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A B S T R A C T

Despite characterized by large interannual variability (IAV), global terrestrial evapotranspiration (ET) has 
existed a consistent increasing trend since the 1980s. However, the regions and processes governing the present 
ET trend and IAV still remain unclear. Using an ensemble of process-based hydrological models, remote sensing- 
based, machine learning, and land surface products, we find that the increasing trend and substantial IAV in 
global land ET are driven by divergent regions. Result from models ensemble shows that the humid regions, 
especially in the Northern Hemisphere, contribute the 72.47 ± 5.77 % of the increase in global land ET over 
1982–2020. In this domain, climate warming and vegetation greening (increased leaf area index (LAI)) have 
caused the increase in ET of 0.43 ± 0.22 and 0.30 ± 0.13 mm yr− 2, respectively, although the increased LAI is 
the largest contributions (63.69 ± 25.13 %) to the global ET increases. Especially, climate warming in the humid 
regions at the high latitudes has prolonged the growing season, and provided sufficient water through freeze
–thaw process for the enhanced plants photosynthesis in spring and even summer. The IAV of the global land ET, 
however, is dominated by drylands (with contribution fractions being 59.66 ± 16.89 %), and dominant role in 
this region is mainly due to the fact that the precipitation, which serves as a primary source of moisture supply, 
has the large interannual oscillation with the El Niño/Southern Oscillation (ENSO) events and is largely allocated 
to evaporation. With future anthropogenic warming, global land ET is expected to continue rising with the trait 
of a significant interannual variations, and the dominant roles of humid regions and drylands still remains and 
are stronger than that in present. This study will merit more attention about regional roles for understanding and 
projecting dynamics of the global water cycle.

1. Introduction

Land evapotranspiration (ET) plays a critical role in linking the 
water, energy and carbon cycles (Oki and Kanae, 2006; Fisher et al., 

2017; Allan et al., 2020). Its changes can strongly alter the global pat
terns of precipitation (Mondal et al., 2024; Hofmann et al., 2023; Gao 
et al., 2025) and temperature (Teuling, et al., 2013; Leggett and Ball, 
2019), influence the occurrence of extreme events, such as droughts, 
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floods and heatwaves (Zhao et al., 2022; Vicente-Serrano et al., 2025; He 
et al., 2025), and at the regional scale, affect terrestrial ecosystems, 
watershed hydrological cycles, agricultural irrigation, and the allocation 
of watershed water resources (Padrón et al., 2020; Zhang et al., 2023; 
Volk et al., 2024). Furthermore, the ET changes are fundamentally 
driven by variations in atmospheric moisture demand (i.e., temperature, 
radiation and vapor pressure deficit), water supply (i.e., precipitation 
and soil moisture), and vegetation dynamics (Jung et al., 2011; Miralles 
et al., 2014; Zeng et al., 2018; Yang et al., 2023; Liu et al., 2025; Zhu 
et al., 2025). These climatic and ecological factors vary over space and 
time, and can lead to substantial differences in regional ET and conse
quently affect global terrestrial ET. Therefore, synthetically under
standing the changes in regional and global land ET and its causes is 
essential for understanding the exchanges of energy, water and carbon 
between the earth surface and atmosphere, as well as the responses to 
human activities, climate changes, and extreme weather events (Condon 
et al., 2020; Scanlon et al., 2023; Zhang et al., 2023; Graveline et al., 
2024; Camps-Valls et al., 2025).

Considerable attention has been paid to explore the land ET changes 
through remote sensing retrieval, model simulation, and machine 
learning (Jung et al., 2011; Fisher et al., 2017; Zhang et al., 2024; Wang 
et al., 2022; Tang et al., 2024; Xue et al., 2025; Miralles et al., 2025). 
Most of the above studies agreed on an overall increase in land ET from 
1982 to the early 2010 s, but with the substantial interannual variability 
(IAV). However, the trend and IAV components of the land ET series 
were lumped together in most previous studies, failing to elucidate the 
impacts of their interactions on the short-term fluctuations of land ET 
(Egli et al., 2024). Thus, some conflicting conclusions about long-term 
trend and responses to short-term variability have arisen based on 
data spanning different periods. For instance, some studies posited a 
cessation of increasing land ET from 1998 to 2008 (Jung et al., 2011; 
Douville et al., 2013), while other studies with extended records indicate 
this phenomenon to be episodic, with a subsequent recovery of land ET 
after 2008 (Zhang et al., 2016; Pan et al., 2020; Yang et al., 2023; Xue 
et al., 2025). Meanwhile, there are large uncertainties in the magnitude 
and spatio-temporal patterns of ET estimates, linked to the inability to 
observe ET directly from satellite sensors, limited coverage by in situ ET 
observations and difficulty in parameterizing the complex and inter
twined physical and biological processes governing ET at different scales 
(Miralles et al., 2025). Therefore, reducing the uncertainty of the 
changes of global land ET requires better knowledge of regions and 
process driving the present ET trend and interannual variations.

Moreover, previous studies attributed the increasing trend in global 
land ET to the temperature warming (Wang et al., 2022; Pan et al., 2015; 
Miralles et al., 2014), moisture supply (Jung et al., 2011; Yan et al., 
2013), vegetation greening (Zhang et al., 2015; Zeng et al., 2018; Piao 
et al., 2019; Yang et al., 2023; Aguilos et al., 2024; Liu et al., 2025), etc., 
indicating that the mechanism governing the trend of land ET is not yet 
fully characterized. For the interannual variability, studies have shown 
that the ET IAV are largely related to climate events, such as the El Niño/ 
Southern Oscillation (ENSO), which alters the global patterns of tem
perature and precipitation, and even vegetation dynamics (Yan et al., 
2013; Miralles et al., 2014; Tito et al., 2020; Zhang et al., 2020; Palácios 
et al., 2024). Some studies reported that negative ET anomalies occur 
during El Niño due to the moisture supply limitations and vegetation 
water stress, and the opposite situation occurs during La Niña (Yan et al., 
2013; Miralles et al., 2014; Yang et al., 2023). However, other studies 
found that the positive ET anomalies occurred during the El Niño events 
(Purdy et al., 2018; Zhang et al., 2020), duo to the increased atmosphere 
moisture evaporation. Short-term climate anomalies can affect the 
regional ET variations, and also produce the influence on the long-term 
trend of ET, resulting in high uncertainty in the changes of ET at the 
regional and global levels (Vicente-Serrano et al., 2022; Dorigo et al., 
2021; Zhao et al., 2022). Therefore, attributing the regions governing 
the present land ET trend and IAV can better project future water cycle.

