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Timing the first emergence and
disappearance of global water scarcity

Junguo Liu 1,2,11 , Delong Li 3,4,11, He Chen3, Hong Wang3,
Yoshihide Wada 5, Matti Kummu 6, Simon Newland Gosling 7, Hong Yang8,
Yadu Pokhrel 9 & Philippe Ciais10

Alleviatingwater scarcity is at the core of Sustainable Development Goal 6. Yet
the timing of water scarcity in its onset and possible relief in different regions
of the world due to climate change and changing human population dynamics
remains poorly investigated. Here we assess the timing of the first emergence
of water scarcity (FirstWS) and disappearance of water scarcity (EndWS), by
using ensembles of simulationswith six Global HydrologicalModels under two
representative concentration pathways (i.e., RCP2.6, RCP6.0) combined with
two shared socioeconomic pathways (i.e., SSP2, SSP3) for 1901–2090. His-
torically (1901–2020), FirstWS occurred predominantly in Asia (e.g., China and
India) and Africa (e.g., East Africa); the peak time of emerging water scarcity
began around the 1980s. Under all the four future RCPs-SSPs scenarios
(2021–2090), FirstWS will likely occur mainly in some regions of Africa, for
which the newly added area is double that in Asia. On the other hand, EndWS
will mostly occur in China after 2050, primarily due to the projected declining
population. We, therefore, call for specific attention and effort to adapt to the
looming water scarcity in Africa.

The World Economic Forum 2020 has ranked the water crisis as the
paramount social risk of this decade1. Managing water resources is
the core pillar for addressing the most urgent challenges2 and
achieving sustainable development3 in the Anthropocene. Due to
intensifying climate change and regional population growth, the
world now faces burgeoning water scarcity problems, defined for
the purposes of this study as freshwater resource availability per
capita below a certain threshold4. An expanding body of literature
has examined how changes in climatic and societal factors5 influ-
ence water availability6,7. They conclude that climate change
and human interventions have profoundly altered the terrestrial

water cycle and global water resources, adversely impacting water
scarcity8–10.

Existing global-scale assessments have examined the spatial dis-
tribution of water scarcity and the number of people affected by it10,11

for the historical12 and future13,14 periods.However, therehas yet to be a
comprehensive and worldwide analysis of the occurrence and pro-
jected onset of water scarcity, as well as its potential disappearance,
between 1901 and the 2090 s. This is particularly important when
considering different scenarios of future population growth and cli-
mate change. By knowing when, where, and how many people are
exposed to water scarcity, we can better understand the evolution and
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scale of the problem and inform policymakers to formulate strategies
to adapt to and mitigate the situation. To address the current gap in
knowledge, we have conducted a new global-scale analysis that
examines the emergence and disappearance of water scarcity on a
temporal basis. Specifically, we define the “FirstWS” as the initial year
when the per-capita water availability at the grid scale falls below the
1000 m3/person/year threshold4 for a minimum of five consecutive
years15 between 1901 to 2090. Additionally, we define the “EndWS” as
the year when the water scarcity is relieved for a continuous period of
five years or more, and the scarcity-free state remains until the end of
the 21st century (Fig. 1). In this study, we introduce a novel approach to
identifying the “FirstWS” and “EndWS” on a global scale with a bicen-
tennial perspective (see Methods and Supplementary Fig. 1).

As many as 150 different indicators of water scarcity have been
developed16. Here, we use the per-capita water availability metric, also
called the Falkenmark index4,17,18 (see SI “Falkenmark Indicator for water
scarcity assessment”). It is widely applied due to its simplicity and low
inputdata requirement19,20. Furthermore, this indicatordoesnot require
data onwater use, which is highly uncertain under future scenarios4,13,20.

The present study covers 1901–2090, split into the historical
period (1901–2020) and the future (2021–2090). The assessment is
basedonoverall water availability and population on a global scale and
at a spatial resolution of 0.5° × 0.5° (about 50km × 50km for each grid
cell near the equator).Water availability, defined here as the amount of
renewable blue freshwater (surface and groundwater) on an annual
basis, was derived from six Global Hydrological Models (GHMs) con-
ducted under the Inter-Sectoral Impact Model Inter-comparison Pro-
ject phase 2b (ISIMIP2b)9. Each GHM was forced with bias-adjusted
climate simulations from four General Circulation Models (GCMs) for
the historical and futureperiods, yielding 24GHM-GCMcombinations.
These 24 GHM-GCM combinations were selected due to the data
availability (Supplementary Table 1). The simulations of freshwater in
the future were based on two representative concentration pathways
(RCPs):RCP2.6 (low-emission scenario) andRCP6.0 (medium-emission
scenario). We used total runoff—the sum of surface runoff (overland
flow) and lateralflow (including the groundwater recharge)—as a proxy
for freshwater availability. Two shared socioeconomic pathways were
used to estimate changes in future human population projections:
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Fig. 1 | Schematicdiagramdepicting fourdifferent patterns used to identify the
FirstWS and EndWS. a The ‘Never WS’ condition denotes the absence of water
scarcity (WS) during the entire study period (i.e., nonexistent FirstWS and EndWS).
b The ‘Always WS’ refers to the condition where WS occurred before the 20th

century (i.e., FirstWSbefore 1901) and lasted the entireperiod; an EndWS cannot be
identified. c The ‘Intermediate WS Type I’ pattern corresponds to a condition
whereby WS occurs intermittently yet continues until the late phase of the study
period, i.e., an EndWS can not be identified within the study period. d In the

‘Intermediate WS Type II’ condition, the water scarcity also occurs intermittently
but it disappears in the late phase of the study period; both its FirstWS and EndWS
can be identified. The “FirstWS” is defined as the initial year when the per-capita
water availability at the grid scale falls below the 1000m3/person/year threshold for
aminimumoffive consecutive yearsbetween 1901 to 2090.The “EndWS” is defined
as the first year when the water scarcity is relieved for a continuous period of five
years or more, and the scarcity-free state remains until the end of the 21st century.
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SSP2 (middle of the road, medium population growth) and SSP3
(regional rivalry, highest population growth).

