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Abstract: This paper commemorates the influence of Arjen Y. Hoekstra on water footprint research of the
United States. It is part of the Special Issue “In Memory of Prof. Arjen Y. Hoekstra”. Arjen Y. Hoekstra
both inspired and enabled a community of scholars to work on understanding the water footprint of
the United States. He did this by comprehensively establishing the terminology and methodology that
serves as the foundation for water footprint research. His work on the water footprint of humanity at
the global scale highlighted the key role of a few nations in the global water footprint of production,
consumption, and virtual water trade. This research inspired water scholars to focus on the United States
by highlighting its key role amongst world nations. Importantly, he enabled the research of many others
by making water footprint estimates freely available. We review the state of the literature on water
footprints of the United States, including its water footprint of production, consumption, and virtual
water flows. Additionally, we highlight metrics that have been developed to assess the vulnerability,
resiliency, sustainability, and equity of sub-national water footprints and domestic virtual water flows.
We highlight opportunities for future research.
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1. Introduction

Arjen Y. Hoekstra (AYH) pioneered the field of water footprinting [1]. He developed the
core terminology that the water footprint community continues to use and build from [2].
Importantly, AYH provided freely available access to water footprint data and model estimates,
enabling the community of water footprint researchers to build from his foundation. AYH’s research
comprehensively evaluated the water footprint of humanity [3]. His research highlighted the key role
of certain nations—including the United States—to the global water footprint of humanity. In this way,
his work inspired a community of scholars to delve deeper into the water footprint of the United States.
This paper commemorates the influence of AYH to the community of scholars working on the water
footprint of the United States and is part of a collection of papers in the Special Issue “In Memory of
Prof. Arjen Y. Hoekstra”. The goal of this paper is not to serve as a comprehensive or critical review of
research on the water footprint of the United States, but, rather, to pay tribute to Arjen Y. Hoekstra on
the anniversary of his untimely passing.

The United States is a major economic producer, consumer, and trade power. The economy and
supply chains of the US rely on water resources [4]. The US is a key nation in the global virtual water
trade network [5], contributing the most virtual water to global trade [3]. International virtual water
trade with the US is enabled by a host of interconnected infrastructure [6]. The spatial distribution of
water security within the US influences where water-intensive goods are produced. Water hazards
and risk further shape production and disrupt supply chains [7]. In turn, supply chains can shape
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water resources and influence their sustainability [8]. Water stress varies spatially and across economic
sectors in the US [7]. Water footprints identify counties in the US where human water use exceeds
renewable water supplies [9-11].

Water withdrawals in the United States in 2015 was estimated to be about 445 billion m3 [12].
Information on national and county-scale water use is provided by the US Geological Survey, which is a
vital source of water withdrawal data that underpins many studies of water use in the US economy [13].
Freshwater withdrawals were 388 m3, or 87 percent of total withdrawals (saline-water withdrawals
comprise the remaining 13 percent) [12]. National water use has been declining over the past several
decades, largely due to productivity gains in the economy [14]. Long-term structural changes in the US
economy (e.g., increasing service sector) and productivity improvements in electricity generation and
shifts to producing less water-intensive products has driven this reduction at the national scale [14,15].
The trend in water use varies by a source of water, with declines in surface-water withdrawals and
increases in fresh groundwater withdrawals in the most recent national data [12]. Controls on water
use are not uniform across the nation. Water use in the Northeast and Northwest is driven by social
variables, whereas climate primarily influences water use in the Southwest [16].

AYH introduced water footprints to quantify the link between human consumption and the
appropriation of freshwater [17]. In this way, he introduced supply-chain thinking to the field of
water resources management [18]. Following the definitions put forth by AYH, most water footprint
studies calculate consumptive use of water resources per unit product produced (see Table 1) [2,3],
or the water use that is no longer immediately available in the local area for further use
(e.g., crop evapotranspiration). However, some studies, particularly those that consider the water
footprint of energy, also consider the withdrawal use of water [19], or the volume abstracted from
a water source. Most water footprint assessments have historically focused on agriculture, since it
accounts for the vast majority of consumptive water use, meaning that this water will no longer be
usable in the location from which it was withdrawn. This differs from withdrawal uses of water,
which include return flows that can be utilized again in the location of use. Studies that employ
the water footprint concept but replace water consumption with withdrawals tend to emphasize the
importance of water use for thermoelectric power generation in the United States, while consumptive
water footprints emphasize agriculture at the expense of the energy sector (since most energy water
use is non-consumptive). Together, the energy and agriculture sectors constitute over four-fifths of
blue water consumption and withdrawals [4,12].

The source of the water is important to determine when assessing water footprints. AYH made
significant strides in partitioning water footprints into different types of water: “green”, “blue”,
and “grey” [2,3]. “Green” water is the soil moisture derived from precipitation, while “blue” water
is water from a source, such as a reservoir, river, lake, or aquifer [2]. “Grey” water refers to the
water required to dilute pollutants to a regulatory threshold [2]. Water footprint research in the
United States has continued to resolve domestic water footprints with increasing refinement by type of
water. Several studies in the US further resolve water sources by unsustainable surface and subsurface
contributions [20,21]. Increased attention has also been devoted to how specific water bodies contribute
to domestic and international supply chains [22,23]. The remainder of this paper provides an overview
of research that has increasingly refined our understanding of the spatial, temporal, and commodity
resolution of water footprints and virtual water transfers within the United States. Note that the term
virtual water transfers are used instead of virtual water trade to indicate intra-national virtual water
flows rather than trade between nations. The development of metrics to capture the dependencies,
resilience, vulnerability, sustainability, and equity of virtual water flows is surveyed. This paper
concludes with suggestions for future work.

