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Consumptionbehaviours exert pressure on water resources both locally and
globally through interconnected supply chains, hindering the achievement
of Sustainable Development Goals 6 (Clean water and sanitation) and

12 (Responsible consumption and production). However, it is challenging to
link hotspots of water depletion across spatial scales to final consumption
whilereflecting intersectoral competition for water. In this study, we
estimated the global exceedance of regional freshwater boundaries (RFBs)
due to humanwater withdrawal at a 5-arcmin grid scale using 2015 data,
enabling the identification of hotspots across different spatial scales. To
reduce uncertainty, we used average estimates from 15 global hydrological
models and 5 environmental flow requirement methods. We further attributed
the hotspots of exceedance to final consumption across 245 economies and
134 sectors via the multi-region input-output model EMERGING. Our refined
framework revealed previously unknown connections between regional
hotspots and consumption through international trade. Notably, we found
that 24% of grid-level RFB exceedance (718 km® yr’; 95% confidence interval
of 659-776 km?® yr™) was outsourced through trade, with the largest flows

(52 km?yr™;95% confidence interval of 47-56 km® yr™") from water-stressed
South and Central Asia to arid West Asia. The demand for cereals and other
agricultural products dominated global consumption-based RFB exceedance
(29%), while the exports of textiles and machinery and equipment exacerbated
territorial exceedance in manufacturing hubs within emerging economies.
Our methodology facilitates the tracing of global hotspots of water scarcity
along supply chains and the assignment of responsibilities at finer scales.

Consumption in one region can have substantial impacts on water
resources in other regions through global supply chains'. Many coun-
triesrely onimports of water-intensive products to alleviate pressure
on domestic water resources”. A consequence of such imports is that
they may shift the burden of water stress to regions that produce and
export products®>. For example, it has been shown that freshwater
consumption in water-scarce basins in India and Pakistan is promi-
nently driven by petroleum demand in the United States, whereas

groundwater depletion in Peru has been attributed to the export of
agricultural products to developed countries*®’. Hence, it is impor-
tant to mitigate water impairment resulting from consumption both
locally and globally, whichis particularly relevant to the achievement of
Sustainable Development Goals (SDGs) 6 (Clean water and sanitation)
and 12 (Responsible consumption and production). To accomplish
this, anessential first step is toidentify the hotspots of water depletion
across various spatial scales driven by the consumption of different
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Table 1| Models applied to link final consumption to regional water scarcity

Indicators of regional Water availability models applied to evaluate Models that link final consumption to territorial Source
water scarcity regional water scarcity water scarcity
Spatial scale Water availability model and Spatial scale Sectoral scale Global trade model
setting for EFR
National Renewable water resources data 187 countries 26 sectors EORA (MRIO) Ref. 36
from AQUASTAT
Criticality ratio Watershed Composite Runoff V1.0 27 European 163 sectors EXIOBASE (MRIO) Ref. 13
database+80% rule for EFR countries
Watershed WaterGAP2 model 48 countries 151 sectors EXIOBASE (MRIO) Ref. 14
0.5° grid cell PCR-GLOBWB model >71 countries 26 crop classes Process analysis Ref. 4
5arcmin Composite Runoff V1.0 >20 countries 26 crop classes Process analysis Ref.7
database+80% rule for EFR
RFB 5arcmin Composite Runoff V1.0 174 countries 146 crops and Process analysis Ref. 2
database+80% rule for EFR 1industrial sector
Watershed WaterGAP2.2 model +single EFR >10 countries Crop and non-crop  Process analysis Ref. 3
method consumption
RFB 5arcmin 15 global hydrological model 245 countries 134 sectors EMERGING (MRIO) This study

+5 EFR methods

sectors along global supply chains. A modelling framework with
improved sectoral and spatial resolution and reduced uncertainty
is needed® to enable the achievement of water security through the
strategic spatial layout of the economy’.

Previous studies have acknowledged that evaluating water scarcity
with high spatial resolution from aterritory perspective better reflects
the spatial heterogeneity of water resources, which also helps policy-
makers to prioritize hotspots requiring attention'™2, Two commonly
used approaches to water scarcity assessment can show differencesin
local water endowment at a fine spatial resolution*”*'* (Table 1). While
the criticality ratio (ratio of water use to availability) is a widely applied
relative indicator", estimating regional freshwater boundaries (RFBs)
and comparing them with a control variable (water withdrawal) pro-
vides away to evaluate water scarcity in an absolute term"”. Compared
with arelative indicator, the RFB approach provides an appropriate
form to address the strong sustainability of water resources'® and
enables the aggregation of grid-level RFB exceedance to larger spatial
scales®. This aggregation may facilitate the identification of hotspots
across different spatial scales such as urban, river basin, national and
continental levels. It is worth noting that in this study we adopted
the framework of ‘freshwater use boundaries’ proposed by Steffen
etal.”. Recent advances have redefined both global and regional fresh-
water boundaries, representing them as the percentage of global or
regional ice-free land area experiencing streamflow deviations from
pre-industrial conditions®, Although the ‘freshwater use boundaries’
framework has faced criticism for its inability to fully capture the com-
plexinteractions of water with other major Earth system components”,
itisrecognized asa practicaland measurable approach toreflect human
impacts, such as consumption and trade, on freshwater resources®*.

