionally, the hydrodynamic responses in the
vadose zone to climate variability and changes are not well understood
largely because of a general lack of ﬁeld observations throughout the
entire vadose zone and time scales longer than one to two years
(Gurdak et al., 2007). Without ﬁeld observations to calibrate unsaturated ﬂow models and verify model results, approaches such as
numerical modeling experiments, sensitivity analyses, and stochastic
parameterizations of climate forcings have been used to estimate recharge (Carrera-Hernández et al., 2012; Small, 2005).
The High Plains aquifer in the central U.S. (Fig. 1) is among the
most internationally recognized examples of unsustainable groundwater abstractions, which supports one of the largest agricultural
economies in the U.S. (Famiglietti, 2014; Gurdak et al., 2012; Konikow,
2015; Scanlon et al., 2005; Taylor et al., 2013). The High Plains aquifer
has been studied extensively, with particular emphasis on understanding the controls on recharge along the north-south average annual
air temperature gradient (Fig. 1a) (Crosbie et al., 2013; Gurdak et al.,
2007; Kuss and Gurdak, 2014; McMahon et al., 2006; Scanlon et al.,
2012). Yet, many questions remain about the eﬀects of agricultural
LULC, and climate gradients, especially the east-west average annual

2. Materials and methods
The methods consist of two general components. First, irrigation
and diﬀuse recharge rates were estimated using physical, chemical, and
Hydrus-1D (Ŝimůnek et al., 2008) modeling methods beneath two irrigated cropland and two natural rangeland sites in the USGS HPUZRN
within the Central Platte Natural Resource District (CPNRD). Second,
the calibrated Hydrus-1D models and climate output from 16 global
climate models (GCMs) were used to simulate historical (1990) and
future (2050) diﬀuse recharge rates at the four sites under two carbon
dioxide (CO2) emission and warming scenarios. Details of the methods
are provided next.
2.1. Study area
The High Plains aquifer, known locally as the Ogallala aquifer,
spans 450,000 km2 in the Great Plains physiographic province and
underlies parts of eight states (Colorado, Kansas, Nebraska, New
Mexico, Oklahoma, South Dakota, Texas, and Wyoming) (Fig. 1). The
High Plains aquifer is often subdivided because there is little hydraulic
connection between the northern, central, and southern High Plains
aquifers (McMahon et al., 2007) (Fig. 1). The average depth to
groundwater is 15–40 m under natural rangeland and 25–60 m under
irrigated cropland (McMahon et al., 2006). Wind-blown silt and sand
have created a topography of ﬂat to gentle slopes overlain by coarsetextured soils that allow moderate to high inﬁltration rates (McMahon
et al., 2006). The High Plains region has a middle-latitude dry continental climate and relatively large north-to-south gradients in mean
annual air temperature (4–18 °C) and west-to-east gradients in mean
annual precipitation (300–840 mm) (Fig. 1).
The High Plains aquifer has the greatest annual groundwater
withdrawal of the 62 U.S. principal aquifers (Maupin et al., 2014).
Starting in the late 1940s, large-scale irrigation began in the High Plains
region (Qi et al., 2002), and by 2000, almost 97% (640 Mm3 day−1) of
the total withdrawals (660 Mm3 day−1) were used for irrigation
70
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Fig. 1. Location of the northern High Plains rangeland and irrigated agricultural study sites on the distribution of regional (a) mean annual air temperature and (b)
mean annual precipitation (modiﬁed from McMahon et al., 2007). The study includes the eastern rangeland (ER), western rangeland (WR), eastern irrigated corn
(EIC), and western irrigated corn (WIC) sites in the Central Platte Natural Resources District (CPNRD). Air temperature and precipitation data credit to Thornton
et al., 1997.

2.2. Data acquisition

(Maupin et al., 2014). The water pumped from the aquifer is used to
irrigate crops on about 27% of the irrigated land in the U.S. (Dennehy
et al., 2002), and groundwater withdrawals account for about 30% of
the Nation’s groundwater used for irrigation (Maupin et al., 2014).
Based on 2007 data from the U.S. Department of Agriculture (USDA)
National Agricultural Statistics Service, groundwater from the High
Plains aquifer supports approximate $35 billion in crop and food production, which represents approximately 10% of the U.S. total (Scanlon
et al., 2012). The large groundwater withdrawals from the High Plains
aquifer have resulted in the highest groundwater storage depletion rate
of any single aquifer system in the U.S. (Konikow, 2015).
The study area is within the CPNRD in the northern High Plains
aquifer (Fig. 1). The CPNRD is mandated by the State of Nebraska to
protect groundwater and surface water and other natural resources, and
is part of the Platte River Cooperative Hydrology Study (COHYST) that
assists the State of Nebraska in meeting the three-state Cooperative
Agreement (Luckey and Cannia, 2006).

