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ABSTRACT

Continental drying and associated dryland expansion would accelerate environmental degradation and desertification. However,

the rate of continental drying commonly assessed with an aridity index is inconsistent with observations and projections of wide-
spread greening and increased global runoff. This raises questions about the accuracy of assessment methods and projections of
continental drying and dryland dynamics in a warming world. Here we show that the continental drying trend has been exagger-
ated because the potential evapotranspiration (PET) and its rate of increase over time are grossly overestimated with the widely

used Penman equations. Using an energy-based PET estimator, we bias correct the aridity index and find considerably weaker

and less extensive continental drying (47% of the global land area) than the 61%-65% based on Penman equations. Dryland ex-

pansion is projected to occur over only 2.1% of global land area in a high-emission scenario in the 21st century. Moreover, the
corrected aridity index and ecohydrological and hydroclimate projections all show no change in significance consistently in the
extent of global drylands based on 32 climate models. These findings resolve the ongoing debate about global dryland expansion
and have far-reaching implications for understanding long-term changes in the climate system and their impacts on terrestrial

ecohydrological processes.

1 | Introduction

Continental drying has been observed over much of the
Earth's land and is projected to increase in a warmer climate
(Greve et al. 2014; Marvel et al. 2019; Cook et al. 2020). This
could result in more frequent and more severe droughts, heat
waves, and wildfires, and raises serious concerns about the
sustainability of ecosystems and our society (Mazdiyasni and
AghaKouchak 2015; Abatzoglou and Williams 2016; Zhou,
Zhang, et al. 2019; Zhou, Yu, and Zhang 2023). Dryland ecosys-
tems are highly exposed and vulnerable to the warming and dry-
ing impacts, which would accelerate environmental degradation

and desertification and adversely affect the well-being and live-
lihood of billions of people (Huang et al. 2017; Song et al. 2024).
Further expansion of global drylands in a warmer future would
increase the fraction of population affected by water scarcity
and land degradation and threaten biodiversity, provision of
ecosystem services, and socioeconomic development (Huang
et al. 2016; Lian et al. 2021). To protect dryland ecosystems and
promote sustainable development, numerous efforts have been
made to understand the climate change impacts on continen-
tal dryness and the extent of drylands and to develop mitigation
and adaptation strategies, including many conservation and res-
toration programs (Fu et al. 2021; Li et al. 2021).
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While past and future dryland changes have been extensively
assessed, the magnitude of the continental drying trend and
the rate of global dryland expansion remain highly uncertain
(Berg and McColl 2021; Feng and Fu 2013; Huang et al. 2016;
Lian et al. 2021; Liu et al. 2023; Milly and Dunne 2016).
Continental dryness has been commonly evaluated with an
aridity index, defined as the ratio of precipitation over the
potential evapotranspiration (P/PET), which represents a
balance between the water supply at the land surface and
the evaporative demand of the atmosphere. Drylands are
defined as regions where the aridity index is <0.65 by the
United Nations Environment Programme (Middleton and
Thomas 1997). The aridity index based on observations and
model simulations has shown an enhanced continental drying
trend and a persistent expansion of dryland areas since the
mid-20th century (Feng and Fu 2013; Huang et al. 2016; Lian
et al. 2021). This increase in continental dryness, however,
is inconsistent with concomitant increases in global runoff
and widespread vegetation greening that indicate ameliorat-
ing ecohydrological dryness (Lian et al. 2021; Liu et al. 2023;
Piao et al. 2020; Yang et al. 2019; Zhou, Yu, Lintner, Findell,
and Zhang 2023). According to an empirical ecohydrological
index of aridity based on leaf area index and the relationship
between soil moisture and transpiration, no substantial ex-
pansion of global drylands is projected to occur even for a
high-emission scenario (Berg and McColl 2021). This appar-
ent discrepancy between changes in the aridity index and
ecohydrological variables raises questions about the accuracy
of the assessment methodology and projections of continen-
tal drying and dryland dynamics in a warming world (Greve
et al. 2019; McColl et al. 2022; Scheff et al. 2022).

While the concept of dryness or dryland encompasses climatic,
hydrological, and ecological characteristics (dry climate, lim-
ited water supply, and sparse vegetation; Roderick et al. 2015),
dryness essentially implies that water demand well exceeds
water supply and could therefore be evaluated with the arid-
ity index (Budyko 1974; Zhou et al. 2015). An important ques-
tion is whether the ongoing debate over continental drying
and dryland expansion originates from the aridity index, par-
ticularly an overestimation of the evaporative demand, that is,
PET (Greve et al. 2019; Milly and Dunne 2016, 2017; Zhou and
Yu 2024). PET is defined as the rate of evapotranspiration (ET)
that would occur when the energy supply remains the same but
water supply is unlimited, and as such, the PET should be con-
strained by the net radiation (Milly and Dunne 2016). However,
the PET commonly estimated with the Penman equations and
especially its rate of increase in future projections have far ex-
ceeded those based on the net radiation (Milly and Dunne 2017).
This is because the Penman equations incorporate both radia-
tive and aerodynamic controls over the evaporative demand
(Penman 1948). When water supply is limited, a lower ET and
weaker evaporative cooling would reduce air humidity and in-
crease air temperature, resulting in apparent increases in the
evaporative demand associated with aerodynamic conditions to
exceed that constrained by the net radiation (Zhou, Williams,
et al. 2019; Zhou and Yu 2024). Such overprediction of the PET
could be bias corrected using an energy-based approach with
the net radiation and a wet Bowen ratio (Zhou and Yu 2024).
However, it remains unknown whether the energy-based PET
(PET,) could reconcile the apparent inconsistency between

changes in continental dryness and ecohydrological conditions
and improve our understanding of the climate change impacts
on global dryland expansion.