Results
Global water scarcity patterns
Four patterns of water scarcity are synthesized in Fig. 1 to illustrate the
identification of FirstWS and EndWS. A summary of these four patterns
based on the 24 GHM-GCM simulations for the entire study period
1901–2090 and under the RCP2.6-SSP2 combination is presented in
Supplementary Table 2. During the study period, over half of the
globe’s terrestrial area (52.9% ± 4.9%; mean± standard deviation of 24
model combinations, the same hereafter) never encounters water
scarcity (‘Never WS’, Fig. 1a). In contrast, areas always enduring water
scarcity (‘AlwaysWS’, Fig. 1b) account for only 4.1% ± 3.5%of the globe’s
terrestrial area. We distinguish two patterns for ‘Intermediate WS’. For
type I, water scarcity occurs from a specific year until the end of the
study period (Fig. 1c); this pattern covers 12.1% ± 2.2% of the globe’s
terrestrial area. For type II, water scarcity occurs intermittently but
does not persist until the study period’s end; this pattern appears in
4.9% ± 1.4% of the globe’s terrestrial area. Since this study aims to
identify the FirstWS and EndWS, the intermediate water scarcity areas
(Type I and II) are of primary concern.

A bicentennial perspective of FirstWS
FirstWS varied considerably among the 24 different GHM-GCM com-
binations (Supplementary Fig. 2); hence, we used the multi-model
ensemble median of FirstWS from all GHM-GCM combinations.

Figure 2 shows the RCP2.6-SSP2 and RCP6.0-SSP3 scenarios; refer to
Supplementary Fig. 3 for theRCP2.6-SSP3 andRCP6.0-SSP2 scenarios).
FirstWSwas detectedprior to the early 20th century in parts of EastAsia
(mainly in the northern part of China), South Asia (mainly in the
southern and northern parts of India, and eastern parts of Pakistan),
Western Asia (Iran and Saudi Arabia), and North Africa (northern parts
of Sudan) (Fig. 2a). By 2020, the global total area of AFirstWS reached
12.34 ± 2.55 million km2, accounting for 8% ± 2% of the world’s terres-
trial area, respectively (Table 1). Asia andAfrica are two continentswith
a dominant occurrence of FirstWS during the historical period (Fig. 2;
Supplementary Fig. 3), which accounted for 46% ± 6% and 33% ± 4% of
the world’s total areas with emerging water scarcity, respectively
(Supplementary Table 3). In the future, new areas where water scarcity
emerges will likely be predominantly in the African continent, parti-
cularly in East Africa (Ethiopia), West Africa (Nigeria), and North Africa
(Sudan) (Figs. 2b, 2c). For the pooled areas experiencing new water
scarcity in the future (2021–2090) under the RCP2.6-SSP2 scenario,
Africa and Asia are also the largest values of total new emerging water
scarcity areas, which account for 46% ± 6% and 33% ± 4% of the world’s
total (Supplementary Table 3). The total areas with new emerging
water scarcity in Africa is more than double the Asia’s (Supplementary
Table 3). Thus, looking ahead, FirstWS is likely to bemore prevalent in
Africa than in Asia (Fig. 2b, c).

At the national level, we identified the top ten countries with the
largest AFirstWS between 1901 and 2090 (Supplementary Table 4) and
found China and India are the two countries with the largest areas with
AFirstWS in the historical period, amounting to 27% ± 4%and 24% ± 4%of
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Fig. 2 | Spatial distributions of multi-model ensemble median of FirstWS for
RCP2.6-SSP2 and RCP6.0-SSP3 scenarios. The median year of FirstWS projected
is based on 24 GHM-GCM combinations for the (a) historical period (1901–2020)
and (b) futureperiod (2021–2090)under theRCP2.6-SSP2 combination; and for the
(c) future period under the RCP6.0-SSP3 combination. dGlobal area in a given year
when the FirstWS is identified (AFirstWS). In a, black indicates where water scarcity
occurred before 1901, and white shows that water scarcity never happened in the

historical period. In a, b, c, any pixel with lowmodel agreement (FirstWS occurs for
less than one-third (i.e., <8) of all the GHM-GCM combinations) are shown in white.
Note that the FirstWS was the median year of 24 model (a–c), while the areas of
yearly FirstWS (d) were the mean and one standard deviation. The “FirstWS” is
defined as the initial yearwhen theper-capitawater availability at the grid scale falls
below the 1000m3/person/year threshold for a minimum of five consecutive years
between 1901 to 2090.
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the world’s total, respectively (Supplementary Tables 5). In the future,
the countries with the largest areas with AFirstWS will be Nigeria and
India, respectively, accounting for 8% ± 2% and 7% ± 3% of the world’s
total areas with AFirstWS under RCP2.6-SSP2 (Supplementary Table 5).
By then, Chinawill only comprise 2%± 1%of theworld’s total areaswith
AFirstWS under the RCP2.6-SSP2 scenario.

