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Abstract

Recent advances in hydrological modeling have quantified unsustainable irrigation water
consumption (UIWC), underscoring its impacts on freshwater stocks depletion and environmental
flows impairment. However, the long-term sustainability of irrigation under different climate
change scenarios remains insufficiently explored. Here, we assess future trajectories of UIWC using
an ensemble of simulations under a sustainable development pathway (SSP1-2.6) and a
high-emissions pathway (SSP5-8.5), projecting changes through each decade until 2100. The
baseline estimate of global UTWC is 458 km? yr~!. Global UIWC is projected to increase under
climate change, but multi-model projections show substantial uncertainty. By 2100, estimates
range from 458 to 546 km?3 yr~! under the low-emission SSP1-2.6 scenario, and from 456 to

638 km® yr—! under the high-emission SSP5-8.5 scenario, highlighting divergent future outcomes
depending on emissions pathways and model assumptions. Under baseline conditions, the Ganges,
Sabarmati, and Indus basins have the highest UIWC. Climate change scenarios show divergent
regional trends, with the SSP5-8.5 scenario projecting larger increases in UIWC—especially in the
Ganges, Indus, and US High Plains—compared to SSP1-2.6. These increases reflect both greater
climate impacts and higher model uncertainty. Normalizing UIWC by irrigated area reveals
hotspots of irrigation pressure, particularly in South Asia and the Nile Delta, where per-area UIWC
exceeds 50 mm yr~!, and is projected to rise further under both scenarios. By assessing
multi-model water scarcity risks in irrigated croplands, these findings provide crucial insights for
guiding climate change adaptation strategies in agriculture.

1. Introduction

Irrigated agriculture is vital for global food produc-
tion and a key strategy for adapting agriculture to
climate change [1]. By providing a controlled water
supply, irrigation helps mitigate the adverse effects
of water scarcity, extreme heat, and unpredictable
rainfall on crop yields [2]. Irrigation is responsible
for approximately 90% of anthropogenic freshwater
consumption and is implemented on 22% of cul-
tivated land, enhancing yields compared to rainfed
agriculture [3, 4]. This makes irrigation essential for
ensuring food security [5, 6].

© 2025 The Author(s). Published by IOP Publishing Ltd

The availability and timing of freshwater are
important factors limiting the expansion of food pro-
duction through irrigation [7-9]. Globally, almost
half of the water used for irrigation is unsustain-
able, exceeding local renewable water supplies [10].
Unsustainable irrigation depletes environmental
flows and overuses freshwater resources, leading to
groundwater over-extraction and river depletion
[11-14]. Furthermore, an estimated 15% of unsus-
tainable irrigation volumes are driven by interna-
tional demand for agricultural products, exacerbat-
ing the depletion of water resources [10, 15, 16].
Declining water quality due to rising and emerging


https://doi.org/10.1088/1748-9326/adfcee
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/adfcee&domain=pdf&date_stamp=2025-9-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1352-2356
https://orcid.org/0000-0003-1624-6809
https://orcid.org/0000-0002-1280-9945
mailto:lrosa@carnegiescience.edu
http://doi.org/10.1088/1748-9326/adfcee

10P Publishing

Environ. Res. Lett. 20 (2025) 104011

pollutants—such as excess nitrogen from agriculture
and urban runoff—worsens water scarcity by making
water unsafe for ecosystems and human use, further
limiting its availability [17-19]. This poses a serious
threat to both local and global water and food security
[20, 21].

Climate change presents major challenges to the
sustainability of irrigation practices by disrupting
precipitation patterns, increasing the frequency of
extreme weather events, and intensifying droughts
and floods [22-24]. These climate-induced changes
reduce the availability of freshwater resources while
simultaneously raising crop water demands, mak-
ing irrigation water management more challenging
[24, 25]. Therefore, managing water for agriculture
in a warming climate requires more efficient and
adaptive strategies to ensure long-term resilience and
sustainability [26].

Assessing the water sustainability of irrigation in
the world’s major irrigation regions under 21st cen-
tury warming scenarios is essential for understand-
ing future agricultural resilience [27, 28]. Previous
research has examined water demand in relation
to local renewable water supplies, exploring vari-
ous quantitative aspects of water scarcity in irrig-
ated agriculture under both historical and future cli-
mate conditions [29-35]. Despite these contributions
focusing on the impacts of climate change on irriga-
tion, multi-model and multi-decadal analyses to eval-
uate both historical and future water scarcity in irrig-
ated agriculture providing explicit time trajectories of
decadal volumes through the end of the 21st century
is overlooked.

