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Abstract
A large imbalance between recharge and water withdrawal has caused vital regions of the High Plains Aquifer (HPA) to

experience significant declines in storage. A new predevelopment map coupled with a synthesis of annual water levels demonstrates
that aquifer storage has declined by approximately 410 km3 since the 1930s, a 15% larger decline than previous estimates. If current
rates of decline continue, much of the Southern High Plains and parts of the Central High Plains will have insufficient water for
irrigation within the next 20 to 30 years, whereas most of the Northern High Plains will experience little change in storage. In the
western parts of the Central and northern part of the Southern High Plains, saturated thickness has locally declined by more than
50%, and is currently declining at rates of 10% to 20% of initial thickness per decade. The most agriculturally productive portions
of the High Plains will not support irrigated production within a matter of decades without significant changes in management.

Introduction and Background
The High Plains Aquifer supplies nearly a third of all

groundwater for irrigation in the United States (Dennehy
et al. 2002). Groundwater pumping for irrigation on the
High Plains creates a large deficit between discharge
and recharge (Scanlon et al. 2012; Butler et al. 2013).
Water level decline across the High Plains Aquifer
causes impacts to natural ecosystems, such as reduced
stream flow (Scanlon et al. 2012). These declines also
have significant economic impacts. According to an
analysis by Torell et al. (1990), depth to water is one
of the primary determinants of the price of irrigable
farmland on the High Plains, although reductions in
saturated thickness have a greater impact on pumping
rates (Hendricks and Peterson 2012). Water table declines
have already led some to shift from irrigated to dryland
farming, as the saturated thickness of the aquifer no
longer supports pumping in some areas (Terrell et al.
2002). Degradation of the aquifer began long before the
issue of water sustainability was addressed, although
problems were recognized in some areas a few decades
following development (White et al. 1946; Gaum 1953).
Stewardship of the remaining available water in the
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aquifer will depend on a thorough understanding of its
history to provide a sound basis for future projections.

While the United States Geological Survey (USGS)
has published a number of state-of-the-aquifer reports
(e.g., Luckey et al. 1981; McGuire 2004, 2009, 2012),
these do not contain comprehensive annual estimates
of water level changes. This article extends previous
work by the USGS to provide greater coverage of water
level change in space and time, using a new method of
estimation. A spatiotemporal archive of water levels is
necessary to understand how the aquifer has been affected
by the last century of resource use.

A thorough assessment of water level change
requires understanding the state of the aquifer prior to
development. While the predevelopment condition of
the aquifer does not provide quantitative insight into
“sustainable” levels of pumping following development
(Bredehoeft 2002), it does give a baseline from which to
compare the effects of prolonged impact. For example,
when Luckey et al. (1981) published a map of water
level changes since predevelopment, they suggested that
development occurred beginning in the 1930s in Texas,
gradually progressing northward during subsequent
decades, with “significant development [having] not yet
occurred in South Dakota” as of 1980.

McGuire (2004) introduced the simplifying assump-
tion that development had occurred in “about 1950,”
which has subsequently been considered as a develop-
ment date for the entire aquifer (e.g., Stanton et al. 2011;
McGuire 2012; Scanlon et al. 2012). While 1950 does
predate widespread installation of high-capacity pumps
(Luckey and Becker 1999), making it a good candidate
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for a generalized aquifer-wide predevelopment date, such
an assumption can mask important local- to regional-scale
changes resulting from earlier groundwater pumping, as
indicated in McGuire (2012).

Aquifer management can be guided by projections of
future resource depletion. To address current unsustainable
water withdrawals, groundwater management districts in
Texas and Kansas are working to introduce conservation
and management goals to increase the lifespan of the
aquifer. The High Plains Underground Water District
No. 1 has adopted a “50/50” management goal that seeks
to maintain at least 50% of the saturated thickness as
of January 1, 2010 by 2050 (High Plains Water District
Management Plan 2014–2024). Additionally, in Kansas,
a Local Enhanced Management Area (LEMA) is being
used to emplace conservation programs that can locally
increase the usable lifespan of portions of the aquifer
(Kansas State Senate 2012; Whittemore et al. 2014).
Efforts in these two areas may serve as a model for
future conservation measures applied more broadly across
the HPA.

