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Water is crucial for meeting sustainability targets, but its unsustainable use
threatens human wellbeing and the environment. Past assessments of water
scarcity (i.e., water demand in exceedance of availability) have often been
spatially coarse and temporally limited, reducing their utility for targeting
interventions. Here we perform a detailed monthly sub-basin assessment of
the evolution of blue (i.e., surface and ground) water scarcity (years 1980-2015)
for the world’s three most populous countries — China, India, and the USA.
Disaggregating by specific crops and sectors, we find that blue water demand
rose by 60% (China), 71% (India), and 27% (USA), dominated by irrigation for a
few key crops (alfalfa, maize, rice, wheat). We also find that unsustainable
demand during peak months of use has increased by 101% (China), 82% (India),
and 49% (USA) and that 32% (China), 61% (India), and 27% (US) of sub-basins
experience at least 4 months of scarcity. These findings demonstrate that
rising water demands are disproportionately being met by water resources in
already stressed regions and provide a basis for targeting potential solutions
that better balance the water needs of humanity and nature.

Meeting multiple United Nations Sustainable Development Goals
(SDGs) related to poverty, food security, sanitation, clean energy, and
human health requires the long-term sustainability of global water
resources'. Yet multiple pressures continue to mount because of rising
human water demands and increasing variability in water availability.
Agriculture is the dominant water consumer globally - accounting for
approximately 90% of humanity’s water footprint?, and irrigated agri-
culture continues to expand®*. Domestic water demand (particularly in
cities) is projected to rise substantially despite deepening surface
water deficits’. The water needs of the mining sector are also expected

to grow, in particular with the expanding extraction of non-
conventional fuel sources (e.g., shale oil and gas) in water-stressed
regions®. The water footprint of industrial production is also projected
to experience the most rapid growth of any sector by 2050 under most
socio-economic development pathways’. These various demands are
already producing widespread water scarcity®'° - broadly defined as
when human and environmental water requirements exceed water
availability. The growth in water demands coupled with lessening and
more variable water supplies portends both deepening and expanding
water scarcity issues globally.
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In recognition of these current and future water sustainability
challenges, numerous water scarcity assessments have recently
emerged, providing an important understanding of humanity’s water
demand in relation to water resource availability. A suite of global
studies has evaluated patterns of annual water scarcity, showing hot-
spots of unsustainable water demand in the US High Plains and
Southwest, northern China, northern India, the Middle East, and
eastern Australia, among other locations" ™. However, regions
throughout the world experience seasonal variations in both demand
and availability which are often not well captured within annual
assessments. To address this limitation, other studies have evaluated
monthly water scarcity, highlighting many places where water demand
exceeds availability for a portion of the year®*'>'°, While all of this work
has enhanced our understanding of patterns of water scarcity, there
has been a lack of temporal coverage (i.e., time series) combined with
spatial (i.e., sub-basin), temporal (i.e., monthly), and sectoral granu-
larity, which can provide important new insights into how, where, and
why patterns of water scarcity have evolved - seasonally and annually -
in recent decades. In addition, many existing intervention programs
often evaluate solutions in geographic and sectoral isolation and do
not account for the multiple scales and actors affected by individual
water sustainability interventions. Developing a spatially and tempo-
rally detailed understanding of how sector-specific water demands
have emerged in recent decades is therefore a critical step both in
determining how often, and by what magnitude, areas are experien-
cing conditions of water scarcity as well as in identifying solutions that
account for the interconnectivity of human-water systems and can
align anticipated water needs with places of sufficient and timely water
availability. As such, we seek to develop a transferable approach that
fuses the benefits of regional (i.e., context specificity) and global (i.e.,
inter-regional comparability) water assessments, while overcoming
some of their key shortcomings (i.e., highly customized and para-
meterized; broad simplifying assumptions, respectively). Our
approach also explicitly accounts for environmental flow require-
ments across entire countries at such fine levels of spatial, temporal,
and sectoral disaggregation. The combination of these innovative
elements can enable comparison across scales, readily allows for the
incorporation of other sustainability considerations beyond water
(e.g., food security, energy, climate change, etc.), and promises to
provide a new understanding of the challenges and opportunities for
improved water sustainability across large extents.

