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Abstract
Irrigation has enhanced food security and biofuel production throughout the world. However, the
sustainability of irrigation faces challenges from climate variability and extremes, increasing
consumption from irrigated cropland expansion, and competing demands from other water use
sectors. In this study, we investigated the agricultural water withdrawal landscape of the contiguous
United States (CONUS) over 1981–2015, assessed its spatial and temporal changes, and analyzed
the factors driving the changes. We introduced the concept of ‘center of mass’ to calculate the
spatiotemporal trajectory of water withdrawal, along with climatic and agricultural factors at state,
regional and CONUS scales. At the CONUS level, the total agricultural water withdrawal has
decreased during 1981–2015, and the centroid of water withdrawal consistently moved toward the
east, caused by reduced water withdrawal in the western states and increased withdrawal in the
eastern states. While the CONUS irrigation trajectory is not mainly affected by climatologic trends,
extreme drought conditions (e.g. the mega droughts in western states since 2000) may interrupt
the trend. In the Western US, irrigation withdrawal reduction was mainly achieved by adoption of
high-efficiency irrigation technology, while the irrigated acreage remains relatively stable. Under
drought conditions, irrigation withdrawal often switched from surface water to groundwater
sources, posing challenges on groundwater sustainability under prolonged drought conditions. The
Eastern US has experienced accelerating agricultural withdrawal from both surface water and
groundwater sources. This was mainly driven by expansion in irrigated acreage in the Midwest and
lower Mississippi River, with irrigated croplands supplied by mixed flood irrigation and
high-efficiency irrigation methods. At the state level, some states exhibited discrepancy in
agricultural withdrawal centroids from surface water and groundwater sources, as results of climate
heterogeneity, water availability and infrastructure development. This study provides
understanding of the driving forces in the spatiotemporal trends of CONUS agricultural water
withdrawal in different regions and implications for predicting future agricultural withdrawal
under changing climatic and socioeconomic uncertainties.

1. Introduction

Agricultural irrigation accounts for 72% of water
withdrawal globally (Rosegrant et al 2002) and
about 64% (excluding thermoelectric withdrawal)
freshwater withdrawal in the USA (Dieter 2018).

As the largest water consumption sector, irrigation
has enhanced food and biofuel production over the
world. The sustainability of irrigation is facing sub-
stantial challenges from current and future renew-
able water availability, freshwater stock depletion,
environmental flow deterioration and water right
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conflicts (Qin et al 2019, Rosa 2022). While water
supply is stressed by climate variability and extremes,
there have been increasing demands within the agri-
culture sector due to irrigated cropland expansion as
well as in other water using sectors with competing
demands (Döll 2002, Döll and Siebert 2002). In addi-
tion, irrigation at large scales has far reaching envir-
onmental impacts, including depleting groundwater
(Konikow 2011), altering land surface energy and
water cycles (Ferguson and Maxwell 2012), degrad-
ing water quality (Skaggs et al 1994) and changing
regional climate (Nocco et al 2019). Irrigation expan-
sion (i.e. switching from rain-fed to irrigated agricul-
ture) are expected as an adaptation strategy to climate
change to enhance crop yields to mitigate the poten-
tial water scarcity under future climate (Rosa et al
2018, Rosa et al 2020b). The irrigationwater resources
may be constrained by physical scarcity (i.e. availab-
ility of local renewable water resources) (Sloat et al
2020), environmental sustainability concerns (e.g.
aquifer depletion) (Scanlon et al 2012), economic
scarcity (e.g. investment on irrigation infrastructure)
(Rosa et al 2020a, Vallino et al 2020) and institutional
arrangements (e.g. water right conflicts) (Molden
2007). As United States (US) is amajor food producer
and exporter, investigating these impacts calls for a
quantitative analysis of how irrigation has developed
and what climatic and socioeconomic factors have
driven the irrigation development. Understanding on
how irrigation can mitigate the impact of changing
climate is fundamental to achieve the United Nations’
Sustainable Development Goals (SDGs, specifically
SDG 2 and 6) (Jägermeyr et al 2017,Mastrángelo et al
2019, Sadoff et al 2020).

