
WATER AVAILABILITY

Southern Hemisphere dominates recent decline in
global water availability
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Global land water underpins livelihoods, socioeconomic development, and ecosystems. It remains
unclear how water availability has changed in recent decades. Using an ensemble of observations, we
quantified global land water availability over the past two decades. We show that the Southern
Hemisphere has dominated the declining trend in global water availability from 2001 to 2020. The
significant decrease occurs mainly in South America, southwestern Africa, and northwestern Australia. In
the Northern Hemisphere, the complex regional increasing and decreasing trends cancel each other,
resulting in a negligible hemispheric trend. The variability and trend in water availability in the Southern
Hemisphere are largely driven by precipitation associated with climate modes, particularly the El Niño-
Southern Oscillation. This study highlights their dominant role in controlling global water availability.

W
ater availability over the global land is
the net difference between water sup-
ply from precipitation and water de-
mand from evapotranspiration (ET),
thus representing streamflow and

water storage change. Global land water avail-
ability influences livelihoods, socioeconomic
development, and ecosystems (1–3) and could
dramatically shift with climate change and
socioeconomic growth as projected over the
next several decades (4, 5). In the past several
decades, water availability has varied because
of climate change that has intensified the hydro-
logical cycle, vegetation greening that has in-
creased terrestrial ET, and human water use
that has altered streamflow (6). However, global
land surface drought has changed little in the
same period (7, 8) because of complementary
trends in precipitation and ET, which are con-
trolled by multiple climate factors, such as
available energy, humidity, and wind speed
(9, 10). Human activities have played a strong
role in altering water availability by decreasing
groundwater and streamflow, with potentially
devastating effects on aquatic ecosystems and
food production (11–13).Human-managed reser-
voirs have contributed 57% of the change in
Earth’s seasonal surface water storage varia-
bility. Human activities now drive 67% of the
variability in surface water storage in the nor-
thernmidlatitudes and nearly 100% in arid and
semiarid regions (5). The observed trend in river

flows can be explained only if anthropogenic
climate change impact is included. Humans
also influence the climate and affect the mag-
nitude of river flows at regional and global
scales (14). More than 70% of global net per-
manent water loss occurs in the Middle East
and Central Asia, which is linked to drought
and human activities, including damming,
river diversion, and unregulated withdrawal
(15). Global land surface could become drier
because of the increasing trend in ET (16),
particularly in the Northern Hemisphere,
where vegetation greening (17) has controlled
the decadal changes in ET (18, 19). However,
a recent study showed that vegetation green-
ing could also increase water availability for ap-
proximately 45% of the global land surface (20)
because the resulting moisture is recycled from
vegetation to precipitation.
The above discussion highlights the con-

flicting conclusions that different studies have
drawn about changes inwater availability; there
are several reasons for this. First, different
periods are used in the different studies, vary-
ing from one to six decades (1, 7, 21, 22). Sec-
ond, different methods are used to estimate
water availability changes; for example, some
studies use water storage changes from Grav-
ity Recovery and Climate Experiment (GRACE)
satellite observations to reflect changes in
water availability (22), whereas other studies
use the climate drought severity index, poten-
tial ET (7, 23, 24), or river flow (14, 25, 26) to
indicate water availability changes. Without
large-scale validations against observations
across the global land surface, water availability
changes estimated using different approaches
are questionable.
In this study, we analyzed the past two dec-

ades to elucidate changes in water availability
across the globe and their causality.We validated
the water availability trend using a consistent
method againstGRACE satellite and streamflow
observations. We used precipitation minus ET

(P−ET) to estimatewater availability on the land
surface and assumed that the trend in P − ET in
a river basin is identical to the trend of water
storage change plus streamflow at monthly to
decadal scales. We combined multiple remote
sensing and ground-based precipitation and ET
datasets using simple model output averaging
(SMA), Bayesian model averaging (BMA), and
machine learning (ML) and developed an en-
semble estimate for this study (materials and
methods). The ensemble mean annual P − ET
trend compares well [coefficient of determina-
tion (R2) = 0.81]with the trend observed (water
storage change plus streamflow) from 2003 to
2016 in 134 river basins that cover 36% of the
global land surface (figs. S1 to S6 and table S1).