Here we examine the dominant regions driving both the long-term 

trends and IAV of global land ET from the early 1980 s to 2020, along 
with their underlying mechanisms. We use an ensemble of process-based 
hydrological model (Simple Terrestrial Hydrosphere model version 2, 
SiTHv2) (Zhu et al., 2019; Zhang et al., 2024), and other remote sensing- 
based, machine learning, and land surface products of global land ET, to 
identify the regions driving the overall land ET trend. These independent 
ET products include the five independent modelling products and sim
ulations from 20 Earth System Models (ESMs) that participated in the 
Coupled Model Inter-comparison Project Phase 6 (CMIP6) (Eyring et al., 
2016). Our scientific objectives were: 1) to identify the regions that 
control the global land ET trend and IAV; 2) to explore the mechanisms 
that influence the dynamic changes (trend and IAV) of global ET; and 3) 
to predict whether the dominant regions for the dynamic changes of 
global terrestrial ET will change in the future.

2. Materials and methods

2.1. Model forcing data

Here we use the SiTHv2 model as the core methodology for our 
analysis of ET for 1980–2020, with derived global trends and IAVs 
contrasted against ET estimates from a range of different models. For the 
SiTHv2 model, the main input variables include the meteorological 
variables of air temperature (Ta), net radiation (Rn), and precipitation 
(P), vegetation dynamics (leaf area index (LAI) and land cover), and soil 
texture data. In this study, one set of long-term continuous input data
sets, as a reference ET data, is applied to drive the SiTHv2 model. We 
employed daily air temperature and air pressure data from the Multi- 
Source Weather (MSWX) product (Beck et al., 2022), a bias-corrected 
meteorological dataset with a spatial resolution of 0.1◦ since 1979. 
The Multi-source Weighted Ensemble Precipitation (MSWEP; Beck et al., 
2019) generated precipitation datasets with a temporal resolution of 3 h 
and a spatial resolution of 0.1◦, which were estimated by comprehensive 
diurnal scale observations and satellite reanalysis. The net radiation 
dataset stem from the latest ERA5-land products (Muñoz-Sabater et al., 
2021). This dataset is produced by the European Centre for Medium- 
Range Weather Forecasts (ECMWF), with an 0.1◦ spatial resolution 
and an hourly temporal resolution since 1979. We utilized the LAI 
datasets from a new version of the half-month 1/12◦ Global Inventory 
Modeling and Mapping Studies (GIMMS) LAI product (GIMMS LAI4g) 
(Cao et al., 2023), which stems from the GIMMS NDVI product, Landsat 
LAI samples and the reprocessed MODIS LAI product using machine 
learning models and a data consolidation method. We acquired long- 
term land cover dynamics at an annual scale from the Historic Land 
Dynamics Assessment+ (HILDA+) product (Winkler et al., 2021), a 
compressive land cover/use product that integrates multiple open data 
sources, encompassing remote sensing, reconstructions, and statistics. 
Finally, the required static soil texture dataset was derived from the FAO 
Harmonized World Soil Database (HWSD) at 0.1◦ spatial resolution.

Additionally, to increase the confidence in our findings and quantify 
the level of uncertainty, we performed the another four set of forcing 
datasets to obtain ET estimations for SiTHv2 model. The four experi
ments respectively use alternative data set of LAI (e1), air temperature 
(e2), precipitation (e3), and net radiation (e4)—see Table S1 for a 
detailed description of these experiments.

2.2. The ET data employed for the comparison

2.2.1. Flux towers ET data
We evaluated the accuracy of SiTHv2 estimates from multiple scales, 

i.e. in-situ observations, water-balanced ET at basins, and global grid- 
based ET. Specifically, we validated the total ET estimates of SiTHv2 
using latent heat flux measurements from 137 global eddy covariance 
(EC) stations with a daily interval. These EC stations encompass nine 
major plant functional types under various climate conditions (Fig. S1). 
The quality flags of the latent heat flux (LE_F_MDS_QC) must be higher 
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than 0.75. Moreover, the surface energy closures at least are above 70 % 
(Fig. S2).

2.2.2. Water-balanced ET products at river basin
We utilized water-balance-based ET estimation (ETwb) product 

produced by Ma et al. (2024) to validate SiTHv2-based ET estimates at a 
basin scale. Using remote sensing and ground-based observational data, 
this ETwb dataset derived from the residual of the basin water balance 
equation (precipitation minus runoff and changes in total water storage 
from GRACE data), provides ET estimations for a total of 56 large (>105 

km2) river basins over the 1983–2016 period that covering a broad 
range of climate zones globally.

2.2.3. Other ET products
For an inter-comparison of the SiTHv2 ET at global scale, five 

mainstream ET products (Table 1) are selected among the following five 
categories. One widely used process-based datasets is selected: the 
Global Land Evaporation Amsterdam Model (GLEAM; Miralles et al., 
2025). The calibration-free complementary relationship (CR) model (Ma 
et al., 2021) is acquired, which is only driven by routine meteorological 
forcing for large-scale ET simulations. The model tree ensembles (MTE) 
product (Jung et al., 2011) is estimated from upscaling global flux ob
servations to global ET through machine learning method. One rean
alysis ET product, ERA5-Land (Muñoz-Sabater et al., 2021) generated 
the high spatial (0.1◦) and temporal resolution (half-hourly) of global 
land ET. One land surface model from GLDAS employed is the Noah 
Land Surface Model (Noah_GL; Beaudoing et al., 2019), which assimi
lates multi-source observations and simulations of land surface models 
to generate credible surface states and fluxes.

