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Abstract

Agricultural, industrial, and urban water use in the conterminous United States (CONUS) is
highly dependent on groundwater that is largely drawn from nonsurﬁcial wells (>30 m). We use a
Demand-Sensitive Drought Index to examine the impacts of agricultural water needs, driven by low
precipitation, high agricultural water demand, or a combination of both, on the temporal variability of depth
to groundwater across the CONUS. We characterize the relationship between changes in groundwater
levels, agricultural water deﬁcits relative to precipitation during the growing season, and winter
precipitation. We ﬁnd that declines in groundwater levels in the High Plains aquifer and around the
Mississippi River Valley are driven by groundwater withdrawals used to supplement agricultural water
demands. Reductions in agricultural water demands for crops do not, however, lead to immediate recovery
of groundwater levels due to the demand for groundwater in other sectors in regions such as Utah,
Maryland, and Texas.

1. Introduction
Over a third of global freshwater withdrawals are sourced from aquifers [Stolp and Brooks, 2009; Siebert et al.,
2010]. In the conterminous United States (CONUS) over 40% of water consumed for irrigation, livestock, and
domestic water is sourced from groundwater [Maupin et al., 2014], and it is almost exclusively drawn from
wells that are deeper than 30 m [e.g., Nolan and Hitt, 2006]. Many water withdrawals from deep aquifers
are largely nonrenewable due to slow recharge rates [Gorelick and Zheng, 2015] with some withdrawals taken
from fossil groundwater sources [Scanlon et al., 2012]. In some cases, groundwater extraction leads to the
collapse or compaction of the aquifer resulting in land subsidence and associated impacts [Amelung et al.,
1999; Faunt, 2009]. The impacts of groundwater withdrawals propagate through the groundwater system
[Alley et al., 2002], and effects include reversals of ground to surface water recharge [Huang et al., 2012]
and saltwater intrusion [Ferguson and Gleeson, 2012].
The late 20th century and 21st century saw an expansion in irrigated agriculture across the globe [Foley et al.,
2005]. The expansion of irrigated agriculture in the CONUS was accompanied by increased pumping of
groundwater and associated depletion [Famiglietti et al., 2011; Scanlon et al., 2012]. These activities were
facilitated by improvements in technologies [Konikow, 2015] in parallel with inadequate groundwater governance controls [Srinivasan et al., 2012].
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Groundwater is typically used to mitigate impacts of drought on surface water supplies enabling water
demands to be met as well as to augment sparse surface water resources in arid regions or where surface
water availability is highly variable temporally and/or spatially [Giordano, 2009; Leblanc et al., 2009;
Famiglietti and Rodell, 2013]. The association between groundwater-level variability and climate has
previously been investigated [Gurdak et al., 2007; Green et al., 2011; Kuss and Gurdak, 2014] with Scanlon
et al. [2012] observing episodic depletions in groundwater primarily restricted to periods of drought with
partial recovery during wetter periods, which are more likely driven by changes in groundwater pumping
rates rather than recharge rates. In the agricultural sector, hydrological drought conditions often lead to
higher levels of irrigation [Wada et al., 2013], which have been shown to have a signiﬁcant inﬂuence on
groundwater conditions [Loáiciga, 2003; Ferguson and Maxwell, 2012] resulting in depletion of groundwater
[Castle et al., 2014].
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Here we seek to determine whether changes in groundwater levels across the CONUS can be related to a
Demand-Sensitive Drought Index that accounts for potential agricultural water use and to regional precipitation anomalies. Our investigation will identify regions in the CONUS where annual groundwater depletion
was likely caused by agricultural water demands that exceeded the amount of water supplied from precipitation over the growing season.

