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Climate change has increased global
evaporative demand except in South Asia

M| Check for updates

Saeed Karimzadeh ® '*3<, Arman Ahmadi®*

, Dennis Baldocchi®* & Joshua B. Fisher ®°

Climate change alters how strongly the atmosphere draws water from the land, yet a consistent global
assessment of this evaporative demand has been lacking. Here, we analyze 45 years of climate data
and global models to quantify trends in the key drivers —air temperature, humidity, radiation, wind
speed, and cloud cover—that determine the atmosphere’s drying power. We find that evaporative
demand has increased worldwide, indicating a stronger atmospheric thirst, except in South Asia,
where it has declined. There, widespread irrigation has increased soil and air moisture, enhanced
cloud formation, and reduced sunlight reaching the surface, counteracting the global signal. These
contrasting trends reveal how human water use can locally reshape the climate’s influence on the

water cycle.

Debate over the intensification of the global water cycle began in the 2000s
with theoretical projections, grounded in the Clausius-Clapeyron rela-
tionship, that suggested an acceleration driven by rising temperatures,
though observational evidence painted a fragmented picture’. A modest
2% increase in land precipitation masked stark regional disparities, with
sharp increases at higher latitudes and declines elsewhere'™". Precipitation
systems have tended to expand over tropical oceans but contract over
subtropical regions’, and extremes are projected to become ~32 + 8% more
frequent by 2100 under a medium-emissions scenario’. The expanding
reach of extreme droughts since the 19705 hints at a shifting regime, yet
high interannual variability, cloud cover reversals, and ENSO-driven fluc-
tuations obscure definitive conclusions'. Is the water cycle truly accelerating,
or are we witnessing transient climate variability? Resolving this funda-
mental question demands high-resolution, long-term datasets to disen-
tangle anthropogenic forcing from natural oscillations.

Irrigation is a key driver of environmental change with well-
documented climatic impacts®'' and serves as a potential adaptation
strategy to mitigate crop heat and water stress"”™"°. Despite covering only
~2.5% of the global land area, intensified irrigation exerts a substantial
impact on regional climate®. Its effects vary with spatial distribution and
intensity, altering hydroclimatic conditions across local, regional, and
potentially global scales'®"”.

Evapotranspiration governs the terrestrial water cycle through three
distinct measures: potential evapotranspiration (PET), reference (ET,,), and
actual (AET). PET represents the atmospheric demand for water, uncon-
strained by water supply (soil moisture'®). PET is the theoretical upper
bound of evapotranspiration, while ET,, standardizes this flux over a well-

watered reference grass”, guiding irrigation and climate assessments. Yet,
AET reveals the real hydrological balance, constrained by water supply and
energy demand™, and, therefore, AET in theory cannot exceed PET*'.

Evaporation can be measured by monitoring water loss from an out-
door pan. Meanwhile, a paradox emerges in the study of pan evaporation:
despite rising global temperatures, evaporation rates from open water
bodies have shown a widespread decline over the past five decades™”.
Observations from diverse regions—including the USA™, China®,
Australia”, Canada™, and India”’—reveal a consistent, yet regionally vari-
able, decrease in pan evaporation. This enigmatic trend, often termed the
“evaporation paradox”***, challenges the conventional expectation that
warming enhances evaporation via increased vapor pressure deficit
(VPD)*. While some attribute this phenomenon to declining wind
speeds’™”, others point to reduced solar radiation linked to aerosol-induced
dimming’. The complexity is further amplified by measurement incon-
sistencies, regional meteorological variations, and the interplay between
PET and AET. For example, the long-term warming trend in South Asia has
remained considerably lower than the global average—an anomaly that
continues to puzzle climate scientists”. Emerging hypotheses point to
regional factors, such as high aerosol concentrations™, which reflect solar
radiation and may exert a net cooling effect, and/or large-scale irrigation
expansion, which enhances evapotranspiration and suppresses surface
temperatures. However, uncertainties remain about the net climatic impact
of these mechanisms, warranting further investigation into their spatial and
seasonal dynamics.