We used AFirstWS to indicate the annual total area where newwater
scarcity emerged. On a global scale, AFirstWS has increased since the
1930s but peaked around the 1980s (Fig. 2d). For the different con-
tinents, generally, the AFirstWS initially declined but rebounded to a
peak, after which it declined again, with this patternmost pronounced
in Asia, Africa, and North America (Supplementary Fig. 4). We com-
pared the top ten countries with largest cumulative areas of FirstWS
(Supplementary Table 4). Not surprisingly, the trend in AFirstWS varies
among countries (Supplementary Fig. 5). However, India and China
show similar trends in their AFirstWS before the 1970s, in China it began
to decrease in the 1990s. In contrast, in India, it continually rose until
the 2020 s. While the peaks of AFirstWS differ among countries, such

peaks areprimarily found in the 1980s and 1990s, e.g., in theUS, China,
Pakistan, and Iran (Supplementary Fig. 5).

The cumulative area with emerging water scarcity
In any year, we can estimate the areas with water scarcity using the
water scarcity threshold (i.e. per capita available water is lower than
1000 m3/person/year in this study). However, current water scarcity
state does not reflect the regions where water scarcity was encoun-
tered in the past but has been relieved later. We compared ∑AFirstWS

(the accumulated newly emerging water scarcity areas before a given
year) to traditional AWS (areas with water scarcity state in a given year)
(Fig. 3). AWS is equal to or smaller than ∑AFirstWS because a region may
alleviate from water scarcity after a specific year (e.g., Fig. 1d). During
the historical period, AWS and∑AFirstWS both increased (Fig. 3). In 2020,
although ∑AFirstWS will continue to increase in the future under all the
RCP-SSP scenario combinations (Fig. 3 for the RCP2.6-SSP2 and
RCP6.0-SSP3 scenarios; Supplementary Fig. 6 for the RCP2.6-SSP3 and
RCP6.0-SSP2 scenarios), AWS may peak around 2050 s under the
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Fig. 3 | Multi-model ensemble means of global water scarcity areas (AWS) and
the accumulated newly emerging water scarcity areas before a given year
(∑AFirstWS) from 1901 to 2090. a Water availability (RCP2.6), population (SSP2);
b water availability (RCP6.0), population (SSP3). Shading shows the standard

deviation (std) of Aws and ∑AFirstWS for the 24 GHM-GCM combinations. The
“FirstWS” is defined as the initial year when the per-capita water availability at the
grid scale falls below the 1000 m3/person/year threshold for a minimum of five
consecutive years between 1901 to 2090.

Table 1 | The global cumulative areas and the number of people crossing the FirstWS and EndWS in the historical (1901–2020)
and future (2021–2090) periods

Cumulative areas or population Historical (1901–2020) Future (2021–2090)

RCP2.6-SSP2 RCP6.0-SSP2 RCP2.6-SSP3 RCP6.0-SSP3

∑AFirstWS (million km2) 12.34 ± 2.55 4.52 ± 0.61 4.76 ± 1.06 5.90 ±0.69 6.00± 1.09

∑AEndWS (million km2) 0.45 ± 0.22 3.92 ± 1.25 4.13 ± 0.94 3.28 ± 1.16 3.42 ± 0.92

∑PFirstWS (billion) 1.44 ± 0.13 0.78 ± 0.088 0.76 ±0.13 1.19 ± 0.16 1.11 ± 0.18

∑PEndWS (billion) 0.02 ± 0.007 0.54 ±0.097 0.65 ±0.096 0.45 ±0.081 0.53 ±0.099

For future scenarios, the emission scenarios are RCP2.6 and RCP6.0, while the population scenarios are SSP2 and SSP3. The results shown are the mean of 24 model ensembles (± 1 standard
deviation). The “FirstWS” is defined as the initial year when the per-capita water availability at the grid scale falls below the 1000m3/person/year threshold for a minimum of five consecutive years
between 1901 to 2090. The “EndWS” is defined as thefirst yearwhen thewater scarcity is relieved for a continuous periodoffive years ormore, and the scarcity-free state remains until the endof the
21st century.
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RCP2.6-SSP2 scenarios. The difference between ∑AFirstWS and AWS is
the greatest under RCP2.6-SSP2 vis-à-vis the other scenarios (Fig. 3;
Supplementary Fig. 6). This is becausewater scarcity could be relieved
mainly due todeclining humanpopulation in the future, particularly so
under RCP2.6-SSP2. The gap between ∑AFirstWS and AWS will continue
to increase after 2060 s. This is because some regions that ever
underwentwater scarcitywill be relieved. Thus, thedisappearingwater
scarcity should also be investigated.

Spatial distribution of EndWS
We noted above that some regions would see an alleviation in their
future water scarcity (Fig. 1d) due to greater water availability per
capita (Supplementary Fig. 7). The first disappearing time of water
scarcity (EndWS) varied greatly among the 24 different GHM-GCM
combinations (Supplementary Fig. 8). The median value of EndWS
of 24 GHM-GCM combinations showed that disappearance of
water scarcity is most pronounced in East Asia (China) and Central
Europe (Fig. 4a, b; Supplementary Fig. 9; Supplementary Fig. 10;
Supplementary Fig. 11). We use AEndWS to indicate the annual total
area with newly disappeared water scarcity. On a global level, there
is a general increasing trend in AEndWS, which strengthens into
the future but harbors considerable uncertainty based on the

24 GHM-GCM models regarding future water availability and
population sizes (Fig. 4c).

We use ∑AEndWS to show the total area of grid cells in which water
scarcity ended in or before a given year within a particular region. In
the historical period, ∑AEndWS is extremely small, but in the future, it
increases substantially, to 3.9 ± 1.3 and 3.4 ± 0.9 million km2 under
RCP2.6-SSP2 and RCP6.0-SSP3, respectively(Table 1). The cumulative
areas where water scarcity will be relieved in the future are mainly in
Asia. Under the RCP2.6-SSP2 scenario, Asia will account for 55% ± 14%
of the globe’s terrestrial area that becomes free of water scarcity. In
contrast, Africa only accounts for 14% ±10% (Supplementary Table 6).
We further identified the top ten countries with the largest AEndWS

between 1901 and 2090 (Supplementary Table 7). Water scarcity’s
disappearance will be dominant in China, primarily due to the pro-
jected decline in its population, thereby constituting 24% ± 7% of the
global ∑AEndWS; in contrast, India will account for only 8% ± 4% of it
(Supplementary Table 8).