Here we examine in detail the spatiotemporal evolution of water
demand and seasonal (i.e., sub-annual) and chronic (i.e., annual) water
scarcity in the world’s most populous countries - China, India, and the
United States - which alone account for 41% of the global population”,
49% of blue water demand? and 39% of food production’. Due to
differences in the temporal coverage of the various input datasets (and
in particular, the 5- or 10-year span between agricultural censuses), the
time periods evaluated for China, India, and the United States are
1980-2015, representing the most up-to-date and comprehensive data
available. We focus on blue water (i.e., surface and groundwater)
because of its importance in multiple societal sectors and its potential
for competing demands. We define water scarcity as the condition
when blue water demand exceeds renewable blue water availability
(i.e., total blue water availability minus environmental flows®" - where
environment flows refer to the water required to support aquatic
ecosystems and the livelihoods that depend on them'?°). For each
study country, we developed time series of district-level crop-specific
irrigated areas** and combined these with gridded (5 arcminute)
monthly crop water requirements” to estimate monthly irrigation
water demand. These crop-specific blue water demands were then
summed with sector-specific (i.e., direct livestock (i.e., watering and
cleaning), mining, domestic, manufacturing, electricity generation
(i.e., cooling of thermal power plants)) estimates of monthly blue water
consumption® (i.e., evapotranspiration; not withdrawals) to calculate

total monthly blue water consumption. To evaluate unsustainable
water demand (i.e., the volume of consumptive water demand in
exceedance of renewable blue water availability) and blue water scar-
city, we then aggregate these water consumption estimates to the sub-
basin level (2443 sub-basins across the study countries) and compare
them to monthly estimates of total blue water availability”, using a
range-of-variance approach to account for environmental flow
requirements'. In doing so, we are able to evaluate spatially detailed
monthly (i.e., seasonal) and annual (i.e., chronic) trends in water
scarcity, quantify where and to what extent volumes of unsustainable
water demand have increased (i.e., intensified), and identify the
dominant water user in each sub-basin. With critical implications for
global water security, understanding the degree to which these
countries have been able to achieve sustainable water use can provide
important insights into the efficacy of their water resource manage-
ment efforts since the start of the century and point to potential
solutions for addressing water sustainability challenges.

Results

Blue water demand has increased through time (1980-2015) (Fig. 1),
with steady increases in both China (from 118 km? to 201 km?; +70%)
and India (from 177 km? to 323 km?; +83%) and plateauing in the US
(from 86 km® to 105 km?; +22%) - attributable to a decoupling of water
use and agricultural economic productivity as well as geographic shifts
in irrigated area®”, For all three countries, irrigation for crop pro-
duction was the chief consumer of blue water (80% of total blue water
demand for China in 2015, 95% for India, and 81% for the US), though
the relative importance of the crops that constituted this demand
differed (Figs. S1-S3). In China, just three crops - wheat (20% of total
blue water demand), rice (19%), and maize (15%) - made up more than
half of total blue water demand across all sectors (Figs. 1 and 2a). This
homogeneity of water consumption was even more pronounced in
India where irrigation for rice (29%), wheat (26%), and sugarcane (14%)
comprises more than two-thirds of the country’s total blue water
demand (Figs. 1 and 2b). In the US, alfalfa (25% of total blue water
demand) and maize (22%) dominated irrigation and total demand
(Figs. 1 and 2c). These dominant crops for blue water demand also
varied seasonally (Figs. 3-5). For example, in the North China Plain,
wheat dominated water demand from October through May, while
maize had higher demand from June to September. In northwest
China, wheat (January-April) and cotton (May-November) alternate as
the highest water consumers. In central and western India, a mosaic of
different crops dominates water demand seasonally. In the Ogallala
Aquifer region of the US Midwest, wheat’s dominance (March-May) is
replaced by maize (June-October) as the year progresses. While these
main crops account for large fractions of blue water demand at the
national level, we find substantial spatial heterogeneity between sub-
national units in terms of dominant water users, with regionalized
patterning (Fig. 2). Notably, crop production was not the dominant
water user in 41% of sub-basins in China (e.g., livestock in central-
western China), 10% of sub-basins in India (e.g., domestic in eastern
India), and 35% of sub-basins in the US (e.g., domestic, livestock, and
thermo-electric power generation in the eastern US).

We evaluated total blue water demand and availability as there is
no comprehensive or sufficient information on sector- or crop-specific
blue water sourcing (i.e., surface or groundwater). Thus, unsustainable
water demand in a location can potentially lead to streamflow deple-
tion, reservoir drawdown, groundwater depletion, or a combination
thereof depending on the water sources utilized. We find that the
rising blue water demands of all of these sectors have generally
increased volumes of unsustainable water demand (i.e., the volume of
blue water demand in excess of renewable availability) with time
(Fig. 6). Specifically, between the periods 1980-1984 and 2011-2015,
we estimate that unsustainable blue water demand has risen by 101% in
China, 82% in India, and 49% in the US and currently accounts for 30%,
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Fig. 1| Sector-specific time series of total and unsustainable blue water
demands. Time series in the left-hand column show the total blue water demand by
sector for a China, ¢ India, and e the USA. Time series in the right-hand column

show the unsustainable blue water demand by sector for b China, d India, and f the
USA. A list of all crops can be found in Supplementary Table 1.