Researchers have utilized various hydrologic and
optimization models, along with observations, to
estimate irrigation water withdrawal (Da Cunha et al
2015). Hydrologic models estimate irrigation with-
drawal based on irrigated acreage and crop water
demand and ignore the socioeconomic and insti-
tutional factors in determining irrigation (Mutlu
et al 2010, Zhang et al 2020). Optimization mod-
els adopt the supply–demand approach and account
for constraints from climatic, infrastructural, eco-
nomic and environmental factors to quantify irriga-
tion withdrawal (Cai and Rosegrant 2002, Rosenberg
et al 2003). However, these models are usually
implemented at basin or county scale and do not
consider the impacts from spatial heterogeneity of
climate and water availability for irrigation with-
drawal. The estimation of irrigation withdrawal is
further challenged by the lack of reliable irrigation
records. Scattered and often scarce local scale irriga-
tion records (e.g. derived from water balance, irrig-
ation energy cost and monitoring meters) do not
provide a comprehensive picture of national irrig-
ation landscape (Cai and Rosegrant 2002). Remote
sensing products have becomewidely used to estimate
regional irrigation water use by multiplying irrigated

acreage by irrigation demand (Karthikeyan et al
2020). While irrigated acreage can be reasonable
estimated by remote sensing in semi-arid and arid
regions due to the sharp contrasts between irrig-
ated land and surrounding, it remains challenging to
estimate irrigated crop land semi-humid and humid
regions (Xu et al 2019). Irrigation demand can be
either estimated from remotely sensed soil mois-
ture or crop evapotranspiration, but the estima-
tion accuracy is limited by factors such as algorithm
parameterization and lack of ground truth valida-
tion (Zaussinger et al 2019). In addition, remote
sensing does not provide decades-long irrigation
estimation, thus limiting their applications in trend
analysis.

TheUSGeological Survey (USGS)NationalWater
Use Information Program’s (NWUIPs) 5 year water
use data provides a consistent survey of county level
water use at the national scale. The water use data
includes various categories including public supply,
domestic, irrigation, thermoelectric power, indus-
trial,mining, livestock and aquaculture (Dieter 2018).
Unlike model-based water use estimation subject to
simplifications and assumptions that may not hold,
this survey dataset reflects the observed water use and
has the potential to reveal the driving forces of water
use changes. Various studies have utilized this data-
set to assess the temporal trend (Donnelly and Cooley
2015) or the spatial distribution (Kim et al 2018) of
water use, respectively. However, the temporal ana-
lyses do not capture the spatial heterogeneity of cli-
mate and agricultural development, and the spatial
analyses do not reflect how irrigation water with-
drawal is affected by climate variability and anthro-
pogenic changes. It remains unclear whether the US
agricultural water withdrawal exhibits any spatial and
temporal trends and how to interpret the driving for-
cings of the trends.

Using the USGSwater use data and other national
scale climate and agriculture datasets, this study
adopted the concept of ‘center of mass’ (i.e. center
of gravity, centroid) to characterize the spatiotem-
poral trajectory of water withdrawal and various cli-
matic and agricultural factors at state, regional and
national scales. The center of mass has been used
to analyze the spatial and temporal change of pop-
ulation growth (Aboufadel and Austin 2006) and
economic development (Quah 2011). The centroid
quantifies the concentration of a spatially distributed
variable, and the time series of centroids calculated
from continuous records reveal the spatiotemporal
trajectory. Therefore, the centroid of irrigation water
withdrawal provides a simple index to capture the
temporal variability and spatial trajectory from irrig-
ationwithdrawal under various climatic, agricultural,
infrastructural, and socioeconomic settings. In addi-
tion, the centroids of water use and other variables
can be calculated at national, regional and state scales
to investigate the different drivers of irrigation water
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withdrawal under various conditions (e.g. arid vs.
humid climate).

