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Aquifer overexploitation could signiﬁcantly impact crop production in the United States because 60% of irrigation relies on
groundwater. Groundwater depletion in the irrigated High Plains
and California Central Valley accounts for ∼50% of groundwater
depletion in the United States since 1900. A newly developed High
Plains recharge map shows that high recharge in the northern
High Plains results in sustainable pumpage, whereas lower recharge in the central and southern High Plains has resulted in
focused depletion of 330 km3 of fossil groundwater, mostly
recharged during the past 13,000 y. Depletion is highly localized
with about a third of depletion occurring in 4% of the High Plains
land area. Extrapolation of the current depletion rate suggests
that 35% of the southern High Plains will be unable to support
irrigation within the next 30 y. Reducing irrigation withdrawals
could extend the lifespan of the aquifer but would not result in
sustainable management of this fossil groundwater. The Central
Valley is a more dynamic, engineered system, with north/south
diversions of surface water since the 1950s contributing to ∼7×
higher recharge. However, these diversions are regulated because
of impacts on endangered species. A newly developed Central
Valley Hydrologic Model shows that groundwater depletion since
the 1960s, totaling 80 km3, occurs mostly in the south (Tulare
Basin) and primarily during droughts. Increasing water storage
through artiﬁcial recharge of excess surface water in aquifers by
up to 3 km3 shows promise for coping with droughts and improving sustainability of groundwater resources in the Central Valley.
Gravity Recovery and Climate Experiment satellite
managed aquifer recharge
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I

rrigation resolves spatial and temporal disconnects between
water supply and water demand and allows us to grow crops
in semideserts. Irrigation consumed ∼90% of global freshwater
resources during the past century (1, 2) and represents 20% of
cropland and ∼40% of food production (2, 3). During the past
couple of decades, groundwater has become an increasingly important source of irrigation and currently is used in ∼40% of the
area equipped for irrigation globally and 60% within the United
States (4). Expansion of groundwater-fed irrigation is attributed to
the ubiquity of groundwater, ready access to this resource, minimal
infrastructure requirements, and general continuity of supply
providing a buffer against droughts (5). A recent analysis reports
an approximate doubling of global groundwater depletion between 1960 and 2000 and identiﬁes several hot spots of depletion,
mostly in irrigated regions, including the High Plains (HP) and
California Central Valley (CV) aquifers in the United States (6).
With growing dependence of agricultural production on unsustainable groundwater use threatening future crop production,
the following basic questions arise: How much groundwater has
been depleted? Are we running out? What is the spatiotemporal
variability in depletion? Can groundwater-fed irrigation be
managed sustainably? Ground-based monitoring, modeling, and
satellites [Gravity Recovery and Climate Experiment (GRACE)]
have been used to estimate groundwater depletion in different
irrigated regions (6–8). Maximum available blue water resources
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(rivers and aquifers) have only been depleted by ∼10% globally,
suggesting that we are not running out of water; however, we
may be running out of water locally and during droughts because
of spatiotemporal variability in depletion (9). Unlike oil production, where the objective is to produce all available oil in
a reservoir, groundwater production is often restricted by its
impacts on surface water through reductions in groundwater
discharge to streams, and effects on groundwater-dependent
ecosystems, land subsidence, and water quality. Thus, with the
exception of mining fossil groundwater, the total amount of
groundwater storage depletion is primarily constrained by the
effects of depletion on water ﬂows, water quality, and/or heads
(in the case of subsidence) (9, 10).
The objective of this study was to quantify spatiotemporal variations in depletion at the aquifer scale, determine controls on depletion, and evaluate approaches to reduce groundwater depletion.
The analysis was conducted for the HP and CV aquifers because
they are hot spots for depletion and are among the most intensively
monitored aquifers globally. Understanding water sustainability of
the HP- and CV-irrigated regions is important for future crop
production in the United States. Analysis of groundwater depletion
is based on water level monitoring in ∼9,000 wells in the HP and
∼2,300 wells in the CV. A map of groundwater recharge was developed in this study for the HP that complements previous sitespeciﬁc recharge estimates. Groundwater depletion in the CV was
examined using the newly developed CV hydrologic model (11).
The GRACE satellites have also been used to monitor groundwater
depletion in both aquifers (12, 13, 14). The impact of climate variability on water resources is addressed; however, effects of climate
change projections are outside the scope of the study. The wealth of
data for these aquifers provides an opportunity to advance our
understanding of groundwater depletion and examine approaches
to manage groundwater resources more sustainably. Unique aspects
of this work are the synthesis of a variety of data from satellite and
ground-based observations and numerical modeling and comparisons between the HP and CV aquifers to develop an understanding
of spatiotemporal variability in groundwater depletion that is used
to assess more sustainable management approaches.
Comparison of General Attributes of the HP- and CVIrrigated Regions
The HP aquifer (450,000 km2) and CV aquifer (52,000 km2) are
ranked ﬁrst and second, respectively, among aquifers in the
United States for total groundwater withdrawals (15) (Fig. 1 and
Figs. S1 and S2). The HP is less intensively cultivated (39%
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gradient is much greater in the HP (9.2–14.6 °C) than in the CV
(16.5–17.5 °C; 1971–2000; Fig. S7).
How Much Groundwater Has Been Depleted? Groundwater has
been depleted by ∼330 km3 in the HP aquifer on the basis of
groundwater level data from 3,600 wells from predevelopment
(∼1950s) to 2007 (Fig. 1A and Table S3) (7). This depletion
represents ∼8% of groundwater in storage available before irrigation (∼4,000 km3; Fig. S8). Likewise, in the CV, groundwater depletion was estimated to be ∼140 km3 from models [60
km3 from the 1860s to 1961 (Fig. 1B) and 80 km3 from 1962 to
2003] and represents ∼14% of estimated groundwater in storage before irrigation (1,000 km3) (11, 17). Groundwater storage
reductions in the HP aquifer account for 36%, and those in the
CV aquifer 15% of total estimated water storage declines in all
aquifers in the United States from 1900 to 2008 (18).
How Does Groundwater Depletion Vary Spatially? If groundwater
depletion were uniform in the HP, it would result in an average
water table decline of ∼4 m. However, there is almost no depletion
in the northern HP (NHP; Nebraska; mean 0.3 m); depletion is
much greater in the central and southern HP (e.g., Kansas, mean
7 m; Texas, mean 11 m; Figs. 1A and 2A and Fig. S1). In fact,
spatial depletion is localized with about a third of depletion restricted to 4% of the HP area where groundwater levels have
declined ≥30 m in Kansas and Texas (Fig. S9). Extrapolation of
the depletion rate from the past decade (1997–2007) indicates that
the saturated thickness would decrease to ≤6 m in 35% of the
southern HP within 30 y and would not be able to support irrigation. Similar to the HP, groundwater depletion in the CV area
before 1961 was restricted mostly to the Tulare Basin in the south
with declines ≥30 m in the shallow unconﬁned aquifer and ≥120 m
in the deeper conﬁned aquifer before 1961 (Figs. 1B and 2B and
Fig. S2) (17). Declines since 1961 are also focused in the Tulare
Basin (2.3 km3/y; 97 km3, 1962–2003; Fig. S2).
How Does Groundwater Depletion Vary Temporally? The HP aquifer
displays essentially monotonic depletion in groundwater storage
with a rate of ∼5.7 km3/y since predevelopment in the 1950s to
PNAS | June 12, 2012 | vol. 109 | no. 24 | 9321

