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Abstract

Rain-fed agricultural systems, which solely depend on green water (i.e. soil moisture from rainfall), sustain ~60% of global food
production and are particularly vulnerable to vagaries in temperature and precipitation patterns, which are intensifying due to
climate change. Here, using projections of crop water demand and green water availability under warming scenarios, we assess global
agricultural green water scarcity—defined when the rainfall regime is unable to meet crop water requirements. With present-day
climate conditions, food production for 830 million people is lost because of green water scarcity. Under 1.5°C and 3°C warming—the
global warming projected from the current climate targets and business as usual policies—green water scarcity will affect global crop
production for 1.23 and 1.45 billion people, respectively. If adaptation strategies were to be adopted to retain more green water in the
soil and reduce evaporation, we find that food production loss from green water scarcity would decrease to 780 million people. Our
results show that appropriate green water management strategies have the potential to adapt agriculture to green water scarcity and

promote global food security.
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Significance Statement

Global warming is expected to negatively affect rain-fed crops, which largely depend on green water (i.e. the soil moisture from rain-
fall). Quantifying future impacts of climate change on agricultural systems is paramount to design adaptation solutions. Considering
plausible future warming scenarios, we quantify the exposure to green water scarcity of rain-fed croplands—defined when precipi-
tation and soil moisture are not able to meet crop water demand. We find that an additional 150 million hectares of croplands will be
affected by prolonged and more intense green water scarcity. We then quantify the climate adaptation potential of solutions that re-
tain more green water in the soil and reduce evaporation. We find that green water management solutions can reduce the extent of
rain-fed croplands facing green water scarcity by ~50 million hectares, averting crop loss that can feed 670 million people. Green
water management solutions have potential to sustain cropland productivity, despite the high probability of green water scarcity

in the future.

Introduction

An increasing scarcity of freshwater resources is now evident in
many geographies (1). Water scarcity is a global socioeconomic
threat affecting four billion people (2). Projected population
growth, climate change, and an increase in food and energy de-
mands are expected to further exacerbate water scarcity in the
21st century (3-5). Water scarcity refers to a geographical and
temporal imbalance between freshwater availability and demand
(1). In addition to biophysical factors, economic and institutional
settings are important elements that determine water scarcity
6, 7).

The concept of water scarcity encompasses both physical and
economic factors (3, 8). Physical water scarcity occurs when phys-
ical access to water is limited (9). It affects both blue water

(i.e. water from water bodies or aquifers) and green water (i.e.
soil moisture from rainfall) (10, 11). Economic water scarcity oc-
curs when water resources are physically available but the lack
of institutional and economic capacity limits access to that water
(6,7).

Agricultureis the world largest user of freshwater and commits
global food security to rely on reliable and resilient freshwater
availability (12). These commitments necessitate increasing at-
tention to global agricultural water scarcity in the context of hu-
mankind’s ability to meet future food demand. Agricultural
green water scarcity (GWS) occurs when the amount of rainfall
is unable to meet crop water requirements (CWR), which can
lead to water-stressed crop growth (6, 13, 14). In such cases, sup-
plemental blue water is provided by irrigation to ensure adequate
crop growth and prevent water stress (15). Agricultural blue water
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scarcity occurs when blue water resources cannot meet irrigation
water requirements (16). In many regions, agricultural blue water
scarcity leads to unsustainable irrigation practices, which deplete
blue water stocks and/or impair water ecosystems (17, 18).
Furthermore, agricultural economic water scarcity is defined as
the lack of irrigation due to limited institutional and economic
capacity instead of hydrologic constraints (6).

Agricultural blue water scarcity has been the focus of the water
scarcity debate, and it is increasingly perceived as a global socio-
environmental threat to food and energy security (19-22).
Alarmingly, half of irrigated croplands are facing blue water scar-
city or are under unsustainable irrigation practices (23, 24). Recent
attention has also been given to agricultural economic water scar-
city (6, 7), showing that up to one fourth of global rain-fed crop-
lands are suitable for sustainable irrigation expansion but the
lack of institutional and economic capacity is hindering irrigation
deployment (6).

Global warming has increasingly reduced crop production and
affected food security (25-29). Despite projected irrigation expan-
sion to offset negative impacts of anthropogenic warming on crop
yields, rain-fed agriculture will continue to be a major component
of global food systems (30). However, rain-fed agriculture is highly
vulnerable to climatic conditions due to its strong dependence on
rainfall patterns. Climate change is expected to reshape the ex-
tent of agricultural water scarcity worldwide (16, 31-34). Indeed,
by the end of the century, agricultural blue water scarcity could
require the transition of 60 million hectares of croplands from ir-
rigated to rain-fed (31). Global warming will increase intra-annual
variability in water resources, requiring the construction of water
storage to preserve the potential for sustainable irrigation expan-
sion over croplands facing agricultural economic water scarcity
(16). Compared with irrigated croplands, rain-fed croplands are
expected to be more affected by climate change (35), but with little
attention given to quantify agricultural GWS under global warm-
ing. This limited understanding of the impacts of climate change
on green water availability and demand adds uncertainties to fu-
ture water and food security and adaptation solutions in
agriculture.

