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Upwind moisture supply increases risk to 
water security

José Posada-Marín    1,2,3 , Juan Salazar    1, Maria Cristina Rulli    4, 
Lan Wang-Erlandsson    5,6,7 & Fernando Jaramillo    2

Transboundary assessments of water security typically adopt an ‘upstream’ 
perspective, focusing on hazards and vulnerabilities occurring within 
a given hydrological basin. However, as the moisture that provides 
precipitation in the hydrological basin probably originates ‘upwind’, 
hazards and vulnerabilities potentially altering the moisture supply can be 
overlooked. Here we perform a global assessment of risk to water security 
in 379 hydrological basins accounting for upwind vulnerabilities and 
hazards from limited governance and environmental performance. We 
compare this upwind assessment with the more conventional approach 
focusing upstream. We find that accounting for upwind moisture supply 
increases the assessed risk to water security. The upwind perspective results 
in 32,900 km3 yr−1 of water requirements (that is, the specific water needs 
of vegetation for their development) under very high risk, compared with 
20,500 km3 yr−1 under the upstream perspective. This study pinpoints the 
need to account for upwind moisture dependencies in global water-related 
risk assessments.

Globally, around 40% of continental precipitation originates in evapo-
ration from land1. This amount increases to 80–90% in some regions 
in Eurasia, South America and Africa2. Hence, precipitation over large 
parts of the Earth’s land surface can be vulnerable to upwind changes in 
the amount and timing of evaporation entering the atmosphere3–5. Land 
and water use related to human activities for food and energy produc-
tion are known to alter such evaporation6–10. For instance, irrigation has 
been found to increase precipitation downwind, while deforestation 
decreases it11–18. Upwind loss in evaporation can result in loss in down-
wind precipitation with impacts on agricultural12,19–22 and hydropower23, 
water availability in surface and groundwater resources19, aquatic and 
terrestrial ecosystems24–26 and the livelihoods of many urban and rural 
communities27.

These implications have led to calls to include atmospheric water 
flows in transboundary water management and decision-making28,29. 
Other calls insist on their inclusion in international law30 and broader 

water governance frameworks28,31–33. For instance, political instability 
can weaken the control of illegal practices fuelling environmental deg-
radation, such as illicit agricultural expansion and mining34. The lack 
of land and water governance and a weak environmental performance 
can lead to deforestation35 and the disappearance of ecosystems that 
are key for atmospheric moisture supply. As another example, a lack of 
voice and accountability implies a disregard for citizens in the control 
or curve of environmental degradation that may lead to modifications 
of vapour flows36.

Risk to water security—that is, the human capacity to ensure reli-
able access to safe and sufficient water resources—is typically calcu-
lated as the product of the hazard (natural or human-induced events 
causing harm), vulnerability (physical susceptibility to adverse effects) 
and exposure (elements at risk of being affected)37. Risk estimates 
usually account for upstream hazards in the hydrological basin38–40.  
The risks relate to downstream implications of decreasing water supply 
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moisture dependency include the Tarim, Huang He, Amur, Yenisei 
and Lena River basins (Fig. 1). The TMR ratio can indicate how suscep-
tible the water availability of a given hydrological basin is to changes 
in upwind moisture supply. For instance, a basin depending solely 
on moisture transport from the ocean would not be affected by any 
change in land use as long as atmospheric moisture convergence is not 
affected. Conversely, a basin depending only on continental moisture 
is subject to any potential change in moisture supply resulting from 
land use changes.

Most large basins typically have high TMR and low governance 
values (that is, less than 0.6). Interestingly, the hydrological basins 
with the highest TMR range between 0 and 0.6 of the maximum govern-
ance that can be obtained, pointing to low governability. The Congo 
River Basin is an example of a large basin with low governance and 
environmental performance. The water requirements of the Congo 
River Basin (Supplementary Fig. 1) have a high dependency on land 
cover changes occurring upwind; its TMR ratio reaches ~73%, and 
most of the moisture precipitating in the basin has a terrestrial origin, 
covering countries such as South Sudan, Central African Republic, 
Congo, Angola and the Democratic Republic of the Congo. Concern 
about the moisture dependency of the Congo River Basin arises as 
the low governance and environmental performance of the countries 
in its precipitationshed (Supplementary Fig. 2) may imply potential 
hazards to water security. Risks may arise from, for instance, threats 
of deforestation within the precipitationshed, which can potentially 
reduce upwind moisture flows, or uncontrolled irrigation, which may  
increase them4.

The first component of risk is the hazard. The potential hazard 
resulting after combining aspects of governance and environmental 
performance (Methods and Supplementary Fig. 2) depends on whether 
these aspects are analysed for the upwind (within the precipitation-
shed) or upstream (within the hydrological basin) countries (Fig. 2a,b). 
We can identify from both perspectives the highest hazard values in 
Africa, the Middle East and Asia from the combination of very low to 

in rivers41, mountain glaciers42, lakes43, wetlands44, aquifers45,46 and 
even soil moisture40. Yet, recent studies have also included the vulner-
abilities and exposures arising from upwind dependencies for water 
security27,32. For instance, Keys et al.27 merged upstream and upwind 
dependencies to estimate the integrated water supply vulnerability for 
29 megacities. The growing interest in accounting for upwind depend-
encies for risk assessment matters as precipitation over a hydrologic 
basin depends on terrestrial moisture recycling (TMR), the mecha-
nism by which upwind evaporation feeds downwind precipitation 
either within a hydrological basin (local moisture recycling) or across 
different basins. The dependency can increase or decrease the risk 
of natural vegetation and crops not receiving the required supply  
of freshwater47–50.