ENVIRONMENTAL
SCIENCES

cropland) with less irrigation (∼30% of cropland irrigated) than
the CV (53% cropland, 90% of cropland and pastureland irrigated; Fig. S3 and Table S1). The importance of these aquifers
for crop and food production in the United States is shown by the
market value of agricultural products, which was $35 billion in the
HP and $21 billion in the CV relative to the United States total of
$300 billion in 2007 (16). The HP region has been termed the
“grain basket” of the United States, and the CV the “fruit and
vegetable basket” of the United States, supporting cultivation of
up to 250 different crops.
In the HP, surface water resources are dominated by internally
drained ephemeral lakes or playas (∼50,000 playas) because of
the extremely ﬂat topography. Integrated surface-water drainage
is limited to a few rivers (e.g., Platte, Republican, and Arkansas;
Fig. S3A). In contrast, the CV receives much of its water from the
surrounding mountains and has a dense river network feeding
into the valley ﬂoor. The main rivers are the Sacramento and San
Joaquin Rivers, which ﬂow north or south. Soils also play an
important role in groundwater recharge and are generally ﬁne
grained in the HP, outside the Nebraska Sand Hills (Fig. S4A).
Proximity of the Sierra Nevada Mountains to the CV results in
coarser soils and sediments in the southeast associated with alluvial fans, and ﬁner soils in the north and west associated with
volcanics from the Coast Range (Fig. S4B).
Most of the water in the HP is derived from precipitation on the
HP (237 km3, mean 1971–2000), whereas precipitation in the CV is
very low (19 km3), representing ∼15% of total precipitation in the
enclosing Sacramento and San Joaquin river basins (115 km3) (Fig.
S5). Therefore, ∼85% of precipitation occurs in the surrounding
mountains, e.g., as snow in the Sierra Nevada Mountains to the east
and the Klamath Mountains to the west of the Sacramento Valley;
snowpack forms a critical reservoir for the region. Distribution of
precipitation is much more uniform from north to south in the HP
(475–501 mm/y) than in the CV (611–165 mm/y; 1971–2000). The
HP is dominated by summer convective storms (72–77% April–
September), which coincides with crop production, whereas the
CV is dominated by winter frontal storms (79–85%, November–
March), typical of the Mediterranean climate, and asynchronous
with crop production (Fig. S6). The north-to-south temperature
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Fig. 1. (A) Measured groundwater level
changes from predevelopment (∼1950) to 2007
in the HP aquifer [modiﬁed from (7)]. (B) Simulated groundwater level changes from predevelopment (∼1860) to 1961 in the conﬁned
aquifer (17). Groundwater basins include the
Sacramento, Delta/East sides, San Joaquin, and
Tulare.