Meeting conservation targets requires both
quantification of current water level decline trajectories

and projections of future decline. Scanlon et al. (2012)
suggest an overall depletion timeframe of 630 years for the
whole aquifer, including the areas in the Northern High
Plains (NHP) that are not being depleted at a significant
rate. They also conclude that the lifespan of the aquifer
varies greatly among and within subregions of the High
Plains. Wilson (2007), in a report to the Kansas Legisla-
ture, projected that much of the Central High Plains (CHP)
in western Kansas would be unable to provide water at
a sufficient rate for irrigated agriculture within 25 years.

Any plan for the future of the aquifer must take into
account its past and present. A history of High Plains
water levels is presented here that demonstrates the spatial
and temporal complexity of changes using annual water
level maps. We present an approach to identify and map
the changes in water level that have followed a complex
history of aquifer development. Finally, we extend this
historical perspective with a spatially explicit projection
of depletion that can help guide management of the aquifer
at local to regional scales.

Site Description, Data, and Methods

The High Plains Aquifer
The High Plains is a physiographic region in the cen-

tral United States, which can be subdivided (Stanton et al.
2011) into the NHP, CHP, and Southern High Plains
(SHP; Figure 1). The significance of the High Plains
Aquifer to agriculture in the United States has fostered
an extensive literature, including a review of the physical
and hydrogeological aspects of the High Plains (Gutentag
et al. 1984). The aquifer was formed by the eroded
detritus of the growing Rocky Mountains over the course
of the Miocene and early Pliocene epochs (24 to 2 million
years ago), which generated a large assemblage of alluvial
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Figure 1. Map showing the location of the High Plains
Aquifer and its constituent regions, with U.S. state bound-
aries and postal abbreviations. Major rivers of the High
Plains are labeled in blue. Aquifer boundary from the study
by Qi (2010). Projection is North America Albers Equal Area
Conic with central meridian at −101◦ longitude.

fans that were subsequently cut off from the sediment
source by south-flowing streams. A large proportion of
the aquifer was also deposited as windblown sediment.
This changing environment of deposition led to variations
in hydraulic conductivity in the modern aquifer. Most
of the regional aquifer is unconfined, with discontinuous
clay, silt, sand, and gravel layers that range from highly
consolidated (Gutentag et al. 1984) to unconsolidated.
The water-bearing units, particularly in Nebraska, include
low hydraulic conductivity layers (Dlubac et al. 2013);
portions of the Republican River Basin have thus been
modeled previously as a leaky confined aquifer (Chen
et al. 2005). Groundwater generally flows from west to
east, following the trend in the topography of the High
Plains land surface.

Water Level Interpolation
Water levels are measured at distinct locations, as

depth to water where a well intersects the saturated zone or
where groundwater intersects the land surface (streams).
The water levels must be interpolated between these
locations. Here we apply kriging, a “best linear unbiased
estimator,” to create a smooth, continuous surface along
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with explicit estimates of error (Isaaks and Srivastava
1989). The interpolated variable was change in water
level, as opposed to water level elevation or depth to
water. Interpolating changes in water level, rather than
interpolating water levels directly, has the advantage that
changes in areas far from data points tend to revert to a
number close to zero. While the absence of a monitoring
well does not indicate a lack of water level change, this
is a conservative assumption, and most areas of profound
change have early and frequent well measurements. This
minimizes the effects of areas where kriging error might
overwhelm the signal from water level changes, as in areas
where very little water withdrawal occurs.

In previous studies (e.g., McGuire 2012), water level
change has been estimated by subtracting measurements
taken in 1 year from measurements taken in the same well
in a previous year, and interpolating this difference. We
modify this method in several ways. First, we calculate
the difference between the current year and prior 2 years’
average (arithmetic mean) values. Second, the prior
years’ values are extracted from the interpolated surfaces,
allowing many more measurements to be included in an
infrequently sampled dataset, as any well measured in a
given year can be used in that year’s dataset regardless
of whether it was measured in previous or subsequent
years. An initial water level map had to serve as the basis
for computing subsequent water level changes, which in
this case is provided by the predevelopment water level
map described below. We also use a different interpolation
technique and additional postprocessing steps.