Here, we quantify monthly unsustainable irriga-
tion water consumption (UIWC) at a 30-arcminute
resolution (~50 km at the Equator) under two cli-
mate change scenarios for the 21st century. The use
of a temporally explicit framework allows for more
precise prioritization of adaptation strategies, provid-
ing essential insight into how global warming will
impact the long-term viability of irrigation. We assess
monthly UIWC volumes by evaluating the extent to
which water consumption surpasses locally renew-
able water availability, leading to the depletion of
groundwater, rivers, and environmental flows [21].
We assess UIWC based on the 2015 global irrig-
ation extent [36], the most up-to-date and com-
prehensive dataset of irrigated areas worldwide. To
account for a range of possible outcomes, we draw
on outputs from five distinct climate models and
two hydrological models from the Coupled Model
Intercomparison Project (CMIP6) archive [37]. This
allows us to analyze unsustainable irrigation under
baseline conditions as well as two future climate
scenarios: SSP1-2.6 (sustainable development) and
SSP5-8.5 (high emissions) [22]. In total, we evalu-
ated 20 future scenarios derived from 10 combina-
tions of climate and hydrological models under the
two climate change scenarios, namely SSP1-2.6 and
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SSP5-8.5. First, we employ geospatial clustering tech-
niques to identify and delineate 329 irrigation regions
(IRs) worldwide. An IR is defined as a specific geo-
graphical area where water resources are managed
and allocated for irrigation. Second, using a process-
based water balance model that includes environ-
mental flow requirements [10, 21, 38—41], we estim-
ate monthly renewable water availability from CMIP6
surface and sub-surface runoff projections. Third,
we acknowledge the variability inherent in the 20
combinations of climate and hydrological models
and emphasize the importance of accounting for this
uncertainty in our projections. Therefore, we assess
renewable water availability against irrigation water
consumption for each future climate scenario and cli-
mate model, quantifying UIWC at a global pixel-level
scale. Fourth, we present the results at the IR scale,
showcasing variations in UIWC across the 20 future
scenarios analyzed in this study. For each IR and
future scenario, we quantify the volumes of UIWC,
the level of reliance on it, and the emerging trends.

By leveraging ensemble projections from both
climate and hydrological models, and by incor-
porating environmental flow requirements directly
into a water balance, our approach enables a more
uncertainty-aware evaluation of future water sustain-
ability risks, highlighting the heterogeneous nature of
climate impacts on irrigation sustainability not only
spatially but also through the decades. This com-
prehensive multi-model quantification of irrigation
water sustainability provides a robust basis for com-
paring regions worldwide, evaluating emerging risks
and the exacerbation of water scarcity among them,
offering essential information for policy-making and
effective adaptation to water scarcity.

2. Methods

We mapped global IRs and used climate outputs
from five climate models and two hydrological mod-
els in the CMIP6 archive to quantify unsustain-
able irrigation water consumption for the baseline
period of 2001-2010 and for each decade through
2100 under two climate change scenarios: a sustain-
able development pathway (SSP1-2.6) and a high-
emissions pathway (SSP5-8.5). SSP1-2.6 envisions a
future focused on sustainable practices, aiming for
net-zero emissions by 2050, limiting global temper-
ature rise to approximately 1.8 °C by the end of the
century, and with substantial improvements in irrig-
ation efficiency and sustainable water management
[22]. In contrast, SSP5-8.5 reflects a business-as-usual
scenario, heavily reliant on fossil fuels, with pro-
jected global warming up to 4.4 °C by 2100 and
increases in water consumption due to the expansion
of irrigated areas to meet growing food demand [22].
These scenarios represent distinct socioeconomic tra-
jectories and greenhouse gas emissions pathways,
providing insights into potential climate outcomes
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based on varying human behavior and policy choices
[22, 42].

We define UIWC as the volume of water con-
sumed for irrigation that exceeds the renewable sup-
ply from rivers, lakes, and shallow aquifers replen-
ished by precipitation [10, 21]. For each scenario,
UIWC is quantified by solving a water balance
model at a 30-arcminute resolution (~50 km at the
Equator), using monthly surface and subsurface run-
off data, along with water consumption data derived
from CMIP6 climate model outputs [37].