Here, we quantify global agricultural GWS under future cli-
mate change. GWS is defined as the ratio between monthly irriga-
tion blue water requirements (BWR) (or green water deficits) and
CWR (6). In this study, we define the reference scenario of GWS
as occurring when the rainfall regime is unable to meet at least
20% of CWR (6). We also consider upper and lower bound esti-
mates, which represent GWS when at least 10 and 30% of CWR
are not meet by the rainfall regime, respectively. First, we use cli-
mate output from earth system models (36) and feed it into a crop
water model (37) to quantify CWR and BWR of crops. Second, we
identify the extent, timing, and duration of croplands affected
by GWS under baseline, 1.5°C warmer, and 3°C warmer climate
conditions with respect to the preindustrial era. The baseline
scenario refers to the 1996-2005 period—the reference period for
global agricultural data sets (38). The degree to which the
Earth’s climate will warm above preindustrial levels and by
when is highly dependent on climate policies and programs
enacted. The 1.5°C warming scenario refers to the Paris climate
target, and the 3°C warming scenario represents the plausible lev-
el of global warming to be reached by the end of the century under
current policies (39, 40). Third, we quantify the potential of adap-
tation solutions that could be implemented to reduce the expos-
ure to GWS by reducing evapotranspiration and/or increase
rainfall infiltration in soils. Finally, we estimate global food pro-
duction that will be affected by GWS and the corresponding

number of people impacted. While irrigated croplands are also af-
fected by GWS, our analysis focuses solely on rain-fed croplands—
the croplands most vulnerable to climate vagaries (35, 41). This
study aims to quantify the water scarcity risks that rain-fed crop-
lands will face under global warming and the potential role of
green water management solutions in mitigating GWS.

Results
The extent of agricultural GWS

By quantifying green water deficit and crop water requirement
under different climatic conditions, we assess GWS over rain-fed
cropping systems under baseline (1996-2005 climatic conditions),
1.5°C warmer, and 3°C warmer climates (Fig. 1). The exposure to
GWS strongly varies depending on geographic location and cli-
mate scenario (Fig. 1). Under baseline climate, we find that almost
394 million hectares (Mha), which accounts for 53% of global
rain-fed croplands, experiences GWS. These croplands cannot
achieve maximum productivity because crops are grown under
water-stressed conditions. Russia, the United States, and India
currently have 48, 44, and 26 Mha rain-fed croplands experiencing
a shortage of green water, respectively (Fig. 1). European countries
are also intensively experiencing a shortage of green water. For ex-
ample, Ukraine, a major grain exporter in Europe, exhibits 13 Mha
of rain-fed croplands facing GWS (Fig. 1). The sub-Saharan African
and Latin American regions, where local populations rely heavily
on rain-fed agriculture, also experience widespread GWS. For in-
stance, Nigeria, Brazil, and Argentina have 18, 9, and 6 Mha of
rain-fed croplands facing GWS, respectively (Fig. 1).

Change in temperature and precipitation patterns will exacer-
bate future GWS (Fig. 1). Under 1.5°C warming, an additional
102 Mha of rain-fed croplands will face GWS, exposing 67% global
rain-fed croplands to GWS (Fig. 1). With an additional 15 Mha ex-
periencing a shortage of green water, Russia shows the highest in-
crease in GWS, followed by Argentina (an additional 13 Mha), the
United States (10 Mha), Ukraine (9 Mha), and India (6 Mha) (Fig. 1).
Under 3°C warming, 54 million more hectares of rain-fed crop-
lands will face GWS compared to 1.5°C warming, which results
in 75% global rain-fed systems under GWS (Fig. 1). The United
States will be the most affected country, with an additional
18 Mha facing GWS, followed by Russia with an additional
6 Mha (Fig. 1). Because croplands in India and China are mainly ir-
rigated and have few rain-fed cropping systems, these countries
will show little increase in GWS under warming (38, 42, 43)
(Fig. 1). The future exacerbation of GWS1is a risk to global and local
food security.

Prolonged GWS under warming

The extent but also the duration of GWS is important to quantify
the impacts of GWS to global food production. We quantify the
number of months per year to which rain-fed croplands are ex-
periencing a shortage of green water under baseline, 1.5°C warm-
er, and 3°C warmer climates (Fig. 2). Under baseline climate, we
find that 600 Mha (81% of global rain-fed croplands) faces GWS
at least one month (Fig. 2C). In India, Nigeria, and Australia,
over 95% rain-fed croplands face GWS at least one month per
year and over 60% rain-fed cropping systems experience GWS
more than six months per year (Fig. 2A). Under 1.5°C, an addition-
al 65 Mha will face prolonged periods of GWS. Brazil, Russia, and
Ukraine will experience a significant increase in the number of
months facing GWS (Fig. 2B and C). While there will be an overall
exacerbation of GWS in the United States, some regions in the
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Currently irrigated croplands
BN Rain-fed crops facing green water scarcity under baseline climatic conditions

Additional rain-fed croplands facing green water scarcity under 1.5°C warming
BN Additional rain-fed croplands facing green water scarcity under 3°C warming
mmm Rain-fed croplands not facing green water scarcity under 3°C warming

Fig. 1. The geography of global agricultural GWS. The map shows the distribution of rain-fed croplands facing agricultural GWS under baseline
(1996-2005 period), 1.5°C warmer, and 3°C warmer climatic conditions. “Currently irrigated croplands” represent the most up-to-date extent of global

irrigated lands in 2015 (42).

Midwest show reductions in the number of months facing GWS,
due to increased precipitation and a decrease in vapor pressure
deficit (44) (Fig. 2B). Additional rainfall is also projected in some re-
gions of Russia, China, and Brazil (44), which leads to a shorter ex-
posure to GWS. Under 3°C, we find that 25 million more hectares
will face prolonged periods of GWS compared to that under 1.5°C,
with significant increases in the United States, Russia, and Brazil
(Fig. 2D).

Timing of GWS

The exposure to GWS varies with geographic location but also
with the timing of the year (Fig. 3). To assess the sensitivity of
our results to different thresholds of GWS, we present the timing
of rain-fed croplands facing GWS under baseline, 1.5°C warmer,
and 3°C warmer climates using three different thresholds
(Fig. 3). Our reference scenario defines GWS as the rainfall regime
being unable to meet at least 80% of CWR or crops facing a 20%
water deficit. We also use thresholds as 10 and 30% water deficit,
which are shown as interval bars to represent the upper and lower
bound estimates of GWS under different climate conditions. The
United States, Russia, Canada, Ukraine, and Germany show wide-
spread GWS during June to September—the period of peak grow-
ing season for their summer crops (Fig. 3). In contrast, India
experiences large GWS in winter but small in summer due to
the Indian summer monsoon rainfall between June and
September. Under warming climates, all countries show an in-
crease in the areas facing GWS. The most significant changes
are observed in the United States, Russia, Canada, Ukraine, and
Germany during June to September with additional 106 (53), 58
(44), 27 (16), 36 (32), and 22 Mha (7) facing GWS under 3°C (1.5°C)
warming, respectively (Fig. 3).