Water level measurements from the High Plains
Aquifer, spanning from 1876 to 2012, were obtained from
the USGS. These measurements were combined with
static water levels from wells listed as points of diversion
from the Nebraska Department of Natural Resources
(DNR). For the interpolation period in this study, 1935
to 2012, total annual numbers of measurements used
from these sources ranged between 1972 and 21,013
(Figure S1).

These measurements were then filtered for quality
control in a three step process. First, aquifer base
elevations and land surface elevations were assigned
to the wells and used to remove measurements falling
outside these limits (i.e., negative depth to water or water
level below the aquifer base). Second, a temporal filter
was applied, removing measurements collected during
the active pumping season (defined as May through
September inclusive). Third, measurements beyond three
standard deviations from the mean for a given well
were also removed, as a few measurements existed
that were orders of magnitude away from the mean
of measurements from that well; these outliers were
attributed to measurement or recording errors rather than
behavior of the groundwater system.

All land surface elevations were derived from
the National Elevation Dataset (NED; Gesch et al.,
2002; Gesch 2007), at 1 arcsecond resolution. The
National Hydrography Dataset (NHD; USGS) was used
to describe stream locations. The bottom of the aquifer

was interpolated from a contour map by Cederstrand and
Becker (1998) using the Topo to Raster tool in ArcGIS.
Rasterizing contoured datasets can often create artificial
“terracing” between contours. The Topo to Raster tool
attempts to minimize terracing, but artifacts are still
present in some areas of the aquifer. The base of the
aquifer is one of the boundaries that defines the saturated
thickness of the aquifer. Thus, the accuracy of the aquifer
base is an important constraint on the accuracy of the
estimates, which is particularly significant given that
saturated thickness largely determines the rate at which
water can be pumped from an aquifer.

All raster surfaces, including the aquifer base, water
levels, water level change, and land surface elevation,
were created or resampled to a grid at 250 m × 250 m
resolution, to ensure uniformity among datasets.

Characterizing Predevelopment Water Levels
and the Development Timeframe

Water levels under predevelopment conditions, prior
to significant anthropogenic effects, can be represented
as a water storage balance in which mean recharge equals
mean discharge over years to decades. After development,
pumping from wells significantly increases net aquifer
discharge. Recharge is altered by land-use changes that
impact evapotranspiration and runoff (e.g., change from
grassland to irrigated or dryland monoculture; Scanlon
et al. 2007) as well as return flow from irrigation water
and increased infiltration.

Creating a predevelopment map from water level
measurements is a paradoxical process. Where the water
table does not intersect the land surface, water level mea-
surements are taken from wells. Wells are typically drilled
to extract water, thus making the aquifer “developed.” By
any standard, a highly heterogeneous pattern of develop-
ment has prevailed across the approximate 450,000 km2

aquifer. As a result, a predevelopment water level map can
best be created as a composite of predevelopment states
across the aquifer, rather than using a particular point in
time, when few measurements are available.

To characterize the predevelopment state, a dataset
was created representing the earliest measurements across
the aquifer. Starting with the oldest measurement in each
available well, a series of circular buffers were created
ranging from 2 to 10 km in radius. The 8 km radius
was selected as described below. A measurement was
retained only if it was the oldest water level measurement
within its 8 km radius buffer (neighborhood), regardless
of the number of wells present in its surrounding
neighborhood. Declustering was not applied, despite the
heterogeneous spacing of wells across the aquifer, in part
because this neighborhood method generated a relatively
regular spacing of measurements within the dataset. The
resulting wells, each associated with the oldest water level
measurement in an 8-km radius, were collated into a
dataset of 7958 measurements across the High Plains.
Another dataset of 20,852 measurements “made prior to
substantial groundwater development in the well area”
(USGS High Plains Water Level Monitoring Study 2006)
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was compared to the predevelopment dataset generated
in this study (Figure 2). Additional declustering did not
improve the accuracy of the estimated surfaces, and was
not used in the final analysis. The root-mean-square error
of the kriged surface was approximately 10 m.