2.1. Mapping of irrigation regions

We map 329 IRs worldwide. We define an IR as a spe-
cific geographic area where water resources are man-
aged and distributed for agricultural irrigation. Each
IR encompasses both the areas where water is dis-
tributed to agricultural fields via canals, pumps, and
pipes, and the upstream highland areas that hydro-
logically contribute to the region’s water supply. We
mapped IRs by filtering out grid cells in which the area
equipped for irrigation was <5% of the total grid-
cell area (5-arcminute), based on the 2015 Global
Area Equipped for Irrigation dataset (G_AEI) [36].
Cells below this threshold were deemed to have neg-
ligible influence on total irrigation water consump-
tion. Then, we established pixel clusters using the
Region Group spatial analyst tool in a GIS envir-
onment. This approach allows performing a zone
grouping based on the geometric connectivity among
the pixels containing values. We utilized the ‘Eight
ways” mode, which considers connectivity between
pixels both orthogonally and diagonally, considering
diagonal neighbors (northwest, northeast, southw-
est, southeast), thus capturing more intricate, con-
tiguous clusters. These clusters were further reviewed,
associated, and, if necessary, separated according to
hydrological criteria by intersecting them with Level
6 hydrological basins from the HydroBASIN database
[43]. The analysis of IRs was conducted starting from
the spatial resolution of the G_AEI dataset (5 arc-
minutes, ~10 km at the equator) and resulted in
polygonal units suitable for aggregating and present-
ing UIWC estimates at the sub-regional scale. While
IR shares similarities with ‘irrigation district’ [44],
IR focuses on the physical territory where irriga-
tion practices take place without implying any formal
administrative or legal oversight.

2.2. Blue water flows and water consumption data

Following previous work [10, 16, 20, 21, 38, 40,
41, 45, 46], we assessed renewable water availability
using as input the blue water flows under baseline
and future climate scenarios. This variable includes
both surface water and seasonally renewable ground-
water, without parsing them separately. The estim-
ated monthly local surface and groundwater inflow
for the baseline climate was derived from reference
model runs from PCR-GLOBWB 2.0 [47], which was
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semi-calibrated using data from the Global Runoff
Data Centre. For future climate scenarios, we util-
ized CMIP6 data under two climate change scen-
arios (SSP1-2.6 and SSP5-8.5) and retrieved monthly
input data from two hydrological models HO8 [48,
49] and WaterGAP2-2e [50] forced with outputs from
five global climate models (GFDL-ESM4, UKESM1-
0-LL, MPI-ESM1-2-HR, IPSL-CM6A-LR, and MRI-
ESM2-0), with socioeconomic conditions fixed to the
year 2015, provided by ISIMIP 3b [51]. In total, we
analyzed 20 climate outputs: 10 for the sustainable
development pathway (SSP1-2.6) and 10 for the high-
emissions pathway (SSP5-8.5).

We calculated the difference between projected
and baseline blue water input for each climate out-
put and then applied this difference to the baseline
reference input data. This approach, commonly used
in climate model analysis [39, 40, 52], involves adding
the perturbation (i.e. the model-specific projected cli-
mate minus the model-specific historical climate) to
reference climate data. This adjustment accounts for
discrepancies in historical climate simulations across
models, the limitations in baseline data, and vary-
ing assumptions about climate-forcing factors like
aerosols and cloud cover, which significantly affect
regional precipitation patterns and land use [53].

Water consumption is calculated as the total
water use for irrigation, livestock, electricity genera-
tion, domestic, mining, and manufacturing. Baseline
monthly water consumption for these sectors is
sourced from Huang et al [54], which provides data
from four hydrological models (WaterGAP, HOS,
LPJmL, PCR-GLOBWB) for the period 2001-2010.
Future monthly irrigation water consumption data
do not account for the CO, fertilization effect.
Although elevated CO, generally increases photosyn-
thetic water-use efficiency [55], the net effect on crop
evapotranspiration and irrigation demand remains
uncertain and varies with crop type, soil proper-
ties, nutrient availability, and climate conditions [2].
Projections are derived from CMIP6 outputs under
two climate change scenarios (SSP1-2.6 and SSP5-
8.5), using five global climate models (GFDL-ESM4,
UKESM1-0-LL, MPI-ESM1-2-HR, IPSL-CM6A-LR,
and MRI-ESM2-0) and two global hydrological mod-
els (HO8 and WaterGAP2-2e). As for blue water flows,
to estimate future irrigation water consumption, we
added the projected difference between historical and
future values to the baseline consumption. Since irrig-
ated agriculture accounts for 90% of global water
consumption, water consumption for other sectors—
livestock, electricity generation, domestic, mining,
and manufacturing—was assumed to remain con-
stant across the different climate change scenarios
(38, 40, 41, 56].