The cumulative population affected by FirstWS and EndWS
We assessed the size of the global cumulative population when it
crossed the FirstWS (∑PFirstWS) and EndWS (∑PEndWS) (Table 1). The
∑PFirstWS in the historical period exceeded that in the future period: it
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Fig. 4 | Disappearance time of water scarcity (EndWS). Panels a, b show the
spatial distributions of the multi-model ensemble median year of EndWS under
RCP6.0-SSP2 and RCP2.6-SSP3, respectively. White coloring indicates where
EndWS will never occur before 2090. Shown in c is the temporal evolution of
AEndWS. Noted that the EndWSwas themedian year of 24models’ value (a, b), while

the areas of yearly EndWS (c) were themean value and one standard deviation. The
“EndWS” is defined as the first year when the water scarcity is relieved for a con-
tinuous period of five years or more, and the scarcity-free state remains until the
end of the 21st century.

Article https://doi.org/10.1038/s41467-024-51302-z

Nature Communications |         (2024) 15:7129 5



was 1.44 ±0.13 billion in the historical period (1901-2020) and
0.78 ± 0.099 and 1.11 ± 0.18 billion in the future under RCP2.6-SSP2 and
RCP6.0-SSP3, respectively. In the historical period, the∑PFirstWS of Asia
(0.95 ± 0.09 billion) surpassed that of Africa (0.19 ± 0.02 billion)
(SupplementaryTable 9). In the future, Africa andAsia have thehighest
∑PFirstWS among all continents under all four scenario combinations
(Supplementary Table 9). At the country level, China and India had the
highest ∑PFirstWS in the historical period, accounting for 36% ± 5% and
43% ± 6% of the world’s ∑PFirstWS, respectively (Supplementary
Table 10). However, the∑PFirstWS ofChinawill be very low in the future,
corresponding to merely one-fifteenth that of India under the RCP2.6-
SSP2 scenario combination (Supplementary Table 10).

Only 18.1 ± 6.1 million people were relieved from water scarcity in
the historical period. But the ∑PEndWS in the future would reach
183.5 ± 22.9 million and 95.0 ± 211.0 million under RCP2.6-SSP2 and
RCP6.0-SSP3, respectively. Continentally, the future ∑PEndWS will be
the largest for Asia (67% ± 7% of the global ∑PEndWS under RCP2.6-
SSP2), but the least for Africa (Supplementary Table 11). On the other
hand, China will likely have the highest ∑PEndWS among all countries in
the future (Supplementary Table 12).

Impact of future population growth and climate change on
FirstWS and EndWS
To investigate the extent to which future population and climate
change scenarios may affect FirstWS, we compared its difference
between climate change scenarios by fixing the population scenarios
and, likewise, compared its difference between population scenarios by
fixing the climate change scenarios (Fig. 5). A delayed FirstWS and
advanced EndWS would correspond to alleviated water scarcity. In
contrast, the advanced FirstWS and delayed EndWS can be interpreted
as aggravatedwater scarcity.When the population remains unchanged,

under the RCP6.0 scenario, we find slightly more areas with delayed
FirstWS compared with RCP2.6 (Fig. 5a). This is mainly because future
global water availability is greater in the high emission scenario
(RCP6.0) than low emission scenario (RCP2.6) (Supplementary Fig. 12).
Yet the evolution of water availability is not even among different
regions. Delayed FirstWS (blue bar in Fig. 5a) will occur in Southern
Africa and South Asia (India) under RCP6.0 vis-à-vis RCP2.6 (Supple-
mentary Fig. 13), while advanced FirstWS (red bar in Fig. 5a)will occur in
Central Asia (Afghanistan) and West Africa (Sudan) due to less water
availability there under RCP6.0. Concerning EndWS, we find more
delayed areas in RCP6.0 in comparison with RCP2.6 (Fig. 5c). Advanced
EndWS will arise in India, Europe, and Northeast China, but delayed
EndWS will occur in South China (Fig. 5c) due to differential trends in
regional water availability (Supplementary Fig. 14).

We kept the emission scenario unchanged (always RCP2.6) to
demonstrate the impact of population alone on water scarcity. On a
global scale, the future population under SSP3 is larger than that in
SSP2 (Supplementary Fig. 15). High population growth could sig-
nificantly aggravate water scarcity, which would manifest as advanced
FirstWS (Fig. 5b) and delayed EndWS (Fig. 5d). However, the global
population is not evenly distributed, in that, SSP3 still has fewer people
in SSP2 for certain regions, such as Central Europe and North America
(Supplementary Fig. 16; Supplementary Fig. 17). This variation leads to
differences in how FirstWS and EndWS are advanced or delayed in
individual regions as well as countries.

