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Abstract Climate change was projected to have negative effects on water availability and consequently

a serious constraint to food production in many areas of the world. However, such effects have not been well
understood, particularly over rainfed croplands, partly because of the poor representation of green water in
associated assessments. In this study, we develop an integrated agricultural water scarcity index (WSI,)

that incorporates blue and green water components to examine the agricultural water scarcity in the baseline
(1981-2005) and future (2026—2050) periods under the Representative Concentration Pathway (RCP)2.6 and
RCP6.0 scenarios. Results show that ~3.8 million km? (~39% of total) croplands experienced water scarcity
in the baseline period and it would expand by more than 3% in the future. Under the two scenarios, WSI,,
projections are similar overall and are higher than that under the baseline in 83%—84% of global total croplands.
Differences are found between the scenarios in Amazonia, Southern Africa, and South Asia. The increases in
future WSI,, are dominated by the decreased water availability in ~60% of total croplands and ~24% of which
is dominated by the increased crop water requirement. Changes in green water availability have a significant
contribution to changes in WSL, in 16% of global croplands, mostly in arid/semiarid regions (e.g., the South
edge of the Sahel, Southern Africa, Northeast China, and Central America). This implies the important role of
green water management for agriculture in these regions. The integrated assessment can help develop effective
strategies for agricultural water management under climate change.

Plain Language Summary Future climate change may intensify water scarcity and adversely affect
crop productivity in many regions of the world. Traditionally, water scarcity assessment focused on blue water
(from rivers, reservoirs, and lakes) or green water (crop evapotranspiration from soil moisture) alone. In order
to examine the impact of climate change on water scarcity in croplands, we develop an integrated agricultural
water scarcity index (WSI,,) that incorporates blue and green water components and calculate WSI,, for both
historical and future periods. The assessment suggests that nearly 40% of global croplands have experienced
water scarcity in the past and the situation would worsen in the future. WSI,, is projected to be higher than in
the past in 83%—-84% of global total croplands. The increased WSI,, is mostly caused by less water availability
and larger crop water requirement. It is noted that changes in green water availability could also be a dominant
factor in some arid/semiarid regions in the South edge of the Sahel, Southern Africa, India, Northeast China,
and Central America. Our study highlights the important role of green water for agriculture water management
and is expected to provide useful information for agricultural adaptation to future climate change.

1. Introduction

Water scarcity has become an increasing threat to humans and freshwater ecosystems, and the situation is expected
to aggravate under future climate change (Hoekstra, 2014; Richter et al., 2020; Schewe et al., 2014; Tang, 2020).
Agricultural water use is the world’s largest water user and is significantly affected by climate change, socioec-
onomic development, and population growth (Gerten et al., 2020; Ward & Pulido-Velazquez, 2008). Intensifica-
tion of agricultural water scarcity can affect food production, threatening food security, particularly to the poor
(J. Huang et al., 2017; Pastor et al., 2019; Tong et al., 2016; Yin et al., 2017). On the other hand, increased water
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use in economic sectors can deleteriously affect freshwater ecosystems (Dudgeon, 2010; Richter et al., 2020), as
well as the fulfillment of environmental flow requirement (EFR) for maintaining healthy river ecosystems. This,
in turn, might further aggregate agricultural water scarcity and impair the sustainability of food production in
the future (Jdgermeyr et al., 2017). Understanding agricultural water scarcity under climate change is therefore
important given the increasing food demands and consequently intensified irrigation and expansion of cropland
in the future (FAO, 2018).

Most previous studies on water scarcity have focused solely on blue water withdrawal/use and blue water avail-
ability (i.e., water from rivers, reservoirs, and lakes). They generally reported that future water scarcity would
further aggregate over many regions of the world (W. Liu et al., 2019; X. Liu et al., 2019; Schewe et al., 2014).
However, assessments based on blue water only may not fully reflect the actual water stress conditions of crop
productions (Nuifiez et al., 2013; Quinteiro et al., 2018). This is because green water (i.e., water can be evaporated
by crops from rainwater or soil moisture) is the sole water source for rainfed cultivations and an important part of
the water source for irrigated croplands. Thus, changes in green and blue water availability and consumption will
influence agricultural water scarcity (J. Liu et al., 2017; X. Liu et al., 2017; Veettil & Mishra, 2016). Furthermore,
agriculture is the largest water user and would be prone to conflict with increasing water demands from other
users in the future. This makes it more sensitive to climate change in many regions, and it is necessary to have
a systematic assessment of the status of agricultural water scarcity and projection of its future changes (Gerten
et al., 2011; Rosa et al., 2020). Such assessments can be instrumental in understanding the dependence between
human water use, agricultural water demands, and EFR, which reflects the linkages between the sustainable
development goal (SDG) 6 (clean water and sanitation), SDG 2 (zero hungry), and the SDG 15 (life on land).