Despite its strengths, methodological improvements are still
needed for the RFB approach. First, employing a single hydrological
modelintroduces uncertainty>'** because different hydrological mod-
elsyield different estimates of run-off based on their modelling char-
acteristics, leading to diverse RFB outcomes®?*?*, Second, appropriate
environmental flow requirement (EFR) estimation should consider
diverserequirements across high-, intermediate- and low-flow seasons
and use multiple methods to validate the estimates*°, However,
previous estimations either allocated 80% of annual blue water flows
to EFRs, ignoring seasonal variations in river flows>”?, or employed a
single EFR method, such as the variable monthly flow (VMF) method®,
which may also introduce uncertainties’.

Existing spatially explicit studies link national crop consumption
to RFB exceedance through a process analysis, tracing exceedance at

grid or watershed levels to consumption countries (Table 1). Whilst
process analysis offers a detailed classification of agricultural products
ininternational trade, multi-region input-output (MRIO) analysis
encompasses all sectors of internationally traded products and their
full supply chains®®™., As far as we know, there is no research link-
ing the MRIO model with grid-level RFB exceedance to investigate
consumption-driven RFB exceedance with improved sectoral and
national detail. In summary, previous studies have been limited in at
least one of the following ways (Table 1): the use of rough spatial scales,
such as the nationallevel, in production-end accounting®*, the intro-
duction of uncertainties through the use of asingle hydrological model
for RFB estimation, the neglect of seasonal variationsin EFR estimates
orafocusonly onagricultural products when assessing the impact of
consumption on RFB exceedance.

In this study, we developed a modelling framework to assess the
role of human consumptionindriving RFB exceedance. We considered
three major contributions. First, we estimated RFBs ata 5-arcmin grid
scale using the average results from 15 global hydrological models and
SEFRmethodstoreduce uncertainty (Methods). Second, we developed
an inventory of water withdrawal encompassing 245 economies and
134 sectors. This inventory was aggregated from water withdrawal
data collected at a 5-arcmin grid scale from the WaterGAP3 model** to
match the national and sectoral details of EMERGING, a newly devel-
oped MRIO model®. The EMERGING MRIO model covers 134 sectors
in 245 economies for the period 2010-2019, with over 84% classified
as emerging economies. This allowed for a detailed analysis of the
environmental impacts of final consumption, especially for emerging
economies®’®, Theinventory provides detailed insights into emerging
and developing economies and economic sectors, which often suffer
from water scarcity'>*. Third, we linked the consumption of various
goods and servicesin one country to specific areas such as cities, river
basins and nations where RFBs are exceeded, providing acomprehen-
sive assessment of the impact of consumption on freshwater systems
across different spatial levels. Such insights can facilitate the tracing
of global water depletion hotspots along the supply chain and the
assignment of responsibilities at finer scales.

Results

Sector-specific global hotspots of RFB exceedance

In 2015, global grid-scale RFB exceedance amounted to 3,021 km? yr™
(ranging from 2,917 to 3,123 km? yr ' with 95% confidence), equivalent
to 64% of global water withdrawal (4,720 km?® yr™). The spatial distribu-
tion of exceeding grids was concentrated in 4.6% of global land area.
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Fig. 1| Global grid-scale RFB exceedance in 2015. Global RFB exceedance in 2015 at a 5-arcmin grid scale. The colour map is shown on the log,, scale.

The exceeding areas held 42% (3.1billion) of the global population and
encompassed almost all major breadbaskets or arid areas between
10° Nand 50° N (Fig.1). Hotspots with large exceedance (>100 x 10° m®)
accounted for just 0.18% of global land area, yet contributed 34% to
global exceedance. These hotspots werelocated in densely populated
areas such as the Beijing-Tianjin-Hebei region in China, the Mekong,
Indus and Nile river deltas, as well as major urban clusters in the
northeastern United States.

Attributing gridded RFB exceedance to eight major water use
sectorsbased on each sector’s share of total water withdrawals within
the exceedance grid (see Methods), we found that the distribution
of exceedance hotspots influenced by these sectors varied consider-
ably. The irrigation sector, including cereals, oil seeds, edible fruits
and ‘other crops’, collectively contributed 70% of global exceedance.
Among these, ‘other crops’ contributed 30%, followed by oil seeds at
20%, cereals at14% and edible fruits at 6%. The impacts of these sectors
were widespread, with exceedance hotspots spanning major cereal-and
oil seed-producing regions®*%, including the North China Plain, Tarim
Basin, Indus River Basin, Deccan Plateau, Tigris—-Euphrates Basin, Nile
River, Murray-Darling Basin in Australia, the Pacific coastal basins of
the Americas and the Great Plains of the United States (Supplementary
Fig.1a-d). Thelargest exceedance occurredin the Nile, Ganges, Indus
and Mekong river deltas. Electricity production contributed 18% of
global exceedance, with hotspotsscattered in areas with high electric-
itydemand, including the eastern coast of China, the Indian Peninsula,
northeastern United States and northwestern Europe (Supplementary
Fig.1f). The manufacturing sector contributed 7% of global exceedance,
followed by the domestic sector, including household and services
(6%). The exceedance hotspots caused by the water withdrawal of
both these sectors were in densely populated areas, especially major
manufacturing city clusters, including the Beijing-Tianjin-Hebei
region, Yangtze and Pearl river deltas, Chengdu-Chongging city cluster
in China, Hanoi in Vietnam, Japan-Pacific Rim city cluster, New Delhi
and Mumbaiin India, western Europe and city clustersin eastern United
States (Supplementary Fig. 1g,h). Livestock contributed only 0.2% of
global exceedance (Supplementary Fig. 1e).