61%, and 44% of average (2011-2015) total blue water demand,
respectively (Fig. 1). Our findings also show that seasonal unsustainable
water demand has grown dramatically in magnitude, particularly
during the primary growing seasons in China, India and the US (Fig. 6;
Fig. S6). In China, unsustainable demand has expanded temporally -
from a sharp peak in May (1980-1984) to now growing by 30% and
101% between 1980-1984 and 2011-2015 in May and June, respectively
- due in large part to the steady expansion of maize. In the US,
unsustainable demand for July grew by +48%, and August by +49%
between 1980-1984 and 2011-2015 - due to the expansion of alfalfa
and maize - but has remained steady in more recent years (i.e., 1997
onward). Conversely, in India, unsustainable demand has continued to
steadily increase throughout the study period, rising by +57% in March,
+66% in April, and +99% in May when irrigated wheat and rice are
primarily grown.

Examining the spatiotemporal evolution of blue water scarcity
also allowed us to identify regions of seasonal and chronic water
scarcity as well as hotspots of intensifying unsustainable water
demand. While we find that 10% of study sub-basins experienced
annual water scarcity (i.e., annual blue water demand exceeds annual

renewable availability) across the three study countries, more than
half (57%) of sub-basins were under some level of blue water scarcity
(i.e., 1 month or greater) when examining seasonal water scarcity in
these three countries. In China, we see that 32% of sub-basins
experienced on average at least 4 months of water scarcity in the
period 2011-2015, with unsustainable demand concentrated in the
arid northwest and the agriculturally important northeast (including
the Huang-Huai-Hai region) (Fig. 7b). Seasonal water scarcity
increased in sub-basins in the North China Plain but decreased in
central China (Fig. 7c). In India, the state of water scarcity is stark, with
61% of all sub-basins subject to unsustainable demand for at least
4 months and seasonal water scarcity occurring even in locations that
are perceived as relatively water-abundant (e.g., southern and wes-
tern India) (Fig. 7e). Unsustainable water demand also appears to have
shifted and intensified, particularly in the northern and central parts
of the country (where irrigated rice-wheat systems and sugarcane
cultivation dominate) (Figs. 7f, 4, 8; Figs. S2, S4-S5;). In the US, 27% of
all sub-basins - mostly in the western half of the country - experi-
enced seasonal water scarcity (i.e., 4 months or more) (Fig. 7h), with
notable increases in water-scarce months in sub-basins in Arizona,
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Fig. 2 | Dominant blue water consumers by sub-basin. The sub-basin level sector or crop with the highest volume of blue water demand for 2011-2015 in a China, b India,
and c the USA along with d a global inset map. Following Brauman et al. %, our analysis did not consider sub-basins smaller than 1000 km? (shown in white).

Nevada, New Mexico, and Utah (Fig. 7i). Comparing changes in total
water demand with changes in unsustainable water demand can also
shed light on whether increasing water demand or decreasing water
availability is the dominant contributor to intensifying water scarcity.
In 71% (China), 71% (India), and 56% (USA) of sub-basins where
unsustainable water demand increased, we find that total water
demand increased more quickly, suggesting that increasing water
demands (and not decreasing water availability) has been the primary
contributor to intensifying water scarcity in these places (Fig. 9).
Taken together, all of these results show that a large portion of the
growth in blue water demand within the study countries has been met
unsustainably by increasing blue water abstractions in locations
where demand already exceeded availability.

Lastly, we evaluated 88 combinations of input datasets to quantify
the extent to which our estimates are sensitive to specific inputs and
variables. For blue water demand, we used four crop water require-
ments (CWRs) datasets, two approaches for translating gridded CWRs
to the county level, and considered temporally fixed or time-varying
monthly CWRs. For renewable blue water availability, we assessed the
uncertainty of total blue water availability using eleven global hydro-
logical models. Across all input combinations, the range of estimates
for total crop blue water demand in the year 2015 was 141-181 km? (95%

confidence interval in a bootstrap analysis) in China, 229-385 km® in
India, and 71-99 km® in the United States (Fig. 10). Renewable blue
water availability estimates ranged from 1724 to 1953 km? in China, 870
to 1011 km? in India, and 1185 to 1539 km?® in the United States (Fig. S7).
Taken together, this produced ranges of unsustainable blue water
demand China (58-68 km®), India (175-222 km®), and the United States
(39-47 km?) (Fig. S8). While the magnitudes of blue water demand and
renewable blue water availability unsurprisingly vary based on the
specific combination of input datasets, we find high consistency in the
spatial patterns and temporal trends of water scarcity and unsustain-
able blue water consumption. As such, this sensitivity analysis confirms
that the spatiotemporal changes observed in our study are robust to
the choice of input datasets.