Uncertainty in FirstWS and EndWS
The six Global Hydrological Models (GHMs) and four General Cir-
culationModels (GCMs) are widely used to estimate global and local
water resources8,21–25. While these models are widely used, the
consistency from the GCMs and GHMs was relatively low
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Fig. 5 | Impact ofpopulation and climate change scenariosuponwater scarcity.
The advance or delay in FirstWS between (a) RCP6.0 and RCP2.6 under the SSP2
population scenario and between (b) SSP3 and SSP2 under the RCP2.6 emission
scenario. The advanceor delay of EndWSbetween (c) RCP6.0 andRCP2.6 under the
SSP2 population scenario and between (d) SSP3 and SSP2under the RCP2.6 climate
change scenario. The figures under each bar indicate the total areas (million km2).

The “FirstWS” is defined as the initial year when the per-capita water availability at
the grid scale falls below the 1000m3/person/year threshold for a minimum of five
consecutive years between 1901 to 2090. The “EndWS” is defined as the first year
when the water scarcity is relieved for a continuous period of five years or more,
and the scarcity-free state remains until the end of the 21st century.
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(Supplementary Fig. 18). The uncertainty among six GHMs was
much higher than that of four GCMs (Supplementary Fig. 18).
However, it is common practice in hydrological modeling to focus
on the impact of the input scenarios (in this case, the representative
concentration pathways and socioeconomic pathways) rather than
the uncertainty of the model itself, especially at large scales26,27. By
analyzing the impact of the input scenarios, we can gain valuable
insights into the potential effects of different policy decisions or
trends on the hydrological system, even if the exact values of the
model output are uncertain.

Having devised the novel idea of FirstWS and EndWS, we recom-
mend more local applications to consider the uncertainties of all
considered hydrological models as there will be less computational
demand. In the following, we provide a detailed discussion of the
sources of the accounted-for uncertainties.

Further to the above considerations, we used a moving average
analysis of the time series of freshwater availability to remove inter-
annual variability. Our results are based on a water scarcity threshold
of 1000 m3 per person per year at pixel scale and an 11-year moving
average window. Considering that there is little EndWS before 2020,
we did not compare the EndWS between model and observations and
only compared the consistency of FirstWS. Although the pattern of
FirstWS varies among the 24 different GHM-GCM combinations (Sup-
plementary Fig. 2), the 25–75% range of FirstWS projected by 24 GHM-
GCM combinations was less than 50 years, especially in Asia (Supple-
mentary Fig. 19). An alternative approach was also used to test the
uncertainty of 24 GHM-GCM models. We first calculated the median
freshwater resource of 24 GHM-GCM combinations and then esti-
mated the final FirstWS, which generated a similar spatial pattern for
FirstWS (Supplementary Fig. 20) compared to that shown in Fig. 2.
Thus, the ensemble median of 24 GHM-GCM combinations provides a
robust estimate of FirstWS.We further tested the sensitivity ofmoving
average windows and the water scarcity threshold to FirstWS. Using a
5-year and 21-year moving average window yielded similar spatial
patterns for FirstWS and trends in FirstWS (Fig. 2; Supplementary
Fig. 21). Although the higher threshold moved FirstWS to occur earlier
and the lower threshold postponed the occurrence of FirstWS, the
trend and patterns in FirstWS were all consistent (Fig. 2; Supplemen-
tary Fig. 22).

Our FirstWS were calculated at the grid scale. As water resources
can be redistributed and stored by human activities (e.g., dams and
reservoirs), the grid scale calculation may overlook these effects. We,
therefore, also conducted calculations at the watershed scale. This
scale would, to a certain extent, dampen the effects of redistribution
and storagewithin awatershed scale.We found that the FirstWSon the
watershed scale (Supplementary Fig. 23) showed similar spatial pat-
terns and trends to those at the grid scale (Fig. 2). However, differences
are also significant. Overall, the curves for the grid scale are smoother
than those for the watershed scale, which appeared rather ‘spiky’. This
is because when a whole watershed entered FirstWS at a particular
year, its effect on the AFirstWS of that year would be more significant
thanwhenonly individual grids in thewatershedget into FirstWSat the
time. Another noticeable feature is that for most of the historical
period, the curve for thewatershed scale is below the curve for the grid
scale, while sinceapproximately the 1960s, the two curves changed the
position. This is because in the early period, there were only some
spots with water scarcity, whereas the watershed as a whole is above
the water scarcity threshold. In the later years, the watershed scale
AFirstWS was generally higher than the grid scale AFristWS. With popula-
tion increases, watersheds on average could pass the water scarcity
threshold, hence thewholewatershed areawas included in theAFirstWS,
despite there may be many sub-areas in the watershed having water
resources above the threshold. In this study, we present the results
from the grid scale as it can better capture the hot-spots areas with
water scarcity locally.

Finally, we used other runoff data (G-RUN ensemble28 between
1902 and 2019) to test the validity of our data sources. We found that
the model estimates line up the result of G-RUN, especially in Africa,
Central Asia, and West Asia (Supplementary Fig. 24). The trend of
AFirstWS based on modelled data is similar to that of observations
(Supplementary Fig. 24). Thus, our model can capture the signals of
newly emerging water scarcity.

Discussion
This study is the first to report the time of the emergence and dis-
appearance of water scarcity at the global scale during the 20th and
21st centuries. While water scarcity has been widely documented and
monitored with the regions and people around the globe suffering
from water scarcity in real time29, the FirstWS and EndWS in this study
provide the key “window of opportunity”30 for transitioning to sus-
tainability, andwater-related indicators for the effortsmade to achieve
the Paris Agreement’s long-term temperature goal31. For example, we
have more time to prepare for upcoming water scarcity regarding the
FirstWS of 2050 relative to 2030.