Interannual variability and trend

The annual anomaly ofwater availability across
global land surface from 2001 to 2020 varies
from −30 mm year−1 to +22 mm year−1, with
an annual variance of 146mm2 year−2 (Fig. 1A).
The interannual variability in global water
availability is largely contributed by the South-
ern Hemisphere. Despite accounting for only
26% of the global land area (not including
Antarctica), the Southern Hemisphere contrib-
utes 43 ± 2.6% of the total global water avail-
ability interannual variability with its variance
and 19 ± 3.9%with the covariance between the
twohemispheres removed. TheNorthernHem-
isphere, accounting for 74% of the global land
area, contributes 38 ± 2.4% of the global water
availability variance.
The global land water availability declined

from 2001 to 2020, with a trend of −0.96 ±
0.27 mm year−2 (P < 0.05, table S2). The water
availability across the Southern Hemisphere
decreased significantly (−3.55 ±0.71mmyear−2,
P < 0.05), but there was little trend in water
availability across the Northern Hemisphere
(−0.05 ± 0.12 mm year−2). The percentage
contributions from the SouthernHemisphere
and the Northern Hemisphere are 95.2 ± 5.6%
and 4.8 ± 5.6%, respectively. The Southern
Hemisphere therefore dominated the global
decliningwater availability trend from 2001 to
2020, despite its much smaller land surface
area (Fig. 1, B and C). Over the Northern Hemi-
sphere, water availability increased in southern
China, eastern North America, and northeast-
ern Asia and decreased in mainland south-
east Asia, eastern Europe, and large parts of
Siberia (Fig. 1B and fig. S7). The increasing
and decreasing water availability trends in the
different regions cancel each other, resulting in
little trendwhen aggregated over the Northern
Hemisphere. In the Southern Hemisphere, a
strong decreasing trend is observed in South
America (P < 0.01), the majority of Africa, and
central and northwestern Australia (P < 0.05)
(Fig. 1B). Nevertheless, there are some regions,
such as the southern part of South America, that
show a significant increasing trend (P < 0.05).
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Attribution and causality
The interannual variability of water availability
in about 50% of the global land surface is
dominated by precipitation (with a relative
contribution ratio of variance in water avail-
ability > 0.6) (fig. S8). This is also the case for
the trend inwater availability inwet regions such
as eastern China, northeastern Asia, Amazonia,
eastern North America, and Europe (Fig. 2A
and fig. S9). Conversely, in very dry regions
such as the Sahara, central Asia, central Australia,
and western United States, the trend in water
availability is drivenby the trend inETor inboth
ET and precipitation (Fig. 2A and fig. S9). The
spatial pattern of Fig. 2A is quantitively anal-
yzed by using the correlation between the pre-
cipitation contribution (or ET contribution)
and aridity index (Fig. 2, B and C), with correl-
ation coefficient (r) = 0.41 (P<0.001) and r=0.33
(P < 0.001) across the land surface of the Nor-
thern Hemisphere and Southern Hemisphere,
respectively. This analysis demonstrates the
tendency for a higher precipitation contribution
in wetter grid cells with a higher aridity index
(Fig. 2, B and C).

The relationship between the precipitation
contribution and the aridity index is further
supported by the water availability trends in
40 large river basins (Fig. 2, D and E). Precip-
itation dominates the water availability trend
in wetter basins such as the Saint Lawrence,
Amazon, Mississippi, and Yangtze, whereas ET
dominates the water availability trend in drier
basins such as theOb, Colorado, Okavango, and
Tarim. Both precipitation and ET contribute to
the water availability trend in some basins,
such as the Yellow, Indus, Ganges, andMekong
(Fig. 2D). Strong trends inwater availability are
generally observed in basins where either pre-
cipitation or ET dominates the trend, and little
trend is found in basins where precipitation
and ET contribute more evenly. Both positive
and negative water availability trends are ob-
served where precipitation dominates, but the
water availability trend is generally negative
where ET dominates (Fig. 2, D and E).
There is a strong positive correlation be-

tween the annual water availability and the
Southern Oscillation Index (SOI) in southeast
Asia, the equatorial Pacific, Australia, central

America, and northern South America (Fig. 3A).
The SOI is the difference between surface air
pressure in Tahiti and Darwin. Positive SOI
values indicate LaNiña conditions, and hence,
a positive correlation indicates wetter condi-
tions in the aforementioned regions during
LaNiña anddrier conditions duringElNiño. The
water availability-El Niño-Southern Oscillation
(ENSO) correlation here has also been observed
for individual water cycle components, such as
precipitation (27, 28) and river flow (29).
In the Southern Hemisphere, regions with

positive correlations between water availability
and SOI largely show decreasing or insignif-
icant water availability trends from 2001 to
2020 (Fig. 3B). By contrast, areaswith negative
water availability-SOI correlations display a
tendency for increasingwater availability trends
in both the Northern and Southern Hemi-
spheres (Fig. 3B).
There is no clear relationship between the