The kriged surface is not constrained to lie between
the land surface elevation and the aquifer base; thus it was
postprocessed to enforce these limits. This postprocessing
involved: (1) a second interpolation step in which
additional points were added from surface water feature
elevations and (2) an explicit constraint to aquifer top
and bottom elevations. A reduced sample of surface
water feature elevations were added under the assumption
that kriged areas above the land surface represented
locations where groundwater and surface water intersect
(Figure 3, bottom). To accomplish this, areas where the
interpolated surface was above the land surface were
isolated, and stream courses in these areas were selected
from the National Hydrography Dataset (NHD). First,
these stream segments were converted into several million
point features created from the vertices of the NHD flow
lines. As the inclusion of all of these points in building a
revised kriging model would overwhelm the water level
measurements from the wells, a 13 km × 13 km grid was
created to overlay the aquifer and a maximum of one
NHD point was chosen at random in each grid cell.
The elevations at the NHD points, retrieved from the
NED, were added to the point dataset for a second round
of kriging. A total of 1984 stream points were merged
with the 7958 predevelopment elevations to create a final
predevelopment point dataset. After the second kriging,
any remaining areas where the water level elevation lay
above the land surface or aquifer base were truncated
appropriately.

A new kriged predevelopment water level surface was
created with the 9942 points of the combined well and
NHD points. The water level measurements that were
used to generate this surface are highly variable in age
(Figure 2) and are not meant to be considered a “snapshot”
of the aquifer at any specific time, but as an estimate of
the average predevelopment state of the aquifer.

The predevelopment water level dataset was
developed as a synthesis of the earliest water level mea-

surements recorded in a given area. The size of that area,
which will be referred to as the well neighborhood, is a
defining factor in the density of points chosen as prede-
velopment measurements. The 8-km neighborhood radius
provided the greatest ratio of signal to noise (i.e., the
smallest ratio between the root-mean-squared error of the
kriging model relative to the measurements used, and the
number of points included) compared to other neighbor-
hood sizes tested (2, 5, and 10 km radii). Very small neigh-
borhoods result in dense data. In other words, choosing the
oldest measurement in any given 2 km radius will cause
far more wells to be included than in a dataset comprising
the oldest wells in a 10 km radius. However, this leads to
the inclusion of wells that were drilled after the aquifer
had already been impacted by nearby pumping. Inclusion

of additional well measurements increases the local het-
erogeneity of measurement ages in the predevelopment
dataset. A neighborhood larger than 10 km would exclude
some early measurements and provide less data coverage.

Calculations using the Theis equation also indicated
that pumping would have little impact on water levels
8 km away after multiple years of pumping. These
calculations were done using transmissivity estimates
typical for the SHP. Specific yield rather than specific
storage was used, to simulate late-stage drawdown in an
unconfined aquifer (Freeze and Cherry 1979). The first
measured wells in a neighborhood tend to be similar
in age, indicating a local onset of development (or
monitoring). If more than one well from a neighborhood
had data in the first year with recorded measurements,
both measurements were kept in the database, though
this was uncommon. The 8 km radius was used for all
measurement dates, and may be a conservative estimate
for lower-capacity wells drilled prior to the 1960s
when high-capacity wells (>100 gpm) became common
(Luckey and Becker 1999).

Annual Water Level Changes
Maps of annual changes in water level were generated

for water years 1935 to 2012. First, current year water
level change was calculated by subtracting measured
water level elevation from the average of the previous
2 years’ interpolated elevations. The 2-year average was
chosen to remove some of the noise within the dataset
that can accumulate with the differencing method. For the
first 2 years (1935 and 1936), the predevelopment surface
was used instead of the prior 2-year average.