2. Materials and Methods
2.1. The Demand-Sensitive Drought Index
Many of the standardized drought indices, such as the Palmer drought severity index, crop moisture index,
surface water supply index, and standardized precipitation index [e.g., Mishra and Singh, 2010, 2011; Heim,
2002], are essentially water-supply-based measures of deﬁciency in rainfall or streamﬂow compared to their
long-term averages. However, drought impacts manifest as imbalances between supply and demand, which
vary by location and by sector of use. Recently, Etienne et al. [2016] introduced a new drought index that
explicitly considers both water supply and demand and can be applied to aggregated demands over a geographical region or for disaggregated demand related to a speciﬁc crop’s water demand or sector’s water use.
This volumetric Demand-Sensitive Drought Index (vDSDI), expressed in volumetric units, accounts for the
variability in water supply and demand, while incorporating information speciﬁc to the crops of interest.
vDSDI is derived by accumulating differences in supply (rainfall) and demand (crop water requirement measured through regional reference crop evapotranspiration) over time to assess the maximum cumulative deficit that is likely to occur. This cumulative deﬁcit index is a primary determinant of the water stress faced by
the crop and hence of the dependence of the crop yield on water availability. Signiﬁcant surface water deficits can adversely impact agricultural production and groundwater reserves and lead to increased energy
costs for pumping groundwater for irrigation to maintain yield. vDSDI can hence be interpreted as the
volume of water that is required in addition to that supplied by rainfall in order to meet the current agricultural water demand [Devineni et al., 2013; Chen et al., 2014; Devineni et al., 2015; Etienne et al., 2016].
In this application, a volumetric measure of agricultural water deﬁcit per county is calculated. Given an n-year
record of data, vDSDI calculates the day-by-day accumulation of deﬁcit in the water supply in each of the n
years. The cumulative deﬁcit is reset to zero if the daily rainfall exceeds the cumulative deﬁcit to that point.
The maximum of each of the daily cumulative deﬁcit sequences for the year is then taken to be the value of
the index for the year. This provides a measure of the seasonal water stress on the crops. Considering daily
resolution time series of supply and demand for a geographic unit j (e.g., a county in the CONUS), the water
deﬁcit and vDSDI are calculated as follows:

deficitj;t ¼ max deficitj;t1 þ Dj;t – Sj; t ; 0 …where deficitj; t ¼ 0 ¼ 0
(1)

vDSDIj;y ¼ maxt deficitj; tðyÞ ; t ¼ 1 : 365; y ¼ 1 : n …where deficitj; tðyÞ ¼ 0 ¼ 0; y ¼ 1 : n (2)
deﬁcitj,t refers to the accumulated daily deﬁcit, Dj,t to total agricultural water requirement, Sj, t to the total
water daily supply volume for geographical location j, and day t; y to a calendar or cropping year. n is the total
number of years in the analysis. For an n-year record, intraannual drought stress is evaluated as the maximum
cumulative deﬁcit each year, deﬁned here as vDSDIj,y (volumetric Demand-Sensitive Drought Index). The
vDSDI provides insights on the time-evolving vulnerability to drought arising from changes in climatic and
nonclimatic conditions (e.g., cropping area, crop type, and subsequent agricultural water demand). In this
study, we derive vDSDI for agriculture covering eight major crops (corn, soybeans, hay, wheat, barley, sorghum, rice, and cotton). These crops contribute to nearly 95% of the national crop revenue each year [epa.
gov, 2014]. We refer the readers to Etienne et al. [2016] for a detailed description of the model along with
the assumptions and applications. The following data sets were used to estimate the water supply and crop
water demand for each county:
1. Gridded daily rainfall data from 1949 to 2010 (62 years) available at 12.5 km × 12.5 km spatial resolution
developed by Maurer et al. [2002] were aggregated to 3111 CONUS counties and used to estimate the
water supply in each county.
2. Daily air temperature and wind speed from Maurer et al. [2002] available at the same spatial and temporal
resolutions were used to estimate the potential evapotranspiration for each grid (and then aggregated to
county level) based on the Penman-Monteith method [Zotarelli et al., 2010].
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Figure 1. (a) The number of well depth observations through time and (b) total number of wells in each county.

