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Multifaceted changes in water availability
with a warmer climate
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Climate warming alters spatial and seasonal patterns of surface water availability (P-E), affecting runoff
and terrestrial water storage. However, a comprehensive assessment of these changes across various
hydroclimates remains lacking. We develop a multi-model ensemble approach to classify global
terrestrial hydroclimate into four distinct regimes based on the mean and seasonality of P-E. P-E is
projected to become increasingly variable across space and time. Wet regions with low and high
seasonality are likely to experience more concentrated increases in wet-season runoff by up to 20%,
highlighting potential increases in flood-related vulnerability. Low-seasonality regions exhibit faster
wet-season increases and more rapid dry-season decreases in soil moisture, heightening the likelihood
of water scarcity and drought. Conversely, dry regions with high seasonality are less sensitive to climate
change. These findings underscore the multifaceted impacts of climate change on global water
resources, necessitating the need for tailored adaptation strategies for different hydroclimate regimes.

Surface water availability is the difference between water supply from pre-
cipitation and water loss through evaporation and determines the spatial
and temporal variations in runoff and terrestrial water storage over land'~".
Changes in water availability have widespread implications for human well-
being, socioeconomic development, and ecosystem sustainability**. Global
warming is expected to enhance the spatial and temporal variability in water
availability, broadly leading to a “wet get wetter, dry get drier” (WWDD)
scenario in both space and time®’. Circulation changes and land-
atmosphere feedback may cause deviations from the WWDD pattern
over many regions'"'“. While previous studies have extensively examined
changes in the annual mean and seasonal variability of precipitation, eva-
poration, and water availability separately™**, a joint analysis of climate
change impacts on the spatial and seasonal patterns of wetting and drying
trends is lacking. Moreover, it remains unknown whether these changes
would preferentially affect runoff or terrestrial water storage over different
regions and seasons, which are vital for societal and ecological vulnerability
to changes in water availability.

Societies and ecosystems are sensitive to the annual mean and parti-
cularly the seasonality of water availability*'. Amplification of surface water
seasonality in a warming climate may alter or disrupt water supply for human
and ecological needs, and may even lead to more frequent and/or intense
droughts and floods, posing great challenges to the sustainable management
of water resources” . In addition to changes in water availability, e.g. the
mean, seasonality, and extremes, the societal and ecological impacts also

depend on regional hydroclimate characteristics”” and how changes in water
availability are partitioned into changes in runoff and terrestrial water storage
gain/loss™”. When increases in water availability are partitioned more heavily
towards surface runoff in the wet region/season, this would increase the
frequency and severity of floods, while terrestrial water storage gain may
moderate the flood risk”*”’. On the other hand, decreases in water availability,
particularly in the dry region/season, may induce hydrological drought (low
runoff) and/or agricultural drought (low soil moisture), as well as flash
drought due to rapid decreases in soil moisture”". It is therefore important
to consider and assess the joint changes in the mean and seasonality of water
availability and how these changes affect runoff and terrestrial water storage
gain/loss over different regions and seasons.

In this study, we develop a multi-model ensemble approach to identify
four distinct hydroclimate regimes combining climatological mean and
seasonal variability and use a comprehensive framework to examine future
shifts in the mean and seasonal cycle of water availability and associated
changes in runoff and terrestrial water storage over different regimes. We
assess the spatial and seasonal patterns of hydroclimate changes between the
historical (1971-2000) and future (2071-2100) periods, using 17 global
climate models from the Coupled Model Intercomparison Project phase 6
(CMIP6)’" (Table S1). For future projections, two extreme emission sce-
narios, i.e. ssp1-2.6 and ssp5-8.5, were used to evaluate the range of change
in several critical hydroclimate variables, namely, precipitation (P), eva-
poration (E), surface water availability (P-E), runoff (R), and terrestrial water
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storage gain/loss with time (dS/dt) for the four hydroclimate regimes. These
multifaceted analyses enable a comprehensive understanding of climate
change impacts on terrestrial water cycle and water resources, elucidating
the hydrological implications for both society and ecosystems.

Results
Global distribution of hydroclimate regimes
Global terrestrial hydroclimate is classified into four distinct regimes based
on the median thresholds of climatological mean P-E and precipitation
seasonality, the latter is quantified as the relative entropy (RE) of monthly
precipitation (see “Methods” and Fig. 1). RE has been widely used as a non-
parametric seasonality metric for precipitation'*”” and is useful for identi-
fying dry season length™. As the seasonal cycle of P-E is largely driven by
that of precipitation and the seasonal variations of P and P-E are consistent
across most land areas (Figs. 1c—fand S1), the RE of precipitation is used to
measure the hydroclimate seasonality. Higher RE values indicate higher
seasonality, and vice versa.