The water level changes were then interpolated
using ordinary kriging with an exponential semivariogram
model (Isaaks and Srivastava 1989). The geostatistical
structure of the water level change data shifts as devel-
opment progresses, so parameters of the semivariogram
were fit to the data at decadal intervals, as finer inter-
vals of updated variogram parameters did not appear to
improve estimates. Annual interpolations were automated
in Python to increase speed, prevent human error, improve
uniformity, and make the process reproducible. The result
of the kriging is an interpolated map of the change in
water level relative to the average of the past 2 years. The
kriged surface was then added to the average water level
elevation from the previous 2 years to produce an estimate
of the current year water level.

The partial sill decreased nearly linearly from approx-
imately 21.5 to 10.5 m2 from 1935 to 2012, because the
density of measurements increased, and the difference
between water level changes in a given radius tended
to decrease while variability in head increased. The sill
(which includes the partial sill plus the nugget) is the
amount of variation that exists between points at the
distance of the range, where the semivariogram flattens
out (Isaaks and Srivastava 1989). Other semivariogram
parameters did not change significantly in the optimiza-
tion through time, thus the nugget was fixed at 5 m2

and the major range was held constant at 42,000 m, as
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Figure 2. Thiessen polygons showing the water year of the first measurement recorded for wells included in the
predevelopment dataset for (A) the USGS and (B) this project.

it did not change significantly based on the variogram fits
through time.

Once water level maps were generated from the
annual kriging, a second interpolation step, using surface
water feature elevations and truncation of areas with esti-
mated water table elevations above the land surface and
below the aquifer base, was applied as described above.
Water levels were also constrained to change no more than
7 m/year (representing three standard deviations from the
average change) within the resultant 250 m × 250 m grid.
This occurred over very small portions of the aquifer in
any given year, typically less than 1% of aquifer area.
Areas with zero saturated thickness at predevelopment
were also assigned the aquifer base elevation for subse-
quent water years. Volume estimates were obtained by
multiplying estimated saturated thickness by the specific
yield of the aquifer (McGuire et al. 2012; Figure S2).

Creating a Water Level Decline Forecast
After the final set of water level maps were generated,

the trend in water level elevation was calculated for each
grid cell from 1993 to 2012. A 20-year window was long
enough to show meaningful trends in water level over
a period of relatively monotonic water level changes; a
linear trend proved to be a good fit to the data over
that timespan for areas of rapid decline. This analysis
resulted in a water level trend map which was used to
project water levels into the future, should recent rates
of groundwater extraction continue. A date of forecast
depletion was then calculated as the year in which the

saturated thickness remaining would fall below a threshold
of 9 m, likely indicating insufficient aquifer transmissivity
to maintain pumping rates for high-capacity irrigation
wells in that cell.

Results and Discussion

Predevelopment Map and Aquifer Storage
The neighborhood method used in this analysis

results in a dataset that is smaller and represents earlier
well measurements on average than those included in
the USGS predevelopment dataset (Figure 2). Earlier
measurements are less likely to have large discrepancies
from “true” predevelopment conditions. This preferential
use of earlier well measurements, while still maintaining
adequate spatial coverage, also reduces the likelihood that
the average well in the dataset has been greatly impacted
by pumping as of its first available measurement.

This new predevelopment water level map (Figure 4)
of the High Plains Aquifer, consistent with previous work,
shows a clear gradient from a high water level elevations
in the west to a lower water level elevations in the east,
similar to maps by Cederstrand and Becker (1999), and
Luckey et al. (1981). This gradient drives the regional
flow of groundwater toward the east, where the eastern
margin of the aquifer was a historic area of natural
discharge (White et al. 1946). The total volume water in
storage in the High Plains Aquifer, under predevelopment
conditions, is estimated at 4230 km3.
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Figure 3. (A) The Northern High Plains, shown with well
measurements (orange) and points from the National
Hydrography Dataset (NHD) (blue). These points were used
to create a predevelopment map. (B, C) A conceptual dia-
gram showing the effect of NHD point inclusion. (B) With-
out NHD points, the interpolation technique ignores valleys
where groundwater intersects the land surface, potentially
overestimating groundwater levels. (C) With NHD points, the
water level is constrained to the land surface. Note that NHD
points were only used in areas where the initial water level
interpolation was above the land surface; thus this technique
does not cause the interpolated surface of the water level to
be drawn artificially upward. This conceptual figure is not to
scale and would represent considerable vertical exaggeration.