3. Annual time series of the crop area planted for each crop in each county is obtained from the U.S.
Department of Agriculture National Agriculture Statistics Service [Quickstats.nass.usda.gov, 2014].
The vDSDI record spans from 1949 to 2009. Of the 3111 counties in the CONUS, 390 counties have a vDSDI
value of zero in all years (indicating no cumulated deﬁcit based on the selected crops due to either sufﬁcient
precipitation, small/no crop areas, or a combination of both), and these include all counties in the states of
Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island, and Vermont and over half of the counties
in Arkansas and Florida.
2.2. County-Scale Winter Precipitation
Precipitation from Maurer et al. [2002], previously used to calculate the vDSDI, was aggregated at a county
scale over the boreal winter months of December, January, and February. The winter year was deﬁned as
the year corresponding to January and February. An updated version of the precipitation data covering
the period up to 2009 was obtained from http://www.engr.scu.edu/~emaurer/data.shtml.
2.3. Groundwater Data
Depth-to-groundwater-level records were obtained from the U.S. Geological Survey (USGS) for wells that
were deeper than 30 m with a minimum of 20 years of observations between 1949 and 2009. This collection
of well data includes groundwater-level measurements from USGS monitoring wells, agency- or stateoperated wells, and domestic wells [U.S. Geological Survey, 2015]. Depth to groundwater measurements were
made at irregular times and were rarely continuous over the entire study period. The number of well records
increased from 1949 until the early 1990s and decreased over the last two decades of the study period
(Figure 1a). The minimum number of well records per year was 2275 in 1949; the maximum number of well
records per year was 13,269 in 1990. The number of well records decreases exponentially with increasing well
depth, with well depths ranging between 30 and 3150 m. The locations of wells are unevenly distributed in
space, where some counties have more than 400 wells while others have no groundwater records available
through the USGS site (Figure 1b). A total of 13,651 wells in the CONUS region were included in the analysis.
2.4. Method
The relationship between changes in groundwater levels and water demands was investigated using a multilinear regression analysis to identify covariates that inﬂuence the depth to groundwater. The following multivariate linear regression model was ﬁtted:

Dt ¼ f vDSDIt1 ; PDJFðtÞ ; Dt1
(3)
Equation (3) includes the previous year’s depth to groundwater level (Dt  1) along with the previous year’s
vDSDI value (vDSDIt  1) and precipitation from the preceding winter (PDJF(t)), where January and February
correspond to year t and December corresponds to year t  1. The depth to groundwater from the previous
year was used as a covariate to account for trends in groundwater levels. Pairwise parametric and nonparametric correlations between vDSDI and the depth to groundwater lagged by between 0 and 5 years showed
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that the vDSDI value was most strongly related to the depth to groundwater in the following year; hence,
vDSDIt  1 was selected as a covariate. Winter precipitation was also included in equation (3) to account for
precipitation that is not captured by the vDSDI due to the growing seasons of the various crops (see
Figures S1 and S2 in the supporting information). In regions where winter precipitation is stored and released
in the growing season or where winter snowpack thaws in spring and summer, deﬁcits in agricultural water
supplied by precipitation coinciding with crop water demands may be supplemented by the preceding winter’s stored precipitation.

