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Foreword

Water is life. Yet across continents, this vital resource is vanishing at an
alarming rate. Each year, the world loses 324 billion cubic meters of
freshwater—the equivalent to the combined annual flow of Western
Europe’s largest rivers (Danube, Rhine, Elbe, and Meuse), or enough to
meet the annual needs of 280 million people. This is no longer a future risk;
it is a silent crisis already reshaping economies, ecosystems, and lives.

This first edition of the Global Water Monitoring Report, Continental Drying:
A Threat to Our Common Future, presents a sobering view. Drawing on two
decades of satellite data and advanced modeling, it reveals a clear and
troubling trend: global freshwater reserve has declined by 3 percent of the
freshwater supply on average, annually, and by as much as 10 percent in
already-dry regions. Across the planet, dry areas are getting drier, and wet
areas continue to get wetter—but the pace and level of drying are both
more widespread and more rapid. This shift in the global water cycle carries
severe consequences: jobs lost, incomes diminished, ecosystems degraded,
and new vulnerability hot spots emerging, even in places once considered
water secure.

The impacts are deeply interconnected, with regional and global ripple
effects on jobs, incomes, value chains, and trade. Moreover, freshwater
depletion is heightening the risk of wildfire, especially in biodiversity hot
spots.

For the first time, we now have a much more precise picture of where and
why freshwater is disappearing. A new methodology improves satellite
resolution from about 330 kilometers to 25 kilometers, enabling detailed
analysis at basin, country, and even county levels. Combined with
economic and land-use data, this technology reveals the underlying drivers:
global warming, intensifying droughts, and unsustainable land and water
practices.

This report goes beyond diagnosis—it is a call to action with a roadmap for
possible solutions. It proposes a three-pronged approach: managing
demand, augmenting water supply, and improving water allocation to
tackle the continental drying crisis. Five cross-cutting levers are key to
success: strengthening institutions, reforming tariffs and repurposing

Xi



subsidies, adopting water accounting, leveraging data and technological
innovations, and valuing water in trade.

Together, these measures can accelerate implementation and attract private
investment to finance the transition. Grounded in international best
practice, these policy options can help reverse the trend of increased
continental drying. With the right knowledge, partnerships, and political
will, we can turn the tide.

Axel van Trotsenberg

Senior Managing Director for Development and Policy
World Bank
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Main Messages

This report addresses the escalating global water crisis characterized by
continental drying—the long-term decline in freshwater availability across
large landmasses—highlighting trends, causes, and impacts on jobs, the
economy, and the planet. It presents a comprehensive strategy and policy
action road map focused on demand management, supply augmentation,
and improved water allocation to address the water crisis.

Trend and causes of continental drying

Global freshwater reserves have significantly declined over the past two
decades, leading to the emergence of mega-drying regions. This loss of
freshwater is estimated at 324 billion cubic meters per year—enough to meet
the annual water needs of 280 million people. Regionally, the median basin-
level annual decline in freshwater reserves is about 3 percent of the annual
renewable freshwater supply across all basins but reaches 10 percent in arid
regions experiencing drying. Global warming, worsening droughts, and
unsustainable land and water use are major contributors to this trend.

Impacts on jobs, the economy, and the planet

Continental drying severely affects agricultural productivity, leading to job
losses, income declines, and environmental damages.

e Jobs. In Sub-Saharan Africa, droughts have rendered 600,000-900,000
people jobless annually. The negative effect of water scarcity on jobs is
most pronounced in rural farming communities and among women,
older individuals, landless farmers, and low-skilled workers.

 Income. Local water shortages can have global economic repercussions
because of interconnected trade networks. For example, a 100 mm
drop in annual rainfall in India could reduce global real income by
US$68 billion.!

 Wildfires and biodiversity. Continental drying increases the frequency
and severity of wildfires, posing a threat to biodiversity. A 1-standard-
deviation (SD) increase in the rate of freshwater depletion raises the
likelihood of wildfires by 27 percent; in biodiversity hot spots, it raises
the likelihood by 50 percent.
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Mapping water vulnerability and savings potential

Global water use increased by 25 percent from 2000 to 2019, with about a
third of this increase occurring in regions already drying out. Regions facing
the dual crisis of increasing water demand and decreasing supply are
identified, with a significant share of water consumption in these drying
regions linked to low water use efficiency in the cultivation of water-
intensive crops.

Enhancing water use efficiency in agriculture could save substantial
amounts of water when paired with effective monitoring and regulations to
protect the savings. Globally, aligning the production of key crops with
median levels of global water use efficiency could reduce consumption of
freshwater from rivers, lakes, and aquifers by 137 billion cubic meters—
equivalent to the annual water needs of 118 million people. Adjusting
cropland distribution to better match water availability within national
borders and reallocating water use from less efficient to more efficient
producers and from water-scarce to water-abundant areas across countries
through virtual water trade can further increase water savings in drying
regions.

Policy recommendations

The report recommends a three-pronged approach: managing demand,
augmenting water supply, and improving water allocation to tackle the
continental drying crisis. Five cross-cutting levers—strengthening
institutions, reforming tariffs and repurposing subsidies, adopting water
accounting, leveraging data and technological innovations, and valuing
water in trade—are essential for effective implementation and to attract
private investment to finance the approach. Beyond water, addressing trade
barriers, investing in education and skills development, and improving
access to markets and financial services are critical for strengthening job
and livelihood resilience.

Note

1. It should be noted that this finding is based on a modeled scenario and reflects the
potential global cost of water scarcity in India, rather than a direct measurement of
current annual losses.
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Overview

Introduction

The year 2024 marked another year of record-breaking water-related
extremes across the globe. Widespread droughts and floods not only cause
devastating local impacts but also signal broader shifts in the global water
cycle (GCEW 2024). A changing water cycle directly affects the availability
of freshwater. Although shifts in water extremes are increasingly visible,
the long-term trend for total freshwater availability on land remains
poorly understood. Conventional wisdom assumes that the amount of
freshwater available for human and ecosystem use is fixed and that
periodic deficits get eventually compensated with surplus precipitation.
However, this report’s findings challenge that assumption. They reveal a
crisis not only of water extremes but also of a shifting baseline in global
water availability.

Focus of this report

Grounded in new evidence from satellite data, this report presents the first
global assessment of freshwater reserves over the past two decades. The
findings expose an alarming trend of continental drying: a persistent long-
term decline in freshwater availability across vast landmasses. Not only are
droughts and deluges becoming more unpredictable, but the total amount of
freshwater available for use has also significantly declined. Combining satellite
data with microeconomic data, this report further explores four questions.

What has caused continental drying?

Previous research and this report’s analysis point to three major causes:
global warming, worsening droughts, and human activities that affect water
and land use. Among these, unsustainable water and land use are pivotal

A reproducibility package is available for this book in the Reproducible Research

Repository at https://reproducibilityworldbank.org/index.php/catalog/386.
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drivers of freshwater loss in nonglaciated regions. Although the crisis of a
changing climate is at its core a water crisis, ineffective water management
has further exacerbated it.

What are the impacts of continental drying?

Continental drying raises profound risks: It can reduce agricultural
productivity, harm human health, and, in extreme cases, render land
uninhabitable and drive large-scale emigration. The report reveals new
empirical evidence showing how freshwater depletion jeopardizes jobs and
incomes, intensifies the frequency and severity of wildfires, and poses a
serious threat to biodiversity. In the long term, the combined effects of
drying and warming could push societies toward a tipping point at which
damage accelerates rapidly and adaptation becomes increasingly difficult.

Where are the water vulnerability hot spots and savings
opportunities?

Regions experiencing the fastest decline in freshwater reserves and a
substantial increase in water consumption are emerging as vulnerability hot
spots. The pressure is compounded by inefficient water use in farming:
About one-quarter of inefficient rain-fed and one-third of inefficient
irrigated crop water consumption occur in areas already experiencing
shrinking water availability. Although these areas are highly vulnerable to
long-term freshwater depletion, they also have significant potential to
enhance resilience through sustainable water management. Globally,
aligning the production of key crops with median levels of global water use
efficiency could lead to an 18 percent reduction in irrigation water use in
drying areas.

How can the continental drying water crisis be tackled?

This report offers a comprehensive policy blueprint to tackle the water
crisis through actions both within and beyond the water sector. Within the
water sector, countries must advance comprehensive water reforms that
address water demand, supply, and allocation. These reforms include
strengthening institutions to enable robust monitoring, enforcement, and
cross-sector coordination; smarter pricing systems that reflect the scarcity
and value of water; water accounting, which is essential to understand
water endowments and risks; innovative data and technology systems that
track water availability and use in real time; and trade policies aligned
with water sustainability. Beyond the water sector, addressing trade
barriers, investing in education and skills development, and improving
access to markets and financial services are essential to build more
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adaptive and resilient economies that can be better prepared to withstand
the impacts of water scarcity.

What’s new in this report

This report uses perhaps the most comprehensive hydrologic variable—
terrestrial water storage (TWS)—to assess changes in freshwater availability
over the past two decades. TWS is the total amount of water stored on land.
It includes water found in glaciers, rivers, lakes, reservoirs, and aquifers and
water held in soil moisture and vegetation. Monitoring changes in TWS—
especially water stored beneath the ground, which represents 97 percent of
Earth’s unfrozen freshwater—is notoriously difficult. That situation changed
in 2002 with the launch of the Gravity Recovery and Climate Experiment
(GRACE) missions by the U.S. National Aeronautics and Space
Administration and the German Aerospace Center. By tracking changes in
Earth’s gravity caused by shifting water storage, GRACE has made it
possible to measure changes in freshwater reserves on a global scale

(refer to box O.1).

BOX O.1
Terrestrial water storage: What it is and how it is tracked from space

Think of land as a giant water bank (refer to figure BO.1.1). It holds water
in different accounts: short-term stores, such as soil moisture, seasonal
snow cover, and small reservoirs (checking account); medium-term
stores, such as groundwater in shallow aquifers and large lakes (savings
account); and long-term stores, such as groundwater in deep aquifers,
glaciers, and ice caps (trust fund). Deposits come from rainfall and snow,
and withdrawals occur through evaporation, runoff, and water usage. If
withdrawals consistently exceed deposits, the system runs at a deficit,
depleting long-term reserves such as groundwater.

Just like a bank account statement, the level of TWS indicates whether
regions are saving water, breaking even, or heading into water
bankruptcy. Traditionally, however, there was no way to regularly monitor
this important variable at all locations on land. That situation changed in
2002 with the launch of the Gravity Recovery and Climate Experiment
(GRACE) satellite mission of the U.S. National Aeronautics and Space
Administration and the German Aerospace Center.

(continued)
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BOX O.1

Terrestrial water storage: What it is and how it is tracked from space

(continued)

FIGURE BO.1.1 Terrestrial water storage: Earth’s water bank

Deposits come from
rainfall and snow

Evaporation

Withdrawals occur
through evaporation,
runoff, and water usage

Small reservoirs

Savings account

Medium-term stores such
as shallow aquifers and

Checking account
Short-term stores such
as soil moisture and small
reservoirs

Large lakes

Trust fund

Long-term storage such as
groundwater in deep aquifers,
glaciers, and ice caps

large lakes

Source: World Bank.

The GRACE (2002-17) mission and its successor, the GRACE
Follow-On (2018-present) mission, consist of two satellites orbiting
Earth. The distance between them is measured with high precision,
down to micrometers (a micrometer is 1/50th the width of a human
hair). As the pair of satellites circle Earth, their positions are changed
slightly by the amount of water mass in the region below. For
example, when the front satellite approaches a large water reservoir, it
accelerates because it is pulled slightly by the reservoir’s gravity,
changing the distance between the two satellites. When it has passed
over the reservoir, it decelerates and the distance between the two
satellites changes again. The next month, if the reservoir has lost
water, the overall pull by the reservoir will be smaller; thus, the
satellites’ acceleration and deceleration will be smaller. The difference
between the two months’ measurements is then converted into water
mass units, after accounting for other influences. By monitoring the
small but continuous changes in Earth’s gravity field caused by water
movement, GRACE functions like a scale in the sky, enabling
researchers to observe fluctuations in TWS.
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Many studies have analyzed TWS changes using GRACE data (for example,
Reager et al. 2016; Rodell et al. 2018, 2024; Rodell and Li 2023; Scanlon

et al. 2022). Although existing studies characterize regional trends relatively
well, uncertainties remain regarding whether these trends are robust; what
the underlying drivers are; and whether the global continents, as a whole,
are gaining or losing freshwater from or to oceans (Kim et al. 2019).

Additionally, most studies are conducted at close to GRACE’s native
resolution, approximately 330 km at the equator, roughly the size of a
small country. Although this resolution captures broad patterns, it is too
coarse to detect finer-scale changes, such as those occurring in smaller
watersheds or local aquifers.

Finally, although continental drying affects vast areas of global land, its
impacts are shaped by local water consumption patterns. The most recent
global assessment of water consumption, also known as a water footprint,
was conducted by Hoekstra and Mekonnen (2012), providing 10-year
annual averages for 1996-2005. Given significant shifts in water use since
then, an updated water footprint estimate is needed to identify
vulnerability hot spots facing the dual pressures of declining supply and
rising demand.

This report introduces three key innovations to address these knowledge
gaps. First, it provides a comprehensive assessment of the long-term global
trends for TWS from April 2002 to April 2024. Tt examines how reliable
the trends are by accounting for uncertainties in the satellite data and
testing how consistent these patterns are over time, examining, for
example, whether areas showing drying today were also drying in earlier
years. Drying trends that appear in 95 percent of possible time periods
for a region are considered robust. The report also compares long-term
changes with year-to-year natural fluctuations (such as those from

El Nifio) to highlight areas where the drying signal is stronger than
natural variability. These checks help identify the most significant and
persistent drying regions—those experiencing persistent water deficits
year after year.

Combining GRACE data with a global hydrological model, this report also
breaks down the change in water storage into its key components—
groundwater, soil moisture, surface water, and snow—at the global scale.
This decomposition provides insights into the sources of water loss.

Second, this report uses a novel method to enhance GRACE’s resolution to
approximately 25 km, allowing for more precise characterization of TWS
changes at a finer scale, ranging from national and state levels and even to

Overview
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individual counties. These high-resolution TWS data are used to assess
the significance of changes in water storage at the local basin level, that is,
to measure how much a basin is running a water “overdraft” relative to its
annual rainfall deposits.

The downscaled TWS data are further integrated with microeconomic
data to identify the drivers and impacts of TWS depletion. Connecting
TWS trends with land use and water management indicators provides
new empirical evidence on the human drivers of continental drying.

In addition, despite growing evidence of the social and economic impacts
of water scarcity, the empirical evidence on the environmental and long-
term economic impacts of drying, and on whether adaptation can mitigate
these effects, is still limited. Using a rich set of high-resolution data, this
report helps fill that gap through novel econometric methods. Moreover,
the data allow for analysis of regional variations in the impacts of drying,
shaped by local infrastructure and institutional conditions, and provides
insights into potential adaptation strategies to mitigate these impacts.

Third, this report estimates the water footprint for 175 crops in 169
countries in 2000 to 2019 at high resolution (approximately 10 km), using
a state-of-the-art crop growth model and the most up-to-date, globally
comprehensive agriculture data. These data are then overlaid with TWS
data to identify vulnerability hot spots where water availability is
declining, demand is increasing, water use efficiency is low, and a
substantial amount of virtual water—water embedded in agriculture and
water-intensive industrial goods—is used for export rather than domestic
consumption. Understanding water consumption patterns is critical for
identifying sources of vulnerability and solutions for water savings.

This report estimates crop-specific water use efficiency to assess the
potential for water savings in drying regions.

The following sections of this overview summarize the report’s main
findings and recommendations.

Trends and causes of global freshwater decline

A key finding of the report is the persistent net loss of global freshwater
availability at an annual rate of 324 billion cubic meters—enough to meet the
annual water needs of 280 million people—over the past two decades (refer
to figure O.1). Regionally, the median basin-level freshwater loss equals
about 3 percent of the annual renewable freshwater supply! In basins that
are arid and experiencing drying, the median freshwater loss reaches

10 percent, exacerbating water scarcity in areas that can least afford it.
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Global freshwater availability has persistently declined over the
past two decades.

FIGURE O.1 Global freshwater loss to oceans, 2002-24

2004 2008 2012 2016 2020 2024
Year

Source: Adapted from Chandanpurkar et al. 2025.

Note: This figure depicts the long-term loss of the global land water mass,
measured by the net change in globally integrated, deseasoned TWS data
from April 2002 to April 2024. TWS data are from the GRACE satellite
mission, which operated from 2002 to 2017, and its successor mission,

the GRACE-FO, launched in 2018. The gray band indicates the gap
between the GRACE and GRACE-FO missions. GRACE = Gravity Recovery
and Climate Experiment; GRACE-FO = Gravity Recovery and Climate
Experiment Follow-On; km?3 = cubic kilometers; TWS = terrestrial water
storage.

Continental drying as seen from space

Beyond the global average, the trend varies across regions. Although most
of the world’s dry areas continue to get drier and the wet areas continue to
get wetter, the extent of drying is both more widespread and more rapid
than that of wetting. The rapid expansion of dry areas has led to the
emergence of continental-scale mega-drying regions formed by the
convergence of previously identified drying hot spots, as shown in

map O.1. These regions include Alaska and western and northern Canada,
Central America and southwestern North America, the northern Russian
Federation, and the vast landmass including Central Asia, northern China,
Europe, the Middle East and North Africa, South Asia (except Peninsular
India), and Southeast Asia.
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Rapid expansion of dry areas has led to the emergence of
continental-scale mega-drying regions.

MAP 0.1 Emergence of continental-scale mega-drying regions
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Source: Chandanpurkar et al. 2025.

Note: In panel a, red indicates regions that have experienced a persistent loss of
freshwater reserves over the past two decades, and blue indicates areas that have
consistently gained freshwater reserves during the same period. Intensity of color
corresponds to the magnitude of water loss or gain. The numbers on the map indicate
the mega-drying regions: 1 = Alaska and western and northern Canada; 2 = northern
Russian Federation; 3 = Central America and southwestern North America; 4 = Central
Asia, northern China, Europe, the Middle East and North Africa, South Asia (except
Peninsular India), and Southeast Asia. The zonal plot in panel b shows the sum of TWS
across parallel lines, for all regions (blue dotted line) and for nonglaciated regions
(red). It shows that, with the exception of the tropics between 10S and 20N, all
latitudes exhibit a net decline in freshwater reserves, even when excluding glaciers and
ice caps. cm/yr = centimeters per year; TWS = terrestrial water storage.

Drivers of continental drying

This report estimates that annual freshwater loss in nonglaciated drying
continental regions is increasing each year and has now exceeded the loss
from melting glaciers and ice caps (excluding Antarctica and Greenland).

In nonglaciated drying regions, the single largest contributor to water
storage loss comes from the depletion of groundwater (68 percent), followed
by surface water (18 percent), soil moisture (9 percent), and snow water

(5 percent).
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Although snow and glacier melting are primarily influenced by global
warming (Immerzeel et al. 2020), many freshwater losses in nonglaciated
regions could be reduced through better local water and land
management. Indeed, this report shows that land use change is a pivotal
driver of freshwater depletion. Regions with healthy forests and wetlands
tend to hold larger freshwater reserves, whereas those dominated by
urbanization and intensive irrigation face much faster rates of depletion
(refer to figure 0.2).

Additionally, addressing agriculture water underpricing that leads to
overpumping of groundwater can significantly reduce water loss in
irrigation-intensive countries (refer to figure 0.3, panel a). Integrated
water resources management (IWRM) that balances the competing
demands of agriculture, urban development, and conservation also plays a
vital role in protecting water resources. In countries with weak IWRM
(scoring below the 30th percentile), freshwater reserves are depleted two
to three times faster than in nations with more effective management, all
else being equal (refer to figure 0.3, panel b).

Land use decisions are a key driver of continental drying in nonglaciated areas.

FIGURE 0.2 Impact of 1 percent change in land use type in 2002 on TWS trends,
2003-24

Million tons/year

0.4+ 0.19
0.06
Od-on O | e .
-0.2 4
-0.4
-0.61 -0.48
-0.8 1
-0.74

_]O T T T T T

Barren land Urban Forests Permanent Other natural Irrigated

(Baseline) built-up wetlands vegetation cropland

land
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Source: World Bank.

Note: This figure illustrates the estimated impact of a 1 percent change in the
respective land use type in 2002 (equivalent to approximately 25 km?2 on average) on
the grid cell’s TWS trend from 2003 to 2024, with barren land serving as the baseline.
“Other natural vegetation” includes grasslands, savannas, and shrublands. Error bars
show 95% confidence intervals. TWS = terrestrial water storage.

Overview XXV



Addressing distortions in agricultural water pricing and strengthening integrated
water resources management can help preserve freshwater resources.

FIGURE 0.3 Impact of pricing and the degree of IWRM on freshwater reserves

a. Impact of energy pricing on TWS b. Impact of the degree of
trend in irrigation-intensive countries IWRM on TWS trend
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Source: World Bank.

Notes: Panel a illustrates the relationship between changes in energy prices and
changes in freshwater reserves (measured by TWS) for countries where more than

20 percent of cropland is irrigated. Panel b illustrates the relationship between the
score of IWRM and changes in TWS. All variables are adjusted (residualized) to account
for yearly weather differences and country-specific factors. Refer to the online technical
appendixes for details. The unit of the y axis—mm depth—refers to the equivalent
depth of TWS in millimeters, that is, the depth of water when it is uniformly distributed
across each 0.5-degree grid cell. Cl = confidence interval; IWRM = integrated water
resources management; TWS = terrestrial water shortage.

The cascading impacts of continental drying

Continental drying means that water is becoming scarcer in large parts of
the world. A growing body of literature has shown that water scarcity
reduces agricultural productivity, slows economic growth, affects health
and education, and triggers forced migration and potential conflicts.
Additionally, water storage, such as groundwater and soil moisture,
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ensures water availability when precipitation and surface water supplies
decline during droughts. The large-scale decline in groundwater and soil
moisture weakens this crucial insurance mechanism against climate
variability.

Building on previous studies, this report delves into areas that have not
been fully explored in the existing literature. The findings highlight the
far-reaching, cascading impacts of continental drying on jobs, income, and
the environment. Specifically, the analysis yields the following four main
takeaways:

1. Freshwater depletion is jeopardizing jobs and incomes.

2. Adaptation has been limited, and the negative effects of warming and
drying on food security reinforce one another, risking a potential tipping
point.

3. Local water shortages can have large spillover effects globally because of
interconnected trade networks.

4. Continental drying intensifies the frequency and severity of wildfires and
poses a serious threat to biodiversity.

From wilted fields to waning work

Water availability affects labor market outcomes through both supply- and
demand-side channels. On the supply side, water scarcity affects labor
productivity by harming nutrition and health and long-term human capital
development. During water shortages, immediate productivity losses can
occur if people fall ill or spend productive hours fetching water or caring for
those who are sick. Illness can result from reduced access to clean water,
increasing the risk of waterborne diseases, and from malnutrition caused by
droughts.

On the demand side, water shortages negatively affect productivity in
water-dependent sectors such as agriculture, energy, manufacturing,
tourism, and transportation. This decline in productivity lowers job
demand and negatively affects income. About 78 percent of jobs in the
global workforce have some level of water dependence, and 42 percent of
jobs are significantly water dependent (Connor and Chaves Pacheco 2024).

Water’s role in sustaining jobs and livelihoods is even more pronounced in
developing countries, where a large share of the population depends on
agriculture. About 80 percent of the world’s poor live in rural areas and
rely heavily on farming, which requires reliable access to water for

crop cultivation. Globally, 1.23 billion people are directly employed in
agriculture. This dependence is particularly striking in regions such as
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South Asia and Sub-Saharan Africa, where more than 50 percent of the
workforce relies on agriculture. In these areas, dry shocks can swiftly
erode job opportunities, particularly in rural farming communities, leaving
livelihoods at risk.

In Sub-Saharan Africa, the analysis shows that a dry shock—defined as soil
moisture proxied by a drought index of 1.5 standard deviations (SD) below
the long-term mean—reduces the employment rate by 2.5 percentage
points on average and by 7.5 percentage points in agriculture-dependent
rural areas, all else being equal. Given the frequency of dry shocks, this
effect translates to approximately 600,000-900,000 individuals in Sub-
Saharan Africa being jobless each year as a result of exposure to dry
shocks between 2005 and 2018. These numbers represent a loss of

7-9 percent of the annual jobs created in the region. Women, older
individuals, landless farmers, and low-skilled workers are those most
negatively affected (refer to figure 0.4).

Droughts most negatively affect jobs for women, older individuals,
landless farmers, and low-skilled workers.

FIGURE 0.4 Effects of drought on employment, by worker characteristics
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Source: Khan et al. 2024.

Note: The figure depicts the marginal effect of a 1.5-standard-deviation
decline in the Standardized Precipitation-Evapotranspiration Index on the
probability of having a job across demographic groups. The error bars
represent the 95 percent confidence interval.
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Of course, job outcomes are not just about numbers—the types of jobs
matter, too. Although water scarcity initially reduces agricultural
employment, its long-term effect is more complex. In response to
prolonged droughts, local populations may convert more land to farming
to compensate for lost productivity (Damania et al. 2017), potentially
increasing agricultural employment. In low-income countries facing
trade barriers, shrinking agricultural productivity may push workers
further into subsistence farming, reinforcing dependence on agriculture
(Nath 2024).

An increase in agricultural jobs in water-stressed economies is not
necessarily a positive outcome. Water scarcity reduces agricultural
productivity, leading to lower real income for farmers. Moreover,
heavily agriculture-dependent societies in water-stressed regions
remain highly vulnerable to future water crises. Economies that
have achieved greater economic diversification with more
occupations in services and industries are better equipped to
withstand dry shocks.

Drying, warming, and a tipping point

This report reveals that the adverse effects of drying and warming are
mutually reinforcing. Drying makes adapting to warming more difficult, and
warming exacerbates the negative effects of drying. Moreover, these
negative effects are nonlinear, implying that the cumulative effects of drying
and warming may lead to a tipping point at which their joint impacts on
food production are exponentially greater.

Specifically, figure 0.5, panel a, illustrates that in warmer regions,

as baseline precipitation decreases, even a small decrease in
precipitation leads to exponentially greater losses in crop yields.
Similarly, figure 0.5, panel b, shows that, in the drier half of the world,
the adverse effects of warming on crop yields double in regions

when baseline temperatures exceed 20°C and quintuple when they
exceed 25°C.

The joint effects of drying and warming are potentially staggering.
In some of the world’s hottest and driest regions, a 1 SD decline in
soil moisture proxied by the drought index can lead to a 43 percent
reduction in crop productivity. The report finds that drought-
prone regions are particularly vulnerable to declining water
availability, revealing the limited effectiveness of current
adaptation efforts.
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Negative effects of drying and warming on crop yields are mutually reinforcing.

FIGURE 0.5 Marginal effects of drying and warming on vegetation yields, by climate zone

a. Effect of 10 mm decrease in precipitation on vegetation growth
Impact on vegetation growth

Annual precipitation
—a— Cold regions —e— Warm regions

b. Effect of 0.1°C increase in annual average temperature
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Source: World Bank.

Note: Panel a presents the average marginal effects of a 10 mm decrease in annual total
precipitation below the long-term average on (log) NPP—a proxy for vegetation output—
for cells within each climate zone. Panel b depicts the average marginal effects of a 0.1°C
increase in annual average temperature above the long-term average on (log) NPP for
cells within each climate zone. Climate zones are defined by the long-run average
temperature and precipitation of each cell over the period 1951-2022, categorized using
5°C bins for temperature and 200 mm for precipitation. Climate bins are defined with
inclusive lower bounds and exclusive upper bounds (e.g., [5-10) includes 5 but not 10). The
global long-term median temperature (16.8°C) serves as the threshold between warm and
cold regions in panel a. The global long-run annual median precipitation (521 mm) serves
as the threshold between dry and humid regions in panel b. NPP = net primary product.

XXX Continental Drying



Local water shocks, global economic impact

GCEW (2024) highlights the importance of valuing and governing the
hydrological cycle as a global common good because of its interconnected
nature. This report highlights that increased agricultural trade also
heightens water dependencies across countries.

The removal of tariff and nontariff trade barriers has driven significant
growth in agricultural trade over recent decades (OECD 2019; OECD and
FAO 2021). Between 2018 and 2020, the value of agricultural trade in crops
increased by more than 80 percent compared with the 2007 value, whereas
manufacturing exports rose by less than 40 percent. Consequently, the
water embedded in the production of goods and services traded globally,
known as virtual water trade, increased by 26 percent between 2000 and
2019. In 2019, approximately 25 percent of global water consumption was
allocated for export rather than domestic use.

Given the large scale of virtual water trade, local water shortages can have
far-reaching global consequences. The report’s simulation analysis
illustrates both the magnitude and the channels through which agricultural
productivity losses due to water scarcity in one country can ripple across
sectors and national borders. For example, a 100 mm drop in annual rainfall
in India—roughly two-thirds of a standard deviation from the annual
average—is estimated to reduce global real income by $68 billion. Although
impacts are primarily felt in the agricultural sector, they also extend to the
manufacturing and service sectors that rely on agricultural inputs, such as
packaged food production and the restaurant industry.

Trade can expose countries to the effects of water shortages even if they
are not directly experiencing drying, but it also plays a crucial role in
mitigating these impacts. This report finds that, when consumers shift
their spending in response to water shocks and source food and water-
intensive goods from unaffected regions, trade helps cushion the local
adverse effects of dry shocks, stabilizing prices and sustaining
consumption. Countries can improve their resilience to climate-related
shocks by establishing strategic trade partnerships with regions that are
less susceptible to similar climatic risks.

Parched landscapes, intensified wildfires

Water is essential for sustaining life and maintaining a livable planet.