The spatial distribution of the four regimes (HH, HL, LH, and LL; see
Fig. 1 caption for regime definitions) based on the 17 climate models, as well
as the aggregated seasonal cycles of P, E, and P-E for each regime, are shown
in Fig. 1. Both the spatial pattern of hydroclimate regimes and the seasonal

cycles of hydroclimate variables are consistent with those from the ERA5
reanalysis™ and observation-based datasets of GPCC precipitation® and
GLEAM evaporation™ (Figs. 1 and S1). This consistency indicates that the
multi-model ensemble effectively represents the historical hydroclimate
characteristics. Additionally, the multi-model ensemble effectively captures
hydroclimate characteristics across different models and between historical
and future periods (Figs. S2 and S3).

The regime HH exhibits high P-E and high precipitation seasonality
and is mostly found in tropical and temperate monsoon regions, covering
24.8% ofland areas (Fig. 1a—c). Affected by the monsoon climate, both P and
P-E are concentrated in wet months, but P-E turns negative in dry months,
when evaporation from moist soils increases due to high atmospheric
evaporative demand’ (Fig. 1c). These regions face challenges in managing
water resources to mitigate seasonal floods and droughts, and they may also
be vulnerable to future climate change impacts™”. In contrast, the regime
HL has high P-E but low precipitation seasonality, indicating more reliable
water availability throughout the year (Fig. 1b, d). Occupying 23.2% of land
areas, the HL regime is found across almost all latitudes, including the
equatorial zone (largely co-located with humid tropical rainforests), Europe,
and eastern and northwestern parts of North America (Fig. 1a). Collectively,
regions with HH and HL occupy global humid regions and are denoted as
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Fig. 1 | Global distribution of hydroclimate regimes. a The global distribution of
four hydroclimate regimes based on the median (i.e., 50th percentile) thresholds of
the multi-model mean water availability (P-E) and relative entropy (RE) of pre-
cipitation as a measure of hydroclimate seasonality (see “Methods”). P-E and RE are
calculated using the historical simulations (1971-2000) of 17 climate models in
CMIP6. The pie plot insets shows the proportion of land areas for the four regimes.
The first letter represents the high (H) or low (L) level of the mean P-E and the
second letter for the level of hydroclimate seasonality. b Distribution of the multi-
model mean P-E and RE across land grid cells, and the median thresholds are shown

month

as blue lines. c-f Monthly mean precipitation (P), evaporation (E), and surface water
availability (P-E) in the regime HH (c), HL (d), LH (e), and LL (f) based on multi-
model means (solid lines), the ERA5 reanalysis (dashed lines), and the combination
of GPCC precipitation and GLEAM evaporation (long dashed lines) in the historical
period (1971-2000). The shading shows one standard deviation of the hydroclimate
variables across the 17 climate models. The order of 12 months in the x-axis starts
from the month with the lowest mean P-E during the historical period for each grid
cell and the mean seasonal cycle across all grid cells of each regime is shown in (c-f).
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Fig. 2 | Multi-model mean changes in water availability between the historical
and future periods. a, b Changes in water availability (A(P-E)) between the his-
torical (1971-2000) and future (2071-2100) periods under the ssp1-2.6 (a) and ssp5-
8.5 (b) scenarios. The dotted areas denote the sign of A(P-E) is consistent with the
sign of multi-model means for more than 75% (at least 13) of the 17 models, which
ensures that the change in P-E is significant (p-value < 0.05) based on multi-model
agreement. ¢ The same as (a, b), but for the area-weighted mean A(P-E) for the four

regimes HH, HL, LH, and LL shown in Fig. 1. The error bars show the standard
deviation of A(P-E) across the 17 models. d-g Mean seasonal cycles of P-E for the
four regimes during the historical and future (ssp1-2.6 and ssp5-8.5) periods.

h-s The same as (d-g), but for runoff (R, h-k), changes in soil moisture (dSM/dt,
1-0) and snow amount (dSN/dt, p-s) over time. Month 1 along the x-axis is asso-
ciated with the month with the lowest P-E during the historical period.

wet regimes. The dry regimes LH and LL are mostly located in subtropical
dryland areas with both low P and P-E, and each of them covers 34.1% and
17.9% of land areas, respectively (Fig. 1a, e, and f). Due to water scarcity
experienced in both wet and dry seasons, these regions are inherently arid
and face elevated risks of droughts, particularly in a warming and drying
climate™.