People fed by rain-fed croplands facing GWS

GWS poses a threat to global food security as it reduces agricultur-
al productivity. Previous work has established a linear

relationship between relative crop yield losses and water deficit
(12, 45). Indeed, plant growth (i.e. photosynthesis) and transpir-
ation are directly influenced by stomatal regulation and scale lin-
early with stomatal conductance (45). By adopting a commonly
used linear relationship between crop yields and biophysical
water deficit or GWS (see Materials and methods), we quantify
the number of people affected by calorie loss due to crop yield re-
duction during periods of GWS on rain-fed croplands.

We find that rain-fed crop production facing GWS can provide
food that feed 890 million people per year under baseline climate
(lower bound 850 million people and upper bound 910 million peo-
ple) (Fig. 4). Under 1.5°C and 3°C warming, an additional 340 and
560 million people equivalent of rain-fed production, respectively,
will be impacted by GWS (Fig. 4). Consequently, the total number
of people affected by GWS will reach 1.23 billion (lower bound 1.20
billion and upper bound 1.25 billion) and 1.45 billion people (lower
bound 1.42 billion and upper bound 1.46 billion) under 1.5°C and
3°C warming, respectively (Fig. 4). Notably, the United States is
currently the country most affected by GWS, with 157 million peo-
ple impacted. As the world’s largest food exporter, it is important
tonotice that the 157 million people affected by GWS in the United
States are not just people fed within the country but also people
around the world that depend on imports from the United
States. In addition to the United States, Russia, China, Australia,
and India are among the countries where food production that
feeds 66, 56, 49, and 40 million people annually, respectively, is fa-
cing GWS. Under 3°C warming, the exposure of GWS in these five
countries will affect an additional 133, 31, 7, 12, and 20 million
people annually, respectively. Without effective water manage-
ment strategies to reduce GWS, crop yields are expected to decline
and and more people will suffer from food insecurity.

Solutions to reduce GWS

Under 3°C warming, 9% (or 63 Mha) of global rain-fed croplands
will face GWS for only 1 or 2 months per year (Fig. 2). Expanding
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Fig. 4. Rain-fed crop production impacted by agricultural GWS under
baseline, 1.5°C warmer, and 3°C warmer climates. Interval bars show the
number of people fed from croplands facing GWS considering an upper
and lower bound estimate of exposure to GWS by considering a water
deficit of 10 and 30%, while the central estimate in the bar diagrams
shows the reference results considering a water deficit of 20%.

irrigation might not be a feasible solution over these croplands
considering socioeconomic trade-offs between increased agricul-
tural productivity and capital and operational costs of new irriga-
tion systems (46). However, adopting nature-based agricultural
practices with appropriate low-cost land and water management
can help retain more green water in the soil by reducing soil evap-
oration (30, 47). Some promising solutions include no-till farming
and mulching, which can conserve soil moisture by reducing
evaporation from lower soil temperature due to shading (47-49).
Cover crops and no-till practices can also prevent runoff and
soil erosion by holding soils in place and encouraging infiltration
of rainfall instead of runoff (47). Another potential solution is agri-
voltaics, which involves combining agriculture with solar panels
and has been shown to reduce crop exposure to sunlight and
therefore reduce evapotranspiration by ~15% (50). Switching
from water-intensive crops to less water-intensive crops can re-
duce crop water demand (51), while weed removal can reduce
nonproductive green water use (47). Pitting, contouring, and terra-
cing farming techniques that increase soil moisture by increasing
infiltration and reducing runoff have also been found to be effect-
ive (52).

To evaluate the potential of green water management solu-
tions in mitigating GWS, we consider different levels of evapor-
ation reduction and infiltration increase, ranging from 0 to 100%
(Fig. 5). Our analysis shows that increasing green water manage-
ment solutions can decrease the area affected by GWS and in-
crease the number of people being fed (Fig. SA and B). However,
these benefits are not proportional to the level of intervention.
We find that the marginal benefits of these solutions decrease
after a 20% reduction in evaporation or increase in infiltration
(Fig. 5C). This suggests that a 20% evapotranspiration reduction
and infiltration increase accounts for approximately half of the
potential of green water management solutions to alleviate GWS
(Fig. 5C).

We then assess the potential of green water management sol-
utions to reduce exposure to GWS by considering a 20% reduction
in crop water use or a 20% increase in soil moisture. The imple-
mentation of these solutions resulted in a significant decrease of
rain-fed croplands facing GWS. Specifically, we observe an 85,
71, and 54 Mha decrease under baseline, 1.5°C warming, and 3°C
warming, respectively (Fig. 6A). Accordingly, by reducing GWS
over these croplands, an estimated 560, 630, and 670 million peo-
ple can be fed under baseline, 1.5°C warming, and 3°C warming,
respectively (Fig. 6B). Our results also show a nonlinear relation
between areas and yield (or people fed) under different climates
(Fig. 6). The increases of additional population fed accompanied
with less reduced global area facing GWS under warming can be
explained by the different crop productivity in different regions.
In fact, the same amount of GWS reduction over more productive
croplands leads to greater food production enhancment and feed-
ing more people. These results imply that under future warming,
green water management solutions have much more potential in
highly productive croplands. We find that the United States and
Russia are the top two countries showing largest reduction of
area facing GWS and increase of the number of additional people
fed under baseline, 1.5°C warming, and 3°C warming scenarios

(Fig. 6).