This report examines the effects of continental drying on ecosystems and
biodiversity, particularly through its influence on wildfires. Although
wildfires are often naturally occurring phenomena, they can be catastrophic
for ecosystems and nearby human communities.
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This report finds that continental drying significantly increases both the
frequency and the magnitude of wildfires, especially in biodiversity hot
spots. A 1SD increase in the rate of TWS depletion raises the probability
of wildfire occurrence in biodiversity hot spots by 50 percent, compared
with 11 percent outside these areas. On average, a 1 SD increase in the
rate of TWS loss leads to a 27 percent higher chance of wildfire
occurrence and a 46 percent increase in the size of burned areas, all else
being equal. At least 17 of the 36 globally recognized hot spots are
experiencing sustained reductions in freshwater availability

(refer to map 0.2).

Freshwater decline has the most significant impact on wildfires in areas
with the lowest gross domestic product per capita and local adaptive
capacity, as proxied by the Human Development Index. The effect in
these regions is 6 to 9 times greater than in the next quartile, regardless
of land cover or climate zones. These findings indicate that, although
continental drying leads to greater risk of wildfires, socioeconomic
development—including factors affecting human behaviors, wildfire

Almost half of global biodiversity hot spots are experiencing persistent drying.

MAP 0.2 Trends in TWS across global biodiversity hot spots
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Source: World Bank.

Note: The map plots the annual rate of TWS change in biodiversity hot spots. Red
denotes decreasing TWS; blue denotes increasing TWS. Notably, some hot spots in
Southeast Asia and Sub-Saharan Africa display increasing TWS. However, this trend
may indicate intensified flooding or human interventions, such as the development of
large-scale dams, which can also devastate biodiversity. TWS = terrestrial water
storage.
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prevention measures, and community practices—can play a critical role
in mitigating these risks.

Water vulnerability hot spots and priority regions

Water consumption patterns determine a region’s water dependency
and long-term resilience to water scarcity. Regions with rapidly rising
water consumption, low water use efficiency, and more water-
intensive economic activities are more susceptible to the impact of
continental drying. Agriculture is the largest water consumer,
accounting for 98 percent of the global water footprint. By combining
water availability and agricultural water demand data, this report
identifies vulnerability hot spots and priority regions for policy
interventions.

Vulnerability hot spots

This report shows that global water consumption increased by 25 percent
between 2000 and 2019, with about a third of this increase occurring in
drying regions. These regions include areas already facing freshwater
scarcity, such as Central America, northern China, a large swath of Eastern
Europe, northern India, and the southwestern United States. However,
water stress is also emerging in historically water-abundant regions
undergoing rapid agricultural, industrial, and urban growth, such as
southeastern Brazil.

Adding to the pressure, a significant share of crop production in drying
regions is inefficient, meaning water use per ton of crop produced exceeds
that of at least half of global producers under similar climatic conditions
and production systems (irrigation or rain fed). Inefficient water use may
have contributed to drying in the first place and continue driving water
depletion of already-stressed water systems as producers extract more
water to compensate for inefficiencies.

Notably, about one-quarter of inefficient water consumption in rain-fed
agriculture and one-third in irrigated agriculture are concentrated in
regions experiencing declining freshwater availability. These hot

spots where water inefficiency coincides with drying trends are

most pronounced in Western Asia, Eastern Europe, and North

Africa (refer to map 0.3). On a national level, the highest share of
inefficient agricultural water consumption under drying conditions is
observed in Algeria, Cambodia, Mexico, Pakistan, Thailand, Tunisia,
and Romania.
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A large share of agriculture production in drying regions relies on inefficient
water use.

MAP 0.3 Share of agricultural water use with low efficiency in drying regions
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Source: World Bank.

Note: Percentages indicate the share of water use of 35 key crops produced with

low water use efficiency in rain-fed and irrigated production systems in drying regions.
Low water use efficiency is defined as consuming more water per ton of output than at
least half of global producers using the same technology and within the same

climate zone.
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Beyond water use efficiency, crop choice plays a key role in determining
overall water demand. The past two decades have seen a global shift
toward the cultivation of more water-intensive crops. Among drying
countries, 37 have transitioned to more water-intensive agriculture,
including 22 located in arid and semiarid regions. This structural shift,
coupled with inefficiency, further intensifies water demand in already
water-stressed countries. More than two-thirds of the inefficient irrigation
in drying areas is linked to the cultivation of water-intensive crops, such as
rice, wheat, cotton, maize, or sugar cane.

Furthermore, many water-scarce countries engage in inefficient and
unsustainable virtual water exports, using large volumes of water to grow
water-intensive crops for export rather than domestic use (refer to map 0.4).
Inefficient virtual water trade occurs when exporting countries use more
water than importers to produce the same crops. Additionally, if the
exporter relies more heavily on water from arid or water-stressed regions
than the importer does, the exchange is considered unsustainable for the
exporter. Between 2000 and 2019, about 17 percent of virtual water export
from drying and arid countries was deemed suboptimal—defined as inefficient
and unsustainable—compared with 11 percent of such exports from
nondrying countries.2 The share of suboptimal water trade embedded in
irrigated crops from drying and arid countries was even higher, reaching

27 percent over the same period.

Water-saving potential for drying regions

Improving crop water use efficiency has the potential to save significant
amounts of water. This report estimates that, if all low-efficiency producers in
drying regions improved to at least global median levels of water use
efficiency, irrigation water consumption for 35 key crops—which accounts for
more than 90 percent of global irrigation water use—could be reduced by

18 percent. The largest potential for irrigation water savings is found in South
Asia. Globally, aligning the production of the 35 key crops with global median
levels of water use efficiency could reduce annual irrigation water
consumption by 137 billion cubic meters—equivalent to the annual water
needs of 118 million people.

Note that efficiency improvement alone does not guarantee water savings.
Without proper regulation, efficiency gains may encourage expanded
agricultural activity or the adoption of more water-intensive crops,
ultimately intensifying water use and exacerbating scarcity—a phenomenon
known as Jevon’s Paradox (Grafton et al. 2018). Combining technological
advancements with pricing incentives and water use quotas is key to
ensuring that improved efficiency translates into genuine water savings.
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Many water-scarce countries engage in suboptimal virtual water export.

MAP 0.4 Share of suboptimal virtual water exports embedded in irrigated crops,
by country of origin
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Source: World Bank.

Note: Countries shaded in gray export little to no virtual water. Increasing color
intensity indicates increasing share of suboptimal virtual water export embedded in
irrigated crops as a share of the total. Virtual water export is considered suboptimal
when (1) exporting countries use more water than the importer to produce the same
crops, indicating no net water savings, and (2) the exporter relies more heavily on
water from arid or water-stressed regions compared to the importer, which suggests
the exchange may be less sustainable for the exporter.

Another strategy for water savings is to improve spatial efficiency,
including adjusting cropland distribution to better align with water
availability within national borders or reallocating water use from less
efficient to more efficient producers and from water-scarce to water-
abundant areas across countries through virtual water trade. By leveraging
differences in water use efficiency among countries, this report estimates
that virtual water trade led to annual global water savings of 475 billion
cubic meters per year, equivalent to 9.4 percent of total water consumption
of the 35 key crops between 2000 and 2019. However, on average, drying
countries have gained less from virtual water trade than their nondrying
counterparts. Although virtual water trade contributes to annual water
savings equivalent to 11 percent of annual water consumption in nondrying
countries, it contributes only 8 percent in drying countries.
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Trade outcomes are influenced by various factors of comparative
advantage, such as capital and labor. Studies have shown that water
also plays a crucial role, especially in water-intensive sectors
(Carleton, Crews, and Nath 2025; Debaere 2014; Lai, Li, and Zhang
forthcoming). However, distortions in agricultural input and output
markets—such as energy subsidies for groundwater pumping and
above-market price guarantees for certain crops—can reinforce
comparative disadvantage. These policies may hinder structural
transformation and lead water-scarce countries to continue
producing and exporting water-intensive products, further straining
their already limited resources. Although agricultural production
must balance multiple objectives, such as food security, economic
growth, jobs creation, and rural development, prioritizing water
efficiency and savings by removing pricing distortions can lead to
more sustainable outcomes.

Priority regions

Countries vary widely in the severity and nature of their water
challenges; some are driven by supply-side constraints, others by rising
demand, and many by a combination of both. To help identify priority
regions, two composite indexes are developed to reflect supply and
demand stressors at the country level. The supply-side index measures
the rate of water depletion and baseline water endowment (proxied by
aridity). The demand-side index measures efficiency in crop water use,
the water intensity of crops, and the share of suboptimal virtual water
export. The placement of each region corresponds to the population-
weighted mean of the index across all countries within the region
(refer to figure 0.6).

Regional averages can mask significant variations at the country
level. For example, in Sub-Saharan Africa, countries such as the
Democratic Republic of Congo do not face physical water supply
constraints, whereas countries such as Chad, Mauritania, Niger, and
the Federal Republic of Somalia do. Moreover, in large countries such
as China, Mexico, and the United States, national averages may
overlook important subnational differences. For example, northern
China and the southwestern United States are already facing severe
water stress and are part of the mega-drying regions identified in
map O.1.
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Priority regions can be identified based on supply- and demand-side stressors.

FIGURE 0.6 Composite indexes measuring supply- and demand-side stressors
a. Supply: Drying and arid (low to high)
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FIGURE 0.6 Composite indexes measuring supply- and demand-side stressors
(continued)

b. Demand: Water demand stressors
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Source: World Bank.

Notes: The supply index considers how fast countries are drying as well as their aridity.
The demand index focuses on crops and considers efficiency and water intensity in
production as well as efficiency in virtual water trade. The placement of each region
corresponds to the population-weighted mean of the index across all countries within

the region.
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Policy recommendations

This report recommends a three-pronged strategy to address the
continental drying crisis through targeted actions in the water sector:

1. Managing water demand by increasing water use efficiency, setting
extraction limits, and raising public awareness;

2. Augmenting water supply through water recycling, desalination, and
improved natural and built storage; and

3. Improving water allocation to ensure scarce water resources are
distributed fairly and efficiently.

Five cross-cutting policy levers are essential for implementing the strategy:
strengthening institutions, optimizing water tariffs, adopting water
accounting, leveraging data and technology innovations, and valuing water
in trade.

Managing water demand

As highlighted in the previous section, improving water use efficiency offers
significant potential for water savings. This report outlines three key
approaches to managing demand: adopting water-efficient technologies,
enforcing extraction limits, and promoting public awareness and education.
Water pricing provides necessary incentives for the adoption of water-
efficient technologies and is discussed in more detail as a cross-cutting
policy lever.

Water-efficient technologies, such as drip irrigation, alternate wetting and
drying, and the system of rice intensification, have been demonstrated to
reduce agricultural water use by 20 to 50 percent while maintaining crop
yields. In addition to these methods, other innovative agricultural
practices can contribute significantly to reducing water demand. One
approach is adopting drought-resistant crops. Certain crops, such as
sorghum and millet, are more drought-resistant than maize and rice and
provide similar nutritional benefits. Choosing drought-tolerant varieties of
a given crop can enhance water use efficiency and improve yield per water
unit. Another approach to reducing water demand is applying deficit
irrigation, which induces mild water stress to conserve water with
minimal effects on yield. Additionally, adjusting the cropping calendar to
align planting schedules with periods of higher rainfall can reduce the
need for supplemental irrigation.

As discussed earlier, improving water use efficiency alone does not always
lead to water savings. To achieve water conservation, many countries have
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adopted water extraction limits. These regulations have, in turn, driven
the adoption of efficient technologies, reinforcing conservation efforts
(Pérez Blanco, Hrast-Essenfelder, and Perry 2020).

The adoption of water-efficient technologies faces several challenges.
Farmers often favor traditional practices because of familiarity and risk
aversion, and a perceived abundance of water further discourages change.
Because continental drying is a slow and largely invisible process, the
urgency of conservation often goes unrecognized until a crisis, such as a
severe drought, occurs.

To overcome these barriers, public awareness campaigns play a crucial
role in driving behavioral change. In the Calamba Water District in the
Philippines, efforts to reduce water leakage—also known as nonrevenue
water—through public awareness and engagement encouraged local
communities to report leaks and misuse, fostering a culture of
conservation that complemented infrastructure improvement initiatives
(Cervancia et al. 2022). Additionally, providing proper training and
ongoing support to farmers is essential for encouraging the adoption of
more efficient water management practices.

Augmenting water supply

Unconventional water, such as recycled and desalinated water, offers new
possibilities for expanding freshwater availability. Water recycling
transforms used water into a valuable resource by treating and reusing it for
agriculture, industry, and even drinking water. Instead of being lost as
discharge, reclaimed water becomes a sustainable supply that reduces
reliance on traditional sources. Similarly, desalination extracts salt and
impurities from seawater or brackish water, converting it into fresh, potable
water. By harnessing these technologies, communities can build more
resilient water systems in the face of growing demand and declining supply.

Over the past two decades, global installed reuse capacity has increased,
yet progress remains modest, with capacity reaching only 183 million
cubic meters per day by the end of 2024. Meanwhile, more than 20,000
desalination plants operate across more than 150 countries, providing
drinking water to an estimated 300 million people (World Bank 2019).
Despite its potential, water recycling faces significant obstacles, including
high treatment costs and public resistance, particularly to potable reuse.
Even when used for irrigation, recycled water must be carefully managed
to prevent soil salinization.

Desalination also faces economic and environmental challenges.
The process remains costly, often two to three times more expensive than
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conventional sources (Ziolkowska 2015), although costs have been
declining in recent years, driven by the increased use of low-cost
renewable energy. Additionally, desalination generates concentrated brine
waste that can harm marine ecosystems if not properly managed

(Antia 2022). Inland desalination poses additional risks because brine
disposal can have a negative effect on land and groundwater.

Establishing clear quality standards and regulatory frameworks for
recycled and desalinated water will be critical to ensure safety and
environmental sustainability. To improve economic feasibility,
advancements in cost reduction, renewable energy integration, and public
acceptance—supported by policy measures and education—will be
essential. When properly implemented, recycling programs and
desalination can provide a reliable, drought-resistant source of high-
quality water.

Another essential aspect of enhancing water availability is the expansion
of both natural and built water storage. Groundwater recharge can be
facilitated through check dams and percolation tanks, which help capture
surface runoff and enable its percolation into the ground, thus recharging
aquifers. Conservation agriculture practices, such as crop rotation and
mulching, improve water infiltration and retention, thereby conserving
soil moisture. Rainwater harvesting, such as building small ponds and
water retention structures, captures and stores rainwater for agricultural
use. In addition, as highlighted earlier, the conservation of forests and
wetlands safeguards natural storage capacities. Furthermore, sustainable
sediment management practices are crucial to increase the capacity of
built storage.

Improving water allocation

Effective water allocation—determining who gets how much water, when,
and for what purpose—is the backbone of sustainable water management.
Improving water allocation is more critical than ever in the face of growing
competition among agriculture, industry, domestic needs, and ecosystems
in a drying world. Effective allocation depends on the ability to reallocate
water as supply and demand fluctuate, relying on a mixture of
administrative procedures, judicial rulings, water user associations, and
market-based mechanisms (Garrick, Chautard, and Rawlins 2019;

Marston and Cai 2016; Meinzen-Dick and Ringler 2008).

Water tenure or water rights systems facilitate efficient and equitable
water sharing. The effectiveness of water tenure systems depends on
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clearly defining water rights within the legal framework of water
allocation; establishing and regulating the legal and informal
mechanisms that allow the transfer of water rights or access among
individuals, communities, or institutions; and adopting governance
structures focusing on enforcing payments and fees, regulating

the final volumes of water transferred, and managing dispute
resolution processes. Strong water legislation, enforceability, and
reallocation mechanisms are critical elements of effective water
tenure systems.

Incorporating environmental water flows into water allocation decisions
is essential to achieve long-term sustainability and resilience in the
water sector. Freshwater ecosystems rely on a flow regime (including
baseflows and flooding to maintain the functions and services delivered
by rivers, wetlands, and aquifers, such as water purification, flood
regulation, biodiversity support, and climate resilience). These
freshwater ecosystem services directly and indirectly sustain human
well-being and economic activity. Recognizing environmental water
flows as a legitimate and necessary use is a core component of IWRM.
Several countries have begun to embed this principle in their water
governance frameworks. In Chile, the 2022 Water Code Reform marked
a significant step forward by introducing a requirement to maintain
minimum environmental flows.

Transboundary cooperation is key to fair and sustainable water sharing
across and within basins. Strong frameworks—such as joint management
bodies and basin-level agreements—help riparian countries work together,
improve resource management, and reduce the risk of conflict. Basin
transfer schemes within national boundaries are also feasible mechanisms
to transfer water from wet to dry areas.

Finally, integrating virtual water trade into water allocation strategies
helps mitigate water shortages in water-scarce regions. At the global level,
more strategically harnessing virtual water trade—linking water-rich
regions with water-scarce ones—could relieve pressure on depleted
resources and support fast-growing economies (Flach et al. 2016; Vallino,
Ridolfi, and Laio 2021).

Five cross-cutting levers

Five cross-cutting levers are critical for advancing water supply, demand,
and allocation solutions. Table O.1 outlines a phased policy action road
map for implementing the proposed policy levers.
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TABLE 0.1 Policy roadmap for the water sector to address the continental drying crisis

Policy action

Short term Medium term Long term
Policy lever (0-1 year) (1-3 years) (>3 years)
Strengthen + Identify institutional gaps in water » Establish interagency coordination * Promote transboundary water cooperation
institutions allocation and monitoring. mechanisms for IWRM. mechanisms.

Reform water
tariffs and
repurpose
subsidies

Adopt water
accounting

Launch capacity-building programs for local ¢
water agencies.

Develop national water efficiency standards.

Undertake a rapid assessment of
environmental water requirements for .
critical ecosystems.

Conduct water tariff and subsidy reviews, .
including assessing implicit subsidies (such

as unmetered water, subsidized energy for .
groundwater) to inform the design of
cost-recovery tariffs.

Evaluate the distributional impacts of tariff
reforms and assess whether existing social
safety nets are sufficient to ensure
affordability.

Conduct an audit of water use, starting with
synthesizing existing data on water
consumption and losses.

Determine the amounts of water formally .
allocated for consumptive and
nonconsumptive uses, to identify potential
reserves or resources available for
environmental flows.

Establish regulatory frameworks for .
groundwater management, including
licensing and abstraction limits.

Strengthen decentralized water governance.

Establish clear PPP frameworks to promote
private investment in water.

Launch a public communications campaign ¢
to build support for reform. .

Pilot (a) volumetric tariffs for agricultural

water supply, (b) performance-based tariffs,
and (c) repurposing of agricultural water .
subsidies to support water-saving practices
(such as drip irrigation) and payment for
environmental services for forest and

wetland protection in selected high-use

areas.

Enhance the social safety net as necessary
to ensure affordability.

Launch public data portals that visualize .
water flows and sectoral usage to build
public awareness and accountability.

Develop water-efficiency benchmarks
across basins and sectors using water
accounting.

Institutionalize adaptive water planning
processes informed by data, climate
scenarios, and stakeholder engagement.

Scale up cost-recovery tariffs.

Expand performance-based tariffs and
subsidies linked with conservation
outcomes.

Establish a national authority to
continuously monitor water pricing and
implement cost-recovery tariffs and
targeted subsidies.

Institutionalize water accounting to guide
water resources planning and allocation.

(continued)



TABLE 0.1 Policy roadmap for the water sector to address the continental drying crisis (continued)

Policy action

MBIAIBAQ

Policy lever

Short term
(0-1 year)

Medium term
(1-3 years)

Long term
(>3 years)

Leverage data .
and technology
innovation .

Value water in .
trade

Deploy smart meters to enable volumetric
pricing and detect overuse.

Pilot the use of downscaled GRACE data for
near-real-time monitoring of water storage
change.

Introduce Al-driven systems to enable
detection of leaks and optimization of
irrigation scheduling.

Introduce Internet of Things technologies
(for example, soil moisture sensors and
mobile platforms) to support smallholder
farmers’ decision-making.

Quantify the water footprint of key
agricultural and industrial exports,
especially in water-stressed basins.
Promote public awareness of the water

footprint of imports by, for example,
creating water intensity labels for imports.

Institutionalize satellite-based tracking of
water storage change (for example, using
downscaled GRACE).

Expand decentralized water decision-
making with Al-powered digital controls
and sensors.

Establish interministerial platforms

(for example, water-agriculture-trade) to
coordinate planning and ensure that water
is a factor in strategic trade decisions.

Explore technical quotas on virtual water
imports based on the sustainability of trade
partners’ water management.

Promote in situ water monitoring and data
sharing to further enhance the resolution of
GRACE data.

Scale precision agriculture using Al-driven
irrigation advisory systems, drone spraying,
and cloud-based water scheduling.

Integrate real-time allocation models with
legal water rights systems, ensuring
enforcement and adaptive reallocation
during droughts.

Integrate virtual water balances into
national food and trade security strategies,
identifying optimal import-export mixes to
promote water and food security.

Institutionalize water valuation tools in
trade negotiations and agreements,
particularly in regions reliant on export
agriculture (for example, floriculture, rice, or
cotton).

Source: World Bank.
Note: Al = artificial intelligence; GRACE = Gravity Recovery and Climate Experiment; IWRM = integrated water resources
management; PPP = public-private partnership.
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Strengthening institutions

This effort involves the establishment and enforcement of institutional
frameworks and formal rules that promote transparent and equitable
resource distribution. The effectiveness of water pricing mechanisms
depends on robust monitoring and enforcement to ensure compliance and
prevent illegal extraction, especially in water-scarce regions (Grafton et al.
2018). Effective IWRM depends on institutions working across sectors—
agriculture, forestry, water, and urban planning—to transform land and
water management practices. Successful transboundary water cooperation
requires strong coordination among multisectoral governance
stakeholders.

Reforming water tariffs and repurposing subsidies

As the analysis in this report shows, undervaluing and underpricing of water
encourage excessive use and inefliciency, exacerbating continental drying.
Cost-reflective water tariffs are essential to provide incentives for adopting
water-saving practices and technologies. They are also critical for attracting
supply-side investment, including from the private sector, and the resulting
revenue can be used to fund water infrastructure or broader water-saving
initiatives. Water pricing and tradable water rights help reallocate water
efficiently.

Proper compensation mechanisms are crucial to protect vulnerable
populations—such as smallholder farmers and low-income households—
from negative financial burdens. Studies suggest that water pricing faces
less political challenge when the revenue generated is reinvested in social
safety nets or alternative livelihood programs to mitigate adverse impacts
(Jia et al. 2023). Moreover, repurposing subsidies can yield a double
dividend. For instance, redirecting water and energy subsidies to targeted
support for drip irrigation and incentivizing farmers to protect wetlands,
forests, and groundwater recharge—through payments for environmental
services—can simultaneously reduce water waste and promote sustainable
resource management. Performance-based tariffs that link water charges
to consumption levels and service performance can create incentives for
conservation.

Adopting water accounting

Water accounting—that is, accurate measurement of water consumption and
supply—is essential to design tariffs that reflect the true cost of water
services and to effectively target subsidies. Water accounting also supports
IWRM and water tenure systems. Accurate and timely data on water
availability, usage patterns, and flows are essential to inform equitable
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allocation, detect overuse, and guide adaptive management. Without reliable
monitoring, tenure systems risk becoming symbolic rather than operational.

Leveraging data and technology innovations

Analysis of large satellite data sets and artificial intelligence are
revolutionizing hydrological assessments and drought monitoring, enabling
more precise and efficient water management. As illustrated in this report,
integrating downscaled GRACE data with socioeconomic data can help
decision-makers to identify unsustainable land and water uses that drive
water depletion and to pinpoint hot spot regions where water demand is
rising, supply is falling, and efficiency is low. Paired with in situ weather and
water monitoring, GRACE data can be further downscaled to hyperlocal
levels (approximately 1 km) to enable precision agriculture, boost
productivity, and improve livelihoods.

Smart water systems powered by artificial intelligence use real-time data
and Internet of Things technologies to monitor water quality, manage
irrigation systems, and detect sources of inefficiency. Open data
innovations such as remote sensing and evapotranspiration tracking are
pushing the envelope even further. In the United States, localized
evapotranspiration data are empowering farmers and resource managers
to fine-tune water use with unprecedented accuracy (DeMarco 2024).
Embracing these technological advancements will be key to enhancing
water resilience and ensuring sustainable resource management.

Valuing water in trade

Although global virtual water trade contributes to overall water savings, a
significant portion remains inefficient and unsustainable. By incorporating
water valuation and recognizing water footprints within trade value chains,
countries can optimize virtual water trade. Often, a combination of
measures—such as sustainability standards on the supply side and consumer
information on the demand side—serves as a mechanism to curb
unsustainable water use.

Supply-side measures include technical quotas for trade, which implement
trade restrictions when products do not comply with sustainability
standards. For example, some countries enforce maximum acceptable
limits on pesticide use and agricultural waste to protect land and soil
quality. On the demand side, consumer information about the
environmental impact of water use and certification and labeling schemes
for water-efficient products can help consumers make decisions based on
water footprint and sustainability.
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Supply- and demand-side interventions, such as expanding water reuse,
developing desalination capacity, and scaling up efficient irrigation
technologies, often require large capital investment. However, the water
sector faces a significant financing gap, and private sector participation is
crucial in addressing this gap. The successful implementation of the
cross-cutting measures outlined in this report will be critical to attracting
private investment. In addition, countries need to establish clear public-
private partnership frameworks, adopt a sophisticated mix of financial
instruments—such as blended finance and green and blue bonds—and
guarantee to reduce investment risk and mobilize private capital at scale.
In turn, the private sector can play a vital role in driving innovation and
delivering cost-effective, scalable solutions.

Beyond water

Beyond water-specific interventions, economic diversification offers a
powerful strategy to enhance resilience and reduce the adverse effects of
continental drying on jobs and income. This report shows that communities
heavily reliant on water-intensive sectors, such as agriculture, are more
vulnerable to drought-related disruptions. Diversification into less water-
dependent sectors can help mitigate these risks and build more adaptive
local economies.

This finding aligns with evidence in the literature showing that
households in regions with a more developed manufacturing sector are
better able to offset farm losses from long-term water shortages by
increasing off-farm income (Blakeslee, Fishman, and Srinivasan 2020).
Additionally, investing in human capital and enhancing market
connectivity enable communities to adapt to changing labor market
demands and support the growth of a rural nonfarm economy, enhancing
income resilience for rural households (Musungu, Kubik, and Qaim 2024;
Nguyen, Nguyen, and Grote 2023).

Evidence in this report also suggests that removing trade barriers and
establishing strategic trade relationships with countries that are more
water abundant and less exposed to similar climate risks can enhance
resilience. Such measures not only support local water savings but also
help to both manage short-term employment disruptions and address
longer-term structural impacts.

Finally, and alarmingly, this report finds that adaptation efforts in
agriculture have not been effective at the global level. Key barriers
include restricted access to capital, small farm sizes, insecure land tenure,
lack of infrastructure, weak institutional support, and risk aversion
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(Adger et al. 2009; Below et al. 2012; Core Writing Team, Lee, and Romero
2022; Hornbeck 2012; Morton 2007). There is an urgent need to overcome
these barriers through capital and land market reforms to strengthen
adaptation and build resilience.

Conclusion

Continental drying—the long-term reduction in freshwater availability
across large landmasses—has become an alarming trend and is a growing
threat to food, people, and the planet. The solutions, however, are within the
reach of most countries, whether poor or rich. They include a three-
pronged strategy of managing demand, augmenting water supply, and
optimizing water allocation, along with broader measures outside the water
sector to strengthen economic resilience and adaptability. Implementing
this strategy requires collective action from governments, the private sector,
agricultural communities, and water consumers, among others. The
challenge is immense, and urgent collaboration is essential to chart a path
toward resilience.

Notes

1. Annual renewable freshwater supply is the average amount of water newly available
for human use every year. This amount includes what remains of rain or snow
(precipitation) after accounting for the water lost to the atmosphere through
evaporation and plant processes (transpiration) and the water needed to maintain
healthy ecosystems and continuation of the water cycle (environmental flows).

2. Some water-scarce countries, such as Israel and Morocco, use desalinated water to
produce and export agricultural products. However, available data do not allow for
estimation of the share of desalinated versus freshwater used in these virtual water
exports or the opportunity cost of this practice, particularly given that desalinated
water could be allocated to other sectors.
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Glossary

Annual renewable freshwater supply—The average amount of water
newly available for human use every year. This amount includes the
remainder of rain or snow (precipitation) after accounting for the water
lost to the atmosphere through evaporation and plant processes
(transpiration) and the water needed to maintain healthy ecosystems and
continuation of the water cycle (environmental flows). Polluted water is
not typically considered part of a safe or reliable water supply, but it can
still be a source of water supply if treated. Because of data constraints, this
report does not estimate how the deterioration of water quality affects
freshwater supply.

Aridity—A measure of the dryness of a climate, typically defined by the
balance between precipitation and potential evaporation. A region is
considered arid when it receives significantly less rainfall than the amount
of moisture that could be lost through evaporation and plant transpiration,
resulting in limited water availability for ecosystems and human use.

Blue water—Usable freshwater from rivers, lakes, and renewable
shallow groundwater.

Continental drying—The long-term decline in freshwater reserves
across vast landmasses. It refers to both the reduction in total freshwater
reserves on land and the emergence of interconnected, continental-scale
mega-drying regions.

Freshwater—Nonsalty water found in rivers, lakes, glaciers, and other
sources.

Green water—Rainwater stored in the soil and used by plants.

Terrestrial water storage (TWS)—Freshwater stored over land in the
form of groundwater, soil moisture, surface water (river, lakes, and
reservoirs), snow, glaciers and ice caps, and plants. TWS is a critical
indicator of freshwater availability. In this report, the terms freshwater
reserves and TWS are used interchangeably.

Virtual water trade—The hidden flow of water embedded in the
production and trade of goods and services. When a country imports



products—especially water-intensive ones such as crops, meat, or
textiles—it is essentially importing the water used to produce them, rather
than using its own water resources.

Water consumption—The amount of water taken that is not returned
because of evaporation or absorption into products. For instance,
irrigation uses surface or groundwater, but much of it evaporates or is
absorbed by crops, so it is considered consumed rather than returned.
It is important to distinguish water consumption from water
withdrawal.

Water demand—The total quantity of water that an individual or
organization requests to meet domestic, industrial, agricultural, and
environmental needs within a specific area and time period at a given
place. Water demand can be categorized as consumptive demand—water
that is used and not returned to its source (for example, irrigation,
evaporation)—and nonconsumptive demand—water that is used but
largely returned (for example, hydropower, cooling processes).