2. The Water Footprint of Production

Water is a critical input in the production of commodities, goods, and services in the US. The water
footprint metric developed by Arjen Y. Hoekstra [18] provided a new tool to clearly and consistently



Water 2020, 12, 3286 3of 21

quantify the role of water within the economy. The water footprint of a product is the total volume of
freshwater (blue, green, and grey) directly and indirectly consumed in the production of a product
across its entire supply chain [18]. The water footprint of a product can be normalized against some
production measure (e.g., yield, mass, value, kilo-calories, etc.) so that water consumption can be
compared relative to some metric of interest. This normalized water footprint of a product is sometimes
called the product’s virtual water content (VWC), although AYH preferred to use the term “water
footprint per unit of production” [18].

From this water footprint concept, AYH developed a rigorous methodology and water footprint data
that has been utilized by researchers around the world and serves as the foundation for most of the US
water footprint and virtual water transfer studies surveyed here. While early water footprint estimates in
the United States predominately focused on agricultural products, recent years have seen advances in
other sectors, particularly the energy sector. Studies are increasingly moving to more spatially refined
and commodity-specific estimates of production water footprints. Moreover, the relative abundance
of publicly-available water and economic data in the US has enabled US water footprint studies to
build on AYH’s earlier research by delineating not only blue, green, and grey water footprints but also
denoting whether the water was from surface or groundwater sources, as well as the sustainability of the
water footprint.

Agriculture has the largest total water footprint of any sector in the US. Between 74-93%
(94-170 km?®) of all blue water consumed in the US is for irrigated agriculture and livestock
production [4,24]. Of this, 44% comes from streams, rivers, and lakes, while the remaining 56%
is from groundwater. The High Plains, Mississippi Embayment, and Central Valley aquifers supply the
vast majority of the groundwater used for crop irrigation in the US [4,23]. Nearly 80% of all agricultural
blue water footprints occur west of the 97th meridian west, which divides the humid eastern US from
the arid Western plains [4].

The blue water footprint of food production is strongly linked to agricultural production
locations [24], irrigation technology and management [25,26], and eventual food produced [27].
Corn grain and silage, hay and haylage, rice, wheat, soybeans, cotton, and almonds constitute 47% of
the surface and 75% of the groundwater footprint in the US [4]. Crops like almonds [28] and livestock
feed [20] have been highlighted for their relatively large blue water footprint and their propensity for
being produced in water-scarce areas within the US. While the livestock industry is often highlighted
for the large burden it places on the nation’s water resources, recent work by AYH shows that the US
livestock industry has seen significant water productivity gains (between two- to four-fold) over the
last six decades [29].

In recent years, AYH has argued that it is important to recognize the role of green water in
production and for the need to properly manage this resource [30,31]. There is a competition for
limited green water resources between the environment and society, since we use green water to
produce food, fiber, animal feed, timber, and bioenergy crops. AYH argued that many areas, including
some areas within the US, face green water scarcity. Green water scarcity is a metric that considers
green water footprints relative to the abundance of green water and environmental flow requirements
to support biodiversity [31]. In the US, green water constitutes over 86% (602 km?) of the total water
footprint of agriculture and nearly 83% of the US economy’s total consumption of water [4]. Given the
importance of green water to the US economy, Xu et al. [32] assessed the green water resources
available for crop production in the US for food, feed, and biofuels and the impact these demands
have on natural ecosystems (e.g., forest, grassland, environmental flows). Agricultural production
uses less than one-third of the available green water resources across the US. However, at the county
level, there are instances of green water scarcity, including the Corn Belt, which covers the states of
Iowa, Illinois, Minnesota, Nebraska, and South Dakota [32].

Water footprint studies of agriculture delineate between blue and green water sources, yet these
two sources of water are interlinked. For example, preseason soil moisture, which is primarily
from precipitation, can dramatically reduce the need for crop irrigation throughout the growing
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season. Preseason soil moisture can reduce blue water requirements in the Corn Belt by 96% (1.9 versus
45.5 billion m3/year) [33]. During soil moisture drought events, producers will often increase irrigation
(i.e., blue water) to make up for a green water deficit. For instance, irrigators in California’s Central
Valley used groundwater to buffer against green and surface water deficits during the 2012-2015
drought [34]. A complex blend of market forces, policy, and regulation has led this water-scarce
region to produce more water-intensive but higher-value crops over the last few decades [28,34,35].
Water-stressed agricultural regions of the US, such as California, could achieve significant water savings
(56% water savings) by growing crops better suited to the green water availability of the area [36].

The water footprint of agriculture in the US constitutes more than food, fiber, and feed. The 2007
Energy Independence and Security Act (EISA) expanded biofuel blending requirements, strengthening
the linkage between the energy and agriculture sectors, as well as the water inputs foundational to
both sectors [37,38]. The primary feedstocks for US biofuels are corn (ethanol) and soybeans (biodiesel),
which have seen an expansion in production since 2007. The amount of blue and green water required
to irrigate biofuel feedstock varies spatially, temporally, and by feedstock crop. Groundwater is
the dominant blue water source for feedstock irrigation in most of the US [39]. Significant spatial
variability of the blue, green, and grey water footprints of biofuel exist at the county-level [39].
Vehicles consume approximately 118 L of water per km (Iwpkm) when using irrigated corn-based
ethanol from Nebraska, but only 54 L of water if fueled by Iowa irrigated corn-based ethanol [37].
Similarly, irrigated sorghum-based ethanol from Texas is more water-intensive than if it is grown in
Nebraska [37]. Scown et al. [40] finds that some biofuels can have a blue water footprint more than
two orders of magnitude larger than traditional gasoline-based transportation fuels.