In this study, the PET,-based aridity index was used to provide
improved projections of continental dryness and dryland dy-
namics and resolve the discrepancy in global dryland expansion
based on climatic, ecohydrological, and hydroclimate changes
in a warming world. Observationally constrained ERAS5 reanal-
ysis data and historical and future (SSP5-8.5) simulations from
32 global climate models in the Coupled Model Intercomparison
Project Phase 6 (CMIP6, Table S1) were used to assess long-term
changes in continental dryness and dryland dynamics. The
dryland projections using the aridity index (P/PET,) were com-
bined with those based on the ecohydrological index (Berg and
McColl 2021), as well as hydroclimate variables, to provide reli-
able and consistent projections of global dryland dynamics for a
coupled climate-hydrology-ecology system.

2 | Materials and Methods
2.1 | Datasets

ERAS5 global reanalysis dataset, that is, the fifth generation re-
analysis from the European Centre for Medium-Range Weather
Forecasts (ECMWF), uses a high temporal and spatial resolu-
tion modeling and data assimilation system, which assimilates
a substantial large volume of improved observations to produce
a high-quality global reanalysis dataset (Hersbach et al. 2020).
By optimally combining observations and model outputs, the
ERAS reanalysis can ensure integrity and coherence in the rep-
resentation of the global water and energy cycles and ensure
the physical consistency between atmospheric and land surface
variables for estimating the PET and aridity index. Monthly out-
puts of total precipitation, ET, surface latent and sensible heat
fluxes, air temperature and dew point temperature at 2m, skin
temperature, surface pressure, and wind speed at 10m for the
recent 42years (1980-2021) were used for this analysis. The net
radiation was calculated as the sum of latent and sensible heat
fluxes, as ground heat flux is negligible at the monthly scale.

Historical and future simulations from 32 global climate mod-
els in CMIP6 (Eyring et al. 2016) were also used for data anal-
ysis (Table S1). These models were selected because they have
archived all the required monthly outputs as listed for ERAS5,
except that specific humidity instead of dew point tempera-
ture was used in CMIP6. Total runoff was also used to assess
changes in the extent of dryland globally. The atmospheric
and land surface outputs from the historical (1850-2014) and
shared socioeconomic pathway (SSP5-8.5, high emission sce-
nario, 2015-2100) simulations were used to assess past and fu-
ture changes in the aridity index for the period of 1980-2100.
The 32-model ensemble mean was used to filter out the uncer-
tainty from inter-model variability to better represent the land-
atmosphere responses to anthropogenic forcings. The projected
changes in continental dryness and dryland extent were tested
for statistical significance based on the intermodel agreement.
To facilitate comparison with ERA5 and CMIP6 models, all data
have been resampled to a common spatial resolution of 1°x1°
using the bilinear interpolation method.
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To test the consistency between changes in the aridity index and
hydroclimate conditions in a warming world, monthly outputs
of atmospheric and land surface variables (same as historical
and future simulations) from 7 of the 32 CMIP6 models that
participated in the 1pctCO2-rad simulations were used (see
Section 2.5). In 1pctCO2-rad, CO, concentration increases from
285ppm to 1140 ppm at a rate of 1% per year for 140years for the
atmospheric component only, while the land component is set to
afixed CO, concentration of 285 ppm to eliminate the CO, phys-
iological effect (i.e., reduced stomatal conductance) on hydrocli-
mate changes. 1pctCO2 simulations have been widely used to
assess the CO, radiative effect (i.e., climate change) on hydro-
climate changes (Scheff et al. 2021; Zhou, Yu, Lintner, Findell,
and Zhang 2023).

2.2 | PET Equations

PET is commonly estimated using the Penman equations
that involve the radiative and aerodynamic controls over ET
(Penman 1948). The open-water Penman equation (PET,)
(Shuttleworth 1993) and the reference crop Penman-Monteith
equation (PET,,) (Allen et al. 1998) have been widely adopted to
estimate the PET for open water and crop surfaces, respectively.

R, +6.43(1 +0.5361)yVPD

PET,, =

ov pE M
0.408sR. +y —2_,VPD

PET,, = i @

s+ y(1+0.34u)

where 1 is the latent heat of vaporization (Jkg™); R, is the net
radiation minus ground heat (Jm=2d ), that is, the sum of sensi-
ble and latent heat; s is the slope of the curve for saturation vapor
pressure with respect to temperature (Pa K™1); and y is the psy-
chrometric constant (Pa K™%). Meteorological variables, includ-
ing wind speed (u, m s™Y), air temperature (T,, “C), and vapor
pressure deficit (VPD, Pa), are observed at 2m above ground.

