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Growing aridity poses threats to global
land surface

Check for updates

Jordi Sardans 1,2 , Albert Miralles1,2, Akash Tariq 3,4,5, Fanjiang Zeng3,4,5,6, Rong Wang 7,8,9 &
Josep Peñuelas 1,2

Globalwarminghas impactedwater cycle, but not exist a global study of the changes at global scale of
the impacts on water available for plants. Here, cloud-optimized monthly aggregated climate
reanalysis from the European Centre for Medium-Range Weather Forecasts dataset indicates that
from 1960 to 2023, 27.9% of the global land surface became significantly more arid, while 20.5%
became significantly less arid. This indicates a shift towards drier climates, with humid, semi-humid,
and semi-arid areas decreasing by 8.51, 1.45, and 0.53 million-km², respectively, and arid and hyper-
arid areas increasing by 6.34 and 4.18million-km², respectively. This total increase of 9.99million km²
in arid areas represents 5.9% of the global land surface, excluding Greenland and Antarctica.
Accelerated aridification has occurred in already dry regions, such as South-west North-America,
North-Brazil, the European-Basin, North-Africa, the Middle-East, the Sahel, and central-Asia, with
central-Africa as a new hotspot. The main driver is the disproportionate increase in potential
evapotranspiration relative to rainfall, attributed to rising atmospheric temperatures, which also
reduces the land’s carbon sink capacity, potentially exacerbating climate warming.

In the current scenario of global warming, it is crucial to have consistent
information regarding changes in climate aridity on a global scale1.
Understanding how the global arid land surface is evolving is essential for
understanding its impacts on fundamental environmental variables such as
global Net Primary Productivity (NPP), biodiversity, and human well-
being2. While some studies report increased greening in land surfaces
regionally and globally, others observe a rise in browning areas alongside
decreasing greening3. The rise of CO₂ can stimulate plant productivity
through a fertilization effect and improve water-use efficiency, although
plants also acclimate to increased atmospheric CO₂ concentrations4–6.
Moreover, the rise of other limiting factors such as nutrients and water also
limits this CO₂ fertilization effect and contributes to this acclimation over
time5,7–9. Additionally, there is a general rise in evapotranspiration10 and a
potential global change in rainfall intensity and frequency11, with multiple
consequences ranging fromnegative impacts onNPP due to the destructive
impacts of increased frequency and intensity of tropical hurricanes12 to the
positive effect of increased rain in some regions, mainly in temperate

areas13,14. Increases in evapotranspiration have been identified as the pri-
mary cause of the observed rise in aridity in some regional studies and on a
global scale. However, shifts in aridity are not uniform, as different regions
and arid ecosystems have demonstrated heterogeneous responses to recent
climate changes. For instance,while greening and shrub encroachmenthave
been observed in areas such as the Sahel, Tibetan Plateau, and theWestern
United States, vegetation cover has declined in dryland systems of other
regions, including the southwestern United States, southern Argentina,
Kazakhstan, Mongolia, Afghanistan, and parts of Australia. From a climate
perspective, the overall impact on global plant cover is largely determinedby
the interplay between the positive effects of elevated atmospheric green-
house gases and temperature, and the negative effects of increased aridity,
primarily driven by higher evapotranspiration.

Consequently, the expansion of arid lands may diminish the buffering
effects of increased CO₂ on climate change by reducing plant productivity.
In fact, under increasing temperatures, the rise of vapor pressure deficit
frequently counteracts vegetation growth due to CO2 fertilization

15. Thus,
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we can expect a decrease in plant cover and an increase in aridity where
temperature rise and evapotranspiration pressure surpass the positive effect
of CO2 on plant growth andWUE. These distinct and simultaneous effects,
the general rise in evapotranspiration and CO2 fertilization with opposite
effects on aridity together with the patterns of rain are the direct causes that
must drive future in general climate changes and aridity spread in the recent
past and future16.

The causes of increased aridity are multifactorial and extend beyond
global warming to include various human activities such as increases in
water consumption, oil development, extensive water infrastructure pro-
jects, land use changes, land reclamation, land abandonment, fires, and
overgrazing17–21. Global warming can increase plant production and NPP,
contributing to CO₂ storage in biomass (negative feedback on global
warming) or diminish plant productivity and NPP by increasing extreme
climate events22 or by increasing global aridity¹⁵. This underscores the need
for consistent information onhowglobal warming could impact global land
aridity. It is imperative to understand how aridity is expanding on a global
scale.Wepropose new research to investigate the global impacts ofwarming
on land aridity, leveraging advanced technological tools that provide more
accurate information on climate variables across all land sites without the
need for interpolation.