The blue water footprint of traditional fuels, such as o0il and natural gas, is increasing within
the US [41]. At the national level, the blue water footprint of this sector is not a significant water
user. Its annual blue water footprint was 1.82 x 10% m?® between 2012-2014, or roughly 0.14% of the
US economy’s blue water footprint [4,42]. However, water used in oil and natural gas production,
including water used for hydraulic fracturing and flowback-produced water, can constitute a significant
portion of local water budgets. The water footprint of oil production in the Bakken Play, which stretches
across North Dakota, Montana, and Canada, has increased six-fold from 2005-2014 and is expected to
increase another ten-fold from 2014-2050 due to larger water use per well and the addition of 60,000
producing wells throughout the region [43]. Between 2011-2016, the blue water footprint of hydraulic
fracturing and wastewater production per well has increased 770% across major shale gas and oil
production regions in the US [41].

The US energy system accounts for roughly 10% of the national blue water footprint and about
40% of total water withdrawals [19]. Water withdrawals are driven by once-through cooling systems
of thermoelectric plants (approximately 70% of withdrawals) [19]. However, most of the water
withdrawals of once-through thermoelectric power plants are returned to the water source, albeit at
a higher temperature. Chini et al. [44] uses an adapted version of AYH’s grey water footprint to
estimate the water needed to bring the heated return flow from each thermoelectric power plant in the
contiguous US back to an allowable limit.

Energy from hydropower, ethanol, and conventional oil have the largest blue water footprint
within the US energy sector [19,45]. Since hydropower typically uses instream flows to generate
electricity, water consumption associated with this energy source has not been well-documented.
AYH first calculated the magnitude of the blue water footprint of hydropower by estimating reservoir
evaporation associated with the hydropower facilities [46]. Grubert [47] built on the global study by
AYH, using detailed, facility-specific data within the US to estimate the blue water footprint for nearly
2200 hydropower facilities. Water footprint assessments are highly sensitive to the methodology used
to calculate the water footprint of hydropower and the inclusion of hydropower in the water footprint
of energy production studies can skew results due to relatively large volumes of water consumption
attributed to this form of energy generation [47,48].
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In one of AYH’s most cited and acclaimed papers [3], he shifted the focus of water footprint
assessments from strictly the agriculture and energy sectors to more broadly identify all the ways
society utilizes water around the world. Years later, we worked with AYH and his close colleague and
former student, Mesfin Mekonnen, on a similar study detailing the blue and green water footprint
of over 500 US products and industries [4] (see Figure 1). This remains one of the most detailed
national water footprint assessments to date, largely due to the abundance of US-based data and
studies available to us to build upon. Chief among these data is the United States Geological Survey
(USGS) National Water Census [12]. Industrial, commercial, mining, and institutional water footprints
are highly variable and difficult to estimate with empirical or processed-based models, which is why
nearly every US water footprint study depends on the USGS’s National Water Census [4,24,49-51].
A handful of city-level or regional studies collect local data on industrial and other municipal water
uses directly from water utilities, municipalities, or state agencies [22,52]. Water footprint assessments
have enabled researchers to employ multi-region input-output (MRIO) models to better understand
how water is used throughout the US economy [4,22,51,53-55].
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Figure 1. Map of the sector with the largest blue water footprint in each US county. Agriculture
is the largest water user in 2164 of the 3143 counties. In other counties, service industries (354),
thermoelectric power generation (289), manufacturing (234), and mining (102) are the dominant water
users. Note that hydropower, aquaculture, and nonrevenue water uses are not included in the ranking
since county-level data are not available for these water uses. This figure is taken from Marston et al. [4]
and covers the period 2010-2012.

3. Sub-National Virtual Water Flows

Arjen Y. Hoekstra defined and calculated virtual water trade between nations using the water
footprint of a unit product and international trade data [3]. Following AYH’s approach, sub-national
virtual water flow estimation requires both product water footprint and commodity flow information.
The main distinction is that commodity trade data is between countries while commodity flow data is
more generic and captures the movement of goods between other political units. Sub-national virtual
water flows are calculated by multiplying the flow amount by the unit commodity water footprint in
the source location as follows:

VWFo,d,c,y = WFO,C,y X Fo,d,c,y/ 1

where VWF is the virtual water flow [volume], WF is the water footprint per unit commodity
[volume/mass], and F is the commodity flow [mass]. The variables are indexed by subscripts o
for origin, d for destination, ¢ for commodity, and y for year. Note that the water footprint could
alternatively be provided in units of water volume per dollar [$] to pair with dollar value flow data.
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One of the major reasons for virtual water flow studies within the United States is the availability of
sub-national flow information. For example, data on sub-national commodity flows is available within
the United States from the Commodity Flow Survey (CFS) and the Freight Analysis Framework (FAF).
Many studies pair AYH’s product water footprint data with CFS/FAF data to quantify sub-national
virtual water flows [56], including flows from specific locations within the US to international
destinations [23], since FAF includes international destinations. Similarly, there are sub-national data
on the movement of electricity throughout the electric grid of the US, enabling studies to determine the
virtual flows of water associated with electricity [57]. Thus, the availability of sub-national commodity
flow information has enabled much research on virtual water flows within the US. These studies have
typically focused on agri-food and energy supply chains, with increasing spatial, temporal, and water
source refinement.