Fig. 2. Trends in groundwater depletion in (A) the HP
and (B) the CV aquifers. Depletion is concentrated in
the southern regions of both basins, Texas in the HP
and Tulare Basin in the CV. The HP data show generally
monotonic declines based on water level monitoring in
3,600 wells (1950s) to 9,600 wells (2006) (7). Water level
changes in the CV are much more dynamic with declines
focused during droughts (1976–1977, 1987–1992, 1998–
2003) and recovery at other times. D/E, Delta, Eastside;
Sac, Sacramento; SJ, San Joaquin; TB, Tulare Basin.

2007 (Table S3); however, the rate of depletion increased with
time (∼7 km3/y during the 20-y period of intensive monitoring,
1987–2007; Fig. 2A). In contrast, groundwater levels and modeling in the CV (1962–2003) indicate that depletion is highly
episodic, restricted primarily to droughts, with partial recovery at
other times (Fig. 2B). Depletion during droughts ranged from
24.6 km3 during the most severe drought (1976–1977) to 49.3
km3 during a long-term drought (1987–1992). Many farms are
equipped to use both surface water and groundwater. When
available, farmers irrigate with less-expensive surface water;
during dry periods, groundwater becomes an increasingly important irrigation source. The CV hydrologic model (1962–2003)
indicates that droughts are associated with reductions in recharge by up to 60%; however, impacts of droughts are exacerbated by reductions in surface water deliveries from the north by
up to 60%, increasing groundwater pumpage by up to 180%
relative to the long-term mean for the simulation period (11).

Texas than in Nebraska, irrigation peaked in Texas in the mid1970s but continued to increase in Nebraska. Irrigated areas in
Nebraska and Texas balanced out over time; however, irrigation
pumpage averaged ∼30% higher in Texas than in Nebraska
(Fig. S10). Therefore, variations in depletion may partially reﬂect differences in irrigation pumpage.
Variations in recharge may also contribute to differences in
depletion. A newly developed recharge map for the HP based on
a mass balance approach applied to groundwater chloride data
(Methods) shows large variations in long-term mean annual rates
of groundwater recharge from precipitation across the HP (Fig. 3,
Table 1, and Table S3). The chloride mass balance approach is
general and may not accurately estimate recharge in irrigated
areas (12% of land area) because of chloride recycling. High
natural recharge rates in Nebraska are dominated by recharge in
the Sand Hills (area mean 92 mm/y; 5.6 km3/y), which supported
high predevelopment groundwater discharge to streams; however,

What Controls Groundwater Depletion? Groundwater depletion
occurs when water demand through pumpage exceeds water
supply through recharge. Depletion varies as sources of water for
pumpage change over time. Before irrigation, long-term mean
groundwater recharge (R) equals groundwater discharge (D)
through baseﬂow to streams (R = D). Groundwater-fed irrigation (Pu) can be derived from groundwater depletion, i.e.,
change in groundwater storage (ΔS), increased recharge (ΔR),
and/or decreased discharge (ΔD) as follows (19, 20):
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ðR þ ΔRÞ − ðD þ ΔDÞ − Pu ¼ ΔS

[1]

Initially, all groundwater for irrigation pumpage is derived from
aquifer storage. With time, more irrigation water can be derived
from increased recharge and/or decreased discharge through
capturing groundwater discharge to streams as base ﬂow. Although recharge is often increased under irrigated areas, only
recharge from irrigation derived from surface water represents
a net increase in recharge, because changes in recharge from
groundwater-fed irrigation simply reﬂect recycling of groundwater
with net groundwater depletion. Ultimately, groundwater-fed irrigation may be derived entirely from increased recharge and/or
decreased discharge, with no further change in groundwater
storage, equating to some deﬁnitions of sustainable pumpage.
However, sustainable pumpage may not equate to the much
broader concept of sustainability, which includes minimizing adverse environmental impacts (21).
The pervasive belief about the HP aquifer is that it represents
fossil groundwater that is being mined. However, conditions are
highly variable spatially, ranging from almost no depletion in the
north, large-scale depletion in the center and northern part of
the south, and limited depletion in other parts of the south (Figs.
1A and 2A and Fig. S1). Variations in depletion may reﬂect
differences in water demand through irrigation and/or supply
through recharge. Although irrigation began much earlier in
9322 | www.pnas.org/cgi/doi/10.1073/pnas.1200311109

Fig. 3. Long-term mean annual recharge rates for the HP aquifer based on
the chloride mass balance approach applied to groundwater chloride data.
Recharge rates could not be estimated for the southern part of the SHP
because groundwater chloride is impacted by upward movement of saline
water from deeper aquifers.