The novelty of our approach lies in utilizing the ERA5-Land Monthly
Aggregated—ECMWF Climate Reanalysis dataset from Google Earth
Engine datasets as the primary source of global climate information span-
ning the past 63 years. This dataset includesmonthly aggregates of Potential
Evapotranspiration (PET), total precipitation, and temperature (measured
at 2m height) worldwide, with a resolution of 11,132 × 11,132m per pixel,
covering the period from January 1, 1960, to December 1, 2023. PET is
calculated using the Penman–Monteith reference crop (PM-RC) equation,
the best available estimation method for historical reanalysis that does not
require parameterization of the CO2 fertilization effect on vegetation
dynamics and structure23–25 Producedby the EuropeanCentre forMedium-
RangeWeather Forecasts (ECMWF), the ERA5-LandMonthly Aggregated
dataset is generated through the ERA5-Land reanalysis system. This system
integrates observationswith advancednumerical weathermodels to create a
consistent and comprehensive set of meteorological data. The data undergo
rigorous quality control procedures to ensure their accuracy and reliability
before incorporation into the reanalysis. The reanalyzedmeteorological data
are aggregated monthly and subjected to thorough validation, involving
comparisonswith independent observations and referencedatasets to assess
accuracy and reliability.

Given the impacts of global warming, it is imperative to understand
how aridity is expanding on a global scale.We propose new research on the
impacts of global warming on global land aridity, leveraging new techno-
logical tools that provide more consistent information on all land sites
related to climate variables without the need for interpolation. Our
hypothesis is based on energy balances, suggesting that the increasing
energy captured by the atmosphere due to greenhouse gas increment causes
a more general and symmetrical impact on evapotranspiration increase
globally than on rainfall changes globally. This is because atmospheric
warming is more homogeneous in space, whereas higher production of
rainfall is not, as storms and anticyclones are asymmetrically distributed
according to the general atmospheric circulation pattern26. Thus, while
evapotranspiration increases everywhere, rainfall maintains an asymme-
trical distribution, potentially leading to significant changes in global land
aridity distribution.

To verify this pattern of aridity change, we aim to evaluate changes in
aridity year-by-year at a global scale from 1960 to 2023, disentangle the
percentage of changes in the surfaces of different climate types based on
FAO criteria, and detect potential long-term trends in aridity over this 63-
year period.We follow FAO criteria, using the aridity index (AI) as the ratio
between Mean Annual Precipitation (MAP) and Potential Evapo-
transpiration (PET). In this study, we included as arid lands: hyper-arid
(AI < 0.05), arid (AI = 0.05–0.2), and semi-arid (AI = 0.2–0.5)27.We use the
1-AI of such AI as the estimated aridity value, with larger values indicating

greater aridity. Zones were defined as follows: hyper-arid (values between 1
and 0.95), arid (values between 0.95 and 0.8), semi-arid (values between 0.8
and 0.5), sub-humid (values between 0.5 and 0.45), and humid (values
smaller than 0.45). Each pixel was classified into one of these zones
accordingly.

Results
General patterns of aridity rise (1960–2023)
The results illustrating significant changes in aridity intensity across world
regions over the past 63 years are depicted in Fig. 1. The intensification of
aridity has spread across practically all regions that were already arid in
1960, such as Southwest North America, the Mediterranean Basin, North
Africa, the Near East, the Sahel, North Brazil, and Central Asia. Central
Africa has emerged as a hotspot for aridity increase, while some previously
wet areas, suchas the southeasternUnited States, have becomemorehumid.
The real increase is arid (+6.34), hyper-arid (+4.18) and semiarid (−0.5), in
total a net balance of 9.99 more million km2 from 1960 to 2023, which is a
surface area similar to that of Canada.

Analyzing deeper into aridity changes and focusing on the changes
among the five climatic areas, we observe that humid, semi-humid, and
semi-arid areas have decreased by 8.51, 1.45, and 0.53 million km²,
respectively, whereas arid and hyper-arid areas have increased by 6.34 and
4.18 million km², respectively, from 1960 to 2023 (see Figs. 2 and 3). Thus,
the results clearly show a net displacement from humid to more arid cli-
mates. In the caseofhyper-arid lands, only1.5millionkm²have transitioned

Fig. 1 | Changes in aridity in the period 1960-2023. Evolution of aridity in land
areas at global scale in the period 1960–2022.