3. Groundwater Depletion, Changing Agricultural Practices, and Water Imports
3.1. Multivariate Model Results
The results of the multivariate regression model built using covariates of winter precipitation in addition to
the previous year’s vDSDI and depth to groundwater level are presented in this section. The signiﬁcance of
the three covariates on depth to groundwater, and whether the relationship to groundwater is positive or
negative, is shown in Figure 2.
The depths to groundwater were positively autocorrelated at almost all well locations (Figure 2a). Winter precipitation was signiﬁcantly negatively related to groundwater levels (Figure 2b), indicating that increases in
winter precipitation result in decreases in the depth to groundwater (i.e., accumulation of groundwater) or
smaller depletions. These results suggest that storage of winter precipitation either in soil moisture, reservoirs, or in winter snowpack is used to mitigate surface agricultural water deﬁcits during the growing season.
The winter precipitation is particularly important in the western U.S., where water demands are largely
sourced from water stored in large reservoirs [Graf, 1999] that store runoff predominantly associated with
major winter storm events [Redmond and Koch, 1991; Woodhouse and Meko, 1997; Steinschneider et al.,
2016] or natural storage in the form of seasonal snowpack that accumulates over winter, releasing water
as the snowpack thaws [Serreze et al., 1999]. The multivariate regression results suggest that reserves of surface water accumulated during winter are used across the CONUS to mitigate agricultural water deﬁcits.
vDSDI was also a signiﬁcant covariate (Figure 2c) with the signiﬁcance and sign of the relationship being largely positive across the country, suggesting that the increases in surface water deﬁcits through either
increased agricultural demands and/or insufﬁcient growing season precipitation result in increases in the
depth to groundwater in the following year (i.e., groundwater depletions likely caused by withdrawals to
meet agricultural demands). Positive relationships between vDSDI and depth to groundwater are most distinct in the northern Great Plains region (North Dakota), the northern High Plains aquifer (Nebraska), southern
High Plains aquifer (Texas, Oklahoma, and Kansas), and the lower Mississippi River Valley.
Agricultural water demands that exceed the amount of water supplied by precipitation are often supplemented by groundwater resources. Over the past century, changes in agricultural extent, practices, and incentives
have driven an increased reliance on groundwater resources, and this is discussed in section 3.2. Agriculture
is typically the largest user of water across the CONUS; however, we discuss in section 3.3 a number of regions
where water demands have shifted from agriculture to other sectors possibly explaining the negative relationship between agricultural water deﬁcits and depth to groundwater. We also discuss in section 3.4 regions
where agricultural water deﬁcits have been met using neither precipitation nor groundwater resulting in the
negative relationship between vDSDI and depth to groundwater in Figure 2c.
3.2. Agricultural Expansion in the CONUS
The positive relationships between water deﬁcits and depth to groundwater are likely due to the 20th and
21st century increases in both agricultural productivity and intensiﬁcation of agricultural activities, in particular, the expansion of irrigation practices using groundwater [Conway, 1998; Tilman, 1999; Evenson and Gollin,
2003]. Agricultural land use expanded in the U.S. Corn Belt region (around Iowa, Illinois, and Indiana) and the
Mississippi Delta with slight increases in the Great Plains (region between the Rocky Mountains and the
Mississippi River) and was accompanied by rapid increases in irrigated areas [Hicke et al., 2004]. The intensiﬁcation of agriculture in these regions and expansion into high-risk farming areas have also been attributed
to incentives administered through reforms in federal crop insurance and disaster relief programs since the
1970s [Gardner and Kramer, 1986; Glauber, 2013]. The adoption of irrigation technologies was facilitated by a
combination of public policy (Reclamation Act) and improvements in irrigation technology resulting in
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Figure 2. Locations where (a) groundwater depth in the previous year, (b) winter precipitation, and (c) vDSDI of the previous
year are signiﬁcant predictors of the depth to groundwater level in a multivariate regression model.
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irrigated agricultural expansions during this period, most notable in the high plains of Kansas [Brown et al.,
2005] and Texas with irrigation water largely sourced from groundwater [Ward et al., 2001]. Similarly, agricultural practices have also been observed to have intensiﬁed throughout the Atlantic Coastal Plains region
[Brown et al., 2005].