Some proposed that reduced pan evaporation may paradoxically signal
an increase in actual evaporation™, reshaping our understanding of land-
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atmosphere interactions. Is pan evaporation a fading indicator of climate
change, or does it hold the key to a more profound shift in the global
water cycle? Pan evaporation captures only evaporation, omitting tran-
spiration. Alternatively, evapotranspiration can be estimated using
models based on different approaches: Thornthwaite'® (temperature-
based), Priestley-Taylor” (radiation-based), and Penman-Monteith'
(combined approach). Caution is needed in trend analyses, particularly with
the Thornthwaite model™. Evaporative demand (i.e., atmospheric water
demand) is the primary determinant of irrigation needs”” via crop water
requirements'>*". As the planet warms, key climate drivers, such as
temperature, net radiation, wind speed, and VPD undergo changes that
influence evaporative demand. Evaporative demand’s sensitivity to climate
variables makes it vital to understand how water usage patterns transform in
a changing climate”. Rising global temperatures, primarily driven by
anthropogenic disturbances, have been shown to increase evaporative
demand™ while rapidly reshaping the frequency and magnitude of
precipitation’, leading to potential increases in irrigation requirements in
some regions and reductions in others. This variability highlights the critical
need to unravel evaporative demand’s spatial and temporal dynamics, as it
plays a pivotal role in shaping global water cycles under changing climatic
conditions.

Previous studies have documented elements of changing evaporative
demand—including regional PET/ET, trends, the pan-evaporation para-
dox, solar dimming/brightening, wind stilling, and rising VPD—but typi-
cally in isolation, by region, without a unifying causal framework or
systematic decomposition of energy drivers. Leveraging advancements in
climatic reanalysis (data-driven reconstructions of past climate integrating
numerical models with observational data), we employ multi-model-
based evapotranspiration estimates to assess climate-driven shifts in eva-
porative demand, moving beyond traditional pan evaporation. Analysing 45
years of global data (1979-2023), we use the Priestley-Taylor” equation for
PET and the FAO56 Penman-Monteith” equation for ET, to quantify
trends while accounting for interannual trend detection limits”. ERA5
datasets are widely validated and often serve as a reliable source for hybrid
observational-modeled data in hydrological and climate studies™*. A
hierarchical causal framework identifies air temperature, VPD, net radia-
tion, and wind speed as primary drivers. To further dissect the energy driver,
we evaluated net radiation through its primary constituents: net shortwave
radiation, net longwave radiation, solar radiation, and its effect on surface
temperature. Additionally, we investigated regional hydrological anomalies
by tracing four critical variables—cloud cover, precipitation, soil moisture,
and irrigation expansion—specifically as explanatory variables to provide
attribution for the South Asia paradox. The results reveal that the massive
expansion of irrigation across South Asia has triggered a cascading set of
anomalies that decouple the region’s hydroclimatic response from the
globally increasing trend in evaporative demand. This framework disen-
tangles the interplay between anthropogenic and climatic drivers of global
evaporative demand.

Results and discussion

Evaporative demand arises from the combined influence of atmospheric,
radiative, and land-surface processes that operate in a cascading manner
(Fig. 1). At the top level, air temperature, VPD, net radiation, and wind-
speed form the primary determinants of evaporative demand. These vari-
ables are further regulated by secondary processes: net radiation is
partitioned into net longwave and net shortwave components, the latter
shaped by incoming solar radiation and modified by cloud cover. Air and
surface temperature directly affect outgoing longwave fluxes, while also
modulating VPD through their control on saturation vapor pressure. Land-
surface processes feed back into this system: soil moisture regulates the
partitioning of available energy between sensible and latent heat, influencing
both surface temperature and atmospheric humidity. Precipitation
replenishes soil water, while irrigated areas act as a direct anthropogenic
input of moisture that alters local energy balance, cloud cover, and near-
surface humidity.

Global trends of evaporative demand

The hierarchical causal framework reveals global and regional patterns of
positive, negative, and nonsignificant trends (p < 0.05, Fig. 1). We analysed
the trend of evaporative demand (annual sum of daily PET and ET,,) at 0.25°
resolution using the Mann-Kendall test (Fig. 2). We found a statistically
significant increasing trend (p < 0.05) in evaporative demand throughout
most of the planet from 1979 to 2023 except in South Asia (ie., India,
Pakistan, Bangladesh, Nepal, Sri Lanka, Bhutan, and Maldives). Approxi-
mately 62% and 52% of terrestrial regions exhibited significant increasing
trends (p <0.05) in ET, and PET, respectively (Supplementary Table 1).
This global increasing trend aligns with previous studies that reported an
acceleration in PET and atmospheric drying power due to climate
change™™. In contrast, South Asia demonstrated a distinct pattern, with
72% of areas showing significant decreasing trends for ET,, while 71%
displayed no significant trends for PET (p < 0.05, Figs. 1 and 2).