Spatial and temporal patterns of changes in water availability

Based on the agreement of 17 CMIP6 models, we find significant changes in
P-E over 41% of the land area with the low emission scenario and 58% with
the high emission scenario, similar to a previous studf g (Fig. 2a, b). The
spatial pattern of P-E changes between the two scenarios is highly consistent,
with the spatial correlation coefficient (r) of 0.90, and the magnitude of P-E

npj Climate and Atmospheric Science| (2025)8:31


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-00913-4

Article

changes, both increases and decreases, is more pronounced for the higher
emission scenario. Increases in P-E are found mostly in the two wet regimes
with high P-E (HH and HL), while decreases occur mainly in the dry
regimes (LL and LH) (Fig. 2a—c), suggesting an amplified spatial pattern of
P-E in future projections.

Seasonal variations in P-E and their future shifts affect both runoff and
terrestrial water storage (including soil moisture and snow amount) over
different regions. The seasonal cycles of P-E, runoff, monthly changes in soil
moisture (dSM/dt) and snow amount (dSN/d¢) over time are aggregated
over the four hydroclimate regimes during the historical (1971-2000) and
future (2071-2100, ssp1-2.6 and ssp5-8.5) periods (Figs. 2d-s and S4a-p).
For the HH regime, future hydroclimate seasonality is enhanced with
projected increases in the peak P-E and runoff, while seasonal cycles of dSM/
dtand dSN/dt are similar between historical and future periods (Fig. 2d, h, 1,
and p). For most HH areas with increased P-E, both P-E and runoff are
projected to be even more concentrated in wet months (Fig. S5a, e). This
could lead to a surplus in water supply, posing challenges for water resources
management, particularly under the high-emission scenario. In contrast, for
some HH areas where reductions in P-E are projected, such as the Amazon,
the peak and seasonality of P-E and runoff are projected to decrease (Fig.
S5b, f), indicating a strong drying trend during wet months.

Across the four regimes, the HL regime experiences the greatest
increase in mean P-E in future projections (Fig. 2c). While the increase in
P-E in HL is more evenly distributed compared to HH, the seasonality of
P-E is enhanced regardless of whether climatological mean P-E increases or
decreases (Figs. 2e and S5c¢, d). However, the seasonal responses of runoff,
dSM/dt, and dSN/dt to this enhanced P-E seasonality vary across different
regions (Figs. 2i, m, and q and $6). In snow-free regions, the seasonality of
runoff is amplified, while the seasonal cycle of dSM/dt remains largely
unchanged (Fig. S6b, f, and j). Conversely, in snow-covered regions, runoff
seasonality is reduced, and the seasonal cycles of dSM/dt and dSN/dt are
projected to shift in an opposite manner (Fig. S6e, i, and m). In dry months
(dSM/dt < 0), we find faster declines in SM, likely because of reduced P-E
arising from higher evaporative demand of a warmer atmosphere and less
snowmelt to recharge SM; similarly, SM increases more rapidly due to
increased P-E and delayed snow accumulation in wet months (Fig. S6a, i,
and m). As precipitation tends to fall as rain instead of snow in a warming
world**"!, the rate and magnitude of snow accumulation decrease in the cold
and wet months, resulting in reduced snowmelt water supply as runoff and
SM to meet water demand in the warm and dry months**.

Compared to the wet regimes, changes in mean P-E are less evident in
the two dry regimes LH and LL, while the seasonality of P-E is also enhanced
in the high-emission scenario (Fig. 2c, f, and g). Similar to the HH regime,
seasonal change in P-E, ie. increased P-E in wet months, primarily affects
runoff for LH, with minor alterations in the seasonal cycles of dSM/dt and
dSN/dt (Fig. 21, j, n, and r). Increasing P-E and runoff occur mainly in East
Africa and North Asia, which alleviate water scarcity in these arid regions
(Fig. 2a, b and see Fig. 1a for LH). In contrast, little change in runoff
throughout the year is evident for the regime LL (Figs. 2k and S6g, h). Future
seasonal changes in P-E enhance the seasonality of dSM/dt, while the sea-
sonality of dSN/dt is reduced in snow-covered regions (Fig. 2g, 0, and s and
Fig. S6¢, k, and o). The opposing seasonal shifts in dSM/dt and dSN/dt are
similar to those for HL, resulting in less snowmelt and more rapid declines in
SM that aggravate water scarcity in dry months.

