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% Check for updates Alleviating water 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 simulations with six Global Hydrological Models 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., Chinaand
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 decade'. Managing water resources is
the core pillar for addressing the most urgent challenges® and
achieving sustainable development® 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 threshold®. An expanding body of literature
has examined how changes in climatic and societal factors® influ-
ence water availability®’. They conclude that climate change
and human interventions have profoundly altered the terrestrial

water cycle and global water resources, adversely impacting water
scarcity®™°.

Existing global-scale assessments have examined the spatial dis-
tribution of water scarcity and the number of people affected by it'*
for the historical* and future™** periods. However, there has 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 2090s. 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 m*/person/year threshold* for a minimum of five consecutive
years™ 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
developed®. Here, we use the per-capita water availability metric, also
called the Falkenmark index**"*® (see Sl “Falkenmark Indicator for water
scarcity assessment”). It is widely applied due to its simplicity and low
input data requirement™*?°. Furthermore, this indicator does not require
data on water use, which is highly uncertain under future scenarios***%.

(a) Never WS (never under water scarcity)

8000
r FirstWS: No

EndWS: No

6000

4000

Water availability (m3/cap/yr)

2000
i Threshold for water scarcity
1000 f==============-==---s--osoeoeooo——oooooo-
0 I P S S T AN SRR T T T NN ST SN T SO MY SO SO S S |
1900 1950 2000 2050 2100

(c) Intermediate WS Type |

2000

F FirstWs: 1967 EndWS: No

1500

1000

Water availability (m3/cap/yr)

500

P S S T A S T S ) T ST SO S S N SO S

1900 1950 2000

Year

2050

Under water scarcity (WS)

Fig. 1| Schematic diagram depicting four different 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 20"
century (i.e., FirstWS before 1901) and lasted the entire period; an EndWS cannot be
identified. ¢ 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

The present study covers 1901-2090, split into the historical
period (1901-2020) and the future (2021-2090). The assessment is
based on overall water availability and population on a global scale and
at a spatial resolution of 0.5° x 0.5° (about 50 km x 50 km 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)°. Each GHM was forced with bias-adjusted
climate simulations from four General Circulation Models (GCMs) for
the historical and future periods, yielding 24 GHM-GCM combinations.
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) and RCP6.0 (medium-emission
scenario). We used total runoff—the sum of surface runoff (overland
flow) and lateral flow (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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‘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 1000 m®/person/year threshold for
aminimum 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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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) future period (2021-2090) under the RCP2.6-SSP2 combination; and for the
(c) future period under the RCP6.0-SSP3 combination. d Global area in a given year
when the FirstWs is identified (Arirstws)- In a, black indicates where water scarcity
occurred before 1901, and white shows that water scarcity never happened in the
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historical period. In a, b, ¢, any pixel with low model 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 year when the per-capita water availability at the grid scale falls
below the 1000 m*/person/year threshold for a minimum of five consecutive years
between 1901 to 2090.

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 (‘Always WS’, Fig. 1b) account for only 4.1% + 3.5% of the globe’s
terrestrial area. We distinguish two patterns for ‘Intermediate WS’. For
type |, 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 Il, 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 | 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 the RCP2.6-SSP3 and RCP6.0-SSP2 scenarios).
FirstWS was detected prior to the early 20" century in parts of East Asia
(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 Agjspws reached
12.34 +2.55 million km?, accounting for 8% + 2% of the world’s terres-
trial area, respectively (Table 1). Asia and Africa are two continents with
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 be more prevalent in
Africa than in Asia (Fig. 2b, c).

At the national level, we identified the top ten countries with the
largest Agirstws between 1901 and 2090 (Supplementary Table 4) and
found China and India are the two countries with the largest areas with
Arirstws in the historical period, amounting to 27% + 4% and 24% + 4% of
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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
Agirsows (million km?) 12.34£2.55 452+0.61 4.76+1.06 5.90+0.69 6.00+1.09
Agnaws (million km?) 0.45:0.22 3.92:1.25 413:0.94 3.28+1.16 3.42+0.92
Prirstws (billion) 1.44+0.13 0.78+0.088 0.76+0.13 119+0.16 111018
Penaws (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 1000 m®/person/year threshold for a minimum of five consecutive years
between 1901t0 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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Fig. 3 | Multi-model ensemble means of global water scarcity areas (Aws) and
the accumulated newly emerging water scarcity areas before a given year

( Afirsews) 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 Ays and Y Arirstws 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 m*/person/year threshold for a minimum of five
consecutive years between 1901 to 2090.

the world'’s total, respectively (Supplementary Tables 5). In the future,
the countries with the largest areas with Ag;ssws Will be Nigeria and
India, respectively, accounting for 8% + 2% and 7% + 3% of the world’s
total areas with Agjspyvs under RCP2.6-SSP2 (Supplementary Table 5).
By then, China will only comprise 2% + 1% of the world'’s total areas with
Arirstws under the RCP2.6-SSP2 scenario.

We used Arirstws to indicate the annual total area where new water
scarcity emerged. On a global scale, Arisaws has increased since the
1930s but peaked around the 1980s (Fig. 2d). For the different con-
tinents, generally, the Agistws initially declined but rebounded to a
peak, after which it declined again, with this pattern most 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 Agj spws varies
among countries (Supplementary Fig. 5). However, India and China
show similar trends in their Ag;spws 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 Aristws differ among countries, such

peaks are primarily found in the 1980s and 1990s, e.g., in the US, 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 m*/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 ¥ Arirstws
(the accumulated newly emerging water scarcity areas before a given
year) to traditional Ays (areas with water scarcity state in a given year)
(Fig. 3). Aws is equal to or smaller than Y Aristws because a region may
alleviate from water scarcity after a specific year (e.g., Fig. 1d). During
the historical period, Aws and Y Arirsews both increased (Fig. 3). In 2020,
although Y Agirstws 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 2050s under the
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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 ¢ is the temporal evolution of
Agnagws. Noted that the EndWS was the median year of 24 models’ value (a, b), while

the areas of yearly EndWS (c) were the mean 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.

RCP2.6-SSP2 scenarios. The difference between YA stws and Aws is
the greatest under RCP2.6-SSP2 vis-a-vis the other scenarios (Fig. 3;
Supplementary Fig. 6). This is because water scarcity could be relieved
mainly due to declining human population in the future, particularly so
under RCP2.6-SSP2. The gap between Y Arirstws and Aws will continue
to increase after 2060s. This is because some regions that ever
underwent water scarcity will be relieved. Thus, the disappearing water
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 Agngws to indicate the annual total
area with newly disappeared water scarcity. On a global level, there
is a general increasing trend in Aghqws, 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 Y Aenaws 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, Y Agnaws is extremely small, but in the future, it
increases substantially, to 3.9+1.3 and 3.4+0.9 million km? 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 Agngws
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 3 Agnaws; 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 (3 Prirstws) and EndWS (3 Pengws) (Table 1). The
> Prirstws iN the historical period exceeded that in the future period: it
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