The rate of decline in ET, in South Asia (—2.10 mmyr >) contrasts
sharply with the rest of the global upward trend (+0.85 mm yr~?) (Fig. 2). In
1979, the ET,, in South Asia exceeded the global average by 909 mm yr ™
(1498 mm yr ' compared to 589 mmyr ‘). By 2023, this disparity had
narrowed substantially to 753 mmyr ', marking a 17% reduction
(156 mmyr™).

Similarly, PET in South Asia surpassed the global average by
624 mmyr ' in 1979 (1048 mmyr ' vs. 4224 mmyr '), with the gap redu-
cing to 585 mm yr~' by 2023, reflecting a 6% decrease (39 mm yr ) over the
same period. A similar decline in the evaporative demand pattern in South
Asia was reported previously™. Also, this decreasing trend was observed
with the pan evaporation dataset in India***’ and Thailand****, with a shorter
analysis period.

Climatic drivers of evaporative demand

Evaporative demand is primarily driven by four interrelated meteorological
variables: air temperature, solar radiation, wind speed, and VPD (Fig. 1).
Global air temperature increased significantly at +0.016 °Cyr " (p < 0.05),
with over 80% of land areas pointing to widespread global warming (Fig. 3a
and Supplementary Table 1). Warmer air has a greater capacity to hold
water, leading to increased VPD when vapor pressure remains constant,
thereby enhancing the atmosphere’s moisture extraction capability®.
Notably, 60% of the global terrestrial area, once South Asia is excluded,
exhibited a significant increasing trend in VPD (p < 0.05). In contrast, South
Asia demonstrated a contrasting pattern, with 80% of its areas showing a
significant decline in VPD (p < 0.05, Fig. 3b). In other words, South Asia is
becoming more humid in a warming climate, pointing to growing atmo-
spheric water content. Human activity directly impacts water vapor con-
centration through irrigation™".

Furthermore, South Asia exhibited anomalies in wind speed, with 71%
of the region showing a significant decreasing trend (p < 0.05), in contrast to
the predominantly stable or increasing trends observed across 95% of global
land areas outside South Asia (Fig. 3d). Wind speed is a key driver of pan
evaporation in India, particularly during the monsoon (Jun-Sep) and post-
monsoon (Oct-Dec) seasons”. The finding for VPD and wind speed agrees
with literature™. Fifty-seven percent of the global land areas (excluding
South Asia) and 63% of South Asia exhibited nonsignificant trends in net
radiation (p <0.05, Figs. 1 and 3c). Notably, 31% of South Asia showed
significant decreases in net radiation (p < 0.05), contrasting with 33% of the
global land areas (excluding South Asia) experiencing significant increases
(p < 0.05, Fig. 1).

Approaches to assessing evaporative demand vary in their complexity.
While the ET,, method accounts for aerodynamic components, such as VPD
and wind speed, it simplifies the land surface by assuming a hypothetical
reference crop—a grass with a height of 0.12m, a surface resistance of
70 sm”" (stomatal resistance to vapor flux), and an albedo (reflectance) of
0.23". In contrast, PET emphasizes the energy balance, incorporating actual
net radiation as the dominant driver of evaporative demand. Given the
substantial role of energy inputs—particularly solar radiation®—in gov-
erning evapotranspiration, the analysis focused on net longwave and
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Fig. 1 | Hierarchical causal schematic representation of the variables influencing
evaporative demand and their associated trends on a global scale and in
South Asia. The flowchart illustrates interactions among key drivers, and the pie
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charts show the proportion of areas with significantly increasing, decreasing, or no
trends (at « = 0.05), highlighting regional differences and variable interconnections
shaping evaporative demand.

shortwave radiation, solar radiation, and surface temperature to identify the
primary drivers of observed trends (Supplementary Fig. 1).