2.3. Assessment of renewable water availability
Renewable blue water availability at a 30 arc-minute
resolution was assessed by calculating the difference
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between the blue water flows generated within each
grid cell and the environmental flow requirements
[46]. This availability includes both surface water
and groundwater volumes replenished through the
hydrological cycle. Monthly blue water flows were
determined using local runoff estimates, which were
calculated via an upstream—downstream flow accu-
mulation routing module [10, 20, 21, 39, 40]. Blue
water flows enter a grid cell either as local runoff
(both surface and subsurface) or as inflows from
upstream grid cells along river networks. To protect
the health of aquatic ecosystems, a portion of blue
water flows must be reserved for environmental needs
[12]. Environmental flow requirements were estim-
ated using the Variable Monthly Flow method [57],
which accounts for the seasonal variations in blue
water flows.

2.4. Assessment of unsustainable irrigation water
consumption and reliance on unsustainable
practices

We identified areas of UIWC as pixels where local
water consumption exceeds renewable blue water
resources [10, 21]. For each climate scenario, cli-
mate model, month, and pixel, unsustainable irriga-
tion occurs when water consumption surpasses avail-
able water. The volume of UIWC is calculated as the
difference between water consumption and renew-
able water availability in each pixel. UIWC is aggreg-
ated at the IR scale by summing the monthly val-
ues across all pixels within the region. By aggregat-
ing our pixel-level results at the IR scale, we ensure
that our water sustainability assessments accurately
reflect any potential water management interventions
at the catchment level. The percentage of dependence
on unsustainable practices was calculated by dividing
UIWC volumes by the total water consumption for
each IR.

3. Results

3.1. Volumes and emerging trends

We quantify monthly UIWC for each of the 20
multi-model scenarios at ~50 km resolution pixel
level worldwide, then aggregate the pixel-level UITWC
data to the scale of individual IRs (supplementary
figures 1 and 2). Figure 1 illustrates global trends
in UIWC, as well as the top 20 IRs by water con-
sumption. The shaded area represents the interquart-
ile range, capturing the variability across multiple
models. Under baseline conditions, global UTWC
is 458 km>® yr=! (figure 1(a)). However, climate
change scenarios reveal divergent futures for UITWC.
By 2100, under the SSP1-2.6 scenario, global UIWC
is projected to rise moderately to 494 km® yr~!, an
increase of 36 km® yr~! compared to baseline, with
potential variability among scenarios ranging from
458 km® yr=! to 546 km® yr~! (figure 1(a)). In
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contrast, the high-emission SSP5-8.5 scenario pro-
jects a more considerable increase, with UIWC reach-
ing 571 km?® yr=! (+113.3 km® yr=!) and a wider
uncertainty range among scenarios spanning from
456 km? yr~! to 638 km® yr~! (figure 1(a)).

Under baseline climate conditions, the Ganges
River basin has the highest UIWC at 54.8 km? yr™!,
followed by the Sabarmati (54.7 km® yr~!), Indus
(26.8 km® yr—!), Tigris-Euphrates Lower Basin
(21.2 km? yr=!), and Nile Delta (18.2 km?® yr—!)
(figure 1; figure 2(a)). However, the two climate
change scenarios, SSP1-2.6 and SSP5-8.5, reveal con-
trasting trends in UIWC, with SSP5-8.5 showing
greater variability and increase over time (figure 1).

Under SSP1-2.6, the Ganges River is projected
to see the largest increase in UIWC, with additional
UIWC volumes of +12.1 km® yr=! by 2050, and
+15.5 km® yr~! by 2100 (figure 1(b); figures 2(b)
and (c)). The Indus River follows, rising UIWC by
+8.6 km? yr~! by 2050, and +6.7 km? yr~! by 2100
(figures 2(b), (c) and 3(a)). The US High Plains also
shows a moderate rise, with increases of UIWC by
+2.4 km? yr=! by 2050, and +2.5 km? yr~! by 2100
(figures 2(b), (c) and 3(a)).

In contrast, under SSP5-8.5, the Ganges River
is projected to experience even more substantial
UIWC increases, reaching +12.8 km? yr—! (2050),
and +18.0 km? yr~! (2100) (figures 2(d), (e)
and 3(a)). Similarly, the Indus River sees larger gains,
with UIWC rising by +11.6 km® yr~! (2050), and
+15.3 km? yr~! (2100) (figures 2(d), (e) and 3(a)).
The US High Plains also shows sharper increases
in UIWC under SSP5-8.5, with +3.6 km® yr—!
(2050), and +7.5 km® yr=! (2100) (figure 1(c),
2(d), (e) and figure 3(a)). These differences high-
light the higher impacts of climate change on UIWC
under the high-emission scenario. Several IRs, such
as the Ganges, Sabarmati, and California Central
Valley, display statistically significant positive trends
in projected UIWC, particularly under SSP5-8.5,
whereas other areas (including the Ziya River and
Nile Delta) exhibit non-significant or even neg-
ative trends (see supplementary table 1). While
significance testing helps assess the robustness of
these trends, the presence of a positive or negat-
ive slope itself can still indicate emerging direc-
tional changes that merit attention. Evaluating both
the magnitude and significance of such trends is
essential for understanding the spatial heterogen-
eity of irrigation challenges under future climate
scenarios.