Global land (except Greenland and Antarc�da) aridity changes from 1960s to 2012-2023
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Fig. 2 | Global land (except Greenland and Antarctica) aridity changes from
1960s to 2012–2023. Squared km that have changed aridity level in the period
1960–2022.
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from hyper-arid to arid lands, and 3.1million km² havemoved from arid to
semi-arid lands, while 5.68 million km² of arid lands have become hyper-
arid, and 13.37 million km² have shifted from semi-arid to arid land
(see Fig. 2), explaining the net expansion of arid and hyper-arid lands by
more than 10 million km² from 1960 to 2023 (Figs. 2 and 3).

Causes underlying aridity spread. As hypothesized, over the studied 63
years, there has been a significant increase in global temperature and
potential evapotranspiration. Specifically, 97.97% of the global land
surface has experienced notable increases in surface temperature, while
81.31% has seen increases in potential evapotranspiration during the
period from1960 to 2023 (see Fig. 4). In contrast, changes in precipitation
have been highly asymmetrical worldwide: 20.17% of the land surface has
become wetter, whereas 27.98% has become drier (Fig. 4).

Thus, the rise in evapotranspiration emerges as the primary cause of
this expansion of aridity, with temperature increases identified as the main
driving factor. This trend is largely linked to climate change, which has
shown a strong correlationwith rising temperatures.However, other factors
related to human activities that directly impact the land also play a sig-
nificant role.

The acceleration/deacceleration in aridity patterns. Focusing on
changes in the rates of aridity change during the period 1960-2023, it
is observed that in sites where aridity has increased the most, the rates
of aridity increase have become higher over time (see Fig. 5). Con-
versely, in sites that have globally transitioned to more humid con-
ditions during this period, the rates of becoming more humid have
decreased over time (Fig. 5). In summary, our data analysis shows that,

in general, the rates of aridification have increased globally during the
studied period.

Discussion
The balance between areas that have become less arid and those that have
becomemore arid andhyper-arid from1960 to 2023 amounts to an increase
of 10.52 million km². Utilizing the equation employed by major interna-
tional agencies such as the FAO and the IPCC, alongside one of the most
comprehensive climate databases available, raises an intriguing question
regarding the increases in aridity over recent decades on a global scale.
Additionally, a majority of these areas are experiencing an acceleration
rather than a deceleration in this trend of increasing aridity.

Changes of climate type during 1960-2023 in regions that had arid climate in 1960

Changes of climate type during 1960-2023 in regions that had hyper-arid climate in 1960

(A)

(B)

Fig. 3 | Changes in arid and hyper-arid areas. Changes of climate type during
1960–2023 in regions that had arid climate in 1960 (A) and changes of climate type
during 1960–2023 in regions that had hyper-arid climate in 1960 (B).

Fig. 4 | Changes in the aridity components 1960-2023. Land areas with changes in
MAP (A), MAT (B) and PET (C) during the period 1960–2022.
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An examination of the territorial changes among the five climates
along the aridity gradient reveals a global displacement of terrestrial land
area from humid to arid and hyper-arid regions. Arid and hyper-arid lands
now cover more than 10 million km² more in 2023 than they did in 1960.
The primary direct cause of this significant shift towards more arid condi-
tions lies in the increase of evapotranspiration, which has risen substantially
everywhere, primarily linked to the general rise in atmospheric tempera-
tures. In contrast, changes in precipitation are more unevenly distributed,
resulting in a disproportionate increase in potential evapotranspiration
compared to precipitation affecting a larger surface area.