Future changes in water availability in wet and dry seasons

To further illustrate the seasonal changes in P-E over land and how they
affect runoff and terrestrial water storage, we examine future changes of
these hydroclimate variables under ssp5-8.5 (2071-2100) during the wet
and dry seasons, which are defined as three consecutive months with the
highest and lowest mean P-E in the historical period (1971-2000)". In
addition to the enhanced spatial pattern of P-E, the seasonal pattern of P-E is
also significantly intensified over 49% of land areas, which provides evidence
for the paradigm of WWDD in seasonality over about half of global land
areas’ (Fig. 3a—c). In contrast, the seasonality of P-E is reduced, i.e. showing

an opposing pattern of WDDW, over the Amazon and many sub-tropical
regions (Fig. 3a—c), where SM is projected to decrease™ (Fig. S7). This
enhanced SM limitation reduces evaporation while simultaneously
enhancing moisture convergence through SM-atmosphere feedback,
resulting in smaller reductions in precipitation compared to evaporation
and hence increased P-E in the dry season'*"". As this negative SM feedback
on P-E is rather weak in the wet season, P-E decreases as a result of climate
change'". These processes lead to a diminished hydroclimate seasonality in
future projections.

Seasonal changes in runoff closely resemble those of P-E, with the
annual range of runoff being amplified over many humid regions but
diminished in the Amazon (Fig. 3d-f). Additionally, we find widespread
changes in the rate of terrestrial water storage gain/loss (Fig. 3g, h). Elevated
P-E accelerates the rate of water storage accumulation in the wet season,
while reduced P-E expedites water storage depletion in the dry season (Fig.
3a, b, g, and h). As global warming reduces the probability of snowfall and
advances the timing of snowmelt”, the rates of snow accumulation and
snowmelt (dSN/df) are projected to slow down during wet and dry seasons
in high-latitude snow-covered regions (Fig. 3k, 1). This undermines the
snowpack’s capacity to retain cold and wet season precipitation and thereby
limits its ability to replenish runoff and SM in the warm and dry seasons***’.
Owing to the joint effect of seasonal changes in P-E and dSN/dt, seasonal
differences in dSM/dt are greatly amplified, resulting in more pronounced
increases and decreases of SM in the wet and dry seasons, respectively (Fig.
3i,j). Conversely, the diminished seasonality of P-E in the Amazon and sub-
tropical dry regions weakens the seasonal variations in SM, resulting in
reduced wet-season dSM/dt and increased dry-season dSM/dt (Fig. 3i,j).
These seasonal changes in hydrological terms persist even in the low
emission scenario (sspl-2.6), albeit to a lesser extent, suggesting the sig-
nificant and inevitable alterations in the terrestrial water cycle under climate
change (Fig. S8).

Aggregated over the four regimes, increases in wet-season P-E pri-
marily drive runoff to increase, particularly for the wet regimes, where
runoff increases by 0.15-0.39 mm/d (8-20%) for HH and 0.19-0.49 mm/d
(7-17%) for HL, based on the multi-model ensemble under scenarios ssp1-
2.6 to ssp5-8.5 (Figs. 3m and S8m). Notably, wet-season runoff can increase
by as much as 0.94 mm/d for HH and 0.86 mm/d for HL for some models.
In contrast, changes in runoff during the dry season are relatively small for
the four regimes (Figs. 3n and S8n). Additionally, seasonal contrasts in dSM/
dt are strengthened, while contrasts in dSN/dt are diminished, for the low
seasonality regimes HL and LL, driven by climate warming and enhanced
annual range of P-E (Fig. 3m, n). The rate of increase in wet-season SM is
amplified by 0.14-0.32 mm/d for HL and by 0.08-0.19 mm/d for LL (Figs.
3m and S8m). Conversely, the rate of SM decline during the dry season is
intensified by 0.12-0.23 mm/d for HL and by 0.07-0.14 mm/d for LL (Figs.
3n and S8n). These findings highlight the considerable hydrological
repercussions of climate change, potentially leading to heightened flood
risks in the wet regimes and increased likelihood of water scarcity and
droughts in the low seasonality regimes, especially for LL, which is already
arid during the historical period.