Discussion

Our study provides important insights into the spatiotemporal evo-
lution of water scarcity in the world’s most populous countries - China,
India, and the United States. Our monthly sub-national sector-specific
analysis enabled us to identify the locations, seasonal duration, and
sectors most tied to blue water scarcity across these nations which are
critical to global food and water security. We find that blue water
demand continues to grow in all three study countries, and we provide
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Fig. 3 | Dominant blue water consumers by sub-basin and month in China. a-1 show the sub-basin level sector or crop with the highest volume of monthly blue water
demand for 2011-2015 in China. Following Brauman et al. 5, the analysis did not consider sub-basins smaller than 1000 km? (shown in white).

evidence of deepening water scarcity driven in large part by the rising
irrigation demand (primarily via expanding irrigated area) of a handful
of crops (i.e., rice, wheat, maize, alfalfa) (Figs. 1 and 10). On one hand,
the growing magnitude and extent of unsustainable water use is stark
and offers worrying prospects for future trends in water sustainability.
On the other hand, the fact that a relatively small number of com-
modities dictate water demand to such a large degree may offer pro-
mise for simplifying water sustainability challenges and formulating
feasible efforts toward their resolution.

To this end, while the prominent role of crop production in driving
water demand and scarcity is certainly expected, our spatially and
temporally detailed analysis provides an important step toward linking
scientific understanding with sustainable action. By knowing where and

when unsustainable water demand is occurring (Figs. 7 and 8) and which
specific sectors dominate that demand (Figs. 2-5, Figs. S1-S3), it is
possible to begin developing targeted, context-specific interventions to
improve water sustainability. For instance, approaches such as ours can
be combined with remotely sensed (e.g., GRACE) or modeled estimates
of water storage to perform crop- or sector-specific attributions of
groundwater depletion, which can directly inform refined on-ground
actions. Further, our analysis also enabled us to identify the places where
unsustainable water demand is increasing most rapidly, providing
valuable information for prioritizing locations of intervention (Figs. 7-9,
Figs. S4, S5). In particular, our findings on physical water scarcity can
facilitate the effective implementation of ‘soft’ economic approaches to
addressing water sustainability issues (i.e., allocating limited water
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Fig. 4 | Dominant blue water consumers by sub-basin and month in India. a-1 show the sub-basin level sector or crop with the highest volume of monthly blue water
demand for 2011-2015 in India. Following Brauman et al. %, the analysis did not consider sub-basins smaller than 1000 km? (shown in white).

resources to high-value uses) while ensuring equitable and fully com-
pensatory benefits sharing among water-reliant actors®. To this end,
combining such spatially explicit water information with data on other
outcomes can also help to avoid undesirable tradeoffs with other
dimensions of sustainability (e.g., food security, climate change, rural
development) and enable informed and holistic sustainability decision-
making towards meeting stakeholder priorities and achieving multiple
SDGs in tandem (e.g., refs. 30-32). Further, as the availability of con-
sistent (i.e., incorporating the same assumptions and input information)
time-varying data continues to increase for the study countries and
other nations, our approach can also be utilized to disentangle the roles
of human activities and climatic changes in contributing to conditions of
water scarcity.