Additionally, we further employed 20 CMIP6 (Eyring et al., 2016) 
models for auxiliary comparison, which overlaps the spanning time at 
1982–2014. For each model, the ensemble member “r1i1p1” was used. 
Further information about the selected CMIP6 models can be found in 
Table S2.

2.3. SiTHv2 model description

Based on the framework of the groundwater-soil–plant-atmosphere 
continuum (GSPAC), the SiTHv2 model integrates well-established hy
drological processes to estimate critical hydrological variables (i.e., ET, 
groundwater, soil moisture, and runoff) (Zhu et al., 2019; Zhang et al., 
2024). In the SiTHv2 model, the total ET is partitioned between the 
canopy interception (Ei), soil evaporation (Es), and plant transpiration 
(Tr). The soil evaporation takes place in the first soil layer, while the 
plant transpiration can utilize the water from the two soil layers and 
even groundwater. The ET components are calculated as: 

Ei = fwet × α Δ
Δ + γ

Rnc

λ
(1) 

Es = fsm × α Δ
Δ + γ

(Rns − G)
λ

(2) 

Tr = fv⋅ft⋅

[
∑n

i=1

(
fsmv,i⋅Tps,i

)
+
∑n

i=1
Tpg,i

]

(3) 

where i is the soil layer (i = 1, 2); α is the Priestley-Taylor coefficient 
(1.26); Δ is the slope of the saturated vapor pressure curve (kPa ℃–1); γ 
is the psychrometric constant, which is set to 0.066 (kPa ℃–1); λ is the 
latent heat of evaporation (MJ kg− 1); Rnc and Rns are the net radiation for 
the canopy and surface soil (W m− 2), respectively; G is the soil heat flux 
(W m− 2); Tps,i and Tpg,i are, respectively, the potential transpiration from 
soil water and groundwater in the ith layer, which are calculated using 
the Priestley-Taylor potential ET by taking the vertical distribution of 
the plant roots and the position of the groundwater table into account; 
fwet is the relative surface wetness (unitless); the fv and ft are the vege
tation water content and temperature constraint on plant growth, 
respectively; fsm is the soil moisture constraint (unitless); the fsmv, i is the 
soil moisture constraint of plant transpiration at ith soil layer; More 
further details can be seen from Zhang et al. (2024).

Previous studies have proved that the SiTHv2 model has relatively 
good performances in simulating total ET and its components across 
different ecosystem types and climate environments (Chen et al., 2020, 
2022; Zou et al., 2023; Zhang et al., 2024; Shang et al., 2024). In this 
study, we still evaluated the performance of ET estimations at multiple 
scales for SiTHv2 model. The validity of our data-driven ET product 
from SiTHv2 model is supported by internal cross-validation at FLUX
NET sites (Fig. 1a), corroboration against independent ET estimates 
from catchment water balances (Fig. 1b), and spatial and latitudinal 
patterns of simulations of independent ET models and ensemble of 20 
CMIP6 models (Fig. 1c). Based on multi-scale (sites, catchments, and 
global) verification (Fig. 1 and Supplementary Figs. S1-S2), the SiTHv2 
model has excellent simulation performance compared to the current 
mainstream ET products.

2.4. Multiple linear regression method

To quantify the contribution of environmental factors to terrestrial 
ET, we use the historical data (1982–2020) to construct the multiple 
linear regression method of the interannual differences in ET against the 
interannual differences in the growing-season-averaged LAI (ΔLAI), 
annual average air temperature (ΔTa), and annual precipitation (ΔP). 
The climate data and LAI data used in the multiple linear regression 
equation are the same as data forcing the SiTHv2 model. 

ΔET = β0+
∂ET
∂Ta

ΔTa +
∂ET
∂P

ΔP+
∂ET
∂LAI

ΔLAI (4) 

where ∂ET/∂LAI, ∂ET/∂P, ∂ET/∂Ta are sensitivities of ET to changes in 
LAI, P and Ta, respectively. ε is the residual, representing the impacts of 
other factors.

Then, the effects of trend in ET induced by the changes in LAI 
(δETLAI), P(δETP), and Ta (δETT

a) are quantified by multiplying the three 
sensitivities with trends in LAI, P and Ta, respectively. Using the 
following equation: 

δETX =
∂ET
∂X

TrendX (5) 

2.5. Statistical analysis

The contribution of the different regions to the global ET trends 

Table 1 
Descriptions of the ET products for comparison in this study.

ET product Category Temporal resolution Spatial resolution Temporal coverage Reference

GLEAM Remote sensing model Daily 0.25◦ 1982–2020 Miralles et al. (2025)
CR Complementary relationship model Monthly 0.25◦ 1982–2016 Ma et al. (2021)
MTE Machine learning model Monthly 0.50◦ 1982–2011 Jung et al. (2010)
ERA5-Land Reanalysis Monthly 0.1◦ 1982–2020 Muñoz-Sabater et al. (2021)
Noah_GL Land surface model Monthly 0.25◦ 1982–2014 Beaudoing and Rodell (2019)
CMIP6 Earth System models Monthly 0.5◦ 1982–2014 Eyring et al. (2016)
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(CRtrend) is calculated as follows: 

CRtrend(j) =
∑n

i=1Trendji × Aji
∑Ng

g=1Trendg × Ag
(6) 

where i represents a pixel with a significant trend in region j; n is the 
total number of pixels in region j; Trendji is the ET trend of pixel i in 
region j; Aji is the area of a pixel i in region j, which varies with latitudes; 

Ng is the total number of grid cells over the global land; Trendg is the ET 
trend of pixel g in global; Ag is the area of a pixel g in global land.