The Penman equations above share a common underly-
ing assumption that the evaporative surface is saturated
(Penman 1948), which is, however, not satisfied over most
land surfaces. For a hypothetical wet surface, the atmospheric
conditions that would have adjusted to the condition of such a
hypothetical, saturated surface are unknown, and observed/
projected meteorological variables over a dry surface have been
used to estimate the PET. Therefore, the strong feedbacks of
surface (soil) moisture on air temperature, humidity, and wind
speed are omitted (Qiao et al. 2023; Zhou et al. 2021, Zhou,
Williams, et al. 2019). As suggested by Brutsaert (2015), the es-
timated PET from the Penman equations with meteorological
observations under dry conditions should be called “apparent
PET,” which is fundamentally different from the PET that would
occur when moisture supply is unlimited at the evaporative sur-
face. When the land surface is saturated and coupled with the
atmosphere, a larger amount of evaporated water vapor would
increase the atmospheric humidity and shift the surface energy
partitioning toward evaporative cooling, resulting in a wetter
and cooler atmosphere, that is, a lower VPD, and a reduced PET
constrained by the net radiation. This suggests that the Penman

equations above would overestimate the PET when water supply
is limited over land, as demonstrated in previous studies (Greve
et al. 2019; Milly and Dunne 2016, 2017; Zhou and Yu 2024).

To resolve the issue above, an energy-based approach has re-
cently been developed to estimate the PET (PET,) with the net
radiation (R,) and a wet Bowen ratio (f,,) (Zhou and Yu 2024).

PET. = L
©A(1+8y) ®

PET, represents the energy limitation to ET, that is, the maxi-
mum ET that could occur when the net radiation remains the
same, but water supply is unlimited for a hypothetical, saturated
surface. g, is estimated based on the aerodynamics, that is, the
ratio of sensible over latent heat exchanged between the satu-
rated surface and the atmosphere.

T, —T,
p= LT @

"
el —e,

where T, — T, is the difference between surface (T,) and air (T,)
temperatures, and e} — e, is the difference in vapor pressure at
the saturated surface (¢}) and of the air (e,) above. As suggested
by Zhou and Yu (2024), g,, has two distinct advantages over
Penman equations for PET estimation. First, g, can accurately
estimate the Bowen ratio for wet surfaces, allowing PET, esti-
mated with g, and R, to closely match observed/projected ET
over the ocean. Second, for dry surfaces, f,, has been demon-
strated to be a reliable estimator of the Bowen ratio when the
surface becomes saturated. While g, is estimated using ob-
served/projected meteorological variables under dry conditions,
this wet Bowen ratio remains fairly constant due to coupled
changes in temperature and humidity of the air and at the land
surface from dry to wet conditions (Zhou and Yu 2024). This has
resolved the issue of PET overestimation with Penman equa-
tions for a dry environment.

Similar to PET,, another widely used energy-based approach is
the Priestley-Taylor equation (PET,,) (Priestley and Taylor 1972),
which is a simplified version of the Penman equation, by assum-
ing that the aerodynamic component is approximately 26% of

the radiative component (ssf"y) for wet surfaces:

SR,

PET  =1.26
pt Ms+7y)

©)

PET,, and PET, differ in the estimated f,,. Note that PET,, in
Equation (5) can be rewritten as

R

n

A[l + (0.79% - 0.21)]

PET,, = ®)

It can be seen by comparing Equations (3) and (6) that the equiv-
alent wet Bowen ratio inferred from PETy, f, is a linear func-
tion of Z:

pr

P = 0795 — 021 @)
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which depends on near-surface air temperature only. As f,
in PET,, does not explicitly consider the influence of ver-
tical gradients in temperature and humidity between the
land surface and the atmosphere, it tends to overestimate
the effect of temperature on surface energy partitioning and
varies greatly between dry and wet conditions (Zhou and
Yu 2024).

2.3 | Estimation of PET and Aridity Index

The energy-based PET, and the three Penman equations, that
is, PET,;, PET,, and PET,  were used to estimate the PET. PET,
was estimated with the net radiation and the wet Bowen ratio,
that is, Equation (4). Under normal conditions, f,, is larger
than zero and smaller than the actual Bowen ratio (f), that is,
the ratio of sensible over latent heat, as the land surface is usu-
ally unsaturated and the surface temperature is higher than
air atmosphere. Occasionally, values of g, calculated using
Equation (4) were found to be negative for some land grid
cells, where the surface (skin) temperature is smaller than air
temperature at the monthly scale due to the influence of low
surface temperature at night. To avoid underestimation of g,
caused by night-time surface temperature, g, was set to its
lower bound based on the relationship between g, and % over
the ocean, that is, g, >0.24 - g (Zhou and Yu 2024). On the
other hand, over snow-covered regions, sensible heat flux can
be negative at daytime and therefore negative values of both
P, and p are possible. Thus, f was used as the upper bound
for computed f,, using Equation (4). The value of g, for each
month was checked and constrained in sequence as follows:
) if g, <0.24 - g B, was set to 0.24 - %; and (2) if B, > B, By
was set to f.

