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Fig. 4 | Changes in precipitation minus evapotranspiration trend caused 
by irrigation expansion. a–h, Regionally average annual land P − ET anomaly 
from both simulations with (tranirr) and without irrigation expansion (1901irr) 
and the difference between them (tranirr − 1901irr) over South Asia (a,b), the 
Mediterranean (c,d), Central North America (e,f) and West Central Asia (g,h). All 
values shown are the relative values to the mean value during the first 19 years 
(1901–1919) in the simulation without irrigation expansion (1901irr). Solid lines 
indicate the multi-model (seven models) mean values and ranges indicate the 
25th and the 75th percentile values. Curves were smoothed using Savitzky–Golay 

filtering (order = 2, window = 19)73. * after the numbers indicates the significance 
of linear regression analysis, among which ** indicates that p value is less than 
0.05 and *** indicates that p value is less than 0.01. All p values are calculated 
under the null hypothesis that the true coefficient between the time and land 
P − ET is zero. These statistics are two-sided and follow a t distribution with N − 2 
degrees of freedom (N indicates the number of years in the study period, for 
example, N equals 60 when the study period is 1901 to 1960). The numbers in 
brackets indicate the interval at 0.05 confidence level.
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Fig. 5 | Various trends of simulated terrestrial water storage due to different 
groundwater withdrawal implementations. a–h, Regional average annual 
land TWS anomaly from both simulations with (tranirr) and without irrigation 
expansion (1901irr) and the difference between them (tranirr − 1901irr) over 
South Asia (a,b), the Mediterranean (c,d), Central North America (e,f) and 
West Central Asia (g,h). All values shown are the relative values to the mean 
value during the first year (1901) in the simulation without irrigation expansion 
(1901irr). Solid lines indicate the multi-model (five models with groundwater 
withdrawal implementation: CESM2_gw, CNRM-CM6-1 and MIROC-INTEG-ES, 
E3SMv2 and IPSL-CM6) mean values and ranges indicate the 25th and the 75th 

percentile values. Dashed lines indicate the mean values of two models without 
groundwater withdrawal implementation (CESM2 and NorESM2). Curves were 
smoothed using Savitzky–Golay filtering (order = 2, window = 19)73. * after the 
numbers indicates the significance of linear regression analysis, among which 
** indicates that p value is less than 0.05 and *** indicates that p value is less than 
0.01. All p values are calculated under the null hypothesis that the true coefficient 
between the time and land P − ET is zero. These statistics are two-sided and follow 
a t distribution with N − 2 degrees of freedom (N indicates the number of years in 
the study period, for example, N equals 60 when the study period is 1901 to 1960). 
The numbers in brackets indicate the 95% confidence interval.
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Discussion
In this study, we use ESMs as the main research tool to quantify the 
impacts of irrigation expansion on water resources while consider-
ing land–atmosphere interactions. However, we acknowledge that 
ESMs are limited in many aspects of crop and irrigation representa-
tions, such as (1) globally uniform irrigation parameters, (2) the lack of 
crop rotations and multiple growing seasons and (3) limited irrigation 
techniques representation. Moreover, some models do not explicitly 
account for groundwater consumption, and other models do not set a 
limit on the water consumption for irrigation, resulting in an under- or 
overestimation of irrigation water withdrawal. Furthermore, human 
interventions in the local water cycle, including reservoir construction 
and management, water extractions for other sectors (for example, 
domestic and livestock use) are not accounted for or are inadequately 
represented in most ESMs used in this study. Efforts are being made to 
implement irrigation techniques37,38, dam management39 and various 
water-use sectors40 in ESMs, but their performance heavily depends 
on the availability of external datasets or parametrizations. Apart from 
the processes and parameters directly related to irrigation practices 
and water abstraction, other aspects of different ESMs also introduce 
uncertainties. For example, the ESMs used in this study show large dis-
crepancies in simulated precipitation over different regions, based on 
a previous evaluation41, which can substantially affect irrigation water 
demand. Similarly, the differences in simulated evapotranspiration 
across models42 can also influence the soil moisture, which is the key 
variable determining irrigation frequency and amount in many ESMs, 
and influencing the models’ hydrologic response to irrigation through 
its impact on the present-day hydrological regime. Although the results 
of IRRMIP provide important insights, concerted efforts are required, 
including model development and observational data generation, to 
better understand the role of irrigation in the Earth system.