In addition, we further explored the contribution of individual re
gions to the IAV in global land ET (CRIAV) (Ahlström et al., 2015): 

CRIAV(j) =
∑

t
ETjt |ETt |

ETt∑
t |ETt |

(7) 

Fig. 1. Validation of global land ET product from SiTHv2. (a) Performance of SiTHv2 in daily ET estimations compared with site observations (137 flux sites). (b) 
Comparison of mean annual SiTHv2 ET against mean annual ET from 56 river basins based on water-balanced equation (ETwb). (c) Map of mean annual ET from 
SiTHv2, and zonally mean profile of annual ET from SiTHv2 and other ET products. The R is the Pearson's correlation coefficient, RMSE is root mean square error, 
and NSE is dimensionless Nash-Sutcliffe Efficiency.
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where ETjt is the flux anomaly (departure from a long-term trend) for 
region j at time t (in years), and ETt is the global flux anomaly.

3. Results and discussion

3.1. Spatial-temporal patterns of ET changes

3.1.1. Global land ET changes
Spatially, about two-third of the global land surface shows a positive 

ET trend (Miralles et al., 2014; Zhang et al., 2016; Yang et al., 2023; 
Tang et al., 2024; Xue et al., 2025), with half of these regions exhibiting 
significant growth (Fig. 2a). Notably, 62.4 % of areas with positive trend 
are distributed in the humid regions (the regions with the aridity index 
(AI), the ratio of annual precipitation to potential evapotranspiration, 
are greater than 0.65; Fig. S5), such as east America, west Europe, north 
Asia, southeast China, and north of South America (Fig. 2a). Zonally, the 
positive ET trend mainly appears in the northern latitudes, consistent 
with previous studies (Miralles et al., 2014; Yang et al., 2023; Tang et al., 
2024). On the other hand, about one-third of the global land surface 
shows a negative ET trend (with significant level at 10 % areas), and the 
majority of these regions (~90 %) occur in the drylands (the regions 
with the AI < 0.65), such as west America, Arabian Peninsula, southern 
south America, southern eastern Africa, and south Australia (Fig. 2a). 
The spatial and latitudinal patterns of global ET trend from SiTHv2 sets 
are broadly consistent with that from the other ET products and the 
CMIP6 models (Fig. S6).

The spatial patterns of the global land ET IAV are displayed in 
Fig. 2b. The high values of IAV mainly occur in drylands, such as 
Southwest United States, South Africa, Sahel, Patagonia, Southern 

Africa, and Australia (Pan et al., 2020). Due to moisture limitation and 
extremely scarce precipitation (Jung et al., 2011), the hyper-arid re
gions, such as the Sahara and Arabian Peninsula, show the minimum ET 
IAV. In addition, the low ET IAV mainly occurs in humid regions, such as 
northern mid-high latitudes and tropical rainforest. Zonally, the value of 
ET IAV in south of 30◦N is obviously higher than that in the north of 
30◦N. The spatial pattern of the IAV in ET from SiTHv2 model is broadly 
consistent with that from selected ET products (Fig. S7), but generally of 
higher magnitude than machine learning and CMIP6 ESMs (Yang et al., 
2023; Tang et al., 2024).

To increase the confidence in our findings, the water-balance- 
derived observed ET data, that is the precipitation minus runoff and 
the change in terrestrial water storage within the basin (Ma et al., 2024), 
is selected to validate our results. For the spatial patterns of ET trend, it 
observed that ET exhibits an increasing trend in the majority of basins 
situated within humid regions, whereas a decreasing trend in drylands 
(Fig. 2c). Meanwhile, the spatial patterns of global land ET IAV derived 
from the water-balance-derived ET are consistent with that from SiTHv2 
model (Fig. 2d), showing that ET IAV is high in drylands and low in 
humid regions of the Northern Hemisphere.

3.1.2. Humid regions dominate the trend in global land ET
The global terrestrial ET based on the SiTHv2 model increases 

significantly during 1982–2020, with a linear trend of 0.51 mm yr− 2 (p 
< 0.05). The positive trend is almost identical with the ensemble mean 
(0.45 ± 0.13 mm yr− 2, p < 0.05) of the selected ET products (Fig. 3a). 
Also, the majority of the CMIP6 models exhibit an increasing trend in the 
global terrestrial ET, with an ensemble mean of 0.39 ± 0.18 mm yr− 2 

(Table S3). The annual mean ET in humid regions accounts for the 72.47 
± 5.77 % of that in global land (Fig. 3b). Meanwhile, the ET in humid 

Fig. 2. Trends and IAV in global land evapotranspiration. (a-b) Spatial and latitudinal patterns of ET trends and multi-year mean ET IAV for 1982–2020 period, 
respectively. The red line in plot (a) represents median values of ET trend over a 2◦ latitudinal band. The gray shaded band in plots a and (b) show the range of ET 
trends and IAV from 20 CMIP6 models and other ET date sets, respectively. (c-d) The spatial patterns of ET trends and IAV from observed water-balance ET data set 
for 1983–2016 period. The black dots in plots ((a) and (c)) indicate where the trend is statistically significant (Mann-Kendall test, p-value < 0.05). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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regions estimated from SiTHv2 and other independent models also 
exhibit significant increasing ET trend, and the rate are higher than that 
in global land, with the positive trend being 0.79 mm yr− 2 for SiTHv2 
model, 0.70 ± 0.28 mm yr− 2 for independent models, and 0.42 ± 0.23 
mm yr− 2 (p < 0.05) for CMIP6 models (Fig. 3c). By contrast, the ET in 
drylands shows no clear ET trend with strong interannual variations 
(Fig. 3e).

Totally, the humid regions contribute the largest fraction (75.35 ±
18.46 %) of the increase in global land ET (Fig. 3d). The drylands only 
make minor contributions (25.50 ± 11.22 %) to the trend. Similarly, the 
results from the CMIP6 models also indicate that the humid regions 
drive the global ET trend (56.40 ± 25.35 %), and the drylands make 
small contributions (43.60 ± 25.36 %) (Table S4). Thus, the humid re
gions are the hotspots with increasing ET and the major contributor to 
the overall positive land ET trend over the past four decades. These 
indicate that the humid regions promote “intensified/accelerated” hy
drological cycle postulated under global warming from since 1980 s 
(Jung et al., 2011; Miralles et al., 2014). Meanwhile, these findings 
suggest a slowing hydrological cycle in drylands (Yang et al., 2019).