Here we build on previous studies that consider the upwind  
vulnerability of freshwater supply27,32,33 to analyse global risks to water 
security. Our main aim is to quantify how accounting for upwind 
dependencies arising from governance and environmental perfor-
mance affects the risk in 379 worldwide basins. We estimate risk from 
two perspectives; the first, ‘upstream’, is based on political, geographi-
cal, ecosystemic and hydroclimatic conditions in the countries shar-
ing the hydrological basin. The second perspective, named ‘upwind’, 
relates to the countries sharing the hydrological basin’s precipitation-
shed20, the upwind continental regions contributing moisture. We 
consider the freshwater requirements of vegetation and crops within 
the basin as the most representative exposed asset for basin-scale 
water security.

We identified 379 large hydrological basins (greater than 
3,400 km2) covering 85 Mkm2 whose precipitationsheds extend across 
more than one country. We refer to these basins as upwind transbound-
ary basins in contrast to the typical definition of upstream transbound-
ary (that is, the hydrological basin is shared by several countries). 
Around one-third of these upwind transboundary basins (153) are also 
upstream transboundary. From these upwind transboundary basins, 
the ones with the highest TMR and, thus, high upwind continental 
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Fig. 1 | Relationship between the main variables analysed in this study.  
The relationship between governance (y axis), environmental performance  
(x axis), TMR ratios (colour gradient) and the area of the basin (size of the circle). 
Governance is calculated as the mean of the five governance indicators (voice 
accountability, political stability, government effectiveness, regulatory quality 
and the rule of law; Supplementary Fig. 2a) reported by the World Bank87 and 

area-weighted on the basis of the countries lying within the precipitationshed of 
each hydrological basin. Similarly, environmental performance is given by the 
40 indicators of the Environmental Performance Index (Supplementary Fig. 2b) 
from the Yale Center for Environmental Law and Policy88. The dashed red polygon 
highlights basins with low levels of upwind governance and environmental 
performance.
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middle values of governance and environmental performance (Fig. 2c,d 
and Supplementary Fig. 2). In African and Middle Eastern countries, 
the hazard is mainly related to low governance values (Supplemen-
tary Fig. 2a), while in Asian countries, it is due to low environmental 
performance (Supplementary Fig. 2b). We find that the mean global 
difference between assessing hazard from an upwind and upstream 
perspective is not statistically significant at the global scale (P > 0.05, 
Wilcoxon rank-sum test; Fig. 2b); a similar number of basins increase or 
decrease their hazard. Several hydrological basins in Asia (for example, 
the Yangtze, Ganges and Krishna River basins) and Africa (for example, 
the Volta, Ogooue and Zambezi River basins) tend to increase their 

hazards the most when applying an upwind perspective (Fig. 2a). In 
contrast, some eastern Europe basins experience the most decrease 
(for example, the Volga, Dniepr and Neva River basins).

The second risk component is the exposure of the asset at risk, 
that is, the total water requirements for vegetation and crops within 
the hydrological basin. The Amazon and Congo basins also have 
some of the largest total water exposure to hazards due to the large 
freshwater requirements of vegetation within them (Supplementary 
Fig. 1a). Hence, a higher water requirements implies a larger exposure 
to upwind/upstream moisture supply changes. These requirements 
comprise both green water (GW)—the precipitation on land temporarily 
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Fig. 2 | Hazard estimations from risk perspectives. a, The difference between 
the hazard estimates of the upwind and upstream perspectives (upwind 
minus upstream). b, A comparison of the distribution of hazards (box plots) 
of the 379 upwind transboundary basins when including countries in their 
hydrological basins (upstream) and their precipitationsheds (upwind). In the 
upstream (upwind) perspective, the minimum value recorded is 0.0 (0.0) and 
the maximum value is 1.0 (1.0). The centre of the box plot, representing the 
median of the data, is 0.31 (0.31). The bounds of the box are defined by the first 

quartile (Q1) and the third quartile (Q3), which are 0.03 (0.06) and 0.47 (0.58), 
respectively. The whiskers extend to the minimum and maximum values of the 
distributions. The samples were compared with a one-sided unpaired Wilcoxon 
rank-sum test to determine the statistical significance of the difference between 
both perspectives (P value 0.25; Wilcoxon rank-sum test). c,d, The five categories 
(very high, high, middle, low and very low) are based on min–max normalized 
values of the hazard after separation in quantiles for the upstream (c) and upwind 
(d) perspectives.
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stored in soil and consumed by vegetation (Supplementary Fig. 1b)—
and blue water (BW)—freshwater in lakes, rivers and aquifers, mainly 
consumed in irrigated agriculture (Supplementary Fig. 1c). The total 
GW and BW requirements in the upwind transboundary basins reaches 
40,600 km3 yr−1 globally.