Annual Water Level and Storage Changes
Water level change has been most profound in the

SHP and CHP, consistent with other studies and with
individual well hydrographs, as well as remotely sensed
estimates (Figure 5; Breña-Naranjo et al. 2014). The
bulk of the NHP has experienced little net change;
much of this area has sparse data availability, and
consequently high mean standard deviations relative to
the rest of the aquifer (Figure S3). The CHP has
seen the greatest declines in the western regions of
the aquifer, as noted by Wilson (2007). In the SHP,
much of the predevelopment saturated thickness has been
depleted (Figure 6), particularly in the northern part of
the region.

When the interpolated water level change was added
back to the mean water level for the previous 2 years,
areas with no measurements showed little change. This
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Figure 4. The water level elevation (piezometric surface)
during predevelopment, in meters.

meant that areas that were not developed in 1935 stayed
relatively constant, close to the predevelopment levels,
until measurements began to be available.

While the predevelopment water level map in this
study was developed using a carefully selected subset of
the data made available by the USGS and Nebraska DNR,
the annual interpolation method employed here takes
advantage of more of the available data than previously
published interpolations. To increase temporal consis-
tency, prior reports (e.g., McGuire 2004, 2009, 2012)
included only wells present in both the predevelopment
and later comparison periods, thus excluding the majority
of well data, as a large number of wells are measured only
once or a few times. Prior studies were intended to give
semi-regular updates of aquifer status, not necessarily
for the types of water resource investigations that annual
maps can provide. The effort described in this paper also
presents methodological enhancements, including the
application of kriging in a two-step interpolation process
which enables the addition of surface water features
elevations in areas with gaining streams. The inclusion of
surface water feature points helped define stream valleys
and low water levels generated by loss of groundwater
to gaining streams, lowering the interpolated water levels
(see Figure 3) and minimizing the need for subsequent
truncation at the land surface.
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Figure 5. (A) Water level change, from the predevelopment surface to 2012. (B) Hydrographs of individual wells from each
of the regions of the High Plains (USGS site IDs: SHP, 341420101441602; CHP, 362746102364102; NHP, 404345098560001).
(C) Average water level change across the three regions of the High Plains.

The annual estimated water levels from this study
indicate that in the late 1930s, the High Plains Aquifer
contained about 4160 km3 of water. Note that this is
70 km3 lower than the predevelopment estimate, due
likely to the drier overall climate and drought conditions
prevalent during the 1930s, in combination with the
selection of the earliest data at each location in the
predevelopment map. Of the 4160 km3 of water in storage,
approximately 2948 km3 was in the NHP, 887 km3 in the
CHP, and 326 km3 in the SHP.

The annual maps were used to calculate changes in
water level and volume (i.e., change from 1935 to 2012
as opposed to change from predevelopment to 2012).
The predevelopment map represents a composite of water
levels measured prior to significant local development,
rather than the piezometric surface in a particular year.

By 2012, aquifer storage volume had decreased
to approximately 3750 km3 of water (NHP: 2940 km3;
CHP: 636 km3; and SHP: 171 km3), a total decline of
approximately 410 km3 (Figure 7). The USGS predevel-
opment measurement dataset yields an aquifer volume
of 4086 km3 when interpolated using the same method
as the predevelopment dataset generated in this study.
This volume is 65 km3 less than our estimate of stor-
age in 1950. McGuire (2012) estimated that net decrease
in storage was 304 km3 from predevelopment to 2011,

somewhat less than the estimate of 328 km3 from prede-
velopment to 2007 from the study by Stanton et al. (2011)
and McGuire (2009) (see Table 1). This is about 15%
less than the change calculated in this study for 1950 to
2011 (385 km3), and 30% less than change from predevel-
opment to 2011 as calculated in this study (∼460 km3).
The disparities among these estimates indicate the degree
to which changes in interpolation methods can alter the
resulting estimates. While this study employs more com-
plex methods than previous reports, uncertainties remain
difficult to quantify when taking into account all datasets
upon which these estimates rely. It is unclear whether dif-
ferences in total storage volume are within the bounds of
uncertainty for the various reports. However, the annual
changes in water level agree substantially with previous
reports, and offer greater potential for certainty in areas
with high data availability.