3.1.3. Drylands dominate the IAV in global land ET
In this overarching positive ET trend in globe, there is a pronounced 

interannual variability (Fig. 3a). The annual mean ET in humid regions 
display the long-term increasing ET trend with slight ET IAV, but the 
drylands exhibit substantial ET IAV (Fig. 3e). Obviously, the times of 
peak ET in global land overall responds positively to that in drylands, 
such as the high ET in 1997–1998, 2010, and 2015–2016, and low ET in 
1998–2008 and 2019. These above time points precisely correspond to 
the strong climate events, namely El Niño and La Niña. Anomalies of 
land precipitation are known to be affected by El Niño/Southern 
Oscillation (ENSO) events, which also lead to strong anomalies in air 
temperature and even vegetation dynamics, thereby influencing the ET 
IAV (Miralles et al., 2014).

Quantitatively, the humid regions only explain 40.34 ± 23.06 % of 
the total IAV, notwithstanding their large land area and substantial total 
ET (Fig. 3). The low ET in drylands does not mean that ET is stable in 
these regions. Although the annual mean ET in drylands accounts for 
27.53 ± 2.38 % of that in global land ET (Fig. 3b), the drylands 
contribute the largest fraction of the IAV in the global land ET, with 
values being 61.52 % for SiTHv2 model and an average of 59.66 ±

Fig. 3. Anomalies in global and regional evapotranspiration. (a), (c) and (e) Time series of annual ET in global, humid regions and drylands, respectively. The gray 
and dark gray shaded band in plots shows the range of ET trends from 20 CMIP6 models and other ET date sets in Table S1. The experiments e1–e4 correspond to 
different sets of inputs in SiTHv2 model. (b), (d), and (f) Contribution of land cover classes to global mean ET, trend ET, and IAV ET in humid and drylands, 
respectively. Horizontal lines inbox plots show, from top to bottom, 95th, 75th, 50th, 25th, and 5th percentiles. The red dots represent the contributions from SiTHv2 
model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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16.89 % for the five ET products (Fig. 3f). The contributions from CMIP6 
also vary from 41.11 to 82.09 % (mean value = 61.27 %; Table S5). 
These results suggest that drylands are critical hotspots controlling the 
IAV of the global land ET. Previous studies have paid more attention on 
the role of dryland in carbon cycle (Ahlström et al., 2015; Yao et al., 
2020; Barnes et al., 2021), and energy cycle (Zhou et al., 2021), but our 
results highlight the role of drylands in the hydrological cycle during the 
recent four decades.

3.2. Attributions of ET IAV over divergent regions

There is a strong positive correlation between the monthly ET IAV 
and the Southern Oscillation Index (SOI) in Australia, Southern Africa, 
and high northern latitudes (Fig. 4a). Positive SOI values indicate La 
Niña conditions, and hence, a positive correlation indicates wetter 
conditions in the aforementioned regions during La Niña and drier 
conditions during El Niño. By contrast, the regions with negative ET 
IAV-SOI correlation, such as Amazonia, Indonesia, Horn of Africa, 
southern America, and west Asia, occur the opposite conditions. Totally, 

the monthly ET IAV in dryland and global land derived from various ET 
models are both positively correlated with the SOI at statistical signifi
cance level, with correlations of 0.27 ± 0.05 and 0.11 ± 0.09 (Fig. 4b). 
However, there is negative correlation between ET IAV and SOI corre
lation in humid regions.

To investigate whether ENSO events play a role in the ET IAV, soil 
moisture (SM) and vegetation dynamics (normalized differential vege
tation index (NDVI)) relationships, we explore the correlations between 
monthly IAV of ET, SM and NDVI at grid cells with significant ET IAV- 
SOI correlations during La Niña and El Niño, respectively (Fig. 4c). In 
the humid regions, there is no clear relationship between the interan
nual variability of monthly ET, SM and NDVI during La Niña and El 
Niño, and ENSO has little or no influence on the relationship (Fig. S8). 
These results suggest that the large-scale ENSO events in some parts of 
the humid regions are not accompanied by both increases and decreases 
in moisture supply and vegetation dynamics, leading to the more com
plex in ET IAV. In the drylands, regions with significant correlations 
between ET IAV and SOI largely shows a strong positive ET IAV-SM (R =
0.70; R = 0.73) and ET IAV-NDVI correlations (R = 0.55; R = 0.53) 

Fig. 4. Causality for interannual variability of ET. (a) Correlation between monthly ET IAV and SOI from 1982 to 2020 at each 0.1◦ by 0.1◦ grid cell. Stippling 
indicates that the correlation is statistically significant (p < 0.05). (b) Correlation between ET IAV and SOI grouped by different regions. For each boxplot, the 
bottom, middle, and top of the box are the 25th, 50th, and 75th percentiles, respectively. (c) Scatterplots of ET IAV versus soil moisture and NDVI for grid cells with 
statistically significant ET IAV-SOI correlations at during La Niña and (bottom) El Niño, respectively. More details about used SM and NDVI datasets are seen from 
Text S1.
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during La Niña and El Niño events (Fig. 4c). These results indicate that 
ENSO events have a significant influence on the relationship between 
ET, SM, and NDVI in drylands. During La Niña, the regions where pre
cipitation increases, appear the sufficient soil moisture and vegetation 
greening, leading to positive ET anomalies (top plots in Fig. 4c, top right 
corner); conversely, there are negative ET anomalies (top plots in 
Fig. 4c, bottom left corner). During the El Niño period, most areas 
experienced reduced precipitation, resulting in the most grid cells with 
the decrease in soil moisture and vegetation water stress (bottom plots in 
Fig. 4c, bottom left corner).