Water footprint—The quantification of the consumptive use of
freshwater, including soil moisture, surface water, and groundwater. The
water footprint can measure direct water consumption from the
producer’s perspective, such as the water used to grow crops. Additionally,
it can evaluate indirect water consumption from the consumer’s
perspective—that is, water consumption in the form of food, energy, and
industrial goods and services. A water footprint distinguishes green, blue,
and gray components:

e Green water footprint. Water consumed from rainwater in the soil that
does not become runoff or percolate to groundwater. This water is the
most important component of global crop production and the sole
source of water in rain-fed production systems.

¢ Blue water footprint. The volume of surface water and groundwater
consumed as a result of the production of a good or service.

e Gray water footprint. A quantification of water pollution by estimating
the volume of freshwater needed to dilute pollutants to meet water
quality standards. However, because of limited water pollution data at
the required scale and resolution, this report does not include an
assessment of the gray water footprint.
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Water productivity—Product produced per unit of water consumption.

The concept of water productivity is similar to that of labor productivity

or land productivity, but with the exception that production is divided by
the water input (product units/cubic meters).

Water-stressed area—A (sub)catchment in which the volume of surface
water and groundwater consumed surpasses the annual renewable water
supply.

Water withdrawal—The total volume of water extracted from surface or
groundwater sources for use in agriculture, industry, or households. The
withdrawn water will evaporate and return to the original source or to a
different catchment or the sea after use. For example, for hydropower,
water withdrawn is often returned to the source.
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CHAPTER 1

Trends in and Causes of Global
Freshwater Decline

Key findings

» Global freshwater reserves, including the total amount of water
stored above ground and in aquifers, have declined at an annual
rate of 324 billion m3—enough to meet the annual water needs of
280 million people—over the past two decades. The median
basin-level reduction in freshwater is equivalent to about 3 percent
of the annual renewable freshwater supply across all basins and
10 percent in arid basins already expericing drying.

 Although most of the world’s dry areas continue to get drier and
its wet areas continue to get wetter, dry areas are drying at a faster
rate than wet areas are wetting, creating continental-scale mega-
drying regions.

 Global warming, worsening droughts, and unsustainable water and
land use all contribute to the reduction in global freshwater reserves.

Introduction

The year 2024 was the hottest year on Earth since records began in 1850
(NOAA 2025). Relentless heat waves scorched continents, and global
temperatures surged to unprecedented levels, turning what was once
extreme into the new normal. However, the consequences of rising
temperatures extend beyond increased heat. As temperatures increase,
evaporation from the Earth’s surface accelerates, increasing the amount
of water vapor in the atmosphere and disrupting the global water cycle.
According to the Intergovernmental Panel on Climate Change, each
additional increment of global warming intensifies water-related
weather extremes, leading to more severe floods and prolonged droughts
(Core Writing Team, Lee, and Romero 2023).

A reproducibility package is available for this book in the Reproducible Research
Repository at https://reproducibilityworldbank.org/index.php/catalog/386.
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A changing water cycle directly affects the availability of freshwater, as
seen in shifts in freshwater reserves or terrestrial water storage (TWS).
TWS is the total amount of water stored on land, including water found
in glaciers, rivers, lakes, reservoirs, and aquifers and water held in soil
moisture and vegetation. This chapter examines long-term TWS changes
to assess the trends in freshwater availability, using more than two
decades of data from the Gravity Recovery and Climate Experiment
(GRACE) missions of the U.S. National Aeronautics and Space
Administration (NASA) and the German Aerospace Center.

Numerous studies have identified TWS changes based on GRACE data
(Reager et al. 2016; Rodell and Li 2023; Rodell et al. 2018, 2024; Scanlon
et al. 2022). Burke et al. (2023) highlighted the long-term cumulative loss
in TWS reported in various literature, and GCEW (2024) underscored the
decline in TWS from 2002 to 2016.

Although regional trends are relatively well characterized in existing
studies, uncertainties remain regarding whether these trends are robust,
what the underlying drivers are, and whether the global continents, as a
whole, are gaining or losing freshwater from or to oceans (Kim et al. 2019).
Additionally, most studies are conducted at lower-resolution grid cells of
3°x 3°, meaning Earth’s surface is divided into squares approximately

330 km by 330 km at the equator, akin to the size of a small country.
Although this grid captures broad patterns, it limits detection of finer-scale
changes, such as those occurring in smaller watersheds or local aquifers.

This chapter provides a comprehensive assessment of TWS changes over the
past two decades, building and improving on the findings of previous studies.
It presents the latest long-term trends in TWS from April 2002 to April 2024
on both global and regional scales. Additionally, the resolution of satellite
observations has been enhanced from 3° x 3° to 0.25° x 0.25° (approximately
25 km by 25 km at the equator), allowing for more precise characterization
of TWS changes at administrative boundaries, such as countries, states, and
even counties. This finer resolution is integrated with socioeconomic data to
uncover the drivers of TWS changes using novel methods.

Findings from the analysis reveal that the global continents (all land
excluding Antarctica and Greenland) have undergone unprecedented rates
of TWS loss since 2002—a phenomenon termed continental drying in this
report. Although most of the world’s dry areas continue to get drier and its
wet areas continue to get wetter, dry areas are drying at a faster rate than
wet areas are wetting. The rapid expansion of dry areas has led to the
formation of mega-drying regions by connecting previously identified
drying hot spots.

Continental Drying



Using global hydrological models and econometric analyses, this chapter
provides empirical evidence that human water and land use activities have
significantly influenced changes in global freshwater reserves.
Unregulated and poorly managed extraction of surface water and
groundwater, combined with deforestation and wetland degradation, has
intensified water scarcity. Although the crisis of our warming planet is
fundamentally a water crisis, ineffective water management has
exacerbated it.

Continental drying as seen from space

Monitoring changes in the availability of freshwater is critical for water
resources management. However, tracking how water moves and is stored
on Earth has been notoriously difficult, especially for groundwater, which
represents 97 percent of Earth’s unfrozen freshwater. In 2002, NASA and
the German Aerospace Center launched a satellite mission, GRACE, which
operated from 2002 to 2017, followed by its successor mission, the GRACE
Follow-On (GRACE-FO), launched in 2018. By monitoring small but
continuous changes in Earth’s gravity field driven by the movement of water,
GRACE and GRACE-FO (hereafter, GRACE) have allowed the measurement
of how freshwater reserves vary in space and time across the entire planet
(refer to box 1.1).

BOX 1.1
A scale in the sky: Measuring change in Earth’s freshwater resources

The Gravity Recovery and Climate Experiment (GRACE, 2002-17) and its
successor, the GRACE Follow-On (GRACE-FO, 2018-present) missions use
two satellites that orbit the Earth and measure the distance between them
with high precision, down to micrometers (a micrometer is 1/50th the
width of a human hair). As the pair of satellites circle Earth, their positions
are changed slightly by the amount of water mass in the region below.
For example, when the front satellite approaches a large water reservoir, it
accelerates because it is pulled slightly by the reservoir’s gravity, changing
the distance between the two satellites. When it has passed over the
reservoir, it decelerates, and the velocity of the second satellite increases,
again changing the distance between the two satellites. The next month,
if the reservoir has lost water, the overall pull by the reservoir will be
smaller; thus, the satellites’ acceleration and deceleration will be

smaller. The difference between the two months’ measurements is then

(continued)
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BOX 1.1
A scale in the sky: Measuring change in Earth’s freshwater
resources (continued)

converted into water mass units, after accounting for the other influences.
By monitoring these small but continuous changes in Earth’s gravity field,
GRACE functions like a scale in the sky, enabling researchers to observe
fluctuations in terrestrial water storage (TWS).

Although GRACE data are powerful, they have some limitations.

First, although the satellite observations provide valuable large-scale
measurements of TWS, their inherent resolution can be too coarse for
practical regional water management applications. Thus, the regional
analysis in this report uses higher-resolution (0.25° x 0.25°) estimates of
TWS from the GRACE-assimilated National Aeronautics and Space
Administration Global Land Data Assimilation System Version 2 model after
additional bias correction (refer to the online technical appendixes).?
Second, although GRACE offers the only direct observational data on total
freshwater reserves, its relatively short observation period limits
assessment of longer-term trends. However, recent studies incorporating
extended data sets have identified declines in various components of TWS
over longer time periods—including the long-term depletion of soil
moisture (Seo et al. 2025), groundwater (Wada et al. 2010), surface water
(Pekel et al. 2016), and lake storage (Yao et al. 2023)—reinforcing the
findings of this study. Third, the GRACE missions observe monthly changes
in TWS—not the absolute amount of TWS. Understanding the absolute
amount of freshwater on and below the land surface would require an
unprecedented level of exploration of Earth’s shallow crustal water
environment.

a. The technical appendixes are available online at https:/hdl.handle.net/10986/43683.

Global land is losing freshwater to oceans

Globally, a key finding from the analyses of GRACE data is the consistent net
loss of freshwater reserves at an annual rate of 324 billion m3*—enough to
meet the annual water needs of 280 million people—over the past two
decades (refer to figure 1.1). A long-term deficit in freshwater reserves
indicates that water losses from land consistently exceed gains from
precipitation, leading to a continuous depletion of freshwater reserves. If this
trend continues, it will render the system unsustainable. The water lost from
land ultimately flows into oceans, contributing to mass-driven sea level rise.
For more details of the analysis, refer to Chandanpurkar et al. (2025).
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Global freshwater availability has persistently declined over the
past two decades.

FIGURE 1.1 Global freshwater loss to oceans, 2002-24

2004 2008 2012 2016 2020 2024
Year

Source: Adapted from Chandanpurkar et al. 2025.

Note: This figure depicts the long-term loss of the global land water mass,
measured by the net change in globally integrated, deseasoned TWS data
from April 2002 to April 2024. TWS data are from the National Aeronautic
and Space Administration’s GRACE satellite mission, which operated from
2002 to 2017, and its successor mission, GRACE-FO, launched in 2018. The
gray band indicates the gap period between the GRACE and GRACE-FO
missions. GRACE = Gravity Recovery and Climate Experiment;

GRACE-FO = Gravity Recovery and Climate Experiment Follow-On;

km?3 = cubic kilometers; TWS = terrestrial water storage.

The emergence of continental-scale mega-drying regions

Beyond the global average, the trend varies across regions. Analyzing TWS
trends at each land location reveals several hot spots of pronounced
freshwater decline (refer to map 1.1). Some of these hot spots are well
documented (for example, Rodell et al. 2018), including glaciers in Alaska,
Canada, Central Asia, Patagonia, and the Himalayas, and the nonglaciated
regions in northern China, northern India, the Middle East, and the
southwestern United States. In recent years, however, the decline in TWS
has also been seen in Central America, most of Europe, and high-latitude
but nonglaciated parts of Eurasia and North America.

A major finding of this report is that the land between the previously
identified hot spots is also consistently losing TWS, forming what is
described in this report as continental-scale mega-drying regions, as
illustrated in map 1.1a. These regions include (1) Alaska and western and

Trends in and Causes of Global Freshwater Decline



northern Canada, (2) northern Russian Federation, (3) Central America and
southwestern North America, and (4) the vast three-continent landmass
that includes Europe, the Middle East and North Africa, Central Asia, South
Asia (except peninsular India), Southeast Asia, and northern China.

The large-scale continental drying is also evident in the zonal plot in

map 1.1b, which shows that all latitudes, except for the tropics between

10°S and 20°N, exhibit negative TWS trends, with or without accounting for
the presence of glaciers. The trends have persisted for the past 22 years,
showing little sensitivity to a lengthening GRACE record.

Rapid expansion of dry areas has led to the emergence of
continental-scale mega-drying regions.

MAP 1.1 Emergence of continental-scale mega-drying regions
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Source: Chandanpurkar et al. 2025.

Note: In panel a, red indicates regions that have experienced a persistent loss of
freshwater reserves over the past two decades, and blue indicates areas that have
consistently gained freshwater reserves during the same period. Intensity of color
corresponds to the magnitude of water loss or gain. The numbers on the map indicate
the mega-drying regions: 1 = Alaska and western and northern Canada; 2 = northern
Russian Federation; 3 = Central America and southwestern North America; (4) Central
Asia, northern China, Europe, the Middle East and North Africa, South Asia (except
Peninsular India), and Southeast Asia. The zonal plot in panel b shows the sum of TWS
across parallel lines, for all regions (blue dotted line) and for nonglaciated regions
(red). It shows that, with the exception of the tropics between 10S and 20N, all
latitudes exhibit a net decline in freshwater reserves, even when excluding glaciers and
ice caps. cm/yr = centimeters per year; TWS = terrestrial water storage.
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This persistent drying is accompanied by increased area under dry
TWS anomalies and extremes. The locations experiencing below-
average monthly TWS have been increasing by an average of
831,600£69,100 km?2 per year—more than the size of the Amazon River
Basin.! The regions facing dry extremes—defined as below-average
monthly TWS values that exceed 1 local standard deviation—has also
grown at a similar rate, by an average of 845,000 + 122,600 km? per
year. This trend is primarily driven by drying in nonglaciated regions,
which make up 72 percent of the area under dry anomalies and

81 percent of the area experiencing dry extremes. In contrast, both the
areas becoming wetter and the regions experiencing wet extremes have
decreased over the past 22 years (refer to box 1.2).

BOX 1.2
Drenched yet dry: Wetting and economic water scarcity

Although the continents are, on average, losing water, there are both
wetting and drying hot spots—places that have experienced persistent
increasing and decreasing amounts, respectively, of terrestrial water
storage (TWS). Notably, wetting trends have been observed in eastern
Australia, eastern central China, the northern Great Plains, northern North
America, and the Okavango Delta in Southern Africa. These wetting trends
were identified in Rodell et al. (2018) but have grown weaker. There are
also wetting regions in which the magnitude of the latest trends is more
pronounced than in the study period in Rodell et al. (2018). These regions
include humid regions in central Africa, the Amazon, central India,
Indonesia, and eastern North America.

Sub-Saharan Africa is the only region that shows an overwhelming
increase in TWS (Rodell and Li 2023; Scanlon et al. 2022). This increase is
largely due to a pronounced recent increase in precipitation in eastern and
northern Sub-Saharan Africa that is likely due to natural climate variability
patterns such as the El Nino-Southern Oscillation and the Indian Ocean
Dipole, which caused widespread flooding and affected more than

2.8 million people (Wainwright et al. 2021). Because these natural climate
variability patterns are tightly linked to the regional ocean temperature,
their frequency and intensity are likely to increase with continued warming
of oceans. This extreme wetting somewhat masked declining TWS
because of groundwater and surface water consumption in the region.

(continued)
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BOX 1.2
Drenched yet dry: Wetting and economic water scarcity (continued)

Although many parts of Sub-Saharan Africa do not face physical water
scarcity, economic water scarcity remains a significant challenge because
of inadequate infrastructure. Consequently, only 32 percent of the region’s
population has access to safely managed drinking water—that is, drinking
water that is accessible on the premises, available when needed, and free
from contamination. The situation is even more severe in rural areas, where
access dropped to just 16 percent in 2022.

Inadequate water storage exacerbates seasonal water scarcity, a form of
economic water scarcity. For instance, Cherrapuniji, India, receives high
annual rainfall, exceeding 11,000 mm, making it one of the wettest places
on Earth. However, the vast majority of this rainfall occurs during the
monsoon season (June to September). Because it has insufficient
infrastructure for capturing and storing water, the city struggles to balance
water supply and demand between wet and dry seasons, often facing
severe shortages outside the monsoon months.

Relative importance of the drying trend

How significant are these TWS trends at the local level? To answer this
question, the analysis for this report aggregates TWS trends across 4,639
river basins around the world and compares them with the annual
renewable water supply in each basin, using enhanced-resolution GRACE
data. The renewable water supply represents the remaining precipitation
after accounting for evapotranspiration losses and the environmental flows
necessary to sustain ecosystem health and the natural water cycle. Map 1.2
illustrates the magnitude of TWS trends as a share of the annual renewable
water supply.

Globally, the median long-term TWS trend magnitude is about 3 percent
of annual freshwater supply of all basins, 5 percent of the basins that are
drying, and 2 percent of the basins that are wetting. The median TWS
trend is 8 percent of annual renewable water supply for arid basins and
10 percent for basins that are arid and experiencing drying. The latter
include basins in the southern midlatitudes in Australia, South Africa,
and South America; in the Middle East and North Africa; and in the
southwestern United States.
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Continental drying exacerbates water scarcity in areas that can least afford it.

MAP 1.2 The median long-term TWS trend as a share of annual renewable freshwater
supply, 2003-24
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Source: Chandanpurkar et al. 2025.

Note: Red indicates drying regions, and blue indicates wetting regions. The analysis
ignores hyperarid desert regions (aridity index < 0.03), where TWS is low.

TWS = terrestrial water storage.

Notably, TWS values represent long-term trends, whereas water supply
values are annual. A river basin’s TWS trend would not be negative if its
renewable water supply consistently exceeded water demand and
losses. The basins highlighted in red on map 1.2 indicate regions

where water losses and demands have persistently outpaced

renewable supply, making it increasingly difficult to offset water
storage deficits.

Drivers of continental drying

What causes the decline in freshwater reserves? Findings from previous
studies and analysis for this report indicate that the global trend of
decreasing TWS can predominantly be attributed to global warming, the
increasing severity and duration of droughts, and human activities related to
water consumption and land use change.

Snow and glacier melting substantially affect TWS in the context of global
warming (Immerzeel et al. 2020). Moreover, studies have shown the
significant impacts of droughts on TWS (Anyah et al. 2018; Castle et al. 2014;
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Famiglietti et al. 2011; Liu et al. 2022). During a drought, rainfall deficits
decrease runofi, soil moisture, and groundwater recharge, and rising
temperatures increase atmospheric evaporative demand, leading to the
loss of water from the soil. The severity of droughts has worsened in the
past five years (Blintgen et al. 2021; NOAA 2025; Rodell et al. 2024; Rodell
and Li 2023).

Additionally, earlier studies highlighted the complex interactions
between human activity and climate change. For example, during periods
of drought, when water resources become scarce, the interplay between
climatic factors and human activities can accelerate the use of
groundwater and surface water, leading to reductions in groundwater
and lake water storage (Famiglietti et al. 2011; Wada et al. 2010; Yao

etal. 2023).

Human activities, independent of reaction to droughts, also play a
significant role in the depletion of freshwater resources through
excessive water withdrawal and changes in land use. Groundwater,
which provides on-demand local access to water, serves as a prime
example of a common pool resource, which is characterized by its
shared nature and vulnerability to overuse (Gordon 2000; Hardin 1968).
Without proper water management, including formal regulations and
well-defined ownership rights, groundwater often becomes
overexploited, even during periods without drought (Brozovic,
Sunding, and Zilberman 2010; Edwards et al. 2016; Pfeiffer and Lin
2014). Overexploitation can deplete the resource faster than it is
naturally replenished, ultimately leading to declining water tables and
drying wells. Alarmingly, approximately half of the world’s major
aquifers are showing signs of rapid depletion (Richey et al. 2015; Rodell
et al. 2018).

Deforestation presents another significant threat to global water
resources. It can reduce precipitation, soil moisture, and the potential to
recharge groundwater (Smith et al. 2023). GCEW (2024) highlights how
deforestation and other land use changes can disrupt the water cycle and
exacerbate local water scarcity.

Attributing TWS changes to specific drivers can be challenging, but
examining the sources of TWS loss provides insights into the
significance of various factors. This report estimates that annual
freshwater loss in nonglaciated drying continental regions is increasing
each year and has now exceeded the loss from melting glaciers and ice
caps (excluding Antarctica and Greenland). Combining GRACE data
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with the global hydrological model WaterGAP 2.2d, analysis for this
report estimates that in nonglaciated drying regions the single largest
contributor to water storage loss comes from the depletion of
groundwater (68 percent), followed by depletion of surface water

(18 percent), soil moisture (9 percent), and snow water (5 percent).
Detailed information on global hydrological modeling can be found in
technical appendix A (online).2

The following sections delve deeper into the relationship between human
activities and freshwater storage changes on a global scale, in particular
by integrating down-scaled TWS data with socioeconomic indicators.
Findings from these analyses highlight the link between anthropogenic
pressures—such as agricultural practices, deforestation, and inadequate
water resources management—and the decline in freshwater resources.
These findings underscore the significant opportunity to implement
sustainable water management strategies to slow the pace of continental
drying.

Land use change

Human activities have profoundly transformed the global landscape, often
reshaping natural ecosystems to meet agricultural, industrial, and urban
demands. Irrigation has boosted yields on rainfed land and increased food
supplies (Faurées, Hoogeveen, and Bruinsma 2002; Sarsons 2015), but it is
also the largest consumer of water, accounting for about 70 percent of the
freshwater diverted by human activity, with almost 50 percent supplied
from groundwater (Siebert et al. 2010). Numerous studies have documented
the correlation between historical irrigation practices and substantial
groundwater depletion, especially in regions heavily reliant on agriculture
(Dalin et al. 2017; GCEW 2024).

Forests function as natural reservoirs and filters, playing a crucial role in
storing and purifying water. However, global deforestation has disrupted
these critical hydrological processes (GCEW 2024). From 2010 to 2015,
tropical forests shrank by 5.5 million hectares annually while temperate
forests expanded by 2.2 million hectares annually (Zhang and Wei 2021).
Although the effects of deforestation on water yields—specifically, the
volume of water in streamflow—are still a topic of debate (Filoso et al.
2017), studies have associated deforestation with approximately 4 percent
of the recent drying observed in the Amazon (Staal et al. 2020) and with
decreased access to clean drinking water, equivalent to a 9 percent
decrease in rainfall, in Malawi (Mapulanga and Naito 2019).

Trends in and Causes of Global Freshwater Decline
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Wetlands also play an essential role in natural water retention and
purification (Bring et al. 2020; Lv et al. 2019; Pal and Talukdar 2018), yet
the scale of wetland degradation is even more alarming. Since 2002, the
global area of permanent wetlands has diminished by about

468,000 km2, a 24 percent reduction, accounting for approximately

21 percent of all wetlands that have existed since 1700 (Fluet-Chouinard
et al. 2023). The primary causes of these losses include wetland drainage
for upland croplands (about 61.7 percent of total loss), conversion to
flooded rice fields (18.2 percent), urban development (8.0 percent),
forestry (4.7 percent), wetland cultivation (4.3 percent), pasture

(2.0 percent), peat extraction (0.9 percent, according to Fluet-Chouinard
et al. 2023), and the broad-scale disappearance of groundwater (Rohde
etal. 2024).

Urban expansion frequently results in the conversion of natural and
agricultural lands into urban spaces, diminishing forest coverage. In
addition, urban development creates roads and buildings that prevent
water from soaking into the ground, reducing natural groundwater
recharge and soil moisture. Urban areas also experience increased
groundwater abstraction for industrial and commercial activities, further
depleting groundwater resources (Rodella, Zaveri, and Bertone 2023).
High-resolution mapping of global land use reveals that urban areas have
expanded by 50,000 km2, a 6 percent increase since 2002. Although urban
land accounts for only a small fraction of total land area, urbanization is
anticipated to continue its upward trend, with 68 percent of the global
population projected to reside in urban areas by 2050, up from 55 percent
in 2018.

By overlaying land use and TWS data, this report’s analysis indicates that
the type of land use in 2002 significantly influenced the trajectory of local
freshwater availability from 2003 to 2022 (refer to figure 1.2 and box 1.3).2
Specifically, compared with barren land, a cell with an additional 1 percent
of land, or approximately 25 km2, allocated for urban use will experience
an accelerated TWS depletion rate of 0.74 million tons per year over the
next two decades. Furthermore, if a cell has an additional 1 percent of land
removed from forests, it will experience an accelerated TWS depletion
rate of 0.14 million tons annually, assuming all other factors remain
constant. Similarly, a 1 percent reduction in wetland area is correlated
with an accelerated TWS depletion rate of 0.19 million tons per year under
the same conditions. Additionally, allocating an extra 1 percent of land to
irrigation results in an accelerated TWS depletion rate of 0.48 million tons
per year within that cell. These findings highlight the critical impact of
land use changes on TWS depletion.
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Land use decisions are a key driver of continental drying in nonglaciated areas.

FIGURE 1.2 Impact of 1 percent change in land use type in 2002 on TWS trends,
2003-24
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Source: World Bank.

Note: This figure shows the estimated impact of a 1 percent change in the respective
land use type in 2002 (equivalent to approximately 25 km? on average) on the grid
cell’'s TWS trend from 2003 to 2024, with barren land serving as the baseline. “Other
natural vegetation” includes grasslands, savannas, and shrublands. TWS = terrestrial
water storage.

BOX 1.3
Untangling the link: The impact of land use change on freshwater
availability

Understanding the effects of land use on freshwater availability is not
straightforward. Land use is an endogenous decision of society. Taking
irrigation as an example, on the one hand, intensive irrigation and
excessive water extraction can contribute to the depletion of terrestrial
water storage (TWS). On the other hand, changes in water availability
can influence the decisions for irrigation development and land use.
For example, during prolonged droughts, local populations may
respond to decreased water resources by converting more land to
agriculture in an effort to offset the loss of productivity on existing

(continued)

Trends in and Causes of Global Freshwater Decline 13



14

BOX 1.3
Untangling the link: The impact of land use change on freshwater
availability (continued)

cropland (Damania et al. 2017). Thus, using contemporaneous data

on land use and TWS can capture both how initial land use decisions
affect water resources and how changes in water availability influence
land use.

To estimate the impact of land use on water resources, this report
estimates the effects of initial land configurations in 2002 on subsequent
TWS trends from 2003 to 2024. By focusing on land use data from this
earlier time, land use decisions are plausibly exogenous—independent of
and unaffected by the TWS outcomes in the decades that follow. This
approach helps mitigate endogeneity issues, whereby variables may be
influenced by the outcomes they aim to explain, and it thus provides

a more accurate picture of how land use configurations influence TWS
over time.

Pricing distortions

Accelerated TWS depletion in intensively irrigated cropland is significantly
influenced by distortions in water and energy pricing. Water is rarely priced
or metered for agricultural water users because irrigation has historically
been subsidized to meet other policy objectives, including poverty
alleviation, productivity gains, and food security. Evidence suggests that
farmers perceive metering as a precursor to regulation or pricing, which
increases input costs and may threaten competitiveness in regional and
global value chains (Hellegers and Davidson 2024). Where water pricing
exists, it often relies on fixed cost structures (Chakravorty, Dar, and Emerick
2023). Although fixed pricing offers a practical solution in areas lacking
metering infrastructure, it does not encourage water conservation. As noted
by Chakravorty, Dar, and Emerick (2023), only 26 of 80 countries with
available water pricing data use volumetric pricing. When irrigation costs
bear no relation to actual consumption, farmers are left with little
motivation to adopt water-saving technologies or modify their farming
practices in ways that could reduce water use.

In regions lacking effective agricultural water pricing, the cost of
extracting groundwater aligns solely with the energy needed for pumping
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(Badiani-Magnusson and Jessoe 2018; Burlig, Preonas, and Woerman
2020; Fishman et al. 2016). The absence of a price signal for water
encourages consumers to extract until the marginal benefit of an
additional unit of groundwater equals the net energy extraction costs.
Consequently, energy subsidies—especially those for the electricity used in
groundwater pumping—further diminish the cost of groundwater,
exacerbating the problem of groundwater depletion (Aeschbach-Hertig
and Gleeson 2012). Underpriced irrigation not only triggers overpumping
but also incentivizes farmers to cultivate more water-intensive crops
(Sayre and Taraz 2019; Sekhri 2011).

Research indicates that farmers are responsive to the cost of irrigation
water. Badiani and Jessoe (2013) observed that a 10 percent increase in
electricity subsidies resulted in a 6.6 percent rise in groundwater
extraction in India. Similarly, Chakravorty, Dar, and Emerick (2023)
demonstrated that water pricing is pivotal in the adoption of water
conservation technologies. In Bangladesh, use of the water-saving
technique known as alternate wetting and drying increased by 21 percent
when villages transitioned from fixed charges to volumetric pricing.
Even with the implementation of efficient irrigation technologies,
pricing remains a critical element in water conservation. Fishman,
Giné, and Jacoby (2023) found that, when a group of smallholders
received a 90 percent subsidy on their drip irrigation installation, no
reduction in groundwater pumping was observed after three years;
given the minimal costs associated with pumping, farmers opted to
maximize use and sell the excess water to neighboring landowners
rather than conserve it.

This report uses annual energy inflation data from the World Bank’s
Global Consumer Price Index data set, covering 142 countries,

and identifies a statistically significant negative correlation between
energy prices and the rate of TWS depletion in countries with
intensive irrigation, defined as those with more than 20 percent of
cropland irrigated.2 As shown in figure 1.3, in countries that depend
heavily on irrigation, lower energy prices are associated with a faster
decrease in water levels and higher energy prices with a slower
depletion rate. In contrast, the impact of energy prices on TWS is
statistically insignificant in countries with minimal irrigation. Technical
appendix A (online) provides additional details regarding the data and
methodology used in the analysis.

Notably, not all irrigation systems depend on groundwater pumping,.
Gravity-fed irrigation systems require no energy inputs for water

Trends in and Causes of Global Freshwater Decline

15



16

transport. For these systems, fluctuations in energy prices may have little
to no effect on TWS levels, which can lead to some noise in the data
regarding the relationship between energy prices and water storage.
Nevertheless, a negative correlation between energy prices and TWS
levels persists, indicating that energy subsidies and the general
underpricing of water incentivize groundwater extraction, ultimately
contributing to the depletion of freshwater resources.

Addressing pricing distortions can help preserve freshwater resources.

FIGURE 1.3 Impact of energy pricing on freshwater reserves in irrigation-
intensive countries
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Source: World Bank.