Radiation as the source of energy

The two components of net radiation—shortwave and longwave radiation
—exhibited contrasting global trends. In South Asia, these trends deviated
significantly (p < 0.05) from the global patterns. Remarkably, net longwave
radiation, defined as incoming minus outgoing longwave radiation,
displayed predominantly positive trends across South Asia (Fig. 4b), with
68% of the region experiencing a significant reduction in longwave energy
flux to the atmosphere (p <0.05). Conversely, net shortwave radiation
(Fig. 4c) showed significant negative trends (p <0.05), with 69% of the
area declining.

Further analysis revealed that this negative trend in net shortwave
radiation in South Asia corresponded with a similar decrease in incoming
solar radiation, observed in 74% of the region and characterized by a steep
decline of —0.012 MJ m > yr™* (p < 0.05), the most pronounced reduction
among all radiation components. This decline was primarily attributed to a
substantial increase in cloud cover, with 51% of the area showing significant
upward trends in cloudiness (p < 0.05, Fig. 5¢).

The reduction in incoming solar radiation also impacted surface
temperature trends in South Asia, which, unlike the rest of the world,
showed no significant upward trajectory (p < 0.05). Surface temperatures
remained relatively stable, from 21.7°C in 1979 to 21.6°C in 2023. In
contrast, global surface temperatures outside South Asia increased from

5.4°C in 1979 to 6.2 °C in 2023, reflecting a significant warming trend of
+0.015°Cyr  (p < 0.05).

Irrigation expansion’s cascading effects

The findings point to a statistically significant increase (p < 0.05) in cloud
cover in South Asia from 1979 to 2023, while most terrestrial regions of the
world have experienced a substantial decline in cloud cover (Fig. 5a). This
increase in cloud cover aligns with the increasing trend in atmospheric
humidity (Figs. 5b and 3b). Higher atmospheric moisture has resulted in
accelerated cloud formation and reduced incoming radiation in a positive
feedback cycle. While some studies attribute land humidity trends primarily
to oceanic moisture advection™, others underscore the importance of ter-
restrial sources™. We identified intensified irrigation as the primary driver of
increasing atmospheric humidity and explored the underlying mechanisms
contributing to this phenomenon.

The large-scale irrigation expansion (Fig. 5e) has substantially
impacted the climate. This interpretation is consistent with literature that
attribute increases in near-surface humidity over India® primarily to irri-
gation expansion. Previous studies indicated that South Asia (India in
particular) has undergone considerable unsustainable irrigation'” expan-
sion, usually at the cost of groundwater overdraft”, where irrigation
application can reach an annual average rate of more than 1800 mm yr .
Irrigation reduced the sensible heat flux due to an increase in latent heat flux,
thereby lowering the surface temperature'*”’. Irrigation expansion (82%
unsustainable) in South Asia (Fig. 5f) was reflected in soil moisture
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significant negative (blue), and nonsignificant trends in ET, and PET, respectively,
as determined by the Mann-Kendall test’s Z-value. Areas shown in white represent
oceans, water bodies, or land regions with no significant trend. Statistically sig-
nificant slope trends (« = 0.05) are marked with an asterisk (*).

anomalies (Fig. 5d), which has contributed considerably to higher atmo-
sphere moisture content (Fig. 5b) in a cascading manner. Notably, this rise
in soil moisture cannot be attributed to natural causes, as precipitation
trends in South Asia showed no significant changes, even as global average
precipitation declines (Fig. 5c). Thus, interestingly, this anthropogenic
irrigation expansion in South Asia caused significant negative trends in
VPD (p < 0.05, Figs. 3b and 5b), incoming solar radiation (Fig. 4d), and have
potentially contributed to wind speed (Fig. 3d), despite the global warming
trend (Fig. 3a). The reduction of surface winds may be attributed to
irrigation-induced surface air cooling, which enhances atmospheric column
stability, thereby reducing turbulent momentum transport”. The patterns
of shortwave radiation, cloud cover, and net radiation are consistent with
previously reported cascading processes”™, where intensified irrigation in the
Tarim Basin alters atmospheric moisture transport, enhancing summer
snowfall in the Kunlun Shan and reducing glacier melt by lowering net
radiation through increased cloud cover and surface albedo.