Discussion

Quantifying future impacts of climate change to agricultural sys-
tems is paramount to design adaptation solutions. This study
evaluates the negative impacts of future warming on rain-fed
croplands by assessing global agricultural GWS. Our findings
show that the exposure to GWS varies geographically and season-
ally (Figs. 1 and 3). We find that today, there are 394 Mha or 53% of
global rain-fed croplands affected by GWS (Fig. 1). An additional
102 and 156 Mha of rain-fed cropping systems will be experiencing
a shortage of green water in 1.5°C and 3°C warmer climates, re-
spectively (Fig. 1). Under global warming, there will be prolonged
periods of GWS, with an increase in the duration and intensity
of GWS (Fig. 2).

This study quantifies the exacerbation of GWS under climate
change in a system that maintains current crop distribution and
yields. Farmers are likely to adapt to global warming by introdu-
cing high-temperature or drought-tolerant crops or fallowing
croplands under warmer climates (53, 54). For instance, cultivat-
ing crops that are more drought tolerant or C4 crops (e.g. corn, sor-
ghum, and millet) can help alleviate water scarcity problems.
Compared to C3 crops (e.g. soybean, wheat, and rice), C4 crops
conserve more water and are better adapted to arid environments
(55). These potential changes may add uncertainties to predict
agricultural GWS in the future. Some rain-fed croplands can tap
into shallow groundwater and therefore be less impacted by
GWS (56). Future work is needed to account for the representation
of shallow groundwater table in agrohydrological models. The re-
lationship between crop yield loss and GWS may change across
different crop types and growing stages. Extensive field work
from the Food and Agriculture Organization of the United
Nations (FAO) reports that reduction in crop yields is linearly cor-
related with water deficit over the growing season, with slightly
different coefficients across different crops, ranging from 0.8 to
1.25 (12, 45). Given the uncertainty in these estimates, we use a
1:1 relationship between crop yield losses and biophysical water
deficit or GWS as widely adopted in previous studies (6, 12, 16,
45, 57), e.g. GWS of 0.2 leads to 20% yield losses. We also tested
the sensitivity of our results to different GWS thresholds (10, 20,
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and 30% water deficits) to account for uncertainties in yield re-
sponse to GWS.

Water scarcity and food security implications

Currently, global croplands produce food that can feed 8.2 billion
people, of which 4.8 billion people can be potentially fed from
rain-fed croplands and 3.4 billion people from irrigated croplands
(30) (Fig. S1). We find that under baseline climate, GWS affects
cropland productivity for 890 million people (Fig. S1). In addition,
current unsustainable irrigation practices, or irrigation cropping
systems facing blue water scarcity, produce food that feed 1.3 bil-
lion people (30) (Fig. S1). Climate change will further exacerbate
exposure to green and blue water scarcity. It has been estimated
that climate change will require the transition of irrigated crop-
lands from irrigated to rain-fed systems leading to a loss of calorie
production that can feed an equivalent of 490 million people (31)
(Fig. S1). We find that food that fed 1.45 billion people will be

affected by exposure to GWS under 3°C warming (Figs. 4 and
S1). The projected food production loss from GWS and blue water
scarcity under global warming threatens global and local food
security.

While we project an exacerbation of GWS, green water man-
agement solutions, which retain more rainfall in the soils or re-
duce water loss via evapotranspiration, are expected to buffer
against GWS. Over croplands experiencing relatively short periods
of GWS, especially over the 63 Mha of croplands that will face
GWS for 1 or 2 months per year under 3°C warming (Fig. 2), ex-
panding irrigation might not be a feasible solution considering
trade-offs among increased agricultural productivity and capital
and operational costs of irrigation systems (12). We find that the
marginal effects of green water management solutions decrease,
especially with greater than 20% evapotranspiration reduction
and infiltration increase (Fig. 5). However, a 20% evapotranspir-
ation reduction and infiltration increase accounts for approxi-
mately half of the total potential of green water management
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additional people fed from decreased GWS. Interval bars show land and number of people fed from croplands facing GWS considering an upper and lower
bound estimate of exposure to GWS by considering a water deficit of 10 and 30%, while the central estimate in the bar diagrams shows the reference

results considering a water deficit of 20%.

solutions to alleviate GWS (Fig. 5C). Implementing green water
management solutions with 20% evapotranspiration reduction
could lead to an additional 670 million people fed by reducing ex-
posure to GWS under 3°C warming (Fig. 6). Nonetheless, it is im-
portant to acknowledge that ensuring healthy soil conditions,
such as avoiding soil degradation that reduces water-holding cap-
acity, is essential for long-term water retention. Sustainable agri-
culture practices like crop rotation, reduced tillage, and organic
fertilization can maintain soil structure and fertility for efficient
water retention (58). Moreover, the effectiveness of green water
management solutions may vary depending on factors such as
soil type, climate, and agricultural practices in each specific coun-
try. Future studies focusing on local scales can provide more in-
sight into these factors and help to tailor solutions for more
effective mitigation of GWS.

For the 626 Mha of croplands receiving less rainfall than re-
quired for maximum crop yield for longer than two months per
year (Fig. 2), green water management solutions might not be
enough to avert water-stressed crop production. In such cases, ir-
rigated cropping systems, which use both rainwater (green water)
and surface water and/or groundwater (blue water), can contrib-
ute to a more reliable and resilient crop production while boosting
agricultural productivity (30, 59, 60). Irrigation not only ensures a
relibale water supply but also alleviates crop heat stress due to
evapotranspiration cooling (61). Sustainable irrigation expansion
over rain-fed croplands experiencing a shortage of green water
can be an effective agricultural adaptation solution to climate
change (16, 18). Under a 3°C warming, up to 350 Mha of global
rain-fed croplands is suitable for sustainable irrigation expansion
(16). This irrigation expansion can boost agricultural productivity
and feed up to 1.4 billion more people, although more water

storage will be needed (62). However, in areas with physically
available renewable blue water resources, irrigation can be
blocked by a variety of socioeconomic and political factors that
cause the so-called agricultural economic water scarcity (6).
These regions tend to lack the capacity to afford the costs to de-
velop irrigation infrastructure using the available renewable
blue water resources (6, 46).