This study aims at examining the spatiotemporal
trends of contiguous US (CONUS, the lower adjoin-
ing 48 states excluding states of Alaska and Hawaii)
agricultural water withdrawal over the last three dec-
ades across national, regional, and state scales, and
understanding the driving forces of irrigation with-
drawal trends at different regions. Using the USGS
water use data together with other climate and agri-
culture datasets, this study tries to answer the fol-
lowing questions: (a) What is the spatial and tem-
poral trend of agricultural water withdrawal over the
last three decades at the CONUS scale? (b) What
are the main drivers of agricultural water withdrawal
changes? (c) Are there any differences in the agricul-
tural water withdrawal and the driving forces for the
arid Western US and humid Eastern US? (d) Is the
spatial and temporal trend of agricultural water with-
drawal resilient to climate variabilities and extremes?
This study provides a benchmark for the retrospect-
ive analysis of CONUS agricultural water withdrawal.
Insights from this study will help researchers to
develop more realistic future water use scenarios for
climate change mitigation and water resources man-
agers to better design incentives for sustainable irrig-
ation development.

2. Methods and data

The USGS’s NWUIP compiles the nation’s water use
data in cooperationwith local, state, and federal agen-
cies and publishes county-level water use data on
a five-year average basis (years ending in 0 and 5)
(Maupin et al 2014, Dieter 2018). For each water
withdrawal sector, the USGS water use data differen-
tiates water withdrawal sources (surface and ground-
water) and water type (fresh and saline water). While
the USGS water use data dates back to 1950, our
analysis focuses on the period during 1981–2015.
During this period, the water accounting categories
are consistent and comprehensive for all counties in
CONUS. It is noted that water withdrawal (i.e. water
taken from a source) is different from actual water
consumption (i.e. water evaporated, transpired by
crop into atmosphere, and/or incorporated into pro-
duces). Although thermoelectric power represents the
largest water withdrawal in USGS water use report,
the actual water consumption via evaporation by
thermoelectric power is much less than agricultural
sector as most of the cooling water returns to the
source (Harris andDiehl 2019). Irrigationwaterwith-
drawal is subject to water delivery loss and irrig-
ation return flow. The USGS water use data does
not contain irrigation water consumption as there
is no reliable irrigation efficiency information at the
national scale. It is also worth mentioning that the
USGS irrigationwithdrawal is presented as daily aver-
age (Bgal d−1) by uniformly distributing the annual

amount across the entire year. This results in under-
estimation of daily irrigation amount as irrigation is
only applied when irrigation is needed.

The centroid location of agricultural water
withdrawal during a five-year report period was
calculated as:

Lat=

∑
i xiLati∑

i xi
, Lon=

∑
i xiLoni∑

i xi
(1)

where xi is the agricultural water withdrawal of
county i, and the longitudes (Lati) and latitudes
(Loni) of the geometric center of the county were
obtained from US Census Bureau. We only included
counties in the CONUS, since counties in Alaska and
Hawaii will shift the centroids of water use due to
their significantly different weights for longitudes and
latitudes. For every report period during 1981–2015,
we calculated the centroid locations of total agricul-
tural water withdrawal as well as withdrawal from
surface water and groundwater, respectively. These
centroids, as a concise and interpretable visualization
tool, enable us to characterize the shifting spatial dis-
tribution of agricultural irrigation water withdrawal.

In addition, the county level irrigated acreage
data was obtained from US Department of Agricul-
ture (USDA) National Agricultural Statistics Service
(NASS). The USDA NASS census and survey data
include total irrigated acreage, acreage using flood
irrigation techniques (e.g. gravity-driven irrigation
through on-field furrows) and acreage with water-
saving irrigation (e.g. irrigation through sprinkler,
micro/drip irrigation systems) (USDA NASS, 2017).
Compared to the pressurized irrigation systems, the
flood irrigation technique is generally less efficient,
requires larger irrigation water withdrawal to meet
the same crop water demand and generates more
irrigation return flow. The centroids of irrigated crop
land (total, flood irrigated, water-saving irrigated
acreages) were calculated similarly to the centroids of
water withdrawal using equation (1).