Compounding effects of precipitation and evaporation on water
availability

Given that water availability hinges on the balance of precipitation and
evaporation, we further assess their future changes and their compounding
effects on water availability, runoff and terrestrial water storage. The spatial
patterns of changes in the mean precipitation and evaporation are highly
correlated (spatial 7 = 0.71 in ssp1-2.6 and r = 0.66 in ssp5-8.5, Fig. 4a, b, d,
and e). This suggests that projected changes in precipitation are primarily
offset by corresponding adjustments in evaporation, and the interplay
between precipitation-driven water gain and evaporation-induced water
loss leads to altered P-E over the four regimes (Fig. 4c, f). For the dry regimes
(LH and LL), increases in precipitation are largely offset by those of eva-
poration, resulting in small changes in P-E (Figs. 2c and 4c, f). As eva-
poration is primarily constrained by available energy in the wet regimes
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Fig. 3 | Multi-model mean seasonal changes in water availability between the
historical and future periods. a-c Changes in water availability (A(P-E)) in the wet
season (a) and the dry season (b), and their differences (i.e. the annual range of P-E, c)
between the historical (1971-2000) and future (2071-2100, ssp5-8.5) periods. d-1 The
same as (a—c), but for runoff (R, d—f), changes in terrestrial water storage (dS/d¢, g, h), soil
moisture (dSM/dt, 1, j), and snow amount (dSN/dt, k, I) over time during the wet and dry
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area-weighted mean A(P-E), AR, A(dS/dt), A(dSM/dt) and A(dSN/d) for the four
regimes between the historical and future periods. The error bars show the standard
deviations of the variables across the 17 models.

(HH and HL), future increases in precipitation are only partially offset by
evaporation and contribute to greater increases in P-E (Figs. 2c and 4c, f).
Changes in precipitation are predominantly offset by evaporation in the dry
season, whereas increased precipitation significantly enhances P-E in the
wet season (Figs. 3a—c and S9).

As precipitation increases are concentrated in wet months, while
increases in evaporation are more evenly distributed (Fig. 4g-n), the
divergent seasonal shifts in precipitation and evaporation affect P-E and
hence runoff and terrestrial water storage in different ways. The con-
siderably larger increases in wet-season precipitation relative to evaporation
are responsible for the notable enhancements in wet-season P-E and runoff

associated with the two wet regimes, particularly in central Africa and South
and Southeast Asia (Figs. S9a, ¢ and 3a, d). For the dry season, increased
recharge of water storage during the wet season, coupled with heightened
evaporative demand in a warming climate, accelerates evaporation that
exceeds the increase in precipitation over many HL and LL regions (Fig. S9b,
d, and f). This explains the faster declines in SM in future projections for the
two low seasonality regimes (Fig. 3j, n). Overall, the concentrated increase in
precipitation during the wet season, combined with a more evenly dis-
tributed increase in evaporation throughout the year, accounts for seasonal
changes in runoff and water storage gain/loss. In particular, increases in
precipitation play a predominant role in driving increases in runoff and
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Fig. 4 | Multi-model mean changes in precipitation and evaporation between the
historical and future periods. a-c Changes in precipitation (AP) between the his-
torical (1971-2000) and future (2071-2100) periods under the ssp1-2.6 (a) and ssp5-
8.5 (b) scenarios, and the area-weighted mean AP for the four regimes HH, HL, LH,
and LL shown in Fig. 1. d-f The same as (a—c), but for changes in evaporation (AE).
The dotted areas denote the sign of AP or AE is consistent with the sign of multi-

model means for more than 75% (at least 13) of the 17 models. The error bars show
the standard deviations of AP and AE across the 17 models. g-n Mean seasonal
cycles of precipitation (g-j) and evaporation (k-n) for the four regimes during the
historical and future (ssp1-2.6 and ssp5-8.5) periods. Month 1 along the x-axis is
associated with the month with the lowest P-E during the historical period.

water storage gain in the wet season, while evaporation increases, along with
reduced precipitation, are responsible for increased water storage losses in
the dry season.

Discussion

Our study identifies the multifaceted climate change impacts on the ter-
restrial water cycle and water resources. By classifying the global terrestrial
hydroclimate into four distinct regimes based on the multi-model
ensemble of climatological mean P-E and precipitation seasonality, we
find the spatial and temporal patterns of water availability are amplified
over approximately half of the land areas. Such changes in P-E, due to
coupled changes in the long-term mean and seasonal variability of pre-
cipitation and evaporation, significantly affect runoff and terrestrial water
storage, but in different ways, for the four hydroclimate regimes. Increases
in the mean P-E, particularly precipitation, and their amplified seasonality
preferentially affect runoff for the HH regime, resulting in concentrated