Between 2008 and 2010, four vadose zone monitoring sites
(Table 1; Fig. 1) were installed in the CPNRD and instrumented following methods outlined by McMahon et al. (2003, 2006) and Gurdak
et al. (2007). The study sites were selected as representative locations of
long-term diﬀuse and irrigated recharge across the east-west precipitation gradient of the study area. The eastern rangeland (ER) and
eastern irrigated corn (EIC) study sites are southwest of Grand Island,
Nebraska, and the western rangeland (WR) and western irrigated corn
(WIC) sites are north and northeast of Gothenburg, Nebraska (Table 1;
Fig. 1). The four sites are located across the east-west precipitation
gradient; historical records show greater average annual precipitation
at Grand Island (622 mm yr−1, 1962–2009) than at Gothenburg
(557 mm yr−1, 1895–2010) (NOAA, 2013). The average monthly air
temperatures are similar at the four sites; ranging from −5.0 °C in
January to 24.9 °C in July (1939–2009) at Grand Island and from
−3.7 °C in January to 24.3 °C in July at Gothenburg (1895–2010)
(NOAA, 2013). Similar to other sites in the HPUZRN network, the ER,
EIC, WR, and WIC sites are designed to evaluate the processes and rates

Table 1
Vadose zone monitoring sites in the Central Platte Natural Resources District Unsaturated-Zone Network (2008–2013) used in this study.
Site

USGS Site ID

Water level bls (m)

Altitude (m)

Latitude

Longitude

eastern rangeland (ER)
eastern irrigated corn (EIC)
western rangeland (WR)
western irrigated corn (WIC)

410102098374201
405855098383001
405738099504501
405855100073901

20
30
15
18

606.6
618.1
777.8
803.1

41°01′02.5”
40°58′55.4”
40°57′38.3”
40°58′54.7”

−98°37′41.7”
−98°38′30.1”
−99°50′44.8”
100°07′38.8”

[Note: bls, below land surface; m, meters; altitude above the North American Vertical Datum of 1988; latitude and longitude North American Datum of 1983; USGS
site data available in the USGS National Water Information System (NWIS), http://waterdata.usgs.gov/nwis].
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irrigation recharge rates at the sites. Recharge rates were estimated by
standard peak-displacement and mass-balance methods for the 3H, Cl−,
and Br− tracer data (Allison and Hughes, 1978; Healy, 2010; McMahon
et al., 2003) and groundwater-dating methods using atmospheric environmental tracers (chloroﬂuorocarbons (CFCs-12, −11, and −13),
sulfur hexaﬂuoride (SF6), 3H, and tritium/helium (3H/3He)) (Delin
et al., 2000, 2007). HDP time series of ψT (ψm plus ψg) for selected
depths below land surface indicated relatively sharp- and uniformwetting fronts, similar to ψT proﬁles seen at the other HPUZRN sites
(Gurdak et al., 2007). The HDP ψT proﬁles were used to verify the
wetting fronts simulated by Hydrus-1D. All recharge methods, analytical methods, and data used in the analyses are detailed by Steele et al.
(2014), and recharge methods are consistent with the methods used by
McMahon et al. (2006) and Gurdak et al. (2007) at the other HPUZRN
sites.

of water movement, including diﬀuse and irrigation recharge rates, and
storage and transit times of chemicals in the vadose zone (Gurdak et al.,
2009; McMahon et al., 2007). The installation, sample collection and
analysis, data, and capabilities of the four sites are provided and detailed by Steele et al. (2014), and summarized below.
At each site a single 15-cm diameter borehole was drilled to the
water table using a hollow-stem auger (Steele et al., 2014). During
drilling, continuous core samples of the vadose zone were collected
using a split-spoon core barrel to collect samples for lithologic descriptions. Each of the approximate 75-cm core lengths from the
borehole were cut and divided into ﬁve equal subsections for laboratory
analysis of physical and chemical properties of the sediment and pore
water. One subsection of core was analyzed by the USDA Natural Resources Conservation Service (NRCS) National Soils Survey Laboratory
(NSSL) in Lincoln, Nebraska for soil particle-size [L], bulk density (ρb)
[M L−3], and water content (θ) [L3 L−3] using the NRCS classiﬁcation
and standard procedures (Soil Survey Staﬀ, 1999). A second subsection
of core was analyzed by the USGS Tritium Laboratory in Menlo Park,
California, for tritium (3H) in pore water using vacuum distillation;
concentrations were quantiﬁed by electrolytic enrichment and liquid
scintillation counting (Thatcher et al., 1977). The 1-sigma precision of
the analysis ranged from 0.3 to 2.8 tritium units (TU) and was lower for
moist sediment cuttings than for dry ones (Steele et al., 2014). A third
subsection of core was analyzed at the San Francisco State University
(SFSU) Groundwater and Water Resources Laboratory for water-extractable concentrations of bromide (Br−), chloride (Cl−), and nitrate
(NO3−) using ion chromatography (Dionex ICS-900 model), with a
detection limit of 0.2 micrograms per gram (μg g−1) and following
methods described by Herbel and Spalding (1993), Lindau and Spalding
(1984), and McMahon et al. (2003). The remaining two subsections of
core were vacuum-sealed, archived at the USGS, and were not used for
analysis here.
Heat dissipation probes (HDPs) were installed in the borehole using
methods consistent with Gurdak et al. (2007) and McMahon et al.
(2006) and at depths of major lithologic units in the vadose zone (Steele
et al., 2014). The HDPs measure real-time matric potential (ψm) values
between approximately −0.01 to −100 megapascals (MPa) (Flint
et al., 2002), and were programmed to collect ψm measurements at 4-h
intervals (Steele et al., 2014). Total water potential (ψT) values were
calculated as the sum of ψm and gravitational potential (ψg), which assumes that the thermal and osmotic potentials are negligible (Gurdak
et al., 2007; McMahon et al., 2006). The borehole was completed with
steel surface casing and cement pad to help prevent borehole leakage.
Each site was installed with three, vertically-nested monitoring wells
with short screens (1.53 m) to determine vertical gradients in groundwater chemistry and age to help estimate recharge rates. The mean
screen depths below land surface at each site are ER (24.9, 29.8, and
34.3 m), EIC (51.1, 60.2, and 69.4 m), WR (17.3 and 22.8 m), and WIC
(22.1, 26.1, and 29.8 m) (Steele et al., 2014).
A potassium bromide (KBr) solution was evenly applied as a conservative tracer to the land surface within a 9-m2 area surrounding each
of four sites (Steele et al., 2014). Approximately 278 g/L of KBr and deionized water mixture was applied evenly to each 1-m2 grid plot at the
ER and EIC sites in May 2009. Approximately 100 g/L of KBr mixture
was applied evenly to each 1-m2 grid plot at the WR and WIC sites in
June 2010. Continuous cores were collected at all four sites in April
2012 to determine the inﬁltration depths of the Br− in pore water from
the KBr tracer. The water-extractable concentrations of Br− in the core
were analyzed at the SFSU using ion chromatography methods, as
previously described.