An alternative mechanism for such anomalies in South Asia could be
the rise in vapor pressure reflects enhanced advection of oceanic moisture

from the Arabian Sea and the Bay of Bengal, which could also account for
the observed increases in cloud cover and reductions in VPD. Under this
mechanism, reduced incoming solar radiation and suppressed VPD would
lower AET, leading to soil moisture accumulation even in the absence of
precipitation changes. This stands in contrast to the irrigation hypothesis,
under which irrigation expansion is expected to elevate AET and atmo-
spheric humidity while simultaneously reducing ET,. Conversely, the
ocean-advection mechanism suggests that increased humidity suppresses
both AET and ET,, reflecting an atmospheric evaporative demand-driven
pathway. Nevertheless, several studies have reported increases in AET
across South Asia”** making this mechanism unlikely to be the primary
driver of the observed phenomenon in South Asia. Recent evidence indi-
cates that rising AET in this region is predominantly driven by leaf area
index, rather than by precipitation or atmospheric evaporative demand®,
reflecting irrigation-induced intensification of crop production and the
regulatory role of vegetation in moderating atmospheric humidity deficits®.
Taken together, the concurrence of (i) extensive irrigation expansion®*
with high magnitude of irrigation volume”, (ii) prevailing moisture flux
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regions with no statistically significant trend at a = 0.05.

pathways®, (iii) predominantly declining ocean evaporation”, and (iv)
altered near-surface wind patterns’ provides a coherent explanation for
why the humidity signal is particularly distinct in South Asia.

Although irrigation expansion has also occurred in Northeast Asia, its
extent is comparatively modest relative to South Asia (Supplementary
Fig. 2). The prevailing atmospheric moisture flux* in this region is directed
predominantly toward the East China Sea and the North Pacific Ocean.
Concurrently, a notable decline in ocean evaporation (—25 to
—50 mm yr*) over the East China Sea is evident®, contributing to an
enhanced regional moisture deficit. When considered together, the flux
direction and reduced oceanic evaporation imply that the irrigation-
induced atmospheric moisture signal in Northeast Asia is substantially
weaker than that observed in South Asia. This interpretation is further
supported by declining near-surface wind speed trends’’, which indicate
strengthened advection of atmospheric moisture along this pathway.
Similarly, a marked reduction in ocean evaporation over the North Atlantic
generates a substantial atmospheric moisture deficit in North America.
Meanwhile, it is important to note that a comparable mechanism of
irrigation-induced moisture transport has been documented in California’s
Central Valley"”. Unlike the annual-scale trend observed elsewhere, this
effect manifests seasonally (Jun-Aug). In this context, irrigation enhances
water vapor transport that initiates atmospheric instabilities over the
southwestern U. S., with soil moisture feedback and lateral water vapor
convergence amplifying regional precipitation.

Heightened AET due to irrigation can increase near-surface humidity,
moist static energy (the sum of the internal, potential, and latent energy
content of a parcel of air), and convective available potential energy (a
measure of the atmosphere’s ability to support rising air, leading to cloud

formation and storms) in some areas”. In other words, irrigation can greatly
impact the climate by increasing AET, which lowers the ratio of sensible to
latent heat (Bowen ratio)*. This human-driven atmospheric moisture can
lead to greater cloud cover, triggering a positive feedback mechanism by
diminishing the amount of incident shortwave radiation and net radiation®.
Such land-atmosphere feedback suggests that human water management
can counteract, at least regionally, the expected acceleration of the hydro-
logical cycle. This highlights the dual role of irrigation as both a climate
adaptation measure and a driver of climatic anomalies, raising critical
questions about its sustainability under increasing water stress.

South Asia is home to nearly one-quarter of the global population and
is highly vulnerable to climate change-induced agricultural productivity
losses, which have negatively affected food production and prices across the
region’". Nevertheless, food security in South Asia improved substantially—
rising by ~120% between 1989 and 2020"°—largely through the expansion
of irrigation that boosted total food production. This adaptation, however,
comes with trade-offs: while irrigation expansion has helped offset climate-
related yield losses, the region faces growing water scarcity driven by
population growth, agricultural intensification, and rapid urbanization.
Climate change is intensifying floods, droughts, and cyclones, and without
effective adaptation, South Asia faces projected gross domestic product
losses of ~6% annually by 2050 from worsening water scarcity’”.