increases of 0.15-0.39 mm/d in runoff in the wet season. In contrast, the
amplified seasonality of P-E results in more rapid SM increases by
0.08-0.19 mm/d in the wet season and particularly faster declines in SM
by 0.07-0.14 mm/d during the dry season that may aggravate the water
scarcity for the LL regime. For the HL regime, the enhanced seasonality of
P-E contributes to the largest increases in runoff (0.19-0.49 mm/d) during
the wet season and the strongest declines in SM (0.12-0.23 mm/d) during
the dry season. These SM declines are pronounced in snow-covered
regions, due to reduced seasonal cycles of snow accumulation and melt.
The LH regime exhibits small increases in P-E, runoff, and terrestrial
water storage in the wet season and more muted responses in the dry
season, which may slightly alleviate the arid environment. As the climate
change impacts vary greatly across different regimes, seasons, and
hydroclimate variables, these findings underscore the necessity for con-
tinued assessment of multifaceted characteristics of forthcoming shifts in
the terrestrial water cycle and water resources.
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The comprehensive assessment of water cycle changes by considering
both long-term averages and seasonality, as well as the hydroclimate
regimes, sheds light on the most impactful aspects of climate change across
different regions and has important implications for climate change adap-
tation. As P-E is projected to be more unevenly distributed over most land
areas, water management adaptations, such as reservoirs and irrigation, are
needed to address both water surplus and shortage issues, respectively, in
wet and dry seasons™®”. Seasonal changes in precipitation, evaporation,
runoff, soil moisture, and snow amount are also closely related to hydro-
climate extremes, and may increase the likelihood of floods and droughts
over different hydroclimate regimes. Indeed, an increase in flood events has
been observed in the HH and HL regions, such as Europe” and eastern US*,
and they are projected to become more frequent and more severe in the
future®. The frequency, intensity, and spatial extents of hydrological and
agricultural droughts are also reported to increase in current and future
climates™*"*, for example in the HL and LL regimes, likely due to reduced
dry-season P-E, as well as the reduction of snow accumulation and snow-
melt. The latter may disrupt the balance between water supply and demand
in regions where societal and agricultural systems rely heavily on snowmelt
runoff . In addition, reduced snowmelt recharge, alongside enhanced
evaporation under climate warming, accelerates SM declines during the dry
season, heightening the risk of soil droughts and may trigger flash droughts™
and compound droughts and heatwaves due to land-atmosphere
feedbacks™”. The observed and projected hydrological changes necessi-
tate more efforts to mitigate floods and/or droughts and ensure continuous
water supply throughout the year over different hydroclimate regimes.

Overall, our study disentangles the hydrological processes and unravels
the multifaceted characteristics of hydrological changes under climate
change. The projected changes in the terrestrial water cycle and water
resources have profound implications for our society and ecosystems. The
intensified seasonality in water availability presents significant challenges to
local populations, making agricultural efforts and sustainable management
of soil and water resources more difficult. Alterations in the mean and
seasonal cycles in the key hydroclimate variables may also signify substantial
and varied shifts in vegetation activities, ecosystem functioning, and ter-
restrial carbon cycle’*”. These coupled changes in the human-nature system
offer valuable insights into societal and ecological vulnerability to climate
change, facilitating the development of mitigation and adaptation strategies.
It is worth noting that the projected hydrological changes have not con-
sidered the impact of direct human activities, such as land use and land cover
changes and water resources management, which may further accentuate or
alleviate the climate change impacts™”. It is crucial to maintain ongoing
monitoring and forecasting of the complex hydrological changes by inte-
grating multiple dimensions of human impacts on the global and regional
water resources and developing policies and strategies to reduce vulner-
ability to water-related disasters.

Methods

CMIP6 model simulations

We used monthly outputs of precipitation (“pr), evaporation (“evspsbl”),
runoff (“mrro”), total soil moisture content (“mrso”), and surface snow
amount (“snw”) from 17 climate models in CMIP6 (Table S1). These
models were selected because they have archived the required variables in
the historical (1850—2014) and future (2015-2100) simulations under two
emission scenarios: the low forcing sustainability pathway (ssp1-2.6) and the
high-end forcing pathway (ssp5-8.5), in which the radiative forcing reaches
2.6 W/m”and 8.5 W/m’, respectively, by 2100. Moreover, these models have
accurately simulated the climatological water balance, i.e. precipitation
equals the sum of runoff and evaporation at the 30-year scale, over land grid
cells and well represented the water balance in dry and wet seasons by
considering seasonal changes in terrestrial water storage. As CMIP6 models
do not include groundwater modelling and glacier mass changes, terrestrial
water storage was calculated as the sum of total soil moisture content and
surface snow amount at the monthly scale, provided that these components
are simulated independently®. Several models, in which the simulated soil