Hydroclimatic data was obtained from the grid-
ded forcing data in North American Land Data
Assimilation System phase 2 (NLDAS-2) (Mitchell
et al 2004). The precipitation (P) in NLDAS is oro-
graphic adjusted based on the widely applied PRISM
climatology (Daly et al 2000). The potential evapor-
ation (PET) is calculated by the modified Penman
scheme of Mahrt and Ek (1984). The 0.125◦ gridded
NLDAS-2 hydroclimatic data was averaged over the
grid nodes within each county boundary. The county
level irrigation water demand was calculated as the
evapotranspiration deficit times the irrigated acreage
during growing season (May to October) as:

Irrigation Demand= (PET−P)× IrrigatedAcreage.
(2)

It is noted that the irrigation demand is a sim-
plified proxy of the climatic control on crop water
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Figure 1. Centroids of total irrigation withdrawal and withdrawals from surface water and groundwater sources for CONUS,
1981–2015. The size of the circles represents the amount of water withdrawal (not scaled across different categories). Numbers
next to circles denote the report year (e.g. 2010 refers to the water use during 2006–2010). The 2015 centroids in green were
calculated by replacing 2011–2015 California withdrawals with 2006–2010 data to illustrate the impacts from prolonged droughts.
The unit for water is Bgal d−1 in this figure and afterwards.

need and does not account for other factors such as
crop water use efficiency, irrigation practices, irriga-
tion technology and delivery loss.

Since the climatic conditions and agricultural
practices are heterogeneous across CONUS, we also
calculated the centroid locations of irrigation with-
drawal, irrigated acreage and hydroclimatic variables
for the arid and semi-arid Western US, humid and
semi-humid Eastern US, and each state, respectively.

3. Results

3.1. Spatial-temporal trend of agricultural water
withdrawal at CONUS level
At the CONUS level, the total irrigation with-
drawal decreased by approximately 13.3% from
136 Bgal d−1) to 118 Bgal d−1 during 1981–2015
(after reaching the peak in the 1976–1980 survey).
As shown in figure 1, the centroids of CONUS
irrigation water withdrawal were located around the
border between Utah and Colorado. The centroids
fell within the Western US as the western states
experience more arid climate than the eastern states
and thus need substantially more irrigation. The
centroids of surface water irrigation were in north-
ern Utah, as California, Idaho, and Colorado were
three states with leading surface water irrigationwith-
drawal (Dieter 2018). The centroids of groundwater
irrigation were in southern Colorado, as groundwa-
ter irrigation withdrawal mainly comes from major
aquifers in California, Arkansas and states over the
High Plains including Texas. Over last three dec-
ades, the centroids of total irrigation withdrawal con-
tinuously moved eastwards from Utah to Colorado

(figure 1). Although surface water withdrawal was
consistently higher than groundwater withdrawal, it
decreased from 91 Bgal d−1 to 61 Bgal d−1 during
1981–2015 and groundwater withdrawal increased
after 2000. If the trend continues, groundwater will
become the main irrigation source in future decades.

The abrupt shifts of irrigation centroids between
2010 and 2015 is likely caused by extensive regional
droughts during this period. From 2010 to 2015,
the centroid of groundwater withdrawal reversed
its eastward-moving trend during past decades and
shifted back to the west. Meanwhile, a huge east-
ward jump occurred for the centroid of surface
water withdrawal. The extreme drought condition
in California, the largest agricultural water user in
the Western US, dramatically increased groundwa-
ter withdrawal to supplement the shortage in surface
water resources. Assuming there was no drought con-
dition in California and recalculating the centroid by
replacing 2011–2015 California withdrawal with data
from the previous survey period (i.e. 2006–2010), the
new centroids (green points in figure 1) became con-
sistent with their historical trajectories and resumed
the eastward-moving trend.

3.2. Spatial-temporal trend of irrigated acreage and
irrigation water demand
To identify the drivers of the observed eastward-
moving centroids of agricultural water withdrawal,
figure 2 shows the centroids of the total irrig-
ated acreage, acreage with flood irrigation systems,
acreage with water-saving irrigation systems, and
crop water demand calculated in equation (2). The
centroids of water demand and total irrigated acreage
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Figure 2. Centroids of CONUS total irrigated crop area (1000 acres), acreages with flood and water-saving irrigation systems
(1000 acres), respectively, and growing season crop water demand (Bgal d−1). The unit of acreage is thousands of acres in this
figure and afterwards.