Note: This figure illustrates the relationship between changes in energy
prices and changes in freshwater reserves (measured by TWS). Both
energy price and TWS level are residualized, controlling for annual average
temperature and precipitation (and their polynomial functions up to the
third order), country fixed effects, and year fixed effects. Irrigation-
intensive countries are defined as countries having more than 20 percent
of their cropland irrigated. The shading indicates 95 percent Cls,
representing the precision of the estimates. Cl = confidence interval;

TWS = terrestrial water storage.
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Lack of integrated water management

The previous section underscores that water outcomes are often shaped
by decisions made outside of the water sector, particularly decisions
regarding land use. Therefore, it is important to coordinate the
management of land, water, and related resources while balancing the
competing demands of various sectors, including agriculture,

urban development, and conservation, to safeguard water resources.

The concept of managing water resources using integrated approaches—
integrated water resources management (IWRM)—has been incorporated
into the Sustainable Development Goals (SDGs) as reflected in SDG
indicator 6.5.1,2 which tracks the degree of IWRM implementation across
countries. This indicator has been measured over three data collection
rounds, covering 173 countries in 2017, 186 countries in 2020, and 183
countries in 2023. A country’s IWRM score is determined by performance
on four key dimensions: enabling environment (laws, policies, and plans
supporting IWRM), institutions and participation (institutional capacity
and stakeholder engagement), management instruments (data collection
and planning tools), and financing (investments and funding for IWRM
efforts and infrastructure). The scoring uses a scale ranging from 0 to 100,
with higher scores reflecting more comprehensive and effective IWRM
implementation. The data on the degree of IWRM implementation are
collected from country self-assessments and validated through
stakeholder consultations.

This report evaluates the relationship between IWRM scores and average
TWS depletion rates over the three years after the survey. The findings
reveal that inadequate IWRM implementation accelerates TWS depletion,
whereas adequate IWRM implementation leads to more sustainable TWS
outcomes, all else equal (refer to figure 1.4).% Specifically, a decline of
1standard deviation in a country’s IWRM score is, on average, associated
with an accelerated TWS decline of 0.011 km? per year per cell, that is,

11 million tons of water per year per cell, or a 0.36 standard deviation
change in the rate of depletion.

To avoid potential biases associated with self-reporting that could confound
the estimation results, additional analysis was conducted to compare TWS
trends of extremely poor performers with those of other performers. The
results show that countries with IWRM scores lower than 30 experienced
an average TWS decline that occurred two to three times faster than that of
the countries with more robust IWRM implementation. Overall, the
evidence indicates that enhancing IWRM can play a pivotal role in
mitigating water depletion and fostering environmental sustainability.

Trends in and Causes of Global Freshwater Decline
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Strengthening integrated water resources management can help
preserve freshwater resources

FIGURE 1.4 Impact of IWRM on freshwater reserves
Changes in freshwater reserves (depth, mm)
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Source: World Bank.

Note: This figure illustrates the relationship between the score of IWRM and
changes in freshwater reserves (measured by TWS). The x axis represents a
country’s degree of IWRM implementation for a given survey round; the

y axis shows the corresponding TWS trend in the three-year period after
the survey round. Both variables are residualized, controlling for the
country’s annual average temperature and precipitation (and their
polynomial functions up to the third order), country fixed effects, and
survey-year fixed effects. The unit of the y axis refers to the equivalent
depth of TWS in millimeters (that is, the depth of water when it is uniformly
distributed across each 0.5° grid cell). The shading indicates 95 percent
Cls, representing the precision of the estimates. Cl = confidence interval;
IWRM = integrated water resources management; mm = millimeters;

TWS = terrestrial water storage.

Conclusion

Using observational satellite data from GRACE, this chapter highlights an
alarming trend of continental drying—a persistent decline in freshwater
availability across vast landmasses. This drying is driven by a combination of
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a changing climate and unsustainable water and land practices.

The potential risks of continental drying are profound: it can reduce
agricultural productivity, heighten competition for water resources, and, in
extreme cases, trigger ecosystem collapse and large-scale emigration. The
next chapter explores the cascading impacts of continental drying on
people, the economy, and the environment.

Notes

1. Areas under drying conditions (or dry anomalies) are spread across different
regions each year.

2. Technical appendixes A through E are available online at https://hdl.handle
.net/10986,/43683.

3. The analysis controls for local precipitation and temperature influences as well as
other unobservable and time-invariant location-specific characteristics. Regions
where ice sheet and glacier melting have caused significant TWS decreases, such as
Greenland, the Gulf of Alaska, and Patagonia, are removed from the sample. Refer to
box 1.3 and technical appendix A (online) for details on the methodology.

4. Energy prices are lagged to address potential endogeneity between energy costs and
the irrigation-driven demand for energy. The findings remain robust after
controlling for variables such as temperature, precipitation, time-invariant country
characteristics, and year fixed effects, along with alternative definitions of irrigation
intensity. Specifically, 40 countries are classified as irrigation-heavy on the basis of
the criterion that more than 20 percent of their cropland is primarily irrigated.
Alternatively, a country is deemed irrigation-heavy if it has more irrigated cropland
than rainfed cropland. The results are robust under both definitions.

5. UN SDG Indicator 6.5.1. ‘Degree of Integrated Water Resources Management
Implementation (0-100),” https://www.unwater.org/our-work/sdg-6-integrated
-monitoring-initiative/indicator-651-degree-integrated-water-resources.

6. The analysis uses country-level panel data and controls for temperature,
precipitation, and country and survey-year fixed effects.

7. In 2017, about 19 percent of countries were classified as having a low or very low
level of IWRM implementation, with scores below 30. This percentage decreased
to about 12 percent in 2020, and, by 2023, about 8 percent of surveyed countries
remained in the low implementation category.
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CHAPTER 2

Cascading Effects: The Impact of

Continental Drying on People,

Food, and the Planet

Key findings

e Water scarcity significantly affects jobs and income. Between 2005
and 2018, droughts in Sub-Saharan Africa left 600,000-900,000
people jobless each year, a range equivalent to 7-10 percent of
annual job creation in the region.

¢ Drying worsens the negative impact of warming on agricultural
productivity. In the long term, the combined effects of drying and
warming could push societies toward a tipping point where damage
accelerates rapidly and adaptation becomes increasingly difficult.

e Beyond connections throughout the physical hydrological system,
increased agricultural trade amplifies water dependencies among
countries, transforming local water scarcity and water
mismanagement into a collective global risk.

e The reduction in terrestrial water storage significantly raises the
probability and intensity of wildfires worldwide. Global biodiversity
hot spots are particularly sensitive to drying-induced wildfires.

Introduction

Water is essential for life and is intricately linked to all aspects of economic
well-being (Zhang and Borja-Vega 2024). Historically, favorable rainfall has
been a key driver of agricultural success, fueling the growth of early
civilizations. Reliable water sources enabled irrigation, transportation, and
trade, fostering complex societies and thriving cities. Conversely,
devastating droughts, such as those that struck ancient Mesopotamia and
the Maya, severely weakened agrarian economies and contributed to the
collapse of empires (Boccaletti 2021).

A reproducibility package is available for this book in the Reproducible Research
Repository at https://reproducibilityworldbank.org/index.php/catalog/386.
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Given the critical role of water, the continental-scale reduction in
freshwater reserves poses a significant challenge to future societies and
ecosystems. An increasing body of research highlights the multifaceted
economic and social consequences of water scarcity. Rainfall shocks,
particularly droughts, reduce agricultural productivity and slow economic
growth (Brown et al. 2013; Damania, Desbureaux, and Zaveri 2020; Dell,
Jones, and Olken 2012; Kotz, Levermann, and Wenz 2022; Russ 2020;
World Bank 2016). The impacts extend beyond the economy; droughts
negatively affect health and education outcomes, particularly for poor
households, thereby exacerbating global inequality (Zhang and Borja-
Vega 2024).

Water storage, such as groundwater and soil moisture, ensures water
availability when precipitation and surface water supplies decline. The large-
scale decline in water storage weakens this crucial insurance mechanism
against climate variability (Burke et al. 2023; Rodella, Zaveri, and Bertone
2023). Regions with limited water infrastructure and governance are
particularly vulnerable, facing heightened risks of water-related conflicts
and migration (Harari and Ferrara 2018; Henderson et al. 2017).

Migration has increasingly become a strategy for adaptation to droughts
and water scarcity, particularly in regions where livelihoods depend
heavily on agriculture. Prolonged dry conditions reduce crop yields and
exacerbate food insecurity, forcing communities to relocate in search of
better opportunities (Kubik and Maurel 2023; Zaveri et al. 2021). Clement
et al. (2021) project that climate-induced water stress could displace
millions by 2050.

Despite growing evidence of the economic and social impacts of water
scarcity, several critical gaps remain. First, empirical evidence for the
effect of water availability on labor markets, specifically on how water
shortages affect job opportunities, is limited. Second, there is a lack of
clarity on the long-term impact of water scarcity and to what extent this
impact can be mitigated through adaptation. Third, most studies focus on
the localized impacts of water scarcity, overlooking broader general
equilibrium effects, such as how local water crises affect global economies
through trade links. Finally, although the environmental consequences of
drying, such as loss of aquatic habitats and disruptions to ecosystems, have
been documented, rigorous empirical analysis linking water scarcity to
environmental damages, including the incidence of wildfires and their
implications for biodiversity, is lacking.

This chapter addresses these gaps to provide a more comprehensive view
of the consequences of continental drying. It further examines the
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heterogeneous effects of drying across populations and regions, shedding
light on how varying levels of water dependence, infrastructure, and
institutions influence the severity of these impacts.

Findings from this chapter reveal that water scarcity significantly reduces
job opportunities, particularly in rural communities reliant on agricultural
activities. In Sub-Saharan Africa, extreme dry conditions have rendered
600,000-900,000 individuals jobless annually. Although the primary
impact is reduced agricultural productivity, manufacturing and service
industries are not insulated from these shocks. Moreover, the effects of
local water shortages often transcend national borders through
interconnected trade networks, turning local water scarcity and water
mismanagement into a collective global risk. Beyond economic impacts,
continental drying intensifies environmental risks by exacerbating the
frequency and severity of wildfires. These wildfires not only threaten
human settlements and livelihoods but also pose a severe risk to global
biodiversity.

Two additional impacts of continental drying, although not included in
the detailed analysis, are worth mentioning: sea level rise and glacier
melting. As described in chapter 1, continental drying contributes to sea
level rise. Sea level rise poses several risks, including coastal erosion,
increased flooding, and saltwater intrusion into freshwater systems,
which can affect agriculture and drinking water supplies. It also threatens
coastal communities by damaging infrastructure and displacing
populations.

Approximately 1.9 billion people worldwide depend on mountain glaciers
(or their outflows) as their primary water source (Immerzeel et al. 2020;
Immerzeel, Van Beek, and Bierkens 2010). Glacier outflows are also
important for hydropower generation, which is often the main source of
electricity in mountainous regions. As glaciers melt, they initially increase
streamflow until peak water is reached, after which streamflow decreases
and becomes less reliable. By 2018, about half of glacier-fed basins had
already reached peak water (Rounce et al. 2023). Glacier melting also
increases the risk of glacier lake outburst floods, affecting mountain
communities.

Water and jobs

Water availability influences labor market outcomes through both supply
and demand channels. On the supply side, water scarcity affects labor
productivity by harming nutrition and health (Alsan and Goldin 2019;
Hunter, MacDonald, and Carter 2010; Pongou, Ezzati, and Salomon 2006;
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Priiss-Ustiin, Bonjour, and Corvalan 2008). Studies show that droughts
affect children’s human capital development, leading to lower
productivity in adulthood (Damania et al. 2017; Hyland and Russ 2019;
Maccini and Yang 2009). When water is scarce, people tend to use
polluted or inadequate water resources or limit hygiene practices. Water
shortages due to drought or inadequate infrastructure increase the risk of
various illnesses such as cholera (Emran et al. 2024). During water
shortages, immediate productivity losses can occur if people spend
productive hours fetching water or caring for those who are sick (Koolwal
and Van de Walle 2013).

On the demand side of the labor market, water shortages negatively affect
productivity in water-dependent sectors such as agriculture, energy,
manufacturing, tourism, and transportation. This decline in productivity
lowers job demand—at least in the short term—and negatively affects
income. In the global workforce, about 78 percent of jobs have some level
of water dependence, and 42 percent of jobs are significantly water
dependent (Das, Fisiy, and Kyte 2013).

Water’s role in sustaining jobs and livelihoods is even more pronounced in
developing countries, where a large share of the population depends on
agriculture. About 80 percent of the world’s poor live in rural areas and
rely heavily on farming, which requires reliable water access for crop
cultivation. Globally, 1.23 billion people are directly employed in
agriculture. The dependence is particularly stark in regions such as South
Asia and Sub-Saharan Africa, where more than 50 percent of the
workforce is engaged in agricultural activities.

The analysis for this report explores the effect of water scarcity on job
outcomes in Sub-Saharan Africa. Although Sub-Saharan Africa has not
experienced the widespread drying trends highlighted in the first chapter,
it has faced frequent dry events over the past two decades (refer to

map 2.1). With two-thirds of Sub-Saharan Africa’s population reliant on
rain-fed agriculture for their livelihoods, job security in the region’s
farming sector is particularly vulnerable to water scarcity.

From wilted fields to waning work

This analysis draws on 55 rounds of georeferenced household survey data,
covering 7.5 million individuals across 30 countries in Sub-Saharan Africa
from 2005 to 2018, to estimate the impact of dry events on an individual’s
probability of employment. A dry event is defined as a decline in soil
moisture, which is an important component of terrestrial water storage
(TWS) and critical for agricultural yields. Soil moisture is affected by both
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Sub-Saharan Africa has faced frequent dry events over the past two decades.

MAP 2.1 Distribution of dry shocks, Sub-Saharan Africa, 2005-18
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Source: World Bank.

Note: A location is exposed to a dry shock in a given month if the monthly soil
moisture proxied by the Standardized Precipitation-Evapotranspiration Index in this
location is 1.5 standard deviations below the long-term mean in the same location for
that month.

rainfall and temperature, and determines how much water is available for
crop growth. The Standardized Precipitation-Evapotranspiration Index
(SPEI)—which was developed by Vicente-Serrano, Begueria, and Lépez-
Moreno (2010) and captures the joint effects of rainfall, temperature, and
potential evapotranspiration—is used as a proxy for soil moisture

(Lu et al. 2025; Wang, Rogers, and Munroe 2015).

Cascading Effects 29



30

The results of the analysis show that a dry shock—defined as an SPEI

1.5 standard deviations below the long-term mean!—reduces the
employment rate by 2.5 percentage points on average (refer to figure 2.1).
This decrease is driven by impacts concentrated in agriculturally
dependent rural areas, where dry shocks reduce the employment rate by
74 percentage points. This relationship remains robust after controlling
for individuals’ gender, age, education, and place of residence, as well as
seasonality, location, and common year trends across all regions. Between
2005 and 2018, approximately 600,000-900,000 individuals in Sub-
Saharan Africa were made jobless each year because of exposure to dry
shocks. This range represents a loss of 7-9 percent of the annual jobs
created in the region because of the impact of water scarcity.2

The impact of water scarcity depends on a region’s baseline climate
conditions. Dividing the sample into different climate zones based on
long-term average precipitation and temperature shows that employment
in dry and hot regions is most sensitive to water scarcity.2 A 1-standard-
deviation decrease in SPEI reduces the likelihood of employment by

2.6 percentage points in these areas. Moderately dry and moderately hot

Dry shocks reduce employment, especially in rural
farming communities.

FIGURE 2.1 Impacts of water scarcity on employment, average and rural
farming, Sub-Saharan Africa, 2005-18
Percentage points
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Source: Khan et al. 2024.

Note: The figure depicts the marginal effect of a 1.5-standard-deviation
decline in the Standardized Precipitation-Evapotranspiration Index on the
probability of having a job. The error bar represents the 95 percent
confidence interval.
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regions experience a 1.6 percentage point reduction; no statistically
significant impact is observed in mildly dry or wet regions, regardless of
their long-term average temperatures.

There is also considerable variation in the impacts of water availability on
employment on the basis of age, gender, location, farmers’ land ownership,
and workers’ skill levels. The negative effect of water scarcity on
employment is most pronounced among women, older individuals,
landless farmers, and low-skilled workers (refer to figure 2.2). Several
factors may explain why these demographic groups are disproportionately
affected by droughts. Droughts can worsen health conditions, particularly
among older individuals; women are more likely to assume caregiving
responsibilities for sick household members during these periods.
Additionally, landless farmers and low-skilled laborers face significantly
higher barriers to transitioning into nonfarm employment because of
limited resources and a lack of specialized skills.

Droughts most negatively affect jobs for women, older individuals,
landless farmers, and low-skilled workers.

FIGURE 2.2 Heterogeneous drought effects on employment, by individual
worker characteristics
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Source: Khan et al. 2024.

Note: The figure depicts the marginal effect of a 1.5-standard-deviation
decline in the Standardized Precipitation-Evapotranspiration Index on the
probability of having a job. The error bar represents the 95 percent
confidence interval.
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These results reflect short-term partial equilibrium effects of water
scarcity on employment. Long-term general equilibrium effects are more
complex. In response to prolonged droughts, local populations may
expand farmland to offset productivity losses (Damania et al. 2017),
potentially increasing agricultural employment. In low-income countries
with trade barriers, declining agricultural productivity may push workers
further into subsistence farming, deepening dependence on agriculture
(Nath 2024).

Employment outcomes are not just about numbers; the nature of jobs
matters. A rise in agricultural employment in water-stressed economies is
not necessarily beneficial. As discussed, water scarcity reduces
agricultural productivity, lowering farmers’ real incomes. Moreover,
evidence shows that, in response to declining water availability,
households send children to work to compensate for income loss,
undermining human capital accumulation and future earnings (Blakeslee,
Fishman, and Srinivasan 2020).

These dynamics underscore the need for policies that address both
immediate employment shifts and long-term structural impacts.
Strengthening water management, improving agricultural resilience, and
expanding nonagricultural job opportunities will be critical in mitigating
the adverse labor market effects of water scarcity. The next section
discusses potential policy responses and adaptation strategies.

Infrastructure, institution, and resilience

Economic and infrastructure development play an important role in
determining the impact of water shocks. Investment in water supply
infrastructure, such as storage and irrigation, can reduce the impact of water
shortages by transporting water from distant sources (McDonald et al. 2014)
and reducing agriculture’s exposure to local climate variability (Schlenker,
Haneman, and Fisher 2005). Trrigation significantly reduces the sensitivity
of crop yields to drought, consequently improving agricultural production,
employment, and income stability for farmers (Briscoe and Malik 2006;
Pingali 2012).

However, without proper water use regulations, supply-side
interventions often risk moral hazard issues. The perceived security
provided by increased water supply, combined with distortions in the
input and output market of agriculture, can lead to more water-intensive
and less efficient agricultural practices2 This phenomenon has been
observed in the Ogallala Aquifer in the United States, where large-scale
groundwater-based irrigation initially mitigated the impact of droughts.

Continental Drying



Over time, however, land use shifted to more water-intensive crops,
increasing drought sensitivity and reducing land value (Hornbeck and
Keskin 2014). On a global scale, Damania et al. (2017) found that
although irrigation generally reduces crop yield sensitivity to droughts,
in some arid regions and low-income countries, large irrigation
infrastructure may exacerbate the impact of droughts on agricultural
yields.

The analysis presented in this report reveals similar trends. In areas with
irrigation infrastructure, employment is found to be more vulnerable to
the negative impacts of drought. In these areas, a dry shock is associated
with a 3.2 percent reduction in the likelihood of employment, compared
with a 2.5 percent reduction on average. In addition to the shift to more
water-intensive crops, the agricultural productivity gains enabled by
irrigation may have attracted a population influx due to increased
agricultural opportunities, consequently increasing job exposure to
climate variability without driving structural transformation (Asher

et al. 2021; Boudot-Reddy and Butler 2025).

These findings suggest that there is often a trade-off between short-term
profitability and long-term sustainability in agricultural jobs that rely on
groundwater-based irrigation, particularly in water-stressed regions.
Effective pricing incentives and robust water regulations are crucial to
minimize this trade-off.

Beyond interventions specific to the water sector, economic development
and diversification are essential strategies to adapt to droughts and
reduce their adverse effects on jobs. To explore the role of economic
diversification in adaptation, analysis for this report analyzes the
heterogeneous effects of water scarcity based on communities’

historical livelihood strategies. Specifically, data from the ethnographic
atlas originally compiled by Murdock (1967) are used to determine
whether individuals reside in regions where ethnic groups historically
depended on agriculture; hunting, fishing, and gathering; or herding and
animal husbandry (or pastoralism) during the preindustrial era.

Societies with different historical subsistence strategies evolved
differently and achieved different levels of economic diversification over
time (Agrawal 2008). Specifically, studies found that early agricultural
societies progressed to civilization and statehood sooner and are wealthier
and more educated today than pastoral ones (Diamond 1997; Galor and
Ozak 2016; Giuliano and Nunn 2021; Hibbs and Olsson 2004;
Michalopoulos, Putterman, and Weil 2019; Putterman 2008).

Additionally, preindustrial fishing activities led to nonagricultural
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occupations and skills that complemented early industrialization
(Dalgaard, Knudsen, and Selaya 2020).

The analysis in this report supports these findings. Societies with a
historical reliance on hunting, gathering, and fishing show the highest
levels of economic diversification as measured by the Herfindahl-
Hirschman Index, with more occupations in services, sales, and domestic
jobs. In contrast, historically agricultural societies continue to depend
more heavily on agricultural employment. Pastoral societies exhibit the
least diversified economies, with the highest concentration of jobs in the
agricultural sector and the lowest income and education levels among the
three groups.

Unsurprisingly, these ethnic groups exhibit different adaptive capacities
in response to dry shocks. Regions inhabited by ethnic groups that
historically engaged in hunting, fishing, and gathering did not
experience statistically significant adverse effects from dry shocks. Areas
historically associated with agriculture-focused ethnic groups are
negatively affected by dry shocks, although these effects are less severe
than those faced by pastoral ethnic groups, which experience the most
significant consequences. These findings support the notion that
communities heavily reliant on water-intensive sectors, such as
agriculture, are more susceptible to disruptions caused by drought.
Diversification into less water-dependent sectors can mitigate these
vulnerabilities.

This finding aligns with evidence from India, where research shows that
households in regions with a more developed manufacturing sector are
better able to offset farm losses from long-term water shortages by
increasing off-farm income (Blakeslee, Fishman, and Srinivasan 2020).
Improved access to markets and financial services, along with better road
infrastructure, plays a crucial role in developing the rural nonfarm
economy, strengthening job opportunities, and enhancing income
resilience for rural households (Musungu, Kubik, and Qaim 2023;
Nguyen, Nguyen, and Grote 2023).

Water, food, and income

Agriculture is the most water-intensive sector, consuming more than

90 percent of global freshwater resources. As highlighted in the previous
section, agriculture serves as the primary channel through which water
scarcity affects employment and the economy. Agricultural productivity is
highly sensitive to rainfall variability (Damania et al. 2017).

Extended periods of low soil moisture can lead to crop stress, reduced
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yields, and even crop failure (Agnolucci et al. 2020). Drought-related food
crises have been observed globally, affecting both developed and developing
countries (FSIN 2018).

This section revisits the link between water scarcity and agricultural
productivity, with a particular focus on the long-term effects of
continental drying and the effectiveness of adaptation measures in
mitigating these impacts. The second part of the section investigates how
local water shortages influence agricultural production and create
spillover effects on real income at the global level. Although the global
community is interconnected through the hydrological cycle—via
transboundary water flows and atmospheric water vapor movement
(GCEW 2024)—it is also intertwined through trade and production
networks. The analysis highlights that, because of these economic
interdependencies, water management decisions in one country can ripple
across borders, with global economic implications.

Drying, warming, and tipping point

Understanding the long-term effects of drying is not straightforward.
Many studies estimate the impact of water shocks by examining short-
term fluctuations in rainfall because rainfall changes are largely random
and independent of other factors, allowing for clearer identification of
causal relationships. However, this approach may not fully capture the
effects of long-term adaptation. In anticipation of long-term decline in
freshwater availability, farmers may implement a variety of adaptation
strategies, such as adopting drought-resistant crops or relocating
from areas frequently affected by dry conditions. These long-term
adjustments are less likely to be captured in studies focused

solely on short-term rainfall variability (Carleton and Hsiang 2016;
Hsiang 2016).

To measure potential adaptation, the analysis follows the approach of
Deschénes and Greenstone (2011) and Carleton et al. (2022) to estimate
the marginal impact of declining water availability on agricultural yields
while allowing the impact to vary with a location’s baseline climate
conditions. The underlying premise is that baseline climate conditions
shape the perceived likelihood of and belief in future droughts and,
consequently, influence investment and adaptation behaviors.
Adaptation is more likely to occur in consistently dry environments,
where water scarcity is a persistent challenge. By comparing the water
sensitivity of agricultural yields across different locations, this approach
allows the assessment of adaptation linked to baseline climate
conditions.
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The analysis delineates a total of 49 climate zones globally, based on a
location’s long-run average temperature and precipitation from 1951 to
2022. The climate zones are categorized using 5°C bins for temperature
and 200 mm bins for precipitation. The impact of water availability on
agricultural yields is estimated at grid-cell level at 0.5° x 0.5° and
aggregated up to the climate zone level. Water availability is measured by
both precipitation and SPEI, with SPEI serving as a proxy for soil moisture.

Local vegetation growth is proxied by net primary production (NPP) data
collected using satellite observations. NPP reflects the net amount of
carbon stored by plants through photosynthesis, serving as a proxy for
biomass production, and it has been used in various studies to assess
farmland productivity (Haberl et al. 2007; Jaafar and Ahmad 2015;
Monfreda, Ramankutty, and Foley 2008).

Another feature of this analysis is that it examines how variations in water
availability, along with temperature fluctuations, jointly influence
agricultural outcomes, thereby filling a gap in the existing literature,
which typically considers the effects of either temperature or precipitation
independently, without exploring their interactive influence. For further
details on the data and methodology, refer to the online technical
appendixes.?

Table 2.1 presents the estimated relationships between climate variables
and vegetation outputs, showing a significant heterogeneity in the impact
of precipitation and temperature changes across climate zones. The
results yield three key findings.

First, at the aggregate level, a 1-standard-deviation decrease in SPEI and
precipitation results in an average reduction in vegetation output of
approximately 9.6 percent and 6.0 percent, respectively. This

magnitude is comparable to the effect of water shocks reported in
Damania et al. (2017).¢

Second, the findings suggest that drought-prone regions are particularly
vulnerable to declines in water availability, highlighting the limited
effectiveness of adaptation on a global scale.

When temperature is held constant, the marginal effect of reduced
precipitation is markedly higher in drier regions. This effect diminishes
in less arid areas and becomes statistically insignificant in humid
regions where water is already abundant.”Z The pattern remains
consistent when using SPEI to measure drought. A 1-standard-deviation
decrease in SPEI in dry regions with baseline precipitation below

600 mm results in an 11.9 percent reduction in vegetation growth,
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compared with a 4.0 percent reduction in regions with a baseline
precipitation of 600 mm or more.

The observation that drought-prone areas are more sensitive to reductions
in water availability indicates that adaptation may have limited
effectiveness globally. This finding is aligned with previously reported
results showing that long-term agricultural adjustments in response to
worsening environmental conditions have been limited. Notable examples
include the limited adaptation observed after the 1930s Dust Bowl in the
United States (Hornbeck 2012) and prolonged groundwater depletion in
India (Blakeslee, Fishman, and Srinivasan 2020; Fishman 2018). Key
barriers to effective adaptation in agriculture identified in the literature
include restricted access to capital, small farm sizes, insecure land tenure,
lack of infrastructure, weak institutional support, and risk aversion (Adger
et al. 2009; Below et al. 2012; Core Writing Team, Lee, and Romero 2022;
Hornbeck 2012; Morton 2007).

Third, the results suggest mutually reinforcing adverse effects of drying
and warming.2 Drying makes adapting to warming more difficult, whereas
warming exacerbates the negative effects of drying. Moreover, these
negative effects are nonlinear, implying that the cumulative effects of
drying and warming can significantly intensify climate change impacts on
food production in the long run.

TABLE 2.1 Impact of climate variation on vegetation outputs (percent)

o
Precipitation Temperature (°C)

(mm) <0 [0, 5) [5,10) [10,15) [15,20) [20, 25) >25
a. 10 mm decrease in annual precipitation
[0,200) 0.642 -2.26° -2.982 -2.97 -2.91 -3.30 -9.25
[200, 400) 0.33° -116 -1.08 -1.24 -1.25 -2.58 -6.71
[400, 600) 0.43 0.8 -0.20 -0.49 -0.59 -0.75 -3.49
[600, 800) 0.33° 0.202 -0n -0.22 -0.37 -0.37 -1.67
[800, 1,000) 0.22° 0.212 0.08 -0.12 -0.30 -0.19 -0.45
[1,000, 1,200) 0.20° 0.212 0.08° -0.09 -0.28 -0.22 -0.23
>1,200 0.03° 0.152 0.00° -0.00° 0.01 0.00 0.06
b. 1SD decline in the SPE]
[0,200) 5.022 -6.592 -10.792 -13.17 -14.32 -30.33 -56.02
[200, 400) 2.59 -6.95 -8.09 -10.10 -121 -43.57 -96.69
(continued)
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TABLE 2.1 Impact of climate variation on vegetation outputs (percent) (continued)

Temperature (°C)

Precipitation

(mm) <0 [0, 5) [5,10) [10,15) [15,20) [20, 25) >25
[400, 600) 3.23 1.23 -3.01 -6.09 -9.29 -15.06 -70.09
[600, 800) 3.312 2.92° -217 -4.03 -6.59 -6.44 -40.48
[800, 1,000) 1.012 2.28° -0.01 -3.53 -5.25 -3.65 -13.25
[1,000,1,200) 4.67° 3.38° 0.93° -2.82 -519 -4.13 -7.20
>1,200 1222 4.79° 1.36° -0.22° -0.44 -1.45 -0.31

c. 0.1oC increase in annual average temperature

[0,200) 0.61° 0.242 0.05? -0.20 -0.92 -5.27 -12.14
[200, 400) 0.232 0.30 -0.31 -0.54 -1.35 -4.97 -14.43
[400, 600) 0.30 0.00 -0.38 -0.66 -1.43 -2.78 -7.50
[600, 800) 0.422 0.41° -0.25 -0.57 -1.06 -1.56 -3.83
[800,1,000) 0.522 0.122 -0.44 -0.71 -0.53 -1.03 -2.44
[1,000,1,200) 1.072 0.372 -0.382 -0.78 -0.67 -0.99 -1.44
>1,200 1.562 110 0.342 -0.742 -0.52 -1.26 -1.47

Source: World Bank.