2.4. Recharge modeling
Four site-speciﬁc Hydrus-1D numerical models (Ŝimůnek et al.,
2008) were built to simulate diﬀuse and irrigation recharge rates under
a projected 2050 climate relative to historical climate deﬁned for the
year 1990. Hydrus-1D solves Richards’ equation (Richards, 1931) for
saturated and unsaturated water ﬂow in one-dimension and the advection-dispersion equation for solute transport (Ŝimůnek et al., 2008).
The Hydrus-1D models were calibrated using data from the vadose zone
monitoring sites, including soil texture, ρb, ψT, and θ. The historical
recharge rates simulated with Hydrus-1D were veriﬁed using the ﬁeldbased recharge estimates.
The Hydrus-1D model domains were bounded at the top by transient atmospheric boundary conditions assuming surface runoﬀ and at
the bottom by a zero-gradient boundary condition to simulate freely
draining vadose zone proﬁles. Thus, the water ﬂux across the lower
boundary simulates recharge. The transient atmospheric boundary
conditions were varied on daily time steps for the following six variables: precipitation, solar radiation, maximum and minimum temperature, relative humidity, and wind speed. The six variables are described in detail in Section 2.5. Hydrus-1D calculates potential ET using
the Penman-Monteith combination equation (Monteith, 1981; Monteith
and Unsworth, 1990). The vertical length of the model domain for each
site was based on site-speciﬁc depths to water (Table 1). However, the
water table was not included or simulated within the model domain.
We used a variable vertical node spacing of 0.03–0.3 m to provide a grid
resolution that was ﬁner near the top of the model domain and at interfaces of diﬀerent soil textures, and coarser near the bottom of the
model domain and within each soil texture. The ﬁner node spacing
improves the convergence and run-times of the Hydrus-1D models.
The vertical heterogeneities of soil textures in the Hydrus-1D
models were based on the results of the previously described USDA
NRCS NSSL soil textural analyses of the continuous cores at each site,
and corresponding hydraulic properties were deﬁned using the Rosetta
Dynamically Linked Library in Hydrus-1D (Schaap et al., 2001). Rosetta
uses pedotransfer functions (PTFs) to estimate van Genuchten (1980)
water retention parameters and the saturated hydraulic conductivity
(KS) in a hierarchical manner from soil textural class information, the
soil textural distribution, and ρb, using one or two water retention
points as input (Steele et al., 2014).
The Hydrus-1D models simulated root-water uptake using parameters deﬁned by Feddes et al. (1978), with speciﬁc values for either
pasture (sites ER and WR) or corn (sites EIR and WIR) based on studies
by Wesseling et al. (1991). The rangeland (ER and WR) sites are
characterized by mixed-grass prairie plant species, including tall and
short rhizomatous and bunchgrasses, and many forbs (Kaul and
Rolfsmeier, 1993). The crop height (2 m) and rooting depth (2.5 m)
values for the rangeland Hydrus-1D models (ER and WR) were averaged
from root systems of prairie plants (Natura, 1995). The maximum crop
height (2 m) and rooting depth (1.7 m) values for the irrigated corn

2.3. Recharge ﬁeld methods
The physical and chemical data from the four vadose zone monitoring sites were used in a number of ﬁeld-based methods to evaluate
water movement through the vadose zone and to estimate diﬀuse and
72
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Table 2
List of 16 global climate models (GCMs) used in this study and abbreviations used in Figures.
Organization

Country

CMIP3 I.D.

Abbreviation

Bjerknes Centre for Climate Research
Canadian Centre for Climate Modelling & Analysis
Météo-France/Centre National de Recherches Météorologiques
CSIRO Atmospheric Research
CSIRO Atmospheric Research
U.S. Dept. of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory
U.S. Dept. of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory
NASA/Goddard Institute for Space Studies
Instituto Nazionale di Geoﬁsica e Vulcanologia
Institute for Numerical Mathematics
Institut Pierre Simon Laplace
Center for Climate System Research (The University of Tokyo), National Institute for Environmental Studies, and Frontier
Research Center for Global Change (JAMSTEC)
Max Planck Institute for Meteorology
Meteorological Institute of the University of Bonn, Meteorological Research Institute of KMA, and Model and Data group.
Meteorological Research Institute
National Center for Atmospheric Research

Norway
Canada
France
Australia
Australia
USA
USA
USA
Italy
Russia
France
Japan

BCCR-BCM2.0
CGCM3.1(T63)
CNRM-CM3
CSIRO-Mk3.0
CSIRO-Mk3.5
GFDL-CM2.0
GFDL-CM2.1
GISS-ER
INGV-SXG
INM-CM3.0
IPSL-CM4
MIROC3.2(medres)

BCCR
CCCMA
CNRM
CSIRO MK3.0
CSIRO MK3.5
GFDL CM2.0
GFDL CM2.1
GISS
INGV
INMCM
IPSL
MIROC

Germany
Germany/Korea
Japan
USA

ECHAM5/MPI-OM
ECHO-G
MRI-CGCM2.3.2
PCM

MPI
MIUB
MRI
NCAR

[Note: CMIP3 I.D., Coupled Model Intercomparison Project phase 3 model identiﬁcation].