The VWF associated with agriculture has been characterized throughout the United States [27,56].
Figure 2 illustrates the movement of agricultural virtual water flows within the US. The volume of
agricultural virtual water flows in 2007 was 317 billion m3, which is over half that of international
trade, highlighting the enormous volume of sub-national virtual water flows [56]. The actual volume
is much greater since Dang et al. [56] only account for agricultural virtual water flows. Texas has the
largest inflows of virtual water, with California, Illinois, and Georgia all major recipients of virtual
water. Nebraska sends out the most virtual water, closely followed by other states in the US. Midwest
through staple crop commodities [56].
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Figure 2. Agricultural virtual water flows between states in the United States. States are ranked
according to the total virtual water flow volume and plotted clockwise in descending order. The size
of the outer bar indicates the total virtual water flow volume of each state as a percentage of total US
virtual water flows. Links emanating from the outer bar of the same color show outflows. Links with
a white area separating the outer bar from links of a different color illustrate inflows. The volume
of virtual water flows captured in this graph is 317 billion m3 year~!. This figure is taken from
Dang et al. [56] and is circa 2007.
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AYH quantified the virtual water trade in energy commodities [58]. Following his lead, studies have
examined virtual water flows associated with energy systems in the US. Virtual water transfers associated
with domestic ethanol supply chains highlight water risks to energy systems [59]. Virtual water transfers
in both food and energy crops have been comprehensively evaluated to provide a complete picture
of the US Food-Energy-Water (FEW) system [60], highlighting the tight coupling of these resources.
The energy embodied in blue virtual water transfers further fleshes out the national FEW system [61].
The GHG emissions embodied in blue virtual water transfers are comparable to CO, emissions from the
US cement industry, highlighting the importance of reducing the environmental impacts of irrigation [61].
Water is consumed in the generation of electricity and then virtually transmitted across the electric
grid [57]. Information on electricity transfers between power control areas and power-plant-level water
for electricity are combined to quantify virtual water transfers of electricity. Despite national reductions in
freshwater withdrawals for thermoelectric power generation, blue and grey virtual water transfers have
increased over time.

Industrial VWF have been evaluated and highlight the important role of cities [62]. There has
been much recent work to understand virtual water flows to cities. This requires focusing on the
supply chains of cities in the United States and the water footprint of production in the source location.
This literature represents the integration of the water footprint community with urban metabolism
literature. The CFS/FAF databases provide commodity flow information for several Metropolitan
Statistical Areas (MSAs) of the United States, making urban virtual water flow accounting feasible.
The virtual water flows to MSAs of the US have been quantified [49], including a comparison between
their direct and indirect water use [52]. Full virtual water supply chains associated with both food and
energy receipts have been analyzed [63]. Urban virtual water receipts enable the exposure of urban
supply chains to water stress to be determined [63,64].

Research on sub-national VWF has considered a different source of water (e.g., green, blue) [56].
Recent work tries to segment the source of water even further, with a particular focus on determining
the unsustainable water use. A groundwater model was paired with domestic commodity flow
information to estimate the groundwater depletion incorporated in domestic transfers and international
exports from the US [21]. The portion of unsustainable surface water irrigation attributable to livestock
production through irrigated feed was assessed in recent work [20]. Temporary, rotational fallowing of
irrigated feed crops could reduce unsustainable irrigation from surface sources, thereby improving
environmental flows [20]. The unsustainable portion of virtual water flows is particularly important to
determine because these supply chains face water security risks in the future. For example, agricultural
production that depends on unsustainable groundwater use will eventually become infeasible,
once groundwater pumping reaches the physical or economic pumping constraints. This makes
it important to understand the risks posed to domestic and international agricultural supply chains
from the eventual production declines in these locations [21].

It is increasingly important to understand virtual water flows from specific water bodies [22,23,34].
Focusing on water bodies can help to evaluate locations where economic production is aligned with
hydrologic budgets. For example, a study of the Great Lakes found that withdrawals do not create
significant impacts on surface waters but local, large water uses could create environmental flow
impacts [22]. Commercial water uses are the most productive in the Great Lakes, while thermoelectric,
mining, and agricultural uses have substantially lower water productivity [22], highlighting potential
future pathways to prioritize water allocation. A study of the major aquifers in the US highlights that the
water that is unsustainably used for agriculture underpins complex domestic and international supply
chains [23]. This highlights a key risk for these agricultural supply chains in the future, as unsustainable
groundwater sources will not be able to be used for continued economic production indefinitely.

A major motivation for studying sub-national virtual water flows is to understand how changes
and shocks impact producers and consumers. This makes it important to resolve virtual water flows in
time to evaluate their evolution and potential disruptions from shocks. For example, paired economic
and water footprint models have been used to determine how policy and future climate changes
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influence global virtual water trade [65,66]. Recent work developed methods to understand the impact
of drought on sub-national virtual water transfers [34]. A study of the Central Valley Aquifer in
California quantified the impact of the 2012-2015 drought on the water footprint of production and
virtual water outflows at the annual time step [34]. Figure 3 shows that green and surface blue virtual
water transfers largely decreased from the Central Valley Aquifer to locations around the US and
the world. However, groundwater transfers increased following greater reliance on groundwater
irrigation from the Central Valley Aquifer during the drought [34].

Green Water

Surface Water

Groundwater

R *

p 4
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-92% 270%

Figure 3. Percent change (%) in virtual water transfers from the California Central Valley to other
areas of the United States and the world from 2011 to 2014. Green, surface, and groundwater
virtual water transfers are shown. Note that green and surface virtual water transfers predominantly
decrease, while groundwater transfers mostly increase, due to increased reliance on irrigation from the
Central Valley aquifer during drought. This figure is adapted from Marston et al. [34] and is for the
period 2011-2014.