exhibited similar eastward-moving trajectory with
the centroids of total water withdrawal, demonstrat-
ing the robustness of the centroids calculating from
different data sources. Although climate conditions
showed inter-annual variability, no significant trend
was detected in the centroid locations of climate
variables P and PET (supplementary information, SI
figure 1). The centroids of crop water demand cal-
culated in equation (2) moved eastward. In addi-
tion, the centroids of irrigated acreage also showed
similar movement to the irrigation water demand,
indicating the trend is mainly caused by irrigated
acreage change rather than the climate conditions.
The trend in agricultural withdrawal centroids was
mainly driven by the eastward trajectory of irrig-
ated crop area centroids, which, in turn, was likely
driven by increasing water demand in the Eastern
U.S. The total irrigated acreage moved eastward dur-
ing 1980–2000 and toward slightly northeast during
2001–2015. Nebraska and Arkansas contributed to
the major increases in irrigated acreage, and reduc-
tion of irrigated acreage was mostly located in cent-
ral and southern High Plains and California (USDA
National Agricultural Statistics Service 2017).

Improvement of irrigation efficiency also
contributed to the declining trend in total agricul-
tural withdrawal. The less efficient flood irrigation
acreage decreased from 34.735 MAcres in 1985 sur-
vey to 23.3 MAcres in 2015 survey. The western states
had more aggressive reduction in flood irrigation
acreage, leading to the eastward-moving centroids
of flood irrigated acreage. While pressurized water
saving irrigation acreage increased from 22.1 MAcres
(38.9%) in 1985 to 40.0 MAcres (61.1%) in 2015,
the increase was relatively uniformly distributed in

all states as indicated by the stable centroids of water
saving acreage.

3.3. Trends of agricultural water withdrawal and its
drivers in theWestern US
For the semi-arid and arid western states, the total
withdrawal decreased during 1981–2015 without
large shifts of the centroids except for the abrupt
change between 2010 and 2015 caused by droughts
(figure 3(a)). While centroids of surface water with-
drawal remained relatively unchanged, the centroids
of groundwater withdrawal moved towards the west
after 2000. This was mainly caused by reduction in
groundwater withdrawal in states over the Ogallala
Aquifer, since these states are located on the east
side of the centroids. Similarly as in figure 1, the
impact of 2011–2015 drought condition in California
on centroids of surface-water and groundwater with-
drawals is notable in figure 3(a). Switching from sur-
face water to groundwater sources during droughts
in California pushed the centroids of surface water
and groundwater withdrawals abruptly, deviating
from previous years. If the centroids were calcu-
lated by replacing California water withdrawal dur-
ing 2011–2015 (drought condition) with 2006–2010
(non-drought) data, they resumed the trend from
previous years as shown by the green dots in
figure 3(a).

The amount and centroids of irrigated acre-
age in the west remained relatively stable, while
changes in the irrigation method can be clearly
observed (figure 3(b)). The centroids of water sav-
ing acreage showed increasing and the westward-
moving trend (mainly during 1981–2005), which
were opposite to the decreasing and eastward-moving
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Figure 3. Centroids of total irrigation withdrawal, withdrawals from surface water and groundwater sources (a), (c), total
irrigated acreage, acreage irrigated with flood and water-saving systems, and growing season water demand (b), (d) for the
Western and Eastern US, respectively. The green dots in (a) were calculated by replacing 2011–2015 California withdrawals with
2006–2010 data to illustrate the impacts from prolonged droughts.

trends (mainly during 2001–2015) of flood irrigation
acreage. This indicates that significant irrigation
efficiency improvement has taken place within the
Western US to reduce the total irrigation withdrawal
without decreasing the irrigated acreage. In addi-
tion, directions of centroid trajectory indicate that the
states over the High Plains experiencedmore aggress-
ive irrigation efficiency improvement than theMoun-
tain States andWestern Coastal States. This trendmay
be driven by groundwater-fed irrigation sustainability
concerns over the High Plains, as the extensive over-
exploit of the southern and central portions Ogallala
Aquifers has caused challenges in water availability
andwater rights conflicts (Sophocleous 2010, Scanlon
et al 2012).

3.4. Trends of agricultural water withdrawal and its
drivers in the Eastern US
Although traditionally not major agricultural water
users, the semi-humid and humid eastern states
experienced rapid increase in irrigation withdrawal
(from 11.0 Bgal d−1 to 21.8 Bgal d−1) and irrigated
acreage expansion (from 9.6 MAcres to 16.5 MAcres)
during 1981–2015 (figures 3(c) and (d)). While no
significant temporal trend was detected in surface
water withdrawal, groundwater irrigation dramatic-
ally increased and was about three times as large
as the surface water irrigation in the 2011–2015
report period. During 1981–2015, the centroids of
irrigation withdrawal (including total, surface water

and groundwater withdrawal) all moved toward
northwest.