The overall pattern of depletion shows a general trend
of development followed by periods of rapid depletion
(Figure 7), most of which is monotonic with little recovery
following the onset of development. Declines in water
level and volume became much more rapid in the 1950s,
which coincides with the installation of many high-
capacity wells (Luckey and Becker 1999).

Each subregion (Northern, Central, and Southern) has
a distinct history of exploitation and a unique pattern of
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response (Figures 5–7). The NHP, which includes the
thickest part of the aquifer (the Nebraska Sand Hills),
experienced the greatest delay in irrigation development.
This region is less susceptible to groundwater depletion
than other areas of the aquifer due to both higher precipita-
tion and recharge. In addition, withdrawals are lower over
much of the NHP, and the onset of groundwater irrigated
agriculture was significantly delayed in the region relative
to the SHP and CHP (Figure 2). There is no clear signa-
ture of overall aquifer development based on depletion
for this region, although a few counties have experienced
water-level declines. This is in broad agreement with pre-
viously published maps of water level change in Nebraska
(e.g., Young et al. 2012). The vast majority of the decline
in storage has occurred in the SHP and CHP, where total
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Figure 7. (A) The total volume of water in the High Plains
Aquifer from 1935 to 2012. (B) Water remaining in storage
from 1935 to 2012, as a percentage of the maximum water
in storage.

storage has always been much smaller than the volume of
water in the NHP.

The CHP region has a heterogeneous response to
development, with some areas experiencing water level
reductions on the order of 50 m (Figure 5A). This is
true in some areas where the total saturated thickness
is 80 m or less. Other areas experienced very little
change, including some areas with very little saturated
thickness despite being within the bounds of the geologic
formations of the aquifer, which affected the distribution
of irrigated agriculture. Overall declines in the CHP
have followed a fairly linear pattern, with a decrease in
saturated thickness on the order of two meters per decade

Table 1
A Comparison of Storage Changes from Recent Publications

Est. Water in Storage, km3

1950 2007 2011 Est. Decline in Storage, km3

Estimated in this report 4151 3776 3766 385 (1950 to 2011)
Stanton et al. 2011/McGuire 2009 3914 3586 — 330 (1950 to 2007)
McGuire 2012 3950 — 3650 300 (1950 to 2011)
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Figure 8. Rate of decline in percent per decade, using a
linear fit to water level maps from 1992 to 2012.

since the mid-1950s, with a recent increase in the rate of
decline beginning in 2010 due to a widespread drought.

The SHP has seen the greatest percentage declines
in saturated thickness. In the northern third of the SHP,
average saturated thickness has declined by approximately
75% (Figure 6), and much of the remaining water is
inaccessible for high capacity pumping due to the thinning
of the saturated zone. Water levels in the SHP declined
most rapidly prior to the 1970s (Figure 5C), at which
point depletion slowed, the cause of which is under further
investigation using complementary approaches including
both statistical and process-based modeling.

Recent Rates of Decline and Depletion Forecast
Figure 8 shows the current rate (calculated from

1993 to 2012) of water level decline as a percentage
per decade of initial saturated thickness. Some of the
most agriculturally productive areas of the High Plains
are experiencing rapid depletion, including much of the
SHP, the western CHP, and the southwestern NHP.

Sustained rapid drawdown due to irrigation wells will
lead to a continued increase in the percent of the High
Plains area where the aquifer cannot supply adequate
water for irrigation (defined in this analysis as area
overlying ≥9 m of saturated thickness). If drawdown
continues at the present rate (Figure 9), the portion of
the aquifer unsuitable for irrigation will proceed from
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Figure 9. Percent of aquifer area with less than 9 m satu-
rated thickness in future decades, assuming a linear pattern
of decline.

less than 25% (including areas that have never supported
irrigated agriculture) as of 2012 to approximately 40%
by 2100. Estimates from the U.S. Census of Agriculture
and satellite imagery indicate that roughly 13% of the
HPA was irrigated as of 2002 (Stanton et al. 2011). Thus,
the aquifer underlying a substantial fraction of currently
irrigated land, including most of the SHP and CHP, would
become depleted by 2100.