Scanlon et al.

How Renewable Are Groundwater Resources in the HP and CV? Renewable groundwater resources are essentially inexhaustible but
are limited by the recharge rates (ﬂow), whereas nonrenewable
resources are almost independent of ﬂow but are limited by water
storage (9, 10, 29). In the NHP area, renewable groundwater
resources are ﬂow limited, whereas in the CHP and SHP,
Scanlon et al.

What Is the Lifespan of the Aquifers? There is a lot of interest in
assessing aquifer lifespan from water storage in aquifers and the
current depletion rates. If we apply this approach to the HP
PNAS | June 12, 2012 | vol. 109 | no. 24 | 9323
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essentially nonrenewable or fossil groundwater resources are storage limited. However, groundwater storage is highest in the north
(∼2,400 km3 in Nebraska, 2007) and lowest in the south (410 km3 in
Texas, 2007; Table S3). The high groundwater storage in the NHP
cannot be pumped further because it is required by regulation to
maintain groundwater/surface water interactions. Although only
1% of groundwater storage has been depleted in Nebraska (26
km3), modeling shows that groundwater pumping has reduced
groundwater discharge (base ﬂow) to the Platte and other rivers by
up to 50% (22, 23). The shallow water table before onset of irrigation (Fig. S11) suggests connection with surface water in the
NHP. Maintaining this connection greatly restricts the amount of
groundwater that can be abstracted. Reduced baseﬂow has negatively impacted endangered species near the Platte River, including
the whooping crane, sand plover, least tern, and pallid sturgeon
(22). Threatened litigation among the federal government and the
States of Colorado, Nebraska, and Wyoming at the US Supreme
Court level related to the endangered species in the Platte River
was resolved by restricting irrigation abstractions. Similar legal
conﬂicts over groundwater/surface water interactions have occurred
in the other NHP river systems, including the Republican River.
Nonrenewable or fossil groundwater resources in the CHP and
SHP are essentially independent of recharge and current climate
but are limited by storage, similar to oil reservoirs. Connections
between groundwater and surface water were limited in many parts
of the CHP, as shown by the deep predevelopment water table
(Fig. S11). Most surface water drains into ephemeral lakes or
playas that are not groundwater discharge points—rather, they
recharge the aquifer—and thus are not impacted by groundwater
depletion. Where groundwater and streams were connected, such
as along the Arkansas River, irrigation has already caused rivers in
western Kansas to change from gaining perennial rivers to losing
ephemeral rivers; therefore, connection between groundwater and
surface water has been lost in these areas (30). Many groundwater
conservation districts in Texas allow managed aquifer depletion
where groundwater storage can be depleted by up to 50% in 50 y
(2000–2050). In these situations, knowledge of groundwater storage is important for managing groundwater development and for
assessing the lifespan of the aquifer.
Renewable groundwater resources in the CV are limited by
ﬂows rather than storage, as in the HP. Groundwater depletion in
this region is restricted by law to maintain baseﬂow to streams and
minimize subsidence. The southern CV is internally drained
and the predevelopment water table was high. In the 1800s, Tule
marshes were prevalent and artesian conditions existed throughout most of the basin that resulted in ﬂowing wells at the land
surface. Irrigation and damming of many of the rivers caused
these marshes to dry up, groundwater levels to drop, and artesian
conditions to no longer exist. Some sections of the San Joaquin
River no longer ﬂow, and salmon, which once were prevalent in
the river, no longer use the river for spawning. Recently, there
have been efforts to evaluate restoration of the San Joaquin River
and analyze interactions with groundwater. In the San Joaquin
and Tulare Basins, depletion of deeper conﬁned aquifers is constrained by subsidence. Subsidence of ∼9 m was recorded in the
southwestern Tulare Basin (Los Banos Kettleman City region
west of Fresno) and generally corresponds to the area of the
Corcoran Clay Member of the Tulare Formation (17). When
hydraulic heads in the conﬁned aquifer are reduced below a critical value, equal to the previous minimum head, subsidence can
recur. Inelastic compaction associated with subsidence represents
irrecoverable storage depletion and is a one-time source of
groundwater. Therefore, groundwater production in the conﬁned
aquifer is controlled by previous minimum heads and not by the
total water storage in the system.