Climate Change projections also show decreases
in UIWC and different trends between the two
scenarios. For example, the Sabarmati River shows
marked increases in UIWC under the SSP5-8.5 scen-
ario, rising from 54.7 km? yr~! by +1.6 km® yr~! in
2050, and +5.9 km? yr~! in 2100 (figures 1(b) and 2).
This contrasts with the SSP1-2.6 scenario, where
the projected behavior remains generally stable but
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Figure 1. Multi-model trends of UIWC under SSP1-2.6 and SSP5-8.5 scenarios. The projected future trends of UIWC are based
on the multi-model ensemble of 10 combinations between two hydrological models (H08 and WaterGAP2-2e) and five climate
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with occasional UIWC decreases, such as a decrease
of —3.0 km® yr~! in 2050 (figures 1(b) and 2(b)).
Decreases in UIWC around 1 km® yr~! at the end of
the century are expected for Lower Tigris-Euphrates

—0.9km? yr~! under SSP1-2.6 (figures 1(f) and 2(c)),
for the Upper Syr Darya (—1.2 km? yr™!), Ziya river
(—1.1 km® yr™!), and Nile Delta (—0.7 km? yr—!)
under the high emission scenario (figure 2(e)).
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Normalizing UIWC by IR areas enables a more
spatially resolved assessment of regional irrigation
pressure that is otherwise masked when aggregating
volumes at the basin scale (figure 3(b)). Several IRs
(e.g. Sabarmati River, Nile Delta, and Ganges River)
exhibit markedly high values of UIWC per unit area
under baseline conditions, exceeding 50 mm yr—!
in some cases (figure 3(b)). These values indicate
intensive UTWC concentrated over relatively confined
irrigated areas. Projections under SSP1-2.6 indic-
ate increased UIWC across most of the top 20 IRs
by water consumption by the end of the century.
Several IRs across the Indian Peninsula (such as the
Ganges, Sabarmati, Indus, Krishna, and Godavari
Rivers) emerge as among the most affected in terms
of UIWC increases, with average increments ranging
from +8 to +15 mm yr~! by 2100 under the SSP1-2.6
and SSP5-8.5 scenarios, respectively (figure 3(b)).

3.2. Most affected IRs
Figure 4 presents projections of changes in UIWC
from the baseline climate for two sets of IRs: the
20 with the highest irrigation demand and the 20
most impacted IRs, projected through 2100 for both
SSP1-2.6 and SSP5-8.5 climate scenarios. The most
impacted IRs were selected based on the most con-
siderable UIWC differences between baseline and
2100, excluding the top 20 by consumption, ensuring
diverse regions are represented.

Among the IRs with the highest irrigation con-
sumption, substantial changes in UIWC are observed,
especially from mid-century onwards, with Asian and

American regions experiencing large increases under
the SSP5-8.5 scenario (figure 4(a)). The Ganges River
shows the most drastic changes, with UIWC increas-
ing by 28% under SSP1-2.6 and 33% under SSP5-
8.5 by 2100 (figure 4(a)). Similar increases in UIWC
are observed in other regions like the Indus River,
Krishna River, US High Plains, Java Plains, Huai River,
and Lower Yellow River, though starting from lower
UIWC volumes than the Ganges (figure 4(a)). The
Lower Yangtze and Godavari Rivers exhibit the largest
increases in UIWC, reaching 117% and 80%, respect-
ively, by 2100 under SSP5-8.5 (figure 4(a)).

The 20 most impacted IRs show how regions,
particularly in South Asia and the Mediterranean,
will see drastic UIWC increases, with some regions
doubling UTWC with respect to the baseline, signal-
ing extreme water vulnerability (figure 4(b)). Under
SSP5-8.5, many regions will experience severe water
scarcity by mid-century, with some already stressed
by the first decades of the century. Hispaniola Island is
projected to see fivefold increases in UIWC, while the
Po Plain (Italy), Tavoliere Plain (Italy), and Garonne
River (France) will fourfold their 2001-2010 UTWC
levels (figure 4(b)).