PET was calculated at the grid cell and global scales using
monthly outputs from ERAS5 (1980-2021) and CMIP6 models
(1980-2100). At the global scale, the area-weighted mean PET
was calculated over land excluding Greenland and Antarctica.
The monthly PET was aggregated to the annual scale, along
with the annual precipitation, to calculate the aridity index
(P/PET) for each year and identify the long-term trend in
the aridity index over the period 1980-2100 for each model.
Continental drying/wetting trends in the aridity index were
evaluated based on the 32-model mean, which was deemed to
be robust based on model agreement: the linear trends were
significant (p-value <0.05, t-test) and the sign of the signifi-
cant trends was the same as that of the ensemble mean in at
least 22 of the 32 models, which corresponds to a likelihood of
5% by assuming an equal chance of either a positive or nega-
tive sign for the significant linear trends across models (Zhou
et al. 2022).

To test whether the PET can accurately represent the actual
evaporative demand, the PET was compared with the ET over
the ocean, where water is abundant and the estimated PET
should equal the ET simulated by climate models. Over land, the
reliability of the PET (as well as the aridity index) was assessed
and validated by examining whether it can be used to reproduce
climate model outputs of the runoff ratio based on the Budyko
framework (see Section 2.5).

2.4 | Estimation of Global Dryland Areas

Drylands are defined as regions where the aridity index is
<0.65, which was adopted by the United Nations Environment
Programme (Middleton and Thomas 1997) and widely used in
previous studies (Berg and McColl 2021; Feng and Fu 2013;
Huang et al. 2016). In this study, this definition was con-
sistently applied to identify the extent of drylands based on
different PET equations. The dryland area and its long-term
changes were quantified as the fraction over the global land
area excluding Greenland and Antarctica; the latter was not
included in all analyses to allow a fair comparison with a
recent study of dryland dynamics (Berg and McColl 2021).
The dryland area for each year in the period of 1980-2100
was computed to identify the spatial and temporal evolution
of global drylands and the expansion and/or contraction of
global drylands from historical (1991-2020) to future (2071-
2100) periods.

The potential changes in global dryland areas were also as-
sessed using the ratio of runoff over precipitation (R/P). As
suggested by the Budyko framework (Budyko 1974), the runoff
ratio is primarily controlled by climate conditions represented
by the aridity index. For each model, an empirical relationship
between the runoff ratio and the aridity index across land grid
cells in the historical period was established to determine the
threshold of the runoff ratio that corresponds to the threshold
of 0.65 for the aridity index (Lian et al. 2021). All land grid
cells with P/PET, <1.5 were used to establish the relation-
ship between P/PET, and R/P. To better capture the nonlin-
ear relationship, different empirical models were attempted,
and the quadratic function with the highest determination of
coefficient was adopted (Figure S1). A threshold of R/P was
determined for each model and used to identify dryland areas
for both historical and future periods and to evaluate changes
in the fraction of global drylands between the two periods.
This method was repeated to identify the threshold of R/P and
changes in dryland areas for the three other aridity indexes
(P/PET,, P/PET,, and PET,).

ow’

2.5 | Projecting the Runoff Ratio From
the Aridity Index

To assess the robustness of P/PET, in reconciling the discrep-
ancy in continental drying, it is essential to determine whether
P/PET, can reliably project changes in the runoff ratio (R/P) in
a warming climate (McColl et al. 2022). Although the diver-
gent trends between P/PET, and R/P can be partly attributed
to vegetation physiological responses to elevated CO, (Yang
etal. 2019), Scheffet al. (2021) show that the divergence remains
even when the CO, physiological effect is turned off in climate
models (i.e., 1pctCO2-rad), likely because of the overestimation
of the drying trend by P/PET, . To explore this further, the re-
lationship between R/P and P/PET can be expressed using the
Budyko framework (Yang et al. 2008; Zhou et al. 2016):

1

n

%:1_[<L>n+1]_ ,n € (0, o) ®
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where the parameter n represents land surface characteristics, such
as vegetation, soil, land use, and topographic factors. In a high-
emission scenario, the CO, physiological effect has been identified
as a primary factor responsible for the long-term changes in the pa-
rameter n (Zhou, Yu, Lintner, Findell, and Zhang 2023). To isolate
the relationship between R/P and P/PET without the CO, physio-
logical effect, R/P was estimated from P/PET with a constant pa-
rameter n in 1pctCO2-rad, and the estimated R/P was compared
with R/P directly obtained from model simulations. For each
model/grid cell, the parameter n was first solved based on P/PET
and R/P and Equation (8) for the first 30-year period of 1pctCO2-
rad, and the value of n for the first 30-year period was used to com-
pute R/P with P/PET and Equation (8) for all subsequent 30-year
periods (111 moving averages in total out of the entire 140years).
It is worth noting that while the value of n varies across grid cells,
models, and the PET used, it was fixed throughout the entire 140-
year period of 1pctCO2-rad for all aridity indexes evaluated to as-
sess their effectiveness in projecting long-term trends in R/P.