At a broader scale, the results illustrate that water-cycle intensification
is neither spatially uniform nor temporally consistent. While some regions
show clear acceleration of evaporative demand, others exhibit stabilization
or decline depending on the interplay of drivers. This heterogeneity
empbhasizes that projections of future drought, precipitation extremes, and
irrigation demand cannot rely solely on temperature trajectories, but must
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incorporate multi-variable frameworks that consider radiation, wind,
humidity, and land use. The hierarchical causal framework provides one
such integrative approach, revealing how atmospheric drivers, surface
energy balance, and land-atmosphere mediators interact to shape regional
hydroclimatic outcomes.

Conclusion

This study reveals critical insights into global evaporative demand and its
climatic drivers from 1979 to 2023. We find that global evaporative demand
has increased significantly (p < 0.05) due to climate change, with an average
rise of +0.33 mmyr * in PET and +0.80 mm yr * in ET,,. However, South
Asia deviates from this global pattern, showing a unique and statistically
significant decrease in ET, by —2.10 mm yr > (p < 0.05) and no significant
trend in PET. Analysing trends in 11 critical atmospheric and surface
variables—air temperature, VPD, net radiation (inclusive of longwave and
shortwave components), solar radiation, wind speed, surface temperature,
cloud cover, precipitation, and soil moisture—within a hierarchical causal
framework, reveal a statistically significant increase in cloud cover and
decrease in incoming solar radiation over South Asia, in contrast to most
terrestrial regions. While precipitation in South Asia showed no significant
trend, soil moisture exhibited a significant increase, alongside a significant
decline in VPD (p<0.05). These results underscore the profound

anthropogenic influence of extensive irrigation expansion in South Asia,
driving climatic anomalies in this region. This massive-scale artificial impact
offers vital insights for policymakers on sustainable water resource man-
agement and food production in an era of climate change.

Methods

Data

Time-series data from 1979 to 2023 (45 years), including maximum,
minimum, mean and dew point air temperatures (all temperatures mea-
sured at a height of 2 m above the surface), surface temperature (tempera-
ture of the soil in 0-7 cm), solar radiation, net shortwave radiation, net
longwave radiation, precipitation, soil moisture (volume of water in soil
0-7 cm), cloud cover, and wind speed (wind speed measured at a height of
10 m above the surface), was acquired from the ERA5 Agrometeorological
Climate Reanalysis by the European Centre for Medium-Range Weather
forecasts at a spatial resolution of 0.1°*”. The ERA5 datasets exhibit con-
sistency with most of variables reported by AmeriFlux®, and FLUXNET” (a
network of eddy covariance towers that measures land-atmosphere
exchanges of carbon, water, and energy’®). Wind speed data were con-
verted to a height of 2 m using the wind profile relationship'’. Additionally,
dew point temperature was used to estimate saturation vapor pressure'’. For
elevation data, the Global Multi-resolution Terrain Elevation Data 2010
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Fig. 5 | Massive irrigation expansion in South Asia disrupts global multi-decadal
trends, leading to regional anomalies in key atmospheric and land surface

variables. a-d Time series trends for these variables across global, global excluding
South Asia, and South Asia regions. e The global increase in the area equipped for
irrigation (AEI), with South Asia highlighted as a hotspot of irrigation expansion.
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f Historical maps of AEI in South Asia in 1980 and 2015, showing substantial
increases. The orange-highlighted variables in the flowchart indicate their focus in
this figure, building upon the framework detailed in Fig. 1. This analysis emphasizes
the interplay between climate variables and human-driven irrigation changes in
shaping global evaporative demand dynamics.

dataset” was utilized. The global historical area equipped for irrigation
(AEI) dataset™®, spanning from 1900 to 2015, was obtained at a spatial
resolution of 0.0833°.