3.3. Reliance on unsustainable irrigation practices
We present UIWC as a function of total water
consumption for each IR (figure 5, supplement-
ary figure 5), quantifying the share of irrigation
water that exceeds locally renewable resources and
offering insights into the sustainability of water use
in specific regions. By expressing UIWC to total
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Figure 3. Projected changes in UITWC across the top 20 irrigation regions by water consumption. (a) Multi-model median and
interquartile ranges of UTWC (km? yr~!, logarithmic scale) for baseline and future scenarios under SSP1-2.6 and SSP5-8.5 for
2050 and 2100. (b) UIWC expressed as water depth (mm yr—!) for the top 20 irrigation regions ranked by annual irrigation water
consumption. Interval bars show the range of UIWC due to the multi-model ensemble of 10 combinations between two
hydrological models (H08 and WaterGAP2-2e) and five climate models (IPSL-CM6A-LR, UKESM1-0-LL, GFDL ESM4,
MPI-ESM1.2-HR, and MRI-ESM2.0).
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Figure 4. Decadal change in UIWC for the top 20 irrigation regions by water consumption and the top 20 most affected regions
globally till 2100. The projections are shown as a percentage change in UIWC relative to the baseline year 2010. The portrait
diagrams show the top 20 by irrigation demand (a) and the top 20 affected (b) irrigation region trends in terms of multi-model
median percentage change of UIWC over baseline. The 20 affected irrigation regions were selected from those experiencing the
most considerable UTWC volume differences between baseline and 2100 for SSP1-2.6 and SSP5-8.5 scenarios (excluding the top
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right). The color gradient indicates percentage deviations from the baseline, ranging from +100% (red) to —100% (blue).

increase in unsustainable
irrigation water consumption

consumption, we highlight the extent to which
each IR relies on unsustainable practices, provid-
ing a clearer understanding of regional vulner-
abilities and informing targeted interventions for
improving water sustainability. Higher ratios indic-
ate that a pronounced portion of irrigation demand
is unsustainable.

Under baseline climate conditions, IRs with the
highest UIWC ratios, exceeding 90%, are predomin-
antly in the MENA region (e.g. Tabuk Plains, Great
Man-Made River, Al-Jouf Plains, Wadi al-Dawasir,

Al-Kharj Plains, and Al-Qassim Plains) and western
Mexico (Santo Domingo Valley) (figure 5, supple-
mentary figure 5(a)). Among the top 20 regions for
irrigation consumption, IR that exhibit an extensive
reliance on unsustainable practices are the Sabarmati
River (80%), Snake River (66%), Central Amu Darya
(65%), Lower Tigris-Euphrates (61%), Upper Syr
Darya (57%), the Central Valley of California (55%),
the US High Plains (52%), the Nile Delta (51%),
and the Ganges River (49%) (figure 5, supplementary
figure 5(a)).
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Figure 5. Multi-model median ensemble percentages of reliance on unsustainable practices under baseline conditions and relative
changes under SSP1-2.6 and SSP5-8.5 scenarios for the top 20 irrigation regions by water consumption. Changes in baseline
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ensemble of 10 combinations between two hydrological models (HO8 and WaterGAP2-2¢) and five climate models
(IPSL-CM6A-LR, UKESM1-0-LL, GFDL ESM4, MPI-ESM1.2-HR, and MRI-ESM2.0).

Under the SSP1-2.6 scenario, the Mediterranean
basin, the Indian Peninsula, and western Australia are
projected to see the largest increase in reliance on
UIWC, with peaks up to +58% (Condado de Huelva)
and +18% (Wide Bay-Burnett and Mahi River) by
the end of the century, respectively (figure 5, supple-
mentary figures 5(b) and (c)). While the west coast

of North America will show improvements, the US
Atlantic coast is expected to worsen, and the US
High Plains will experience a 3% increase in reli-
ance on UIWC (figure 5, supplementary figures 5(b)
and (c)). By 2100, under the SSP1-2.6 scenario, sub-
stantial decreases in reliance on UITWC are projec-
ted in Saudi Arabia, ranging from —10% to —15%
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across the 10 model combinations, particularly in the
Al-Hasa Oasis, Al-Kharj Plains, and Inner Mongolia
(figure 5, supplementary figures 5(b) and (c)).

In the SSP5-8.5 scenario, a global increase in
reliance on unsustainable irrigation is expected,
with exceptions in regions such as northeast China,
Central Asia, and the Mississippi Delta, which may
experience reductions (figure 5, supplementary
figures 5(d) and (e)). Key hotspots for increased
reliance will be the Indian Peninsula, southwestern
Europe, Australia, and the North American plains
(figures 4(d) and (e)). The Mediterranean basin is
projected to see the most marked increases, with the
coastal plains and main islands experiencing rises of
+23% to +77%. Conversely, Central Africa, Central
Asia, and parts of China may see decreases of up to
—21% (figure 5, supplementary figures 5(d) and (e)).