3 | Results

3.1 | Long-Term Increases in
the Evaporative Demand

The spatial pattern of PET, from the CMIP6 ensemble is highly
consistent with that from ERAS5 (Figure 1a,b), with the spatial
correlation coefficient (r) of 0.98 for the historical period of 1980-
2021 (42years). The global pattern of PET, largely resembles that
of surface net radiation, with higher values in lower latitudes

where the land surface receives and absorbs more solar radiation
(Figures 1a,b and S2a,e). PET, and ET are in close agreement over
the ocean, where the mean absolute difference between the two is
only 0.4% of the mean ET using ERAS5 and 1.4% with the CMIP6
ensemble (Figure S3a,d). This indicates that PET, accurately rep-
resents the evaporative demand under wet conditions.

Over the past42years, PET, increased at a mean rate of 0.78 mm/
year over the global land area in ERAS5 (Figure 1c). The positive
trends over almost all land areas also persist to the end of the
21st century, with a mean trend of 1.1 mm/year during 1980-
2100 (Figure 1c,d). The long-term increase in PET, is mostly at-
tributed to increases in the net radiation over the same period,
but is also induced by warming-led reductions in the wet Bowen
ratio (f,,), which suggests that a larger fraction of the net radi-
ation is associated with the PET, if water supply is unlimited
(Figures S2i and S4a,f).

Similar to PET,, both the spatial pattern and long-term trend
of PET primarily depend on the net radiation (Figure S2).
However, PET  shows higher sensitivity of the Bowen ratio to
air temperature and the Bowen ratio inferred from PET,, that s,
B, decreases at a rate of —0.074 per century, which is more than
twice as large as the rate of —0.028 per century estimated for g,
(Figure S4). This is because f§, is an empirical function of air
temperature (Equation 7), and unlike g,,, it does not account for
the influence of land-atmosphere gradients of temperature and
humidity on surface energy partitioning. Therefore, the long-
term trend in PETpt, at a rate of 1.5mm/year, is 36% higher than
that of PET, for the same period (1980-2100) (Figure S2j,m).
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Long-term trends of the potential evapotranspiration (PET) based on ERA5 and CMIP6. (a, b) The energy-based PETe estimated from

ERAS outputs () and 32 CMIP6 models (b) during the historical period (1980-2021). (c) Long-term changes in global terrestrial mean annual PET,
and the net radiation (Rn/A) estimated from ERAS5 and CMIP6 based on historical (1980-2014) and future (2015-2100, SSP5-8.5) simulations. The
solid lines show multimodel ensemble means, and the shading refers to one standard deviation across the 32 models. (d) Multimodel mean trends in

the annual PET, during 1980-2100 based on CMIP6. Stippling denotes regions where the linear trend is significant (p-value <0.05) and the sign of

the trend is consistent with the sign of the multimodel ensemble mean (as shown in the figure) for at least 22 of the 32 models. Map lines delineate

study areas and do not necessarily depict accepted national boundaries.
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In contrast to PET, and PET,, higher values of PET_ and PET
occur in mid-latitude dry regions, where lower humidity of the
air implies a higher potential for ET, and their values far exceed
that constrained by the net radiation (Figure S2). The substan-
tial increases in the annual PET_, and PET,, both at a rate of
2.37mm/year for the period 1980-2100, are more than twice
the rate of the annual PET, as projected by the CMIP6 ensemble
(Figure S2n,0). In addition to the effect of net radiation, PET_,
and PET,_ are further increased by higher VPD in a warming
climate (Fang et al. 2022), particularly over the Amazon and
mid-latitude regions (Figure S2k,1), where precipitation and soil
moisture are projected to decline and the reduced ET acceler-
ates warming and drying of the atmosphere, resulting in greater
increases in VPD (Cook et al. 2020; Zhou et al. 2022, Zhou,
Williams, et al. 2019). Such increases in VPD, and consequently
in PET_, and PET , are actually a response of the atmosphere to
reduced ET, rather than a driving factor forcing ET increases as
represented by the evaporative demand.

Compared to the PET,, the three Penman equations have over-
estimated the positive trend in the PET with anthropogenic
warming over land (Figures 1 and S2). This explains why the
long-term increase in PET estimated with the three Penman
equations has greatly exceeded that in ET over nonwater-
stressed regions (Milly and Dunne 2016). This overestimation

may have led to an exaggerated assessment of climate change
impacts on continental drying and the apparent discrepancy
between changes in continental dryness and ecohydrological
and hydroclimate conditions (Berg and McColl 2021; Greve
et al. 2019; Huang et al. 2016; Lian et al. 2021; Liu et al. 2023).