Recently, some efforts have been made to improve the representation of water scarcity with different types of defi-
nitions concerning water use and availability. Hoekstra et al. (2012) examined water scarcity using the concept
of water footprint. They used blue water footprint, which is defined as consumptive use of ground- and surface
water flows. They also accounted for the environmental flows needed to sustain critical ecological functions by
considering monthly values for major river basins across the world. Rodrigues et al. (2014) suggested that blue
water scarcity index and green water scarcity index may indicate distinct temporal patterns of water scarcity.
Schyns et al. (2019) examined green water scarcity using green water footprint and pointed out that growing
green water scarcity would pose a considerable threat to natural ecosystems. Quinteiro et al. (2019) mapped
green water scarcity under climate change in Portugal and emphasized the importance of the management of
green water for ensuring high crop productivity. Veettil and Mishra (2020) used two indices of water use to water
availability, that is, green water scarcity index and blue water scarcity index, to assess the overall water security
at the county level of the Contiguous United States. Based on the concept of water footprint, Rosa et al. (2020)
introduced an economic agricultural water scarcity index (WSL, ) for the croplands, defined as lack of irrigation
due to limited institutional and economic capacity instead of hydrologic constraints. They developed a monthly
agro-hydrological analysis to map agricultural regions affected by agricultural economic water scarcity, which
accounts for up to 25% of the global croplands. W. Liu et al. (2022) developed an integrated index that includes
both blue and green water availability to assess agricultural water scarcity. They validated the proposed index by
comparing it with traditional water scarcity index during the historical period (1971-2010). So far, studies that
have explicitly incorporated both green water and blue water components in one integrated index for global water
scarcity assessment under future climate change are generally absent. Such an assessment based on a comprehen-
sive depiction of agricultural water scarcity would provide a better understanding of the potential impact of future
climate change on food production.

To address the above research gap, we proposed an WSI,, that incorporates blue water and green water use and
availability as well as EFR to assess current and projected future changes in agricultural water scarcity. It was
designed to indicate the extent to which water availability could not meet agricultural water demands. Global
agricultural water scarcity conditions were assessed for the baseline period (1981-2005) and the future period
(2026-2050) considering two climate change scenarios. As many as 19 major crops, which account for ~80%
of global total croplands, were considered in the assessment. The explicit inclusion of green water and EFR
enables the comprehensive assessment of agriculture water scarcity for both irrigated and rainfed croplands. A
better understanding of agricultural water scarcity can support the development of measures for integrated water
resource management for humans and nature under future climate change.
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2. Materials and Methods
2.1. Agricultural Water Scarcity Index

In this study, the WSI,, was defined as a ratio of water demand to water availability in crop production taking
into consideration of blue water, green water, and EFR following W. Liu et al. (2022). It measures the extent to
which the sum of green water and blue water availability can meet the crop water requirements and is estimated
by the following equation:

ET.
WSL,, =
w = WA M
WA = IE X WApiue + WAgreen 2

where ET, is total water requirements of the 19 crops (m*month), IE is irrigation efficiency, WA, . is agricul-

tural blue water availability (m3/month), and WA___is agricultural green water availability (m*/month). The IE

green
is a combination of three partial efficiencies, that is, conveyance efficiency, field efficiency, and distribution effi-
ciency, of which the last one was represented by a management factor (Rohwer et al., 2007). The map of national
level IE with a spatial resolution of 0.5° X 0.5° (see Figure S1a in Supporting Information S1) was derived from

Rohwer et al. (2007).
Agricultural blue water availability is estimated by the following equation:
WAbe = Q — anoag — EFR (3)

where Q is the total blue water resources (m*/month) determined by natural streamflow, WW, . is water with-
drawal (m*/month) for nonagricultural (i.e., industrial and domestic) sectors, and EFR is environmental flow
requirements (m*month). EFR is estimated by using the Variable Monthly Flow (VMF) method under a “fair”
ecological condition globally (Pastor et al., 2014; see Table S1 in Supporting Information S1). This enables
consideration of temporal and spatial variations of EFR across different river systems globally. WA,

mated over the whole individual grid cells having croplands.

Lue 1S esti-

In this study, agricultural green water availability was estimated as the water evaporated by crops from rainwater
or soil moisture (m3/month) over croplands of individual grid cells, which was computed by the PCR-GLOBWB
model (Wada et al., 2014). In the PCR-GLOBWB model, crop evapotranspiration from rainwater and irriga-
tion (blue water) was calculated separately for the irrigated croplands. The simulated actual transpiration under
nonirrigated conditions was estimated as green water availability (Wada et al., 2011). It should be noted that the
WA, .., might be underestimated in the case that crops do not deplete the intercepted rainwater and available soil
moisture in the root zone.

WSI,, was calculated on a monthly basis and averaged over the entire period for the analysis of their spatial
patterns or averaged for each month for regions for hot spot analysis. To be in line with previous studies (Hanasaki
et al., 2018; Hoekstra et al., 2012; Oki & Kanae, 2006; Vorosmarty et al., 2000), the conventional threshold of 0.4
(WSL,, > 0.4), that is, the volume of ET, exceeds 40% of total water availability, is used to identify agricultural
water scarcity. It should be noted that the threshold of 0.4 may not consistently reflect the status of water scarcity
across regions due to different proportions of return flow of water withdrawal to water bodies (J. Liu et al., 2017).

2.2. Crop Water Requirements

Water requirements of crops (ET,) over both rainfed and irrigated croplands were estimated as the evapotranspi-
ration under standard conditions where no limitations are placed on crop growth or evapotranspiration with the
modified Penman—Monteith method described in the FAO-56 report (Allen et al., 1998). Cropland area, crop
planting, and harvest date of the 19 crops (see Table S2 and Figure S1b in Supporting Information S1) were
derived from the MIRCA2000 data (Portmann et al., 2010). ET, was calculated based on daily data and then
aggregated for each month. Specifically, ET; was determined by applying the dual crop coefficient approach
based on the reference evapotranspiration (ET,). ET,, was estimated by the Penman—Monteith method (Allen
et al., 1998):

LIU ET AL.