Aggregating grid-level RFB exceedance to the national level (add-
ing all grids in a nation with exceedances, disregarding grids with
surplus water resources), we found that the top eight economies with
the highest exceedance, excluding the United States and EU28, were all
emerging economies collectively contributing 58% of global exceed-
ance (Fig. 2a and Supplementary Table 1). These countries were, in
decreasing order, India, China, Pakistan, Iran, Egypt and Vietnam (for
uncertainties in national exceedance, see Supplementary Tables 2
and 3). Irrigation water withdrawal was the primary contributor to
RFB exceedance in these nations, accounting for 42% (Vietnam) to

99% (Afghanistan) of their respective exceedances. Electricity water
withdrawal was amajor contributor to exceedance in several countries,
for example, 40% of RFB exceedance in the United States. Manufac-
turing water withdrawal played a dominant role, contributing 46% of
RFBexceedancein Vietnam. When considering per capita exceedance,
the top ten countries (with populations over 1 million), excluding
Australia, were located in Central Asia or the Middle East and Northern
Africa (MENA) region, such as Turkmenistan, Afghanistan, United Arab
Emirates and Azerbaijan (Fig. 2b). The per capita exceedance of the
top ten countries ranged from1,334 t0 2,794 m® capita™, equivalent to
three to six times the global average volume (435 m? capita™).

National consumption responsible for global RFB exceedance
We used the MRIO approach to attribute RFB exceedance from the
production perspective to national consumption. In 2015, about
three-quarters (73%) of global exceedance was driven by consump-
tion in ten major countries or regions. The countries or regions with
the greatest consumer responsibility (including household withdrawal)
were China (547 km?®), India (543 km?), United States (299 km?), Euro-
pean Union (EU28, including the UK in 2015, 221 km®) and Pakistan
(211 km?®). The other countries in the top ten ranking, with the excep-
tion of Russia (48 km?), were all located in the MENA region, that is,
Iran (94 km?®), Egypt (84 km?®), Iraq (58 km®) and Saudi Arabia (57 km>;
Fig. 2c and Supplementary Table 4 for uncertainties in the national
exceedance footprint). In terms of per capitaconsumption, countries
in Central Asia and the MENA region led the rankings (for region clas-
sification, see Supplementary Table 5), that is, United Arab Emirates,
Kuwait, Oman, Turkmenistan, Qatar, Saudi Arabia, Libya, Azerbaijan
and Iraq, where per capita consumption exceeded 1,500 m* capita™
along the entire global supply chain (Fig. 2d). Following these
countries were Australia (1,461 m® capita™), Canada (1,032 m? capita™),
United States (949 m® capita™) and the EU28 (496 m? capita™).In con-
trast, the per capita responsibility of consumers in India and China
was below the global average (435 m® capita™; Supplementary Fig. 2).
In terms of sectoral contribution, the consumption of cereals
and other agricultural products accounted for 29% of RFB exceed-
ances worldwide, followed by electricity, gas and water supply (16%),
services (16%), logging and food industry (14%), and construction
(6%; Fig. 3a). The consumption of agricultural sectors has a nota-
ble impact on water resources because major suppliers are located
in regions heavily impacted by RFB exceedances, for example, the
Indus, Ganges, Nile and Mekongriver basins and the North China Plain
(Supplementary Fig. 3a-d). The large impact of consumption in the
logging and food industry can be attributed to their final demand
for RFB-intensive products, typically cereals, oil seeds and tobacco
products (Supplementary Fig. 4a,b). Notably, the livestock sector
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Fig. 2| Top ten economies for RFB exceedance in 2015. a-d, Top ten economies
for total production-based (a) and consumption-based (c) RFB exceedances
and top 10 economies for production-based (b) and consumption-based (d)
RFB exceedances per capita. The uncertainties in RFB exceedance and the
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RFB exceedance footprint and the 95% confidence intervals are presented in
Supplementary Tables 2-4, Supplementary Fig. 5and Supplementary Note 2.
Note that the figure includes only those economies with populations over
1million. The colour code at the bottom of the figure applies to c only.