Note: Panel a presents the average marginal effects of a 10 mm decrease in annual
total precipitation below the long-run average on (log) NPP for cells within each
climate zone. Panel b presents the average marginal effects of a one-unit

(that is, 1-standard-deviation) change in the SPEI on (log) NPP for cells within each
climate zone. Panel c presents the average marginal effects of a 0.1°C increase in
annual average temperature on (log) NPP for cells within each climate zone. Climate
zones are based on the long-run average temperature and precipitation of each cell
between 1951 and 2022, categorized using 5°C bins for temperature and 200 mm for
precipitation. Climate bins are defined with inclusive lower bounds and exclusive
upper bounds (e.g., [5, 10) includes 5 but not 10). The regression is weighted by cell
size and jointly estimated with heterogeneous responses to precipitation, SPEI, and
temperature. The regression includes cell fixed effects and year fixed effects, and
standard errors are clustered at the cell level. All estimates except those in italics

are statistically significant at the 1 percent level. NPP = net primary production;

SD = standard deviation; SPEI = Standardized Precipitation-Evapotranspiration Index.
a. Estimated from a climate zone covering less than 0.25 percent of global cropland.

The degree of dryness can affect the marginal impact of higher
temperatures. As shown in figure 2.3a, in warmer regions, as baseline
precipitation decreases, even a small decrease in precipitation leads to
exponentially greater losses in crop yields.
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Similarly, as shown in figure 2.3b, in the drier half of the world, the adverse
effects of warming on crop yields would double if the region’s
temperatures were above the threshold of 20°C and would quintuple if
temperatures were above 25°C.

Both table 2.1 and figure 2.3 illustrate that the joint effects of drying and
warming are nonlinear, implying that a cumulative increase in drying
and warming over time could result in significantly large economic
damages. This finding is supported by evidence from agricultural
physiological studies and observations from recent hot-dry events (refer
to box 2.1). In some of the world’s hottest and driest regions, a 10 mm
decrease in annual precipitation or a 1-standard-deviation decline in soil
moisture can lead to a 9.3 percent or a 43.1 percent reduction in crop
productivity, respectively. This finding suggests that higher temperatures
will compound the adverse effects of water scarcity, and prolonged dry
conditions will make adapting to warmer temperatures more
challenging.

Negative effects of drying and warming on crop yields are
mutually reinforcing.

FIGURE 2.3 Marginal effects of drying and warming on vegetation
yields, by climate zone

a. Effect of 10 mm decrease in precipitation on vegetation growth
Impact on vegetation growth

Annual precipitation

—m— Cold regions —e— Warm regions

(continued)
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FIGURE 2.3 Marginal effects of drying and warming on vegetation yields,
by climate zone (continued)

b. Effect of 0.1°C increase in annual average temperature
on vegetation growth

Impact on vegetation growth

e
-14
-2
-3
-4 4
-5
-6 -
-7

<0 [0,5) [5,10) [10,15) [15,20) [20,25) >25
Annual average temperature
-8 Dry regions —e— Humid regions

Source: World Bank.

Note: Panel a presents the average marginal effects of a 10 mm decrease in
annual total precipitation below the long-term average on (log) NPP—a proxy
for vegetation output—for cells within each climate zone. Panel b depicts the
average marginal effects of a 0.1°C increase in annual average temperature
above the long-term average on (log) NPP for cells within each climate zone.
Climate zones are defined by the long-run average temperature and
precipitation of each cell over the period 1951-2022, categorized using 5°C
bins for temperature and 200 mm for precipitation. Climate bins are defined
with inclusive lower bounds and exclusive upper bounds (e.g., [5, 10) includes
5 but not 10). The global long-term median temperature (16.8°C) serves as the
threshold between warm and cold regions in panel a. The global long-run
annual median precipitation (521 mm) serves as the threshold between dry
and humid regions in panel b. The regression is weighted by cell size and
jointly estimated with heterogeneous responses to temperature and
precipitation. Error bars denote 5 percent confidence intervals. NPP = net
primary product.

BOX 2.1
Heat and drought: The rising threat to global crop resilience

Studies indicate that simultaneous heat and drought conditions exacerbate
crop stress far more than either factor alone. This dual impact reduces soil
moisture and escalates temperature stress on plants, particularly during
critical growth stages. For example, maize and soybeans are exceptionally

(continued)
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BOX 2.1
Heat and drought: The rising threat to global crop resilience (continued)

vulnerable to high temperatures when grown in dry conditions—they are
40 percent more sensitive to high temperatures in these conditions than
when they are well watered (Lesk et al. 2021).

In recent years, compounded hot-dry events globally have resulted in
substantial agricultural shocks, underscoring the detrimental effects of
combined heat and drought on crop production. For example, severe heat-
drought events in the Russian Federation and Eastern Europe led to
drastic yield reductions in wheat and barley (Hunt et al. 2021), and the
intense drought and heat wave in the central United States in 2012 resulted
in significant drops in maize and soybean production (USDA 2013). These
climate extremes critically disrupt crop yields and elevate food prices,
particularly in areas reliant on rain-fed agriculture.

Countries such as India are increasingly challenged by the compounding
effects of higher temperatures and reduced rainfall. With much of India’s
agriculture situated in tropical to subtropical climates, key crops such as
wheat and rice are nearing their thermal limits (Beillard and Singh 2022).
With these escalating climate challenges, the need for resilient agricultural
practices has never been greater. Adaptation through breeding heat-
resistant crops and improving irrigation systems will be essential to
ensuring food security and sustainable agricultural practices in the future.

Local water shocks, global economic impact

The Global Commission on the Economics of Water highlights the
importance of valuing and governing the hydrological cycle as a global
common good because of its interconnected nature (GCEW 2024). In
addition to connections through the physical hydrological system, increased
agricultural trade heightens water dependencies across countries.

The removal of tariff and nontariff trade barriers has driven significant
growth in agricultural trade over recent decades. Between 2018 and 2020,
the value of agricultural trade in crops increased by more than 80 percent
compared with 2007, whereas manufacturing exports rose by less than

40 percent during the same period. Crops and food exports now represent
more than 10 percent of global trade (FAO 2024).

Consequently, the water embedded in the production of globally traded
goods and services, known as the virtual water trade (Allan 1998),
increased by 26 percent between 2000 and 2019. In 2019, approximately
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25 percent of global water consumption was allocated for export rather
than domestic use (refer to chapter 3 for details). The large volume of
virtual water trade implies that local water shortages affecting agricultural
production can have spillover effects on a global scale.

A drought in a major agricultural exporting region could reduce agricultural
productivity, leading to lower output and wages for local agricultural
workers. The decline in productivity could increase prices for agricultural
goods, affecting all consumers of these goods, regardless of their occupation.
Additionally, it could raise the cost of inputs for manufacturing and services
firms worldwide that use these goods in their production processes. These
higher input costs could then result in increased prices for downstream
goods and services, such as packaged food and restaurant services, which
could subsequently affect downstream consumers.

In this context, the virtual water trade imposes two contrasting impacts on
the economy. First, agricultural products serve as intermediate goods in
other sectors of the economy, thereby increasing these sectors’ exposure to
changes in water availability. Consequently, the impacts of droughts have
the potential to propagate through the global production network, affecting
countries not directly experiencing drought. This interconnectedness
heightens the vulnerability of various economic sectors to water shocks.

Second, changes in water availability can shift productivity and
comparative advantage across producers. Trade patterns can then adjust
to accommodate water shocks, allowing consumers to redirect
expenditures and source food and water-intensive goods from unaffected
regions. This adjustment mechanism helps to mitigate the adverse effects
of water shocks on price and consumption.

This report develops a spatial equilibrium trade model, based on Eaton
and Kortum (2002), to analyze the general equilibrium effects of water
scarcity. By modeling the structure of the global economy, it examines how
local water shortages affect real income in various economic sectors and
how they propagate through different countries through existing trade
networks. It simulates two outcomes. The first set of simulations evaluates
the historical cost of climate anomaly worldwide in 2002. The second set
assesses the welfare cost of a 100 mm reduction in precipitation for each
country relative to the 2020 average, estimating the impact on real income
within the country (local cost) and the global cost resulting from a single
country’s rainfall deficit. This analysis is grounded in the empirically
estimated crop yield-water response function presented in the previous
section. Refer to box 2.2 and technical appendix B (online) for details of
the methodological framework and data.
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BOX 2.2
Trade general equilibrium model

Following the recent literature on economic geography and the
environment (Nath 2024; Rudik et al. 2022), this report develops a spatial
multi-industry structural trade model in the style of Eaton and Kortum
(2002) to simulate the effect of local water scarcity on global economy.

The model uses 26 industries in three sectors—agriculture, manufacturing,
and services—and 172 countries. In each country-industry combination,
firms operate a country-industry-specific constant returns-to-scale Cobb-
Douglas technology that uses labor, capital, and materials to produce
output. Materials are the output of other industries; for example, producing
maize may require manufactured fertilizer.

Firm productivity in a country-industry combination is a function of factors
such as local infrastructure, temperature, and precipitation. In this model,
changes to precipitation have an impact on firm productivity, affecting the
output that firms can produce with a given input combination. The
productivity-precipitation response function is estimated on the basis of
the empirical analysis described in the “Drying, warming, and tipping point”
section and exhibits considerable heterogeneity across climate zones. The
technical appendixes (online)? provide details on how the microlevel water
shocks are mapped to country-level agricultural productivity.

The model styled after Eaton and Kortum (2002) emphasizes the role of
comparative advantage and endogenizes trade flows on the basis of
differences in productivity across sectors and regions. It is particularly
strong in analyzing how changes in productivity—for example, due to
water shocks—affect output, prices, trade, and welfare in a tractable way.
However, like all quantitative structural models, the model relies on a set of
assumptions about functional forms and the structure of the economy that
may not fully capture real-world complexities, thereby influencing the
robustness of its predictions.

For example, the model assumes each good is produced using a Cobb-
Douglas production function. The Cobb-Douglas function assumes a
constant elasticity of substitution of 1 between inputs, which implies that
water can always be substituted for other inputs, such as labor or capital,
at a constant rate. In many cases, water is not easily substitutable.
Assuming constant substitutability can lead to underestimation of
production responses to water scarcity.

(continued)
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BOX 2.2
Trade general equilibrium model (continued)

Additionally, water is not explicitly treated as a direct input in production
but is instead incorporated indirectly through its impact on productivity.
Ideally, water consumption (as a combination of irrigation and rain-fed
sources) should be included as an input in the production function, with
producers optimizing on the basis of water prices and other input-output
prices. However, in many regions, the absence of functioning water
markets makes it difficult to observe how markets (and equilibrium water
prices) respond to variations in water availability, such as droughts or
rainfall. Without reliable data on these dynamics, directly modeling water
as an input would introduce significant uncertainty.

Despite the model’s simplifying assumptions, its projections of the impact of
historical droughts in 2002 on prices and income in affected countries
largely align with observed outcomes, supporting confidence in the model’s
external validity. This type of structural model has also been shown to
capture the margins of heterogeneity and spatial differences—crucial for
quantifying the distribution of climate change impacts (Rudik et al. 2022).

Consequently, although the model’s simplifying assumptions may affect
the precision of point estimates, the model remains a valuable tool for
understanding the broader spillover effects of water shocks—that is, how
reduced agricultural productivity in one region can ripple through supply
chains and trade networks, influencing income distribution across sectors
and locations.

a. The technical appendixes are available online at https://hdl.handle.net/10986/43683.

Impact of the 2002 global climate anomaly

In 2002, droughts affected multiple regions with varying severity. For
example, India experienced one of its driest monsoon seasons, with rainfall
19 percent below average. Additionally, 2002 was one of the driest years on
record for Australia, which was exacerbated by an El Nifio event, reducing
rainfall across the continent. Sub-Saharan African countries, including
Ethiopia and Mozambique, all experienced major drought events.

Using the relationship between local water shocks and macrolevel
agricultural productivity estimated from the crop yield-water response
function reported earlier, it is estimated that the global climate anomaly of
2002 resulted in significant declines in agricultural productivity among
several major producers. Notably, Pakistan experienced a reduction of
approximately 19.6 percent. Other affected countries were India
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(13.9 percent decrease), Paraguay (9.4 percent decrease), Australia
(8.5 percent decrease), Brazil (7.0 percent decrease), Ethiopia (5.8 percent
decrease), and Mozambique (5.5 percent decrease).

Precipitation anomalies significantly contributed to productivity declines.
In 2002, 45-78 percent of agricultural output reductions in Australia and
Pakistan were due to below-average rainfall. In Mozambique, these
anomalies accounted for 67 percent of the decline. About 25 percent of the
reductions in Ethiopia and Paraguay were linked to changes in rainfall
patterns. The rest were mainly due to temperature anomalies.

Using the trade equilibrium model developed for this report, the impact of
these climate anomalies is estimated to have caused a global welfare
decline of 0.4 percent, resulting in significant economic losses. Using the
global gross domestic product (GDP) from 2002 as a reference, this
decline equates to approximately $140 billion in 2002 dollars, or $245
billion in constant 2024 dollars, which is about $22 per capita over the
global population in 2002.

The agricultural sector experienced the largest impact, with a 0.65 percent
decline in global welfare; the manufacturing and service sectors faced
welfare losses of 0.27 percent and 0.21 percent, respectively. These
declines were driven by sectoral spillovers through production links. The
negative welfare shocks from the 2002 climate anomaly were particularly
severe in South Asia and Sub-Saharan Africa, where climate-induced
agricultural productivity losses had widespread economic consequences.
The most direct impact was a reduction in agricultural output due to
climate disruptions that hindered production.

Farmers’ short-term adaptation efforts, such as adjusting inputs, helped
mitigate the impact of the climate anomaly but could not fully offset the
productivity shock. Consequently, agricultural output declined by

4.4 percent in Pakistan. Without adaptation measures, the declines would
have mirrored the full productivity shock (19.6 percent), resulting in even
more significant reductions in output. In Sub-Saharan Africa, droughts led
to a decline of up to 15 percent in agricultural output, with other major
agricultural regions, including Australia, the Arab Republic of Egypt, and
Ukraine, also experiencing reductions in production. These losses directly
affected the welfare of agricultural workers, whose income is closely tied
to the sector’s performance.

The decrease in agricultural production led to a substantial increase in food
prices. For example, the model estimates a 6.1 percent rise in food prices in
Pakistan because of the climate shocks. This surge in food prices had
cascading effects across the economy, particularly in nonagricultural sectors
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that rely on agricultural inputs, such as food processing and textile
manufacturing, which resulted in higher prices for manufactured goods.
These price hikes also placed significant strain on household budgets,
reducing the purchasing power of workers’ wages, regardless of their sector
of employment. Consequently, the model predicts national welfare losses of
1.9 percent for Pakistan measured by real income. Agricultural workers were
disproportionately affected, with much larger welfare losses of 4.3 percent.

The welfare of populations in countries not directly affected by the 2002
climate anomalies was influenced through indirect channels, such as
international trade. The welfare outcomes in these countries were shaped
by production links, access to global markets, trade costs, and the degree of
substitutability and complementarity between their outputs and those of the
affected regions. Countries that experienced more favorable or less severe
climate conditions in 2002 saw their agricultural sectors benefit from higher
global food prices, which helped stabilize global food supply chains. The
model indicates that countries such as Argentina, Kazakhstan, Myanmar,
and Spain experienced positive welfare shocks, with agricultural welfare
increases of up to 4 percent. These welfare gains were driven by both local
productivity improvements and substitution effects as the demand for their
agricultural products increased in the international market because of
production declines in drought-affected regions.

More important, the model suggests that trade likely played a crucial role in
mitigating the global impact of the 2002 climate anomalies. Without market
adjustments at both local and international levels, agricultural outputs in
drought-affected countries such as Pakistan would have declined in line with
its two-digit productivity losses. Trade facilitates price adjustments driven by
global supply and demand, signaling where resources are most needed.
Specifically, rising prices for water-intensive crops in drought-stricken regions
incentivize other countries to increase production and exports of these crops,
helping to meet global demand. This market response helps stabilize their
prices and ensures a steady supply. Consequently, drought-affected countries
in Sub-Saharan Africa and South Asia benefited significantly from
international trade, with the loss of welfare reduced by more than 10 percent
as measured in the real wages of their agricultural workers.

The significant benefit highlights the crucial role of trade in mitigating the
local effects of decreased agricultural production in drought-affected
nations. Countries can improve their resilience to climate-related shocks by
establishing strategic trade partnerships with regions that are less
susceptible to similar climatic risks. Additionally, investing in infrastructure
and logistics to facilitate efficient import and export activities is essential for
ensuring the smooth adjustment of trade relationships.
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Local and global cost of water scarcity

The second set of outcomes sheds light on the cost of water scarcity at both
local and global levels. Consider a hypothetical scenario involving a 100 mm
decrease in precipitation in a country. The cost of an annual 100 mm
decline in precipitation varies significantly, depending on the country
affected and the way the shock propagates through the global production
network.

Based on the results of the spatial equilibrium trade model described in

box 2.2, India is the country where a hypothetical 100 mm reduction in
precipitation would generate the largest global impact. Using 2020 data,
such a reduction could lower global welfare by 0.08 percent—equivalent to
$68 billion.2 This outcome for India reflects several key factors incorporated
into the model:

A large portion of India’s economy and workforce depends on
agriculture, which is highly sensitive to water availability.

e Because India is a major producer, local water shocks in India have
significant ripple effects through global trade, affecting prices and
supply chains worldwide.

* Many of India’s key agricultural regions already face significant water
stress, so any further scarcity tends to carry a disproportionately high
economic impact.

Other countries in which precipitation is globally important are China,
Nigeria, and Pakistan because of their extensive agricultural activities,
importance in the global production network, and/or high baseline water
stress (refer to map 2.2).

The local cost of a 100 mm precipitation decline is also highly
heterogeneous across different countries. Unlike the global impact, the
highest local value of water is observed in African nations, where hot and
arid conditions intensify the effects of water scarcity. Incorporating the
input-output links within a country considerably increases the local value
of water, especially in Sub-Saharan Africa, where agricultural activities
play a crucial role in the economy.

Water, wildfires, and biodiversity

The National Aeronautics and Space Administration’s mantra when searching
for extraterrestrial life has long been “follow the water,” underscoring the
significance of water as a universal indicator of habitability. Water is essential
for sustaining life and maintaining a livable planet. It is the cornerstone of all
ecosystems, supporting the survival of every species.
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Local water shortages trigger economic consequences both locally and globally.

MAP 2.2 Impact of a 100 mm reduction in annual precipitation on real income
a. Global cost
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Source: World Bank.

Note: Panel a shows the impact of a 100 mm reduction in a given country’s annual
precipitation on global real income (that is, global cost). Panel b depicts the impact of
the same reduction on the real income of the affected country (that is, local cost).

This section examines the effects of continental drying on ecosystems and
biodiversity, particularly through its influence on the frequency and
severity of wildfires. Although wildfires are often a naturally occurring
phenomenon, they can be catastrophic for ecosystems and nearby human
communities. The total annual cost of wildfires in the United States is
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estimated to range between 1 and 3 percent of GDP (World Bank 2023).

A study focusing on Southern Europe has shown that wildfires can lead to
a 0.11- to 0.18-percentage-point reduction in GDP growth, as well as to an
offset in employment growth (Meier et al. 2023). In Indonesia, one of the
countries vulnerable to large wildfires, the economic cost of the six largest
fire events from 2004 to 2015 was estimated at about $94 billion (Kiely
etal. 2021).

Recent years have seen an increase in wildfire occurrences and in their
intensity, as measured by the size of burnt areas and duration (Ellis et al.
2022; Williams et al. 2019). In the United States, the number of large fires
has increased by more than 30 percent since the 1980s, with California
alone experiencing an 85 percent increase in annual burned areas since
the 1970s.22 Globally, the length of the fire season has expanded by nearly
20 percent over the past few decades (Doerr and Santin 2016; Jolly et al.
2015). These fires not only result in substantial economic losses but also
contribute to biodiversity loss, soil degradation, and significant carbon
emissions, further fueling climate change (Braun et al. 2021; Coop et al.
2020; Wang et al. 2020).

Many studies attribute the increase in wildfire events to climate change-
related factors such as fuel aridity, rising temperatures, and changing
rainfall patterns (Jones et al. 2022; Law et al. 2025). These factors, both
individually and collectively, create conditions conducive to the ignition
and spread of wildfires.

The analysis for this report indicates that, in addition to established
weather controls such as the Fire Weather Index, which considers
temperature, humidity, wind speed, and 24-hour precipitation, continental
drying—that is, a decline in TWS—has a direct influence on the occurrence
and severity of wildfire events at the global level.

Parched landscapes, intensified wildfires

Analysis for this report explores the relationship between TWS and
wildfires, using the Moderate Resolution Imaging Spectroradiometer
(MODIS) Burned Area Dataset (Giglio et al. 2021), as referenced in both the
scientific and the economic literature, to identify areas affected by wildfires.
To distinguish natural wildfires from built-environment fires and human-
caused fires, MODIS Land Cover data (Friedl and Sulla-Menashe 2022) are
used to exclude land associated with croplands, barren areas, and urban or
built-up zones. Technical appendix B (online) provides more details on the
data and methodology.
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Results from the analysis indicate that TWS reductions significantly
exacerbate both the frequency and the magnitude of wildfires. This
relationship persists after controlling for variables such as the weather
controls in the Fire Weather Index, seasonality, vegetation types, and
common temporal trends, such as advancements in wildfire management.
These findings remain robust after separately controlling for temperature,
precipitation, SPEIL, and varying definitions of wildfire occurrence based on
burned areas.tt

Specifically, a 1-standard-deviation increase in the rate of TWS loss leads
to a 27 percent higher chance of wildfire occurrence and a 46 percent
increase in the size of burned areas. There is large variation in the
response function across climate zones and biomes that is likely driven by
differences in land use and forest cover (Jones et al. 2022).2 Notably, the
effect is more than twice as pronounced in areas with temperate, winter-
dry climates and in equatorial, summer-dry regions; conversely, the effect
is negligible in arid climates.

The impact of TWS change on the occurrence of wildfires extends

beyond the immediate period. The effect of TWS change is most
pronounced within the month of fire activity. This effect diminishes when
considering TWS changes from preceding months; however, the impact of
TWS remains statistically significant for at least five months before fire
activity. This finding indicates that reduced TWS not only increases the
likelihood of fires in the current month but also affects future fire incidents.

In addition to physical factors such as land and vegetation species,
socioeconomic development, wildfire prevention measures, and
community practices play a critical role in determining the effect of
freshwater availability on wildfires (World Bank 2023).

Using grid-level measures of GDP per capita and the Human Development
Index (HDI) as indicators of socioeconomic development, locations are
categorized into four quartiles on the basis of their GDP per capita or HDI
measures in 2000. Results indicate a significant heterogeneous effect of
TWS on wildfires. The most substantial adverse impact of TWS decline is
observed in areas in which GDP per capita and HDI fall within the lowest
quartiles. Notably, the effect of TWS changes in the lowest quartile is six to
nine times greater than that observed in the next quartile.

This heterogenous effect is not driven by differences in land cover and
climate zones that might correlate with income levels. A similar pattern is
seen in each of the 29 climate zones and 14 biomes for which the GDP and
HDI quartiles are defined.
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These findings indicate that low-income regions are particularly
vulnerable to the adverse effect of freshwater depletion on wildfires. In
addition, communities in low-income regions and countries often have
limited resources and capacity to recover from wildfires. Consequently,
the combination of high vulnerability and limited coping capacity will lead
to a disproportionately higher negative impact of TWS depletion on
wildfires in low-income communities. However, the strong mediation
effect of income and human development suggests an important role for
policy interventions in reducing the negative impact of water scarcity and
the associated risk of wildfire occurrence. Such interventions may include
investing in fire suppression measures and management of wildland-urban
interfaces.

Water and biodiversity

Biodiversity is vital for maintaining the health and balance of ecosystems on
Earth. A rich variety of species ensures that ecosystems can adapt to
changes, recover from disturbances, and continue providing essential
services such as pollination, water purification, and carbon storage
(Cardinale et al. 2012). Biodiversity also provides cultural, aesthetic, and
economic value, offering resources for medicine, agriculture, and innovation
(Newman and Cragg 2020). Conversely, the loss of biodiversity has
significant consequences for the planet, including disruptions to food
chains, changes in nutrient cycling, and decreases in resilience to
environmental disturbances.

Biodiversity and water availability are linked through a reinforcing
feedback loop. Healthy ecosystems, particularly wetlands, forests, and
grasslands, play a key role in regulating local and regional water cycles by
enhancing soil moisture retention, improving groundwater recharge, and
influencing precipitation patterns (Brauman et al. 2007; IPBES 2019).

In turn, reduced water availability can degrade ecosystems, driving
biodiversity loss, which further impairs the ecosystem’s capacity to
regulate water, perpetuating a vicious cycle of ecological decline
(Acreman et al. 2013). This feedback is particularly concerning in
biodiversity hot spots, where ecosystems are already under severe
pressure.

Biodiversity hot spots are regions that combine exceptionally high species
richness with particularly severe threats to their ecosystem, making them
global conservation priorities. Specifically, a biodiversity hot spot is
characterized by the presence of at least 1,500 endemic species of vascular
plants and a loss of at least 70 percent of its original native vegetation
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(Hoffman et al. 2016; Marchese 2015; Myers et al. 2000). Currently, there
are 36 globally recognized biodiversity hot spots. Although they cover only
approximately 2.5 percent of Earth’s surface, they support about

60 percent of the world’s plant, bird, mammal, reptile, and amphibian
species.l3

An analysis overlaying the spatial distribution of biodiversity hot spots
with observed TWS trends reveals that at least 17 of the 36 globally
recognized hot spots are experiencing sustained reductions in freshwater
availability (refer to map 2.3). Many hot spots across Central Asia, South
America, and Southern Europe exhibit severe TWS loss, shown in deep
red areas, signaling chronic drying. Among the most affected regions is the
Cerrado, which stands out with an alarming loss of -17.1 km3 per year,
followed by the Himalayas (-13.6 km3 per year), the Mediterranean Basin
(=9.6 km3 per year), the Caucasus (-9.3 km3 per year), and Indo-Burma
(-5.5 km3 per year). These findings highlight that some of the planet’s
most biologically rich ecosystems are also experiencing the most acute and
sustained freshwater depletion. In these regions, even slight shifts in the
water balance can disrupt species composition, ecosystem productivity,
and critical ecological processes.

Almost half of global biodiversity hot spots are experiencing persistent drying.

MAP 2.3 Trends in TWS across global biodiversity hot spots

Decreasing
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6-1km’
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Source: World Bank.

Note: The map plots the annual rate of TWS change in biodiversity hot spots. Red denotes
decreasing TWS; blue denotes increasing TWS. Notably, some hot spots in Southeast Asia
and Sub-Saharan Africa display increasing TWS. However, this trend may indicate
intensified flooding or human interventions, such as the development of large-scale dams,
which can also devastate biodiversity. TWS = terrestrial water storage
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In contrast, some hot spots display positive TWS trends, shown in blue on
map 2.3, suggesting increased water availability. Notable examples include
Eastern Afromontane (+11.0 km3 per year), Sundaland (+9.3 km3 per year),
and the Guinean forests of West Africa (+2.3 km3 per year). However, such
increases may indicate intensified wet season flooding or human
interventions, such as large-scale water infrastructure development,
rather than natural ecosystem stability. Both chronic water loss and abrupt
water surpluses could destabilize ecosystems, affecting species
composition, habitat connectivity, and long-term ecological functioning
(IPBES 2019).14

Although the correlation between TWS loss and biodiversity loss does not
establish causality, the co-occurrence of water stress and ecological
decline in these hot spots points to a dangerous reinforcing cycle. Water
scarcity is recognized as a key driver of declining biological productivity
and species richness (Wrubel and Parker 2018). Studies have identified
multiple pathways through which reduced water availability influences
species distribution and abundance.

First, water scarcity affects freshwater ecosystems and threatens water-
sensitive habitats such as montane forests, wetlands, and tropical cloud
forests (Shrestha and Devkota 2010). For example, in the Mediterranean
Basin hot spot, declining rainfall and increased evapotranspiration have
led to measurable decreases in forest biomass, threatening endemic oak
species and reducing habitat for emblematic species (Pefiuelas and
Sardans 2021). Similarly, in the Mountains of Central Asia hot spot,
glaciers that supply critical dry-season flows to montane river systems are
retreating, and general dryness is threatening aquatic species and riparian
vegetation (Seim et al. 2016; Xu, Wang, and Zhang 2016). In the Eastern
Himalayan hot spot, shrinking water availability has already contributed
to the decline of aquatic species, such as Himalayan river fish and
amphibians adapted to high-elevation streams (Chettri et al. 2010).

Second, increasing water scarcity intensifies competition between human
water demands and conservation efforts in biodiversity hot spots. In the
Irano-Anatolian hot spot, approximately 1,500 km? of ecologically valuable
swamps have been drained to support irrigation, water extraction, and
agricultural expansion (Sekercioglu et al. 2011). In the Cerrado hot spot of
Brazil (refer to box 3.2), rapid expansion of irrigated agriculture and
farming places severe pressure on local aquifers and surface water,
fragmenting and patching native ecosystems and thus pushing species into
shrinking habitat (Strassburg et al. 2017).22 Similar tensions exist in the
Atlantic Forest hot spot, where forest remnants, which protect about
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60 percent of Brazil’s terrestrial biodiversity (CEPF 2001), supply water to
nearly half of Brazil’s population. Declining water availability, in turn,
forces difficult trade-offs between ecosystem protection and human water
uses (Ribeiro et al. 2011; Tabarelli et al. 2005).