Numerous solutions exist to ameliorate the widespread and
intensifying patterns of blue water scarcity that we observed™. These
strategies include employing market-based water rights schemes*,
transfers from water-abundant to water-scarce regions (e.g., ref. 35),
switching to alternative water supplies (e.g., stormwater, treated
wastewater), installing low-flow appliances, implementing water use
restrictions, offering incentives for reduced water use, and promoting
educational programs®. For crop production specifically, solutions
include pairing improved irrigation efficiencies and reduced con-
veyance losses* with water consumption caps”, expanding irrigation
exclusively in water-abundant areas'®, targeted fallowing”*®, and
planting of less water-intensive and higher yielding crops®>***., Other
solutions further down the food supply chain - including increasing
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imports from water-abundant regions®, reducing food waste*, shift-
ing diets*?, and promoting circularities** - can also lead to changes to
less water-intensive crop production patterns and choices. While many
of these solutions have been attempted by a variety of context-specific
intervention programs within our study countries, these solutions are
typically implemented in isolation (e.g., within a single sub-basin or
river reach by an individual agency) and often do not account for the
hydrologic interconnectivity of interventions and their potentially
cascading influences on other parts of a river basin. As such, isolated or
siloed interventions can act at counter-purposes to one another and
potentially exacerbate water scarcity issues in other sub-basins. Con-
versely, by taking a multi-scalar and multi-temporal view of water
scarcity challenges, our approach can enable more integrated and
coordinated intervention planning that maximizes co-benefits and
minimizes tradeoffs for all water users and the environment across
diverse geographic scales. Such approaches to evaluating solutions
must also be accompanied by broader investments in water infra-
structure as well as integrative policies and decision processes™.

While a growing body of research points to deep opportunities for
improving the sustainability of water use, it is clear from our findings
that the societal priorities dictating where and how water is consumed
continue to view it as an unlimited resource. To this end (and as our
study demonstrates), robust measurement, modeling, and accounting
will be fundamental to resolving these tradeoffs between water and
other societal outcomes and ultimately supporting science-based
decision-making and water resource governance®. Our work also
demonstrates that efforts to improve water sustainability in the study
countries have largely fallen short of reversing these undesirable
trends and that large-scale coordinated interventions are urgently
needed in order to realize substantial positive change and to meet
water sustainability targets. Close evaluation of the success of several
more recent efforts in the studied countries (e.g., California’s Sus-
tainable Groundwater Management Act (2014); China’s Three Red
Lines (2012); India’s revised National Water Policy (2012; 2020)) can
also shed light on whether these nations have been able to overcome
past policy shortcomings. In addition, it is necessary to understand the
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Fig. 6 | Monthly unsustainable blue water demand. Unsustainable blue water demand in a China, b India, and ¢ the USA occurred when blue water demand exceeded
renewable blue water availability (i.e., after accounting for environmental flow requirements).

social, political, and economic factors that influence the decisions of
water users and contribute to choices that diverge from the most
sustainable pathways. Such insights are essential for moving beyond
simply the identification of water sustainability solutions and toward
their real-world adoption and implementation.

Methods

Sustainable water consumption was calculated based on two compo-
nents. First, monthly total water availability data were utilized to
determine environmental flow requirements (EFRs) and the amount of
blue water available for sustainable consumption within each sub-
basin. Crop-specific irrigated areas were then combined with esti-
mated crop water requirements to determine the volume of blue water
demand for each crop. Blue water demands from agriculture and other
societal sectors (domestic, electricity generation (i.e., cooling of
thermal power plants), livestock (i.e., watering and cleaning), manu-
facturing, and mining water consumption) were then combined to
estimate total human demand in each study country.

Irrigated area statistics

Crop-specific district-level irrigated area (IA) statistics for India for the
years 1966-2015 were taken from the International Crops Research
Institute for the Semi-Arid Tropics®. Crop-specific county-level irri-
gated area statistics for the United States for the years 1980-2017 were
taken from the United States Department of Agriculture’s National
Agricultural Statistics Service”. County-level crop-specific sown area
statistics for China for the years 1980-2015 were taken from the Min-
istry of Agriculture and Rural Affairs of China / Chinese Academy of
Agricultural Sciences?. The crops for which IA statistics were available
account for 83% (India), 97% (United States), and 93% (China) of each
country’s harvested area™ (Table S1). For India, isolated (often single-
year) data gaps were linearly interpolated. For the United States,
agricultural census data are collected in years ending with a 2 and 7
(i.e.,1982,1987,1992, 1997, 2002, 2007, 2012, and 2017). IA values for
the intervening years were estimated by linear interpolation. While
survey data were also available for many of the intervening years,
notable discrepancies between census and survey data - potentially
due to differences in sample size and methodology - prevented their
use. For China, county-level IA statistics were not disaggregated by
crop. To resolve this, we used gridded (5 arcminute) crop-specific
maps of irrigated area and harvested area for the years 2000, 2005,
2010, and 2020 to estimate the fraction of irrigated area to harvested
area for each crop within each county. These county-level fractions
were then interpolated based on the growth rate of effective irrigated
area of cultivated land to provide a county-level irrigated area fraction
for each crop in each year for which county-level crop-specific sown
area was available (i.e., 1980-2015).