30f 16



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2021EF002567

900
r_ 0.408A(Ry — G) + y ——tr(es — €q) @
0 A+ 7(1 +0.34u,)

where A is slope vapor pressure curve (kPa °C~!), R, is net radiation at the crop surface (MJ m~2 day~!), G is
soil heat flux density (MJ m~2 day~!), T is mean daily air temperature at 2 m height (°C), u, is wind speed at
2 m height (m s™"), e, is saturation vapor pressure (kPa), e, is actual vapor pressure (kPa), and y is psychrometric
constant (kPa °C~1).

For each crop, ET, was then calculated by the following equation:
ET. = (Kep + Kc) X ET)y (5)
where K, is the basal crop coefficient for the individual crops and K is the coefficient for soil evaporation.

K, was often determined based on the recommended values according to the climate conditions for different
growing stages of each crop using the following equation:

0.3
Koo = K2, + (0.04 (12 — 2) — 0.004 (RHpin — 45)) X (g) ©6)

where K, is the recommended values under subhumid climate (relative humidity = 45%) and moderate wind

speed (2 m s7!) for each growing stage (Table S2 in Supporting Information S1); RH_ . is minimum relative

humidity (%); & is crop height (m) and it reaches the maximum height of crops during the mature stage. Before
the mature stage, i was determined as the proportion of the maximum crop height according to the difference

between the current date and mature stage.
The coefficient for soil evaporation K, was estimated as follows:

Ke = min (Kr X (KCA,max - ch)s few X Kc,max) (7)

where K, is dimensionless evaporation reduction coefficient dependent on the cumulative depth of water depleted

from the topsoil; £, is the fraction of the soil that is both exposed and wetted; K . is the maximum value of K,

,max

0.3
) ) Ke + 0.05) ®)

and can be estimated by the following equation:

Komax = max ((1.2 +(0.04 (u> — 2) — 0.004 (RHpin — 45)) X (

W

f., was calculated as
few = min(1 — fo, fw) )

where f, is the average fraction of soil surface covered by vegetation, f,, is the average fraction of soil surface
wetted by irrigation or precipitation and has a minimum value of 0.01 (for irrigated croplands or no rainfall
conditions). For rainfed cropland, £, is 1 if precipitation rate is larger than 5 mm day~'. f, can be estimated using
the relationship:

KC + KC in 1+0.5h
= (%) 10

where K

c,min

is the minimum K, for dry bare soil with no ground cover (0.15 was used in this study).

2.3. Analysis and Attribution of the Changes in WSI,,

Monthly WSI,, was calculated based on the simulations of water availability, water withdrawal, and ET, for the
baseline (1981-2005) and future (2026-2050) periods. Multiyear means of these monthly variables were calcu-
lated at the grid cell level for spatial analysis. Regional analysis was conducted based on the spatial aggregation of
the mean monthly WSL .. Future projections of WSI,, were adjusted by removing the systematic biases between
the historical simulations driven by GCM data and observation-based forcing data. Mean values across the three
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observation-based meteorological forcings were used, and the mean values of future projections across the four
GCMs were used for the main analysis.

Future changes in WSL,, can be attributed to the changes in ET, and WA (green and blue) with the differential of

Equation 1:
AWSI,, = dWSL, AET. + dWSL,, AWA = ——AET, — ETc awa 11
%7 JET. 7 dWA T WA ‘ WA? an
AWA = AWApue + AWAgreen (12)

where ET, and WA are the mean values for the baseline period; A indicates the future changes compared to the
baseline period. The larger item on the right side in Equation 11 would be viewed as the dominant factor on
AWSI,; if the dominant factor is AWA, the dominant factor of AWA would be further determined by the larger
item on the right side in Equation 12.

2.4. Data Source

Three observation-based global meteorological data sets, namely PGMFD v.2 (Sheffield et al., 2006), GSWP3
(http://hydro.iis.u-tokyo.ac.jp/GSWP3/), and WFDEI (Weedon et al., 2014), were used to calculate ET, over the
baseline period. These data sets were obtained from the Inter-Sectoral Impact Model Intercomparison Project
phase 2a (ISIMIP2a). The bias-corrected climate projections of four GCMs (namely GFDL-ESM2M, HadG-
EM2-ES, IPSL-CM5A-LR, and MIROCS) provided by the ISIMIP phase 2b (ISIMIP2b; Frieler et al., 2017) were
used to calculate the ET, over the future period (see Table S3 in Supporting Information S1 for more details).

Global hydrological simulations with spatial resolutions of 0.5° X 0.5° by the PCR-GLOBWB model (Wada
et al., 2014, 2016) from ISIMIP2a and ISIMIP2b archives were used for the analysis of baseline and future peri-
ods, respectively. The baseline simulations were based on the three meteorological forcing data sets following
the ISIMIP2a protocol, and the four GCMs were used to drive the PCR-GLOBWB model for both historical and
future periods following the ISIMIP2b protocol (Frieler et al., 2017). Two Representative Concentration Path-
ways (RCPs), namely the low-emission scenario RCP2.6 and the no-mitigation scenario RCP6.0, were considered
for future projections as per the ISIMIP2b protocol. Under the RCP6.0, the emissions of greenhouse gases will
peak around 2060, which could be a good reference for the goal of UN Climate Change Conference 2021 global
net zero by the middle of the century (https://ukcop26.org/cop26-goals).