Indeed, over the 63 years studied, evapotranspiration has increased on
97.97% of the land surface, while mean annual precipitation (MAP) has
increased on only 20.17% of the land surface and decreased on 28.98%
(Fig. 4). The increase in wetter conditions was primarily observed in cur-
rently wet climates, whereas the rise in arid conditions was mainly noted in
currently arid, semi-arid, and semi-humid lands. This observation partially
supports the “dry gets drier, wet gets wetter” (DGDWGW) paradigm27. In a
study of soil moisture trends using satellite-derived data, it was found that
30% of the global land surface significantly changed its soil moisture levels
between 1979 and 2013. Of this, 22.16% became drier, while only 7.7%
became wetter; furthermore, 52.69% of the drying trend occurred in dry
areas, with 48.34% in wet sites28. Similar findings were reported by Xiong
et al.29 in a recent study. Additionally, the terms “drier” and “wetter” are
often used for different considerations, such as the presence of higher stocks
or contents of hydroclimate variables, rather than reflecting a direct balance
between precipitation inputs and potential evapotranspiration outputs at
the pixel scale30. Thus, using soil moisture to directly evaluate changes in
aridity may not be suitable. Instead, potential evapotranspiration linked to
temperature rise has proven to be the most significant variable in the
increase of aridity. Therefore, from the perspective of land water balance—
using precipitation as inputs and evapotranspiration as outputs—the overall
correlationbetweenglobalwarmingandaridity indicates a global increase in
land surface becoming more arid, aligning with some recent studies31.
Sherwood and Fu32 (2014) propose that on land, increased warming has a
greater impact on air surface temperature and evaporation than on pre-
cipitation, which reduces the P/PET (precipitation to potential evapo-
transpiration) ratio due to enhanced land warming relative to oceans and
decreased relative humidity on land. Thus, many regions may receive more
rain, but few will receive sufficient moisture to keep up with growing eva-
porative demands. This observation is further consistent with previous
studies. For instance, Huang et al.33 noted that during the 20th century,
surface warming over drylands (1.2–1.3 °C) was 20–40% higher than over
humid areas (0.8–1.0 °C). Furthermore, several reports based on modeling
and current data analyses project that the expansion of arid land will

continue until the end of this century, particularly if atmospheric CO2

concentrations and global temperatures keep rising33,34. Additionally, var-
ious modeling experiments conducted by Dai et al.35 have shown that the
surface drying effect of GHG-inducedwarming dominates over the wetting
effect of plants’ physiological responses to increasing CO₂.

The observations generally align with the findings of Huang et al.36,
who reported a clear global increase in aridity affecting 1.6 million km²,
primarily in North America and Asia, using the REConstruction over Land
(PREC/L) dataset. Similarly, a study by Feng and Fu37–41 (2015) utilized
historical observations from over 17,000 gauge stations (from two large
datasets: The Global Historical Climatology Network version 2 and the
Climate Anomaly Monitoring System) to analyze aridity shifts between
1948–1962 and 1990–2004. They observed a clear global increase in aridity
affecting 1.6 million km², predominantly in North America and Asia. Feng
and Fu37 also reported a 4% increase in the area of global drylands from the
1950s to theperiod 1991–2005, totaling~2.4millionkm².Notably, Indiahas
shown a unique trend, exhibiting a decrease in aridity over the past six
decades, particularly in tropical and warm-temperate regions (Fig. 1). This
change is attributed to a significant increase in irrigation, which has altered
local hydrology. This finding is consistent with previous studies by Ambika
andMishra42, who documented a substantial decline in atmospheric aridity
due to the intensification of irrigation in many regions of India from 1979
to 2018.

Specifically, Maity et al.43 reported that sub-humid regions have
increased by 6.3% between the pre-change point (1902–1951) and the post-
change point (1982–2021), while semi-arid zones have been found to shrink
over time in India. A report by Guhathakurta and Rajeevan44 from the
National Climate Centre of the Indian Meteorological Department (2019)
concluded that, on average, India has experienced a wet period over the last
30 years.

Another region experiencing a significant decrease in aridity—largely
due to an increase in precipitation45, but also due to a surprising stability or
minimal change in potential evapotranspiration despite rising temperatures
—is a large part of Indonesia. This observation aligns with various local and
regional studies that have reported an increase in precipitation in this area
over the last few decades46. Consequently, Indonesia is undergoing sub-
stantial changes, characterized by a rising population and extensive defor-
estation of tropical rainforests47,48. The considerable deforestation occurring
could, at least in part, explain this pattern49,50 of changing aridity, warranting
further research, particularly as deforestation continues, albeit at a reduced
intensity in recent years51.

The observed increase in aridity, particularly in regions such as the
Mediterranean Basin, Southwest North America, North Brazil, the Sahel,
Central Asia, theMiddle East, andNorthAfrica (MENA), is fully consistent

Fig. 5 | Acceleration of aridity rates. Land areas that have changed their aridity in increasing rate (a) or decreasing rate (b) during the period 1960–2022.
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with most previous regional reports52–56 (Supplementary Note). Our find-
ings also align with earlier studies that noted a more pronounced rise in
temperature and evapotranspiration in boreal regions57,58, which corre-
sponds with expectations of rapid permafrost thawing59.