Conclusions

Global warming is expected to increase the intensity and fre-
quency of extreme weather events, leading to unpredictable
water availability and exacerbating water scarcity. These disrupt-
ing weather patterns are expected to negatively affect rain-fed
crops, which largely depends on rainfall and soil moisture. To
evaluate the extent to which global warming will affect crop yields
and food security worldwide, it is important to understand how
climate change will reshape the extent and intensity of water
scarcity. This study quantifies global agricultural GWS under
baseline and future warmer climates. We define GWS when pre-
cipitation cannot meet CWR. We find that around half of global
rain-fed croplands currently face GWS. Such extent will increase
to 67 and 75% under 1.5°C and 3°C warmer climates. Increased
GWS will mostly occur in the United States, Russia, Ukraine,
and Brazil and will affect food production for 1.23 and 1.45 billion
people under 1.5°C and 3°C warming. However, adopting climate
solutions that aim to better manage green water can reduce the
extent of rain-fed croplands facing GWS by 71 and 54 Mha under
1.5°C and 3°C warmer climates, leading to an increase in calorie
production of 630 and 670 million people, respectively. These find-
ings demonstrate that wise agricultural technology and
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engineering have the potential to contribute to global food and
water security.

Materials and methods

We use the climate output from earth system models from the
CMIPS archive to quantify GWS under baseline, 1.5°C warmer,
and 3°C warmer climates with respect to the preindustrial era.
First, the climate projections obtained from CMIPS are fed into
the WATNEEDS crop water model to assess CWR and BWR.
Second, CWR and BWR are used to assess for each month of the
year global GWS at 5 arcminute by 5 arcminute resolution.
Third, we quantify the extent, duration, and timing of GWS.
Fourth, we quantify the number of people fed over croplands fa-
cing GWS and test the sensitivity of our results to different GWS
thresholds. Last, we quantify the potential of green water man-
agement solutions to alleviate future GWS and increase food se-
curity over rain-fed croplands. While irrigated croplands may
also be experiencing a shortage of green water, they are more in-
tensively managed, and thus less sensitive to climate vagaries
(35). Therefore, we aim to assess GWS over rain-fed croplands be-
cause they are the croplands that will be more affected by water
stress under climate change.

Assessment of GWS

GWS is assessed per grid cell at 5 arcminute by 5 arcminute reso-
lution (or ~10 km at the equator). GWS is calculated as the ratio
between irrigation BWR (or green water deficits) and CWR. CWR
is the amount of water needed by a crop to avoid water-stressed
crop growth. BWR is the amount of blue water needed by a crop
to meet CWR when there is a deficit of green water. Rain-fed crop-
lands face GWS when soil moisture (or green water) cannot meet
CWR. Following Rosa et al. 2020 (6), we define GWS as follows:
BWR

GWS = e - (1)

Croplands face GWS when this ratio is greater than 0.2 (i.e. when
the rainfall regime is unable to meet at least 80% of CWR or crops
have a 20% water deficit). We then test the robustness of our re-
sults by defining GWS when the ratio is greater than 0.1 or 0.3 or
crops have a 10 and 30% water deficit. These values are depicted
with interval bars whenever necessary and represent an upper
and lower bound estimate of GWS under different climate condi-
tions. Our results assume that a given crop will face GWS if the ra-
tio between BWR and CWR is greater than a critical value of 0.2.
Under this level of water stress, crops decrease yields and farmers
usually deploy, where feasible, irrigation (63, 64).

Assessment of BWR and CWR

For each crop and scenario, CWR and BWR are assesed using the
WATNEEDS crop water model (see Chiarelli et al. 2020 (37) for a
detailed description). The model calculates CWR and BWR for 26
crop classes or 130 primary crops or 100% of global crop produc-
tion implementing a daily time-step using a soil water balance
during each crop growing season. We run the WATNEEDS model
using precipitation and evaporation data under baseline, 1.5°C
warmer, and 3°C warmer climates and using cropland extent
from the MIRCA2000 data set (38). The MIRCA2000 data set pro-
vides global monthly irrigated and rain-fed crop areas for 26
crop classes or 130 primary crop species (38).

Climatic data

We use historical monthly observational climatic data sets for the
baseline scenario (1996-2005 period). Potential reference evapo-
transpiration of 0.5°x0.5° resolution is obtained from the
University of East Anglia’s Climate Research Unit Time Series
(CRU TS version 4.01) (65). Precipitation of 50°N to 50°S at
0.05°%0.05° resolution is downloaded from Climate Hazards
Group InfraRed Precipitation with Station data (CHIRPS version
2.0) (66). Precipitation data of 0.5° x 0.5° resolution for the remain-
ing latitudes are taken from the National Oceanic and
Atmospheric Administration’s Climate Prediction Center Global
Unified Gauge-Based Analysis of Daily Precipitation data set (67).
All gridded data sets were resampled to a 5 arcminute (0.08333°)
spatial resolution, the resolution of the GWS assessment and
MIRCA2000 data set.

For future climate forcing, we use global monthly evapotrans-
piration and precipitation outputs of three global climate models
(GFDL-ESM2M, HadGEM2-ES, and MIROC-ESM-CHEM) and three
hydrological models (LPJmL, H8, and WATERGAP2) from the
Coupled Model Inter-comparison Project Phase 5 (CMIP5) under
representative concentration pathway (RCP) 8.5 (36). RCP8.5 refers
to the highest emission scenario if the society does not take efforts
to reduce greenhouse gas emissions. The three global climate
models are selected with the rationale that GFDL-ESM2M,
HadGEM2-ES, and MIROC-ESM-CHEM reflect the wettest, average,
and driest climate scenarios in terms of predicted global precipita-
tion patterns (16, 68). Therefore, we obtained 18 outputs of climate
and hydrological model combinations, nine for 1.5°C wamer and
nine for 3°C warmer climates.