The third risk component, vulnerability (Fig. 3 and Supplementary 
Figs. 3 and 4), is the natural susceptibility to adverse effects. Vulner-
ability results are higher when considering the areas and countries 

within the precipitationshed than those within the hydrological  
basin. Contrary to the hazard, the vulnerability shows statistically 
significant differences between the upwind and upstream perspec-
tives at the global scale (Wilcoxon rank-sum test, P < 0.05; Fig. 3a,b). 
Around 88% of the upwind transboundary basins increase their vul-
nerability when shifting from an upstream to an upwind perspec-
tive of risk (Fig. 3a). The most marked differences occur in Europe 
(for example, the Danube, Volga, Dniepr and Po River basins), Asia 
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Fig. 3 | Geophysical vulnerability estimations from risk perspectives.  
a, Geophysical vulnerability differences between perspectives (upwind minus 
upstream). b, The vulnerability distribution (box plots) for the 379 hydrological 
basins with transboundary precipitationsheds by perspective. In the upstream 
(upwind) perspective, the minimum value recorded is 0.0 (0.0) and the 
maximum value is 1.0 (1.0). The centre of the box plot, representing the median of 
the data, is 0.00 (0.14). The bounds of the box are defined by the first quartile (Q1) 

and the third quartile (Q3), which are 0.00 (0.04) and 0.05 (0.36), respectively. 
The whiskers extend to the minimum and maximum values of the distributions. 
The samples were compared with a one-sided unpaired Wilcoxon rank-sum test 
to determine statistical significance in differences (P value 3.88 × 10−55). c,d, Once 
normalized using a min–max normalization, these values are divided into five 
categories: very high, high, middle, low and very low, using the quantiles of their 
distribution for both upstream (c) and upwind (d) perspectives.
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(for example, the Tarim, Ganges, Indus and Narmada River basins) 
and Africa (for example, the Niger, Senegal, Ogooue and Volta  
River basins).

The mean global increase in vulnerability results from a mean 
global increase in interdependency (P < 0.05, Wilcox rank-sum test; 
Supplementary Fig. 5d) that is more influential to the score of vulner-
ability than the global mean decrease in fragility (P < 0.05, Wilcox 
rank-sum test; Supplementary Fig. 5b). Interdependency refers to the 
number of countries within the basin or precipitationshed, depending 
on the perspective, assuming that it will be easier to establish man-
agement measures and cooperation in water policy if the number of 
countries is low. Likewise, fragility relates to the area of the hydro-
logical basin or precipitationshed, assuming that the capacity to meet 
the freshwater requirements at the scale of the hydrological basin is 
more fragile in smaller surface areas. Furthermore, it is worth noting 
that most of the basins experiencing higher vulnerabilities from an 
upwind perspective have relatively large TMR ratios, highlighting 
their dependency on continental moisture flows originating upwind. 
Changes in the magnitude of vulnerability between perspectives lead to 
a reassessment of the vulnerability categories (Fig. 3c,d). For instance, 
the Amazon, Danube, Congo, Nile, Ganges and Yangtze increase their 
vulnerability from lower to higher levels when the upwind dependency 
is accounted for. Overall, the hydrological basins in Africa, the Middle 
East, Eastern Europe and the Indian Peninsula increase their vulner-
ability to very high levels.

Comparison of risk assessment frameworks
We classified the exposure in the hydrological basins (Supplemen-
tary Fig. 1a) based on the resulting risk category for both perspectives 
(Fig. 4). We find that, while in the upstream perspective ~70% of total 
water requirements are under middle to very high risk, in the upwind 
perspective the number increases to 90% (Fig. 4a). As such, low upwind 
governance and environmental performance result in 32,900 km3 yr−1 
of total water requirements (75%; purple bar) under very high risk, 
while an upstream lack of these aspects results in much smaller fresh-
water requirements under very high risk (20,500 km3 yr−1; 47%). This 
is related to the increase in the risk category of larger basins with high 
freshwater requirements at the expense of reductions in the categories 
of smaller basins with much lower water requirements. The consider-
ably higher upwind risk is also evidenced across both GW (Fig. 4b) 
and BW (Fig. 4c) requirements, but most notably for the latter. These 
results indicate an important underestimation of transboundary water 
security risk emerging from upwind vulnerabilities and hazards and 
challenge the common practice of assessing the risk to BW require-
ments from changes in land and water use occurring just within the 
hydrological basin.

Reassessment of global risk to water security
Notably, the upwind risk is very high in the majority of world’s  
largest basins (Fig. 5c) owing to the large volumes of water require-
ments (exposure), which largely depend on the basin area (R = 0.89;  
Supplementary Table 1). Most of these large basins also exhibit high 
TMR dependency (Supplementary Fig. 4d) and low values of govern-
ance and environmental performance (Fig. 1 and Supplementary Fig. 6). 
From an upwind perspective, the Congo, Nile and Niger River basins 
have the largest risk to water security worldwide (Supplementary 
Table 2). Interestingly, these basins also have the highest risk from an 
upstream perspective (Supplementary Table 2). Notably, the consistent 
high risk among both perspectives for the Congo results from the com-
bination of (1) high dependency on terrestrial moisture from the African 
continent, (2) the low governance and environmental performance of 
the countries located in its precipitationshed and hydrological basin, 
(3) the high GW requirements of its tropical vegetation and (4) its large 
areal extent. The Volta, Zambezi and Indus River basins are also ranked 
in the first ten positions of risk in both perspectives.