Reanalysis products, such as ERA5, integrate a wide range of obser-
vational data with numerical weather prediction models through data
assimilation techniques®’. ERA5 provides a globally consistent and spatially
complete estimate of atmospheric conditions at regular temporal intervals*.
Despite their strengths, reanalysis datasets are not direct observations at all
times and locations and may subject to model-related biases and
uncertainties®. Meanwhile, ERA5 has been widely validated and can serve as
a reliable proxy for observational data in the simulation and evaluation of
hydrological and climatic processes*****" due to its long historical record.
Ideally, comprehensive in situ measurements across all spatial and temporal
scales would offer the most accurate assessment of environmental uncer-
tainties. However, such coverage remains infeasible, especially in remote
and data-scarce regions like the Sahara Desert, Amazon Basin, Australian
Outback, and polar zones™.

Reference evapotranspiration
The FAO56 Penman-Monteith equation is employed to estimate the daily
ET,". The model is represented by Eq. 1:

_ 0.408A (R, — G) + ypiamuy (e, —
° A+ y(140.34u,)

e,)

¢y

ET, is the reference evapotranspiration (mmday '), R, is the net
radiation at the reference crop surface (MJ m > day '), G is the soil heat flux

density (MJ m~* day ") and is assumed to be zero for daily calculations”, T'is
the average daily air temperature at 2 m height (°C), u, is the wind speed at
2 m height (ms™), e; is the saturation vapor pressure (kPa), e, is the actual
vapor pressure (kPa), e, — e, is the saturation VPD (kPa), A is the slope of
the vapor pressure curve (kPa°C™"), and y is the psychrometric constant
(kPa°C™). Detailed procedures for ET,, estimation are followed based on
the FAO56 paper”.

Slope of saturation vapor pressure curve (A): it quantifies the rate of
change of the saturation vapor pressure with respect to average temperature:

4098 # 0.6108 exp(L75 L)
-—

. )
+237.3)

ave
Here, T, represents the average air temperature (°C) at a height of 2 m
above the surface.

Net radiation at the reference crop surface (R,): it is the sum of the net
shortwave and net longwave radiation (R, MJm>day') and the net
longwave (R, MJm > day):

ns’>

R, =R, +Ry, (3)

The net shortwave radiation (R) represents the portion of solar
radiation R, that is not reflected by the surface. The proportion of solar
radiation that the surface reflects is called albedo. For the reference crop of
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green grass, albedo is 0.23. Therefore, the value of R  is:
R, =R, * (1 — albedo) (4)

The net longwave radiation (R;) is incoming minus outgoing long-
wave radiation. According to the Stefan-Boltzmann law, longwave energy
emission is dependent on surface temperature. The net energy flux
departing from the Earth’s surface is also affected by cloud cover and
humidity.

Truex + To R
R,=o0x <M * (034 —0.14 % /;) * <0.35— 1.35 * R—‘)

(©)

o represents the Stefan-Boltzmann constant (4.903 x 10~° MJ
K*m?day "), Tpaex and Ty, x are the maximum and minimum tem-
peratures in Kelvin, e, is the actual vapor pressure, R, denotes the measured
solar radiation (MJ m™~> day '), and R, is the calculated clear-sky radiation
(MJm~*day"). It is worth noting that the sign convention in Eq. 5 is
opposite to that in FAO56, as we define R; as incoming minus outgoing,
while FAO56 defines it oppositely. The calculation of R, depends on
extraterrestrial solar radiation (R,, MJ m > day ") and elevation (elev, m).

R, =R, * (0.75 4 0.00002 s elev) (©6)

Extraterrestrial radiation (R,, MJ m > day ") is radiation from sources
outside Earth (primarily the Sun and other celestial bodies)

_ 24(60)

R, - G, d, [ws sin((p) sin(8) + cos (q)) cos(9) sin(ws)} (7)
d. =1+ 0033cos( 2] ®)

,=1+0. cos 365
5= 0.409sin( 27— 139 ©)

= 0.409sin| .

w, = arccos[— tan(g) tan(6)] (10)
G, refers to solar constant = 0.0820 MJ m > min~', d, is inverse rela-
tive distance Earth-sun (factor in adjusting the incoming solar radiation to
account for the elliptical orbit of the Earth), w, is sunset hour angle (rad), ¢
represents latitude (rad), § is solar decimation (rad), J is the Julian day of
the year.
Psychrometric constant (y): It is expressed as:

¢, * Pr
P 11
ex A (1)

y:

Here, ¢p represents the specific heat capacity at constant pressure
(MJ kg™ °C™), with a value of 1.013 x 10~. A denotes the latent heat of
vaporization (M] kg '), set at 2.45. Meanwhile, ¢ is the molecular weight
ratio between water vapor and dry air, equating to 0.622. These values vary
slightly with temperature, humidity, and pressure, but are adequate for
average atmospheric conditions”. Atmospheric pressure (Pr, kPa) is the
pressure caused by the weight of the atmosphere and varies with elevation
(elev, m).