The global mean temperature in year 2022 is estimated to be
1.15°C above the average temperature of the late 19th century,
from 1850 to 1900, a period often used as a preindustrial baseline
for global temperature targets (69). The global mean temperature
in the baseline period is estimated to be 0.6°C above the pre-
industrial era (69). The times when the three selected global cli-
mate models used in the study (GFDL-ESM2M, HadGEM2-ES, and
MIROC-ESM-CHEM) are projected to reach 1.5°C and 3°C warmer
climate conditions with respect to preindustrial era are 2011-42
and 2047-86, respectively (16).

Previous studies have revealed systematic error or bias in glo-
bal climate model simulations due to simplified physics and
thermodynamic processes, numerical schemes, and incomplete
knowledge of climate system processes (70). In addition, different
models have divergent historical behaviors due to different as-
sumptions and set-up paramenters, especially land use, aerosol,
and clouds (71). Hence, it is important to bias-correct the raw cli-
mate model outputs obtained from CMIP5 to produce bias-
corrected climate projections that are better fit for agricultural
modeling. Here, we implement a widely used bias correction prac-
tice, which aims to correct the projected CMIP5 potential evapo-
transpiration outputs using the difference between the
simulations and historical data produced by CRU over the base-
line climate conditions (period 1996-2005) (16). The similar calcu-
lation is done for precipitation to obtain bias-corrected
precipitation projections. This bias correction method ensures
that the projected variables have the same monthly climatology
as the historical obsevations (16, 72).

Climate observations and future forcing are first downscaled to
S5 arcminute by 5 arcminute to match the spatial resolution of crop
species distributions procuded by MIRCA2000 data sets. Then,
they are fed into the WATNEEDS crop water model (37) to assess
monthly irrigation BWR and CWR, which are then used to assess
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agricultural GWS. Results are presented using the mean of the en-
semble of the nine simulations for each warming scenario. In our
assessment, we use growing stages for year 2000, as provided by
the MIRCA2000 data set. We focus on GWS assessment over a
rain-fed cropping system using the latest avaiable irrigation
data updated to year 2015 (42). Here, we define irrigated croplands
as croplands with an area > 5% equipped for irrigation (42). We as-
sess monthly GWS by averaging the results of 18 climate and
hydrological model combinations under 1.5°C and 3°C warming
scenarios. We do not account for the impact of severe droughts
due to the use of a combination of monthly climate model out-
puts. This approach may not capture extreme events that occur
on short periods, such as a daily timescale.

Assessment of calorie production

For each crop, calorie production is assessed as the product of
crop yield (tons per hectare), crop-harvested area (hectares), and
calorie content of each crop (kilocalories per tons). Rain-fed crop
yields are taken from Monfreda et al. 2008 (73). Crop-specific cal-
orie content is taken from D’odorico et al. 2014 (74).
Crop-harvested areas are taken from Portmann et al. 2010 (38).
The FAO reports that reduction in relative crop yields is linearly
correlated with water deficit, with slightly different coefficients
across different crops over the growing season, e.g. 1.0 for winter
wheat, 0.9 for sorghum, 1.25 for maize, and 0.85 for soybean
(12, 45). Such linear relationship can be explained by the coupling
of plant growth (i.e. photosynthesis) and transpiration regulated
by stomatal behavior (45, 75, 76) and has been used in previous
studies to estimate crop yield losses due to GWS (6, 12, 16, 57).
To avoid further assumptions in applying our calculations on
the global scale, we use a 1-to-1 relationship between crop yield
losses and biophysical water deficit or GWS, e.g. GWS of 0.2 leads
to 20% yield losses. We then assess the number of people that can
be potentially fed considering a global average diet of 3,343 vegetal
kcal per capita per day. This value accounts for food waste, food
losses, the use of crops for direct human consumption, and crop
used for feed-fed livestock production (6, 16).
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Funding

The authors declare no funding.

Author contributions

L.R. conceived and designed the study; L.H. and L.R. wrote the pa-
per and performed the analyses.

Data availability

The geospatial extent of green water scarcity under different cli-
mates is available in the following Zenodo repository: https:/
doi.org/10.5281/zenodo.7187381.

References

1 Postel SL. 2000. Entering an era of water scarcity: the challenges
ahead. Ecol Appl. 10:941-948.

2 Mekonnen MM, Hoekstra AY. 2016. Four billion people facing se-
vere water scarcity. Sci Adv. 2:e1500323.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

LiuJ, et al. 2017. Water scarcity assessments in the past, present,
and future. Earths Future. 5:545-559.

Greve P, et al. 2018. Global assessment of water challenges under
uncertainty in water scarcity projections. Nat Sustain. 1:486-494.
He C, etal. 2021. Future global urban water scarcity and potential
solutions. Nat Commun. 12:1-11.

Rosa L, Chiarelli DD, Rulli MC, Dell’Angelo J, D’Odorico P. 2020.
Global agricultural economic water scarcity. Sci Adv. 6:eaaz6031.
Vallino E, Ridolfi L, Laio F. 2020. Measuring economic water scar-
city in agriculture: a cross-country empirical investigation.
Environ Sci Policy. 114:73-85.

Rijsberman FR. 2006. Water scarcity: fact or fiction? Agric Water
Manag. 80:5-22.

Vanham D, et al. 2018. Physical water scarcity metrics for moni-
toring progress towards SDG target 6.4: an evaluation of indica-
tor 6.4. 2 “level of water stress”. Sci Total Environ. 613:218-232.
Falkenmark M, Rockstrém J. 2006. The new blue and green water
paradigm: breaking new ground for water resources planning
and management. ] Water Resour Plan Manag. 132:129-132.
Rockstrom J, et al. 2009. Future water availability for global food
production: the potential of green water for increasing resilience
to global change. Water Resour Res. 45(7).

D’Odorico P, et al. 2020. The global value of water in agriculture.
Proc Natl Acad Sci USA. 117:21985-21993.