The differences in terms of risk from both perspectives result in a 
change in the ranking of hydrological basins (Figs. 5a and 6). More than 
half of the hydrological basins categorized with very high risk under the 
upstream perspective hold their risk category from an upwind perspec-
tive (Fig. 5b, 61%, top right), whereas only 38% of those in the very low 
risk hold their risk category (Fig. 5b, bottom left). Some of the basins 
with considerable changes in their risk ranking include the Amazon, 
Salado, Rufiji, Krishna, Yangtze and Huang He River basins, where risk 
increases from low (upstream) to very high (upwind) (Fig. 5a). The  
Amazon and Yangtze River basins, some of the largest basins on Earth, 
are included in the first ten risk positions from the upwind perspec-
tive, and their vulnerability increases when the TMR dependency 
is accounted for. For the case of the Yangtze, its precipitationshed 
extends over several South Asian countries with reported low govern-
ance and environmental performance (for example, India, Myanmar 
and Vietnam; Supplementary Fig. 2). Furthermore, it ranks high in 
terms of exposure (water requirements of 1,000 km3 yr−2) and vulner-
ability (that is, many countries sharing it and ~78% of TMR).

Discussion
Unexpected transboundary water-related risks can emerge from the 
interaction of upwind vulnerabilities and hazards related to governance 
and environmental performance. The hazards can lead to progressive 
land and water use changes, potentially altering the moisture supply 
to downwind hydrological basins29,31,32,51,52. Biogeophysical proper-
ties related to vegetation on land, such as those expressed by surface 
albedo, surface roughness length, rooting depth, leaf stomatal con-
ductance and leaf/stem area index, control evaporation over a given 
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surface. Land use changes that alter vegetation can thus drive evapora-
tion changes, with the change magnitude and direction depending on 
both the original vegetation cover and that resulting after the change 
in land use53–56. For instance, the conversion of forests to grasslands 
mostly reduces evaporation54,56–61. Forest clear-cutting has been found 
to reduce evaporation and increase runoff; reforestation or regrowth 
has resulted in the opposite effect53,55. These changes may translate 
into changes in the amount of moisture advected and precipitating 
in downwind hydrological basins22,23. Hence, the degree to which this 
occurs depends on the type and extent of the evaporation changes 
and moisture convergence.

While studies4,5,7,20,26,50,62,63 already point to the corresponding 
heterogeneous effects of land and water use changes on moisture sup-
ply downwind, this study rather focuses on the factors of governance 
and environmental performance that can impede, slow, drive or foster 

these changes and the corresponding risks to downwind water security. 
As tensions related to transboundary water governance can emerge 
when hydrological basins are shared by different countries or regulat-
ing authorities64–70, tension among countries from sharing a specific 
precipitationshed could emerge as well. These tensions could increase 
when various countries are involved, requiring additional agreement 
and cooperation68–70. For instance, several basins in South America (for 
example, the Magdalena, Orinoco and Parana River basins) depend on 
moisture recycling from the Amazon Basin7; their precipitationsheds 
extend over this basin. The Amazon Basin is shared by several coun-
tries that have tried to establish agreements to reduce deforestation 
but with difficult progress due to each country’s internal policies34,71. 
Several studies have shown the potential impacts of Amazon deforesta-
tion on precipitation and water availability in South America7,11,18,23,50. 
Accounting for upwind dependencies could then increase the interest 
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in moisture upwind dependencies in the region, potentially leading to 
tensions between countries (understood not only as disputes between 
countries but also as any problem threatening regional water security) 
and cooperation to avoid or solve these tensions72. Similar issues could 
occur in other regions with a comparable context (for example, the 
Congo hydrological basin73–75).

Transboundary cooperation can play a crucial role in mitigating 
these tensions64,68–70. Cooperative management and agreements on 
shared water resources can significantly reduce tension and promote 
sustainable usage28,66,68–70. Collaborative efforts in managing surface 
water availability, atmospheric moisture recycling and land use changes 
in upwind areas are relevant for maintaining water security and prevent-
ing disputes, particularly in water-scarce regions28,47,75,76. This study can 
help detect where and to whom cooperation strategies and efforts can 
be addressed to mitigate the causes of water-related tensions. Neverthe-
less, further research is necessary to explore the mechanisms through 
which cooperation can be enhanced to address these challenges effec-
tively, particularly in the face of increased demand for water resources 
due to climate change and the growing globalized economy66.

Upwind risks are commonly overlooked in the assessment of 
transboundary water security. Moreover, not considering these risks 
may disregard the transboundary nature of numerous worldwide 
basins. The identified differences in this study, comparing a traditional 
upstream framework with an innovative upwind approach, reveal an 
underestimation of the risk to global water requirements. This empha-
sizes reassessing upwind transboundary basins according to their water 
risk levels. Such emerging results have and could lead to surprises in 
similar assessments for urban and energy-related water security27,77,78. 
We recommend that transboundary water security assessments add 
the upwind moisture dependency to the more common factors that 
threaten or affect water availability (for example, anthropogenic 
inter-basin water transfer and groundwater regional fluxes).