3.2 | Reconciling the Discrepancy in Global
Dryland Expansion

To address the discrepancy in continental drying, the PET,-based
aridity index (P/PET,) was used to assess the long-term changes
in continental dryness and dryland dynamics, and to compare
with those based on the ecohydrological index and hydroclimate
changes. The significant decrease (p-value <0.05, t-test) in P/
PET, for at least 22 of the 32 CMIP6 models suggests a robust
drying trend over 47% of global land area (Figure 2a, red with
stippling), mostly in the Amazon and mid-latitude dry regions,
during the period of 1980-2100. The greater increase in PET,
relative to precipitation over 63% of the land area (Figure 2a,
red) based on the CMIP6 ensemble corroborates the projected
widespread shift from energy to water limitation for terrestrial
ET as previously reported (Denissen et al. 2022). Meanwhile,
another 25% of the land area (Figure 2a, blue with stippling) is
found to experience a significant wetting trend, such as in East
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PET,, the Priestley-Taylor equation (PETpt), the open-water Penman equation (PET ), and the reference crop Penman-Monteith equation (PET, ).
Stippling denotes regions where the linear trend is significant (p-value <0.05) and the sign of the trend is consistent with the sign of the multimodel

ensemble mean (as shown in the figure) for at least 22 of the 32 CMIP6 models. The pie chart insets show proportions of the land area with (red and

blue, stippling) and without (gray, no stippling) significant trends in the aridity index. (e, f) Long-term changes in the global terrestrial mean AI, that

is, global mean annual P over global mean annual PET, and the fraction of drylands (AI <0.65) over the global land area, relative to that in 1980. The

solid lines show multimodel ensemble means and the shading refers to one standard deviation across the 32 models. Map lines delineate study areas

and do not necessarily depict accepted national boundaries.
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Africa, India, and North China, where the increase in precipi-
tation has exceeded that in PET,. The global mean aridity index
remains around 0.90 over the historical period 1980-2021 and is
projected to decrease to about 0.88 by the end of the 21st century
(Figures 2e and S5i). Consistent with this modest drying trend,
the dryland area expands by only 0.02% of the global land area
per year between 1980 and 2100 (Figures 2f and S5j).

The global dryland area based on the CMIP6 ensemble was
compared between historical (1991-2020) and future (2071-
2100) periods to identify the spatial extent of dryland expan-
sion and contraction. For the historical period, the fraction and
distribution of global drylands identified using P/PET, align
with those using P/PET,, that is, the aridity index used by the
World Atlas of Desertification (Middleton and Thomas 1997)
(Figure S5a,g.j), suggesting that P/PET, is a reliable index for
dryland identification. Based on the 32-model mean P/PET,,
global drylands cover 34.6% and 36.7% of the total land area over
the historical and future periods, respectively (Figure 3a,b).
The expansion and contraction of drylands over 3.3% and
1.2% of the global land area, respectively, occur mostly in the

transitional regions between drylands and nondrylands and
move toward the regions of long-term decreases and increases
in P/PET, (Figure 3b). The net dryland expansion is identified
over only 2.1% of the total land area based on the agreement of
at least 22 of the 32 models (Figure S5a,b). However, the differ-
ence in the fraction of global drylands between the historical
(37.2% £ 4%) and future (39.3% +4%) periods is not statistically
significant (p-value > 0.05, Figure 3a) based on the 32 models.
This assessment of dryland area and its changes is consistent
with the finding based on the ecohydrological index (Berg and
McColl 2021), which shows that the change in global dryland
area is <1%, from 35.8% during 1971-2000 to 35.1% during
2070-2099 based on 13 CMIP5 models. Moreover, the model
spread for the ecohydrological index is much greater (>30%
across 13 models) (Berg and McColl 2021) than that based on
P/PET, (~16% across 32 models, Figure 3a), implying that the
ecohydrological index has a much larger amount of uncertainty
than the aridity index.

Itis worth examining whether the projections of continental dry-
ness and dryland dynamics are consistent with those based on
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FIGURE3 |

Drylands unchanged

Drylands expansion

Changes in the total area of global drylands based on CMIP6. (a) Distribution of the global fraction of drylands (AI<0.65) across the

32 CMIP6 models for the historical (1991-2020) and future (2071-2100) periods, based on the runoff ratio (R/P) and the aridity index (AI) estimated
from precipitation and four different PET estimators shown in Figure 2. The threshold of R/P is determined based on the relationship between R/P
and P/PET, for each model (Figure S1). The center line and the cross represent the median and the mean of dryland fractions, respectively, from the
32 models. The triangle represents the dryland fraction estimated based on the mean aridity index from the 32 models. Asterisks below the boxplots
indicate the significance level of the difference in dryland area between the two periods (NA for p-value >0.05, ** for p-value <0.01, and *** for p-
value <0.001) using the Student's ¢-test. (b—e) Changes in the spatial extent of drylands between the two periods. The dryland area is identified based
on the 32-model mean Al for each period. The pie chart insets show proportions (%) of total land area that experience the expansion (red) and con-
traction (blue) of drylands. Stippling shows the future area of drylands (AI <0.65) for at least 22 of the 32 CMIP6 models. Map lines delineate study
areas and do not necessarily depict accepted national boundaries.
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hydroclimatic variables (i.e., R/P). While the partitioning of pre-
cipitation is largely influenced by land surface characteristics,
particularly the CO, physiological effect, in future simulations
(Yang et al. 2019; Zhou, Yu, Lintner, Findell, and Zhang 2023),
synchronous changes in P/PET, and R/P occur over 83% of land
grid cells based on the CMIP6 ensemble (81% +4% across the 32
models, Figure 4a,f). The Spearman correlation coefficient be-
tween changes in P/PET, and R/P is 0.84 over all land grid cells
based on the CMIP6 ensemble (0.82 +0.06 across the 32 models,
Figure 4a,f). Moreover, the long-term changes in R/P can be ef-
fectively reproduced using P/PET, alone when the CO, physio-
logical effect is excluded in 1pctCO2-rad (Figure S6a). Changes
in R/P between the first and final 30-year period of 1pctCO2-rad
are computed using model outputs and estimated with Equation
(8) and P/PET,, and the global mean difference in these changes
of 0.0005+0.0059 is minimal across seven models (Figure S6).
This indicates that climatic conditions represented by P/PET,
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are tightly correlated and coupled with terrestrial hydrological
processes over land.