3.3. Attributions of ET trend over divergent regions

3.3.1. The sensitivity of ET to impact factors
The sensitivity of ET to the changes in impact factors is expressed as 

the partial derivative in the multiple linear regression of the interannual 
differences in ET against three factors (Zhang et al., 2016). The ET in 
humid regions show high positive sensitivity to the variation in Ta, 

especially in the low-mid latitudes regions with high annual mean 
temperature (Fig. 5a-c, top right corner), such as Amazon basin, Congo 
basin, and southeast China. At the humid regions, ET in low-mid latitude 
increases highly with rising temperatures due to abundant moisture 
(Forzieri et al., 2017; Yang et al., 2023), while the ET in high latitudes 
has a relative low response to temperature due to the adjustment of 
permafrost melting and seasonal moisture stress (Zhang et al., 2011, 
2020; Liao et al., 2023), resulting in relatively low ∂ET/∂Ta in high 
latitudes. On the contrary, the ET in drylands has a negative sensitivity 
to the Ta changes (Fig. 5a-c, top left corner). Meanwhile, the absolute 
values of ∂ET/∂Ta in humid regions is obviously higher than that in 
drylands across all latitudes (Fig. 5b).

Inversely, ET shows opposite patterns of sensitivity to P compared 
that with Ta, and the sensitivity of ET to P changes in drylands are 
obviously stronger than that in humid regions (Fig. 5d-f). Latitudinally, 
the absolute values of ∂ET/∂P in drylands is also higher than that in 
humid regions. In drylands, ET is mainly limited by water supply, and 
the precipitation that falls on the surface is basically returned to the 

Fig. 5. Sensitivity of ET to multiple drivers. (a) Spatial pattern of sensitivity of ET to Ta. (b) Zonal median of ∂ET/∂Ta at 5◦ latitudinal resolution and corresponding 
interquartile range shown as a black line and gray shaded band, respectively. (c) The ∂ET/∂Ta binned as a function of climatological medians of Aridity (AI, x axis) 
and air temperature (Ta, y axis). (d)-(f) and (g)-(i) same as (a) to (c), but for the sensitivity of ET to precipitation (∂ET/∂P) and LAI (∂ET/∂LAI), respectively.
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atmosphere in the form of soil evaporation and plant transpiration (Yang 
et al., 2019; Chen et al., 2022). Therefore, the increase/decrease of 
precipitation directly affect the amount of water distributed to evapo
ration in drylands, leading to high ∂ET/∂P.

The positive ∂ET/∂LAI nearly occurs on all land surfaces, while the 
values in drylands are obviously higher than in humid regions (Fig. 5g- 
i). In these regions, the sensitivity of ET to P and LAI variation shows 
high consistence in drylands (Forzieri et al., 2020; Yang et al., 2023), 
due to the stronger coupling of vegetation dynamics with soil moisture 
driven by precipitation. In fact, high levels of precipitation in drylands 
lead to moist soils that stimulate vegetation greening, which in turn 
promotes high rates of ET through transpiration process and soil evap
oration, and opposite situations occurs in the low levels of precipitation 
(Miralles et al., 2014; Forzieri et al., 2017). Furthermore, despite po
tential limitations of soil moisture on ET due to low rainfall, an increase 
in LAI can maintain an increase in ET through complex adjustments of 
vegetation structure and environmental condition, such as root devel
opment, access to groundwater and phenological seasonal shifts (Zhu 
et al., 2023; Behzad, et al., 2023; Gu et al., 2025). However, at local 
scales in the humid regions, transpiration rate does not continue to in
crease with the increase in LAI, instead levelling off (or even slightly 
decreasing) when the LAI exceeds ~ 2; this change emerges due to the 
canopy has approached the maximum evaporation capacity (that is 
potential evapotranspiration), and further increase in LAI has a limited 
contribution to ET (Wang et al., 2019). In addition, LAI has a relatively 
weak dependence on precipitation (vegetation growth is not limited by 
water), so the sensitivity of ET to both LAI and precipitation is relatively 

low.

3.3.2. Warming controls the ET trend in humid regions
The effects of impact factors on ET trend are quantified by multi

plying the three sensitivities with trends in LAI, P and Ta, respectively. 
Indeed, multiple linear regression indicates that these three factors 
together explain 82.26 % of variations in ensemble mean global ET over 
1982–2020. Along with the vegetation greening globally observed by 
satellites (Chen et al., 2019), increased LAI dominates the ET trend 
across 34.31 % of global land area over 1982–2020, among which 58.41 
% locates in humid regions and 41.59 % in drylands (Fig. 6a-b). Among 
the three factors, vegetation greening is the largest contributor (Zhang 
et al., 2015; Piao et al., 2019; Yang et al., 2023), explaining 63.69 ±
25.13 % (or 0.28 ± 0.09 mm year− 2; p < 0.01) of the global trend over 
1982–2020 (Fig. 4). The dominant roles of climate warming in the 
global land ET trend occurs over 42.84 % of global land area, among 
which 73.55 % locates in humid regions, accounting for 54.59 ± 17.25 
% (or 0.24 ± 0.08 mm year− 2; p < 0.01) of the global land ET trend. 
Changes in the P dominate the ET trend across 22.84 % of Earth surface, 
among which 82.46 % locates in drylands (Zhang et al., 2016), 
explaining − 22.13 ± 17.25 % (or − 0.10 ± 0.08 mm year− 2; p < 0.01) of 
the global ET trend. In drylands, the positive effect of vegetation 
greening (0.36 ± 0.12 mm year− 2) offsets the negative effects of 
warming and reduced precipitation (δETTa = − 0.18 ± 0.11 mm year− 2; 
δETP = − 0.21 ± 0.19 mm year− 2), making the ET trend less obvious. At 
the humid regions, the positive sensitivities of ET to Ta and LAI in 
combination with the increasing trends of these factors cause the 

Fig. 6. Primary environmental (air temperature, precipitation and LAI) controls on ET trend over 1982–2020. (a-b) Spatial and latitudinal distribution of primary 
environmental factors on ET trends. (c) Primary environmental (air temperature, precipitation and LAI) controls on ET trend binned as a function of climatological 
medians of aridity index (x axis) and air temperature (Ta, y axis). (d) Effects (x) of the long-term trends in LAI, Ta, and P on the ET (δETx). For each boxplot, the 
bottom, middle, and top of the box are the 25th, 50th, and 75th percentiles, respectively, and the bottom and top whiskers show the 10th and 90th percentiles, 
respectively.
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positive ET trend (δETTa = 0.43 ± 0.2 and δETLAI = 0.30 ± 0.13 
mm year− 2), which subsequently drives the global land ET upward 
trend. Thus, our results confirm that the main contributions of the 
intensified or accelerated water cycle (Huntington et al., 2006; Mada
kumbura et al., 2019) are from the humid regions mainly due to global 
warming (increased Ta and Rn) and plant greening.