In response to potential limitations regarding
the interpretation of UIWC relative to total water
consumption, we further analyzed the proportion
of irrigation water use relative to total water con-
sumption for each IR (supplementary figure 6). This
additional metric helps disentangle regional reli-
ance on irrigation from the broader context of total
water use, addressing the influence of agricultural
sector dominance on the original ratio. We calcu-
lated projected shifts in the proportion of irriga-
tion water use (assuming other sectoral water uses
remain constant at baseline levels) under both low-
(SSP1-2.6) and high-emissions (SSP5-8.5) scenarios
for mid- (2050) and late-century (2100) periods.
Under baseline conditions (2001-2010), many IRs
(e.g. Sabarmati, Krishna, Central Amu Darya, and
Indus River basins) already exhibit extremely high
irrigation shares (>95%), underscoring their crit-
ical dependence on irrigation to sustain agricultural
productivity. Future projections suggest that such
dependence remains persistently high across most
IRs, with limited variation (<5%) under SSP1-2.6,
but larger changes (up to +11%) under SSP5-8.5,
particularly in northeast China (e.g. Manchurian
Plains, Lower Yangtze, Huai River). These findings
highlight that, regardless of the emissions pathway,
the global food production system remains structur-
ally dependent on unsustainable irrigation practices.

4, Discussion

This study projects the volume of future unsustain-
able irrigation water consumption and the reliance
on unsustainable irrigation practices under climate
change scenarios, quantifying when and where pro-
nounced changes will occur in the world’s irrigated
regions. The findings indicate an exacerbation in
UIWC, particularly under the high-emission SSP5-
8.5 scenario, where a rapid decline in water sustain-
ability is expected by mid-century. Conversely, the
SSP1-2.6 scenario offers a more optimistic outlook,
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with some regions potentially maintaining water sus-
tainability through the end of the century. These res-
ults underscore the importance of mitigating climate
change to ensure sustainable irrigation practices. The
two climate change scenarios show distinct trends
in UIWC, with marked changes across decades. The
range of outcomes is wider under the high-emission
SSP5-8.5 scenario compared to the more sustainable
SSP1-2.6 scenario, reflecting greater uncertainty with
higher emissions. The spread in projected UIWC res-
ulting from different combinations of climate and
hydrological models is comparable in magnitude to
the differences observed between emission scenarios
(figure 3). This finding underscores those uncer-
tainties arising from model structure (including the
representation of climatic drivers, hydrological pro-
cesses, and their coupled interactions) can influ-
ence future projections as strongly as the assumed
socio-economic pathways. The comparable weight of
scenario-driven and model-driven uncertainty high-
lights the critical importance of using multi-model
ensemble frameworks. Relying on a single climate-
hydrological model could therefore lead to substantial
under- or overestimation of future irrigation water
demands, with significant implications for adaptation
planning and water resource management under cli-
mate change. Notably, the ensemble spread arising
from structural differences across climate and hydro-
logical models is comparable to the gap between the
two emissions pathways. This comparability confirms
that model uncertainty can be as influential as socio-
economic uncertainty and underscores the need for
ensemble-based risk assessments. The variability in
the results presented in this study further reinforces
the complexity of predicting the possible conditions
to be faced in the coming decades. A clearer picture
of future trajectories allows to better inform, manage,
and invest in strategic adaptation measures against
climate-induced water scarcity.

Although the dominant global signal is an
increase in UIWC, our simulations also reveal
regions where the share of unsustainable irriga-
tion declines (figure 2), due to modelled gains in
renewable blue water availability, slower irrigation
growth, or improvements in conveyance efficiency.
A clear example is the Sabarmati River, where UTWC
increases in all scenarios (figure 3(a)), yet the ratio of
UIWC to total water withdrawals declines (figure 5).
This occurs because non-agricultural consumptions
are held constant, so total water consumption grows
almost entirely with irrigation. When part of this
additional irrigation demand is met by increases in
renewable water supply, the unsustainable fraction
grows more slowly than the total, leading to a lower
ratio. Supplementary figure 6 confirms that irrig-
ation already represents ~98%-99% of total water
consumptions in the Sabarmati, a dominance main-
tained in future projections. The specific magnitude
of change, however, remains uncertain due to the
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high inter-model spread in precipitation and blue
water projections for north-western India [58, 59].
This case highlights the heterogeneous nature of cli-
mate impacts on irrigation sustainability. Even when
trends are not statistically significant (supplementary
table 1), directional changes that persist or appear
consistently across models may still provide early
indications of evolving irrigation stress. Regular reas-
sessment of these trajectories is essential, as natural
variability and limited time series can obscure emer-
ging trends, and overlooking such signals may delay
timely adaptation responses [60, 61].