The fraction of global drylands identified using the R/P
threshold is 36.0% + 4% for the historical period, which is pro-
jected to decrease slightly to 35.2% + 5% for the future period,
although this difference is not statistically significant either
(p-value >0.05, Figures 3a and S7) based on the 32 models.
When different thresholds (e.g., the aridity index is <0.6 or
0.7) are used to define drylands, changes in R/P and P/PET,
are still statistically insignificant in terms of the fraction of
global drylands between the historical and future periods (p-
value >0.05, Figure S8). These analyses based on climatic,
ecohydrological, and hydroclimatic projections consistently
show that the expansion of global drylands is insignificant
and have resolved the ongoing debate over global dryland ex-
pansion in a warming world.
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Comparison of changes in the runoff ratio and the aridity index over land. (a—e) Proportion of land grid cells for each percentile bin of

32-model mean changes in the runoff ratio (A(R/P) and the aridity index (AAI) between the historical (1991-2020) and future (2071-2100) periods.
The runoffratio is calculated with runoff and precipitation directly projected by climate models. The aridity index is estimated from precipitation and
four different PET estimators shown in Figure 2 (a-d) and the energy-only PET (PET, ) calculated as 80% of the net radiation (Rn/2) (e). The y-axis
and x-axis show the percentiles for positive and negative A(R/P) and AAI, respectively. (f) Distributions of the proportion (p, red) of land grid cells
having the same direction of A(R/P) and AAI and the Spearman correlation coefficient (p, orange) between A(R/P) and AAI across land grid cells in
the 32 CMIP6 models. The center line and the cross represent the median and the mean of p and p from the 32 models, respectively. The triangle in
(f) and the top-right numbers in (a-e) show p and p estimated using the 32-model mean A(R/P) and AAIL
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3.3 | Exaggeration of Continental Drying Based on
Penman Equations

Larger reductions in the aridity index for the drying regions
and significant drying trends in larger land areas (61%-65%)
were found using the three Penman equations (PET,,, PET,,
and PET, ) in comparison to PET, (Figure 2). This leads to the
apparent discrepancy between the drying trend with the arid-
ity index and a wetting trend suggested by a higher runoff ratio
over many areas (Figure 4). In addition, the rate of increase in
dryland areas is also greater based on the Penman equations,
resulting in a significant expansion of drylands by 4.2%-5.4% of
the global land area between the historical and future periods
(p-value <0.01, Figure 3). These analyses are consistent with
many previous studies (Berg and McColl 2021; Greve et al. 2019;
Lian et al. 2021; Liu et al. 2023; Milly and Dunne 2016), indicat-
ing that the continental drying and dryland expansion based on
the aridity index have been exaggerated, which is caused by the
overestimation of PET and its rate of increase over time based on
the Penman equations.

To address the exaggeration of continental drying, previous
studies suggest using an energy-only equation (PET,)) that
is 80% of the net radiation (Milly and Dunne 2017, 2016). It is
worth noting that PET, is a special case of PET, by assuming
a constant g, value of 0.25 but neglecting its spatial and tempo-
ral variations (Figure S4). As a consequence, the temporal and
spatial changes in the aridity index and runoff ratio are less con-
sistent using PET, instead of PET,, though better than using
Penman equations (Figures 4 and S6). In addition, a variant
of PET,, that accounts for the elevated CO,-driven reductions
in stomatal resistance (PET, .,) has been invoked to resolve
the overestimation of PET and the divergent trends between
continental dryness and runoff changes (Yang et al. 2019), al-
though their divergence persists in climate model simulations
where the vegetation response to elevated CO, is turned off
(Scheffet al. 2021), as shown in Figure S6a,e. This is because the
overestimation of PET,_ arises from the elevated VPD coupled
with limited soil moisture over dry surfaces (Zhou, Williams,
et al. 2019), which remains included in PET,_ .,. This suggests
that only with the PET, can the overestimation problem of conti-
nental drying be resolved satisfactorily in order to reconcile the
discrepancy between changes in continental dryness and hydro-
climate conditions.