In humid regions, the ET mainly controlled by the atmospheric 
moisture demand (air temperature) and vegetation dynamic (LAI) 
(Fig. 7). The increase in ET mainly locates in the humid regions in the 
Northern Hemisphere, accounting for 83.32 ± 13.77 % of increase in 
global land. Seasonally, the ET in summer contributes the largest frac
tion (40.73 ± 8.93 %) to the increase in global land, followed by autumn 
(24.29 ± 2.48 %), spring (22.12 ± 5.98 %), and winter (11.56 ± 9.56 
%). In this domain, the warming and vegetation greening control the 
increase in ET. Firstly, the advanced onset of the growing season and 
earlier spring thaw associated with warming, have produce sufficient 
soil moisture (Fig. 7b-c) to satisfy strong atmospheric moisture demand, 

which is often associated with the high temperature, and then make 
photosynthesis (transpiration) rapidly recover and proceed at relatively 
high rates with enough moisture supply (Fig. 7c-d) (Menzel et al., 2006; 
Fu et al., 2016; Pi et al., 2021). In addition, the accumulated soil 
moisture in spring also supplies the adequate moisture for strong 
photosynthesis in summer (Fig. 7e and h). Meanwhile, the delayed end 
time of growing season and later autumn freeze-up, lead to the relatively 
adequate soil moisture to sustain plant activities. The warming boosted 
vegetation growth in high latitudes (Park et al., 2020; Piao et al., 2014, 
2017), which lead to the continuous greening (Fig. 7g-i) and positive 
effect of LAI on ET. In turn, the increased LAI can enhance the warming 
in this domain through a decline of surface albedo (Forzieri et al., 2017; 
Jeong et al., 2012; Swann et al., 2010; Liao et al., 2023; Li et al., 2024a). 
In the future, the ET in humid regions will potentially continue to in
crease with the expectation of global warming and vegetation greening, 
but it largely depends on how vegetation adapts to water stress under 
drought (Zhang et al., 2011; Li et al., 2024b).

Fig. 7. Changes in the seasonality of ET trend and the linkage with changes in vegetation phenology, soil moisture and NDVI in humid regions. (a) Contributions of 
seasonal ET in humid regions. (b)-(c) The trend in the start of growing season (SOS) and end of growing season (EOS). (d)-(f) The trend in seasonal soil moisture. (g)- 
(i) The trend in seasonal NDVI. More details about used SM and NDVI datasets are seen in Text S1.
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3.4. Future ET dynamics

In addition to observed changes since approximately 1980, ET is 
anticipated to evolve in the future according to CMIP6 ESMs. Although 
there will still be significant interannual fluctuations in global ET in the 
future, global ET as a whole still shows an upward trend regardless of the 
climate change scenarios (Fig. S9). For example, over 2015–2100, 
CMIP6 ESMs project an increasing global ET trend of 0.36 ± 0.25, 0.42 
± 0.29, and 0.56 ± 0.40 mm year− 2 for Shared Socio-economic 
Pathway (SSP)1–2.6, SSP3–7.0 and SSP5–8.5, respectively (Fig. S9). 
Consistent with the historical period, future ET trends in global land are 
still primarily dominated by the humid regions (Fig. 8a-c and d). 
Nevertheless, the contributions of future ET in humid regions generally 
deceases with increasing emission levels, possibly owing to larger sto
matal closure under water stress (Zhang et al., 2021; Yang et al., 2023; 

Chai et al., 2025). However, the projected contributions in humid re
gions are still higher than that for the historical period from CMIP6 
models, and smaller than that from diagnostic ET datasets (Fig. 8b and 
Fig. 4b). In addition, the changing rates in most land areas increase with 
increasing emission levels (Fig. 8a), indicating the accelerated hydrol
ogy cycle. Continuous increase in ET in humid regions may maintain or 
strengthen the positive feedback of precipitation-evaporation, and also 
mitigate climate warming through the evaporation cooling effect and 
increased albedo through cloud formation, thereby influencing climate 
change (Mondal et al., 2024; Hofmann et al., 2023; Gao et al., 2025; 
Teuling, et al., 2013; Leggett and Ball, 2019). For a given precipitation, 
an increase in ET would elevate the evaporation ratio (i.e., ET/P), 
consequently resulting in a long-term decline in available water re
sources. However, variations in ET and vegetation change will further 
change regional precipitation via land-atmospheric interactions, 

Fig. 8. Projected changes in global land evapotranspiration. (a) Comparison of contributions of humid regions ET to global land ET trend in CMIP6 models under 
different scenarios. (b) Comparison of contributions of drylands ET to global land ET IAV in CMIP6 models under different scenarios. (c) – (d) Future (2015–2100) ET 
trend under the climate change scenario SSP1-2.6 and SSP-8.5. (e) – (f) Future (2015–2100) ET IAV under the climate change scenario SSP1-2.6 and SSP-8.5. The 
projected changes in ET from 10 CMIP6 ESMs can be seen from Table S6.
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thereby influencing the changes in available water resources (Konapala 
et al., 2020; Zhang et al., 2023). Moreover, more ET means more tran
spiration, and then more carbon can be assimilated by plant photosyn
thetic activity. With more carbon fixed, more leaves and plants can 
grow, subsequently resulting in more water consumed by transpiration 
in return (Gentine et al., 2019; Papanatsiou et al., 2019; Joshi et al., 
2022). With the increasing CO2 concentration, the humid regions (such 
as tropical rainforest and some mid-to-high latitude forests) may expe
rience “greening” and an increase in productivity, as the warming and 
CO2 fertilization effects can promote plant growth when water supply is 
not limited (Piao et al., 2019; Allen et al., 2024). However, this growth 
may be accompanied by changes in vegetation types (such as the 
advance of temperate broadleaf forests towards the north) (Ashton et al., 
2020; Wang et al., 2024). In the future, combining with the global 
change, the complex coupling processes among water, energy, and 
carbon should be taken into consideration when investigating the im
pacts of ET changes in humid regions.