(Supplementary Table 6) accounted for12.4% of the global RFB exceed-
ance footprint, much higher than its 0.2% contribution to global RFB
exceedance from the production perspective. This discrepancy arises
because consumption-based accounting encompasses not only the
directimpacts of water use for livestock but also the indirectimpacts
throughout the supply chain, such as the use of water for producing
animal feed. The impact of consumption in electricity, gas and water
supply was prominent in the Ganges River, Bay of Bengal Basin, Arabian
Peninsula, Western Europe and major urban clusters along the west
coastand eastern United States, all of which experience high electricity
demand (Supplementary Fig. 3n). Similarly, the impact of construc-
tion was evident in China, with exceedance hotspots in the Beijing-
Tianjin-Hebeiregion, the middle and lower reaches of the Yellow River,
southeastern coastal areas and the Tarim River Basin (Supplementary
Fig. 30), which have intense construction demands. In addition, the
exceedance hotspots most affected by the consumption of products
from the textiles and machinery and equipment sectors were located
inthe Mekong, Red and Indusriver deltas, as well as the southeast coast
of Chinaand the Chengdu-Chonggqing urban cluster (Supplementary
Fig.3g,|,m). Countries with the highest consumption of these products
included the EU28, United States, MENA countries and Japan.

Outsourcing RFB exceedance through international trade

In 2015, 24% of global RFB exceedance (totalling 718.0 km?® yr™, 95%
confidence interval of 659.2-775.5 km?® yr ') was embodied in inter-
nationally traded products and services. East Asia outsourced the
greatest exceedance through imports of virtual water, accounting
for18.1% of global exceedance embodied intrade. This was followed by

North America (15.6%), West Asia (13.4%) and Western Europe (8.6%).
South and Central Asia and East Asia were the main exporters of RFB
exceedance, accounting for 31.0% and 16.3%, respectively (Fig. 3b).
Thelargest exceedance flows occurred from water-stressed South and
Central Asia for the production of exports to arid West Asia, amount-
ing to 51.8 km? yr . For example, as the largest exporter in South Asia,
Indian exports to Saudi Arabia, Myanmar and Turkey embodied RFB
exceedances of 6.3, 4.8 and 2.3 km?, respectively. East Asiaand North
Americaare mutual primary trade partners, with large volumes of RFB
exceedance.In 2015, Sino-American trade was almost balanced in terms
of netexceedance: China caused 24.3 km? of exceedance in the United
States throughimports, whereas the United States caused 25.0 km® of
exceedance in China.

We propose the outsourcing ratio to illustrate the proportion of
consumption-based RFB exceedance outsourced throughimports.In
2015, the regions exhibiting the highest ratios of causing exceedance
elsewhere were primarily located in Europe, East Asia and Southeast
Asia, including countries such as Denmark, Ireland, Sweden, United
Kingdom, Singapore, Hong Kong (China) and Japan, all with ratios
exceeding 80% (Supplementary Fig. 6). The hotspots of RFB exceedance
driven by consumptioninthese countries were relatively dispersed. For
example, the EU28 outsourced 60% of its consumption-based RFB
exceedance, with the most affected grids dispersed in the Indus River
Basin, Nile and Mekong deltas, Gulf of Thailand, Yangtze River Basin
and North ChinaPlain (Supplementary Fig. 7a).Japan outsourced 81%
of its consumption-based RFB exceedance, with the grids with the larg-
est triggered exceedance dispersed across the Korean Peninsula, the
southeastern coastal areas of China, Mekong Delta, Gulf of Thailand,
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Fig. 3 | Flows of global RFB exceedance in 2015. a,b, Intersector flows of global RFB exceedance from production to consumption (a) and global RFB exceedance flows
embodied in trade by region (b) in 2015. Labels S1-S17 are defined in the legend in Fig. 2.

MissouriBasinin the United States and the Central Valley of California
(Supplementary Fig. 7b). In contrast, several countries with the largest
exceedance at both the production and consumption ends had lower
outsourcing ratios, including China (14%), Iran (11%), India (4%) and
Pakistan (4%). The exceedance hotspots triggered by consumption
in these emerging economies were concentrated within their own
territories (Supplementary Fig. 7c,e,f).

International trade may foster unsustainable water use patterns, as
evidenced by the MENA region. The MENA region has eased the pressure
onlocalfreshwater boundaries by importing water-intensive products
andasaresultitliesin the top-ranking per capita consumption-based
RFB exceedance among all countries. However, this heavy reliance
on external water resources may exacerbate RFB exceedance in the
supplying countries. In 2015, MENA countries outsourced 16.2% of
its consumption-based RFB exceedance to water-stressed South and
Central Asia, particularly India, Pakistan and Iran, by importing sugars,
cereals and edible fruits. This could worsen seasonal water scarcity in
the Ganges, Indus and Tigris-Euphratesriver basins. Moreover, trade
increases vulnerability to RFB exceedanceinimporting regions. Beyond
South and Central Asia, MENA’s major import sources include China
and Egypt, which, in 2015, collectively supplied about 13.7% of MENA’s
RFB exceedance embodied in imports. This poses potential risks to
MENA’s food and water security, particularly during conflicts or water
crises in supplying countries®. In terms of net flows, we found that
fewer than 15% of economies (36 out of 245) were net exporters of RFB
exceedances, primarily located inSouth and Central Asiaand West Asia.
With the exception of Spain, the top ten net exporting economies with
the largest RFB exceedances were allemerging economies. Conversely,
amongthe top ten netimporting economies with RFB exceedances, six
were developed countries or economies (Supplementary Fig. 8a). This
indicates that emerging economies dominate the net exporters (with
the exception of Spain), whereas developed economies dominate net
importers of RFB exceedances.