Figure 10 illustrates the dramatic increase in depleted
area across the SHP and CHP, defined as a location with
less than 9 m of saturated thickness. The western parts
of the SHP and CHP are at particular risk of depletion
in the next few decades. Parts of the aquifer that have
been heavily exploited in the past will continue to be
drawn down by 10% to 20% per decade for the remainder
of their lifespan unless drastic changes in management
are implemented. In contrast, many areas of the aquifer
are in little danger of depletion in the immediate future,
including parts of the High Plains that have never been
suitable for irrigated agriculture along with those in more
humid portions of the aquifer such as the eastern CHP
and NHP.

Much of the SHP has already been depleted, and more
is likely to be depleted in the next few years. Depletion
slows as more water is lost from storage, causing farmers
to switch from irrigated to dryland farming. Nevertheless,
some of the most heavily exploited parts of the aquifer
are likely to become unusable for irrigation in the next
few decades.

Conclusions
Available water storage in the aquifer has declined by

approximately 410 km3 since 1935, with approximately
15% more storage decline up to 2011 than estimated
by prior studies (Stanton et al. 2011; McGuire, 2012).
Although the total depletion is a little less than 10% of
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Figure 10. Projected depletion timeframe for the entire High
Plains Aquifer, using a 9-m threshold saturated thickness
for aquifer utility and assuming a linear pattern of decline.
Gray areas are in little danger of depletion in the foreseeable
future.

initial aquifer storage, water level declines have not been
uniformly distributed throughout the aquifer. Most of the
water storage in the aquifer is in the NHP, where little
net decline has occurred. In contrast, large portions of the
SHP and CHP are experiencing more than 10% decline
per decade.

This analysis indicates that based on current trends,
the lifespan of some of the most productive portions of the
aquifer can be measured on the order of decades, with
substantial depletion of currently irrigated areas of the
SHP and CHP by 2100. The current approach to resource
use is managed mining, with the understanding that,
given the low rates of recharge prevalent in the SHP and
CHP, the aquifer is effectively a nonrenewable resource
in many locations. Recharge rates have not been sufficient
to maintain aquifer levels in any large area of the High
Plains without significant reduction in discharge to surface
water. Much of the SHP and CHP subregions constitute
a finite reservoir that can be exploited more efficiently
with improved stewardship, which will involve decreased
pumping, perhaps coupled with enhanced recharge with
water from streams and rivers when sufficient water is
available, or from water diversions. Improvements in
technology and data availability are making it possible
to correlate water level changes in wells with gravimetric

changes measured over broad scales, using the GRACE
satellite (e.g., Breña-Naranjo et al. 2014).

The predevelopment water level is neither a goal
for future restoration of water levels, nor does it alone
provide a great deal of insight into the expected lifespan
of the aquifer. However, it does give an idea of the
starting point of the aquifer, along with a realistic baseline
for modeling studies. A steady-state predevelopment
groundwater model for the entire aquifer would provide
reciprocal verification.

Any study of the past encourages projection of future
trends. In the case of the High Plains Aquifer, the
continuation of past management practices is likely to lead
to wholesale depletion across much of the central and
southern aquifer regions, forcing major changes in land
use and production. However, alteration of management
practices is already a primary focus for many farmers
and supporting organizations. This aquifer depletion,
while unlikely to cause a sudden crisis (as its trajectory
differs across space), may ultimately reduce agricultural
production to the levels seen on the edges of the SHP and
western margin of the CHP, where only a minimal aquifer
thickness has been present, and which by comparison have
never been major areas of production.

The management of the High Plains Aquifer is inex-
tricably tied to the nation’s food security, economy, and
environment. Continued water level decline is inevitable
while current management policies continue, but the sus-
tainability of this resource—the largest freshwater aquifer
in the country—is a vital concern. More concerted stew-
ardship efforts must be put into place if we are to manage
the depletion of the High Plains Aquifer in an economi-
cally and socially responsible way.
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