moisture and snow amount are not fully independent, i.e. sharing core
elements or treated as extensions from each other, were not used to mini-
mize systematic errors in terrestrial water storage and surface water balance.
Finally, the 17 models that have met the climatological and seasonal water
balance requirements were selected for data analyses. We used one ensemble
member from each model (see Table S1), as simulations from different
members of a given model are quite similar, differing only in initial con-
ditions while maintaining identical anthropogenic climate forcings. The
model outputs were bilinearly resampled to a common spatial resolution of
1° x 1° to obtain the multi-model ensemble mean.

ERADS reanalysis and observation-based datasets

To assess the global distribution of hydroclimate regimes, we used eva-
poration and precipitation data from ERA5 global reanalysis™. As the ERA5
reanalysis is constrained with in situ and satellite remote-sensing observa-
tions, it provides a reliable representation of hydroclimate characteristics
worldwide. For our analysis, we used monthly outputs of evaporation and
precipitation at the spatial resolution of 1° x 1° for the period 1971-2000 to
identify the historical hydroclimate regimes (see “Definition of hydro-
climate regimes” below). Additionally, we used observation-based datasets
of GPCC precipitation” and GLEAM evaporation® to evaluate model
simulations in the historical period (1971-2000).

Definition of hydroclimate regimes
To characterize hydroclimate regimes over different regions, we con-
sider both the climatological mean water availability (P-E) and its sea-
sonality. While precipitation is commonly used to represent the water
constraint for a given region'>", the spatial and temporal patterns of
water availability, along with regional hydroclimate characteristics, are
influenced by both precipitation and evaporation. The climatological
mean P-E measures the amount of water resources that are theoretically
available for humans and ecosystems for a given region, accounting for
water input via precipitation and losses through evaporation. Season-
ality characterizes how water resources are distributed between different
seasons and defines regional water supply patterns. It also influences the
occurrence and characteristics of hydroclimate extremes, such as
droughts and floods, and has crucial implications for the sustainable
management of water resources. As the seasonal cycle of P-E is largely
driven by that of precipitation (Fig. 1), we quantified the hydroclimate
seasonality based on the relative entropy (RE) of precipitation, which has
been widely adopted to evaluate the precipitation seasonality from a
non-parametric standpoint'**>%,
The RE of precipitation for the historical period (1971-2000) was
estimated for each grid cell in each model as follows:
1. the historical mean precipitation was obtained for each of the
12 months, ie. P,,, m € [1,12];
2. the probability distribution of mean monthly precipitation (p,,) was
computed as

Pm

12
Em:l Pm

3. the RE of mean precipitation was estimated to measure whether the
precipitation distribution is similar to a uniform distribution with the

pm: 7pm€[071] (1)

same probability of 1/12 for each month, ie. q,, = 1—12, for all m,
12 »
RE = melog2 (q—m> .RE € [0, log,12] )
m=1 m

where RE =0 when precipitation is uniformly distributed, ie.
P =4, = 5 RE increases as precipitation becomes more seasonally
variable and reaches its maximum value of log, 12 (= 3.585) when all annual
precipitation is concentrated in one month. The larger the RE value, the
higher the variability in monthly precipitation, and a higher hydroclimate
seasonality.
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We utilized a multi-model ensemble approach to classify global ter-
restrial hydroclimate into four distinct regimes, ensuring that this classifi-
cation effectively captures historical hydroclimate characteristics and is
broadly representative across different models. Using multi-model mean
P-E and RE for the historical period, we defined four hydroclimate regimes
based on the median (i.e. 50th percentile) thresholds of P-E and RE across
land grid cells: high/low P-E and high/low seasonality (Fig. 1). This classi-
fication of hydroclimate regimes combines the mean and seasonality to
better capture regional hydroclimate characteristics and allows us to eval-
uate future changes in the climatological means and seasonal cycles of
hydroclimate variables for different regimes/regions. Considering model
differences in hydroclimate simulations, we used only four regimes so that
different models could achieve a high level of consistency in terms of the
classification results (Fig. S2). The global distribution of the four regimes
based on the multi-model ensemble is consistent with the distribution
derived from the ERA5 reanalysis (Fig. S1a). Additionally, the multi-model
mean seasonal cycles of precipitation, evaporation, and P-E, along with their
historical changes, align closely with those from ERA5 (Fig. Slc-n). This
indicates that the multi-model ensemble could well capture the global
hydroclimate characteristics. We have also tried another classification
scheme using quantile-based thresholds (e.g. the 30th and 70th percentiles),
resulting in a classification of nine regimes in total. However, the results
varied greatly across different models, indicating that the classification
outcomes might not effectively capture hydroclimate characteristics con-
sistently across different models.