The impact of irrigation expansion on water fluxes strongly 
depends on the volume of irrigation water, but its relative importance 
is typically more pronounced in arid and semi-arid regions, such as 
West Central Asia and the Mediterranean (Figs. 2 and 4). These regions 
have a drier background climate, so the majority of precipitation is lost 
as evapotranspiration, and this loss is further enhanced by irrigation 
expansion (Fig. 2). However, precipitation does not show a similar 
increasing trend, and consequently, the net atmospheric water input to 
land (P − ET) in these regions continues to decrease over the twentieth 
century (Fig. 4c,d,g,h). Both simulated (Fig. 3b) and observed data 
(Fig. 3d) show that TWS decreases over a large part of these regions, 
confirming that local water resources are being depleted due to irriga-
tion expansion. In South Asia, irrigation expansion has reduced P − ET at 
the highest rate (Fig. 4a,b), and together with the climate change after 
1960, a sharp decreasing trend of 1.461 mm yr−2 is reached. Although 
its relative impacts are less pronounced due to its wet background 
climate (Fig. 2a,c), most models considering groundwater pumping 
simulate a declining TWS there. Considering the high irrigated fraction 
and dense population here, local water availability will be increasingly 
concerning. In Central North America, despite the impacts of irrigation 
expansion are relatively small, the decreasing trend in P − ET induced by 
other forcings also threatens local water supply (Fig. 4e,f). Apart from 
these four regions, other irrigation hotspot areas, such as East China, 
California, the Nile Basin and Southeast Australia, also face this issue 
(Fig. 3). Our results indicate that irrigation-induced water depletion 
has become a common issue shared by many irrigation hotspot areas, 
and climate change may aggravate the scarcity of water resources, 
especially over arid and semi-arid regions.

Consistent with our findings, previous studies based on simpler 
calculations already concluded that many existing and newly expanded 
irrigated croplands over South Asia, East Asia and Central North Amer-
ica are not sustainable15,16, with substantial agricultural blue water 
(freshwater found in rivers, lakes and aquifers) scarcity issues43. More 
localized studies also confirm the depletion impacts of irrigation on 

local water resources19,44–46. Results of this study, at a global scale, 
reveal again that most irrigation hotspot regions face risks in terms of 
water availability, particularly in drier regions. This water depletion 
is not only caused by irrigation expansion but also driven by climate 
change. Interestingly, this work highlights the urgent situation over the 
Mediterranean and West Central Asia, despite the fact that these are 
not the most intensely irrigated regions. A previous study has already 
found that many countries in these regions do not have enough water 
resources to close the yield gap47, and therefore some prompt solutions 
are needed before local terrestrial water resources dry out, such as the 
adoption of sub-optimal irrigation (sacrificing part of crop yield) and 
water-saving irrigation techniques, for example, drip and sprinkler 
irrigation. Unfortunately, they are currently not yet widely used in 
many intensely irrigated countries such as India, China and many 
African nations48. Numerous studies have demonstrated that these 
techniques can reduce water consumption without compromising 
crop yields at the regional scale49,50. Considering that higher efficiency 
often encourages farmers to expand irrigated area, strong policies are 
then also required to avoid this paradox51.

Considering global population growth, irrigated cropland is 
expected to expand to ensure future food security52, whereas the 
global water gap is projected to widen under a warming climate53. 
Therefore, selecting suitable areas for irrigation expansion is becom-
ing increasingly important. Although several efforts have been made 
to explore the potential for sustainable irrigation expansion under 
future climate scenarios54, many have not been implemented due 
to the substantial economic investment required55 and limited 
socio-economic capacities—particularly in sub-Saharan Africa, East-
ern Europe and Central Asia43. To address these challenges, inter-
continental collaboration is essential to provide financial support 
and promote equitable development in these regions. However, in 
many other regions, even with the regulating function of dams and 
reservoirs, local water availability is projected to be unable to meet 
irrigation water requirements56, indicating that more solutions are 
needed to decrease irrigation water demand.