SUSTAINABILITY
SCIENCE

Downloaded by guest on June 22, 2021

up to 50% of this discharge has been captured by irrigation
pumpage (22, 23). Therefore, capture of groundwater discharge,
along with increased recharge from surface water-fed irrigation
from the Platte River (30% of total irrigation, remaining 70%
from groundwater), account for the small decline in groundwater
storage in the north (Nebraska). In contrast, in the central HP
(CHP) and northern part of the southern HP (SHP), where the
largest declines have occurred, low initial recharge (9 mm/y corresponding to 0.77 km3/y in the CHP, and 10 mm/y corresponding
to 0.27 km3/y in the northern part of the SHP), based on water
balance (24) and groundwater chloride data (Fig. 3), results in low
groundwater discharge to streams, limiting water available for
capture. In addition, unsaturated zone studies indicate that irrigation has not recharged the aquifer through return ﬂow in areas
of ﬁne-grained soils (25) (Fig. S4A). The only source of current
recharge may be from surface water through playas (26). Irrigation is mostly mining fossil groundwater that was recharged during the past ∼13,000 y on the basis of groundwater age dating
(27). Groundwater depletion in areas of Kansas and Texas where
water levels declined ≥30 m (17,000 km2 area) exceed recharge by
a factor of 10 [10 mm/y recharge over 60 y = 10 km3 vs. 100 km3
of depletion (mean 40 m decline, 0.15 speciﬁc yield)]. In coarsertextured soils in other parts of the southern Texas HP, increased
recharge under irrigated areas simply reﬂects recycling of water
because irrigation is groundwater fed (28). The aquifer in this
region is relatively thin (median 16 m thick), and well hydrographs show that groundwater storage has been depleted in some
regions (Fig. S1). Leveling off of groundwater levels after depletion suggests that sustainable pumpage has been achieved in
parts of this region after aquifer storage was depleted, and
demonstrates the self-regulation inherent in the system. Therefore, the situation in the HP ranges from sustainable pumpage in
the north to mining of groundwater in the central and northern
parts of the south, to sustainable pumpage after depletion in parts
of the south. These differences across the HP primarily reﬂect
variations in recharge with ∼10× higher recharge in Nebraska
than in Kansas or Texas (Fig. S3 and Table S3).
Groundwater depletion in the CV aquifer is controlled primarily by variations in supply related to spatiotemporal variations
in precipitation and surface water deliveries that result in variations in demand through irrigation pumpage. Depletion is greatest
in the south (up to 120 m in conﬁned aquifers in the Tulare Basin)
where precipitation is lowest (Fig. S5B) and surface water availability for irrigation is limited. The CV differs from the HP in the
large north-to-south precipitation gradient and engineering approach adopted to reduce water stresses. Large-scale diversions of
surface water through the federally funded Central Valley Project
(since the early 1950s) and the State Water Project (since the late
1960s) helped relieve water stress in the south and resulted in
partial recovery of aquifer storage by up to 90 m in some areas
from reduced pumpage and increased recharge. Irrigation increased groundwater recharge by a factor of 6.9 (from 2.5 km3/y
during predevelopment to 17.2 km3/y) and discharge, including
pumpage, by a factor of 7.8 (from 2.5 km3/y during predevelopment to 19.4 km3/y; Table S2). The deﬁcit between increased recharge and groundwater discharge (2.2 km3/y) is
supplied by groundwater storage, resulting in groundwater depletion. Groundwater depletion in the CV occurs mainly during
episodic droughts, with partial recovery at other times (Fig. 2B). In
the southern CV (Tulare Basin), groundwater is being mined;
groundwater depletion slows or stops during wet periods but has
not recovered.

aquifer, the results suggest a lifespan of 630 y for the HP (Table
S3). However, there is essentially no depletion in the NHP
(Nebraska), and depletion is concentrated in the CHP and SHP.
Estimated lifespans of the aquifer in these regions are 240 y for
Kansas and 140 y for Texas. However, depletion is even more
localized than in these regions, with ∼35% of depletion in 4% of
the land area (Fig. S9), resulting in much shorter lifespans in
these regions. Aquifer lifespans only pertain to fossil groundwater and are extremely variable spatially.
The estimated lifespan of the CV aquifer is 390 y based on
remaining water storage in 2000 of 860 km3 and depletion rate of
2.2 km3/y from the CV hydrologic model (11). However, depletion is focused in the Tulare Basin in the south, with little or
no depletion in the San Joaquin and Sacramento Basins; therefore, aquifer lifespan is much shorter in the Tulare Basin.
How Can We Monitor Groundwater Depletion? There is considerable interest in using GRACE satellites to monitor changes in
groundwater storage at basin scales because they provide continuous coverage globally and complement long-term water-level
monitoring and regional hydrologic modeling. GRACE measures changes in total water storage, which are used to estimate
changes in groundwater storage (GWS) by subtracting changes in
storage in snow (snow water equivalent) from the Snow Data
Assimilation System, surface water from reservoir monitoring,
and soil moisture derived from Global Land Data Assimilation
System models (31).
In the HP, estimated GWS changes from GRACE data are
highly correlated with those from detailed groundwater level
monitoring data (∼1,000 wells, r2 from 0.7 to 0.8) (12, 32). In the
CV, GWS depletion during the late 2000s drought calculated
from GRACE data (6–8 km3/y totaling 24–34 km3 from April
2006 to March 2010) is similar or lower than depletions estimated from groundwater modeling for previous droughts (1976–
1977; 12 km3/y; 1987–1992; 8 km3/y) (11, 13, 14). Therefore,
GRACE data can monitor basin-scale changes in GWS, which
complement much higher spatial-resolution GWS changes from
ground-based monitoring and modeling analyses.
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How Can Irrigation Be Managed to Increase Sustainability of Groundwater Resources? Groundwater depletion is likely to increase in