2013). The historical 30-year climate time series was run in Hydrus-1D
as a model spin-up to establish the initial conditions of the unsaturated
ﬂow models. The spin-up model output data for θ and soil temperature
at each grid spacing were input into Hydrus-1D as initial proﬁle conditions, and the historical 30-year climate data were re-run to simulate
the historical (1990) ET and recharge.
Because the overall objective of the modeling was to investigate the
eﬀects on recharge from changes in a projected 2050 climate relative to
a 1990 climate, a constant atmospheric CO2 concentration was used
rather than a time series of CO2 concentration. The observed atmospheric CO2 concentration in 1990 was 353 ppm (IPCC, 2007), which
was assumed to be constant for the historical baseline period. Two future global warming scenarios were used to simulate 2050 conditions:
low warming (478 ppm CO2 and an increase of 1.0 °C) and high
warming (567 ppm CO2 and an increase of 2.4 °C). The atmospheric
CO2 concentrations and associated temperature increases for the low
and high warming scenarios were inferred from the IPCC Special Report
on Emission Scenarios (SRES) (IPCC, 2007; Nakicenovic and Swart,
2000), and are comparable to the representative concentration pathways (RCPs) for RCP2.6 (increase of 1.0 °C) and RCP8.5 (increase of
2.0 °C) by mid-century (2046–2065) used in the IPCC ﬁfth assessment
report (AR5) (IPCC, 2013). A total of 16 diﬀerent GCMs were used to
model each low and high warming scenario (Table 2), thus incorporating as much model uncertainty as possible into the projections
(Crosbie et al., 2011; Holman et al., 2011). Daily data for the 16 GCMs
were obtained from the World Climate Research Programme’s Coupled
Model Intercomparison Project phase 3 (CMIP3) multi-model dataset
(Crosbie et al., 2013; Meehl et al., 2007).
Following the approach of Crosbie et al. (2012, 2013), the daily
scaling method (Chiew et al., 2009) was used to spatially downscale
daily time series (precipitation, temperature, VPD, and solar radiation)
from the GCM grid scale to the point scale for use in the Hydrus-1D
models. Many GCMs indicate that future extreme high precipitation is
likely to be more intense, even in some regions where a decrease in
mean seasonal or annual precipitation is projected (Chiew et al., 2009).
The Chiew et al. (2009) method created future temporal sequencing of
precipitation similar to historical precipitation, but scales changes in
daily precipitation intensity, as outlined in Crosbie et al. (2013).
Irrigation requirements for corn were estimated from the Nebraska
Department of Natural Resources simulations (Bradley et al., 2010)
using the Crops Simulation Model (CROPSIM), which is a ﬁeld scale soil
water balance model (Martin et al., 2010). The diﬀerence between ET
and eﬀective precipitation were plotted against net irrigation for the
CROPSIM Grand Island (eastern study area) (r2 = 0.76) and Gothenburg (western study area) (r2 = 0.77) models. The polynomial

Hydrus-1D models (EIR and WIR) were used based on mean maximum
plant heights for non-stressed, well-managed crops, and maximum effective rooting depth for common crops outlined in the United Nations
Food and Agriculture Organization (FAO) (Allen et al., 1998). Corn
stalk and root growth were assumed to be linear over the growing
season that extends from late June through early September (Allen
et al., 1998).
As an additional Hydrus-1D calibration constraint, a conservative
solute was simulated and the resulting solute ﬂuxes and transit depths
in the vadose zone were compared to observed ﬂuxes and depths of the
applied KBr tracer at each site. The top of each model domain was a
concentration ﬂux boundary condition that allowed the initial inﬁltrating water to simulate a conservative solute concentration similar
to the applied KBr tracer concentration. The bottom of each model
domain was initially bounded by a zero-concentration gradient.
2.5. Historical and future climate data
A 30-year (1981–2011) historical climate data set from the National
Oceanic and Atmospheric Administration (NOAA) National Climate
Data Center (NCDC) (NOAA, 2013) deﬁned the transient atmospheric
boundary conditions in the historical (1990) Hydrus-1D models. The
historical climate data were used to calculate saturation vapor pressure
(SVP) (kPa) as:
17.27 × Tavg

SVP = 0.618e 237.2 + Tavg

(1)

where Tavg is average daily temperature (°C) (Hendriks, 2010). Relative
humidity (RH) (%) was calculated as:

VPD
⎞ × 100%
RH = ⎛1 −
SVP ⎠
⎝

(2)

where VPD is vapor pressure deﬁcit (kPa) (Crosbie et al., 2013;
Wanielista et al., 1997). Solar radiation data were obtained from the
National Center for Atmospheric Research (NCAR)/National Centers for
Environmental Prediction (NCEP) (Crosbie et al., 2013; Kalnay et al.,
1996). The wind speed data are historical 10-m above vegetation wind
speeds obtained from daily 1/8° gridded meteorological data (Maurer
et al., 2002). Historical wind speed data were used for all historical and
future Hydrus-1D models because future wind speed is not simulated by
the GCMs.
The 30-year (1981–2011) climate is assumed to be a baseline and
representative of historical climate centered around 1990. Using 30
years of historical climate data rather than data from any one particular
year minimizes the eﬀects of annual climate variability, and is a method
consistent with recent climate-impact studies (Crosbie et al., 2011,
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rates are generally greater beneath the irrigated corn sites EIC and WIC
(59–224 mm yr−1) than the diﬀuse recharge beneath the rangeland
sites ER and WR (1.1–201 mm yr−1), which is a spatial pattern consistent with ﬁndings from previous recharge studies in the High Plains
(McMahon et al., 2006; Scanlon et al., 2005). Irrigation return ﬂow,
which is the irrigation water that inﬁltrates below the root zone, contributes to the greater recharge rates beneath irrigated ﬁelds. Diﬀerences in recharge rates beneath western and eastern sites are less apparent, in part, because recharge could not be estimated using all
methods beneath all sites, as previously discussed. However, the
available estimates indicate greater recharge rates beneath eastern sites
than western sites for most methods. The CMB method indicates greater
recharge rates beneath ER (mean, 21 mm yr−1) than WR (mean,
13 mm yr−1) (Table 3). The KBr method indicates greater recharge
rates beneath ER (center of mass, 38 mm yr−1) than WR (center of
mass, 35 mm yr−1) and greater recharge rates beneath EIC (center of
mass, 207 mm yr−1) than WIC (center of mass, 65 mm yr−1) (Table 3).
However, the groundwater-dating method indicates greater recharge
rates beneath WR (mean, 34 mm yr−1) than ER (mean, 24 mm yr−1).
The groundwater-dating methods inherently integrates recharge over a
much larger spatial extent than the vadose-zone based 3H, CMB, and
KBr tracer estimates of recharge, and thus may not accurately represent
site-speciﬁc conditions beneath WR and ER. As discussed below, the
general west-east increasing trend in recharge rates could be a response
to the west-east increasing trend in average annual precipitation, which
is also a ﬁnding that is consistent with some previous studies (Crosbie
et al., 2013; Szilagyi et al., 2011, 2013).

Table 3
Estimated diﬀuse recharge rates (mm yr−1) from ﬁeld-based tritium (3H),
chloride mass-balance (CMB), potassium bromide tracer methods, and
groundwater-dating methods (modiﬁed from Steele et al. (2014)), and simulated conservative solute (tracer) ﬂux (mm yr−1) from the HYDRUS-1D models.
Methods used to
estimate diﬀuse
recharge rates (mm
yr−1)

western
rangeland
(WR)

Tritium (3H)
center of mass
4.0
peak displacement
44
Chloride-mass balance (CMB)
mean
13
range
1.1–68
Potassium bromide (KBr) tracer
center of mass
35
peak displacement
201
mean of KBr
118
methods
Groundwater-dating
mean
34
HYDRUS-1D simulated tracer
center of mass
74–153
(range)
peak displacement
100–166
(range)

eastern
rangeland
(ER)

western
irrigated
corn (WIC)

eastern
irrigated
corn (EIC)

–
–

–
–

80
59

21
1.8–96

–
–

–
–

38
9.0
24

65
65
65

207
172
190

24

224

–

89–106

79–129

178–218

37–109

78–128

180–215

[Note: The range of from the CMB represents variability in chloride ﬂux at the
land surface, as described in Steele et al., 2014.].

regression equations for the eastern and western study areas were used
to estimate irrigation requirements for the historical and future EIC and
WIC Hydrus-1D models. Because the rangeland sites do not receive any
irrigation water, simulated irrigation was not applied to the ER or WR
Hydrus-1D models.
To statistically test the eﬀects of a projected 2050 climate relative to
a 1990 climate, the Wilcoxon signed-rank test was used to determine
whether the median diﬀerence between paired observations equals
zero. The median values are statistically diﬀerent when the p-values are
less than the alpha (α) value of 0.05 (95% conﬁdence level).

3.2. Modeled estimates of historical recharge rates
The results of simulated historical (1981–2011) precipitation, irrigation, ET, and recharge using output from the 16 GCMs are summarized in Figs. 2a, 3a, 4a and b, and 5a and b, respectively. The median of
the 30 years of simulated historical (1990) total annual precipitation in
the western and eastern study areas are statistically diﬀerent (pvalue = 0.016), with greater total annual precipitation in the eastern
study areas (Fig. 2a ; Appendix Table A.1). Similarly, the median of the
30 years of simulated historical (1990) annual irrigation (mm yr−1)
(Fig. 3a; Table A. 2) and annual ET (mm yr−1) in the rangeland sites
(Fig. 4a; Table A.3) are statistically diﬀerent (p-values= < 0.001
and < 0.001, respectively) between the western and eastern study
areas. The sites in the western study area have substantially greater
irrigation (Fig. 3a) and ET (Fig. 4a) than corresponding sites in the
eastern study area. Although the median ET values are not statistically
diﬀerent (p-value = 0.277) between the two irrigated corn sites (WIC
and EIC) (Fig. 4b; Table A. 3), the median ET values are statistically
diﬀerent between the paired irrigated and rangeland sites in the western (WIC and WR, p-value < 0.001) and eastern (EIC and ER, pvalue < 0.001) study area (Fig. 4a and b; Table A. 3). The median ET is
greater at the irrigated corn sites (Fig. 4a and b).
The input of historical precipitation, irrigation, and ET resulted in
simulated near-surface water and solute ﬂuxes, and recharge rates that
compare reasonably well with the respective KBr tracer and other ﬁeldbased recharge estimates (Table 3) (Fig. 5a and b). The Hydrus-1D simulated tracer ﬂuxes from the center of mass and peak displacement
methods (Table 3) were calculated at three time steps (498, 996 and
1,494 days, not shown in Table 3) to correspond with the approximate
time since the application and sampling of the KBr tracer at the sites. In
general, the simulated tracer tends to overestimate actual KBr tracer
ﬂuxes, except at the EIC and WR sites that respectively match and
somewhat underestimate the KBr tracer ﬂuxes. The simulated historical
recharge rates (Fig. 5a and b) compare reasonably well with the ﬁeldbased recharge rates (Table 3). The simulated historical recharge rates
are within the range of ﬁeld-based estimates of recharge rates at the
WR, WIC, and EIC sites, but tend to overestimate the ﬁeld-based estimates at the ER site (Fig. 5a and b). The consistency of the simulated