Overall, most RFB exceedance was embodied in the trade of agri-
cultural and food products, mainly cereals, oil seeds, fruits and nuts,
duetotheir highwater intensity (Supplementary Fig. 8). The net export
of cereals and oil seeds collectively accounted for 51.8% (18.1 km?) of
Afghanistan’s RFB exceedance and 32.1% (179.3 km®) of China’s RFB
exceedancein2015. Asthe primary supplier of fruit to MENA countries,
over 6.6% (7.0 km®) of Iran’s RFB exceedance was embodied in the net
export of edible fruits, mainly walnuts, pistachios and citrus. Econo-
mies such as Japan, United Arab Emirates and Germany rely heavily
on agricultural and food imports. In 2015, the net import of cereals

and oil seeds constituted 18.4% (5.7 km?) of United Arab Emirates’
consumption-based RFB exceedance, while the netimport of logging
and food industry products accounted for 16.7% (6.4 km?) of Japan’s
consumption-based RFB exceedance. Moreover, the export of manu-
factured products, textiles and services also contributes considerably
to RFB exceedance, especially inemerging economies (Supplementary
Fig.8b).Forexample, China’s net export of petrochemical products led
t0 7.3% (41.0 km?) of its RFB exceedance. The net export of machinery
and equipment and textile products accounted for 6.5% and 13.3% of
Vietnam’s RFB exceedance, respectively. Meanwhile, China, through
net imports of textiles, machinery and equipment, and other manu-
facturing products, outsourced 44.6 km?® of RFB exceedance to these
emerging economies. This is related to industrial transfer, that s, the
gradual shift of low-value-added manufacturing from Chinato South-
east Asian countries such as Vietnam, where production and labour
costs are relatively low***,

Discussion

This spatially explicit analysis that integrates detailed sectoral infor-
mation is instrumental in offering insights into targeted interven-
tions in risk hotspots. Starting from the 5-arcmin grid scale, we have
identified critical grids of RFB exceedance. The grid-level results
also enable the aggregation of exceedance to larger spatial scales,
thereby identifying hotspots that are relevant for decision-making
atthose scales. Our results, based on high spatial resolution, support
existing high-resolution water scarcity assessments, indicating that
approximately 42% (3.1billion) of the global population is exposed
to RFB exceedance (Supplementary Table 7) and that 65% of global
water withdrawals exceed their RFBs (Supplementary Table 8). Notably,
our 2015 estimate closely matches the findings laid out in the United
Nations World Water Development Report 2018*%, which disclosed that
3.6 billion people (47%) experienced water scarcity. Our spatially
explicit analysis aligns with existing research, affirming that densely
populated areas and major crop-producing regions, such as Yellow
River, the Indus and Ganges river basins, and the Great Plains of the
United States, exhibit the largest RFB exceedance®’. In addition, our
results reveal exceedance hotspots in seemingly water-abundant
regions, such as urban clusters in Western Europe, the Mekong Delta
inVietnam, Gulf of Thailand, the lower Yangtze River and southeastern
coastal areas of China. The sector-specific details of this study reflect
the contributions of water withdrawals by different sectors to each
exceedance hotspot, a facet often overlooked in previous research.
Forinstance, the exceedance hotspotsinthe urban clusters of Western
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Europe and the northeastern United States are mainly driven by local
water demand for electricity generation (Supplementary Fig.1and
Supplementary Table 9). These hotspots are often neglected in stud-
ies that focus solely on the irrigation sector or employ aggregated
spatial scales”™.

Using the MRIO model, our study further attributes the territorial
hotspots of RFB exceedance to final consumption along global supply
chains. Notably, using the EMERGING model, due to the inclusion of
more nations, we have been able to identify RFB exceedance at the
consumption end for more emerging and developing economies,
which was not possible in previous work. We found that exceedance
hotspots in emerging economies are mostly in major cities, such as
Tianjin, Shanghai, Guangzhou, Hanoi, Ho Chi Minh City and Bangkok.
These cities feature world-class ports, abundant labour and a rela-
tively strong manufacturing base*’. The export of textile products and
machinery and equipment is the main cause of their RFB exceedance,
with most exports flowing to developed economies, such as Western
Europe,Japan and the United States. With urbanization, the local water
demand of these megacities is expected to increase. Given the trend
in global industrial transfer, emerging economies, as recipients of
low-value-added manufacturing, are likely to face increasingly severe
RFB exceedance associated with their export production®. While manu-
facturing exports boost income and employment, they concurrently
exacerbate the water crisis*.