Total water availability estimates

Renewable water availability was calculated as the total blue water
availability minus the environmental flow requirement, where the total
blue water availability accounts for both surface and subsurface run-
off, including the water in rivers, lakes, and aquifers*®*’. Estimates of
total blue water availability (i.e., runoff) for the years 1980 through
2015 came from eleven global hydrological models (CLASSIC, CWatM,
ELM-ECA, HO8, HydroPy, JULES-ES-VN6P3, JULES-W2, MIROC-INTEG-
LAND, ORCHIDEE-MICT, VISIT, WaterGAP2-2e) from Phase 3a of the
Inter-Sectoral Impact Model Intercomparison Project*. These model
outputs account for varying direct human forcing (e.g., dams and
reservoirs) but do not include information on interbasin transfers (due
to a lack of available comprehensive data on water transfers across the
study countries). As such, the estimated volumes of water availability
used in this study may differ to a certain extent in the source and
destination locations of large-scale water transfers. Original gridded
(0.5° resolution) data for monthly total water runoff (units: kg*m/s)
were converted to monthly availability estimates (i.e., runoff depth)
(units: mm/month) and then were spatially averaged to the sub-basin
scale - with 1211 sub-basins in China, 349 in India, and 883 in the US. The
choice of sub-basins as the unifying geographic unit of analysis in our
study (for both water availability and water demand) was motivated by
their hydrological coherence and their common use in multiple pre-
vious national and global assessments of water demand and water
scarcity®***%*°, Following Brauman et al. %, for reasons of data relia-
bility, sub-basins smaller than 1000 km? were not considered in the
analysis, thereby excluding small coastal watersheds as well as
unconnected mountain/interbasin watersheds. This produces some
gaps in the resultant maps (see e.g., western portions of China, India,
and the US). Following this data cleaning, the volume of total blue
water availability (m?) within each sub-basin was then calculated as the
product of the water runoff depth values and their respective sub-
basin area. The main results of the study are reported using the aver-
age values of all eleven hydrological models (Figs. 1, 6-9), with
uncertainties depicted in Fig. S7.

Allocations for environmental flow requirements (EFRs)

EFRs refer to the water (quantity, quality, and timing) required to
support the health of aquatic ecosystems and the livelihoods that
depend on them'?°. EFRs were calculated at monthly time steps using
the range-of-variability approach (RVA), which has been widely used
for national- to global-level EFR estimation (e.g., refs. 10,50). The main
advantage that this approach offers in the context of the present study
is its ability to take into account water availability across a wide range
of scales and flow volumes. This is particularly useful in cases where
ecological datasets (which are necessary to assess a river’s ecological
condition/degradation) are not comprehensively available. This RVA
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blue water scarcity increased between the periods 1980-1984 and 2011-2015.
Negative values indicate a decrease in seasonal blue water scarcity. Following
Brauman et al. %, the analysis did not consider sub-basins smaller than 1000 km?
(shown in white).

approach thus offers a flexible (i.e., applicable at local to global scales)
yet standardized approach to account for differences in characteristics
(and the resulting range/heterogeneity in realistic EFRs) between the
thousands of sub-basins that we assess. This approach was used to
calculate renewable blue water availability (r) in each sub-basin s as:

0-3*as lfas <02
0.45%a, ifn,s<as<nys
0.6*a, ifa;>n 5

rq=

@

where a; is the total blue water availability and r, is the xth percentile
total water availability, based on the ranked distribution of total
monthly blue water availability across all sub-basins within a country®.

Blue crop water requirements (CWRs) and demand

Information on actual water withdrawals or pumping rates is not
comprehensively available across the study countries, and estimations
of blue CWRs provide the best alternative in examining the water

needs of farmers across the country. Blue CWR represents a crop’s
consumptive water demand in excess of what is provided through
precipitation and is only used in calculations of consumptive water
demand within irrigated areas. In reality, farmers with access to irri-
gation may not be able to fully meet the irrigation water demand of
their crops, as limited by pumping rates and irrigation sources. As
such, the blue CWR values used here likely represent an over-
estimation relative to actual water consumption. Blue crop water
requirement estimates came from four different datasets: monthly
gridded (5 arcminute) crop-specific blue CWRs from the WATNEEDS
model®, monthly gridded (5 arcminute) crop-specific blue CWRs from
Demeke and Mekonnen®, monthly country-level CWRs from the
WaterCROP model*, and annual country-level CWRs from Mekonnen
and Hoekstra®. Monthly county-level crop blue water demand (CWD)
volumes were then calculated for each crop as the product of the
spatially averaged county-level blue CWRs and the county-level irri-
gated areas (IA). Following Richter et al. *, county-level CWDs were
then allocated proportionally to sub-basins based on spatial overlap,
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demand worsened between the periods 1980-1984 and 2011-2015. Negative values
indicate an improvement in unsustainable blue water demand. Following Brauman
et al. %, the analysis did not consider sub-basins smaller than 1000 km? (shown

in white).

with the assumption that water demand is equally distributed across a
county. For instance, if a sub-basin spatially overlapped with county A
by 30% and county B by 70%, then the crop blue water demand of this
sub-basin is the sum of 30% of county A’s crop blue water demand and
70% of county B’s crop blue water demand.