3. Results
3.1. Field-based estimates of recharge rates
Recharge rates that were estimated from the 3H, Cl− mass-balance
(CMB), KBr tracers, apparent groundwater ages from groundwaterdating methods, and simulated conservative tracer from the Hydrus-1D
models are shown in Table 3. As expected, site-speciﬁc recharge estimates vary somewhat by method (Table 3) because of the inherent
uncertainties and range in the spatial (< 1 to > 1000 m2) and temporal
(< 1 to > 1000 years) support scales for each method, which is explained in Scanlon et al. (2002). In general, the recharge rates estimated
from the KBr tracer are greater than those estimated from the 3H, CMB,
or apparent groundwater ages, because the KBr tracer represents inﬁltration rates and near-surface ﬂuxes that have responded to transient
atmospheric conditions since the KBr was applied in 2009. The recharge
estimated from the 3H, CMB, and apparent groundwater ages are more
representative of water ﬂux and recharge rates at the sites over longterm (decadal) time scales. Recharge rates were not estimated at some
sites because of ﬂushing of postbomb 3H (sites ER and WIC), uncertainties associated with Cl− concentrations in applied irrigation
water (sites WIC and EIC), and (or) the apparent ages are older than the
groundwater dating methods used in this study (site EIC) (Table 3)
(Steele et al., 2014).
Results indicate that spatial patterns in recharge are controlled
primarily by LULC and to a lesser extent by average annual west-east
(low to high) precipitation gradients (Table 3). The irrigated recharge
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Fig. 2. Observed historical (1990) and simulated future (2050)
(a) total annual precipitation (mm yr–1) and (b) percent (%)
change in total annual precipitation at Gothenburg, Nebraska
(western study area) and Grand Island, Nebraska (eastern
study area) for low (+1.0 °C, 478 ppm CO2) and high
(+2.4 °C, 567 ppm CO2) global warming scenarios. Each
boxplot represents the median of 30 years of simulated precipitation from 16 global climate models (GCMs).

near-surface water ﬂux and recharge rates with the ﬁeld-based nearsurface water ﬂux and recharge rates indicates that the Hydrus-1D
models have reasonably good predictive ability in estimating historical
water ﬂuxes in the near surface and irrigation and diﬀuse recharge
rates.

warming scenarios, respectively (Fig. 2b).
Output from the GCMs indicates statistically signiﬁcant increase in
annual irrigation for 2050 relative to 1990 across the study area. For
the low global warming scenario, 81% of the GCMs project an increase
in annual irrigation at the WIC site, and 88% project an increase at the
EIC site (Fig. B. 2b). For the high global warming scenario, 100% of the
GCMs project an increase in annual irrigation for the WIC and EIC sites
(Fig. B. 2a). Similar to historical irrigation patterns, the projected 2050
relative to 1990 annual irrigation is signiﬁcantly greater at the WIC
than the EIC for the low (p-value < 0.001) and high warming (pvalue < 0.001) scenarios (Fig. 3a, Table A. 2). Under the low warming
scenario, there is a projected median increase of approximately 2% and
1% relative to 1990 at the WIC and EIC sites, while under the high
warming scenario there is a projected median increase of nearly 15%
and 14% relative to 1990 at the WIC and EIC sites, respectively
(Fig. 3b).
Output from the GCMs indicates a substantial diﬀerence in projected annual ET depending on the warming scenario and LULC. For the
low warming scenario, 56% of the GCMs project an increase in average
annual ET at the WR site (Figure B. 3c), while only 6% project an increase at the WIC site (Figure B.3d). For the low global warming scenario, 44% of the GCMs project an increase in average annual ET at the
ER site (Figure B.3c), and 94% project an increase at the EIC site (Figure
B. 3d). For the high global warming scenario, 100% of the 16 GCMs
project an increase in average annual ET at all four sites (Figure B.3a