Schyns JF, Hoekstra AY, Booij MJ, Hogeboom RJ, Mekonnen MM.
2019. Limits to the world’s Green water resources for food,
feed, fiber, timber, and bioenergy. Proc Natl Acad Sci USA. 116:
4893-4898.

Liu W, Liu X, Yang H, Ciais P, Wada Y. 2022. Global water scarcity
assessment incorporating green water in crop production. Water
Resour Res. 58:e2020WR028570.

Pereira LS, Oweis T, Zairi A. 2002. Irrigation management under
water scarcity. Agric Water Manag. 57:175-206.

Rosa L, et al. 2020. Potential for sustainable irrigation expansion
in a 3 C warmer climate. Proc Natl Acad Sci USA. 117:29526-29534.
Jagermeyr ], Pastor A, Biemans H, Gerten D. 2017. Reconciling ir-
rigated food production with environmental flows for
Sustainable Development Goals implementation. Nat Commun.
8:1-9.

Rosa L, etal. 2018. Closing the yield gap while ensuring water sus-
tainability. Environ Res Lett. 13:104002.

Kummu M, et al. 2016. The world’s road to water scarcity: short-
age and stress in the 20 century and pathways towards sustain-
ability. Sci Rep. 6:1-16.

Dalin C, Wada Y, Kastner T, Puma M]J. 2017. Groundwater deple-
tion embedded in international food trade. Nature. 543:700-704.
Tuninetti M, Tamea S, Dalin C. 2019. Water debt indicator reveals
where agricultural water use exceeds sustainable levels. Water
Resour Res. 55:2464-2477.

Rosa L, Reimer JA, Went MS, D’Odorico P. 2020. Hydrological lim-
its to carbon capture and storage. Nat Sustain. 3:658-666.
Mekonnen MM, Hoekstra AY. 2020. Blue water footprint linked to
national consumption and international trade is unsustainable.
Nat Food. 1:792-800.

Rosa L, Chiarelli DD, Tu C, Rulli MC, D’Odorico P. 2019. Global un-
sustainable virtual water flows in agricultural trade. Environ Res
Lett. 14:114001.

Zhao C, etal. 2017. Temperature increase reduces global yields of
major crops in four independent estimates. Proc Natl Acad Sci
USA. 114:9326-9331.

Ray DK, et al. 2019. Climate change has likely already affected
global food production. PLoS One. 14:€0217148.


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad117#supplementary-data
https://doi.org/10.5281/zenodo.7187381
https://doi.org/10.5281/zenodo.7187381

10

| PNAS Nexus, 2023, Vol. 2, No. 4

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Jagermeyr J, et al. 2021. Climate impacts on global agriculture
emerge earlier in new generation of climate and crop models.
Nat Food. 2:873-885.

Kummu M, Heino M, Taka M, Varis O, Viviroli D. 2021. Climate
change risks pushing one-third of global food production outside
the safe climatic space. One Earth. 4:720-729.

Ortiz-Bobea A, Ault TR, Carrillo CM, Chambers RG, Lobell DB.
2021. Anthropogenic climate change has slowed global agricul-
tural productivity growth. Nat Clim Chang. 11:306-312.

Rosa L. 2022. Adapting agriculture to climate change via sustain-
able irrigation: biophysical potentials and feedbacks. Environ Res
Lett. 17:063008.

Elliott], et al. 2014. Constraints and potentials of future irrigation
water availability on agricultural production under climate
change. Proc Natl Acad Sci USA. 111:3239-3244.

Fitton N, et al. 2019. The vulnerabilities of agricultural land and
food production to future water scarcity. Glob Environ Change.
58:101944.

Trnka M, et al. 2019. Mitigation efforts will not fully alleviate the
increase in water scarcity occurrence probability in wheat-
producing areas. Sci Adv. 5:eaau2406.

Liu X, et al. 2022. Global agricultural water scarcity assessment
incorporating blue and green water availability under future cli-
mate change. Earths Future. 10:e2021EF002567.

Rojas M, Lambert F, Ramirez-Villegas J, Challinor AJ. 2019.
Emergence of robust precipitation changes across crop produc-
tion areas in the 21° century. Proc Natl Acad Sci USA. 116:
6673-6678.

Warszawski L, et al. 2014. The inter-sectoral impact model inter-
comparison project (ISI-MIP): project framework. Proc Natl Acad
Sci USA. 111:3228-3232.

Chiarelli DD, et al. 2020. The green and blue crop water require-
ment WATNEEDS model and its global gridded outputs. Sci
Data. 7:1-9.

Portmann FT, Siebert S, DOl P. 2010. MIRCA2000—global month-
ly irrigated and rainfed crop areas around the year 2000: a new
high-resolution data set for agricultural and hydrological model-
ing. Global Biogeochem Cycles. 24:GB1011.

Sognnaes, et al. 2021. A multi-model analysis of long-term emis-
sions and warming implications of current mitigation efforts. Nat
Clim Chang. 11:1055-1062.

Pielke RJr, Burgess MG, RitchieJ. 2022. Plausible 2005-2050 emis-
sions scenarios project between 2°C and 3°C of warming by 2100.
Environ Res Lett. 17:024027.

Zhu P, et al. 2022. Warming reduces global agricultural produc-
tion by decreasing cropping frequency and yields. Nat Clim
Chang. 12:1016-1023.

Mehta P, et al. 2022. Majority of 215" century global irrigation ex-
pansion has been in water stressed regions. ArXiv X5C932.
https://doi.org/10.31223/X5C932, preprint: not peer reviewed.
Wang]J, et al. 2020. Forty years of irrigation development and re-
form in China. Aust ] Agric Resour Econ. 64:126-149.

IPCC, Climate Change 2022: Mitigation of Climate Change. 2022.
Contribution of working group III to the sixth assessment report of the
intergovernmental panel on climate change. Cambridge, UK and
New York, NY, USA: Cambridge University Press.