In this study, we used the simulations of monthly streamflow (the variable “dis” in the ISIMIP archive) to esti-
mate blue water availability. The simulations of green water use (the variable “airrusegreen” for irrigated crop-
lands and “arainfusegreen” for rainfed croplands) were used to estimate green water availability. Simulations
of monthly water withdrawal for irrigation, industrial (including electricity and manufacturing water use), and
domestic (including municipal and public) sectors were used to calculate the blue water availability in combi-
nation with the streamflow. The combined data set based on HYDE (Goldewijk et al., 2017) and MIRCA (Port-
mann et al., 2010) was used to derived the rainfed and irrigated croplands during the historical period in the
PCR-GLOBWB model. The socioeconomic conditions (e.g., population, gross domestic production, and land
use) of the year 2005 were used for the simulations of future water withdrawals. Hence, in this study, the trajec-
tory of the future socioeconomic conditions was not considered in the agricultural water scarcity assessment.

3. Results
3.1. Baseline Agricultural Water Scarcity

The spatial patterns of WAy, (Figure 1a) and WA,
was particularly high along the rivers while the latter was often high in the regions with dense croplands (Figure

blue (Figure 1b) were generally different because the former
S1b in Supporting Information S1). The spatial patterns of ET, (Figure lc) resemble the distribution of crop-
lands. High WSI,, values were found in the regions with intensive croplands and some arid regions (Figure 1d).
The distribution of WSL, differs somewhat from the conventional WSI in the previous studies (e.g., Oki &
Kanae, 2006; Wada et al., 2011) because of the different structure of the calculation formula. We focused on
assessing water scarcity in agriculture, that is, crop ET, was used in this study while water withdrawal in all
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Figure 1. Water availability and agricultural water requirements (ET,) during the baseline period (1981-2005) at grid cell (0.5° X 0.5°) level. (a) Blue water availability
(WA,,,.), (b) green water availability (WA, ...), (c) crop water requirement (ET,), and (d) agricultural water scarcity index (WSIag).

green

sectors was considered in the previous studies as the numerator. There were about 3.8 million km? (39% of the
global total) croplands under water scarcity over the world during the baseline period.

3.2. Future Changes in Crop Water Requirements and Water Availability

The ET, was projected to increase over ~90% of croplands of the world during 20262050 under both RCP2.6
and RCP6.0 compared to the baseline period (Figures 2a and 2b). The relative increase in ET, was particularly
large in Europe and Eastern United States, which was corresponding to the large increases in temperature in
these regions (Figure S2 in Supporting Information S1). Slight differences between the two scenarios were found
in Southern Africa and East Asia where ET_ shows larger increases under RCP2.6 than RCP6.0. This is very
likely associated with the different increments in future temperature in these regions (see Figures S2a and 2b in
Supporting Information S1). Globally, ET, would increase by 3.4% and 2.89% under RCP2.6 and RCP6.0, respec-
tively (Table S4 in Supporting Information S1).

In contrast, changes in WA showed large spatial variability over the world (Figures 2c and 2d). Relatively large
increases in WA were found in the South of Sahel, India, Western Russia, and Northern China, while large
decreases were found in Amazonia, Northern Europe, Central and Eastern US, and Central and Southern Africa.
Larger increases (decreases) were found in the South of Sahel and India (Amazonia and Central and Southern
Africa) under RCP2.6 than that under RCP6.0. At the global level, the total WA would decrease slightly under
RCP2.6 (—0.86%) and RCP6.0 (—0.17%; Table S4 in Supporting Information S1).

The relative changes in blue water availability (WA,
and 2f) under both scenarios. For RCP2.6, WA, .
ern and Eastern Europe, large parts of South America, Central and Southern Africa, and Australia. WA, . showed
similar spatial patterns under RCP6.0, but with fewer decreases in South America, Europe, and Africa but larger
decreases in North America compared to RCP2.6. The increases in WA, . were also smaller under RCP6.0
than RCP2.6. The relative changes in green water availability (WA,.,,, Figures 2g and 2h) were much different
from WA,, ., characterized by opposite changes in some regions, for example, the Western US, some parts of

blue’
South America, Central Africa, and Southeast Asia. Large decreases in WA were found in the high latitudes

o) Showed evident uneven spatial distributions (Figures 2e
would decrease in Central and Eastern North America, North-

green
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ETc change (%)

WA change (%)

WA e change (%)

WAgreen Change (%)

Figure 2. Changes in agriculture water requirements (ET,) and water availability (WA) in the future (2026-2050) for RCP2.6 and RCP6.0. WA,
availability; WAgmen, green water availability. (a, c, e, and g) Changes in ET,_, WA, WA, ., and WA
for RCP6.0, respectively.

WA, .- and WA

green

4
Relative change (%)

bluer DIUE Water
for RCP2.6, respectively. (b, d, f, and h) Changes in ET_, WA,

green

of Eurasia. It is noticeable that at the global level, the decrease in WA was mainly due to the decline in WA, .,
WA, ... was projected to increase by 3.66% and 3.26% under RCP2.6 and RCP 6.0, respectively (Table S4 in

green

Supporting Information S1).