3.3. Shifts in Agricultural Water Demands
The regions in the CONUS that have experienced agricultural expansion, described above, are, however, in
contrast to the remainder of the CONUS, where croplands have largely declined over this study period
through abandonment of marginal lands largely in the Deep South [Brown et al., 2005]. This is exempliﬁed
in the cropping areas over time for the eight major crops in Texas, where the areas of land used to plant
all crops, with the exception of corn and hay, have contracted since 1980 onward (Figure 3). Groundwater
accounts for over 80% of irrigation water in Texas [Ward et al., 2001]; however, irrigated areas in Texas shrunk
by around 30% after the mid-1970s before stabilizing in the late 1980s. In addition, the adoption of improved
irrigation technology (e.g., sprinkler systems account for 60% of all irrigated areas in Texas) resulted in a
reduction of groundwater withdrawals relative to agricultural production levels. The reduction in agricultural
areas in Texas coincides with slight declines in vDSDI values. A corresponding reduction in groundwater
depletion would be expected, given reduced agricultural extents and improvements in irrigation practices
requiring less water to meet agricultural water deﬁcits. However, the reductions in agricultural water
demands are still accompanied by declining groundwater levels as indicated by some negative relationships
between vDSDI and depth to groundwater around the southern High Plains aquifer (in north-west Texas) and
Edwards-Trinity aquifer (south-central Texas) (red points in Figure 2). The continued depletion of groundwater in the Edwards-Trinity aquifer is likely due to signiﬁcant municipal and industrial uses [Chen et al.,
2001; Georgakakos et al., 2014], and this shift in groundwater use from agriculture to other sectors is also seen
in other regions.
The negative relationship between vDSDI and depth to groundwater in Texas is likewise seen in Maryland,
where farming areas have also contracted. Maryland exhibits a similar pattern of declining areas of land used
for planting the eight major crops. While grain, corn, and soybeans still comprise a signiﬁcant portion of
Maryland’s agricultural output [U.S. Department of Agriculture National Agricultural Statistics Service, 2016],
there has been a steady move toward diversifying farming practices with expanding poultry, greenhouse
and nursery, dairy, and fruit industries [Schmid, 2011]. The expansion of these industries and associated water
demands are not captured by the vDSDI. However, agricultural water demands only comprise approximately
20% of groundwater withdrawals in Maryland (Figures S3 and S5) [Maupin et al., 2014], and therefore, despite
the contraction of cropped areas in Maryland, the use of groundwater for municipal, public, and industrial
uses is likely the strongest driver of declining groundwater levels in the region [Konikow, 2013;
Georgakakos et al., 2014]. The declines of groundwater in Maryland due to nonagricultural water demands
in conjunctions with contracting agricultural cropping areas likely result in the negative relationship seen
between vDSDI and depths to groundwater (Figure 2c).
The depths to groundwater in wells located in western Utah also show distinct negative relationships to
vDSDI. This region is heavily reliant on water sourced from winter snowfall that is stored as snowpack, and
agricultural water demands at some of these locations are signiﬁcantly related to winter precipitation
(Figure 2b). However, the negative relationship between vDSDI and depths to groundwater at a number of
these wells could not be explained by winter precipitation supplying the surface water deﬁcit. The majority
of water used in agriculture in Utah is, however, sourced from surface water (see Figure S4).
We found that the vDSDI at well locations in Utah showed a sharp spike in water deﬁcits around 1980,
followed by a rapid decline. The rapid increase in agricultural water demands appears to reﬂect a mismatch
between the timing of growing season precipitation and crop water demands as summer precipitation
around this time was anomalously low. The following decline in vDSDI coincides with a sharp decrease in
depths to groundwater levels in the middle to late 1980s, likely due to anomalously high precipitation during
this period. Increased precipitation would reduce agricultural demands for groundwater resulting in the
decline in vDSDI. Anomalously high precipitation likely contributed to the sharp decrease in depth to groundwater as the aquifer in this region, the Basin and Range aquifer, is signiﬁcantly impacted by interbasin ﬂows
and underﬂows [Robson and Banta, 1999]. However, depths to groundwater levels increase in the years
after the mid-1980s, while vDSDI values decline, resulting in the negative relationship seen in Figure 2c.
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Figure 3. Areas used for planting the eight major crops in Texas. Areas are in million acres.