Addressing the above issues requires integrated actions from
various stakeholders. First, producers in hotspot areas should adopt
comprehensive measures towards keeping water withdrawal within
their RFBs. These measures include technological advances, indus-
trial structure upgrades and strategic adjustments to the spatial
layout of the economy. Given that irrigated agriculture remains a
primary contributor to RFB exceedance in many regions, the preva-
lent use of flood irrigation, characterized by lower water efficiency,
needs to be adjusted®. Shifting to water-saving technologies such as
drip and microsprinkler irrigation systems can effectively alleviate
RFB exceedancein hotspot regions as seen, for example, in the Central
Valley of California and Yellow River Basin in China***. It should be
noted that we emphasize improving water efficiency within RFBs
to prevent a situation where improved efficiency induces higher
water withdrawal due to the rebound effect*®. To reconcile con-
tradictions between industrialization in emerging economies and
water depletion, the scale and structure of industries should be deter-
mined according to their RFBs*’. Governments have recognized this
issueand havereflecteditin policies. For example, inthe13th Five-Year
Plan, the Chinese government restricts water-intensive projects in
overexploited areas and grants water extraction permitsin water-scarce
regions to favour low-water-consuming, high-output industries*.
Our research thus provides a scientific measurement framework for
the implementation of the above policies. For regions that may
struggle with initial investment costs, international cooperation is
imperative to facilitate the widespread dissemination of new tech-
nologies and provide assistance in the construction of water-saving
infrastructure®®’', Second, major importing economies should
acknowledge their rolein RFB exceedance and establish compensation
mechanisms. For instance, adopting a water tax akin to the carbon tax
could help to internalize the costs of freshwater depletion, ensuring
that consumers bear responsibility for the damage they inflict on the
global aquatic system and shift towards suppliers with abundant water
resources and lower costs®. For water-scarce countries heavily reliant
onimports, itis crucial to consider the freshwater boundary of the sup-
plying countries when implementing virtual water import strategies.
Thiswould help to avoid exacerbating RFB exceedance elsewhere and
reduce therisk ofintroducing food and water crises through imports.
Adoptingthese strategies holds promise for mitigating humanimpacts
on freshwater systems, thereby contributing to the achievement of
SDGs 6 and 12.

This study has several limitations. First, we applied the ‘fresh-
water use boundary’ framework proposed by Steffen et al.”*, which has
prompted debate forits limitations in fully representing the complex
interactions between water and other major Earth system compo-
nents”. Second, we focused solely on blue water. Other water sources,
such as green water, polluted water and glacier water, are also impor-
tant for both the hydrological cycle and human activities'**** but were
notincluded in the analysis. Third, we did not consider the impact of
humaninteractions, such as water diversion projects or water storage,
ontheexceedance of RFBs. Fourth, the RFB exceedance was evaluated
for only one year, without accounting for temporal variations or the
potential impacts of future climate change.

Inaddition, uncertainties in the RFB exceedance and exceedance
footprint calculations exist (Supplementary Table 2). To address this,
we conducted 1,000 Monte Carlo simulations, which demonstrated
that the main findings are minimally impacted by uncertainties (see
Supplementary Note 2 for a detailed uncertainty analysis). The global
RFB exceedance footprint for 2015 is subject to an uncertainty of +8%
(95% confidence interval). For the top 50 countries with the largest
exceedance footprints, accounting for over 90% of the global exceed-
ance footprint, the uncertainty remains within +10%. In contrast,
sparsely populated countries with smaller RFB exceedance footprints,
such as Somalia, exhibit higher uncertainty, ranging from -10.7% to
10.5% (Supplementary Table 4).

Methods

Estimating grid-level freshwater boundary exceedance

We measured the exceedance of RFBs through an indicator named
gap to water sustainability (GWS; see the flow chartin Supplementary
Fig.9). The GWS is acquired by subtracting water withdrawal from
the volume of freshwater available for human use, and define it as the
RFBaccordingtoa previous study on planetary boundaries”. The GWS
for grid cell Kk (GWS,) is calculated as follows:

GWSy, = RFB; — ww, (1

where RFB, is the freshwater boundary of grid cell kK on an annual
scaleand ww,is the annual water withdrawal. A negative value indicates
RFB exceedance and a positive value indicates withdrawal within the
RFB. As only exceedance was considered in this study, the GWS for was
counted as O for positive values.

We calculated RFBs using abottom-up approach, thatis, allocating
different proportions of mean monthly flows (MMFs) to meet EFRs in
different flow seasons. This estimation starts at a grid cell (5 arcmin)
scale and can be aggregated to obtain freshwater boundaries at dif-
ferent spatial scales (basin, province, country). The gridded RFB is
estimated as:

RFBy = Y. (MMF, —EFRy) ()]
m=1:12

where the MMF, is the mean monthly flow in grid cell k. For month
m, MMF is calculated as an ensemble mean of 15 global hydrological
models, namely, LPJmL, HO8, WAYS, WEB-DHM-S, CLM40, DBH,
JULES-B1, JULES-W1, MATSIRO, MPI-HM, ORCHIDEE, PCR-GLOBWB,
SWBM, VIC and WaterGAP2.2. These models are driven by ISIMIP2a
simulation protocols, which focus on historical simulations (1970-
2010 onamonthly scale), enable model intercomparison on different
spatial scales™ and use daily observed climate data on a 0.5° grid cell
from the Global Soil Wetness Project Phase 3 (GSWP3) dataset asinput™.
Detailed hydrological settings (for example, snowmelt and evapotran-
spiration schemes) have been presented previously®. EFRs are calcu-
lated as the ensemble mean of monthly EFRs using five state-of-the-art
methods, namely Tessmann, VMF, Tennant, Q90_Q50 and Smakhtin®.
The first two methods divide the year into high-, intermediate- and
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low-flow periods and then allocate specific portions of the MMF to each.
The other three methods differentiate between high- and low-flow peri-
ods® (Supplementary Table 10). To match the annual water withdrawal
data, the monthly RFBs are aggregated on an annual scale. Uncertain-
tiesin estimating RFB exceedances using multiple hydrological models
and EFR methods are discussed in Supplementary Note 2.1, which shows
that the ensemble mean approach helps to reduce model uncertainties
compared with the use of a single model.