With the climate condition remained relatively
stable (SI figure 1), the irrigation withdrawal change
in the east was primarily driven by increases in irrig-
ated crop land (figure 3(d)). In contrast to the West-
ern US where total irrigated acreage remained relat-
ively stable (with slightly decrease from 47.2 MAcres
to 46.0 MAcres during 1981–2015), the Eastern US
experienced dramatic irrigation expansion. More
specifically, the irrigated acreage using pressure-
sprinkler irrigation systems increased, but its percent-
age in total irrigated acreage decreased from 54.5% in
1985 to 48.1% in 2015. On the other hand, the per-
centage of gravity irrigated acreage steadily increased
from 45.5% to 51.9% over 1981–2015. The centroid
of total irrigated acreage moved toward the west dur-
ing 1981–2000 and toward the north after 2000. Sim-
ilarly, the centroid of flood-irrigated acreage moved
towards Arkansas during 1981–2000 and became
stable afterwards mainly due to increased water-
intensive rice production along the lower Mississippi
River Valley. The northward trends after 2000 found
in centroids of total irrigated acreage is mainly due
to expansion of water-saving irrigated acreage (from
5.1 MAcres to 7.9 MAcres) in the eastern portion of
the Corn Belt. The observed expansion of irrigated
agriculture in the humid and semi-humid Eastern US
indicates the promising sustainable irrigation devel-
opment strategy for enhance crop yield under climate
change without depleting the non-renewable water
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storage and impairing environmental flow (Rosa et al
2018).

3.5. State scale results
The vastmajority of CONUS crop irrigation occurred
across four primary regions: (a) the Columbia and
Snake River Basins of the Pacific Northwest, (b)
the California Central Valley, (c) the High Plains
and c) the Lower Mississippi Valley (SI figure 2).
The centroids of irrigation withdrawal for most
major agricultural water users in the western states
remained stable, while they shifted spatially in a
few western states (Texas, North Dakota and South
Dakota) and many eastern states (SI figure 3). The
expansion of irrigation from each eastern state com-
bined together explained eastward-moving centroids
at the CONUS level.

In the water scarce western states, the diver-
gence of surface water and groundwater withdrawal
centroids suggests availability of water sources (e.g.
streams, aquifers and reservoirs) and infrastructure
(e.g. pumping wells and water diversion projects)
shaped the agricultural water use landscape (SI figure
4). High Plains states over the Ogallala Aquifer
(i.e. North Dakota, South Dakota, Nebraska, Kan-
sas, Colorado, Oklahoma, New Mexico and Texas)
showed divergence between centroids of surface
water and groundwater withdrawals. For example,
the centroids of groundwater withdrawal in Texas
are clustered in northern Texas which has access
to groundwater stored in the southern High Plains
Aquifer. In southern Texas, however, surface water
is more accessible for irrigation from the stream
network.

4. Discussion

Although the Western US has continuously made
efforts to reduce irrigation withdrawal since 1981,
extensive and prolonged regional drought conditions
caused interruptions to the declining trend of irriga-
tion withdrawal as well as its spatial distribution tra-
jectory. For example, the 2011–2015 drought condi-
tion in California partially reversed the multi-decadal
eastward-moving trend of groundwater irrigation
withdrawal centroid (figure 1). While switching from
surface water to groundwater may temporally mitig-
ate drought impact, pumping from groundwater is
not a sustainable solution in the long term if ground-
water storage cannot be fully recharged (Marston and
Konar 2017, Thomas et al 2017, Jasechko and Perrone
2020). The persistent drought condition in the Color-
ado River Basin in recent years triggered Tier 1 Short-
ageDeclaration in 2021 and led to cut in surface water
supply for agricultural sectors in California, Arizona
and Nevada. Climatic and hydrologic models project
more severe and frequent droughts in the Southwest-
ern US (MacDonald 2010, Gao et al 2012). While
studies have investigated future irrigation required

to adapt to climate change and mitigate crop yield
loss (Döll and Siebert 2002, Fischer et al 2007, Elliott
et al 2014), it remains uncertain whether ground-
water storage and irrigation efficiency improvement
efforts will suffice to buffer future drought con-
ditions. Therefore, understanding the sensitivity of
irrigation under extreme climatic and hydrologic
conditions are fundamental to provide guidelines
for sustainable irrigation adaptation policy making
(Hrozencik et al 2017, Lu et al 2020).