Finally, as discussed in the previous section, drying trends increase
wildfire risk through vegetation flammability and reduced moisture in
organic soils, particularly in fire-prone ecosystems such as the
Mediterranean Basin, the California Floristic Province, and the Cerrado.
For example, uncontrolled wildfires during dry spells have already led to
substantial ecosystem losses in the Mesoamerica hot spot, with fire
regimes increasingly altered by reduced water availability and vegetation
stress (del Castillo and Rivera-Garcia 2022).

Global biodiversity hot spots are particularly sensitive to drying-induced
wildfires. Analysis for this report shows that a 1-standard-deviation
decrease in TWS raises the probability of wildfire occurrence in
biodiversity hot spots by 50 percent, compared with just 11 percent outside
these areas.

Continental drying also affects freshwater ecosystems and ecological
interactions. Wetlands, seasonal rivers, and groundwater-fed habitats,
which serve as critical refuges for biodiversity, are especially vulnerable to
continental drying. In the Cerrado, drying trends have contributed to the
decline of vernal pools essential for amphibian reproduction (Colli, Vieira,
and Dianese 2020); in the Mekong Basin, falling water levels from drought
and human withdrawals have disrupted fish spawning cycles and altered
food web structures (Ziv et al. 2012). Beyond freshwater ecosystems,
drying trends also disrupt plant-pollinator networks and trophic
interactions, which in turn affect the structure and services of ecosystems.
As water availability declines, many plant species experience reduced
flowering, lower nectar production, and altered phenological cycles, with
cascading effects on pollinator and biological communities (Harrison
2000). At the same time, invasive drought-adapted species, such as grasses
and shrubs, are increasingly expanding into drying regions, displacing
native flora and altering fire regimes (Bradstock 2010).

Moreover, continental drying might also have profound repercussions on
the Earth system. Most notable is the threat of tropical rainforest dieback
because of prolonged droughts and increasing temperatures; this process
might activate planetary tipping points. The Amazon is considered a
potential tipping element of the Earth system; crossing a threshold of
forest loss could trigger large-scale, irreversible shifts with repercussions
in the global climate and biophysical system. However, in this region,
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droughts in 2005, 2010, 2015, and 2023-24 have already caused
widespread tree mortality, shifting the Amazon’s role from a net carbon
sink to a carbon source in certain years while also affecting the water cycle
(Gatti et al. 2021; Phillips et al. 2009). At the same time, Amazon dieback is
associated with weakened tree resilience and altered species composition,
favoring lower-biomass vegetation rather than water-dependent canopy
trees (Brienen et al. 2015). Beyond activating critical regional thresholds,
declining water levels may trigger cascading failures, whereby ecosystemic
degradations accelerate hydrological instability, further deepening water
scarcity, and destabilize the functioning of key global systems.

Conclusion

This chapter analyzes the widespread impacts of continental drying on
people, prosperity, and the planet. In addition, it identifies patterns of
resilience and vulnerability, and offers insights into potential adaptation
mechanisms—whether through infrastructure development, economic
diversification, or strategic trade relationship. The next chapter explores
emerging trends of water demand to further pinpoint vulnerability hot
spots—regions facing the dual crisis of increasing water demand and
declining supply—and potential adaptation measures through improved
demand-side management.

Notes

1. Various thresholds have been used to assess the severity of dry events, specifically
declines of 1.0, 1.5, and 2.0 standard deviations below long-term average water
availability. The results remain consistent across all thresholds; however, higher
thresholds reveal stronger impacts of dry shocks on employment outcomes. In this
report, results are presented using the 1.5-standard-deviation threshold as the basis
for analysis.

2. An estimated 9 million jobs are created annually in Sub-Saharan Africa (Abdychev
et al. 2018; IMF 2024).

3. Dry and hot regions are defined as areas with annual precipitation below 75 mm
and an annual average temperature above 30°C. Moderately dry and moderately
hot regions have annual precipitation between 75 mm and 150 mm and average
temperatures ranging from 10°C to 20°C. Mildly dry and wet regions are those with
annual precipitation exceeding 150 mm.

4. Berrittella et al. (2007) show that, when water is misallocated across sectors and
regions, water supply constraints could lead to welfare gain by improving allocative
efficiency. Furthermore, this welfare gain may more than offset the welfare losses
due to the resource constraint.

5. Technical appendixes A through E are available online at https://hdl.handle.net
/10986,/43683.
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10.

11.

12.

13.

14.

15.

. The difference between the impact of SPEI and precipitation may be due to the

fact that 1 standard deviation in SPEI is associated with a 155 mm variation in
precipitation; 1 standard deviation in precipitation was about 95 mm from 1951 to
2022. It may also indicate that, given a similar level of decline, a decrease in soil
moisture proxied by SPEI has a larger detrimental impact on crop growth than a
similar-scale decline in precipitation.

This effect also diminishes in moderately hot regions and becomes negative in
extremely cold regions, where precipitation often falls as snow, thus inhibiting
vegetation growth.

. Warmer temperatures are detrimental for plant growth in areas where the annual

average temperature exceeds 5°C, but they are beneficial in colder regions.

. Notably, the finding reflects the potential global cost of water scarcity in India,

rather than a direct measurement of current annual losses.

California Department of Forestry and Fire Protection, Statistics for the 2020 fire
season, https://www.fire.ca.gov.

In the baseline model, a grid cell with a burned area exceeding 21.44 hectares (ha),
the smallest recorded in the data set, is counted as a wildfire occurrence. For a
robustness check, stricter criteria are applied by restricting the wildfire occurrence
sample to include areas with burned regions surpassing 100 ha, 1,000 ha, or

10,000 ha, respectively.

Climate zones segment the world on the basis of primary climate characteristics
(equatorial, arid, temperate, snow, and polar) and their associated temperature and
precipitation patterns. In this analysis, climate zones as delineated in the Képpen-
Geiger climate classification (1976-2000) are based on Kottek et al. (2006). Biome
definitions are from the ecoregion classification of Dinerstein et al. (2017). This
categorization is rooted in the unique biological diversity each region represents,
and it is further subdivided into 14 types of biomes (seven of which are forested) in
which plant communities exhibit structural similarities (although species sets may
differ). The map and the definitions of ecoregions and biomes can be viewed at
https://ecoregions.appspot.com/.

Biodiversity-rich areas extend beyond the formal boundaries of these hot spots,
with significant ecological value found in regions such as Sub-Saharan Africa that
are not always captured by hot spot classification.

Many other pressures, such as land use change, habitat fragmentation, or direct
exploitation, also threaten biodiversity. Furthermore, although TWS offers a valuable
integrated signal of water availability, its relevance for biodiversity depends on the
specific water source in question, such as surface water, soil moisture, or
groundwater, each of which has distinct ecological implications. Future work should
integrate hydrological disaggregation, high-resolution ecological data, and spatially
explicit approaches to model and better capture local dynamics. Expanding the
scope of analysis beyond formal hot spot boundaries and incorporating functional
diversity constitute another key area for future research.

Patching refers to the creation of small, disconnected patches of habitat that are
remnants of the original ecosystem. Smaller patches may not support viable
populations of certain species. For example, patches are more susceptible to
external pressures, such as invasive species or climate change. In addition, the
interaction between species (for example, predator-prey relationships) may
change, disrupting the balance of the ecosystem.
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CHAPTER 3

Water Vulnerability Hot Spots
and Water Savings Potential

Key findings

* Global water consumption rose by 25 percent from 2000 to 2019,
with about one-third of this increase occurring in regions
experiencing drying,.

 Indrying regions, significant inefficiencies persist—about one-
quarter of rainfed and one-third of irrigated crop water
consumption are below global median efficiency levels.

e Improving the water use efficiency of inefficient producers of key
crops to the global median level could lower irrigation water
consumption by 137 billion cubic meters—equivalent to the
annual water needs of 118 million people. The largest savings
potential globally would be observed in South Asia and in the
production of wheat and rice.

e Virtual water trade—the exchange of water embedded in traded
agricultural and industrial commodities—has contributed to
substantial annual global water savings, equivalent to 9.4 percent
of global water consumption of 35 key crops. Eliminating
distortions in agricultural input and output markets, boosting the
efficiency of exporters, and integrating sustainable water
management practices into trade agreements can further enhance
the benefits of virtual water trade.

Introduction

The preceding chapters have highlighted the ongoing crisis of continental
drying, marked by decreasing freshwater availability, and the significant
economic and environmental impacts that may ensue. This chapter shifts

A reproducibility package is available for this book in the Reproducible Research
Repository at https://reproducibilityworldbank.org/index.php/catalog/386.
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the focus to the demand side of water. Although continental drying affects
vast areas of global land, its impacts are shaped by local water consumption
patterns. Regions with rapidly rising water consumption, low water use
efficiency, and more water-intensive economic activities are more
susceptible to the impact of continental drying. Agriculture is the largest
water consumer globally. By combining water availability and agricultural
water demand data, this chapter identifies water vulnerability hot spots and
priority regions for policy interventions.

To analyze water consumption patterns, the analysis in this chapter uses
terms and methodologies from the field of water footprint assessment
(refer to box 3.1). The most recent comprehensive global water footprint
assessment was conducted by Hoekstra and Mekonnen (2012), providing
averages for 1996 to 2005. Given the significant shifts in water use since
then, an updated water footprint estimate is needed.

Using a state-of-the-art crop growth model and the most up-to-date,
globally comprehensive data on agriculture and on industrial and
domestic water withdrawal, this report provides annual water footprint
estimates for 169 countries from 2000 to 2019. The water footprint data
are then overlaid with terrestrial water storage (TWS) trend data to
identify the regions most susceptible to continental drying. Refer to
Mialyk, Schyns et al. (2024) for the methodology, assumptions, and data
used to estimate the water footprints.

BOX 3.1
Water footprint: Key terminology

A water footprint measures the appropriation of water, including soil
moisture, surface water, and groundwater, to meet human needs.
Although indicators such as water withdrawal or extraction measure
gross water use, the water footprint accounts for return flows to the
system. It therefore reflects net water use, also known as
consumptive use.

A water footprint can be used to measure direct water consumption from
a producer’s perspective, such as water used to grow crops. It can also be
used to assess indirect water consumption from a consumer’s perspective,
that is, water consumed in the form of food, energy, and industrial goods

(continued)
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BOX 3.1
Water footprint: Key terminology (continued)

and services. In this context, the concept of a water footprint can be used
to analyze the virtual water trade—the exchange of water embedded in
traded agricultural and industrial commodities.

A water footprint has green, blue, and gray components. The green water
footprint refers to water consumed from rainwater in the soil that does not
become runoff or percolate to groundwater. It is the sole source of water in
rain-fed production. The blue water footprint refers to water consumed
from surface and groundwater bodies through evapotranspiration, product
integration, or discharge into other river basins or the sea. The gray water
footprint measures pollution by indicating the volume of freshwater
required to dilute pollutants to meet water quality standards. Because of
the lack of crop-specific water pollution data at the necessary scale and
resolution, this analysis does not include the gray water footprint. Excluding
degradative water use may result in an underestimation of the total water
footprint.

The crop water footprint reported in this chapter reflects potential
rather than actual values. Certain limitations in the simulation may
lead to an under- or overestimation of water footprint. For instance,
the simulation considers on-field crop water use only, disregarding
other water-consuming activities upstream or downstream of the crop
value chain, such as water losses during the transport of irrigation
water from source to field and postharvest water requirements.
Additionally, the simulated water footprint data estimate irrigation
water needs on the basis of soil moisture rules. However, farmers in
regions experiencing water scarcity may practice deficit irrigation,
whereby crops receive less water than their full evapotranspiration
needs. To address this issue, multiple sensitivity analyses were
conducted to test modeling assumptions. Refer to Mialyk et al. (2024)
for more details.

The use of remote sensing data offers a promising avenue to monitor the
actual water footprints of crop production. Satellite-based sensors, such as
those from the Sentinel-2 and Landsat programs, can track key indicators
such as vegetation indexes, evapotranspiration rates, and soil moisture
levels in near real time. Leveraging these technologies in future analyses
can enhance the precision of crop water use assessments and improve
water resource management.
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Vulnerability hot spots: Rising demand and
decreasing availability

At the local level, water footprint trends, shaped by water use efficiency
and crop selection, vary significantly. These factors influence the region’s
water dependency and its future water resilience. This section combines
TWS trends data and water footprints to identify the hot spot regions that
are most vulnerable to continental drying. The vulnerability of a drying
region is assessed on the basis of three factors: (a) whether the region is
arid and undergoing a rapid increase in water footprint, (b) whether crop
production in the drying region has low water use efficiency, and

(¢) whether the drying region is expanding the cultivation of more water-
intensive crops.

Increasing water footprint

The analysis in this report indicates that the global water footprint of
humanity grew by 25.3 percent between 2000 and 20109, rising from

7.2 trillion m3 to 9.1 trillion m3. Agriculture remains the dominant
contributor to global human water consumption. In 2019, agriculture
accounted for 98 percent of the global water footprint. In the agricultural
sector, crop production accounted for 75 percent of the water footprint;
livestock, including water used for fodder crops, grazing, drinking,

and servicing, accounted for 23 percent of the total water footprint
(refer to figure 3.1).

Against the backdrop of continental drying, about one-third of the
increase in the global water footprint has taken place in regions affected
by drying. Regions experiencing rapid TWS decline and those showing

a substantial increase in water consumption are in part of Argentina,
southeast Brazil, Central America, northern China, a large swath of
Eastern Europe, northern India, southeast Asia, and southwestern North
America (refer to map 3.1). Most of these regions are experiencing
worsening groundwater depletion.

These hot spot regions are predominantly cropland areas that are
already water scarce. In 2019, 69 percent of global blue water
consumption occurred in areas with moderate to severe water scarcity.
Additionally, 94 percent of the increase in blue water consumption since
1990 has taken place in regions already experiencing water scarcity. Even
historically water-abundant regions are facing growing threats of water
scarcity because of rapid cropland expansion and unsustainable water
management practices. The Cerrado region in Brazil is such a hot spot
area (refer to box 3.2).
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Between 2000 and 2019, the global water footprint of humanity grew by
25.3 percent. Agriculture is the largest water consumer.

FIGURE 3.1 Global water footprint, 2000-19

a. Increase in the global water b. Composition of the global
footprint by sector, 2000-19 water footprint, 2019
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Source: World Bank.

Notes. In panel a, the lines denote in percentage points the change in water footprint
relative to year 2000. The thick black line corresponds to the total water footprint
whereas the dashed lines correspond to each sector. The numbers on the right denote
the percentage increase in the water footprint in 2019 relative to 2000. In panel b,
segments of the pie chart denote the proportion of the total water footprint that each
sector represents.

BOX 3.2
Water crisis in the Cerrado

The Cerrado savanna is vast. Although less well-known than its
neighbor, the Amazon, it covers 24 percent of Brazil, sprawling across
the middle of the country. The Cerrado is South America’s largest
savanna and one of the most biodiverse savanna landscapes globally.
It is home to 11,620 plant species and more than 200 animal species

(continued)
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BOX 3.2
Water crisis in the Cerrado (continued)

(Spera et al. 2016). This ancient biodiversity is supported by
groundwater and water recycling in the area’s vegetation.

In recent decades, the Cerrado has been transformed into a center of
Brazil’'s booming agribusiness. This agricultural expansion began in the
1960s, but the deforestation and associated land conversion have
accelerated dramatically in recent decades. The Cerrado has lost half of its
original cover of 2 million km?2 (Latrubesse et al. 2019). It is now Brazil’s
largest established agricultural area, generating 60 percent of its
agricultural production.? Globally, it provides 12 percent of soybean
production and 10 percent of beef exports (Rodrigues et al. 2022). As
these industries grow, so too do human populations and the
infrastructures needed to support them.

The removal of vegetation, coupled with the rapid development of
irrigation-dependent agriculture, has put a huge strain on the Cerrado’s
water resources. Reduced vegetation raises ground temperatures and
lowers humidity, causing lower rainfall. The depleted water supply has
affected local wildlife as well as the human communities indigenous to the
region. It also affects larger-scale water systems. The Urucuia Aquifer
spans 120 km? of the Cerrado. Its levels are depleting primarily because of
intensive water pumping (Rodrigues et al. 2024).

a. Refer to https://www.weforum.org/stories/2024/03/environmental-protection

-cerrado-brazil-economy/.

Low water use efficiency

To assess the technical efficiency of water use at a local level, this report

establishes crop-specific water use efficiency benchmarks for 35 key crops.
These crops collectively accounted for more than 90 percent of global blue
water consumption and virtual water trade in 2019. The benchmark values
are further differentiated by production system (irrigated vs. rain fed) and
climate zone (defined by the aridity index).2 Crop-unit water footprints
(m3 per ton) were ranked within each production-climate zone pair.
High-efficiency regions are identified as those where crop-unit water
footprints are below the 20th percentile in their respective group;
medium-efficiency regions fall between the 20th and 50th percentiles, and
low-efficiency regions are those at or above the 50th percentile. Further
details on the methodology can be found in technical appendix C (online).2
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About one-third of the increase in the global water footprint has taken
place in regions affected by drying.

MAP 3.1 Water footprint trends in drying regions, 2000-19
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Source: World Bank.

Note: The 2000-19 trend in the water footprint is expressed as the percentage change
from the local baseline (2000) footprint per year. Regions where the baseline water
footprint is low (less than 10 mm) or where the terrestrial water storage trend is not
declining are not included.

Map 3.2 illustrates the overlap of low crop water use efficiency and areas
undergoing TWS depletion. The findings indicate that a considerable
proportion of low-efficiency producers are located in drying areas.
Notably, approximately one-quarter of the inefficient water footprints
for rain-fed production and one-third of those for irrigated production
are in regions with declining TWS. Drying hot spots with inefficient
production are predominantly found in Western Asia, Eastern Europe,
and North Africa, where up to 100 percent of water used with low
efficiency is situated in arid areas. On a national level, the highest share
of inefficient agricultural production under drying conditions is
observed in Algeria, Cambodia, Mexico, Pakistan, Thailand, Tunisia, and
Romania.
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A large share of agriculture production in drying regions relies on inefficient
water use.

MAP 3.2 Share of agricultural water use with low efficiency in drying regions
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Source: World Bank.
Note: Percentages indicate the share of water use of 35 key crops cultivated with low
water use efficiency in rain-fed and irrigated production systems in drying regions.

The overlap between low water use efficiency and declining TWS signals a
critical vulnerability in water management. Inefficient water use may have
contributed to drying in the first place, and it may continue driving
depletion of already-stressed water systems as producers extract more
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water to compensate for inefficiencies. However, these regions are also
well positioned to enhance resilience because effective solutions for
improving water management can address both overuse and

declining supply.

Expansion of water-intensive agriculture

Beyond water use efficiency, crop choice plays a key role in determining
overall water demand. The past two decades have seen a global shift to
the cultivation of more water-intensive crops. Analysis at the country
level shows that 81 of the 169 countries examined have increased the
water intensity of their crop production over the past two decades.
Overlaying the TWS trend and the crop water intensity index further
reveals that 37 countries that have shifted to more water-intensive
agriculture are also facing declining freshwater reserves, including

22 countries located in arid and semi-arid regions (refer to map 3.3).
Refer to the technical appendixes for details of the index decomposition
analysis.

This structural shift to more water-intensive crop cultivation, coupled with
inefficiency, further intensifies water demand in already water-stressed
countries. Notably, more than two-thirds of the inefficient irrigation in
drying areas is linked to the cultivation of water-intensive crops, including
rice, wheat, cotton, maize, or sugar cane.

The choice between growing water-intensive cash crops and staple
crops presents a critical trade-off for drying countries. Although cash
crops can generate higher short-term profits, they often come at the cost
of depleting already scarce water resources. In contrast, staple crops
such as wheat, millet, and sorghum are usually less water intensive and
essential for local food security but may offer lower immediate financial
returns.

Although the choice between cash and staple crops depends on risk
preference and local context, building long-term resilience requires
channeling revenues from cash crops into skills development and human
capital, especially for rural communities, to expand nonagricultural job
opportunities and reduce economic reliance on an increasingly
vulnerable water supply. In this way, communities can gradually shift
from a water-stressed, agriculture-dependent economy to a more
diversified, resilient one and be better prepared to withstand future
climate and water shocks.

Water Vulnerability Hot Spots and Water Savings Potential
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Many drying countries are shifting to water-intensive agriculture.

MAP 3.3 Shift to water-intensive agriculture, 2000-19

Drying countries’ use of
water-intensive crops

I Increasing
[ Decreasing

IBRD 49019 | OCTOBER 2025

Source: World Bank.

Notes: This map denotes the trend of water intensity of crop production by country,
based on an index decomposition analysis that disaggregates changes in total water
intensity of crop production into changes in technical efficiency (water consumption
per ton of crop) and structural change (composition of crops). Countries that grew
more water-intensive crops during 2010-19 compared to 2000-10 are considered
shifting to more water-intensive agriculture and are denoted in red. Blue denotes
countries that are drying but shifting away from water-intensive crops based on the
index decomposition analysis. Regardless of their shift to or away from water-intensive
crops, countries in gray are not drying on average (even though parts of the countries
can be drying). For example, the southwestern United States is a drying hot spot, but
the United States on average is not drying.

Water savings potential

In response to the challenges of rising water demand and decreasing water
availability, this section examines global water savings potential through two
strategies: enhancing the technical efficiency of water use and improving
the spatial efficiency of water allocation. The latter strategy involves
reallocating the production of water-intensive crops from less efficient to
more efficient areas and from regions facing water scarcity to those with
abundant water supplies. This strategy can be achieved primarily through
the virtual water trade and the spatial adjustment of crop production within
national borders.
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Improving technical efficiency

Improving crop water use efficiency has the potential to save significant
amounts of water. A simulation analysis for this report indicates that the largest
potential for water savings by crop can be achieved by improving the water use
efficiency of maize, wheat, and rice production. The largest savings—in both
absolute and relative terms—are found in South Asia (refer to map 3.4).

Improving crop water use efficiency has the potential to save significant
amounts of water.

MAP 3.4 National water savings potential if all inefficient producers achieved global
median efficiency levels
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Water savings (m?, billions)
0-1
1-5
5-15
15-25
25-35

~ IBRD 49030 | JULY 2025

b. Blue water savings in countries with drying areas

Water savings (m?, billions)

0-0.2
0.2-1
1-2
2-10
10-20

~ IBRD 49031 | JULY 2025

Source: World Bank.
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More specifically, if all producers in drying regions currently operating at
low efficiency levels—defined as below the 50th percentile of global crop
water productivity—were to match the median efficiency benchmark for
the 35 key crops, blue crop water consumption in drying areas would
decrease by 18 percent. Further narrowing the efficiency gap by bringing
crop water footprints down to the 20th percentile—reflecting the level of
the most efficient production—could increase annual blue water savings in
drying regions to 34 percent.

At the global level, 23 percent of the total global crop water consumption
(blue and green) in the production of the 35 key crops could be saved
annually if all global inefficient producers were to reach the median
efficiency level in the production of the 35 key cops. Most of the savings
would come from green water (942 billion m3, representing 24 percent of
the global green crop water footprint); blue water savings would account
for the remainder (137 billion m3, or 17 percent of the global blue crop water
footprint, equivalent to the annual water needs of 118 million people).

If all global producers were to reach high efficiency levels, annual water
savings could be increased to 36 percent of the total crop water footprint.
This savings would include 1.45 trillion m? of green water savings

(37 percent of the global green crop water footprint) and 246 billion m? of
blue water savings (31 percent of the global blue crop water footprint).

Note that efficiency improvements alone do not guarantee real water
savings. Without proper regulation, increased efficiency can sometimes lead
to higher overall water consumption—a phenomenon known as Jevon’s
Paradox. This phenomenon occurs when efficiency gains lower the cost of
water use, encouraging expanded agricultural activity or the cultivation of
more water-intensive crops, ultimately intensifying water use and
exacerbating scarcity (Grafton et al. 2018). To achieve sustainable water
management, a balanced approach—combining technological advancements
with water pricing incentives and extraction limits—is essential to ensure
that improved efficiency translates into water conservation.

Improving spatial efficiency

Another strategy for reducing global water use is through optimizing virtual
water trade. Although direct water trading is often difficult because of its
bulkiness and challenges in transport, countries can indirectly trade water
through goods that require significant water for their production. These
goods—ranging from agricultural products such as grains and textiles to
industrial commodities such as steel and paper—embody water, allowing
water-scarce countries to import water-intensive products instead of
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depleting their own resources for local production. In 2019, about
25 percent of the global water footprint was traded virtually rather than
consumed domestically.

Virtual water trade offers a significant opportunity to optimize global water
use. By leveraging differences in water use efficiency between countries,
virtual water trade can lead to global water savings. Such trade is
particularly beneficial when water-scarce countries import water-intensive
goods from more water-abundant countries. For instance, Jordan, a country
facing significant water scarcity, saved about 7 billion m? of water annually
through virtual water trade between 1996 and 2005 (Schyns et al. 2015).

This report estimates that crop trade contributed to global water savings
of 475 billion m? per year between 2000 and 2019, equivalent to 9.4 percent
of global water consumption of the 35 key crops. Moreover, annual water
savings from virtual water trade grew by 49 percent over the past two
decades, increasing from 381 billion m3 annually between 2000 and 2009
to 569 billion m? between 2010 and 2019.

Whereas a few countries account for the largest share of global water
savings from virtual water trade, many others achieve notable water
savings relative to their consumption. From 2010 to 2019, the top 10
countries captured 49 percent of total water savings from virtual water
trade, with China leading at 10 percent, followed by Indonesia at 7 percent
and Japan at 6 percent. Yet, during the same period, 80 countries saved at
least 10 percent of their water consumption.

An analysis of the water savings by country reveals that drying countries
benefit less from the virtual water trade compared with nondrying countries.
Between 2000 and 2019, drying countries saved 8.3 percent of their water
consumption through virtual water trade, whereas nondrying countries
saved 10.5 percent. Nondrying and nonarid countries benefited the most from
virtual water trade (18.6 percent), whereas drying and nonarid countries
benefited the least (4.6 percent; refer to figure 3.2).

Although virtual water trade offers the potential for water savings, it also
presents challenges. Unsustainable water use can arise when exporting
countries overexploit their water resources to meet the demand for virtual
water export. This overexploitation can exacerbate water stress in already
water-scarce regions, even contributing to water stress in water-rich countries
(Rosa et al. 2019). For example, although large commercial farmers in South
Africa are more efficient in crop production than those in neighboring
countries, production relies on increasingly stressed water resources, which
are further strained by virtual water trade (Dalin and Conway 2016).

Water Vulnerability Hot Spots and Water Savings Potential
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Virtual water trade contributes to significant water savings; however, drying
countries capture fewer of these benefits than nondrying countries

FIGURE 3.2 Water savings from virtual water trade, 2000-19

a. Water saved globally b. Water saved as share of
water consumption
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Source: World Bank.

Note: Panel a summarizes the amount of water saved when a country with a higher
unit footprint for a specific crop imports products derived from this crop from a more
efficient producer rather than producing the products locally. Panel b presents the
decadal averages of annual water savings expressed as a share of total water
consumption across country groups. Drying refers to countries that are drying, arid
refers to countries that are either predominantly arid or semiarid, and nonarid refers to
countries that are predominantly humid.

The trade of virtual water, especially blue water, has raised concerns
about its sustainability. About 43 percent of global blue water trade
between 1996 and 2005 was considered unsustainable, often
exceeding the environmental flow requirements necessary to

maintain ecosystems and biodiversity (Mekonnen and Hoekstra 2020).
Similarly, even though the trade of green water is often viewed as less
problematic, it can affect regions dependent on rain-fed agriculture
(D’Odorico et al. 2019).
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To estimate the potential to improve the efficiency and sustainability of
virtual water trade, this report identifies suboptimal virtual water trade.
Virtual water trade is considered suboptimal when (a) exporting countries
use more water than the importer to produce the same crops, indicating
no net water savings, and (b) the exporter relies more heavily on water
from arid or water-stressed regions compared to the importer, which
suggests the exchange may be less sustainable for the exporter. Refer to
box 3.3 for details of the methodology.

BOX 3.3
Identifying inefficient and unsustainable virtual water trade

For green water, bilateral trade in a crop is considered suboptimal if (a) the
exporter uses more water per ton of crop production than the importer
and (b) a larger share of the exporter’s crop production comes from arid
areas compared with the importer. For blue water, the first condition
remains the same, whereas the second is defined as a higher share of
production in the exporting country coming from water-stressed areas,
where blue water demand exceeds supply after accounting for
environmental flow requirements.

Because of the lack of subnational-level trade data, the exact production
location of traded crops within a country cannot be determined. National-
level production shares from arid or water-stressed areas are therefore
used to estimate the volume of suboptimal trade. Specifically,
suboptimally traded water includes all inefficient and unsustainable water
exported from arid (green water) or water-stressed (blue water) regions.
Suboptimal virtual water trade is estimated for the 35 major crops across
the 164 countries with information on both water footprint and virtual
water trade.

The following example illustrates the methodology. In 2019, Mexico
exported 771 million m3 of water embedded in maize to the United States,
representing 43 percent of its total maize exports. The United States
required 465 m? of water to produce a ton of maize, whereas Mexico
needed 1,021 m3, meaning that Mexico had a lower crop water use
efficiency to grow maize. Additionally, 53 percent of the water used for
maize in Mexico came from arid areas, compared with 24 percent in the

(continued)
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BOX 3.3
Identifying inefficient and unsustainable virtual water trade (continued)

United States, making the trade less sustainable for the exporter (refer to
map B3.3.1). Of the total water exported, 98 percent (771 million m3) was
green water. Given that 53 percent of the production occurred in arid
areas, 53 percent of the green water exports, or 409 million m3, is
regarded as suboptimally traded. This trade relationship highlights an
important opportunity to improve both the efficiency and sustainability of
green water use in agricultural exports.

A greater share of Mexico’s maize is grown in arid areas compared to maize
grown in the United States.

MAP B3.3.1 Distribution of maize crop production in the United States and Mexico

a. United States b. Mexico

Source: World Bank.

Note: Gray areas denote cropland. Red areas denote maize production in arid
areas, and green areas denote maize production in nonarid areas. The intensity of
the color denotes total water use.