Our EndWS presents the first spatially-explicit map of the timing
for when a region begins to alleviate its water scarcity. For those
regions with an EndWS in 2050, it suggests there are 30 years to go
before water scarcity is reversed there. From the perspective of sus-
tainable water resources management, the aim of a region that has no
water scarcity should be to delay as much as possible its FirstWS or
avoid it altogether. But a region that has encountered water scarcity
should devote itself to advancing its EndWS. Our FirstWS and EndWS
complement other water scarcity indicators20 and provide additional
information that is needed to formulate flexible, time-based, and site-
based adaptive interventions. The concept developed, and approaches
applied could help policy-makers formulate strategies to meet the
more ambitious SDG 6.1 and 6.2 targets32.

Our results for FirstWS showed that globalwater scarcity had risen
and expanded since the 1930s and peaked around the 1980s (Fig. 2d),
with very similar patterns in Asia and Africa. This pattern is best
explained by the relatively slow increase in the global population
between 1901 and the 1930s and its rapid growth, especially after
World War II up to the 1980s (Supplementary Fig. 13). The 1950s is
often seen as the beginning of the Anthropocene24. The high post-war
population boom also led to a fast increase in AFirstWS.

Although we found historically high water scarcity pressure in
Asia and Africa, after 2020, the FirstWS is expected to happen princi-
pally in Africa (Fig. 2). The EndWS after 2020 would mainly be in Asia
(Fig. 4), further implies water relief there, especially in China. More
attention should be paid to preparing for the loomingwater scarcity in
Africa, as the continent will face declining water availability and a
growing population in tandem (Supplementary Fig. 12; Supplemen-
tary Fig. 15).

The relative influences of population and climate change (climate
scenario) on FirstWS and EndWS vary among timeperiods and regions.
The past trend of FirstWS is largely dominated by population size, but
the future trend of FirstWS is driven by both population and climate
change-induced water availability alterations. In the historical period,
we found the pattern of AFirstWS similar to the increasing population
trend (1901–2020) (Supplementary Fig. 13). In the future period, stark
differences between the population scenarios are expected (Fig. 5). In
this respect, however, the difference between the climate change
scenarios is relatively small compared to that between the population
scenarios (Fig. 5). Compared with population growth, climate change
affects water availability on a more regional basis (Supplementary
Fig. 12). Globally, the increase in total water availability will be greater
for thehigh emission scenario (RCP6.0) than the lowemission scenario
(RCP2.6) (Supplementary Fig. 10). Thus, future water scarcity is
expected to be alleviated with augmented global water availability
(without considering weather fluctuations, which have been projected
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tobeextreme).However, the∑AFirstWSunderRCP6.0will be larger than
that under RCP2.6 from 2021 to 2090 (Table 1). This contradiction
stems from regions with increasing global water availability (Supple-
mentary Fig. 12) being mainly distributed in areas with rapid popula-
tion growth (Supplementary Fig. 15).

While the FirstWS and EndWS provide valuable insights into
assessing future water risks, there are some important considerations
to acknowledge. Firstly, our assessment of water scarcity relied on the
Falkenmark Indicator, which serves as a simplified measure for
understanding water availability relative to population needs. How-
ever, it has limitations in capturing all dimensions of water scarcity,
such as water quality, accessibility, and distribution. Other factors like
regional characteristics, climate conditions, and water management
practices also significantly influence water availability and usage pat-
terns. The variations in water use efficiency and technologies across
regions further impact the level of water scarcity experienced33.
Therefore, it is crucial to recognize that a fixed threshold of 1000 m3

per person per year may not adequately account for these variations.
For example, countries like Israel and other developed nations with
high-efficiencywater use technologiesmay require lower thresholds to
indicate water scarcity compared to regions employing less efficient
practices16. Additionally, the influence of socio-economic develop-
ment on water scarcity should be considered in assessments. Inter-
preting the threshold within the specific regional context and
considering other relevant indicators and factors are essential for
accurately evaluating water scarcity. Secondly, it is important to note
that certain factors were not accounted for in this study, such as sec-
toral water use, environmental flow, water quality, and water tech-
nologies or related infrastructure. These factors were omitted since
they would place excessive demands on input data which are often
unavailable anyway12,20,34. Water availability in this study is the sum of
renewable surface water and groundwater, a large portion of which is
inaccessible to humans35 due to water pollution, locations far from the
point of demand, and a lack of adequate water infrastructure. Addi-
tionally, the limited data availability prevents us from pursuing an in-
depth analysis of the impact of environmental flows on water
scarcity36,37.

Thirdly, whether the yearly FirstWS and EndWS correspond to the
actual situation on the ground needs to be independently verified
because GCM forcing from ISIMIP does not reproduce the decadal
variability of climate as observed38. The substantial stochastic varia-
bility from each of the 24 GHM-GCM combinations may propagate
much uncertainty, as would bringing in toomany input variables, each
with its error sources. Lastly, we did not account for the impact of
human activities on water redistribution and storage, such as the sig-
nificance and ubiquity of water management practices like dams and
reservoirs, and long-distance water transfer dynamics39. One major
issue not included in this analysis is the horizontal and seasonal
redistribution and storage of water by human activities (e.g., dams and
reservoirs). For example, in the western USmany states are dependent
onwater generatedby snowmelt from theUpperColoradoRiver basin.
This water is stored in Lake Mead and Lake Powell and then allocated
to stakeholders across thousands of square kilometers. In addition to
local runoff, the inflows fromupstream are important sources of water
resources for the western US, and other regions. Veldkamp et al. 39

reveal that human interventions like land use changes, reservoirs, and
water usage strongly impact water scarcity, with 8.8% of the global
population experiencing worsened scarcity, while 8.3% benefit. They
also find that positive effects occurred upstream, exacerbating water
scarcity downstream as it travels. Zhao et al. 40 find that redistribution
of water through physical and virtual flows alleviate water scarcity in
several cities located in Northern China such as Beijing and Tianjing.
We also did not consider refugees moving across regions and borders
due to climate change impacts and other factors (e.g., regional con-
flicts andwars). All these caveats can be further addressed by including

more modules, incorporating new and updated runoff and water
consumption data, expressing water scarcity using a water use-to-
availability ratio, or considering river discharge from upstream areas,
as well as cross-border migration.