The trajectory of irrigation withdrawal repres-
ents local irrigation water supply for agricultural pro-
duction and does not reflect the demand and con-
sumption locations of agricultural commodities (e.g.
food, livestock feed, biofuel and trade). The develop-
ment of agriculture is traditionally achieved by ‘mov-
ing water to agriculture’ facilitated by water resources
infrastructures (e.g. reservoirs, pumping wells diver-
sion channels) (Rushforth et al 2022). The eastward-
moving centroids of irrigation withdrawal and irrig-
ated acreage expansion in the semi-humid and humid
Eastern CONUS suggest an emerging trend of ‘mov-
ing agriculture to water’, as the semi-arid and arid
Western CONUS has already been stressed by water
shortage. The traditionally rain-fed crops in the Mid-
west may require supplementary irrigation to main-
tain current crop yield under future climate (DeLucia
et al 2019). Various studies have estimated future
agricultural demand based on projected change of
climatic drivers (Wisser et al 2008) with a focus on
semi-arid climate zones (Nie et al 2021). However,
the non-climatic drivers (e.g. irrigation efficiency and
irrigation expansion) and semi-humid regions have
played increasingly important roles in changing agri-
cultural water use landscape in CONUS over the last
decades. For example, Shafiee-Jood et al (2014) found
that farmers in the Midwest installed irrigation for
biofuel crops as the contracts with biofuel refiner-
ies and agricultural insurance provide incentives for
stable yield. Xu et al (2019) found that the irriga-
tion expansion in southwestern Michigan was con-
centrated in farms growing seed corn, because irrig-
ation is usually required by the contracts between
farmers and seed corn companies.

Unlike the centroids of irrigation withdrawal,
the centroids of CONUS population had a con-
sistent southwest-moving trend during over centur-
ies (Aboufadel and Austin 2006). The divergence
between the centroids of population (proxy for agri-
cultural water demand) and irrigation withdrawal
(proxy for irrigation water supply) indicates the
important role of virtual water flow to redistribute
the agricultural water use (Hoekstra and Chapagain
2006, Konar and Marston 2020). As agriculture
virtual water quantifies the water used through-
out the production (i.e. evaporative consumptive
use) and process of crops (Dalin 2012), the trade
of agricultural commodities may bridge the spatial
imbalance between food demand and crop supply.
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For example, Dang et al 2015) found that agricul-
tural virtual water flows within the US was equi-
valent to 51% international flows and mainly con-
tributed by water-intensive commodities. The virtual
water stored in grains, equivalent to 62% of U.S.
dam water storage, provides buffering capacity to cli-
matic variability (Ruess and Konar 2019). If the pop-
ulation keeps growing in the already water-stressed
the Western US, the increasing demand from other
water use sectors and uncertain climate may fur-
ther drive the agricultural withdrawal centroid to the
east. Globally, countries with imported virtual water
from food irrigated with non-renewable groundwa-
ter source may expose to risks for future food security
due to depleted aquifer storage (Dalin et al 2017).