The different patterns in the changes in ET, and WA (especially WA, ) between the two scenarios could be
largely associated with the different changes in future temperature and precipitation (Figure S2 in Supporting
Information S1), respectively. Specifically, the changes in ET, would be associated with the larger increases in
temperature in the high latitudes of Eurasia and Eastern North America, while the changes in WA would be asso-
ciated with the larger increase in precipitation over the South of Sahel, India, and East Asia under RCP2.6 than
RCP6.0 (Figure S2 in Supporting Information S1).
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Account for
% cropland:

L WSlae: 17%
T WSl,g: 83%

Account for
% cropland:
1 WSlag: 16%
T WSl,g: 84%

-30 -20 -10 0 10 20

Relative change in WSl4(%)

Figure 3. Mean agricultural water scarcity index (WSIag) during 2026-2050. Mean WSIag for RCP2.6 (a) and RCP6.0 (b), and relative changes (%) in WSI,“g compared
to the baseline period (1981-2005) for RCP2.6 (c) and RCP6.0 (d). The percentages in (c) and (d) are the proportions of total cropland area showing decreased (| ) or

increased (1) WSIag.

3.3. Future Changes in Agricultural Water Scarcity

For both scenarios, future WSI,, (Figures 3a and 3b) would become larger compared to the baseline period by
showing values greater than 0.4 in many regions with dense croplands, for example, Central United States, North
India, and North China as well as some arid regions like North Africa and Central Asia. WSIﬂg would increase
in 83%-84% of total croplands and decrease in only 16%—17% of the croplands in the future (Figures 3¢ and 3d).
Large relative changes in WSIag were found in Central and Eastern United States, Amazonia, Northern Eurasia,
Southern Africa, North India, and parts of Central Asia. The spatial patterns were generally similar for the two
scenarios. However, there are significant regional differences. It is noticeable that the relative changes are smaller
under RCP6.0 than that under RCP2.6 in some regions, for example, Southeast Asia, Amazonia, and Southern
Africa, and the opposite was found in South Asia and Central Asia.

3.4. Cropland Areas Affected by WSI and Their Changes in the Future

The cropland under water scarcity (A,,) and future changes were estimated for the top 10 countries with the larg-
est croplands (see Table S5 in Supporting Information S1 for all countries), continents, and the globe (Table 1).
During the baseline period, about 3.8 million km? croplands suffered water scarcity, which accounts for ~39%
of global total croplands. A ranges from 73 to 760 thousand km? across the 10 countries. A was the largest in
India (760 thousand km?, 49% of total croplands) and was the second-largest in China (730 thousand km?, 52%
of total croplands). The third-largest A, was in the United States (479 thousand km?, 47% of total croplands).
A, was the smallest in Pakistan (73 thousand km?, 36% of the regional croplands). The A, (117 thousand km?)
accounted for the largest proportion (~57%) of croplands in Australia and the smallest proportion (22%) in Brazil.
The A, was nearly one third of total croplands in Russia, Nigeria, Argentina, and Canada. For the continents,
A, was the largest in East Asia and Pacific (1,110 thousand km?, ~50% of total croplands), followed by the
A, in South Asia (905 thousand km?, 46% of total croplands) and was the smallest in North Africa and Central
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Table 1
Crop Area Under Water Scarcity (A,,) During the Baseline (1981-2005) and Future (2026-2050) Periods for Countries,
Continents, and the Globe

Baseline A (% RCP6.0
Country Baseline A, (10° km?) cropland) RCP2.6 AA, (%) AA,, (%)
India 760 48.79 1.86 4.76
China 730 51.8 0.8 0.61
United States 479 47.16 3.96 4.06
Brazil 94 22.03 10.77 3.38
Russia 127 27.17 9.28 7.93
Nigeria 89 33.18 —4.26 -3.22
Argentina 85 33.92 -3.42 -2.35
Canada 77 31.47 2.17 2.71
Australia 117 56.67 5.94 5.24
Pakistan 73 36.3 15.74 21.37
Continent
East Asia and Pacific 1,110 49.32 1.83 1.21
South Asia 905 46.36 2.80 5.61
Europe 613 32.48 7.32 6.56
North America 556 44.12 3.71 3.87
Sub-Saharan Africa 263 24.48 —2.43 —2.48
Latin and South America 251 25.31 3.89 1.98
North Africa and Central Asia 101 33.81 5.78 8.51
Global 3,800 39.11 3.03 3.27

Note. Absolute A, and the proportions of croplands of each region in the baseline were shown in the first and second
columns, respectively. The changes in A, (AA,) in the future period compared to the baseline period under RCP2.6 and
RCP6.0 are shown in the third and fourth columns, respectively. Bold numbers indicate high agreements (the same direction
of change) in AA, across the four GCMs.

Asia (101 thousand km?, one third of total croplands). The A accounted for nearly one third of total croplands
in Europe (613 thousand km?) and 44% of total croplands in North America (556 thousand km?). A, was more
than 250 thousand km?, accounting for about one quarter of total croplands, in Sub-Saharan Africa and Latin and
South America.

Global A, would increase by more than 3% in the future under both scenarios compared to the baseline period.
Future changes in A (AA,,) vary across the 10 countries, ranging from —4.26% to 15.74% for RCP2.6 and from
—3.22% to 21.37% for RCP6.0. The largest relative change in A, was found in Pakistan (15.74% and 21.37%),
followed by Brazil (10.77% and 3.38%) and Russia (9.28% and 7.93%). A,,, would increase by more than 5% in
Australia and 1.86%—4.76% in India. Increases of 2.17%-2.71% in A, were found in Canada and less than 1%
is found in China. A, would decrease by 4.26%-3.22% in Nigeria and by 3.42%-2.35% in Argentina. At the
continental scale, the increases in A, were large in North Africa and Central Asia (5.78% and 8.51%) and Europe
(7.32% and 6.56%), followed by North America (3.71% and 3.87%). The smallest increases in A, were found
in East Asia and the Pacific (1.83% and 1.21%), while decreases were found in Sub-Saharan Africa (2.43% and
2.48%).