In 2019, about 9 percent of green water was suboptimally traded, decreasing from
14 percent in 2000. Despite the smaller overall volume of blue water virtual trade,
about 21 percent of it was suboptimal. Rice and cotton were the crops with most
inefficiently traded blue water (refer to figure 3.3).
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The inefficiency and unsustainability of virtual water trade have been declining.

FIGURE 3.3 Inefficient and unsustainable virtual water trade, 2000-19

a. Green virtual water trade b. Blue virtual water trade
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Source: World Bank.
Note: Solid lines denote the amount of water inefficiently and unsustainably traded.
Dashed lines denote the amount as a proportion of the water exported.

There is considerable variation across countries in the share of suboptimal
virtual water trade (refer to map 3.5). In many countries in the Middle East
and North Africa, as well as in South and Central Asia—regions already
facing drying conditions—inefficient and unsustainable virtual water
exports account for a significant share of total virtual water exports
Between 2000 and 2019, about 11 percent of virtual water export from
nondrying countries was deemed suboptimal compared with 17 percent of
such exports from drying and arid countries. The share of suboptimal
water trade embedded in irrigated crops from drying and arid countries
was even higher, reaching 27 percent over the same period.
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Many water-scarce countries engage in suboptimal virtual water export.

MAP 3.5 Share of suboptimal virtual water trade, by country of origin, 2000-19
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Source: World Bank.

Note: Countries shaded in gray export little to no water. Increasing color intensity
indicates increasing share of suboptimal virtual water export as a share of total
exports.

This analysis suggests that, although virtual water trade has overall
contributed to global water savings, improving efficiency and
sustainability in the current system could further enhance the gain.
Although trade outcomes are influenced by various factors of
comparative advantage, such as capital and labor (Bombardini,
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Gallipoli, and Pupato 2012; Romalis 2004), institutions (Levchenko
2007; Nunn 2007), and demographic composition (Cai and Stoyanov
2016), studies have shown that water also plays a crucial role,
especially in water-intensive sectors (Carleton, Crews, and Nath 2025;
Debaere 2014; Liu et al. 2024). However, distortions in the agricultural
input and output market—such as energy subsidies for groundwater
pumping and price guarantees for certain crops—can reinforce
comparative disadvantage. These policies may hinder structural
transformation and lead water-scarce countries to continue producing
and exporting water-intensive products, further straining their already
limited resources (Damania et al. 2023). Agricultural production must
balance multiple objectives, such as food security, economic growth,
rural development, and jobs creation; however, prioritizing efficiency
and savings by removing pricing distortions can lead to more
sustainable outcomes and maximize the benefits from global virtual
water trade.

Another key strategy to improve the efficiency of the virtual water trade
is to enhance the efficiency of water use among the least efficient
producers and to adjust cropland distribution to better align with water
availability. Cropland redistribution, in particular, can be very promising
in terms of reducing water footprints. A study finds that optimizing
global cropland distribution could remove the need for irrigation
altogether, allowing rain-fed agriculture to sustain current yields (Beyer
et al. 2022). Nonetheless, given the difficulty of spatial relocation of
croplands, countries can also opt for better crop redistribution within
existing croplands. Such a redistribution is estimated to generate water
savings of at least 20 percent for many water-stressed countries (Davis
et al. 2017).

Priority regions

Countries face wide variation in the severity and nature of their water
challenges: some are driven by supply-side constraints, others by rising
demand, and many by a combination of both. To help identify priority
regions, two composite indexes are developed to reflect supply and demand
stressors at the country level. The supply-side index measures the rate of
water depletion and baseline water endowment (aridity). The demand-side
index measures crop water use efficiency, water intensity of crops, and share
of suboptimal virtual water export. The placement of each region
corresponds to the population-weighted mean of the index across all
countries within the region (refer to figure 3.4).

Water Vulnerability Hot Spots and Water Savings Potential
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Priority regions can be identified based on supply- and demand-side stressors.

FIGURE 3.4 Composite indexes measuring supply- and demand-side stressors
a. Supply: Drying and arid (low to high)
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FIGURE 3.4 Composite indexes measuring supply- and demand-side stressors
(continued)

b. Demand: Water demand stressors
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Notes: The supply index considers how fast countries are drying as well as their aridity.
The demand index focuses on crops and considers efficiency and water intensity in
production as well as efficiency in virtual water trade. The placement of each region
corresponds to the population-weighted mean of the index across all countries within

the region.
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Note that regional averages can mask significant variations at the country
level. For example, in Sub-Saharan Africa, countries such as the
Democratic Republic of Congo do not face physical water supply
constraints, whereas countries such as Chad, Mauritania, Niger, and the
Federal Republic of Somalia do. Moreover, in large countries such as
China, Mexico, and the United States, national averages may overlook
important subnational differences. For example, northern China and the
southwestern United States are already facing severe water stress and are
part of the mega-drying regions identified in map 1.1.

Conclusion

This chapter estimates water consumption patterns, focusing on the
agricultural sector, to identify hot spot regions most vulnerable to
continental drying. These regions are characterized by inefficient crop
water use, expansion of water-intensive crops, and a high share of inefficient
and unsustainable virtual water export. However, there are significant
opportunities to reduce these inefliciencies, particularly by enhancing
technical and spatial water use efficiency—key steps toward improving
resilience.

Notes

1. The 23 percent share of livestock in the total water footprint does not consider
contribution from crops grown for multiple purposes, including livestock feed (e.g.,
maize and soybean). Hence, the actual share of livestock in the total water footprint
is likely underestimated.

2. Crop water use efficiency is influenced not only by agricultural practices and
technologies but also by environmental factors, particularly climate (Zhuo,
Mekonnen, and Hoekstra 2016). Typically, arid regions require more water per ton
of produce than humid regions.

3. Technical appendixes A through E are available online at https://hdl.handle.net
/10986,/43683.

4. One caveat of this analysis is that some water-scarce countries use desalinated
water to produce and export agricultural goods, meaning the water is not drawn
from freshwater sources. However, current data do not allow for estimation of the
share of desalinated versus freshwater used in these virtual water exports or for
assessment of the opportunity cost, especially because desalinated water could
serve other sectors. In countries in which a significant share of agricultural water
comes from economically viable desalination, this chapter’s estimates of
unsustainable trade may be overstated.
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CHAPTER 4

Policy Recommendations:
Solutions to the Continental
Drying Crisis

Key messages

 This chapter outlines a three-pronged approach to address and
adapt to the challenges posed by continental drying. First,
prioritize effective water demand-side management by adopting
water-efficient technologies, establishing water abstraction limits,
and implementing public awareness campaigns to encourage
behavior change. Second, augment water supply through measures
such as water recycling and reuse, desalination, and water storage.
Third, improve water allocation to ensure that scarce water
resources are distributed fairly and efficiently in an increasingly
drying world.

 TFive cross-cutting levers are needed to create an enabling
environment for the effective implementation of this approach.
These levers are strengthening institutions, reforming tariffs and
repurposing subsidies, adopting water accounting, leveraging data
and technological innovations, and valuing water in trade. These
levers are also critical for mobilizing private finances and
expertise for sustainable water management.

e The framework presented in this chapter outlines actions in the
water sector, with a particular emphasis on the agriculture sector,
the largest water-consuming sector globally. However, as
highlighted throughout this report, addressing trade barriers,
investing in education and skills development, and improving
access to markets and financial services are equally critical for
strengthening job and livelihood resilience amid a continental
drying crisis.

A reproducibility package is available for this book in the Reproducible Research
Repository at https://reproducibilityworldbank.org/index.php/catalog/386.
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Introduction

This chapter lays out a policy framework to address the escalating water
crisis marked by continental drying, rising water demand, and inadequate
water management, with a particular focus on the agricultural sector, the
largest water user globally. Addressing the growing challenge of continental
drying requires a deeply integrated and cooperative approach to water
management. As illustrated in figure 4.1, at the core of the framework lie
three policy pillars.

The first pillar focuses on managing water demand. As highlighted in
chapter 3, there is widespread inefficiency in water consumption and great
potential for water savings by eliminating that inefficiency. Managing
water demand requires the adoption of water-efficient technologies and
water extraction limits to curb overuse, as well as public awareness
campaigns to promote behavioral change.

The second pillar focuses on increasing water supply through strategies
such as water recycling, desalination, and restoring and maintaining
natural and built water storage, including measures such as rainwater
harvesting and groundwater recharge.

The third pillar involves improving water allocation to ensure scarce
water resources are distributed fairly and efficiently. Effective water
allocation—designed to determine who gets how much water, when, and
for what purpose—is the backbone of sustainable water management.
Water allocation becomes more critical than ever in the face of growing
competition among agriculture, industry, domestic needs, and ecosystems
in a drying world. Effective allocation also depends on the ability to
reallocate water as supply and demand fluctuate, relying on a mixture of
administrative procedures, judicial rulings, water user associations, and
market-based mechanisms (Marston and Cai 2016; Meinzen-Dick and
Ringler 2008; O’Donnell and Garrick 2019).

The three pillars of action—demand management, supply augmentation,
and water allocation—are mutually reinforcing and interdependent.
Demand management is often a prerequisite for successful supply-side
interventions and water allocation reforms. Conversely, improving supply
without corresponding improvements in demand management is
ultimately unsustainable and risks exacerbating current water stress.
Water allocation, as a core component of demand management, must be
pursued alongside efforts to effectively manage both supply and demand.
Much like a three-legged stool, the system cannot remain stable if any one
element is absent.
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A proposed policy framework for tackling continental drying includes three pillars
and five policy levers.

Cross-cutting levers
* Strengthen institutions
¢ Reform tariffs and
repurpose subsidies
* Adopt water acccounting
* Leverage data and
technological innovations
* Value water in trade

* Water-efficient
technologies

» Extraction limits

* Public awareness
campaigns

Source: World Bank.

‘l\a“\age DEMAND

FIGURE 4.1 Policy framework to address the continental drying crisis

* Water recycling
¢ Desalination /
* Water storage /!

* Water tenure reform

* Environmental flows

* Transboundary
water and interbasin
transfers

Note: Figure schematic adapted from Molle (2003).

Five cross-cutting levers enhance the effectiveness of the three pillars:
strengthening institutions, reforming water tariffs and repurposing
subsidies, adopting water accounting, leveraging data and
technological innovations, and valuing water in trade.

As discussed in chapter 1, effective water resource management requires
appropriate land stewardship, involving cross-sectoral approaches with
agriculture, forestry, and urban planning to reshape land management
practices affecting water availability. The water sector can influence
broader drivers through improved green water management practices
that connect soil moisture, vegetation, and land cover to hydrological

outcomes.

Bridging the global water investment gap involves unlocking private
capital through institutional reforms, legal frameworks, and innovative
financing tools, such as blended finance and green bonds.
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Finally, as highlighted throughout this report, addressing trade barriers,
investing in education, and improving market access are crucial for
building adaptive and resilient economies that can withstand water
scarcity impacts. Strategic trade relationships with less climate-
vulnerable and more water-abundant countries can improve resilience,
and investing in human capital and market connectivity supports rural
nonfarm economic growth and adaptation to changing labor market
demands.

Managing demand

This section outlines three strategies for managing demand: promoting
the adoption of water-efficient technologies, setting water extraction
limits, and raising public awareness through education campaigns to
encourage water conservation. Water pricing creates incentives for the
adoption of water-efficient technologies and is discussed as a cross-
cutting policy lever.

Water-efficient technologies

In agriculture, advanced technologies, such as big data analytics, smart
irrigation, and precision sprinklers, can greatly reduce water waste while
keeping crops healthy. Effective use of these technologies requires careful
regulation and monitoring. Tools such as remote sensing can facilitate
water accounting and realize actual water savings rather than just
reducing water withdrawals (refer to box 4.1).

Although this section focuses on improving agricultural water
productivity, significant inefficiencies exist in water supply and
distribution. Developing countries lose a large volume of water as a result
of nonrevenue water (NRW). NRW reduction programs by water utilities
address physical losses such as pipe leaks and commercial losses from
metering errors or unauthorized use. Although some losses return to the
system, reducing NRW is crucial for resilience in drought-prone regions
and areas with declining water availability. For instance, investments in
NRW reduction in Faisalabad, Pakistan, improved service delivery,
increased utility revenues, and promoted efficient water use across the
urban network (Ogata et al. 2021).

Drip, center-pivot, and sprinkler irrigation

The global adoption of drip, center-pivot and sprinkler irrigation is
increasing, although not as rapidly as desired. In Saudi Arabia, two-thirds of
irrigated areas use center-pivot systems, turning arid lands into productive
zones for high-value crops. In the United States, Nebraska has shifted from
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BOX 4.1
Real versus apparent irrigation water savings

Improving irrigation efficiency goes beyond field- and scheme-level
upgrades. Classical efficiency metrics often ignore downstream water
reuse, groundwater recharge, and farmers’ responses to production
constraints. Overirrigation can result from unreliable water supplies, weed
control, or aquifer recharge needs. Advanced technologies and new
efficiency metrics are vital for addressing these issues.

Water accounting tools are crucial for tracking local water supply and
demand, especially where basin-scale data are lacking. These tools
differentiate between real water savings, which reduce consumption
and nonrecoverable flows, and apparent savings, which lower
withdrawals without changing consumption. Traditional irrigation
efficiency metrics often promote apparent water savings by reducing
withdrawals but do not address actual consumption. Real water savings
focus on evapotranspiration and nonrecoverable outflows, such as
water lost to saline aquifers or oceans. These real savings free up water
for other uses and are considered effective for sustainable

water management.

dryland farming to irrigated corn production using these systems (Mitchell
et al. 2016). China’s North Plains have seen improvements in water
management with center-pivot irrigation in dry, hot wind conditions (Cai
et al. 2022). In Ghana, solar-powered center-pivot systems have increased
vegetable yields and profits by 13 percent and 8 percent, respectively, where
utilized (Baidoo et al. 2024). This technology has boosted crop yields and
supported sustainable water use, reducing agricultural water withdrawals
by nearly 7 billion cubic meters annually over the past decade (Al-Ghobari
and Dewidar 2021; Pfeiffer and Lin 2014).

Drip irrigation has helped small farmers adapt to climate change and
scarce rainfall. In Afghanistan, it supports chili pepper cultivation in arid
regions with inconsistent water supplies (Hussainzada and Lee 2022).
Drip irrigation from the Balkhab River allows extra downstream water
usage without upstream effects, avoiding the need for a dam. In Pakistan,
inexpensive drip systems have boosted yields by 20 percent compared
with traditional methods (Aziz et al. 2021). Drip irrigation has also
increased agricultural productivity and reduced poverty among small
farmers in Ghana and Rwanda (Gaspard et al. 2023). In regions such as
Minas Gerais and northeast Brazil, drip systems reduce water loss from
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evaporation. These systems support federal policies for water
conservation and higher crop yields (Alcoforado de Moraes et al. 2021;
Almeida et al. 2017).

The implementation of these irrigation technologies necessitates
substantial initial investment for installation, along with continuous
maintenance and energy consumption. Although government subsidies,
microloans, and international funding are often essential, they remain
inadequate for widespread adoption in low-income countries. Therefore,
it is crucial to mobilize both private and public capital for the adoption of
this approach.

Alternate wetting and drying, and system of rice intensification

Water-saving techniques such as alternate wetting and drying (AWD) and
the system of rice intensification (SRI) are increasingly used in water-
stressed countries to improve water use efficiency, reduce methane
emissions, increase productivity, and lower arsenic levels in rice grains.
Promoted by the International Rice Research Institute and local programs,
AWD can save up to 38 percent of water while maintaining rice yields
similar to traditional methods (Alauddin et al. 2020; Neogi et al. 2018).
When the irrigation system is able to control water delivery, these
techniques can reduce the need for continuous flooding in rice production.
Moreover, these methods can help meet international trade standards for
crops such as rice by improving irrigation efficiency. In Bangladesh, AWD
has bolstered food exports; in the Philippines, AWD is part of rice
production and export strategies. Studies show that AWD can cut water use
by 30 percent without affecting yields, addressing regional water scarcity
(Dahlgreen and Parr 2024; Nelson et al. 2015).1

SRI, developed in Madagascar in the 1980s, has been successful in
increasing rice yields and reducing water use. In Madagascar, SRI has led
to yield increases of 50 percent with less water usage (Barrett et al. 2021).
In Indonesia, SRI has resulted in better water management and yield
improvements, cutting water use by 50 percent (Arsil et al. 2022; Dwipa

et al. 2020). The Indonesian government supports SRI through training
programs and demonstration plots to promote sustainable rice production.

Agronomic improvements

Advanced agricultural technologies and agronomic innovations can
reduce the demand for irrigation water and improve water productivity.
These innovations include selecting drought-resistant crops and varieties,
applying deficit irrigation techniques, leveraging genetic improvements in
crop drought tolerance, and adjusting the cropping calendar.
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Choosing water-efficient or drought-tolerant crops can significantly
decrease irrigation requirements while maintaining farm profitability.
For instance, shifting to less water-intensive crop mixes has notable
water-savings potential. A recent multibasin study in the western United
States found that changing crop patterns, such as reducing the cultivation
of water-intensive alfalfa or hay in favor of alternative crops combined
with some land fallowing, could lower agricultural water use by 28-57
percent across six water-scarce river basins (Richter et al. 2023). Similarly,
in heavily irrigated rice-growing areas of northern India, replacing
approximately one-third of rice acreage with other cereals and pulses is
projected to save between 61 and 108 km? of groundwater under future
climate scenarios, compared with continued rice cultivation (Dangar and
Mishra 2024).

Certain crops naturally require less water. In Texas, grain sorghum uses
about 195 mm less water per season than maize. Sorghum and millet are
more drought-resistant than maize or rice and yield well in dry conditions.
Farmers can reduce irrigation by choosing crops suitable for arid climates
or drought-tolerant varieties of the same crop. Improving crop genetics
through conventional breeding, marker-assisted selection, and
biotechnology is vital in different climates. Agricultural policies support
developing drought-resistant, water-efficient cultivars to enhance yield
per unit of water or maintain yields under water-limited conditions.

Agronomic improvements must align with the cropping calendar to match
periods of higher rainfall, reducing the need for supplemental irrigation.
This matching means planting crops when they benefit most from
precipitation and scheduling to avoid peak evapotranspiration. Farmers
can use deficit irrigation, supplying less water than needed, to conserve
water with minimal yield impact. Knowledgeable application of this
technique significantly boosts water use efficiency. Properly managed
deficit irrigation can save substantial water without reducing yields (FAO
2000). Countries should include these strategies in agricultural plans to
optimize water use during scarcity.

Extraction limits

Improving water use efficiency alone does not ensure water savings.
Efficiency gains can lower costs and lead to a rebound effect: increasing the
value of each drop applied to crops can drive expansion of croplands or
intensification of agricultural activity, possibly worsening water scarcity
(Grafton et al. 2018). To conserve water, many countries have set extraction
limits tailored to risks and capacity, ranging from moratoria and quotas to
volumetric restrictions (Wight et al. 2025).
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Countries regulate surface water withdrawals from rivers, lakes, and
reservoirs to manage usage. Growing awareness of aquifer depletion has
led some governments to limit groundwater extraction.

Basin-level planning is essential for setting water extraction limits.
Countries may benefit from adopting a holistic, integrated approach to
water management. This approach involves combining legal and
regulatory frameworks for surface and groundwater, rather than managing
them separately, and progressively addressing the full complexity of the
water cycle.

Strong water institutions are crucial for ensuring that water users
comply with water limit regulations (refer to the “Strengthen
institutions” section later in this chapter). Recent regulatory reforms in
South Africa have focused on protecting groundwater resources during
fracking operations related to unconventional oil and gas extraction,
which require substantial water volumes. These regulations include well
spacing, water quality discharge standards, and limits on the volume of
water that can be extracted. They aim to minimize impacts on
groundwater resources (Esterhuyse, Vermeulen, and Glazewski 2019;
Worthmann and Esterhuyse 2022). Enforcing these regulations is critical
because South Africa’s water resources are heavily allocated, making
effective management essential to prevent overextraction and
contamination. Some urban centers have benefited from increased access
to water because of these regulations.

Chinese water management regulations focus on climate change
adaptation and reducing water demand. The framework includes

strict water extraction limits, efficiency measures, and savings options,
especially in agriculture (Ashofteh et al. 2019). In regions facing water
scarcity, local governments have implemented practices such as rainwater
harvesting and wastewater reclamation to adhere to these limits. These
regulations also aim to recharge groundwater and promote efficient
irrigation, which helps to reduce nitrate pollution (Du et al.

2024). California mandates water restrictions during droughts and limits
groundwater extraction to reduce consumption (Green et al. 2017).

Ethiopia’s government introduced temporary policies to manage
residential water demand, including extraction limits for urban water
systems and conservation campaigns. These strategies have led to as
much as a 15 percent reduction in water usage (Timotewos and
Barjenbruch 2024; Timotewos, Barjenbruch, and Behailu 2023). The
Jucar River Basin in Spain illustrates the enforcement of extraction
limits to balance water supply and demand. Stakeholders in the basin
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have created adaptation strategies and innovations, such as modifying
irrigation practices and using nonconventional water resources, to
adhere to established extraction limits. This approach has led to better
water management and groundwater conservation across the basin
(Marcos-Garcia et al. 2023).

Water extraction limits are often applied during periods of temporary
water scarcity (Li et al. 2021). If these measures are not accompanied by
changes in behavior toward more conscious water use, water demand may
increase and return to previous levels once restrictions are lifted. The next
section explains how public awareness campaigns contribute to promoting
long-term behavioral change.

Public awareness campaigns and education

Demand-side water management uses awareness campaigns to change
consumption behavior and encourage water stewardship. Countries such as
Jordan and South Africa have implemented such programs with significant
success. Jordan’s campaign aligns public concerns with government
strategies, promoting sustainable water use (Benedict and Hussein 2019).
Conservation campaigns can reduce water usage by up to 15 percent
(Timotewos and Barjenbruch 2024; Timotewos, Barjenbruch, and Behailu
2023). During Cape Town’s “Day Zero” crisis, smart meter feedback, school
competitions, and strong communications campaigns reduced water use by
15-26 percent (Briithl and Visser 2021). These examples highlight the
effectiveness of well-designed informational strategies in demand-side
management.

Another significant attribute of behavioral change programs is their
nonprice methodology, which serves as a viable alternative to increasing
water rates—a politically sensitive action. In the United States, numerous
water utilities have established programs aimed at reducing water
consumption, with a focus on nonessential activities such as ornamental
landscaping. These initiatives typically involve home water reports that
compare household usage with that of neighboring households, provide
technical guidance (such as methods for detecting leaks), and emphasize
prosocial values such as environmental stewardship (Ferraro and Price
2013; Stitzel and Rogers 2023). The integration of technical advice with
prosocial messaging has proven effective in substantially lowering water
usage and fostering enduring behavioral modifications (Brent et al. 2020;
Ferraro and Price 2013).

Providing information is crucial for farmers and rural communities
facing climate-related water risks. Like residential users, farmers respond
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to information and social cues (Peth et al. 2018). Many farmers are
unaware of the benefits of water-efficient innovations (Levidow et al.
2014). High costs, limited knowledge, and lack of data are major barriers
(Jararweh et al. 2023; Mi et al. 2021). Educational programs help address
these challenges by supporting informed decisions (Mariano, Villano, and
Fleming 2012). Extension services work best when they promote
knowledge exchange, fostering interaction, learning, and innovation
(Blackstock et al. 2010).

Increasing supply

Supply-side augmentation involves both unconventional waters, such as
water reuse and desalination, and conventional water, such as rainwater
harvesting and water storage expansion. In regions already facing severe
water scarcity and variability, supply-side augmentation offers an important
approach to addressing water challenges.

Water recycling and reuse

Given the finite amount of freshwater, an effective solution is water
recycling, which refers to treating already used water for appropriate reuse.
By converting municipal or industrial efluents into a new supply, water
recycling directly offsets losses from declining precipitation and river flows.
Reuse offers three significant benefits: it recovers valuable water, recaptures
energy and other scarce resources, and enhances environmental
sustainability (Khemka and Eberhard 2025).

Water reuse can take various forms, depending on the source and intended
application. For example, municipal wastewater can be recycled for
agricultural purposes, such as irrigating crops in Coquimbo, Chile, or for
urban landscaping, as practiced in many cities in the western United
States. Additionally, water can be reused for drinking purposes. In indirect
potable reuse, treated water is first released into the environment before
being integrated into the drinking water system, as seen in Singapore’s
NEWater program. Alternatively, water can be treated in facilities to meet
drinking standards, as demonstrated in Windhoek, Namibia. The concept
of reusing water to fill water demand aligns with the circular economy
approach, which seeks to separate economic growth from negative
environmental impacts.

Although water reuse is a powerful strategy for maximizing local water
resources, its adoption is often hindered by several barriers. One key
challenge is inadequate pricing, which fails to generate enough revenue to
cover the full costs of building and maintaining water reuse infrastructure,
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ultimately discouraging future investment. In regions where water
scarcity is not yet severe or where policy frameworks are weak, there is
little incentive to prioritize or implement reuse practices. Additionally,
negative public perceptions—particularly around direct potable reuse—
pose significant obstacles, limiting broader acceptance despite the safety
and reliability of modern treatment technologies.

To overcome these challenges, a range of targeted strategies is needed.
Policy levers, such as tariffs for used water treatment, abstraction and
discharge fees, and water resource taxes, can be designed to better reflect
water’s true costs and mobilize private capital for infrastructure
investments for water reuse. Enhancing quality regulations, adopting
technological innovations to achieve cost reduction, and providing
consumer education are also important ingredients to make these
infrastructures more effective in achieving outcomes.

For instance, in the Islamic Republic of Iran, farmers’ acceptance of
treated wastewater for irrigation depends on water quality and price;
most are willing to use high-quality recycled water, although their
willingness to pay is influenced by socioeconomic factors and perceived
health risks (Deh-Haghi et al. 2020). An effective example of private
capital mobilization is a mining company in Arequipa, Peru, that
developed a facility to treat municipal wastewater, retaining a portion of
the treated water for its own operations and releasing the rest to a nearby
river for other downstream uses, such as irrigation (World Bank 2019b).
Through this public-private partnership approach, the city of Arequipa
benefited from wastewater treatment at no cost to the taxpayer, and
downstream communities benefited from higher-quality water, leading to
improved health and agricultural outcomes. When done properly,
recycling programs can thus provide a drought-proof source of high-
quality water.

Desalination

Desalination is another technology that is gaining traction in expanding the
possibility of freshwater availability. Global installed desalination capacity
reached roughly 95 million to 97 million m3 per day by 2020, after growing
at an average rate of about 7 percent per year since 2010 (Eke et al. 2020;
World Bank 2019a)—more than 5 times the water flow of the Amazon River.

Nearly half of the world’s desalinated capacity is located in the Middle
East and North Africa (Jones et al. 2019). However, technological
advances and declining costs have led to broader appeal, and other
regions are quickly catching up. For instance, China has identified
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seawater desalination as a strategic industry to alleviate its regional
water scarcity. It has rapidly expanded its desalination capacity in
coastal cities and is increasingly powering new facilities with renewable
energy, aligning with its carbon reduction goals (Lin et al. 2021). In Latin
America, Chile has increasingly turned to desalination to meet growing
water demand. A desalination plant in Antofagasta, Chile, has been
established with the goal of providing 100 percent of the city’s drinking
water (Fitzsimons and Warren 2024).2

The technological landscape of desalination is diverse. Traditional
methods, such as reverse osmosis, electrodialysis, and multiple-effect
distillation, have been widely implemented (Lin et al. 2021). In parallel,
efforts to integrate renewable energy sources—such as solar and even
geothermal—are gaining traction, promising to reduce both the
environmental impact and the operating costs of these plants (Pugsley
et al. 2016; Tomaszewska et al. 2021).

However, the viability of desalination for agriculture remains highly
context dependent, especially when considering economic trade-offs.
Desalinated water is still considerably more expensive than traditional
water sources. As such, its use is generally feasible only for high-value
crops—such as certain fruits, vegetables, or specialty products—that can
absorb the higher cost of irrigation without becoming economically
unviable. These conditions are typically met in very water-scarce regions
where agricultural markets already support premium pricing, where
low-cost renewable energy is abundant, and where the alternative—crop
failure or land abandonment—is even more costly.

For the broader agricultural sector, particularly in regions growing lower-
value staple crops or operating on thin profit margins, desalination is
rarely the most cost-effective solution. In these contexts, demand-side
management strategies discussed in the previous section are often more
affordable and efficient strategies to reduce water stress.

Although its use in agriculture remains limited today, technological
advances and targeted investments are paving the way for broader
adoption. In many cases, desalinating brackish water—which contains less
salt than seawater—is more cost-effective. Production of high-quality water
uses a range of membrane-based technologies, including reverse osmosis,
membrane distillation, forward osmosis, and electrodialysis. Innovative
hybrid systems, such as combining forward osmosis with electrodialysis,
show potential to reduce energy consumption while maintaining efficiency
(Suwaileh, Johnson, and Hilal 2020). Furthermore, desalination generates
concentrated brine waste that can harm marine ecosystems if not properly
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managed (Antia 2022). Inland desalination faces further hurdles because of
brine disposal impacts on land and groundwater.

Although desalination offers a promising avenue to deal with global water
scarcity, overcoming its current economic and environmental hurdles will
require continued technological advancement, renewable energy
integration, and robust policy support. Looking ahead, establishing clear
quality standards, technology transfers, and regulatory frameworks will be
the challenges to overcome for effective policy implementation—especially
for agricultural use, in which water quality directly influences soil health
and crop productivity.

Water storage

Water storage allows for the capture and conservation of excess water
during wet periods, ensuring a reliable supply during dry seasons. There is
an urgent need for proactive and strategic storage planning that goes beyond
built infrastructure alone. Such planning would involve identifying and
restoring natural storage systems, such as wetlands and floodplains, that can
replenish groundwater, regulate streamflow, and provide reliable local
water supplies. In many cases, restoring these systems also benefits
downstream users, offering a win-win for water security across entire
basins.

More important, effective water resilience requires systemwide planning
that integrates both natural and built storage solutions. These solutions
include protecting critical natural systems, restoring degraded ecosystems,
and building infrastructure where it complements—rather than replaces—
nature. Natural ecosystems, particularly intact forests, offer a broader
range of provisioning services than managed or artificial systems. They are
more effective at sustaining baseflows, filtering water, and buffering
extreme events such as floods and droughts.