Constructing the inventory for water withdrawal

The lack of sectoral information impedes environmental footprint
accounting. To bridge this gap, we constructed an inventory of water
withdrawal based on global gridded water withdrawal** to link with
EMERGING, the latest and full-scale economic database (US$1 million
in current price) covering 245 economies and 134 sectors® (Supple-
mentary Tables 5 and 6). This involved aggregating gridded water
withdrawal to a national scale and expanding the initial sectors to
134 subsectors® and household water withdrawal.

Global gridded water withdrawal data were collected from the
WaterGAP3 model**, which was selected for its high spatial resolu-
tion and detailed sectoral breakdown, allowing us to identify RFB
exceedance hotspots by considering the spatial heterogeneity of water
withdrawal across sectors. The water withdrawal data from Water-
GAP3 cover five sectors:irrigation, livestock (including livestock water
intake and cleaning), manufacturing, electricity (for cooling purposes
in the thermoelectric power sector) and domestic (household and
services). Sectoral water withdrawals were estimated using grid-level
datainputs, including population, urbanization, gross value added,
thermal electricity production, the actualirrigated area as a percent-
age of the area equipped for irrigation and livestock numbers®**%%,
Adetailed description and validation of the sectoral water withdrawal
data obtained from WaterGAP3 are provided in Supplementary
Note 1.1and Supplementary Fig. 10.

Ingeneral, the total national water withdrawal in country rincludes
household water withdrawal ww and water withdrawal for economic
sectorsi, wwi:

Ww, % WWier X Rhw,r + % WWier X (1 - Rhw,r)

3

wwi + wwi

where ), ww,, is the water withdrawal in country r aggregated by
water withdrawal of grid cell k belonging to country r and Ry, is the
proportion of household water withdrawal in country r.

For 24 agriculture-related sectors, we used the production
datafor 204 agricultural and 206 animal products from the FAOSTAT
database® and the blue water footprint intensities of crop products
and farm animals from the water footprint dataset®** to allocate the
water withdrawal of irrigation and livestock to all sectors:

wiy' x pdi )

wwal = ww? x -
.ai ai
X Wir x pt

where wwiiis the water withdrawal of agriculture-related sectors aiin
country r; ww is the national total water withdrawal of irrigation/
livestock, wi® is the blue water footprint intensity of crop products/
farm animals and p? is the total production for 204 agricultural and
206 animal productsin country .

For the 80 sectors related to manufacturing and electricity, we
firstused the waterinventory and the output datafrom EXIOBASE 3in
2015% to calculate the water withdrawal intensity. Then we multiplied
the water withdrawal intensity and output value of the correspond-
ing sectors of EMERGING to obtain the raw water withdrawal volume
of the 80 sectors and constrained sectoral water withdrawal by the

grid-scale total national water withdrawal volume for manufacturing
and electricity:

.mi — pymi mi
WlexioBase = Wiy opase / X EXIOBASE ®)

(6)

.mi i
. WirExioBAsE X X7p)
WWT = ww x ( rEMERGING

3 wir x xmi
i WIrEXIOBASE X A EMERGING

where wilmosase is the water withdrawal intensity of manufacturing-
related sectors miin country r; w ... is the water withdrawal of
sectors mi in country r, x4 ... is the output of sectors mi from
EXIOBASE 3in country r, ww™is the water withdrawal of manufacturing-
related sectors mi in country r; ww" is the national total water with-
drawal of manufacturing/electricity and x7, .. .. . is the output value
of the corresponding sectors from EMERGING in country r.

For the 30 service sectors associated with the domestic sector,
wesimilarly used the water inventory and output data from EXIOBASE
3rx in 2015 and the sectoral output for the corresponding sector
of EMERGING to calculate the raw water withdrawal volume of the
30 service sectors. Then we calculated the urbanization rate of each
economy based on its total population and the urban population
from World Bank data®*, which was used to estimate the water with-
drawal of the service sector in each economy®* (Supplementary
Table11). Finally, the raw national water withdrawal of service sectors
was constrained by the sectoral water withdrawal by the grid-scale total
national water withdrawal volume for the domestic sector:

.si —yySi i
WirExioBasE = WiexiopaseXrexiosase @)

®

.si i
: Wi/ExioBase X X,
wws = wwP x UR, x ( rEMERGING

.Si Xsi
2 WIrEXIOBASE X XpEMERGING

where wisky,opas: iS the water withdrawal intensity of service-related
sectors siin country r; wi, ... is the water withdrawal of sectors si
in country r, x5, ... i the output of sectors si from EXIOBASE 3 in
country r, ww$i is the water withdrawal of service-related sectors si
incountry r; wwPis the national total water withdrawal of the domestic
sector, UR, is the urbanization rate of country r; wiiiEX,OBASE is the
water withdrawal intensity calculated by EXIOBASE 3and xSt ..\ . is
the output value of the corresponding sectors from EMERGING in

countryr.