Despite large uncertainties between the four GCMs (see Table S5 in Supporting Information S1), the AA_
showed general agreements (the same direction of change) across the four GCMs under both scenarios for the
globe, Europe, North Africa, and Central Asia, United States, Russia, and Australia. High agreements in AA
were also found in Brazil and Latin and South America under RCP2.6 and in North America under RCP6.0.
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Figure 4. Crop area under water scarcity (A,,) in the future (2026-2050) and the relative changes of A, (AA,,,) compared
to the baseline period (1981-2005). The shadow areas show the maximum and minimum A of each month across the four
GCMs.

The impact of water scarcity on agricultural production is strongly associated with its occurrence in a year. The
average monthly water scarcity situation during the 20262050 period was examined at the country level, as well
as the global scale. A for each month over the future period showed distinct patterns between the 10 countries
having large croplands and the globe (Figure 4). Generally, A, is large (more than 4 million km?) during the
growing season (April-October) and relatively small in other months for the globe. The same pattern was found
in Canada, Russia, and the United States and the almost opposite pattern of A, was found in Argentina. The vari-
ations in A are relatively small in Pakistan and China. In some southern countries like Australia and Brazil, A
showed roughly two peaks and was relatively small in May. A is small in summer and large in winter and spring
in India, as well as in Nigeria. For India and China which have large croplands, A is larger than 0.5 million km?
for each month for both baseline and future periods. For the United States which has the third-largest croplands,
A, is larger than 0.2 million km? in all months and reach 0.8 million km? in summer months. The spread between
GCMs is significant in the A of Pakistan, Australia, and Nigeria.

Overall, global A would increase in all months by nearly 1%—4% in the future. Increases were found in almost
all months in the eight countries excluding Argentina and Nigeria. A would decrease in Nigeria for most months
and Argentina for winter and spring. In China, AA  is larger in winter and spring and small or negative in other
months. Large increases were found in Pakistan (~20% under RCP6.0) and Russia (~20% in April and October).
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Figure 5. Dominant contributions to changes in agricultural water scarcity (AWSI,,) and water availability (AWA) under
RCP2.6 (a) and RCP6.0 (b). Green colors indicate decreases in WSI,, and orange colors indicate increases in WSIL,,. 1 and
| indicate increases and decreases, respectively, in ET, or WA. The dotted area indicates the AWA is dominated by changes
in green water availability (WA,.,). The colored numbers in the plots indicate the proportions of total cropland area for
individual contributing factors, for example, “|ET_: 0.4” means “decreased ET, dominates the decreased WSIalg in 0.4% of
global croplands.”.

3.5. Contributions of Changes in ET_ and WA to WSL,,

Changes in future WSI,, can be attributed to changes in ET, and WA. We identified the dominant contributor to
changes in WSI,, across the world croplands for the period 2026-2050 under the two RCPs (Figure 5). It was
found that the changes in WA would be the dominant contributions to the changes in WSL,, (AWSL,) in ~75%
of global total croplands. Specifically, the increases (decreases) in WSL,, will be dominated by the decreases
(increases) in WA in ~60% (~16%) of total croplands. The decreases in WSI,, dominated by the increases in WA
are mostly found in arid regions like the Tibetan Plateau and its surrounding areas, and the South of Sahel, and
some humid regions like Southern South America and Southeast islands, while the decreasing WA lead to larger
WSI,, across the world.

The increases in ET, would result in increased WSI,, in nearly a quarter of total croplands, mostly in North
America, Europe, and Southern China. The ET, is largely contributed by the four major crops, that is, wheat,
rice, maize, and soybeans, during the months under water scarcity (see Figure S3 in Supporting Information S1).
Besides the four crops, barley and cotton also contribute the largest ET, in most of their major production region.
The changes in WA will be dominated by WA, in ~16% of total croplands, including the regions where
increased WA dominated the AWSI,, and a few regions in North America, Europe, and Southern Africa where
decreased WA dominated.
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4. Discussion
4.1. Difference Between WSL,, and Other Agricultural Water Scarcity Indices

The WSI,, is an integrated index, using the same concept as that of W. Liu et al. (2022), was initially designed to
incorporate blue and green water availability so that it is applicable to both irrigated and rainfed croplands. It is
expected to overcome the deficiency of the traditional water scarcity index, that is, the ratio of water withdrawal
to water availability, which cannot represent the agricultural water stress in rainfed cropland because of no with-
drawal for irrigation. The major difference between W. Liu et al. (2022) and our study is that the former focused
on the comparison between the new WSI,, and the traditional water scarcity index, while we focused on the
spatially explicit assessment of agricultural water scarcity under future climate change and identification of the
major contributing factors to the changes in, especially intensified, water scarcity in the future. It should also be
noted that we used improved methods for the calculations of crop requirements (ET,) and green water availability,
which are important to more accurately assess the agriculture related water scarcity. By using the methods in this
study, we could obtain more reasonable estimates of ET, based on ETO and relatively more accurate estimates of
green water availability given by the PCR-GLOBWB model in most cases.