A signiﬁcant portion of groundwater in Utah is used for public supply [Maupin et al., 2014], with counties,
such as Tooele County, undergoing changes in groundwater use and experiencing a systematic decrease
in groundwater recharge through improved irrigation efﬁciencies and diversions of streams that previously
contributed to recharge. Declines in agricultural water demands were occurring in conjunction with
increased demands in other sectors and mechanisms reducing the recharge of groundwater resulting in
the signiﬁcant negative coefﬁcients.
3.4. Imported Water Resources
Negative relationships between vDSDI and depth to groundwater occur elsewhere in the CONUS in regions
where either groundwater resources are largely used to supply municipal, public, and industrial water
demands or surface water is largely used for agricultural water supply, or a combination of both scenarios.
Another notable location is the San Joaquin Valley in south-central California. Large volumes of water are
transferred to the region that is not reﬂected in the vDSDI, which only considers the occurrence of spatially
and temporally local precipitation to supply agricultural water demands. Importation of water into the San
Joaquin Valley has been enabled through arrangements such as the Central Valley [Taylor, 1949] and
California State Water Projects [California Government Department of Water Resources, 2016], which transport
water from northern to central and southern California. The importation of surface water from the late 1960s
onward resulted in a decline in the reliance on groundwater for irrigation, with the exception of a period of
drought in the mid-1970s, where surface water imports were reduced [Bertoldi et al., 1991]. The projects delivering water to the Central Valley, CA, reduced the regions’ reliance on groundwater [Galloway and Riley,
1999] despite the expansion of agricultural cropping areas over this time [Etienne et al., 2016, Figure 3].
The mid-1970s drought also coincided with a decision by the California Supreme Court to limit the occurrence of over pumping of groundwater in addition to prioritizing municipality access to groundwater over
that of private irrigators [Smith, 2013]. Groundwater levels in the San Joaquin aquifer largely recovered in
response to decreased pumping of groundwater for irrigation. However, large increases in groundwater
recharge rates during this period were primarily due to irrigation practices, where the overapplication of
imported surface water resulted in irrigation water percolating into the aquifer, resulting in recharge rates
exceeding natural recharge rates [Bertoldi et al., 1991]. Despite the reduction in reliance on groundwater,
the Central Valley still recorded a net depletion in groundwater reserves over the 20th century largely due
to intensive groundwater pumping practices earlier in the century [Ireland et al., 1984], in addition to ongoing
demands for groundwater in municipal sectors [Konikow, 2013] and continued pumping for irrigation
[Faunt, 2009].
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4. Conclusions
Konikow [2015] observed that the monitoring and management of groundwater is challenging due to the
slow moving nature of the resource and subsequently, groundwater problems are slow to spread, slow to
detect, and thus slow to rectify. The difﬁculties in sustainably managing groundwater resources are
underscored by depletions in groundwater levels despite regulated groundwater replenishment activities
(e.g., in the lower Colorado Basin [Castle et al., 2014]). The depletion of groundwater reserves is of key concern
to the irrigated agricultural industry in the CONUS. Steady declines in groundwater levels will increase the
costs of pumping groundwater and subsequently increase the costs of agricultural produce.
Our analysis reveals that changes in surface water deﬁcits are related to groundwater withdrawals in many
key areas of irrigated agriculture in the CONUS. While we show that surface water deﬁcits appear to be
compensated through the use of groundwater in several key irrigated agricultural regions in the CONUS,
long-term trends in groundwater levels appear to reﬂect prolonged periods of surface water deﬁcits,
resulting from land use and associated unsustainable water demands and subsequent inability to recover
from drought states (e.g., north-west Texas and the Corn Belt region including areas of Nebraska, Iowa,
and Minnesota [Etienne et al., 2016]).
Recent calls have been made to establish or reform groundwater policies to provide a holistic groundwater
management strategy that considers the human demands on both surface water and groundwater [Castle
et al., 2014; Grantham and Viers, 2014; Young, 2014]. Such considerations are critical given observed prolonged
drought conditions [Etienne et al., 2016], the use of groundwater to augment water resources, in addition to
the changing demands for groundwater with the emergence of new sectors such as hydraulic fracturing
[Freyman, 2014]. The intersection of demands by different sectors could provide opportunities for efﬁcient
water trading and reuse [Gaudet et al., 2006; Kuwayama et al., 2013], provided that such trades are feasible
[Scanlon et al., 2014]. There is a need for relevant groundwater policies to ensure that water demands are adequately managed across sectors without unsustainably depleting groundwater resources and to ensure that
economic activities are not restrained by legal limitations to accessing regionally abundant water resources.
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Figure S1-S5.

This supporting information provides additional figures summarizing USGS water use data and USDA
crop planting times and growing season durations that support our findings presented in the paper.
The first two figures show details of growing times and seasons of each of the eight crops considered in
the analysis. Figures S 4 and 5 show the proportion of groundwater that is used for irrigation in each
county and the proportion of groundwater contributing to the total irrigation volume. Figure S 5
identifies the sector in each county that uses the most groundwater.

Figure S 1: Typical month that crops are planted in each state (data from USDA National Agricultural Statistics Service (2011))

Figure S 2: Typical growing season of crops. Day 0 is the planting date (data from Allen et al. (1998))

Figure S 3: Percentage of extracted groundwater that is used for irrigation – USGS water use data (U.S. Geological Survey,
2016).

Figure S 4: Percentage of irrigation water that is supplied from groundwater in each county – USGS water use data (U.S.
Geological Survey, 2016).

Figure S 5: Sector using the most groundwater (by volume) in each county – USGS water use data (U.S. Geological Survey,
2016).
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