the future with increasing temperatures and projected more
severe and prolonged droughts associated with climate change
(33, 34). Limited analysis of potential impacts of climate
change (Geophysical Fluid Dynamics Laboratory A2 scenario)
suggests persistent droughts in the second half of the 21st
century; decreasing water supplies through reduced surface
water inﬂows by 20–65% and reduced groundwater recharge
from stream ﬂow by up to 50%; and increased demands for
irrigation and urban growth, reducing groundwater storage in
the CV by ∼110 km3 (2050–2100) (35). Increasing supply of
surface water and/or reducing demand of groundwater can
reduce groundwater depletion to increase sustainability. Increasing water storage can help resolve the temporal disconnections between supply and demand. There are no obvious
options for increasing water supply in the HP or the CV. Although building canals in the CV to transfer water represented
the traditional approach to water resources management, it is
increasingly difﬁcult to adopt these approaches because of cost
and environmental concerns (36).
On the demand side, groundwater depletion can be reduced in
areas dominated by groundwater-fed irrigation by increasing irrigation efﬁciency, i.e., transitioning from ﬂood to sprinkle and
drip systems. In the CV, ∼50% of crops are still produced under
ﬂood irrigation (36). The ability of improved irrigation efﬁciency
to result in real water savings has been questioned because much
of the irrigation excess is thought to return to streams or replenish aquifers (37, 38), and the saved water is often used to
expand irrigation or irrigate more water-intensive crops (38, 39).
9324 | www.pnas.org/cgi/doi/10.1073/pnas.1200311109

It is important to determine whether excess irrigation water
recharges aquifers, because ﬁne-grained soils in much of the
CHP prohibit recharge from irrigation water (25, 28). There is
also a limit to the efﬁciency of irrigation systems because of the
potential for soil salinization. Center pivot systems, dominant in
the HP, are up to 98% efﬁcient in parts of the Texas HP but are
salinizing soils because of insufﬁcient water to ﬂush salts and lack
of winter precipitation (40). Ultimately, irrigated crops could be
converted to rainfed crops to reduce groundwater depletion in
the HP; however, this may require changing crop types (e.g.,
from water-intensive corn to cotton) and would decrease crop
yields by a factor of 2.0–2.5 relative to their irrigated counterparts in the Texas HP with related impacts on the economy (41).
Conversion from irrigated to rainfed cropland is infeasible in the
SCV, which is essentially a desert and cannot support rainfed
agroecosystems, as shown by the large increase in land fallowing
(9–14%) during the recent drought from 2006 to 2009.
Temporal disconnects between water supply and demand can
be managed through conjunctive use of surface water and
groundwater and increased water storage. In the CV, surface
water is used during times of precipitation excess, and groundwater is used during droughts. Water transfers from the humid
north to the arid south actually amplify impacts of droughts because they supply water during times of excess but restrict transfers during droughts, particularly in recent years (e.g., only 10%
transferred at the end of the last drought in 2009) (42). Conjunctive use is of limited value in the HP because surface water is
restricted to a few rivers. The storage capacity of existing reservoirs in the CV can be increased by raising the elevation of the
dams. Managed aquifer recharge or groundwater banking provides a valuable alternative to traditional surface water reservoirs
for storing water and has been used in the CV since the 1960s.
Storing excess surface water underground decreases the impacts
of increased evaporation associated with climate warming (34).
Ponds or spreading basins are used to percolate water from canals
or rivers, eventually recharging underlying aquifers. This increased groundwater storage is then available for pumping during
droughts. Groundwater banks are being operated in the Tulare
Basin, including the Arvin Edison and Kern Water Banks with
cumulative storage volumes of up to 1–2 km3 of water each, with
abstractions restricted to droughts (Fig. 4 and Fig. S12). The
storage capacity of surface water reservoirs is limited in the CV
(∼49 km3) and represents ∼150% of mean annual discharge (43).
In addition, water storage has to be reduced to capture ﬂood
ﬂows. This excess water could be stored in aquifers through
managed aquifer recharge for later use during droughts.
Groundwater banks may provide a valuable approach to mitigation of impacts of climate change related to increasing intensity of
the water cycle associated with extreme ﬂoods interspersed with
longer-term droughts by storing ﬂoodwater and abstracting
stored water during droughts. Although the CV has great

Fig. 4. Cumulative water storage in the Arvin Edison groundwater bank
relative to precipitation. The data show declines in storage mostly restricted
to droughts in 1976–1977, 1987–1992, and 1998–2003.
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R¼

P × ClP
;
Clgw

[2]

where P is mean annual precipitation (1971–2000 from PRISM database), Clp
is chloride concentration in precipitation from National Atmospheric Deposition Program (wet deposition × 2 to account for dry deposition), and
Clgw is groundwater chloride concentration. Chloride concentrations in the
SHP are impacted by upward ﬂow from underlying more-saline aquifers and
could not be used for recharge estimation. Additional details related to
recharge estimation are provided in SI Text.