Water storage interventions aim to sustainably manage water resources
within a watershed to enhance water availability and agricultural
productivity. Key types include

e Rainwater harvesting, which uses techniques such as planting pits,
small ponds, and detention structures to capture and store rainwater;

¢ Groundwater recharge through check dams and percolation tanks that
capture surface runoff to replenish groundwater aquifers, particularly
in areas with high runoff potential;

+ Spring shed management, which focuses on enhancing the recharge of
springs, which are vital water sources in hilly regions;
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 Afforestation and reforestation, which involves planting trees to reduce
runoff, enhance groundwater recharge, and prevent soil erosion; and

e Catchment management, which combines technologies such as
shelterbelts, dams, sand dune stabilization, and gully stabilization to
effectively manage water resources within a catchment area.

Conservation agriculture practices such as laser land leveling, minimal
tillage, crop rotation, and mulching help conserve soil moisture, prevent
erosion, enhance water conservation, and improve soil health. These
agricultural methods use stored water to reduce soil disturbance, boost
water infiltration, and promote sustainable farming, leading to better crop
yields and reduced irrigation dependency. Examples from southern Africa,
North America, South America, Central Asia, and South Asia show that in
areas with water storage, crop yields increase by 5-235 percent, infiltration
rates increase by 64-96 percent, and water consumption is reduced by
40-50 percent (FAO 2016; Mello and van Raij 2006; Siziba et al. 2019;
Thierfelder, Bunderson, and Mupangwa 2015).

Groundwater replenishment initiatives and floodplain restoration are key
strategies that return water to natural systems and can even improve overall
groundwater quality. For example, in arid Sardinia, Italy, a forested
infiltration area was developed to improve groundwater quality and recharge
by targeting nitrate-vulnerable zones. This policy reduces agricultural nitrate
pollution while enhancing aquifer infiltration through forested areas
(Carletti et al. 2022). In Germany and the Netherlands, floodplain restoration
projects have been scaled up using European Union (EU) sustainability
funds to improve water retention, reduce flood risks, and enhance
biodiversity. In Qatar, a geographic information system-based framework
was implemented to identify areas suitable for artificial aquifer recharge and
to recharge these aquifers using treated municipal wastewater. The program
necessitated coordination among land management, environmental, and
water agencies to address both groundwater depletion and regional water
scarcity challenges (Mohieldeen, Elobaid, and Abdalla 2021).

Finally, rehabilitating and maintaining existing infrastructure through
sustainable sediment management practices also plays a critical role in
expanding storage capacity. Burke et al. (2023) highlight that, in many
regions, sedimentation has reduced reservoir capacity by as much as

50 percent, underscoring the urgency of sustainable solutions such as
upstream watershed management, dredging, and sediment bypass systems.
Effective sediment management not only prolongs the lifespan of
reservoirs but also enhances their efficiency, ensuring that storage
capacity keeps pace with rising needs.
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Improving water allocation

Despite supply- and demand-side interventions, periods of water scarcity
will still occur. Effective water allocation policies are necessary to
distribute water efficiently and equitably among all users, including
marginalized communities and ecosystems, particularly considering the
increasing competition from agriculture, urban areas, and industries.
Shifting supply and demand also require capacity for reallocation as
conditions change.

Water tenure reform

Effective water allocation frameworks incorporate cooperative mechanisms,
including the rights to use, transfer, and manage water resources. Although
no universal approach exists, a fundamental element across countries is the
establishment of strong water sector legislation, which serves as the
foundation for defining and protecting water tenure, defined as a set of
social relationships between people and groups over water resources,
backed by laws, informal institutions, or a blend (Hodgson 2016).

In addition, for water tenure reform to be effective—particularly in
supporting demand management—it must be grounded in robust data and
monitoring systems, comprehensive planning frameworks, enforceability
mechanisms, and a clear definition of rights and responsibilities. Without
reliable monitoring and enforcement, tenure systems risk becoming
symbolic rather than operational. Strong planning frameworks help
integrate water tenure into broader development, climate, and land use
strategies, ensuring coherence across sectors. Moreover, enforceability is
critical: tenure systems must have legal standing and institutional support
to resolve disputes, sanction violations, and uphold entitlements. Often
these systems must be designed to be socially equitable.

Successful water tenure reforms involve the principle of fair access to
water for all users, including ecosystems and marginalized communities,
through legal code or customary systems. Chile was an early adopter of
water markets by developing a system in which water rights are treated as
private property and are tradeable, meaning that water allocation was
determined by the market and water was channeled to high-value uses
(Donoso 2018). However, this system has been criticized for enabling
indefinite private ownership, contributing to concerns about unequal
distribution, and insufficient state control (Macpherson et al. 2023).

To address these issues, Chile undertook water code reform in 2022,
redefining water as a public good and strengthening government
oversight. Key changes included prioritizing human and ecosystem needs
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over commercial use, introducing time-limited water rights to prevent
hoarding, imposing fees on unused rights to discourage speculation, and
ensuring fairer access for rural and Indigenous communities. By balancing
market mechanisms with stronger regulations, the reforms aim to promote
both equitable access and sustainable water management.

Another cost-effective option for water reallocation is through the
voluntary sale of water entitlements from users to institutions that manage
water in the public interest, for environmental or cultural purposes
(Grafton and Wheeler 2018). For nearly two decades, Australia has been
undergoing a reform process to use water allocation systems to buy back
water resources, mostly expanding these programs to secure entitlements
for Aboriginal and Indigenous peoples. Buyback involved the direct
purchase of permanent water entitlements from willing sellers. Most of
the existing environmental water has been recovered through voluntary
offers of water by multiple sellers via an open tender process.

Moreover, the implementation of hybrid water governance models seeks
to encompass both formal and customary systems. These models
recognize the significance of customary water tenure, wherein
Indigenous peoples use traditional practices to manage water resources
effectively. The successful integration of these systems relies heavily on a
commitment to addressing historical water misallocations and
recognizing the important knowledge of water resources held by
Indigenous people. This blend of traditional knowledge with formal
water governance can lead to more equitable and effective water
management systems, ensuring that Indigenous rights are not only
upheld but actively incorporated into sustainable development (Hidalgo,
Boelens, and Vos 2017; Jackson 2018).

Environmental flows

Environmental water flows, also known as environmental flows, refer to
the quantity, timing, and quality of water required to sustain freshwater
and estuarine ecosystems, as well as the human well-being that depends
on these ecosystems (Arthington et al. 2024). Adequate water flows are
necessary to sustain critical habitats, such as spawning grounds for fish,
nesting sites for birds, and feeding areas for wildlife. Incorporating
environmental water flows into integrated water management policies is
essential for achieving sustainable water resource management.

In Chile, the environment is the largest beneficiary of water allocations
under the current water tenure scheme. This scheme was strengthened
with an ambitious change in the earlier-mentioned water code reform
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of 2022 that explicitly recognized environmental flows to be returned
to natural water bodies.2 This reform in water rights ensured that
water levels in rivers and wetlands remain high enough to preserve
biodiversity and increase the buffers against drought periods.
Moreover, the law established an update in tariff schemes that
recognized the value of healthy ecosystems as providers of essential
hydrological services—such as water filtration, habitat support, and
flood regulation—that become critical during droughts (Macpherson
et al. 2023).

However, in many low- and middle-income countries, environmental
water recovery through water tenure systems is often managed under
separate governance arrangements that treat environmental and
consumptive water uses as distinct and mutually exclusive. This
institutional divide has limited the reallocation of water to environmental
purposes over time (Horne et al. 2018). Moreover, the effectiveness of
environmental water frameworks depends on environmental flow
assessments, which require reliable data and robust monitoring systems—
elements that are frequently lacking. To ensure long-term environmental
benefits, water tenure reforms should be designed with a strong emphasis
on developing frameworks supported by coordinated governance and
comprehensive data systems.

Transboundary water and interbasin transfers

Transboundary water management and cooperation are increasingly
recognized as critical to ensure equitable and reasonable use of shared
water resources. Transboundary arrangements and cooperation can foster
fair allocation and sharing in both intra- and interbasin contexts, enhancing
sustainable water management and preventing conflict (Schmeier and
Blumstein 2025).

A fundamental policy of effective transboundary water management is
the establishment of robust frameworks that facilitate cooperation among
riparian states, including the establishment of joint management
mechanisms (for example, treaties) and elaboration of (sub-)basin-level
agreements. Reliance on the general international water law principles,
such as the duty to cooperate, prevention of significant harm, equitable
and reasonable utilization and ecosystem protection, is essential to
mitigate disputes and ensure equitable resource distribution

(Rahaman 2009, 2012).

Basin-level agreements, furthermore, often include provisions for
ecosystem protection and conservation in recognition that riverine
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ecosystems are fundamental for river health, water quality and availability,
and flood and drought mitigation. More recently, the integration of surface
and groundwater governance in international agreements has been
gaining traction, reinforcing integrated management of shared water
resources (Lautze et al. 2018).

Another key policy principle of transboundary water agreements is the
inclusion of provisions for data sharing, joint planning, and monitoring to
mitigate the risks of water scarcity. These mandates are most often taken
on by joint mechanisms established through basin-level agreements. The
joint mechanisms provide a platform for sustained cooperation and joint
decision-making.

For instance, the Senegal River Basin Organization (Organisation de Mise
en Valeur du Fleuve Senegal) was originally established in 1972 as a joint
mechanism to address the impacts of severe droughts in West Africa. It
has since developed into an organization that owns and manages joint
infrastructure assets on behalf of its member countries to increase
agriculture productivity, navigation, and energy benefits from the Senegal
River, among others. In 2021, its role was further expanded to
groundwater when it was mandated to co-host, with the Organization for
the Development of the River Gambia, the regional working group
elaborating a cooperative management framework for the Senegal-
Mauritania Aquifer Basin.

In addition to transboundary cooperation on international rivers, basin
transfer schemes within national boundaries are also feasible mechanisms
to transfer water from wet to dry areas. The Orange River Project in South
Africa facilitates interbasin transfers to support rural livelihoods through
agricultural irrigation and hydroelectric power generation. Although the
project generated positive socioeconomic impacts, it also led to significant
environmental challenges. The unintended consequences, such as invasive
species and algal blooms associated with interbasin transfers, are relevant
examples that underscore the need to consider ecological impacts in basin
planning (Vazquez and Muneepeerakul 2021). Interbasin transfer can also
help expand water storage.

Finally, integrating the virtual water trade into water allocation strategies
helps mitigate water shortages in water-scarce regions. At the global level,
more strategically harnessing the virtual water trade—linking water-rich
regions with water-scarce ones—could relieve pressure on depleted
resources and support fast-growing economies (Flach et al. 2016;

Vallino, Ridolfi, and Laio 2021).
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Using cross-cutting policy levers

Effective water governance hinges on a set of cross-cutting levers that are
crucial for the implementation of demand, supply, and allocation solutions.
These policy levers are described in the following sections. Table 4.1
outlines a phased policy action road map for implementing these proposed
policy levers.

TABLE 4.1 Policy roadmap for the water sector to address the continental drying crisis

Policy action

Policy Short term Medium term Long term
lever (0-1 year) (1-3 years) (>3 years)
Strengthen ¢ Identify institutional » Establish interagency * Promote transboundary
institutions gaps in water allocation coordination mecha- water cooperation
and monitoring. nisms for IWRM. mechanisms.

* Launch capacity-build- « Establish regulatory * |Institutionalize adaptive
ing programs for local frameworks for ground- water planning process-
water agencies. water management, es informed by data,

« Develop national water including licensing and climate scenarios, and
efficiency standards. abstraction limits. stakeholder engage-

« Undertake a rapid « Strengthen decentral- ment.
assessment of environ- ized water governance.
mental water require- » Establish clear PPP
ments for critical frameworks to promote
ecosystems. private investment in

water.
Reform » Conduct water tariff and ¢ Launch a public » Scale up cost-recovery
water subsidy reviews, communication tariff.
tariffs and including assessing campaign to build + Expand performance-
repurpose implicit subsidies (such support for reform. based tariff and
subsidies as unmetered water, « Pilot (@) volumetric subsidies linked with

subsidized energy for
groundwater) to inform
the design of cost-
recovery tariffs.

* Evaluate the distribu-
tional impacts of tariff
reforms and assess
whether existing social
safety nets are sufficient
to ensure affordability.

tariffs for agricultural
water supply, (b)
performance-based
tariffs, and (c) repur-
posing of agricultural
water subsidies to
support water-saving
practices (such as drip
irrigation) and payment
for environmental
services for forest and
wetland protection in
selected high-use
areas.

* Enhance social safety

net as necessary to
ensure affordability.

conservation outcomes.
» Establish a national
authority to continuous-
ly monitor water pricing
and implement cost-re-
covery tariffs and
targeted subsidies.
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TABLE 4.1 Policy roadmap for the water sector to address the continental drying
crisis (continued)

Policy action

Policy Short term Medium term Long term

lever (0-1 year) (1-3 years) (>3 years)

Adopt e Conduct an audit of « Launch public data ¢ |nstitutionalize water
water water use, starting with portals that visualize accounting to guide
accounting synthesizing existing water flows and water resources

Leverage .
data and
technology
innovation .

Value .
water in
trade

data on water consump-
tion and losses.

Determine the amounts
of water formally
allocated for consump-
tive and nonconsump-
tive uses, to identify
potential reserves or
resources available for
environmental flows.

Deploy smart meters to
enable volumetric pricing
and detect overuse.

Pilot the use of down-
scaled GRACE data for
near real-time monitoring
of water storage change.
Introduce Al-driven
systems to enable
detection of leaks and
optimization of irriga-
tion scheduling.
Introduce Internet of
Things technologies (for
example, soil moisture
sensors and mobile
platforms) to support
smallholder farmers’
decision-making.
Quantify the water
footprint of key
agricultural and
industrial exports,
especially in
water-stressed basins.
Promote public
awareness of the water
footprint of imports by,
for example, creating
water intensity labels for
imports.

sectoral usage to build
public awareness and
accountability.

Develop water-efficiency
benchmarks across
basins and sectors on
the basis of water
accounting.

Institutionalize
satellite-based tracking
(for example, using
downscaled GRACE) of
water storage change.

Expand decentralized
water decision-making
with Al-powered digital
controls and sensors.

Establish interministerial
platforms (for example,
water-agriculture-trade)
to coordinate planning
and ensure that water is
a factor in strategic
trade decisions.

Explore technical
quotas on virtual water
imports based on the
sustainability of trade
partners’ water
management.

planning and allocation.

Promote in situ water
monitoring and data
sharing to further
enhance the resolution
of GRACE data.

Scale precision agricul-
ture using Al-driven
irrigation advisory
systems, drone spraying,
and cloud-based water
scheduling.

Integrate real-time
allocation models with
legal water rights
systems, ensuring
enforcement and
adaptive reallocation
during droughts.

Integrate virtual water
balances into national
food and trade security
strategies, identifying
optimal import-export
mixes to promote water
and food security.
Institutionalize water
valuation tools in trade
negotiations and
agreements, particularly
in regions reliant on
export agriculture (for
example, floriculture,
rice, or cotton).

Source: Original elaboration for this publication.
Note: Al = artificial intelligence; GRACE = Gravity Recovery and Climate Experiment;
IWRM = integrated water resource management; PPP = public-private partnership.
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Strengthen institutions

Addressing the continental drying water crisis requires strong institutions to
ensure robust regulation, equitable access, and conflict resolution.
Strengthening institutions requires several key components:

e Integrated management of water, land, and related resources across
various sectors and boundaries, involving multilevel governance at
global, regional, national, and subnational levels

e Comprehensive planning

* Enhancement of institutional capacities

* Development of legal and policy frameworks

» Engagement with stakeholders and promotion of social inclusion
¢ Establishment of conflict resolution and cooperation mechanisms.

Institutions at all levels must work together to improve water resilience.
At the local level, community institutions, municipal authorities, and user
groups play important roles in managing water demand and adapting to
water scarcity. For example, in many countries, the formation of water
user associations and local irrigation committees has enhanced the
maintenance of irrigation systems and rationing of water during dry spells,
resulting in more equitable and efficient water use at the farm level.
Enhancing local governance systems through training, improved

financing models, and connections to higher-level agencies is therefore
important to improve results.

Water institutions provide oversight of water management and
governance on a regional scale, encompassing river basins or aquifers
shared by multiple administrative areas or nations. Cooperative regional
institutions can facilitate water distribution, conflict resolution, and
coordinated drought responses across extensive areas. The EU Water
Framework Directive has been instrumental in shaping water policy
across member states and improving water quality. Nonetheless, more
than half of the world’s 310 international rivers and nearly all
transboundary aquifers lack cooperative agreements. This absence of
institutional frameworks represents a significant regional vulnerability
during periods of drying (McCracken and Wolf 2019).

At the national level, governments establish the legal and policy
framework for water management and coordinate water management
across regions. To ensure effective integrated water resources
management, a lead national agency with a cross-sectoral mandate can
support coordination across ministries and sectors.
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Strengthening institutions at all levels—local, national, and regional—is
therefore vital for improving water resilience and attracting investment.
However, institutional reform often faces resistance from entrenched
interests and structural barriers, such as lack of political priority or limited
resources to build capacities. Overcoming these challenges requires
sustained learning, transparent monitoring, and economic tools that
empower communities and build institutional capacities through
knowledge sharing and policy coherence (Sojamo et al. 2023). For
example, strengthening regulatory agencies and improving data
transparency can help mitigate corruption and ensure compliance with
water allocation rules (Gupta, Pahl-Wostl, and Zondervan 2013).

Reform water tariffs, and repurpose subsidies

Water pricing and subsidies are important economic instruments that
shape water demand, supply, and water tenure systems. When properly
designed, they strengthen water sustainability by promoting water
conservation and equitable allocation. In contrast, as discussed in
chapter 1, water underpricing can lead to overuse and resource depletion.

Although political resistance to higher water prices is common, innovative
tariff designs, supported by effective communication campaigns and
well-structured compensation mechanisms, can create a more politically
viable path forward. Proper compensation mechanisms are crucial to
protect vulnerable populations—such as smallholder farmers and low-
income households—from negative financial burdens. Studies suggest that
water pricing faces less political challenge when the revenue generated is
reinvested in social safety nets or alternative livelihood programs to
mitigate adverse impacts (Jia et al. 2023).

Successful tariff reforms for the rural water sector in Ghana underscore
the importance of coupling pricing adjustments with targeted support
measures, clear communication, and institutional accountability to build
public trust and ensure equitable outcomes. In Ghana, local water
managers in small towns, who are responsible for the rural/community
water sector and those falling under the Community Water and Sanitation
Agency and municipalities, set tariffs on the basis of affordability and
financial sustainability, leading to improved water management practices
and cost recovery of operations and maintenance. Higher-income groups
faced increased tariffs, with the additional revenue directed toward cost
recovery and infrastructure investment. Meanwhile, lower-income
populations benefited from subsidized rates, which resulted in
unprecedented rapid expansion in access while stabilizing utility finances
(Fielmua and Dongzagla 2020) .4
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Moreover, repurposing subsidies can yield a double dividend. For instance,
redirecting water and energy subsidies to targeted support for drip
irrigation and incentivizing farmers to protect wetlands, forests, and
groundwater recharge through payments for environmental services can
simultaneously reduce water waste and promote sustainable resource
management. Performance-based tariffs—which link water charges to
consumption levels and service performance—can create incentives

for conservation.

Morocco exemplifies the effectiveness of performance-based tariff
systems. In the early 2000s, regional agricultural development agencies
introduced performance-based tariffs in large-scale irrigation schemes.
These tariffs linked water charges to consumption volumes and
infrastructure performance, incentivizing conservation. The reform, along
with the adoption of drip irrigation, led to a 30 percent reduction in
agricultural water use (Silva-Novoa Sanchez et al. 2022).

By using well-calibrated pricing mechanisms, coupled with thoughtful
subsidies, policy makers can foster sustainable water use, mobilize private
participation, stimulate technological innovations, and promote resilience
among communities. However, to make pricing and subsidies work, strong
governance and institutions, as well as water accounting and data tools,
are essential for their design, targeting, and effective implementation.

Adopt water accounting

Water accounting is a comprehensive, systematic approach to managing
water resources that involves organizing and analyzing data on water use,
availability, and quality. One of the key benefits of water accounting is its
role in improving decision-making. By offering detailed insights into water
use and productivity, this approach enables stakeholders to identify
inefficiencies and allocate water more effectively across various sectors
(Vardon et al. 2025). This detailed understanding is essential for integrated
water resources management, where balancing supply and demand is
critical. In addition, addressing water scarcity is another major advantage of
water accounting. By identifying areas where water is being depleted and
assessing overall availability, this method helps decision-makers anticipate
shortages and manage competing demands.

Finally, water accounting is essential for designing tariffs that reflect the
true cost of water services and for targeting subsidies effectively. Tariffs
designed on the basis of accurate water accounting can promote economic
efficiency by ensuring that water utilities recover the costs of service
delivery. Water accounting helps to identify the water consumption
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patterns of different user groups, enabling the design of subsidies that
are targeted at the poorest users. This design ensures that subsidies are
used effectively without compromising the financial sustainability of
water institutions.

Spain uses water accounting to manage its river basin management plans
under the EU Water Framework Directive. The water accounting data are
recurrently collected to inform dynamic pricing and targeted subsidies to
use water in agriculture more efficiently. Water accounting is used to
adjust water tariffs on the basis of the severity of scarcity, with higher
prices for water-intensive crops. Similarly, water accounting data help
define medium-term local investment strategies in communities that use
subsidies for modernizing irrigation systems and promoting drought-
resistant crops. India’s National Water Policy incorporates water
accounting to boost efficiency and sustainability (Bassi, Schmidt, and De
Stefano 2020). In Rajasthan, water accounting data have been used to
design subsidies that support drought-affected farmers and promote
water-saving technologies.

Leverage data and technological innovation

Advanced data and technologies offer real-time insights, enabling efficient
use and proactive responses to scarcity. This report highlights Gravity
Recovery and Climate Experiment (GRACE) data as a game changer in
monitoring changes in terrestrial water storage. As demonstrated,
integrating downscaled GRACE data with socioeconomic data can help
decision-makers identify unsustainable land and water use driving water
depletion and pinpoint hot spot regions where water demand is rising,
supply is falling, and efficiency is low. Paired with in situ weather and water
monitoring, GRACE data can be further downscaled to hyperlocal levels
(approximately 1 km) to enable near real-time water monitoring and
support precision agriculture.

The convergence of big data, artificial intelligence (AI), and smart
technologies can further transform water management by making it more
predictive, responsive, and efficient. AI-driven systems now enable
real-time monitoring of water quality, detect leaks across infrastructure,
and optimize irrigation scheduling on the basis of crop and weather
conditions. Internet of Things technologies, such as soil moisture sensors
and mobile platforms, empower smallholder farmers in countries such as
Kenya and Spain to make data-informed decisions, conserving water and
increasing yields. These systems also serve broader water governance
goals by improving transparency and equipping institutions with tools for
better allocation and accountability. Remote sensing, evapotranspiration
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tracking, and smart irrigation tools are pushing the boundaries of
efficiency. In the United States, localized evapotranspiration data are
empowering farmers and resource managers to fine-tune water use with
unprecedented accuracy (DeMarco 2024).

Farmer-led water metering and smart irrigation systems are a
cornerstone of this digital shift. They not only track water use at the field
level but also help resolve disputes over water rights, enhance policy
compliance, and enable more effective targeting of subsidies. Techniques
such as automated drip and sprinkler systems, when paired with
Al-enabled irrigation schedules, have been shown to reduce water use by
30-40 percent while boosting crop productivity. In Tiirkiye, prepaid
water metering has shifted cropping patterns to less water-intensive
agriculture while achieving full cost recovery for irrigation systems.
These innovations demonstrate how integrating data analytics, AI, and
local action can strengthen water allocation systems and institutional
capacity, particularly in groundwater governance, where aquifer zoning,
licensing, recharge strategies, and real-time monitoring must all be
coordinated.

Value water in trade

Trade and finance also offer powerful levers to enhance water efficiency.
The inclusion of nontariff measures (NTMs) in trade agreements is
beginning to link market access to sustainable water practices. For instance,
under the EU’s Common Agricultural Policy or the Indo-Japan Partnership
Agreement, exporters must meet environmental standards, including those
on water use, to qualify for market access. Similarly, the African Continental
Free Trade Area promotes NTMs that encourage water-efficient
agricultural practices. Although water-related NTMs currently make up
only 0.07 percent of all global NTMs, they offer untapped potential.
Demand-side NTMs, such as labeling schemes for water-efficient products,
empower consumers to support sustainability by choosing products with
smaller water footprints. Countries such as Chile are already using these
tools to enhance sustainability in export sectors.

Supply-side NTMs recognize the value of water in trade by explicitly
defining thresholds for water intensity in traded goods and commodities.
Supply-side NTMs include technical quotas for trade, which activate trade
restrictions when products fail to meet sustainability standards. Other
measures include technical barriers to trade, which relate to product and
processing specifications, and food safety requirements. Some countries
adopt maximum residue limits, which restrict pesticide and residue levels
in crops to protect land and soil quality.
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Demand-side NTMs provide consumers with more information about the
products they purchase. These NTMs include administrative procedures
aimed at progressively reducing demand for certain products or enforcing
temporary consumption waivers during specific conditions (for example,
drought-sensitive products). Other NTMs inform consumers about
sustainable irrigation and farming practices, aligning consumption with
long-term water conservation and climate goals. Additionally, certification
and labeling schemes for water-efficient products empower consumers to
make informed choices based on water footprints and sustainability.
Labels that communicate the water story behind a product can inform
consumers and markets about the intrinsic value of water sustainability.
Just as nutrition labels are essential for human health, water labels can
serve a similar purpose for planetary health.

Addressing financing needs

Sustainable water management cannot advance without substantial
investment. Bridging the estimated $6.7 trillion financing gap by 2030
(Whiting 2024) will require strong mobilization of private capital. Private
investment thrives when rules are clear, revenue models are solid, and
public authorities are reliable partners. Tying financial returns to
performance outcomes ensures accountability and stronger incentives for
private sector participation. However, if water is not priced properly and
subsidies are ineffective, investors do not usually see a clear map of expected
returns. Data and information are catalyzers of such policies and levers.

In addition, adopting regulatory frameworks that enable more efficient
use of financial instruments such as blended finance, green and blue
bonds, and public-private partnerships is vital for reducing investment
risk and aligning public and private interests. Tax incentives, risk-sharing
mechanisms, and guarantees from development finance institutions can
further derisk investment and make the sector more attractive.
Additionally, water-related insurance products—such as weather-indexed
drought insurance schemes—can stabilize returns and increase investor
confidence. Together, these tools form a critical part of the solution to the
water sector’s investment needs.

Conclusion

At the time the great English poet Samuel Taylor Coleridge wrote, “Water,
water everywhere, nor any drop to drink,” the world was no doubt a
different place. Although his observation somehow still rings true today,
Coleridge, whose verse not only borrowed from nature but also exploded its
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boundaries, could probably now open with another line saying, “Land, land
everywhere, nor any piece not dry,” for in recent years continental drying—
the long-term reduction in freshwater availability across large landmasses—
has become an alarming trend. This report reveals that, besides greater
unpredictability of droughts and deluges, global land is losing freshwater
reserves at an accelerated pace.

How can we address the crisis of continental drying? This chapter
recommends a three-pronged strategy of managing demand, augmenting
water supply, and improving water allocation. Implementing this strategy
requires collective action from governments, the private sector,
agricultural communities, and water consumers, among others.
Implementing advanced technologies, improved management practices,
digital transformation, strong governance and institutions, and supportive
economic instruments can lead to substantial water savings and efficiency
gains to the world. The challenge is immense, and urgent collaboration is
essential to securing a sustainable water future.

Notes

1. AWD is more effective when combined with improved varieties, timely planting and
fertilization, strong weed control, and good postharvest practices. Because adoption
also hinges on effective national irrigation administration and irrigators’ association
coordination and incentives such as volumetric pricing, AWD is one element of an
integrated water and crop management package, not a standalone solution.

2. However, Chile still lacks a comprehensive desalination strategy and a regulatory
framework to integrate desalinated water into its overall water systems for
human consumption.

3. Practical challenges remain to make this work in practice, such as limited
hydrological data, competing water use demands, and the lack of formal basin
governance mechanisms.

4. Tariffs for these rural systems usually cover operation, maintenance, and limited
repair or expansion costs, but not capital costs.
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Grounded in new evidence from satellite data, Continental Drying: A Threat to Our
Common Future presents the first global assessment of freshwater reserves over the past
two decades. The findings expose an alarming trend of “continental drying,’ a persistent
long-term decline in freshwater availability across vast landmasses. Not only are droughts
and deluges becoming more unpredictable, but the total amount of freshwater available
for use has also significantly declined. Continental drying, driven by global warming,
worsening droughts, and unsustainable water and land use, is a silent but accelerating

crisis—largely unknown to the public—that reshapes the global water narrative.

Continental drying raises profound risks. This report reveals new empirical evidence
showing how freshwater depletion leads to major job losses, reduced incomes,
wildfires, and biodiversity threats. In the long term, the combined effects of drying and
warming could push societies toward a tipping point where damage accelerates rapidly
and adaptation becomes increasingly difficult.

Against the backdrop of continental drying, global water consumption rose by

25 percent between 2000 and 2019, with about a third of this increase occurring in
regions already experiencing drying. Compounding the pressure, a substantial share
of water use in drying regions remains inefficient. Continental Drying identifies hot
spots where rising demand and declining supply converge and explores where and
how water savings can be realized.

This report recommends a three-pronged approach to address the crisis: managing
demand, augmenting water supply, and improving water allocation. Five cross-cutting
levers—strengthening institutions, reforming water tariffs and repurposing subsidies,
adopting water accounting, leveraging data and technological innovations, and valuing
water in trade—are essential for effective implementation and to attract private investment
to finance the approach. Beyond water, addressing trade barriers, investing in education
and skills development, and improving access to markets and financial services are
critical for strengthening job and livelihood resilience amid a continental drying crisis.
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