3.3. Future climate projections
Output from the GCMs generally indicates a statistically non-signiﬁcant increase in average annual precipitation for 2050 relative to
1990 under both the low and high warming scenarios (Fig. 2a; Table A.
1). For the low and high warming scenarios, 50% of the GCMs project
an increase in total average annual precipitation for 2050 relative to
1990 at the western study area sites, while 63% project an increase in
total average annual precipitation at the eastern study area sites (Appendix Fig. B. 1a and b). However, the median of the 30 years of simulated 2050 relative to 1990 for total annual precipitation in the
western and eastern study areas are not statistically diﬀerent for the
low (p-values = 0.830, 0.610) or high (p-values = 0.739, 0.340)
warming scenarios, respectively (Fig. 2a, Table A1). The median for the
western study area is projected to have < 1% increase in average annual precipitation relative to historical values for both the low and high
global warming scenarios (Fig. 2b). The median for the eastern study
area is projected to have a 2.5% and < 6% increase in total average
annual precipitation relative to historical values for the low and high

Fig. 3. Simulated historical (1990) and future (2050) (a) total
annual irrigation (mm yr–1) and (b) percent (%) change in
total annual irrigation applied at the western (WIC) and
eastern irrigated corn (EIC) sites for low (+1.0 °C, 478 ppm
CO2) and high (+2.4 °C, 567 ppm CO2) global warming scenarios. Each boxplot represents the median of 30 years of simulated irrigation based on simulated average annual precipitation and air temperature from 16 global climate models
(GCMs).
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Fig. 4. Simulated historical (1990) and future (2050) (a,b) total annual evapotranspiration (mm yr–1) and (c,d) percent (%) change in total annual evapotranspiration at the western and eastern study area sites beneath (a,c) rangeland and (b,d) irrigated corn for low (+1.0 °C, 478 ppm CO2) and high (+2.4 °C,
567 ppm CO2) global warming scenarios. Each boxplot represents the median of 30 years of simulated average annual evapotranspiration from 16 global climate
models (GCMs).

rates at the WR site (Fig. B. 4c), while 100% project a decrease at the
WIC site (Fig. B. 4d). For the low warming scenario, 44% of the GCMs
project a decrease in average annual recharge rates at the ER site (Fig.
B. 4c), and 88% project a decrease at the EIC site (Fig. B. 4d). For the
high warming scenario, 94% of the GCMs project a decrease in average
annual recharge rates at the WR site (Fig. B. 4a), and 75% project a
decrease at the WIC site (Fig. B. 4b). For the high warming scenario,
94% of the GCMs project a decrease in average annual recharge rates at
the ER and EIC sites (Fig. B.4a and b). There are no statistical diﬀerences in average annual recharge rates between the western (pvalue = 0.0750) or eastern (p-value = 0.379) study sites projected
under the low global warming scenario (Fig. 5a and b; Table A. 4). The
median annual recharge for the low global warming scenario is projected to decrease by about 9% and 11% relative to 1990 values at the
WR and WIC sites, respectively (Fig. 5c and d), and increase by 6% and
decrease by 10% at the ER and EIC sites, respectively (Fig. 5c and d).
However, there are statistical diﬀerences in median annual recharge
rates between the western (p-value = < 0.001) and eastern (p-

and b). There are no statistical diﬀerences in median annual ET between the western (p-value = 0.412) and eastern (p-value = 0.877)
study sites projected under the low global warming scenario (Fig. 4a
and b; Table A. 3). The median annual ET under the low global
warming scenario is projected to increase by 2% relative to 1990 values
at the WR and WIC sites (Fig. 4c and d), and increase by < 1% at the ER
site and about 2% at the EIC site (Fig. 4c and d). However, there are
statistical diﬀerences in median annual ET between the western (pvalue = < 0.001) and eastern (p-value= < 0.001) sites projected
under the high warming scenario (Fig. 4a and b; Table A. 3). The
median annual ET under the high warming scenario is projected to
increase by about 21% and 13% relative to 1990 values at the WR and
WIC sites, respectively (Fig. 4c and d), and increase by about 25% and
15% at the ER and EIC sites, respectively (Fig. 4c and d).
Output from the GCMs and Hydrus-1D models overwhelmingly indicate decreases in annual recharge for 2050 relative to 1990 across the
study area and beneath both types of LULC. For the low warming scenario, 56% of the GCMs project a decrease in average annual recharge
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Fig. 5. Simulated historical (1990) and future (2050) (a, c)
average annual recharge (mm yr–1) and (b,d) percent (%)
change in average annual recharge at the western and eastern
study area sites beneath (a, c) rangeland and (b, d) irrigated
corn for low (+1.0 °C, 478 ppm CO2) and high (+2.4 °C,
567 ppm CO2) global warming scenarios. Each boxplot represents the median of 30 years of simulated average annual
recharge from 16 global climate models (GCMs). The ﬁeldbased recharge estimates from tritum (3H), chloride-mass
balance (CMB), applied potassium bromide tracer (KBr), and
groundwater age dating (GW) methods are listed in Table 3.

by calibrating the hydrologic model (Hydrus-1D) with detailed hydraulic data from the vadose zone, and validating the hydrologic model
with ﬁeld-based recharge rates using a range of methods with diﬀerent
spatial and temporal support scales. However, even with a well-calibrated hydrologic model, uncertainty in the output from 16 GCMs
translates into a 5% to 70% range in projected recharge under any
given LULC, east-west precipitation gradient, or warming scenario
(Fig. 5c and d). In this study, diﬀuse recharge beneath the rangeland is
projected to have the least (5%, WR site) and greatest (70%, ER site)
range in projected change under the high warming scenario (Fig. 5c).
The models tend to agree that the rangeland in the western study area
will experience substantial decreases in diﬀuse recharge, while the
models are less consistent in the magnitude of the decrease in diﬀuse
recharge beneath rangeland in the eastern study area under both low
and high warming scenarios (Fig. 5a).
The combined output from the probabilistic framework clearly indicates important diﬀerences in projected climate and recharge under