24.

25.

26.
27.

28.

29.
30.
31.
32.

33.
34.

35.

36.
37.
38.
39.
40.

41.

42.
43.

Basins, Nebraska. Scientiﬁc Investigations Report 2008-5143 (US Geological Survey,
Reston, VA).
Sophocleous M (2004) Ground-Water Recharge and Water Budgets of the Kansas
High Plains and Related Aquifers. Kansas Geological Survey Bulletin 249 (Kansas
Geological Survey, Lawrence, KS).
Scanlon BR, Reedy RC, Gates JB, Gowda PH (2010) Impact of agroecosystems on
groundwater resources in the Central High Plains, USA. Agric Ecosyst Environ 139:
700–713.
Scanlon BR, Goldsmith RS (1997) Field study of spatial variability in unsaturated ﬂow
beneath and adjacent to playas. Water Resour Res 33:2239–2252.
McMahon PB, Bohlke JK, Christenson SC (2004) Geochemistry, radiocarbon ages, and
paleorecharge conditions along a transect in the central High Plains aquifer, southwestern Kansas, USA. Appl Geochem 19:1655–1686.
Scanlon BR, Reedy RC, Gates JB (2010) Effects of irrigated agroecosystems: (1).
Quantity of soil water and groundwater in the Southern High Plains, Texas. Water
Resour Res, 10.1029/2009WR008427, 46:W09537.
Gleick PH, Palaniappan M (2010) Peak water limits to freshwater withdrawal and use.
Proc Natl Acad Sci USA 107:11155–11162.
Sophocleous M (2000) From safe yield to sustainable development of water resources—
the Kansas experience. J Hydrol 235:27–43.
Rodell M, et al. (2004) The global land data assimilation system. Bull Am Meteorol Soc
85:381–394.
Strassberg G, Scanlon BR, Chambers D (2009) Evaluation of groundwater storage
monitoring with the GRACE satellite: Case study of the High Plains aquifer, central
United States. Water Resour Res, 10.1029/2008WR006892, 45:W05410.
Cayan DR, et al. (2010) Future dryness in the southwest US and the hydrology of the
early 21st century drought. Proc Natl Acad Sci USA 107:21271–21276.
MacDonald GM (2010) Climate change and water in southwestern North America
special feature: Water, climate change, and sustainability in the southwest. Proc Natl
Acad Sci USA 107:21256–21262.
Hanson RT, et al. (2012) A method for physically based model analysis of conjunctive use
in response to potential climate changes. Water Resour Res, 10.1029/2011WR010774,
48:W00L08.
Gleick PH (2010) Roadmap for sustainable water resources in southwestern North
America. Proc Natl Acad Sci USA 107:21300–21305.
Perry C (2007) Efﬁcient irrigation; inefﬁcient communication; ﬂawed recommendations.
Irrigation and Drainage 56:367–378.
Hanak E, et al. (2011) Managing California’s Water: From Conﬂict to Reconciliation
(Public Policy Institute of California, San Francisco).
Ward FA, Pulido-Velazquez M (2008) Water conservation in irrigation can increase
water use. Proc Natl Acad Sci USA 105:18215–18220.
Scanlon BR, Gates JB, Reedy RC, Jackson A, Bordovsky J (2010) Effects of irrigated
agroecosystems: 2. Quality of soil water and groundwater in the Southern High
Plains, Texas. Water Resour Res, 10.1029/2009WR008428, 46:W09538.
Colaizzi PD, Gowda PH, Marek TH, Porter DO (2009) Irrigation in the Texas High Plains:
A brief history and potential reductions in demand. Irrig Drain, 10.1002/ird.418, 58 (3):
257–274.
Jones J (2010) California’s Drought of 2007–2009: An Overview (California Department of Water Resources, Sacramento, CA).
Cayan DR, et al. (2003) The transboundary setting of California’s water and hydropower systems: Linkages between the Sierra Nevada, Columbia, and Colorado hydroclimates. Climate and Water: Transboundary Challenges in the Americas, eds Diaz
H, Morehouse B (Kluwer, Dordrecht, The Netherlands), pp 237–262.