The co-dependence between upstream/downwind and down-
stream/upwind countries cannot be disregarded. For instance, again, 
in the case of tropical South America, large areas of the Andes are 
downwind of the Amazon forest, whereas most of the Amazon Basin is 
downstream of the Andes. Understanding this co-dependence could 
improve the hydro-cooperation between nations owing to the trans-
national mutual interests concerning water security and, hopefully, a 
more united approach to guarantee global long-term water security. 
This understanding depends on the confidence in tracking moisture 
simulations. Further research should be addressed to reduce uncer-
tainty in these simulations through validation and intercomparison 
projects. Our findings, rather than a clear demonstration that the 
upwind moisture flux is threatened, is an alert showing worldwide 
basins where upwind risk could emerge with important implications 
to water security.

We invite a reflection on the common paradigm of managing and 
governing water beyond the hydrological basin and the required shift 
in assessing water-related risk and governance. The shift comprises a 
change from the view that uses only the concepts of hydrological basin 
or watershed—which have long been regarded as the best units and 
scales to govern and understand risks related to water changes51,79—to 
a more comprehensive view that includes atmospheric water32. The 
potential management of water beyond hydrological basin bound-
aries poses challenges regarding geopolitics, governance and the 
understanding of moisture transport. Addressing these challenges 
should lead to (1) the creation of new organizations or frameworks that  
in the future may be capable of managing water upwind or at least  
(2) an institutional fit of current river basin organizations to tackle the 
new dependencies emerging from a better understanding of moisture 
transport and implications for water security80. Assessing upwind 
water-related risks should improve the transboundary water agenda 
and help establish atmospheric governance on the water as a com-
mon good30,31.

Methods
Risk assessment frameworks
We adopted the concept of risk proposed in the Intergovernmental 
Panel on Climate Change Sixth Assessment Report81. Risk is defined 
as the potential consequences over a valuable subject resulting from 
the interaction of hazard, vulnerability and exposure. Hazard is the 
occurrence of natural accidents or human-induced events causing 
harm that may adversely affect vulnerable elements, causing loss 
of life, injury, damage and loss to property, infrastructure, liveli-
hoods, service provision, ecosystems and environmental resources81.  
Vulnerability is the susceptibility, propensity or predisposition to be 
adversely affected. Vulnerability calculations encompass a variety 
of concepts and elements, including sensitivity, susceptibility and 
resilience, among others. These elements vary according to the system 
being analysed and its features82. Exposure is the people, livelihoods, 
species or ecosystems, environmental functions, services, resources, 
infrastructure or economic, social or cultural assets that could be 
adversely affected79. Figure 6 summarizes the mathematical formula-
tion of the risk assessment approaches employed in this study.

The traditional ‘upstream’ perspective analyses hazard and geo-
physical vulnerability within the boundaries of the hydrological basin 
and its surface water supply. The ‘upwind perspective’ focuses on 
hazard and geophysical vulnerability across the upwind areas contrib-
uting to the basins’ moisture supply (that is, precipitationshed). Risk 
assessment frameworks to categorize worldwide basins according to 
their transboundary water security are given by equations (1) and (2):

RUS = EUS × HUS × VUS (1)

RUW = EUW × HUW × VUW, (2)

where R is the risk, E is the exposure (that is, water requirements for 
vegetation and crops), H is the hazard and V is the geophysical vulner-
ability. The subscripts denote the perspective used (US for upstream 
and UW for upwind). We now describe each risk component and any 
particularity related to each perspective. All risk components are 
categorized into five groups defined using the quantiles of the distri-
butions across the sample of 379 hydrological basins: very high, high, 
middle, low and very low. We also normalized the values across the 
sample of the 379 transboundary basins from 0 to 1 using a min–max 
normalization.

Exposure
We frame the exposed asset of the risk assessment as the total water 
requirements for vegetation and crops, which are determined from the 
long-term annual requirements of GW and BW volumes for vegetation 
and crops within each hydrological basin. The exposure is the same for 
both upstream (EUS) and upwind perspectives (EUW), relating to water 
requirements within the basin (equation (3)).

EUS = EUW = GW + BW (3)

GW is defined as the fraction of precipitation that infiltrates into 
the soil and is then evaporated or transpired by vegetation and crops. 
BW is the freshwater in surface and groundwater resource usually pro-
vided to vegetation or crops through irrigation and then evaporated 
or transpired. Estimations of GW and BW are obtained from a global 
gridded (5 arcminute) dataset of annual green and blue long-term water 
requirements of all land covers, natural and anthropogenic, existing 
within each hydrological basin during the analysis period (2008–2017). 
Agricultural land covers present 23 types of crop and three crop groups 
from the Global Spatially-Disaggregated Crop Production Statistics 
Data (also known as Spatial Production Allocation Mode, or SPAM) for 
2010. These estimations were performed using the WATNEEDS model83, 
assessing the vertical component of the soil water balance, computing 
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evaporation on each watershed area unit of the hydrological basin with 
the Penman–Monteith method84 as modified by Allen et al.85. Overland 
flow is calculated as a soil water saturation excess mechanism and per-
colation is a linear function of the maximum infiltration rate and soil 
moisture. For a detailed description of the WATNEEDS model, we refer 
the reader to Chiarelli et al.83. Data used to calculate water requirements 
are reported in Table 1.