Doorenbos J, Kassam AH. 1979. Yield response to water. Irrig
Drain Pap. 33:257.

van Maanen N, et al. 2022. Accounting for socioeconomic con-
straints in sustainable irrigation expansion assessments.
Environ Res Lett. 17:075004.

Jagermeyr], et al. 2016. Integrated crop water management might
sustainably halve the global food gap. Environ Res Lett. 11:025002.

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69
70

71

Kader MA, et al. 2019. Mulching as water-saving technique in dry-
land agriculture. Bull Natl Res Cent. 43:1-6.

Qin S, Li S, Yang K, Hu K. 2018. Can plastic mulch save water at
night in irrigated croplands? J Hydrol (Amst). 564:667-681.
Barron-Gafford GA, et al. 2019. Agrivoltaics provide mutual ben-
efits across the food-energy-water nexus in drylands. Nat
Sustain. 2:848-855.

Davis KF, Rulli MC, Seveso A, D’Odorico P. 2017. Increased food
production and reduced water use through optimized crop distri-
bution. Nat Geosci. 10:919-924.

Graves A, Rosa L, Nouhou AM, Maina F, Adoum D. 2019. Avert ca-
tastrophe now in Africa’s Sahel. Nature. 575:282-286.

Sloat LL, et al. 2020. Climate adaptation by crop migration. Nat
Commun. 11:1-9.

Jin Z, et al. 2017. The combined and separate impacts of climate
extremes on the current and future USrainfed maize and soybean
production under elevated CO2. Glob Chang Biol. 23:2687-2704.
Sage RF, Sage TL, Kocacinar F. 2012. Photorespiration and the
evolution of C4 photosynthesis. Annu Rev Plant Biol. 63:19-47.
Kahlown MA, Ashraf M. 2005. Effect of shallow groundwater ta-
ble on crop water requirements and crop yields. Agric Water
Manag. 76:24-35.

Molden D, et al. 2010. Improving agricultural water productivity:
between optimism and caution. Agric Water Manag. 97:528-535.
Lal R. 2008. Soils and sustainable agriculture. A review. Agron
Sustain Dev. 28:57-64.

Krishnamurthy RPK, Fisher JB, Choularton RJ, Kareiva PM. 2022.
Anticipating drought-related food security changes. Nat Sustain.
5:1-9.

Proctor J, Rigden A, Chan D, Huybers P. 2022. More accurate spe-
cification of water supply shows its importance for global crop
production. Nat Food. 3:753-763.

Lobell DB, Bonfils CJ, Kueppers LM, Snyder MA. 2008. Irrigation
cooling effect on temperature and heat index extremes.
Geophys Res Lett. 35:L09705.

Schmitt RJP, Rosa L, Daily GC. 2022. Global expansion of sustain-
able irrigation limited by water storage. Proc Natl Acad Sci USA.
119:€2214291119.

Rost S, et al. 2008. Agricultural green and blue water consump-
tion and its influence on the global water system. Water Resour
Res. 44:W09405.

Tuninetti M, Tamea S, D’Odorico P, Laio F, Ridolfi L. 2015. Global
sensitivity of high-resolution estimates of crop water footprint.
Water Resour Res. 51:8257-8272.

Harris I, Osborn TJ, Jones P, Lister D. 2020. Version 4 of the CRU TS
monthly high-resolution gridded multivariate climate dataset.
Sci Data. 7:1-18.

Funk C, et al. 2015. The climate hazards infrared precipitation
with stations—a new environmental record for monitoring ex-
tremes. Sci Data. 2:1-21.

Chen M, et al. 2008. Assessing objective techniques for gauge-based
analyses of global daily precipitation. ] Geophys Res Atmos. 113(D4).
de Graaf IEM, Gleeson T, Sutanudjaja EH, Bierkens MFP. 2019.
Environmental flow limits to global groundwater pumping.
Nature. 574:90-94.

W. M. Association, State of the Global Climate 2021. 2022.
Ramirez-Villegas J, Jarvis A, Laderach P. 2013. Empirical ap-
proaches for assessing impacts of climate change on agriculture:
the EcoCrop model and a case study with grain sorghum. Agric
For Meteorol. 170:67-78.

Taylor KE, Stouffer RJ, Meehl GA. 2012. An overview of CMIP5 and
the experiment design. Bull Am Meteorol Soc. 93:485-498.


https://doi.org/10.31223/X5C932

HeandRosa | 11

72

73

Navarro-Racines C, Tarapues J, Thornton P, Jarvis A,
Ramirez-Villegas J. 2020. High-resolution and bias-corrected
CMIP5 projections for climate change impact assessments. Sci
Data. 7:1-14.

Monfreda C, Ramankutty N, Foley JA. 2008. Farming the planet: 2.
Geographic distribution of crop areas, yields, physiological types,
and net primary production in the year 2000. Global Biogeochem
Cycles. 22(1).

74 D’odorico P, Carr JA, Laio F, Ridolfi L, Vandoni S. 2014.

75

76

Feeding humanity through global food trade. Earths Future. 2:
458-469.

Farquhar GD, Sharkey TD. 1982. Stomatal conductance and
photosynthesis. Annu Rev Plant Physiol. 33:317-345.

Tuzet A, Perrier A, Leuning R. 2003. A coupled model of stomatal
conductance, photosynthesis and transpiration. Plant Cell
Environ. 26:1097-1116.



	Solutions to agricultural green water scarcity under climate change
	Introduction
	Results
	The extent of agricultural GWS
	Prolonged GWS under warming
	Timing of GWS
	People fed by rain-fed croplands facing GWS
	Solutions to reduce GWS

	Discussion
	Water scarcity and food security implications

	Conclusions
	Materials and methods
	Assessment of GWS
	Assessment of BWR and CWR
	Climatic data
	Assessment of calorie production

	Supplementary material
	Funding
	Author contributions
	Data availability
	References