To examine whether the historical hydroclimate regimes are repre-
sentative of future hydroclimate characteristics, we also identified four
hydroclimate regimes based on future simulations (2071-2100, ssp5-8.5).
The spatial distribution and land area of the four regimes between the
historical and future periods are similar (Fig. 1 and S3), indicating that the
hydroclimate regimes are relatively consistent despite changes in P-E and
RE driven by anthropogenic climate change. Overall, the multi-model
ensemble effectively captures historical hydroclimate characteristics across
different models and time periods, allowing a robust assessment of changes
in water availability in a warming climate.

Changes in surface water balance

Surface water balance dictates that precipitation (P) minus evaporation (E),
i.e. the surface water availability, equals the sum of runoff (R) and changes in
terrestrial water storage with time (dS/df):

P—E=R+ds/dt 3)

where dS/dt represents the sum of changes in soil moisture (dSM/dt) and
snow amount (dSN /d¢) over time. At the monthly scale, P-E can be directly
calculated using model outputs of precipitation and evaporation. Changes in
terrestrial water storage, dS /dt, should be calculated as the difference in
water storage at the beginning and the end of each month. However, as daily
water storage was not available in many climate models, dS/dt for month i,
ie. (dS/dt),, was usually evaluated using water storage changes between
two adjacent months calculated from the forward (S, ; — S;) or backward
(S; — S;_,) difference method®, or the combination of the two methods

(Eq. (4)).

_ Siv1 — Sic
(ds/dt), = .

(4)
While the seasonal cycles of dS/dt calculated from the three methods are
quite similar, the combination method, i.e. Eq. (4), could better ensure
surface water balance (Eq. (3)) for most land areas and was used to obtain
monthly dS/dt and its components (dSM /dt and dSN/dt) in this study.
To assess future hydrological changes, we compared the climatological
mean and seasonal variations in the hydroclimate variables (i.e. P, E, P-E, R,
ds/dt, dSM/dt, dSN/dt) between the historical (1971-2000) and future
(2071-2100) periods. To characterize the seasonal cycle, the month with the

lowest mean P-E during the historical period is taken as the starting month
of a year for each grid cell in each model. Following the previous analysis',
the dry and wet seasons are defined as three consecutive months with the
lowest and highest mean P-E during the historical period. While the driest
and wettest months/seasons may change in future simulations, we used the
same definitions of dry and wet seasons for both historical and future
periods, which enable us to better compare future changes in the seasonal
cycles of surface water balance under different forcing scenarios (i.e. ssp1-2.6
and ssp5-8.5).

We examined the robustness of long-term and seasonal hydrological
changes based on the multi-model agreement. Taking the change in P-E
(A(P-E)) as an example, A(P-E) is deemed to be statistically significant (p-
value < 0.05) if the sign of change is the same as that of the multi-model
mean A(P-E) in at least 13 of the 17 models'’. This is because the likelihood
of A(P-E) to be either positive or negative is 50%, assuming there is no
consistent change in P-E between the historical and future periods. To test
this null hypothesis, we calculated the probability that at least 13 of the 17
models would have the same sign as the multi-model mean using the
binomial distribution"’.

17
17! .
_ (17—n)
P(n>13) = 21:3—”!(17 - n)!O.S x0.517-"<0.05 5)
=

Equation (5) suggests that the null hypothesis of no change could be rejected
and the change in P-E is significant at the 95% confidence level. Similarly, we
examined whether changes in other hydroclimate variables are significant
based on agreement in sign for at least 13 (>75%) of the 17 CMIP6 models.

Data availability

All data used in this study are available online. The CMIP6 model simu-
lations are publicly available from https://esgf-node linl.gov/search/cmip6/.
The ERAS5 reanalysis is available from https://cds.climate.copernicus.eu/
datasets/reanalysis-era5-single-levels-monthly-means?tab=overview. The
GLEAM evaporation is available from https://www.gleam.eu/. The GPCC
precipitation is available from https://opendata.dwd.de/climate_
environment/GPCC/html/download_gate.html.

Code availability

The R code used for data analyses is available upon request.
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