Virtual Water Storage (VWS) is another important component of the virtual water balance.
AYH suggested that storing water in virtual form may be a more efficient and environmentally
friendly way of bridging drought periods than building dams [67]. However, until recently, relatively
little work has been done to empirically characterize VWS, particularly at the subnational scale.
Recently, a statistical assessment of the spatiotemporal patterns of VWS in the United States highlighted
the large volume of water stored in grain silos [68]. The VWS in grain was 728 billion m? in 2012,
which is approximately 60% as much water as is stored in US dams. This volume represents 75-97% of
precipitation receipts to agricultural areas, depending on the year. Most VWS is from green water
(86%) and is in the US Midwest, where there is large grain storage and plentiful rainfall. This work
highlights our need to better understand how much water we have stored in stocks of food, energy,
and industrial commodities. These VWS stocks may prove important buffers to climate extremes and
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production shortfalls in the future, making it important to consider their dynamic interaction with
virtual water flows.

4. The Water Footprint of Consumption

The water footprint of consumption is the total volume of freshwater consumed and polluted for the
production of the goods and services consumed within a certain location (e.g., city, region, or country) [2].
It is calculated by adding the direct water use by people to their indirect water use. The latter can be
found by multiplying all goods and services consumed by their respective water footprint.

Several studies have built upon AYH’s definitions and methods to explore the water footprint of
consumption of US cities [49,69]. Note that there has long been an interest in the water footprint of US
cities that predate AYH’s influence and uses different approaches [70,71]. The average urban water
footprint of consumption is roughly 6200 m®/year [52]. The indirect water footprint of a city is 20 times
larger than its direct water footprint of consumption [52]. Water embedded within food constitutes
over four-fifths of the indirect water footprint of consumption of US cities [52]. Fuel and electricity
constitute much of the remainder of a city’s indirect water footprint of consumption. The contribution
of energy in a city’s water footprint of consumption varies significantly between cities depending on
their energy portfolio and its water intensity [48,52]. Due to the unique properties of the electricity
grid, the water footprint of electricity consumption varies widely depending on the methodology
employed to attribute water consumed in electricity production to the final consumer [48].

Spatial differences are evident in water footprints of consumption since areas are more likely
to source goods and services from nearby locations [63,64]. This explains why a city’s local and
non-local exposure to water scarcity is often similar, though the degree of this exposure may differ [63].
For instance, the water footprint of consumption of arid western cities is primarily comprised of
water used to irrigate nearby food supplied to the city [52,72]. Nonetheless, the trade of products of
different origins and water-intensity creates more homogeneous water footprints of consumption than
water footprints of production across cities in the US [54]. Additionally, regional differences in water
demands for production are smoothed out by per capita demands for final water. Combining AYH's
water footprint methods with multi-regional input-output (MRIO) models highlights the importance
of accounting for product interdependencies in the more refined commodities of cities in order to
avoid truncation errors [54].

The typical American adult’s food habits (e.g., diet, food loss and waste) have consequences for
energy, water, land, and fertilizer requirements (inputs) and greenhouse gas emissions (outputs) [73-75].
If Americans ate a healthier diet, it may be feasible to reduce their blue water consumption by about
4% [74], although shifting to a healthier diet does not always translate into water savings [76]. Dietary shifts
to a vegan or vegetarian diet would provide the largest reductions in the consumptive water footprint of
the American diet [73,76]. However, reducing food loss and waste would lead to the largest reduction in
water use in the US food system [76]. Food loss and waste accounts for approximately 34% of blue water
use in the US [74]. So, a combination of measures that include dietary changes and reducing food waste
could result in a significant decline in the US water footprint [74,76].

5. Metrics

AYH developed the water footprint concept, “to assess water use along supply chains,
sustainability of water use within river basins, efficiency of water use, equitability of water allocation,
and dependency on water in the supply chain” [17]. Several studies have built upon these themes
in AYH’s research to evaluate how virtual water transfers influence outcomes of interest in the US,
including interdependencies, sustainability, security, resilience, and equity.

Researchers have developed approaches to quantify how virtual water flows are linked to other
parts of the economy. Rushforth et al. [77] presents a generalized footprint methodology that accounts
for the direct and indirect impact of a process on an arbitrarily defined resource. This approach
can be used to establish the linkages across footprint types, such as water, ecological, and carbon
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footprints [77]. Dependencies in the FEW systems have been established, using sub-national virtual
water transfers to link the systems together [78]. Domestic commodity flows are driven by geographical
proximity [79] which introduces spatially-correlated risks into FEW supply chains. For example,
Kansas, Oklahoma, Nebraska, New Mexico and Texas all exhibit strong transfer dependencies and
an overreliance on the High Plain aquifer for irrigation. This poses a risk to water shortage in the
food supply of Texas, not only through its own production but through its regional agri-food supply
chain [78].

The creation of appropriate footprint standards that function as sustainability metrics provide
the necessary information for resource managers [77]. Explicitly determining the unsustainable water
use throughout a supply chain provides insight into the mass and value of goods that are driving this
unsustainable resource extraction [20,21]. In turn, this enables supply chain managers to determine the
goods in the supply chain that may be vulnerable to future production losses, when unsustainable water
inputs are no longer available. Recent work by AYH and his colleagues has linked US feed production
for cattle to surface flow depletion and related environmental flow losses [20] (Figure 4). Water markets
may be one solution to curb unsustainable water use in certain river basins [80]. Groundwater depletion
in agricultural production highlights risks to future agricultural supply chains [21]. Potential solutions
includes voluntary groundwater extraction limits (e.g., Locally Enhanced Management Areas in
Kansas [81]), taxes (e.g., San Luis Valley in Colorado [82]), or statewide policy (e.g., the California
Sustainable Groundwater Management Act).