(12)

293 — 0.0065 * elev >
Pr=101.3 % (22— 7727 *77
293

Wind speed at 2 m (u,): The wind speed dataset is provided at 10 m.
Following Eq. 13 recommended in ref. 19, u, (ms™) is estimated:

4.87 4.87
Uu, =1u =u
27 " In(67.82 — 5.42) °In(67.8 % 10 — 5.42)

(13)

u, is the measured wind speed at z meters above ground surface (ms™),
and z is the height of measurement above ground surface (z = 10).

Saturation vapor pressure (e,) and actual vapor pressure (e,): the
saturation vapor pressure is averaged from daily maximum (¢° (T, )) and
minimum air temperatures (e (T, )), while the actual vapor pressure is
based on the dewpoint temperature (¢” (T g, )).

eO (Tmax) + eO (Tmin)

e, = 5 (14)
¢*(T ) = 0.6108 exp (%) (15)
(T ) = 0.6108 exp (%) (16)

e, = €*(Ty,) = 0.6108exp (%) (17)

Potential evapotranspiration

The Priestley-Taylor model™ is a widely used framework for estimating
potential PET emphasizing surface energy balance and simplifying aero-
dynamic complexities. The Priestley-Taylor model is provided in Eq. 18:

A (R —G

A+y( A )

It uses net radiation (R, M] m > day ', Eq. 5) with net shortwave and
longwave components derived directly from ERA5 radiation variables, and
ground heat flux (G, MJ m > day ') as primary drivers, with the dimen-
sionless coefficient « (typically 1.26) accounting for non-radiative processes
under well-watered conditions. By integrating the thermodynamic para-
meters of the vapor pressure curve slope (A, kPa °C™") the psychrometric
constant (y, kPa °C™") and the latent heat of vaporization (A, 2.45 MJ kg '),
the model captures key drivers of PET and essential for hydrological and
climate studies while requiring minimal meteorological inputs.

PET =«

(18)

Mann-Kendall trend analysis

To examine the trends in the variables, we applied the Mann-Kendall (MK)
test™*. The MK trend test evaluates significance using ranks, assessing
whether the statistic S of the time series falls within the confidence interval of
the null hypothesis at a specified significance level («)*. This nonparametric
test is applicable to both Gaussian and non-Gaussian data, making it
distribution-free. Therefore, it operates effectively across all distributions
without requiring assumptions of normality”. The null hypothesis of the
MK test assumes no monotonic trend in the data, with the alternative
hypothesis indicates the presence of such a trend. In our analysis, a sig-
nificance level of & = 0.05 determines whether to reject the null hypothesis
based on the P-value obtained from each test. In this study, the MK test score
undergoes Z-score normalization. The sign of Z indicates the trend direc-
tion, while Z >1.96 denotes a significant positive trend (increasing values
over time), while Z< —1.96 denotes a significant negative trend
(decreasing values over time). The calculated Z-values supporting this study
are deposited online (see ref. 86).

Data availability
The digital elevation model of the terrain was obtained from the U.S.
Geological Survey” (USGS) [https://doi.org/10.3133/0fr20111073]. The
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global map of areas equipped with irrigation was retrieved from Siebert et
al.* and Mehta et al.”®, [https://doi.org/10.5194/hess-19-1521-2015; https://
doi.org/10.1038/544221-024-00206-9]. Climate variables used in the hier-
archical causal schematic (Fig. 1) are publicly available from the Copernicus
Climate Data Store [https://cds.climate.copernicus.eu/datasets; last accessed
on 22 October 2025] and were subsequently processed as described in the
“Methods”. The Z-values from all trend analyses are deposited* in Zenodo
(https://doi.org/10.5281/zenodo.17098484).

Code availability

All maps and figures were generated in MATLAB R2024b. The results of the
analytical codes are publicly archived in Zenodo (https://doi.org/10.5281/
zen0do.17098484).
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