Global food trade can reduce the amount of water used for irriga-
tion, if water-intensive crops are produced in regions with rich water 
resources and exported to water-scarce regions. On the basis of pre-
vious studies, virtual water trade helped save 119 × 109 m3 blue water 
(freshwater found in rivers, lakes and aquifers) and 105 × 109 m3 green 
water (water stored in the soil and used by plants) in 2008 and shows 
a positive trend over time57. However, currently, unsustainable irri-
gation water use still plays an important role in global virtual water 
trade58, indicating that there is room for optimization of the global 
crop trade network. Dietary changes have also been increasingly high-
lighted in recent studies, both for individual health and environmental 
protection59,60. Different amounts of water are needed to produce the 
same quantity of food or calories from different crops, referred to as 
the water footprint, which also differs across regions and periods61. 
Thus, transitioning to less water-intensive crops can offer another 
approach to mitigate water scarcity.

Methods
IRRMIP, ESMs and GRACE dataset
To analyse the impacts of historical irrigation expansion (1901–2014), 
the IRRigation Model Intercomparison Project (IRRMIP) was launched, 
with seven Earth System Models (ESMs) performing two land–atmos-
phere coupled experiments, with and without irrigation expansion. In 
the simulations with irrigation expansion (tranirr), transient irrigation 
extent from the Land-Use Harmonisation Project phase 2 (LUH2)30 
is used, whereas in those without irrigation expansion (1901irr), the 
magnitude and pattern of irrigated cropland are fixed at the level in 
the year 1901. Other forcings, such as land-use changes and green-
house gas emissions, are kept transient in both experiments. A more 
detailed simulation protocol can be found in the first paper of IRRMIP9. 

http://www.nature.com/natwater


Nature Water | Volume 3 | December 2025 | 1424–1435 1432

Article https://doi.org/10.1038/s44221-025-00529-1

One exception is that in 1901irr of the IPSL-CM6, irrigation is entirely 
switched off.

In the Community Earth System Model version 2 (CESM2)62 and 
the Norwegian Earth System Model version 2 (NorESM2), water is 
withdrawn from the main river channel next to the grid cell in the 
routing model, which exchanges information with the land model 
(the Community Land Model version 5: CLM5) every time water is 
abstracted. When the amount in the main channel cannot satisfy the 
water demand, water from the ocean will be abstracted to close the 
water balance. In addition, to represent the impacts of irrigation on 
local water resources, the amount of irrigation water withdrawal is 
subtracted from local runoff outputs. In CESM2_gw, water demand for 
irrigation is directly withdrawn from the main river channel next to the 
grid cell in the routing model. If it cannot meet the demand (only 90% 
of the runoff can be used for ecological reasons), groundwater will be 
abstracted to cover the rest of the demand. There is only unconfined 
groundwater in the model (groundwater in saturated soil) and the 
change in groundwater table affects inter-grid cell baseflow63,64. In 
the Energy Exascale Earth System Model (E3SMv2), water demand 
for irrigation is pre-separated into surface water and groundwater 
demands based on a dataset of areas equipped for irrigation with 
surface and groundwater17. Surface water demand is conveyed to the 
routing model, and the routing model gives feedback to the land model 
on whether the surface water demand is satisfied based on local runoff, 
local streamflow and upstream reservoirs. As for the Centre National de 
Recherches Météorologiques Climate Model version 6 (CNRM-CM6-1), 
the irrigation water flux is imposed from an external dataset based on 
global hydrological model simulations65. The demand is pre-separated 
into surface water and groundwater demands, the same as in E3SMv2, 
and surface water is withdrawn from conceptualized small reservoirs, 
which can be recharged by rivers66. A capacity is assigned for each 
reservoir, based on the same historical irrigation water withdrawal 
dataset65. MIROC-INTEG-ES also considers three types of water resource 
to meet the irrigation water demand: river discharge, reservoir stor-
age and groundwater. The order of priority for water intake sources 
is set in this order; whereas the model uses river water as the primary 
water resource for irrigation, if the river cannot supply enough water 
and a reservoir exists in the grid cell, the water stored in the reser-
voir is used for irrigation, and if there is no water in the reservoir or 
there is no reservoir, the groundwater is used for irrigation67. In the 
Institut Pierre-Simon Laplace Climate Model version 6 (IPSL-CM6), 
three sources are used: streamflow, overland water and renewable 
groundwater, and the fraction of groundwater demand is calculated 
before water withdrawal, based on AQUASTAT census area equipped 
for groundwater irrigation68. A table summarizing the key features 
of irrigation water withdrawal for irrigation is given below (Table 1). 
A more detailed description of all models regarding other aspects of 
irrigation can be found in Supplementary Note 1.