SUSTAINABILITY
SCIENCE

Downloaded by guest on June 22, 2021

1. Shiklomanov IA (2000) Appraisal and assessment of world water resources. Water Int
25:11–32.
2. Jury WA, Vaux H, Jr. (2005) The role of science in solving the world’s emerging water
problems. Proc Natl Acad Sci USA 102:15715–15720.
3. Molden D, ed (2007) Water for Food, Water for Life: A Comprehensive Assessment of
Water Management in Agriculture (Earthscan, London; International Water Management Institute, Colombo, Sri Lanka).
4. Siebert S, et al. (2010) Groundwater use for irrigation—a global inventory. Hydrol Eart
Syst Sci 7:3977–4021.
5. Giordano M (2009) Global groundwater? Issues and solutions. Annu Rev Environ
Resour 34:153–178.
6. Wada Y, et al. (2010) Global depletion of groundwater resources. Geophys Res Lett,
37:L20402 (lett), 10.1029/2010GL044571.
7. McGuire VL (2009) Water Level Changes in the High Plains Aquifer, Predevelopment
to 2007, 2005–06, and 2006–2007. Scientiﬁc Investigations Report 2009-5019 (US
Geological Survey, Reston, VA).
8. Rodell M, Velicogna I, Famiglietti JS (2009) Satellite-based estimates of groundwater
depletion in India. Nature 460:999–1002.
9. Oki T, Kanae S (2006) Global hydrological cycles and world water resources. Science
313:1068–1072.
10. Alley WM (2007) Another water budget myth: The signiﬁcance of recoverable ground
water in storage. Ground Water 45:251.
11. Faunt CC, ed (2009) Groundwater Availability of the Central Valley Aquifer, California. Professional Paper 1766 (US Geological Survey, Reston, VA).
12. Longuevergne L, Scanlon BR, Wilson CR (2010) GRACE hydrological estimates for
small basins: Evaluating processing approaches on the High Plains aquifer, USA.
Water Resour Res, 10.1029/2009WR008564, 46:W11517.
13. Famiglietti JS, et al. (2011) Satellites measure recent rates of groundwater depletion
in California’s Central Valley. Geophys Res Lett, 38:L03403 (lett).
14. Scanlon BR, Longuevergne L, Long D (2012) Ground referencing GRACE satellite estimates of groundwater storage changes in the California Central Valley, US. Water
Resour Res, 10.1029/2011WR011121.
15. Maupin MA, Barber NL (2005) Estimated Withdrawals from Principal Aquifers in the
United States, 2000. Survey Circular 1279 (US Geological Survey, Reston, VA).
16. National Agricultural Statistics Services (2011) National Agricultural Statistics Services
database. Available at http://www.nass.usda.gov/index.asp.
17. Williamson AK, Prudic DE, Swain LA (1989) Ground-Water Flow in the Central Valley,
California. Professional Paper 1401-D (US Geological Survey, Reston, VA).
18. Konikow LF (2011) Contribution of global groundwater depletion since 1900 to sealevel rise. Geophys Res Lett, 38:L17401 (lett).
19. Devlin JF, Sophocleous M (2005) The persistence of the water budget myth and its
relationship to sustainability. Hydrogeol J 13:549–554.
20. Zhou YX (2009) A critical review of groundwater budget myth, safe yield and sustainability. J Hydrol 370:207–213.
21. Alley WM, Reilly TE, Franke OL (1999) Sustainability of Ground-Water Resources.
Survey Circular 1186 (US Geological Survey, Reston, VA).
22. Luckey RR, Woodward DA, Carney CP (2007) Simulated Stream Baseﬂow Changes in
the Nebraska Platte Basin Above U.S. Highway 183 Due to Reduced Groundwater
Irrigated Land After July 1, 1997. Nebraska Department of Natural Resources Cooperative Hydrology Study (Nebraska Dept of Natural Resources, Lincoln, NE).
23. Peterson SM, Stanton JS, Bradley JR (2008) Simulation of Ground-Water Flow
and Effects of Ground-Water Irrigation on Base Flow in the Elkhorn and Loup River

Methods
MODFLOW was used to simulate groundwater ﬂow in the CV aquifer for the
period 1962–2003. Details of the model can be found in Faunt (11).
Groundwater recharge in the HP aquifer was calculated by applying the
chloride mass balance approach to groundwater chloride data obtained from
the US Geological Survey National Water Information System database and
from the Texas Water Development Board database. The equation for calculating recharge (R) is
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potential for more-sustainable irrigation management, it will
come at a cost, including increased energy consumption.
This study signiﬁcantly advances our understanding of groundwater depletion by integrating ground-based monitoring and
modeling analyses using the CV and HP aquifers as case studies.
Although satellite data provide information on aquifer scale depletion, ground-based data underscore the large spatial and temporal variability in depletion that needs to be considered for
management. Variability in groundwater depletion in the HP is
controlled primarily by variations in groundwater recharge. High
recharge in the NHP results in sustainable pumpage, whereas low
recharge in the CHP and SHP results in monotonic depletion related to fossil groundwater that was mostly recharged during the
past 13,000 y. Spatial and temporal variations in depletion in the
CV are controlled by water supply from diversions and droughts.
Groundwater banking offers great promise for more sustainable
management of groundwater in the CV by storing excess water
from ﬂoods and diversions in aquifers for use during droughts.
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