It was reported that ~80% or more of the global crop water consumption was provided by green water (J. Liu
& Yang, 2010; Mekonnen & Hoekstra, 2011). The global green water use was estimated at 6,891 km?/year in
this study, while it ranges from 4,886 to 7,670 km?/year provided by the selected previous studies (Table S6
in Supporting Information S1). The global blue WA was estimated at 49,871 km?/year for during 1971-2000,
which compares well with the multimodel results that ranges from 42,000 to 66,000 km?/year during 1985-1999
(Haddeland et al., 2011). This study also differs from Rosa et al. (2020) that mainly focused on the situation
when there was green water scarcity but no blue water scarcity. In a sense, the green water scarcity can be better
represented by using a green water scarcity index (e.g., Veettil & Mishra, 2020). However, it is worthy of note
that using a green water scarcity index alone cannot identify the situation with green water stress but without blue

water stress. This is well addressed by the integrated index WSI_, which can detect water stress in both rainfed

ag’
and irrigated croplands either caused by green water deficit or blue water shortage. Thus, the WSL, could be an

effective tool for the monitoring or assessment of agricultural water scarcity.

4.2. Intensified Agricultural Water Scarcity in Warming and Drier Climate

The WSI,, would be intensified worldwide in the future, which is largely affected by changes in ET,_ and WA. ET,
would increase prevalently over the world due to global warming in the future. In contrast to ET,, future changes
in WA vary largely over regions. WA, and WA,
patterns of the future changes in temperature and precipitation. For example, in East Asia, more precipitation will

show opposite changes in some areas due to the different

increase WA, but not necessarily increase WA, because the prevalent warming will increase ET and reduce
runoff. Different changing patterns in WA between the two scenarios were also found in Amazonia, Southern

Africa, and Central Asia, the regions with different warming levels and precipitation changes.

Overall, changes in WA will dominate the changes in WSL,, in three fourths of total croplands while changes
in ET, will dominate in nearly a quarter of total croplands. By increasing ET,, global warming would intensify
agriculture water scarcity in considerable regions of North America and Europe. In addition, both warming and
decreased precipitation would result in less WA, which would increase WSI,, in ~60% of total croplands. WA een
dominates the changes in WA in some regions with chronic water scarcity (e.g., North China and North India

where irrigation heavily relied on groundwater pumping), which suggested the necessity of including WA, ., in
agricultural water scarcity assessment and that it could not be overlooked in agricultural water management in

those regions.

4.3. Regional and Seasonal Features of Future Agricultural Water Scarcity

The agricultural water scarcity showed distinct responses to climate change over regions and thus may require
different strategies for mitigation. Future agricultural water scarcity would increase in many croplands and arid
regions where have experienced water scarcity during the baseline period, and decrease in only a small percent-
age of croplands. Prevalent water scarcity was mostly found in semiarid/semihumid regions with intensive crop-
lands such as North China, Central America, and Australia, but was also found in India where has the largest
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croplands in the world. The seasonal A, showed distinct patterns between these regions. In the United States
and Northern Europe, A, was large and would increase more in the future during the growing season, while in
other regions A, seemed to be not related to growing seasons. Nevertheless, it is noted that future A, generally
decrease during April-September in North China and increase in other months, while A . would increase during
May—October and decrease in other months in Southern South America. This would have some implications for
the agricultural water management to adapt to future climate change, for example, improved regulation of water
storage between seasons via reservoirs. Overall, the seasonality of agricultural water scarcity was not only asso-
ciated with the phenology of crops but also largely affected by the variations of monthly WA. Understanding the
seasonality of both of them would be in favor of agricultural water management in these representative regions
under future climate change.

4.4. Implications for Crop Production and Possible Adaptation to Climate Change

The increasing extent and intensity of agricultural water scarcity would probably reduce crop production in the
future. Global warming would accelerate evaporation from soils and crops (Figure 2), which in combination
with the reduction of precipitation would result in severe water scarcity and even significant soil desiccation in
some arid regions like the Middle East and Central Asia. In this study, the importance of green water use for
agricultural production was reflected in the regions with intensive croplands (e.g., northern China, India, and
Central America) or some arid regions (e.g., the South of Sahel). Future projections suggested that green water
availability might increase in northern China and the South of Sahel and thus alleviate agricultural water scar-
city, but might further decrease in North India and Central America and thus aggravate water scarcity and put a
serious threat to food production. Improvement of green water management could not only directly modulate the
agricultural water scarcity but might also regulate blue water availability since the blue and green water can be
transferred to each other. Consideration of the seasonality of both blue and green water would help adjust crop
structure to adapt to climate change and mitigate the impacts of climate-induced water scarcity.

The largest ET, is projected to be produced by the major crops (wheat, rice, maize, and soybean, barley, and
cotton) globally. Considering the key role of the major crops in global food security, it is unlikely to reduce these
croplands globally to decrease the A .. Rotational fallowing of croplands might largely reduce water scarcity risks
and improve the sustainability of agro-ecosystem (Richter et al., 2020), which, however, may also reduce crop
production and may not be the first choice in the regions where there would be starvation (FAO, 2018). Increasing
crop yield and reducing water consumption in crop production would be an urgent need in view of the relatively
low irrigation efficiency in the countries with large croplands (e.g., China and India) in the context of the increas-
ing global food demands and the globally intensified agricultural water scarcity. Improving irrigation infrastruc-
ture and efficiency is one of the key ways to reduce crop water consumption and alleviate the risks of agricultural
water scarcity. Blue water availability for agricultural irrigation could be extended by reallocating water resources
within basins (Z. Huang et al., 2021) and more efficiently used by increasing IE (Equation 2). On the other hand,
agricultural water scarcity in both irrigated and rainfed croplands might be mitigated if green water can be fully
and more efficiently utilized, for example, reducing evaporation from bare soil (Dlamini et al., 2017). Developing
climate adaptation strategies with consideration of green water use and availability is critical for reducing the
impacts of intensified water scarcity toward food security and sustainable agro-ecosystem in the coming decades.