One of the most threatened areas is South Africa, extending from the
Congo to the Republic of South Africa. Recurrent droughts, influenced by
the El Niño Southern Oscillation (ENSO), have significantly impacted this
region.Average rainfall has decreased by~25.6%between 1960 and 2007. In
Central Africa, located to the north of this area, the most striking change in
aridity detected over the past 63 years is a significant increase, corroborating
the findings from the IPCC 2022 reports regarding temperature increases
and decreases in precipitation. This underscores the urgent need for further
research and action to address the consequences of deforestation and cli-
mate change.

The extensive deforestation that has occurred over recent decades in
this region60,61 may contribute to the rise in aridity61–65. Additionally, annual
temperature anomalies indicating higher temperatures have been observed
in the equatorial region ofWest Africa, linked to a drop in precipitation and
an increase in evapotranspiration60,61. Regarding the Congo rainforest, there
is evidence of an increased dry season length of 6.4–10.4 days between 1988
and 2013, which has resulted in a reduction of rainfall during that period,
potentially inducing a negative feedback loop affecting moisture provision
for rainfall66,67. This trend is particularly concerning, as this region is the
second-largest tropical rainforest area in the world, with several potential
feedback impacts on current climate change due to the demonstrated
importance of African tropical forests in the global climate61.

Our study also observed an increase in aridity in southern Amazonia.
Researchanalyzing changes in the lengthof thedry season in tropical areashas
reported that southern Amazonia (due to a delayed end) and Central Africa
(due to an earlier onset and delayed end) are hotspots for lengthening dry
seasons, with greater certainty when factoring in changes in water demand68.

While global warming is themain driver of this widespread increase in
aridification, some local factors linked to human activities have also played a
significant role. In regions of Southern Europe, North Africa, and Central
Asia, excessive application of intensive agriculture has depleted aquifers,
which, in combination with high livestock pressure and general resource
over-exploitation68–70 has contributed to a reduction in plant cover and soil
degradation71–73). These factors have been observed to significantly reduce
local and regional precipitation74,75.

Conclusion
In the ERA5-land reanalysis, potential evapotranspiration (PET) is calcu-
lated using the Penman–Monteith equation, an energy-balance equation
that requires amodel for surface resistance due to vegetation. The Food and
Agriculture Organization (FAO) proposed a reference crop model to effi-
ciently estimate this parameter, making it a reliable and feasible method for
climate analysis23,76. This method is referred to as the Penman-Monteith
reference crop (PM-RC) model.

In recent years, slight variations of the PM-RC equations have been
developed to incorporate the expected CO₂ fertilization effect in the coming
century24,73,77. These variations introduce a dependence on vegetation
dynamics and structure relative to atmospheric CO₂ concentration. How-
ever, they require newparameters tobe approximated,whichmay introduce
additional sources of uncertainty. Furthermore, some important relation-
ships, such as differences between C3 and C4 metabolism and bulk ecolo-
gical approximations for upscaling stomatal conductance models, are still
not clearly modeled. These are parameterized through stomatal con-
ductance and leaf area index (LAI), respectively. Stomatal conductance is
predicted to decrease potential evapotranspiration (PET) and increasewater
use efficiency (WUE), while LAI is expected to increase PET through
enhanced overall transpiration. The relationships of these new parameters,
particularly their associationwith ecological resistance in thephotosynthesis
model (PM) equation, need to be approximated, which could introduce
additional sources of uncertainty. Furthermore, some important relation-
ships, such as those between C3 and C4 photosynthetic pathways, have not

yet been clearly integrated into these models. For accurate long-term pro-
jections, these additional parameterizations must be considered. However,
for historical reanalysis, it is not appropriate to include them since the CO₂
fertilization effect is not prominent enough to offset the challenges and
uncertainties introduced in the estimation procedure25. This is particularly
evident for drylands, where CO₂ concentration must increase significantly
to overcome water demand constraints and influence vegetation surface
resistance. Moreover, these new methods have yet to be integrated into
large-scale, high-resolution reanalysis datasets.

Additionally, our definition of the Aridity Index (AI)—calculated as
(1–(mean annual precipitation)\(potential evapotranspiration))—is resi-
lient to minor errors in PET in areas with already high PET values (i.e.,
drylands), where the PM-RC model might produce inaccuracies. This can
be demonstrated by taking the partial derivative with respect to PET,
showing that it approaches 0 with quadratic velocity. This robust index,
combined with a reliable Theil–Sen estimator, provides a confident trend
analysis of the aridity index for our study.