Legend

Negligible loss
I 2-5%loss

6-10% loss

11 - 25% loss

I >25% loss

Figure 4. Summer streamflow depletion in the Western US due to water footprints of production,
specifically those related to irrigated agriculture. Predictive ecological models estimate that some basins
will lose over 25% of native fish species due to streamflow depletion caused by large water withdrawals
and consumption. This figure is taken from Richter et al. [20] and is for the period 2010-2012.

Water availability assessment metrics have been presented for green water throughout the
US [32]. An integrated assessment of water footprint-derived water security indicators was presented
to map the most water-stressed regions throughout the US [10,11]. These indicators reveal the
dependencies between human water consumption, crop water requirements, and environmental
flows [11]. For example, both the California and Colorado River Basins exhibit severe water scarcity.
Yet, water scarcity in the Colorado River Basin is predominantly driven by a decrease in blue water
availability, while higher water demands are the main factor in California [11]. Water scarcity
and stress are only one dimension of the complex local water context. Threshold-based water
footprints have been introduced to enable sustainability indexing that accounts for the local context of
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water [83]. Importantly, threshold-based footprints account for the unique physical, social, and political
dimensions of water resources [83].

Much of the interest in quantifying the virtual water inflows to cities is to determine if
urban supply chains are vulnerable. Specifically, methods have been developed to determine the
hydro-economic vulnerability and resiliency of a city [64]. Flagstaff, Ads virtual water receipts were
shown to increase both its hydro-economic resilience and vulnerability to water scarcity in the locations
of production [64]. Building on these methods, studies have evaluated the water scarcity exposure of
urban FEW receipts for all cities in the US, based on their virtual water inflows [63]. Cities typically
import commodities from nearby locations with similar water resource constraints. This means
that urban FEW supply chains are generally exposed to spatially correlated water scarcity risks [63].
For example, cities in the western US have scarce local water resources and also import commodities
from other water-scarce western locations [63]. This understanding can help city operators coordinate
with supply chain managers to minimize risk.

The equality of virtual water flows has been assessed within the US and compared to the global
virtual water trade [56]. Flows within the United States are more equitable than they are globally.
However, the United States still do not exhibit perfectly equitable virtual water flows. The United States
does not have barriers to trade, has a shared national agricultural policy, a national currency, and is
relatively wealthy. If virtual water flows do not achieve perfect equality within the US then it is
unlikely—and potentially even undesirable—that global virtual trade will be able to achieve perfect
equality. We suggest that future research examines equality in food access and consumption, rather than
evaluating equality of virtual water flows. Going forward, it is important to explicitly acknowledge the
socio-political judgments regarding the values assigned when modeling virtual water resources [83].

6. Future Research Directions

“The interest in the water footprint is rooted in the recognition that human impacts on freshwater
systems can ultimately be linked to human consumption, and that issues like water shortages and
pollution can be better understood and addressed by considering production and supply chains as a
whole.”—Arjen Y. Hoekstra

Arjen Y. Hoekstra recognized that water issues and solutions are highly-localized, yet driven by
a complex global system of production and consumption. His research reflected this understanding
through his study of systems whose boundaries extended beyond the watershed, yet provided
sufficient detail to understand hydrologic fluxes and impacts at these smaller scales. In our increasingly
globalized world, AYH provided a timely new approach to understanding local-to-global connections
between water and society. While issues of water scarcity, degradation, and depletion have long been
studied, AYH prompted a new era of researchers to investigate the global drivers of these issues.
A community of scholars has sought to understand these questions within the US. How does global
trade and consumption drive unsustainable water use? [21-23,34]. How do our dietary choices impact
streamflow and riverine ecosystems? [9-11,20,22,53]. Where are our supply chains at risk due to water
stress and drought? [20,34,63,64,84,85].

Governments, corporations, and individuals have taken measures to reduce their water footprint
based on AYH’s work. AYH’s vision for the water footprint concept was not strictly an exercise in
academic curiosity, but one rooted in bringing new solutions to the water issues facing society, such as
water basin caps [86]. To this end, several researchers, including AYH, have proposed and evaluated
means to reduce water consumption and the environmental and societal harms associated with the
exploitation of this natural resource in the US and beyond. For instance, streamflow depletion in
the Western US can be reduced by as much as 23% by shifting unproductive water users to their
industry-specific benchmark of water-productivity [53] (Figure 5). A fallowing schedule for irrigated
cropland in water-stressed basins and more water-conscious cropping patterns can preserve water for
the environment and high-value water uses [20,36]. Most companies could reduce their water footprint
more by working with their upstream suppliers than by solely adjusting their internal processes [4,53].
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It is important for decision-makers to consider the full life-cycle water use of technological solutions
to water stress, to avoid unintended consequences that may actually intensify water stress [87,88].
We can all reduce our water footprint by adopting a less water-intensive diet [20,59,76] and wasting
less food [74,76,89].
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Figure 5. Significant reductions in streamflow depletion in the Snake River watershed can be achieved
by moving unproductive water users to their industry-specific water footprint benchmark. The ‘BM’
levels on the graph represent three, Adtarget benchmark, Ad levels: BM50 = 50th percentile or median
performance; BM25 = 25th percentile or high performance; and BM10 = 10th percentile or outstanding
performance. Increased river flows in the upper basin due to reduced water footprints would bolster
reservoir storage, which is important to farmers and hydroelectric power producers. Increased flows in
the lower portion of the watershed would benefit imperiled salmon populations. This figure is taken
from Marston et al. [53] and is for the period 2007-2017.