The IAV of ET in drylands remains the dominant driver of the future 
global ET IAV. Meanwhile, the contribution factions of future ET IAV in 
drylands generally increase with increasing emission levels (Fig. 8b). 
Accordingly, the projected contributions in drylands are higher than 
that for the historical period from CMIP6 models and diagnostic ET data 
sets (Fig. 4b). Because drylands are the most sensitive areas responding 
to global change, with the intensify and frequent extreme events in 
drylands in the future (Camps-Valls et al., 2025; Li et al., 2024), these 
lead to stronger climate variability, thereby resulting in the huge ET 
IAV. In the future, even small shifts in the precipitation-runoff- 
evaporation relationship will be amplified into significant fluctuations 
in runoff and water resources in dryland, reducing the predictability of 
water resources (Berghuijs et al., 2017). Evaporation demand is rising 
with global warming, erratic rainfall reduces recharge, leading to severe 
water stress, aquifer depletion, drying lakes, reduced river flows, and 
escalating conflicts over shared river resources in drylands (IPCC, 2023). 
Moreover, due to the stronger land–atmosphere water coupling in dry
lands (Seneviratne et al., 2010), the greater ET IAV will in turn enhance 
drylands climate change and extreme climate events under increasing 
emission levels (Zhao et al., 2022; Vicente-Serrano et al., 2025; He et al., 
2025). The expansion of drylands and the increase in drought intensity 
will lead to an increase in the frequency and duration of extreme 
droughts, causing devastating impacts on agriculture, ecology and urban 
water supply, causing the chain reaction of hydrological extreme events 
(Tang et al., 2025). In the context of above, the vulnerability of the 
ecological environment in drylands will strengthen, so more attentions 
should be focused on the future hydrological cycle in drylands, to 
improve water management and design adaptation policies.

However, large uncertainties exist in current understanding of global 
land ET (Mirallers et al., 2025; Yang et al., 2023). The ET trends and IAV 
derived from individual estimates still remains discrepancies, especially 
at regional and/or local scales (Figs. 1–3). These differences mainly arise 
from different model structures, parameterizations, and forcing datasets 
among the ET models. For example, there are different structures of the 
ET model mainly lying in aspects such as plant root uptake water, soil 
water movement, stomatal conductance schemes, and root distribution 
(Chen et al., 2022; Mirallers et al., 2025; Fisher et al., 2017). The un
certainty in ET trends and IAVs highlights a need for caution in using a 
single approach to analyze long-term ET changes. Using the models 
ensemble mean can reduce the uncertainty of the results, but we still 
develop more advanced multi-model ensemble techniques (such as bias 
correction, model weighting, and model-data fusion technology) may 
also help reduce the uncertainties (Yang et al., 2023). Additionally, 
conducting a comprehensive comparison of evaporation models driven 
by the same forcing data can help identify the sources of uncertainty, 
thereby providing practical guidance for improving ET estimation.

4. Conclusion

Our study finds that regions driving the overall trend and IAV of the 
global land ET are divergent, providing us with a crucial framework for 
understanding the dynamics of land ET over the past four decades. The 
process-based models combing with remote-sensing observations pro
vides us an effective strategy to investigate the spatio-temporal changes 
in land ET and the relative contributions of the climatic and ecological 
factors. The remote-sensing observations can greatly reduce un
certainties of some process simulations, such as CO2 fertilization effects 
on vegetation products. To conclude, the humid regions drive the in
crease in the global land ET, which is mostly explained by global 
warming and vegetation greening. On the other hand, the drylands 
dominated IAV of the global land ET due to the natural climate vari
ability (ENSO). Importantly, the dominant roles of humid regions and 
drylands in global land ET trend and IAV will continue under the climate 
change scenarios. Most current models may underestimate the nonlinear 
response of ET in drylands to extreme climate events, while over
estimating the stability of humid regions under long-term climate 
change. Our findings provide a new perspective for understanding the 
spatial heterogeneity of the global water-carbon coupling cycle. Mean
while, our results suggest that land surface model should differentiate in 
handling the biophysical parameterization schemes for different climate 
zones, and particularly, strengthen the dynamic characterization of the 
groundwater-soil–vegetation–atmosphere continuum (GSPAC) process 
in drylands to improve the accuracy of global hydrological flux pre
dictions. The ET change in humid regions profoundly restructure the 
global precipitation pattern, alters the warming rate, and influences the 
ecohydrology process, such as the water resources and carbon cycle. Due 
to the roles of climate and vegetation changes in the dynamics of ET in 
humid regions, under the context of the global warming, the ET changes 
mostly determined by the adaptability of plant growth to water stress, 
suggesting that more concerns should paid on the interactions between 
ecological processes and hydrological cycle. In drylands, the stronger ET 
IAV can increase the frequency of extreme climate events, give rise to 
the expansion of drylands areas, and leading to a more fragile ecological 
environment. It is necessary to pay attention to the hydrological cycles 
in global drylands should aid in improving water management and 
designing adaptation policies. Furthermore, the global impact of humid 
regions combining with the fluctuation of ET in arid regions, jointly 
amplify the complexity of the climate system. In the future, it is neces
sary to focus on the interaction between humid and arid regions, in order 
to achieve collaborative governance of global hydrological and ecolog
ical risks.
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