Methods
Material
For the analysis, we utilized the ERA5-Land Monthly Aggregated—
ECMWF Climate Reanalysis dataset from Google Earth Engine datasets as
the primary sourceof global climate information spanning the past 63 years.
This dataset includes monthly aggregates of Potential Evapotranspiration
(PET), total precipitation, and temperature (measured at 2m height)
worldwide, with a resolution of 11,132 × 11,132m per pixel, covering the
period fromJanuary1, 1960, toDecember1, 2023. PET is calculatedwith the
Penman–Monteith reference crop (PM-RC) equation, the best available
estimationprocedure for historical reanalysiswhere parametrizationofCO2

fertilization effect on vegetation dynamics and structure is not required23–25.
Produced by the European Centre for Medium-Range Weather

Forecasts (ECMWF), the ERA5-Land Monthly Aggregated dataset is gen-
erated through the ERA5-Land reanalysis system. This system integrates
observations fromvarious sources, includingweather stations, satellites, and
other data sources, with advanced numerical weather models to create a
consistent and comprehensive set of meteorological data. The data undergo
rigorous quality control procedures to ensure accuracy and reliability before
incorporation into the reanalysis. The reanalyzed meteorological data are
aggregated monthly and subjected to thorough validation, involving com-
parisons with independent observations and reference datasets to assess
accuracy and reliability.

The study area encompassed six continents, excluding Antarctica, the
North Pole, Greenland, and neighboring islands, totaling 1,450,532 sample
points. From these datasets, we computed Mean Annual Temperature
(MAT), Mean Annual Precipitation (MAP), and mean annual PET
(MAPET). A new variable, 1-MAP/MAPET (equivalent to 1-AI), was
defined as a descriptor of the aridity index (AI). This new definition of the
aridity indexoffers clarity, as it increaseswith aridity. Furthermore, it offers a
buffer for possible errors in PET estimation, as the partial derivative of this
new indexwith respect to PET approaches 0 quadratically as PET increases.

For statistical robustness and to avoid bias, we employed the Theil–Sen
estimator for non-parametric trend analysis over the 63-year period for each
pixel in our dataset for the four variables: MAT, MAP, PET, and AI.
Hypothesis testingwas performed using theMann–Kendall correlation test,
with the normality approximation for the null distribution (n = 63). For the
AI variable, the analysis was also conducted for five typical AI zones. These
zones were defined as follows:
• Hyper-arid: AI values between 1 and 0.95
• Arid: AI values between 0.95 and 0.8
• Semi-arid: AI values between 0.8 and 0.5
• Sub-humid: AI values between 0.5 and 0.45
• Humid: AI values smaller than 0.45

Each pixel was classified into one of these zones based on the median
value of its temporal series between 1960 and 1980.
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For all maps plotted, a bar plot displaying the number of increasing,
decreasing, and zero Theil–Sen estimators was provided alongside a
cross-validated kernel density estimation of the Theil–Sen slopes. To
explore changes in the surface area of the five AI zones over time, two
analyses were conducted: comparing the surface area of each defined
zone with its current area and examining the transitions of pixels and
areas between different climate zones. Additionally, to examine these
changes in surface area for each zone continuously, the number of pixels
belonging to each defined interval was quantified yearly, creating a
temporal series for each AI zone.

Correlations between significantAI slopes and slopes of the other three
variables (MAT, MAP, and PET) were assessed using Pearson (linear),
Kendall, and Spearman (non-linear) correlation coefficients. Due to the
large number of significantAITheil–Sen slopes (n = 748,768), the estimated
variance for these coefficients was small, leading to significant deviations
from the null hypothesis of zero correlation. To further explore these cor-
relations, ordinary least squares (OLS) estimators were computed pairwise
and collectively. Given the high correlation between the explanatory vari-
ables, ridge regression was also performed to mitigate multicollinearity
effects.

To examine how the predicted Theil–Sen slope of AI was distributed
relative to the standard AI value, bivariate and percentile plots were gen-
erated for eachAI zone.Additionally, the correlationbetweenOLSerror and
AI value was computed to test for increasing variance in humid areas.
Finally, to assess whether slopes were accelerating or decelerating with time,
Theil–Sen moving windows of 20 years were computed, followed by the
estimation of Theil–Sen estimators for these windows to calculate potential
acceleration or deceleration (positive and negative accelerations) of these
estimators in a non-parametric manner.

Data availability
All the data used in this study is available in: ERA5-Land Monthly Aggre-
gated—ECMWF Climate Reanalysis dataset from Google Earth Engine
datasets is available at: https://developers.google.com/earth-engine/
datasets/catalog/ECMWF_ERA5_LAND_MONTHLY_AGGR.
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