Sound decision-making and solutions to US water issues are founded on solid science, which is
underpinned by data of sufficient quality and at the appropriate level of detail. The majority of water
uses in the US are not metered, meaning that water footprint data is largely based on models and
proxies for water use. Multiple approaches to estimate water use are needed to triangulate the water
demands of society and the environment. Remote sensing data products can be used to estimate water
use at fine spatial resolutions over large areas. Remote sensing products can be validated against flux
towers and locations with metered water use. These data can be used to improve process-based and
empirical models of water use. Together, these data and models can be harnessed by process-guided
machine learning algorithms to improve water footprint estimates and provide new insights into
the drivers of water use. Importantly, future water footprint and virtual water research must better
quantify the uncertainty inherent in the underlying data and models [4,90].

How have water footprints in the United States changed over time? We require more refined temporal
estimates of water footprints over long periods of time to answer this question. Additionally, to enable
footprint estimates to be used for real-time or near real-time decision-making, we require a significant
reduction in the latency of input data. To date, most studies have used temporally averaged water
footprint estimates, which conceal the significant intra- and inter-annual variability of water footprints.
There is often a multi-year lag between water footprint assessments and the actual occurrence of water
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use due to time delays between data collection and dissemination of these data. The USGS and other
groups are working to streamline their water use data collection and dissemination [91]. These data, along
with near real-time remote sensing products, can significantly shorten the time lag between water use
and water footprint research to enable decision making.

The first water footprint studies were typically at the national or regional scale, thereby offering
a coarse understanding of where water was used. Most US studies now use sub-national data
(see Table 1), often at the county or city level or even finer spatial resolutions. This giant step
forward in the spatial detail of water footprint studies was accelerated by the publication of several
high-resolution water footprint datasets by AYH [4,92-96]. The next leap forward in water footprint
assessments will require more than a continued refinement of existing models and methods. New data
products and methods to capture heterogeneity between water users at the field or facility level will
lead to a new understanding of the behavioral, regulatory, economic, infrastructure, and policy
drivers of water use. The next generation of water footprint assessments will provide more
precise estimates of water consumption and also connect water footprints to specific water sources
through infrastructure (e.g., diversion intakes, groundwater wells, irrigation canals, interbasin water
transfers [97]). Different irrigation technologies and management strategies (e.g., deficit irrigation) need
to be accounted for within water footprint estimates. This will allow for a more accurate representation
of the water consumed in the production of irrigated agriculture by accounting for water consumed
throughout the entire production system (i.e., evaporation from canals, inefficient irrigation operations,
as well as plant transpiration). Future research should focus on improving our understanding of
agricultural water use, given this sector’s outsized water footprint. However, the industrial and
commercial sectors are particularly ripe for additional research, as these sectors have not been the
focus of as much research in the literature.

Advances in the temporal and spatial dimensions of water footprint assessments can improve
large scale hydrologic models and integrated assessment models. Detailed water footprint estimates
or a new understanding of the drivers of water use can be incorporated within hydrologic models to
see how water consumption impacts streamflow and aquifer conditions. This could then be paired
with economic or ecological models to understand how changes in water demands, either directly
through water-intensive production or indirectly through supply chains (i.e., virtual water transfers),
alter ecological flows, or other water users. If paired with information on water rights and priorities,
one could even determine those most at risk during drought of not being able to fulfill their water rights
or have disruptions in their supply chains. Pairing water footprints with other environmental footprint
metrics, as well as economic and social impact assessments, will provide a more holistic analysis of
society’s production and consumption patterns and the implications of mitigation strategies [98].

Trade influences domestic water use and virtual water trade [8,15,66], making it important to
guide policy in future research. To better assess the interaction between supply chains and water
resources we need fine-grained commodity flow information. For this reason, recent research has
developed methods to map food flows between counties in the US [79]. Future work can build on
this to model food supply chains in time and determine the critical infrastructure that enables virtual
water flows. Additionally, future work could link water footprint and input-output methods to more
accurately determine how water is incorporated into the full production chain. The integration of
water footprint and input-output methods could be done in a manner that spatializes water use as it is
transformed into refined commodities and economic sectors, drawing on the strengths of both research
communities. All of these approaches would help us to better account for water use throughout
the full supply chain. However, to understand the causal relationships that exist between water use
and supply chains, econometric methods that properly account for selection bias in complex human
systems need to be used. For example, the econometric methods that were used to determine the
impact of trade on water and nutrient use at a global scale [8,99] could be implemented within the
United States.
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Table 1. Studies of the water footprint of the United States. Details on the economic sector, spatial resolution and coverage, temporal resolution and period,

and type of water use are provided. Most studies include multiple spatial and temporal datasets so the predominant scale is denoted here. Studies that integrate

Arjen Y. Hoekstra’s data are indicated.