value = < 0.001) study sites projected under the high global warming
scenario (Fig. 5a and b; Table A. 4). The median annual recharge under
the high global warming scenario is projected to decrease by about 98%
and 29% relative to 1990 values at the WR and WIC sites, respectively
(Fig. 5c and d), and decrease by about 53% and 47% at the ER and EIC
sites, respectively (Fig. 5c and d).
4. Discussion
The large range of projected precipitation (Figure B. 1), irrigation
(Figure B. 2), and ET (Figure B.3) from the 16 GCMs indicates that using
output from any single GCM or small group of GCMs to drive hydrologic
models such as Hydrus-1D would result in substantial uncertainty in the
simulated recharge rates (Figure B. 4). This study characterizes uncertainty by using output from a large number of GCMs to estimate
future recharge in a probabilistic framework (Crosbie et al., 2010).
Additional uncertainty in the probabilistic framework has been reduced
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scenario showed no statistical evidence for a change in any future climate variable. However, the high-global-warming scenario showed
signiﬁcant changes, with statistically signiﬁcant evidence for decreases
in average annual recharge rates, and increases in average annual ET
and irrigation demands at all four study sites. Precipitation under the
high-global-warming scenario did not show statistical evidence for a
change from historical median annual values. Median annual irrigation
demands increased by as much as 15%, median annual ET increased by
as much as 25%, and median annual recharge rates decreased as much
as 98%, compared to simulated historical annual averages.
The major ﬁnding from this study is the projected bidirectional shift
in climate and corresponding recharge rates in the northern High
Plains. The north-south temperature gradient is projected to shift north,
where future northern High Plains temperatures will resemble current
central High Plains temperatures. The east-west recharge rate gradient
is projected to shift east, where future recharge rates at the eastern
study sites will resemble current recharge rates at the western study
sites. Recharge rates under a future climate are particularly sensitive to
ET. The east-west ET gradient will shift west, such that future ET at the
western study sites will resemble current ET at the eastern study sites.
With higher ET and no change in precipitation, future irrigation demand will likely increase, adding further stress on the groundwater
resources in the northern High Plains.

the low (+1.0 °C) and high (+2.4 °C) warming scenarios. Under the
low warming scenario, the distributions of annual precipitation, irrigation demands, ET, and recharge rates for a projected 2050 future,
relative to historical 1990, are not statistically diﬀerent. However,
under the high warming scenario, the distributions of annual precipitation, irrigation demands, ET, and recharge rates for a projected
2050 future, relative to historical 1990, are statistically diﬀerent. These
ﬁndings indicate an important threshold or tipping point between
+1.0 °C and +2.4 °C warming in the northern High Plains that could
trigger signiﬁcant changes in local irrigation and diﬀuse recharge.
Findings from this study are generally consistent with the (i) inverse
relation between average annual air temperature and historical recharge rates along the regional north-south gradient of the entire High
Plains aquifer (McMahon et al., 2006), and the (ii) positive relation
between average annual precipitation and historical recharge along the
west-east gradient of the northern High Plains (Steele et al., 2014).
However, this study demonstrates an important and substantial bidirectional (west to east and south to north) shift in median recharge rates
of the northern High Plains aquifer in response to the high warming
scenario. First, the projected 2050 air temperature for the northern
High Plains is similar to that of present-day central High Plains (Fig. 1),
which results in a substantial decrease in recharge rates at all study sites
(Fig. 5c and d) that are similar to historical recharge rates for the
central High Plains aquifer (McMahon et al., 2006). Second, the projected 2050 recharge rates for the eastern study area are lower than the
historical recharge rates for the western study area (Fig. 5a and b), and
the projected 2050 recharge rates for the western study area are similar
to that of the southern and central High Plains (McMahon et al., 2006).
Interestingly, the eastward shift in median recharge rate is less a
function of projected changes in precipitation (Fig. 2) and more a
function of the projected eastward shift in ET (Fig. 4a and b). Unlike
temperature and ET, projected 2050 total annual precipitation is statistically the same as 1990 values for the eastern and western sites
(Fig. 2a and b), which highlights the sensitivity of projected recharge to
shifting ET regimes.
The probabilistic framework of simulated recharge rates has the
additional beneﬁts of helping to communicate ﬁndings to groundwater
managers that are planning for sustainable development of local
groundwater resources in the northern High Plains aquifer. For example, the distribution of future recharge rates (Fig. 5a–d) helps communicate the concept of uncertainty, and enables groundwater managers to select various percentiles (5% and 95%; 10% and 90%, etc.)
from the distributions as scenarios in groundwater models and other
management planning tools. Regardless of the speciﬁc percentiles,
groundwater managers of the northern High Plains aquifer must prepare for substantial reductions in future recharge rates beneath rangeland and irrigated corn ﬁelds. Higher temperatures and increased ET
will alter the timing of demand for irrigation water, as diﬀerent crops
are grown in response to climate change (Karl et al., 2009). Local
groundwater managers could consider working with agricultural producers to plant increasingly water-eﬃcient and heat-tolerant crops that
should reduce the irrigation demand. The reductions in recharge rates
could accelerate declining water levels if irrigation demand and other
management strategies are not implemented. Because the bidirectional
shift in climate and recharge is regional in nature, groundwater managers could consider development of communication networks and
educational opportunities to share and learn from best-management
strategies and irrigation practices in neighboring groundwater management districts.
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