4.5. Limitations in the Estimates of Agricultural Water Scarcity

The WSI,, involves several key processes of hydrology, crops, and human activities, it was then subject to uncer-
tainties in the estimates related to these processes. For example, the relative large grid cell size overlooks the
variabilities of the blue and green water within cropland (Veettil et al., 2022), the national IE cannot represent
the variation of irrigation efficiency across regions, these limitation may lessen the implication of the findings
at local scale. Future changes in cropland have direct impacts on the estimates of ET, whereas the change in
green water was sensitive to the changes in land use pattern (Z. Huang et al., 2019; X. Liu et al., 2017; Veettil &
Mishra, 2018). In this study, present (the year 2005) croplands were used for the future projections and the poten-
tial impacts of cropland change were not reflected. The trajectory of the future socioeconomic conditions was
also not considered. The use of present conditions may result in an underestimation of agricultural water scarcity
in the future. Nevertheless, the projections of WSI,, based on the present croplands can still be a reference assess-
ment that quantifies the impacts of climate change on agricultural water scarcity.
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Groundwater, desalination water, and recycled water were not considered in the estimation of WA, .. This may
cause an overestimation of WA, consequently WSI, .. Groundwater pumping is an important water resource for
agricultural irrigation in many regions of the world, for example, North China (Cao et al., 2013) and Northwest
India (Rodell et al., 2018). In wet regions, the blue and green water availability may not be underestimated too
much because consumption of groundwater would be recharged by river flow or soil moisture. However, WA, .
could be underestimated in dry regions where groundwater is a major source of irrigation. The simulations of
groundwater were subject to considerable uncertainty at the global scale (Wada, 2016), which makes it chal-

lenging to include groundwater availability in WA, , . It should be noted that degradation of water quality under

blue
future climate change (W. Liu et al., 2020) has adverse impacts such as decreasing WA, . (van Vliet et al., 2017).
Without consideration of water quality would result in overestimation of WA and thus underestimation of WSL,

(W. Liu et al., 2019).

The calculation of EFR worldwide was also subject to large uncertainties (X. Liu et al., 2021). There were several
EFR estimation methods, which may provide various EFR estimates (Pastor et al., 2014). EFR would also be
significantly different for ecological conservation goals across regions. Richter et al. (2012) suggested that 80%
of daily flow would maintain ecological integrity in most rivers, and 90% may be needed to protect rivers with
at-risk species. The EFR suggested by the Tennant method can range from 10% to more than 100% of mean
annual flow in different seasons for different ecological statuses (Tennant, 1976). For simplicity, only one method
(VMF) was used in this study, which was designed to reflect the natural variability of streamflow and to be appli-
cable in most rivers in the Anthropocene (Pastor et al., 2014).

This assessment considered 19 major crops which cover nearly 80% of the global total croplands. A full consid-
eration of all crops would further narrow the uncertainty in the assessment and provide more comprehensive
insights into the agricultural water scarcity in all regions of the world.

Finally, the WSI assessment in this study was based on the projections from the hydrological model,
PCR-GLOBWRB, forced by four GCMs. Large uncertainties were expected in the future projections. However, our
study focuses on building an WSI, that explicitly incorporates green water in the assessment. We acknowledge
that uncertainties in the input data could affect the estimated WSIs values across regions, but an improvement in
the accuracy of input data is beyond the scope of this study.

5. Conclusions

Global agricultural water scarcity in the past (1981-2005) and in the near future (2026-2050) is estimated by
using an index (WSL,,) incorporating both blue water, green water resources, and EFRs. The future WSI,, was
calculated based on the projections of two global hydrological models and four global climate models under the
RCP2.6 and RCP6.0 scenarios. The results suggested that ~3.8 million km? croplands, accounting for ~39% of
global total croplands would experience water scarcity in the future under both scenarios, which was ~3% more
than the baseline period. In the future, the degree of agricultural water scarcity would increase in 83%-84% of
total croplands, for example, in Central and Eastern United States, Amazonia, Northern Europe, Southern Africa,
and North India. The intensified water scarcity would be dominated by the decreasing water availability in ~60%
of total croplands and by increasing crop water requirements in nearly a quarter of croplands. The significant
contribution of the changes in green water availability (in ~16% of total croplands) to WSI,,, indicated its impor-
tant role in agricultural water scarcity assessment, particularly in the regions with dense croplands. This study
highlighted the necessity of including green water availability in agricultural water scarcity assessment and future
agricultural water management toward mitigation of climate change. The findings would enhance our understand-
ing of water scarcity and the necessity of improving the utilization of green water in croplands that may alleviate
water scarcity in a warming climate in the future.

Data Availability Statement

The data used in the study are publicly available from https://esg.pik-potsdam.de/projects/isimip/. Data sets for
this research are available at https://doi.org/10.5281/zenodo.6332492.
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