Constructing the inventory for RFB exceedances at national
level

To construct the RFB exceedance inventory, we allocated the grid-scale
exceedance values to 8 main economic sectors, aggregated the
grid-scale sectoral exceedances to the national scale and expanded
the initial 8 sectors into 134 subsectors and household (Supplemen-
tary Fig.9).

First,the RFB exceedance of grid k, GWS,, was allocated across five
sectors (irrigation, livestock, electricity, manufacturing and domestic
(household and services)). The allocation was based on the sectoral
water withdrawal ratio from WaterGAP3 (ref. 58) within each exceeding
grid k. To improve the sectoral resolution of the RFB exceedance
inventory, we further disaggregated theirrigation sector’s RFB exceed-
ance atthe grid scale into four major water-consuming crops, namely,
cereals, oil seeds, edible fruits and ‘other crops®*¥, resulting in the
grid-scale exceedance for eight main sectors. This disaggregation
was based on the proportion of water withdrawn by these crops within
irrigation according to Mialyk et al.””, which provides global irrigated
water withdrawal for major crops at 5-arcmin resolution for 2015.
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The RFB exceedances for the eight main sectors gi in grid cell &,
GWSs¢, were derived as follows:

T Wwg

. gi
GWs? =GWSk><( WW ) )
g

where wwfi is the water withdrawal of one of the eight main sectors gi
inthe exceeding grid cell k.

Notably, the sectors of cereals, oil seeds, edible fruits and electri-
city align directly with the economic sectors in the EMERGING MRIO
model. These four sectors together account for 88% of global RFB
exceedance, maximally preserving the grid-scale characteristics of
RFB exceedance.

Second, to align with the spatial and sectoral distribution of the
EMERGING MRIO model, we aggregated the RFB exceedance for
the eight main sectors from the grid scale to the national scale,
GWS® = ZkGWS%iE, Forthecereals, oil seeds, edible fruits and electricity
sectors, the national exceedanceis simply the sum of their exceedances
across all grids. For the remaining sectors, we first summed the
grid-scale exceedances to obtain the national RFB exceedance for each
of the four major categories. These totals were then disaggregated
across the 134 sectors using national water withdrawal ratios in the
EMERGING MRIO sector level (estimated from equations (4)-(7)). The
sectoral mapping between the 8 main sectors and the 134 subsectors
is provided in Supplementary Table 6. In addition, the national RFB
exceedance for household use is derived from the domestic sector,
based onthe water withdrawal ratios for household and services at the
national scale®®.

Linking RFB exceedances to final consumption

We used the MRIO approach® to calculate the RFB exceedance of coun-
try r driven by the final consumption of sector i. This included the
exceedance caused by domestic consumptiong,,and the consumption
inother countries ¥, g (see Supplementary Note 1.2 for details):

8=8rt Y 8= DU~ Ap) F+ NN dU-Ar) s (10)

r#£s i r£s i

where d, = GWS,/x, is the RFB exceedance intensity in diagonal
matrix form representing the RFB exceedance of each sector per unit
of output in country r; GWS, is the RFB exceedance of country r by
sector (that is, the RFB exceedance inventory estimated in the above
section), which is aggregated from the grid-scale RFB exceedance,
(/-A,,)"isthe Leontiefinverse matrix, where /is the unit matrix and A,,
is the technical coefficient matrix, y, is the final consumption of
country rand é, is the export of the final products from country r to
other countries.

The worldwide exceedance due to the consumption of sector i
by country s, WEF,, includes exceedances caused by the domestic
production for domestic consumption of product i, gi;, and exceed-
ances caused by foreign production to meet the consumption of
countrys, g.:

WEF =g+ # Bis (1)

The exceedancefootprintin countrys, WEF,, includes exceedances
caused by household water withdrawal, GWs!, and to meet the final
consumption towards product i, WEF,:

WEF, = GWS;' + ) WEF; 12)

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

Data availability

All data required to estimate the RFB exceedance footprint are avail-
ableviaZenodo at https://doi.org/10.5281/zenodo.14843563 (ref. 68).
The required input for the MRIO quantification is in the Input data
in code folder; the national RFB exceedance estimates and the data
used for Figs. 1-3 and Supplementary Tables 1 and 3 are provided in
the Output data folder. The EMERGING Multi-Regional Input-Output
Table for 2015 was obtained from CEADs* (https://www.ceads.net/
data/input_output_tables/).

Code availability

The MATLAB code developed in MATLAB R2023a used to link RFB
exceedances tofinal consumptionin this study is available inthe MRIO
code folder via Zenodo at https://doi.org/10.5281/zenodo.14843563
(ref. 68).
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