Blue water demands of other societal sectors

To account for other societal water demands, we used data from a
global gridded (0.5° resolution) database on monthly blue water
consumption (i.e., evapotranspiration; not withdrawals) for domestic
use, electricity generation (i.e., cooling of thermal power plants),
livestock, manufacturing, and mining consumption®. For each pixel
and month covering the years 1971 through 2010, this dataset reports
sector-specific depths of consumption (mm/month) and then extra-
polated linearly to 2015 based on the average annual growth rate for
2008-2010. Grid cells were spatially averaged to the sub-basin scale,
and this sub-basin average depth was then multiplied by the respective
sub-basin’s area to produce a monthly sector-specific volume (m?) for
each sub-basin.

Blue water scarcity and unsustainable demand

We evaluated total blue water demand and availability as there is no
comprehensive or sufficient information on sector- or crop-specific
blue water sourcing (i.e., surface or groundwater). Because we are
unable to disaggregate by source, unsustainable water demand in a
location may lead to streamflow depletion, reservoir drawdown,
groundwater depletion, or a combination thereof depending on the
water sources utilized. The final time period evaluated for China, India,
and the United States was 1980-2015. For each month and sub-basin,
we calculated a blue water scarcity (BWS) ratio as the summed blue
water demand from agriculture and other societal sectors divided by
the renewable blue water availability (r) which accounts for EFRs (fol-
lowing e.g., refs. 8,10). When the resultant ratio exceeded 1.0, we
assumed that the sub-basin was in a condition of physical blue water
scarcity. Unsustainable blue water demand was estimated as the
summed blue water demand from crop production and other societal
sectors subtracted from the renewable blue water availability (r). When
the resultant difference was less than 0, it was assumed that the soci-
etal demands within the sub-basin exceeded the renewable available
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Fig. 9 | Primary contributor to changes in unsustainable blue water demand by
sub-basin. Maps show the primary contributor to the changes in unsustainable
blue water demand (UBWD) in China (a), India (b), and the United States (c) during
the periods 1980-1984 and 2011-2015, analyzed from the perspectives of both
water demand and water availability. Unsustainable blue water demand was esti-
mated by month and then summed for each year. Based on the change in annual
unsustainable blue water demand and the change in annual water demand between
1980-1984 and 2011-2015, we then identified the primary contributor to the
changes in annual unsustainable blue water demand. Purple regions show where
unsustainable water demand worsened over the time period, with darker purple

indicating that increasing water demand is the dominant contributor to intensify-
ing water scarcity, while lighter purple indicates decreasing water availability is the
dominant contributor to intensifying water scarcity. Conversely, green regions
show where unsustainable water demand decreased over the time period, with
darker green indicating that increasing water availability is the dominant con-
tributor to alleviating water scarcity and lighter green indicating decreasing water
demand is the dominant contributor to alleviating water scarcity. Following Brau-
man et al. 8, the analysis did not consider sub-basins smaller than 1000 km? (shown
in white).

blue water resources and were being utilized unsustainably (i.e., con-
tributing to groundwater or streamflow depletion).

Sensitivity assessment of total and unsustainable blue water
demand estimates

For all aspects of our analysis for which alternative datasets or meth-
odologies exist, we quantitatively estimated the sensitivity of our
estimates of total and unsustainable blue water demand. Throughout
our approach, we evaluated sensitivity as it relates to: (1) the choice of
water availability dataset; (2) the choice of crop water requirement
dataset; (3) the method of spatial aggregation for CWRs; and (4) the
use of temporally fixed or time-varying monthly crop water require-
ments. Other entry points for sensitivity into our analysis that could
not be evaluated were crop-specific irrigated areas (for which there is
no independent alternative source of spatially disaggregated time
series information) and non-crop sector-specific blue water demand
(for which there is no alternative dataset that is spatiotemporally dis-
aggregated and geographically consistent). For total water availability,
we considered estimates from eleven different global hydrological
models (CLASSIC, CWatM, ELM-ECA, HOS8, HydroPy, JULES-ES-VN6P3,