In this study, the TWS data used for trend analysis is from the 
twin Gravity Recovery and Climate Experiment (GRACE) satellites, 
which measure the gravity field once per month since the year 2002 at 
~400-km spatial resolution69. The high-degree coefficient estimations 
generally have larger errors, due to modelling and instrument errors 
and the weaker observability in the east–west direction70. To address 
this issue, mass concentration blocks are commonly used, and we 
choose the version RL0602 product during the period 2002–2024, 
with a spatial resolution of 0.25° × 0.25° (ref. 71). Temporal trends are 
deduced from a linear regression between TWS data and time over 
each grid cell, and we only keep the linear TWS trends with R2 ≥ 0.6 
and p value < 0.1.

Separation of irrigation expansion-induced impacts
The simulations were performed with varying spatial resolution 
(CESM2, CESM2_gw and NorESM2: 0.9° × 1.25°; MIROC-INTEG-ES: 
1.4° × 1.4°; E3SMv2 and CNRM-CM6-1: 0.5° × 0.5°). We first regrid 

the outputs from E3SMv2, MIROC-INTEG-ES and CNRM-CM6-1 to 
0.9° × 1.25° using second order conservative remapping. Then, to 
quantify the impacts of different forcings (irrigation expansion against 
greenhouse gas emissions, land-use change and so on), we separate 
both experiments (tranirr and 1901irr) into two periods (1901–1930 
and 1985–2014) and calculate their average water fluxes (Table 2). 
Finally, we select four climate reference regions with intense irrigation 
and models’ agreement about changes in water variables (South Asia, 
Mediterranean, Central North America and West Central Asia)31 and 
calculate regional average water fluxes.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
GRACE Terrestrial Water Storage anomaly data are accessible via 
https://www2.csr.utexas.edu/grace/RL0602_mascons.html. The spa-
tial range of climate reference regions can be obtained via Github at 
https://github.com/SantanderMetGroup/ATLAS (ref. 31). Data gener-
ated in this article are available via Figshare with the license CC BY 4.0 
at https://doi.org/10.6084/m9.figshare.29664485.v1 (ref. 72).

Code availability
Codes used for calculation and plotting in this paper are provided 
via Github at https://github.com/YiYao1995/Yao_et_al_2025_
Irrigation-induced_land_water_depletion_aggravated_by_climate_
change.git.
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Extended Data Fig. 1 | Area equipped for irrigation and irrigation water 
withdrawal in four climate reference regions. Varying evolution in area 
equipped for irrigation and irrigation water withdrawal in four regions. Area 
equipped for irrigation (AEI) in the region South Asia (a), Mediterranean (b), 
Central North America (c), and West Central Asia (d). Annual simulated irrigation 

water withdrawal (IWW) from seven Earth System Models in four regions of the 
experiment with (tranirr) and without irrigation expansion (1901irr) (e-h). Solid 
lines are the mean value of seven Earth System Models, and ranges indicate the 
maximum and minimum values. Curves indicating irrigation water withdrawal 
were smoothed using Savitzky-Golay filtering (order=2, window = 19)73.
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Extended Data Fig. 2 | Impacts of different forcings on precipitation, 
evapotranspiration, and runoff. Impacts of all forcings (a-c), other forcings (b, 
f), and irrigation expansion (g-i) on precipitation (P: a, d, g), evapotranspiration 
(ET: b, e, h), and runoff (R: c,f,i). The impacts are computed through a 
comparison of multi-year mean values over different periods or different 

experiments (see Table 2). Results shown are the multi-model mean value across 
seven models, and hatches indicate that ≥6 out of 7 models show consistency in 
the sign of change (≤-20 or ≥20 mm yr−1). Region boundaries in a–i adapted from 
ref. 31 under a Creative Commons CC BY 4.0 license.
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