Methods
Data overview
Water availability was calculated from total runoff, which is the sum of
surface runoff (overland flow) and subsurface runoff (including
renewable groundwater). Runoff was simulated by six GHMs (CLM45,
H08, LPJm, MATSIRO, PCR-GlobWB, WaterGAP2) that participated in
the ISIMIP2b project (Supplementary Table 1). The GHMs used forcing
data driven by four General CirculationModels (GCMs) (GFDL-ESM2M,
HadGEM2-ES, IPSL-CM5A-LR, and MIROC5) in the Coupled Model
Intercomparison Project Phase 5 (CMIP5)29. It has been proven the four
selected GCMs mirrors the variability found in the entire ensemble in
CMIP5, indicate a high level of representativeness21. The hydrology
models are run for each GCM–radiative forcing for the historical runs
(1861-2005) and two greenhouse gas concentration scenarios (low
greenhouse gas concentration scenario for RCP2.6; medium–high
greenhouse gas concentration scenario for RCP 6.0) for future pro-
jections (2006-2099). Meteorological forcing data (precipitation, air
temperature, solar radiation, wind speed, specific humidity, and sur-
face pressure) were bias-adjusted38 to EWEMBI data set and down-
scaled to 0.5° × 0.5° spatial resolution using an updated version of the
Fast-Track methods21,41. Most GHMs (except CLM4.5) in ISMIP2b con-
sidered varying water abstraction and land use according to SSP2 and
RCP2.6 (RCP6.0). The influences ofhumanactivities are time varying in
historical periods (1850–2015) but constant in the future (e.g., fixed
year-2005 dams and reservoirs)22. Although ISIMIP2b considered
1861–2005 as the historical period and 2006–2100 as the future, we
treated 1901–2020 as the historical one and 2021–2090 as the future
when interpreting our results.

We used annual global population data at 0.5° × 0.5° resolution
for 1901–2020 (historical period), obtained from the HYDE3.2
database42; for the future period, we used the shared socioeconomic
pathways projections43 (SSP2 and SSP3) defined by O’Neill et al. 44

These two datasets are employed in ISIMIP2b. However, there are
discontinuities in the individual grid cells population time series,
especially between 2005 and 2006. Therefore, we selected historical
and scenario population at ten-year intervals and linearly interpolated
them to yearly consistent population time series. The original sources
for observations and projections of spatially-explicit population data
differ in their spatial resolution and are independently calibrated.
Hence, population values for specific grid points can vary significantly
between observations and projections, even when smoothing the data
with an 11-year window.

Although theoretically, each SSP could be combined with each
RCP, some combinations of SSP and RCP are not expected to arise in
the future due to their pronounced incompatibility45. Some studies10,46

have focused on three RCP-SSP combinations: sustainability (RCP2.6-
SSP1), fragmented world (RCP6.0-SSP3), and fossil fuel-based devel-
opment (RCP8.5-SSP5). Here we considered four combinations:
RCP2.6-SSP2, RCP2.6-SSP3, RCP6.0-SSP2, and RCP6.0-SSP3 to allow
for flexibility in studying climate change and population growth
trends.

Calculation of FirstWS and EndWS
We used the threshold of 1000 m3 per person per year to designate
water scarcity, this being the Falkenmark water scarcity indicator4,17,18.
This indicator is widely used to assess water scarcity, and although
criticisms of its simplicity persist, its main strength is the limited input
data requirement47,48. For each 0.5° grid cell, we calculated the first
time water scarcity occurred (FirstWS) as the year when annual water
availability first dipped below 1000m3 per person per year for at least
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five consecutive years. Some regions may eventually experience a
disappearance of water scarcity (e.g., driven by a decreasing popula-
tion or increasingwater availability), sowe calculated thefirst time that
water scarcity disappeared (EndWS), this being where per capita water
availability exceeds 1000 m3 per person per year and lasts until 2090.
Thus, EndWS can only occur once for any given grid cell. The metho-
dology for determining the FirstWS and EndWS is detailed in Supple-
mentary Fig. 1.

The FirstWS and EndWSwere assessed individually for each of the
24 different GHM-GCM combinations, and then the medians of that
ensemble were calculated (Supplementary Fig. 26). To limit the effects
of noise from natural climatic variation within and between years, we
first calculated an 11-year moving average of water availability to
identify the FirstWS and EndWS.

Calculation of AWS, AFirstWS, and AEndWS

Water scarcity area (AWS) refers to the total land area where per capita
water availability falls below the thresholdof 1000m3water per person
per year in a given year. To further characterize the onset of water
scarcity, we computed the area of regions where the per capita water
availability first dropped below this threshold and remained below it
for at least five consecutive years. This quantity is denoted as AFirstWS

and represents the total area of regions that experienced prolonged
water scarcity for the first time in a given year.

We performed the following steps for each grid cell to obtain
annual water scarcity estimates. Firstly, we assessed if the cell was in a
state of water scarcity and marked it accordingly. We then calculated
the area of each marked cell that experienced water scarcity. Subse-
quently, we spatially aggregated the marked cells to national, sub-
continental, and global levels each year. This produced an annual time
series for each level of aggregation covering the period from 1901
to 2090.