JULES-W2, MIROC-INTEG-LAND, ORCHIDEE-MICT, VISIT, WaterGAP2-
2e) from phase 3a of the Inter-Sectoral Impact Model Intercomparison
Project*®. For blue crop water requirements, we considered estimates
from four different process-based models**'=>, For spatial aggrega-
tion of CWRs, gridded CWRs were averaged to the county-/district-
level either by simple spatial averaging or by using gridded crop-
specific harvested areas as weights**. Combining county-level monthly
blue crop water requirements with irrigated areas allowed us to esti-
mate monthly blue water demand; we made these estimations of
monthly blue water demand using either temporally fixed (i.e.,
applying 1998-2002 average CWRs for each study year) or time-
varying monthly crop water requirements. Altogether, this suite of
sensitivity considerations produced 88 unique sets of estimates for
total and unsustainable blue water demand (Fig. 10, Figs. S6-S8). We
present the average values (Figs. 1-9) and uncertainties (Fig. 10) across
all combinations of input datasets in the main results. Across all of
these, we found that our estimates of spatial patterns and temporal
trends of unsustainable blue water demand and water scarcity
remained consistent and that estimated volumes of total and unsus-
tainable blue water demand were most sensitive to the input data of
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Fig. 10 | The uncertainty of crop blue water demand. Crop blue water demand
was estimated based on ten uncertainties for China (a), India (b), and the United
States (c). The uncertainties include (1) four crop water requirements (CWRs)
datasets™*""%; (2) the use of temporally fixed or time-varying monthly CWRs; and
(3) two methods of spatial aggregation for CWRs (gridded CWRs were averaged to

the county-/district-level either by simple spatial averaging or by using gridded
crop-specific harvested areas as weights). The black solid line represents the mean
value, and the shaded area is the 95% confidence interval estimated using the
bootstrap method (n=1000).

annual country-level blue crop water requirements from Mekonnen
and Hoekstra®, which overlooks the seasonality of CWR, resulting in an
underestimation of unsustainable blue water demand compared to
calculations based on monthly grid-level CWR datasets. In addition,
India also displayed notable sensitivity to the temporally fixed monthly
crop water requirements from Chiarelli et al. %, with the resulting
unsustainable blue water demand estimates being higher than other
input combinations (Fig. S8).

Validation of estimates

Given the ensemble approach (incorporating all available combina-
tions of input datasets) and the comprehensive sensitivity testing
conducted in this study, the estimates for blue crop water require-
ments, blue water demand, and total water availability were validated.
The validation indicates that these estimates provide a reliable
assessment and quantification of the evolution of water demands and
water scarcity in the study countries. For the validation of blue crop
water requirements, the estimates were compared to available studies
utilizing direct field measurements across the three study countries,
showing good agreement (Table S2). Additionally, all crop-specific
parameters in crop water requirement models (e.g., crop coefficients)
were empirically determined through direct field measurements. For
the validation of blue water demand, the estimates were compared to
those reported by official statistics and other literature (Fig. S9),
showing good agreement across all study countries. The differences
from the official statistics are likely due to the statistical methodology,
as the irrigation water requirements from statistical reports were cal-
culated based on the water withdrawals (not consumption) at the
intake points of the irrigation districts, which cannot precisely identify

which crops the irrigation water is used for. Therefore, our estimated
blue water consumption for most crops is lower than what is
reported in national statistics, which are calculated based on coarser
and less refined information. For the validation of total blue water
availability, the eleven hydrological models’ simulations are validated
with observations (Table S3), and the comparison with official esti-
mates indicates that these models accurately capture temporal chan-
ges (Fig. S10). For the validation of crop-specific irrigated areas in
China, a multi-step comparison process was conducted. First, the
country-level crop harvested irrigated area estimates were compared
with AQUASTAT values (Fig. S11). Second, a county-level comparison
was conducted between the estimated total irrigated area of crops and
the effective irrigated area of cultivated land. When the total irrigated
area of crops exceeds the effective irrigated area of cultivated land, it
indicates multiple cropping in that county (Fig. S12). These compar-
isons, which show strong agreement, indicate that the estimates of
county-level crop-specific irrigated areas are reliable and accurate
over time.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings in this study are available within the
paper. The crop-specific irrigated area statistics, blue crop water
requirement data, and societal water demand data can be found in the
references. The global gridded water availability data from ISIMIP3a
are available from https://www.isimip.org/.
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Code availability
All the codes that contribute to the data preparation and analysis will
be provided by the corresponding author upon reasonable request.
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