While half of global irrigation water use has
historically relied on unsustainable practices [10],
increasing pressure on groundwater resources will
likely push IRs to adopt more sustainable water
management strategies [62]. This change is becom-
ing increasingly necessary as the physical and eco-
nomic limits of groundwater depletion become more
evident [63]. Surface water reservoirs may offer a
temporary buffer against water scarcity [64],but the
capacity to stabilize freshwater supplies is limited by
changing climate conditions [65]. The current frame-
work of the global food trade also plays a key role
in these water imbalances across geographical areas
and disconnection between consumers and the water
resources they rely on [10, 15, 66]. Major exporters
such as India, Pakistan, Mexico, Spain, and the United
States will need to limit support for importers (China,
Bangladesh, the European Union, and the United
States itself), trying not to exacerbate internal pres-
sure on water resources further [10, 15]. Although
trade roles can vary over time and by commodity,
these countries have been identified as key actors
in the global exchange of food products with high
embedded virtual water content. Importing coun-
tries, in turn, should push for and foster international
cooperation to monitor and regulate unsustainable
virtual water flows by requiring certifications attest-
ing to sustainable irrigation practices for imported
products [10, 15]. In parallel, expressing UIWC on
a per-unit-area basis (mm yr—!) helps expose con-
centrated pressure points that may remain hidden
when only absolute volumes are considered, thereby
guiding more spatially targeted adaptation measures
(figure 3(b)). The increases in UIWC detected in
most IRs lead surface and groundwater resources to
reach a point where their extraction exceeds replen-
ishment, resulting in irreversible ecological damage
and water depletion [67]. This phenomenon is par-
ticularly critical as many areas already rely heavily
on non-renewable groundwater to support agricul-
tural production [15, 68]. Our water balance integ-
rates both surface water and groundwater availability;
however, it does not capture the spatial heterogeneity
of groundwater recharge or distinguishes between
shallow and deep aquifer use. Rather than intro-
ducing uncertain assumptions, our method priorit-
izes internal consistency and ensemble robustness. By
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flagging regions where irrigation exceeds renewable
supply, our estimates help identify areas most likely
to rely on non-renewable sources, whether through
surface storage depletion or unsustainable ground-
water consumption. This supports the prioritization
of conjunctive use of surface and groundwater, as
well as aquifer monitoring, at the regional scale [69,
70]. Our study is part of a growing body of research
examining the global water crisis [71]. The Nile Delta
and the California Central Valley present a particu-
larly concerning situation. Although our projections
indicate stability or relative improvement in UIWC,
the ability to maintain sustainable irrigation practices
in these regions is largely compromised with the cur-
rent UIWC of about 18.2 km® yr~! and 9.3 km? yr~!
in the Nile Delta and in the California Central Valley,
respectively (figure 3(a)). On the other hand, there
is still leeway in some regions, such as the Po Valley,
which, despite ranking among the most affected
regions by 2100, has relatively low baseline UIWC
(0.2 km® yr~!) and reliance (below 5%) on UTWC
(figure 4(a), supplementary figure 5(a)). Integrated
water resources management that includes invest-
ments in resilient infrastructure to improve innovat-
ive water storage, wastewater re-use, water transfer,
and desalination solutions [38, 72-78] would bring
concrete improvements. Furthermore, IRs shared by
multiple countries present unique challenges for sus-
tainable water management due to their transbound-
ary nature, complicating governance and resource
allocation [79, 80]. Projected UIWC trends for the
Hispaniola Island, the Mekong Delta, the Douro
River basin, Cyprus, and the Eastern Mediterranean
Coast demonstrate how water scarcity can further
stress the current transboundary problems linked to
the water competition for agriculture, food secur-
ity, and geopolitical stability [81]. While cumulative
accounting of UIWC could be informative for cer-
tain long-term budgeting analyses [41], we intention-
ally focused on decade-by-decade trajectories because
they align more closely with planning horizons for
infrastructure investment, policy cycles, and adapt-
ive water governance. Moreover, such a global view
can serve as a blueprint for prioritizing regional scale
studies, helping to identify regions where risks start
to emerge. By presenting results using multi-model
simulations in the 21st century, our study provides
quantitative and time-based pivotal information for
each IR.
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