Hazard
Although the Intergovernmental Panel on Climate Change commonly 
uses the term hazard for climate-related physical events, trends or their 
physical impacts81, we here focus on potential human-induced haz-
ards related to levels of governance and environmental performance. 
For human-induced hazards, features related to societal issues indi-
cate the type of activity that may threaten a given system. A thorough  
threat assessment requires collecting information on potential threat 
activities within each country. Traditionally, relevant public indices 
have been used for this86. We calculated long-term hazard (HC) during 
2008–2017 at a country scale emerging from low levels of govern-
ance (G) and environmental performance (EP) as (equation (4) and  
Supplementary Fig. 2)

HC = G−1 × EP−1. (4)

For this, we used the five World Bank’s Governance subindices 
for each country (Gi) reported during 2008–201787, addressing funda-
mental aspects of governance: (1) voice and accountability, examining 
the degree of civil society involvement in governmental processes, (2) 
political stability, focusing on the likelihood of political instability and 
violence, (3) government effectiveness, evaluating the government’s 
capacity to implement policies and provide services efficiently, (4) 
regulatory quality, highlighting the transparency and effectiveness 
of regulatory frameworks, and (5) rule of law, measuring the fair and 
equitable application of laws. We used the long-term average of these 
subindices to estimate each country’s level of governance (equation 
(5)), where n is the number of years.

G =
∑n
i=1Gi
n (5)

In summary, voice and accountability measure political, civil 
and human rights and relate to the level of participation in selecting  
government and the freedom of expression, association and free 
media87. A decrease in voice and accountability can, for instance, dis-
regard the call from citizens to control or curve environmental deg-
radation that may lead to modifications of vapour flows travelling 
downwind by activities such as deforestation.

Political stability measures the likelihood of violent threats to, 
or changes in, government, including terrorism, and can relate to 
the level of bellicosity of a government to generate changes that may 
affect the moisture supply downstream or downwind. For instance, 
low political instability would hamper the control of illegal practices 
fuelling environmental degradation, such as illicit agricultural expan-
sion and mining.

Government effectiveness visualizes the competence of the 
bureaucracy and the quality of public service delivery, and a low value 
would imply a limited capacity of the government to control environ-
mental degradation per se. Regulatory quality measures the incidence 
of policies that are unfriendly to markets. It also refers to a country’s 
internationalization level and immersion in the international agenda 
by international commitments and regulations.

Regulatory quality would directly target the issues related to 
shared political institutions (such as international political and legal 
arrangements). It also represents the complexity of political frame-
works considering different levels of organization (scales), for example, 

multiple countries (for example, the European Union), or inside coun-
tries (there are also problems inside countries, for example, among 
states sharing the Colorado River in the USA). Hence, a low regulatory 
quality will imply a higher water security hazard.

Rule of law shows the measuring perceptions of the extent to 
which agents have confidence in and abide by the rules of society, 
mostly concerning the quality of contract enforcement, the police 
and the courts and the likelihood of crime and violence. A low score 
of rule and law increases the hazard of water security. Finally, the 
control of corruption, which measures corruption and state cap-
ture, also relates to the potential of controlling and avoiding envi-
ronmental degradation. A low score also implies a higher hazard of  
water security.

These subindices are combined to offer a holistic view of govern-
ance in each country, enabling meaningful comparisons on a global 
scale. Furthermore, we used the 40 subindices of the Environmental 
Performance Index by the Yale Center for Environmental Law and 
Policy88. This comprehensive measure of the countries’ environmental 
management evaluates environmental health and ecosystem vital-
ity across different nations. The index considers indicators such as 
water resources management, biodiversity conservation and climate 
change mitigation efforts. Some of these subindices are pertinent 
for the upstream and upwind risks to water security, as they relate 
directly to land use changes that may potentially affect downwind 
moisture supply. These include tree cover loss, grassland loss, wetland 
loss and terrestrial biome protection. By analysing these factors, the 
index provides insights into a country’s environmental policies, their 
effectiveness and areas for improvement. This index is valuable for 
policymakers and researchers to assess progress and prioritize actions 
towards sustainable development and environmental protection glob-
ally. We know that several subindices of the environmental perfor-
mance metric are not related to water and land cover environmental 
characteristics. However, we prefer to use the full metric as a holistic 
proxy of environmental performance relevant to water security rather 
than arbitrarily selecting and dropping specific subindices. Thus, we 
calculated the environmental performance as the long-term average 
of these 40 subindices (EPi) (equation (6)), where n is the number  
of years.

EP =
∑n
i=1EPi
n (6)

Upstream hazard was calculated for each hydrological basin as an 
area-weighted average for all countries within the hydrological basin 
(HUS; equation (7)). Upwind hazard (HUW) was calculated similarly but 
using the precipitationshed area instead of the hydrological basin area 

Table 1 | Data used to calculate water needs

Climate data Data source

Precipitation CRU CL 2.0106

Reference evaporation CRU CL 2.0106

Soil water data Data source

Maximum water content available in the soil HWSD, FAO107

Maximum infiltration rate BGR and UNESCO108

Crop parameters Data source

Sowing date MIRCA2000109

Crop constant (kc) Siebert et al.110

Growth stages Siebert et al.110

Crop data Data source

Cultivated area, yield Yu et al.111
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(equation (8)). The n is the number of countries sharing the basin or 
precipitationshed.

HUS =
n
∑
i=1

Aws i × HC

Aws
(7)

HUW =
n
∑
i=1

Aps i × HC

Aps
(8)

Here Aws and Aps represent the areas for each (i) of the total  
countries (n) falling in the hydrological basin and precipitationshed, 
respectively.