Study Sector Water Use Water Source Ressl:ll:;tm Spatial Coverage Re;rolﬁ :ion Time Period Flows? SaYtI:?
Ahams et al. (2017) [49] agriculture, industry consumptive blue, green cities 65 cities annual 2007 Y [93]
Bae et al. (2018) [55] agriculture, energy, industry withdrawal blue state Arizona annual 2010 Y N
Birney et al. (2017) [74] diet consumptive blue, green nation Us annual 2010 N [93]
Blas et al. (2016) [73] diet consumptive blue, green, grey nation US, Spain annual 1996-2005 N [93]
Brauman et al. (2020) [59] agriculture, energy consumptive blue facilities 477 facilities annual 2012 Y N
Chini et al. (2017) [52] agriculture, energy consumptive green, blue cities 74 cities annual 2012 Y [93]
Chini et al. (2018) [57] electricity both blue, grey PCA uUs annual 2010-2016 Y N
Chini et al. (2020) [44] electricity both grey basin Us monthly 2010-2016 N N
Chiu et al. (2012) [39] agriculture energy consumptive blue, green, grey county us * * N N
Dang et al. (2015) [56] agriculture consumptive blue, green states us annual 2007 Y [93]
Davis et al. (2017) [36] agriculture consumptive blue, green 250km Us annual 2000 N N
Djehdian et al. (2019) [63] agriculture, energy consumptive blue cities 69 cities annual 2012 Y [93]
Dominguez-Faus et al. (2009) [37] agriculture, energy consumptive blue, green national us * * N N
Fulton et al. (2014) [35] agriculture, industry consumptive blue, green, grey local California annual 2007 N [92-94]
Fulton et al. (2019) [28] agriculture consumptive blue, green, grey county California annual 2004-2015 N [94,100]
Garcia et al. (2019) [62] agriculture, industry consumptive blue, green FAF zones Us annual 2007 Y [93]
Garcia et al. (2020) [54] agriculture, energy, industry consumptive blue cities 69 cities annual 2012 Y [93]
Grubert et al. (2016) [47] energy consumptive blue point us annual 2010-2014 N N
Grubert et al. (2018) [19] energy both blue, green national Us annual 2014 N N
Gumidyala et al. (2020) [21] agriculture consumptive blue ** FAF zones us annual 2002; 2012 Y N
Kondash et al. (2015) [42] energy both blue shale basins Us annual 2005-2014 N N
Kondash et al. (2018) [41] energy both blue shale basins Us annual 2011-2016 N N
Mahjabin et al. (2018) [69] agriculture consumptive blue, green 65 cities 65 cities annual 2007 Y [93]
Mahjabin et al. (2020) [60] agriculture, energy consumptive blue, green FAF zones Us annual 2007, 2012 Y [93]
Marston et al. (2015) [23] agriculture consumptive blue ** major aquifers Us annual 2007 Y [92,93]
Marston et al. (2017) [34] agriculture consumptive blue, green ** county Central Valley annual 2011-2014 Y N
Marston et al. (2018) [4] agriculture, energy, industry consumptive blue, green ** 5 arc minute Us annual 20102012 N [93]
Marston et al. (2020) [53] agriculture, energy, industry consumptive blue, green ** 7.5 arc minute us monthly 20072017 N [4]
Mayer et al. (2016) [22] agriculture, industry both blue ** point Great Lakes annual 2011 Y N
Mekonnen et al. (2018) [76] diet consumptive blue, green national Us daily 2015-2020 N [92]
Mekonnen et al. (2019) [29] agriculture consumptive blue, green national Us annual 1960-2016 N [93]
Mubako et al. (2013) [27] agriculture consumptive blue, green state Us annual 2008 Y N
Mubako et al. (2013) [51] agriculture, energy, industry both blue, green state Illinois, California annual 2005 Y N
Richter et al. (2020) [20] agriculture both blue ** 5 arc minute Us monthly 2010-2012 Y [4,93]
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Table 1. Cont.

Study Sector Water Use Water Source Rilz’?:taiim Spatial Coverage Re;roll? 'teion Time Period Flows? 3::?

Ruess et al. (2019) [68] grain storage consumptive blue, green county Us annual 2002, 2007, 2012 N [93]
Rushforth et al. (2013) [77] agriculture, energy, industry consumptive blue, green, grey national us * * N N
Rushforth et al. (2015) [85] agriculture, energy, industry consumptive blue municipalities Phoenix, AZ annual 2007 Y N
Rushforth et al. (2016) [64] agriculture, energy, industry both blue, green county Us annual 2012 Y N
Rushforth et al. (2018) [24] agriculture, energy, industry consumptive blue, green county us annual 2012 Y N
Sabo et al. (2010) [72] agriculture, industrial, municipal both blue, green ** 332 cities us annual 2000 Y N
Scanlon et al. (2016) [43] energy consumptive blue point Bakken play annual 2005-2014 N N
Scown et al. (2011) [40] energy both blue, green state Us * * N N

Siddik et al. (2020) [48] energy consumptive blue point Us annual 2014-2017 Y [101]
Veetil et al. (2016) [9] agriculture both blue, green ** counties Savannah River monthly 19902013 N N
Veetil et al. (2018) [10] agriculture both blue, green ** counties Savannah River monthly 1990-2013 N N
Veetil et al. (2020) [11] agriculture both blue, green counties Us annual 1995-2015 N N
Vora et al. (2017) [61] agriculture withdrawal blue states us annual 2012 Y N
Vora et al. (2019) [78] agriculture withdrawals blue states Us annual 2012 Y N
White et al. (2015) [102] agriculture consumptive blue, green ** HUC-8 us annual 2005 N N
Xu et al. (2018) [32] vegetation consumptive green county us annual 2008 N N
Xu et al. (2019) [33] agriculture, energy consumptive blue ** county Us monthly 1970-2040 N N

* Study does not specify a temporal resolution or period. ** Further partitions water source into renewable/non-renewable and/or groundwater/surface water.
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7. Concluding Remarks

Arjen reshaped the way the world thinks about water. His impact on our research and the
research of countless others is a testament to his genius and his generous sharing of ideas and
data. Together, let us strive to carry on Arjen’s passionate pursuit of a more sustainable, equitable,
and efficient [103] use of the world’s freshwater.
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