For eachyear and cell of the time series, weperformed an iterative
process to identify the occurrence of FirstWSor EndWS. Subsequently,
we assigned appropriate identifiers to these cells. To obtain the total
area affectedbywater scarcity, we summedup the areas of all grid cells
marked as such.

Additionally, we computed the areas corresponding to FirstWS
and EndWS by adding up the grid cell areas where these events were
identified. This yielded the values of AFirstWS and AEndWS, respectively.
Finally, we obtained the value of AWS by summing up the areas affected
by water scarcity, FirstWS, and EndWS.

Trends in population, water availability, and water availability
per capita
The trends (β) in the population (Supplementary Fig. 15), water avail-
ability (Supplementary Fig. 12), and water availability per capita (Sup-
plementary Fig. 6) over time were calculated using the Theil-Sen
slope49. The statistical significance (p values) of those time series was
estimated by a nonparametric trend test (Mann–Kendall test)50. We
firstly calculated the mean water availability of 24 GHM-GCM combi-
nations, and then calculated the trends under the four RCP-SSP sce-
nario combinations.

Sensitivity analysis
We tested the sensitivity of FirstWS to four factors. Firstly, the median
of the 24 GHM-GCM combinations can be used to estimate FirstWS in
different ways. Herewe calculated FirstWS for each grid cell from each
of the 24 different GHM-GCM combinations and then took themedian
of these 24 FirstWS estimates. An alternative approach would be first
to obtain the mean water availability from the 24 GHM-GCM combi-
nations and then estimate FirstWS using the mean water availability
data. To explore whether selecting this alternative approach would
influence the estimates of FirstWS, we compared both approaches and
found a similar spatial pattern (Fig. 2; Supplementary Fig. 20).

Secondly, the time length of the window used to estimate the
moving averages of water availability may influence the FirstWS.
Accordingly, we also tested its sensitivity to this by applying 5-year and
21-year windows. For the same threshold of 1000 m3 per person per
year, the FirstWS with 5-year, 11-year, and 21-year moving averages all
featured similar results globally, albeit with a few regional differences
(Fig. 2; Supplementary Fig. 21), thus indicating the robustness of our
estimates.

Thirdly, the threshold for defining water scarcity can also influ-
ence theWS. According to Falkenmark4,51, an area is experiencingwater
stress when annual water supplies drop below 1700 m3 per person.
When annual water supplies drop below 1000 m3 per person, the
population faces water scarcity, and when it falls below 500 cubic
meters, it signifies absolute scarcity. Besides 1000 m3, we also tested
500 m3 (extreme water scarcity) and 1700 m3 (water stress) to assess
and discuss the sensitivity in the FirstWS estimates (Supplemen-
tary Fig. 22).

Fourthly, we tested the sensitivity of FirstWS on grid and water-
shed scale. Besides the0.5° grid cell, we repeatedour analysisusing the
level-04 global watershed definitions by HydroBASINS, which consists
of 1276 watersheds52. We first aggregated the watershed-scale runoff
and population, calculated the water availability per capita of each
watershed, and then obtained FirstWS of each watershed (Fig. 2 vs.
Supplementary Fig. 23).

Finally, the uncertainty of our two indicators might arise from
data uncertainty. We used the other runoff data (G-RUN ensemble28

between 1902 and 2019) to test the validity of our data sources (Sup-
plementary Fig. 24). Considering that there is little EndWS before
2020, we only compared the consistency of FirstWS between 24
GHMs-GCMs combinations and G-RUN28 ensemble mean runoff. The
G-RUN ensemble28 runoff was created throughmachine learning and a
global collection of river discharge observations, thus can be seen as
the benchmark of the ISIMIP2b-derived runoff. Besides, the uncer-
tainty of total runoff among the four GCMs and six GHMs was further
tested. We reorganized the ISIMIP2b-derived runoff according to
GCMs types or GHMs types (Supplementary Fig. 18). The six GHMs
(here fix the GCMs by averaging four GCMs) have large uncertainties,
but the four GCMs (here fix the GHMs by averaging six GHMs) have
relatively low uncertainties compared to that of six GHMs (Supple-
mentary Fig. 18). Despite the large uncertainty of total runoff among
different GCMs and GHMs, we found the overall consistent distribu-
tion of FirstWS among GCMs but with a large difference among six
GHMs (Supplementary Fig. 25). Despite the discrepancies among dif-
ferent models, we used the multi-model ensemble median of 24
FirstWS to minimize the uncertainties caused by these discrepancies.

Data availability
All datasets are freely accessible to thepublic from these locations. The
global grid water availability data from ISIMIP2b is available online
from https://data.isimip.org/search/tree/ISIMIP2b/OutputData/water_
global/. Annual global grid population (SSP2 and SSP3) data is also
available from ISIMIP: https://www.isimip.org/gettingstarted/input-
data-bias-correction/. The global watershed boundaries come from
HydroBASINS at the level-04 (https://www.hydrosheds.org/products/
hydrobasins).

Code availability
The data and figures in this study were produced with MATLAB 9.10
(R2021a), which used built-in functions in MATLAB and other publicly
available tool packages. The publicly available tool packages includes:
ktaub.m (https://www.mathworks.com/matlabcentral/fileexchange/
11190-mann-kendall-tau-b-with-sen-s-method-enhanced), nanfasts-
mooth.m (https://ww2.mathworks.cn/matlabcentral/fileexchange/
52688-nan-tolerant-fast-smooth), boundedline.m (https://ww2.
mathworks.cn/matlabcentral/fileexchange/27485-boundedline-m).
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The code used to correct population consistency between historical
and future periods was provided through the GitHub repository at
https://github.com/VUB-HYDR/isimip2b_population_correction.
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