The spatiotemporal trajectory of agricultural
water withdrawal centroids may have different envir-
onmental impacts in the Eastern and Western US.
As major agricultural water users, the western states
are continuing reducingwater withdrawal by improv-
ing irrigation efficiency while maintaining the irrig-
ated crop area. For example, most irrigated fields
within Kansas High Plains have switched from
central pivot irrigation to central pivot with low
energy precise application to reduce wind drift-
caused loss and non-consumptive canopy evapora-
tion (Perez-Quesada and Hendricks 2021, Zwickle
et al 2021). The increased irrigation efficiency is
achieved by reducing crop non-consumptive use
and lowering irrigation return flows (e.g. effluent
into streams and recharge into aquifers), which may
provide critical ecosystem services in the arid and
semi-arid Western US. Studies have recommended
to account for the tradeoffs between irrigation effi-
ciency and return flow-dependent ecosystem ser-
vices when designing incentives to improve irriga-
tion efficiency (Jägermeyr et al 2017, Borsato et al
2020, Pérez-Blancoand and Sapino 2022). Despite the
efforts to mitigate the over-exploited aquifer fresh-
water storage in the Western US (e.g. the California
Central Valley and the Ogallala Aquifer), groundwa-
ter resources may be further stressed due to cut in
surface water allocation (e.g. Tier 1 and 2 water cut
from Colorado River in the on-going 2020 drought).
The groundwater governance in these regions require
equitable and reasonable utilization of groundwater
resources during decision making, while facing the
complex social (e.g. water rights allocation among
different water users), economic (e.g. benefits from
various water sections) and environmental (e.g. sus-
tainability of non-renewable aquifer water storage)
tradeoffs (Neal et al 2016).

The semi-humid and humid Eastern US has the
potential to support sustainable irrigation expansion,
as the relatively abundant of surface water resources
avoid over-exploit of non-renewable aquifer freshwa-
ter storage (Rosa et al 2018). However, the increas-
ing irrigation return flow due to irrigation expansion
(especially gravity irrigation systems)may worsen the

water quality problems caused by nutrients (nitrate
and phosphorus) and soil erosion from field drainage
(Smith et al 1997, Parry 1998). Better agricultural
practices at the field scale, such as recycling of irrig-
ation drainage water (Reinhart et al 2019), crop
selection (Gamble et al 2022) and nitrogen recovery
(van Grinsven et al 2015), would mitigate the envir-
onmental impact of irrigation return flow if they are
implemented at regional scale.

5. Conclusion

The CONUS agricultural total water withdrawal
exhibited a decreasing and eastward-moving trend
during 1981–2015. The migration of CONUS
irrigation withdrawal centroids is mainly caused
irrigation efficiency improvement and irrigation
expansion in different regions, while the climato-
logy conditions (e.g. P and PET amount and their
centroids) remains relatively stable during the study
period. Specifically, the eastward migration of irriga-
tion withdrawal is caused by (a) reduction of irriga-
tion withdrawal in the western states with improved
irrigation efficiency by converting flood irrigated
crop land to water-saving irrigation, (b) increased
irrigation withdrawal in the eastern states by convert-
ing rain-fed crop land to irrigated land. The spatial
and temporal trend of irrigation withdrawal exhib-
ited resilience to climate variability, but the trendmay
be interrupted by climate extremes. For example, the
prolonged drought in California during 2011–2015
reversed the trends of centroids in groundwater and
surface water withdrawal, as the components of irrig-
ation water sources showed abrupt changes during
the droughts.

The semi-arid and arid Western US had decreas-
ing withdrawal from both surface water and ground-
water sources, and their centroids remained relat-
ively stable. The centroids of groundwater moved
towards the west after 2001, mainly due to reduction
in groundwater withdrawal in states over the Ogal-
lala Aquifer. The reduction of irrigationwithdrawal in
theWesternUSwasmainly achieved by irrigation effi-
ciency improvement, while the irrigated acreage and
its centroids remained relatively stable.

The semi-humid and humid Eastern US exhib-
ited emerging irrigation withdrawal increase from
both surface water and groundwater sources. The
centroids of the eastern withdrawal moved toward
the northwest. The eastern CONUS irrigation with-
drawal was driven by persistent increasing in irrigated
acreage. While the development of flood irrigation
acreage (mainly in the Mississippi Valley) stabilized
after 2000, the water-saving irrigation development
(mainly in the Midwest) accelerated after 2000.

Although the withdrawal centroids do not exhibit
spatial trend at the state level, some states (e.g.
Texas, Colorado, Nebraska Kansas, North Dakota,
South Dakota, Arizona and Utah) showed different
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centroid locations for surface water and groundwater
withdrawals. This was attributed to state-wide hetero-
geneity of water resources (e.g. rivers, aquifers) and
infrastructures (e.g. aquifers, reservoirs, and delivery
channels).

The spatiotemporal trajectories of CONUS irrig-
ation withdrawal and its drivers at the national, state
and local scales provide insights into predict future
irrigation demand and investigate the environmental
and social impacts of irrigation development.
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