Geophysical vulnerability
Vulnerability is a physical feature used for quantifying risk76. This 
study calculated geophysical vulnerability (V) as a function of different 
physical variables, which sometimes differed between both perspec-
tives. From an upstream perspective (equation (9)), vulnerability is a 
function of hydrological basin features: sensitivity (S), fragility (F) and 
interdependency (I). From an upwind perspective (equation (10)), we 
added one more variable related to TMR dependency (D). Fragility 
and interdependency were adjusted to the spatial extent of the pre-
cipitationshed to represent the physical links established by upwind 
moisture dependency. Again, subscripts denote the perspective used 
(US, upstream; UW, upwind).

VUS = SUS × FUS × IUS (9)

VUW = SUW × FUW × IUW × DUW (10)

Sensitivity
Sensitivity is calculated from a min–max normalized water scarcity 
index estimated as precipitation (P) minus actual evaporation (EV) plus 
inter-basin surface transfers (man-made, T). Precipitation and actual 
evaporation are based on data from ERA5 from 2008 to 2017, which 
estimate the long-term mean of surface water balance (SWB)89. For 
inter-basin surface transfers, we have gathered data on transfers from 
several references, most importantly from Dynesius and Nilsson90, who 
document inter-basin transfers in 139 hydrological basins worldwide. 
They report the amount of freshwater transferred as a percentage of 
the runoff before any manipulation. The data even specify if the effect 
of the inter-basin transfer is negative or positive. Hence, we adjust the 
values of P – EV originally obtained from ERA5 data with this estimate 
accordingly. For other basins not included in the work of Dynesius and 
Nilsson90, we have also relied on different sources mentioned in the 
global assessment of Nilsson et al.91 and other sources such as Dobbs 
et al.92 and Gupta and van der Zaag93. Note that the data on inter-basin 
transfers may not agree with the ERA5 data, yet we have to assume 
that the amount of water transferred is constant in time and that some 
inter-basin transfers may not be reported in these databases.

We used the same sensitivity estimate for both perspectives  
(equation (11)). To homogenize the values across the sample of the 
379 transboundary basins, all N values were normalized from 0 to 1 
(equations (12) and (13)) using the maximum (SWBMAX) and minimum 
(SWBMIN) values of the sample. We inverted the value so that higher 
values represent more sensitivity to upwind or upstream changes 
in water availability due to less water running on the hydrological 
basin’s surface, which agrees with higher risk corresponding to higher 
sensitivity. We assume that the water requirements are less vulnerable 
to governance and environmental performance changes when more 
water is available in the hydrological basin.

SWB = (P − EV)(1 ± T ) (11)

SWBN = (SWB − SWBMIN)/(SWBMAX − SWBMIN) (12)

SUS = SUW = 1 − SWBN (13)

Fragility
From the upstream perspective (equation (14)), fragility relates to the 
inverse of the area of the hydrological basin (Aws), while from an upwind 
standpoint (equation (15)), it relates to that of the precipitationshed 
(Aps) (Supplementary Fig. 5). To homogenize the values across the  
sample of the 379 transboundary basins, all values were normalized 
from 0 to 1. From the first perspective, we assume that the socioecologi-
cal system and capacity to meet the freshwater requirements within 
the hydrological basin is more fragile to changes in governance and 
environmental performance in smaller hydrological basins than in large 
basins. For instance, in a larger basin, it is most likely that, while some 
freshwater requirements are affected in some parts of the hydrological 
basin, other parts will not experience such affectation. On the contrary, 
in a small hydrological basin, all freshwater requirements will most 
possibly be affected similarly52,94. In the upwind perspective, a similar 
logic is proposed: the freshwater requirements in a hydrological basin 
will be less affected when the basin has a large precipitationshed, as the 
particular hazard in an upwind country may not be as representative 
when other countries and land areas are involved.

FUS =
1
Aws

(14)

FUW = 1
Aps

(15)

Interdependency
From the upstream perspective (equation (16)), interdependency is 
estimated from the number of countries within a basin (NCws). From 
the upwind perspective (equation (17)), this variable depends on the 
countries sharing the precipitationshed (NCps). For both perspectives, 
high values represent a high interdependency with cooperation con-
cerning water resources more difficult between several countries95. The 
assumption is that it will be easier to establish management measures 
and cooperation if the number of countries is lower. We must state 
that the level of cooperation in water governance does not strictly 
depend on the number of countries but also on other factors related 
to governance, which, for this particular assessment, we include as 
part of the hazard (see ‘Hazard’ section). To homogenize the values 
across the sample of the 379 transboundary basins, all values were 
normalized from 0 to 1.

IUS = NCws (16)

IUW = NCps (17)

TMR dependency
The TMR dependency in the upwind perspective (Duw; equation (18)) 
relates to the contribution of continental evaporation to precipitra-
tion in the hydrological basin (Pc). The higher the value, the higher 
the dependency on TMR.

DUW = Pc
P (18)

Finally, we explored collinearity between all variables involved in 
the risk assessment. As a summary, we found that the variables involved 
in calculating risk show low collinearity in both perspectives (Supple-
mentary Tables 3 and 4), indicating that risk results from nonlinear 
interactions between its components. Upstream interdependency  
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(that is, the number of countries upstream) correlates highly with 
upstream risk (Supplementary Table 1). From the upwind perspective, 
we found a high correlation between interdependency and vulnerabil-
ity (Supplementary Table 5).