water availability trend and the aridity index
in the Northern Hemisphere (Fig. 3C). In the
Southern Hemisphere, there is a relatively
weak but statistically significant correlation
between the water availability trend and the
aridity index, with larger decreasing trends
in wetter regions (r = −0.19, P < 0.001) (Fig.
3C). This observed “wet gets drier”water avail-
ability change from 2001 to 2020 is opposite
to the “dry gets drier, wet gets wetter” hy-
drological change postulated under global
warming.
There were significant increases (P < 0.05)

in the leaf area index (LAI) or greening over
large areas of the Northern Hemisphere from
2001 to 2020, especially in eastern China, India,
and Europe (figs. S10 and S11). To investigate
whether greening plays a role in the water
availability and aridity index relationship,
we separated the regions with increasing or
decreasing LAI trends (Fig. 3C). In the North-
ern Hemisphere, there is no relationship be-
tween thewater availability trend and the aridity
index, and greening has little or no influence
on the relationship. In the SouthernHemisphere,
the statistically significant relationship between
thewater availability trend and the aridity index
is stronger in grid cells that show an increasing
LAI trend (r= −0.27, P < 0.001) (Fig. 3C). These
results suggest that the large-scale greening in
some parts of the Northern Hemisphere was
accompanied by both increases and decreases
in water availability, depending on the region.
In the Southern Hemisphere, greening has ac-
centuated the decline inwater availability driven
by the decline in precipitation (Fig. 2A), likely
because greening further reduces water avail-
ability by increasing ET.

Discussion and implication

This study demonstrates that the interannual
variability and trends in global water availa-
bility from 2001 to 2020 are largely dominated

Fig. 1. Annual time series, variability, and trend of global land water availability (WA). (A) Annual time
series of land WA across the globe (black), Northern Hemisphere (NH, red), and Southern Hemisphere
(SH, blue). (B) Trend in WA at each 0.5° by 0.5° grid cell across the globe from 2001 to 2020. Stippling
indicates that the trend is statistically significant at P < 0.05. (C) Aggregated trend in WA along each
0.5° latitude band (km3 year−2). The solid line and shading denote the mean and 1 SD of three estimates
[simple model output (SMA) averaging, Bayesian model averaging, and machine learning], respectively.
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Fig. 2. Relative contribution of precipitation (P) and actual evapo-
transpiration (ET) to the trends in WA from 2001 to 2020. (A) Contribution
across each grid cell. Blue indicates that P dominates (with a contribution
larger than 60%), orange indicates that actual ET dominates (with a contribution
larger than 60%), and purple means that both P and ET play an important role
(both with a contribution of 40 to 60%). (B) Scatterplots of the P contribution
to the water availability (WA) trend in each grid cell versus the aridity index

(mean annual P divided by mean annual potential ET) for grid cells in the
NH. A higher aridity index indicates a wetter climate. Darker regions have a
higher density of points and cells. (C) Same as (B) except that the grid cells
indicate the SH. (D) Aggregated trend for 40 large river basins, with each
bar representing the mean (±1 SD) from nine estimates. *P < 0.1; **P < 0.05.
(E) P and ET contributions to the WA trend in the 40 river basins. The results
presented from (A) to (E) are for the SMA WA estimate (materials and methods).
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by the variability and trend in the Southern
Hemisphere. The latter are largely dependent
on the hydroclimate region and are linked to
regional climate, natural variability of precip-
itation, and large-scale circulation drivers of
changes in precipitation and ET, such as those
related to the climate modes and vegetation
greening (Fig. 4). The decline in water avail-
ability over large parts of the Southern Hemi-
sphere in the relatively short 20-year period that
we analyzed could be related to complex changes
in climate modes and/or their relationships
with precipitation, such as increasing ENSO-
rainfall variability in awarming Earth (27, 30, 31)
and changes in large-scale meridional circula-
tions, such as the expandingHadley cell (32, 33).
Among the various climate modes, ENSO is
particularly important because it induces in-

terannual variability in precipitation and wa-
ter availability in large parts of the Southern
Hemisphere and equatorial Pacific, with high
water availability during La Niña and low wa-
ter availability during El Niño. The ENSO
roles are further corroborated by analyzing
the correlations between water availability
and the Niño 3.4 Index—another commonly
used index (fig. S12)—and over a longer period
from 1983 to 2020, confirming that the precip-
itation versus ENSO correlation in the South-
ern Hemisphere was stronger than that in the
Northern Hemisphere (fig. S13). In addition,
the expansion of the Hadley cell could be an
important factor contributing to the drying in
the Southern Hemisphere because this expan-
sion pushes the winter storm tracks further
south, away from the landmasses and into the