4 | Discussion

In this study, it is shown that the previously identified magni-
tude and spatial extent of continental drying based on the arid-
ity index, that is, P/PET_, or P/PET,, are overestimated (Feng
and Fu 2013; Huang et al. 2016; Lian et al. 2021). Such an over-
estimation has manifested itself in the discrepancy between
changes in the aridity index and ecohydrological and hydro-
climate variables (Figure 4). This overestimation is now con-
firmed and resolved with P/PET,. In particular, the consistency
in the projected global dryland areas using the aridity index (P/
PET,), the ecohydrological index, and the runoff ratio (R/P) has
resolved the ongoing debate over dryland expansion (Berg and
McColl 2021; Huang et al. 2016; Lian et al. 2021; Liu et al. 2023)

and suggests that the expansion of global drylands is not statis-
tically significant even in a high-emission scenario. These find-
ings also reconcile the apparent inconsistency between changes
in climatic, hydrological, and ecological conditions, which are
essentially coupled over drylands where water supply is limited.
This study provides support for the continued use of the simple
aridity index, that is, P/PET,, as a reliable and meaningful index
to capture continental dryness and define drylands in a warm-
ing world.

Previous studies have recommended direct assessment of
changes in continental dryness based on ecological and hydro-
logical variables, such as vegetation cover, soil moisture, and
runoff, rather than relying on simple metrics like the aridity
index, as the latter is no longer a reliable proxy for ecohydrolog-
ical conditions as the climate warms (Greve et al. 2019; McColl
et al. 2022; Scheffet al. 2022). This issue has been addressed with
P/PET,, which directly measures the magnitude of water de-
mand relative to water availability and can effectively character-
ize land surface dryness under both current and future climate
conditions. As ecohydrological variables are strongly affected by
rising atmospheric CO, concentrations and human activities, for
example, afforestation, deforestation, urbanization, irrigation,
and water abstraction (Lian et al. 2021; Ma et al. 2024; Roderick
et al. 2015; Zhou, Yu, Lintner, Findell, and Zhang 2023), they
are not directly representative of regional climatic dryness and
therefore not suitable for assessment of continental dryness as a
result of climate change. That is why the aridity index has been
most widely used to define drylands and assess changes in dry-
ness (Huang et al. 2016; Li et al. 2021; Feng and Fu 2013; Milly
and Dunne 2016; Liu et al. 2023). Furthermore, projected ecohy-
drological variables are subject to large amounts of uncertainty,
with high intermodel spread of drylands assessment based on
the ecohydrological index (Berg and McColl 2021). By compari-
son, this intermodel spread can be greatly reduced with P/PET,
(Figure 3a).

Itis worth noting that PET, is estimated as the maximum ET that
could occur when the water supply at the evaporative surface is
unlimited and essentially represents the energy limitation for
ET. According to the Budyko hypothesis (Budyko 1974), PET,
can be regarded as an intrinsically important climatic character-
istic like precipitation that affects the terrestrial water cycle. This
has important implications for estimating ET and projecting its
future changes, because the PET sets the upper bound for ET in
remote sensing and reanalysis products (Martens et al. 2017; Mu
et al. 2011; Zhang et al. 2019) and various hydrological models
(Kumar et al. 2017; Zhao et al. 2013; Zhou et al. 2015). In particu-
lar, the discrepancy in projected changes in ET and runoff based
on the aridity index and directly from climate models, which
can be mostly attributed to the overestimation of PET (Milly and
Dunne 2016, 2017; Greve et al. 2019), would be greatly reduced
or eliminated with PET, (Figure S6). Given its critical impor-
tance, establishing a comprehensive network of ground-based
PET observations, particularly at flux towers or meteorological
stations, is essential for further validating PET,. This would en-
hance the accuracy and reliability of PET estimates, ultimately
improving our ability to model and predict water cycle dynam-
ics under a changing climate. Additionally, the terrestrial water
cycle is influenced by vegetation responses to the drying trend
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and elevated CO,, which remain highly uncertain in current
climate models (Yang et al. 2019; Zhou, Yu, Lintner, Findell,
and Zhang 2023). This underscores the need for improved con-
straints on these processes based on integrated climate, hydro-
logical, and ecological observations. Such advancements would
enable more reliable projections of hydrological changes to in-
form water resources planning and management, especially in
water-limited regions.

In summary, this study reconciles the considerable difference
in projected changes to global drylands using the aridity index
and the ecohydrological index and provides robust evidence
to suggest much weaker and less extensive continental drying
than previously reported for a warming world. The findings
have broader implications for understanding the past and future
changes in the climate system and evaluating their impacts on
terrestrial hydrological and ecological processes, particularly
over drylands that are highly exposed and vulnerable to cli-
mate change impacts (Gu et al. 2025; Li et al. 2021; Reynolds
et al. 2007). Climate change manifests itself in changes in sur-
face energy balance, that is, coupled changes in temperature
and humidity between the land surface and the atmosphere. To
evaluate changes in the evaporative demand and the likely dry-
ing or wetting of continents, it is essential to consider the energy
balance and avoid taking into consideration apparent increases
in the evaporative demand due to increases in VPD, which may
actually be a response to reduced ET, rather than a control over
ET when water supply to the evaporative surface is limited (Qiao
et al. 2023; Zhou, Williams, et al. 2019; Zhou and Yu 2024).
Moreover, a holistic understanding of continental dryness based
on climatic, hydrological, and ecological changes in the coupled
land-atmosphere system will better inform adaptation strate-
gies to mitigate the adverse consequences of climate change on
natural ecosystems and human well-being.
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