Characterizing TMR ratio in worldwide basins
We used the vectorized polygon dataset from the Major River Basins 
of the World project of the Global Runoff Data Centre to extract the 
large hydrological basins used in our risk assessments96. This dataset 
incorporates data from the HydroSHEDS database97 and provides 
the boundaries of 405 river basins. A total of 26 of these basins are 
not transboundary from the viewpoint of neither the upwind nor the 
upstream perspectives.

We quantified the TMR ratio in all basins on the basis of the track-
ing simulation performed by Tuinenburg et al.74 using the UTrack 
model98 at 1.0° resolution (available at https://doi.pangaea.de/10.1594/
PANGAEA.912710). This simulation spans from 2008 to 2017 and pre-
sents monthly climatological means for recycling. Correspondingly, 
we use this period as the reference for our risk assessments. The UTrack 
is a Lagrangian moisture tracking numerical algorithm used to study 
worldwide atmospheric moisture transport processes99–103. The model 
tracks parcels of moisture through the atmosphere from their evapo-
ration sources to precipitation sinks. First, evaporated moisture from 
the land surface is released into atmospheric parcels. Next, atmos-
pheric trajectories for each parcel are calculated, and finally, the mois-
ture contribution to precipitation in each grid cell for each parcel is 
allocated. For a further detailed description of the UTrack, refer to 
Tuinenburg and Staal98. Calculations of TMR ratio (that is, precipitation 
fraction with terrestrial origin) used data of precipitation, precipitable 
water, evaporation, wind speed and direction obtained from the ERA5  
reanalysis on a 0.25° global grid.

To obtain the TMR ratio of a hydrological basin, we took all evapo-
ration contribution fractions from the continental sources towards 
each basin and multiplied them with evaporation to estimate the mois-
ture flow. Finally, we summed these fluxes and divided them by the 
total precipitation over the basin. Finally, for validation and assessing 
uncertainty, we compared for specific hydrological basins the TMR 
dependency results obtained with UTrack with those obtained with 
simulations using the Eulerian WAM2-Layers model104 (see Supple-
mentary Fig. 7 and the ‘Uncertainty analysis’ section).

Structuring the transboundary precipitationshed
Keys et al.20 define a precipitationshed as the upwind surface areas 
providing evaporation as a contribution to precipitation in a deter-
mined location. The precipitationshed is then calculated using poly-
gons to delimit regions according to contribution levels. Previous 
studies have suggested and discussed different thresholds to delimit 
a precipitationshed boundary of continental recycled precipitation 
(for example, 70% (ref. 20) and 40% (ref. 50)). We here used a higher 
value (80%) based on (1) an uncertainty exploration (Supplementary 
Fig. 7b,c), (2) the moisture tracking state of the art (it is higher than the 
minimum required to delineate our precipitationsheds50) and (3) the 
need for high representativeness of continental sources.

We used the UTrack dataset to delimit the transboundary pre-
cipitationshed for each hydrological basin. First, we took evaporation 
contribution fluxes from the continental sources towards each basin; 
next, we divided these values by each basin’s total precipitation to 
obtain the continental precipitation recycling ratio per pixel. Finally, 
we used these values to delimit the regions according to contribution 
levels. Following Weng et al.50, we used the terrestrial component of 
precipitationsheds in our calculations because land surface alterations 
in each country could directly impact the TMR. The estimation of TMR 
and precipitationshed extent from the UTrack dataset is justified by 
the lower computational costs compared with those when perform-
ing a tracking simulation. Furthermore, the UTrack simulation that 

generates this dataset uses the ERA5 data with a 0.25° high-resolution 
climatological dataset. We explored the uncertainty in our estimates of 
precipitationsheds’ extensions by comparing those from the ten larg-
est worldwide basins using WAM2-Layers (Supplementary Fig. 7b,c).

Uncertainty analysis
We studied uncertainty in our results related to the hazard and the 
physical links introduced by upwind dependencies. First, we analysed 
the sensitivity of the results regarding the risk arising from different 
governance and environmental performance values by using twice the 
standard deviations of all their subindices during 2008–2017, generat-
ing a range of possible results (Supplementary Fig. 8).

Furthermore, uncertainty from tracking moisture simulations 
arises because these models use a simplified representation of the 
real-world and climatological data. To explore these uncertainties, 
we compared the estimated TMR dependency and precipitation-
shed from the UTrack dataset with simulations using WAM2-Layers 
in the ten largest basins worldwide. These models present different 
physical approaches (Lagrangian versus Eulerian) and climatologi-
cal inputs (ERA5 versus ERA-Interim, with 0.25° and 1.5° of spatial 
resolution, respectively). This comparison was constrained to a few 
hydrological basins owing to the high computational costs of using 
WAM2-Layers to estimate the extension of precipitationsheds. 
Unfortunately, the previous tracking simulation dataset using this 
model104 does not allow us to estimate the extension of the pre-
cipitationshed. For further details on the uncertainty analysis, see  
Supplementary Information.

Data availability
Data results are available via Zenodo at https://doi.org/10.5281/
zenodo.11474249 (ref. 105) with CCA 4.0 licence.

Code availability
Code used to delimit continental precipitationsheds from UTrack 
dataset is available via GitHub at https://github.com/josepomarin/
PshedUTrack.git.
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