Southern Ocean (33, 34). Notably, the Coupled
Model IntercomparisonProject Phase 5 (CMIP5)
and CMIP6 models project a poleward shift of
the Hadley cell edge that is about two to three
times as large in the Southern Hemisphere as
it is in the Northern Hemisphere (35).
The complex trends in water availability in

the Northern Hemisphere can be partly related
to direct and indirect human activities (Fig. 4).
Irrigation can alter water availability regionally,
but its role is secondary compared with natural
climate variability and changes in precipitation
and ET (36). For example, in the northern mid-
latitudes (16° to 22° and 35° to 42°), irrigation
and greening may have contributed to the de-
creasing trend in water availability. Both LAI
and water availability have largely increased,
suggesting that vegetation greening may be

Fig. 3. Causality for interannual variability and trends in WA. (A) Correlation
between annual WA and annual SOI from 2001 to 2020 at each 0.5° by 0.5°
grid cell. Stippling indicates that the correlation is statistically significant
(P < 0.05). (B) Correlation between WA and SOI grouped by different WA trend
categories. For each boxplot, the bottom, middle, and top of the box are the
25th, 50th, and 75th percentiles, respectively, and the bottom and top whiskers
show the 10th and 90th percentiles, respectively. SI, II, ID, and SSD indicate

statistically significant increases in water availability (P ≤ 0.05), nonstatistically
significant increases in WA, nonstatistically significant decreases in WA,
and statistically significant decreases in WA (P ≤ 0.05), respectively, for the
NH (white area) and the SH (gray area). (C) (Left) Scatterplots of trend
versus aridity index for all grid cells, (middle) grid cells with increasing LAI,
and (right) grid cells with decreasing LAI for the NH (top panels) and SH
(bottom panels).
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positively coupled with regional water avail-
ability (20) (fig. S11). Therefore, greening could
be a water availability driver (negative effect)
and/or a response variable of water availa-
bility (positive effect), particularly in the north-
ern midlatitudes, where both greening and
water availability are strongly influenced by
anthropogenic activities. Therefore, vegetation
changes and large-scale irrigation can play a
secondary role in controlling regional water
availability (Fig. 4).
Our study has broad implications. First, it is

crucial for water-resource managers to under-
stand the dominant factors controlling inter-
annual variability and trends inwater availability.
Precipitation has dominated the variability and
trends in water availability, especially in the
SouthernHemisphere, such as inSouthAmerica
and Australia, where river flow has been pro-
jected to continue to decline under climate
change (37). Vegetation changes and irrigation,
which are correlated in the irrigated regions,
can play secondary roles at small to regional
scales. Second, in terms of ecohydrology, vege-
tation greening could reduce local water availa-
bility, but our findings indicate that its large-scale

impact is relatively weak. Vegetation greening
can arise not only from an increase in precipi-
tation but also from direct anthropogenic in-
terventions, such as ecological restoration to
mitigate land degradation and irrigation to
enhance food production (17). Moreover, it
fosters moisture recycling by increasing precip-
itation (38), indicating a coevolution of vegeta-
tion greening and water availability in the
Northern Hemisphere. However, it is difficult
to disentangle the interactions between vege-
tation and water availability despite recent ef-
forts in modeling (20, 39, 40). Third, in many
parts of the world, especially in wet regions
such as theAmazon, ETplays a relativelyminor
role in determining water availability trends.
Fourth, water availability provides a funda-
mental water source for carbon and nutrient
cycles in ecosystems across the global land sur-
face (41). Therefore, our results provide some
indication for trends in vegetation growth
(42), carbon, and other nutrients, including
regional declining trends in the carbon cycle
in Amazonia (43). Last, our results and con-
clusions pertain to the past two decades and
thus can at least provide a constraint for global

models driven by the observed sea surface
temperature variability.
It remains challenging to determine and inter-

pret water availability trends and their drivers
over a longer period before 2000 because large
basin-scale validation data are not available
and because robust and consistent remotely
sensed ET estimates are available only for the
recent decades (44). Fusion of observations
and global model simulations, including multi-
model ensembles and large-ensemble simu-
lations, can potentially reduce uncertainty
in estimating water availability over a longer
period.
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Editor’s summary
How has climate change affected the availability of land water over the recent past? Zhang et al. calculate global land
water availability over the last two decades and found an overall decline that has been dominated by a negative trend
in the Southern Hemisphere, whereas a mixture of positive and negative regional trends in the Northern Hemisphere
have led to no significant change there (see the Perspective by Blöschl and Chaffe). El Niño is the most important
climate mode affecting water availability in the Southern Hemisphere. —H. Jesse Smith
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