
Articles
https://doi.org/10.1038/s41558-022-01355-z

1Department of Physical Geography, Faculty of Geosciences, Utrecht University, Utrecht, The Netherlands. 2FutureWater, Wageningen, The Netherlands. 
3Uncharted Waters, Sydney, Australia. 4Department of Atmospheric Sciences, Yonsei University, Seoul, South Korea. 5International Centre for Integrated 
Mountain Development, Kathmandu, Nepal. 6International Water Management Institute, Nepal Office, Kathmandu, Nepal. 7Wageningen Environmental 
Research, Wageningen, The Netherlands. ✉e-mail: a.f.lutz@uu.nl

The river basins of the Indus, Ganges and Brahmaputra in 
South Asia are home to almost one billion people1, feature 
the largest continuous irrigation scheme in the world2 and are 

also known as the bread basket and rice bowl of Asia. Agricultural 
production in the region, which yields around 300 Mt per year of 
food crops, depends largely on water supplied by irrigation3. The 
basins have distinct climates, controlled by different interactions of 
the south Asian summer monsoon and westerly disturbances. The 
monsoon is dominant in the southeast and gets weaker towards the 
northwest, where westerly disturbances protrude more frequently. 
This variation leads to substantial differences in the basins’ hydrol-
ogy. The upper Indus basin has much larger volumes of water stored 
as ice and snow compared with the upper Ganges and Brahmaputra4 
and therefore also generates more glacier melt and snowmelt5,6. 
Moreover, the downstream plain of the Indus is much more arid 
than the lower Ganges and Brahmaputra, making this the globe’s 
river basin with the strongest dependence on meltwater7,8.

Cryospheric and groundwater reserves provide buffering capac-
ity to match the timing of supply and demand9. In the Indus, 
meltwater contributes around 40% of the water withdrawn for 
irrigation annually, compared with 4% in the Ganges and close to 
0% in the Brahmaputra during 1981–201010 (Fig. 1). For the Indus, 
this contribution is around 60% during the pre-monsoon season. 
This period is generally dry but coincides with the sowing period 
for major crops grown during the kharif season (June–October). 
South Asia faces shortages of surface water to irrigate crops and 
therefore groundwater is extensively used, in particular in the Indus 
and Ganges11. Overdraft of groundwater is common and it is esti-
mated that the Indo–Gangetic groundwater aquifer is depleted12,13 
by 40 mm per year to 90 mm per year.

The region is known as a global climate change hotspot for three 
reasons. First, water supply is strongly dependent on inflows from the 
Hindu Kush, Karakoram and Himalayan mountain ranges, which 
are particularly susceptible to climate change as a consequence of 

elevation-dependent warming14 and a reduction in water-buffering 
capacity of glaciers and perennial snow packs7. Second, the region 
strongly depends on the Asian summer monsoon, which is pro-
jected to change notably in timing and magnitude15. Third, water 
demand is high and increasing rapidly, but water availability per 
capita is low and likely to decrease16, and the transboundary basins 
have high potential for hydropolitical tension17.

Climate change affects water resources in the rivers’ headwa-
ters. Glaciers are retreating in most of High Mountain Asia and are 
projected to retreat substantially further, regardless of the climate 
change scenario18–20. At the river-basin scale, the continued gla-
cier wastage leads to an initial increase in meltwater, which peaks 
sometime during the twenty-first century, depending on the local 
circumstances, before it starts to decline21. Snowmelt volumes are 
projected to decline throughout the twenty-first century in all three 
basins22. However, most precipitation projections indicate increasing 
precipitation amounts in most of High Mountain Asia, albeit with 
large uncertainty, implying stable or increasing overall water avail-
ability throughout the twenty-first century6,23. Nevertheless, seasonal 
shifts22, larger inter-annual variability in precipitation and a more 
rainfall-dominated and therefore more erratic hydrological regime 
may increase the frequency and length of dry periods, when meltwa-
ter and groundwater play important roles as water supply buffers and 
modulators of discharge24–26. On the downstream plains, increases 
in water demand due to higher evapotranspiration are expected in 
a warming climate, and despite projections of overall precipitation 
increase, the more erratic rainfall patterns may lead to more and lon-
ger droughts23. Global-scale work suggests that future reductions in 
terrestrial water storage lead to increases in future droughts27 and 
also that changes in the cryosphere imply that irrigation demand 
needs to be partly met by water from other sources than meltwater28.

Future socio-economic change leads to rapidly increasing water 
demand in South Asian countries. According to the high end of 
the Shared Socioeconomic Pathways (SSPs), the populations may 
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double (Ganges, Brahmaputra) or even triple (Indus) during the 
twenty-first century, whereas the lower end of the scenarios projects 
small growth in the Indus (13%) and decrease in the Ganges and 
Brahmaputra (7% and 12% decrease, respectively)29. Projections 
for cropland area range from 10% to 35% expansion30. Combined 
with economic growth and increases in standards of living, this will 
probably result in a vast growth in demand for water and food31.

A key outstanding question therefore is how this growth 
in irrigation water demand can be reconciled with the climate 
change-induced hydrological changes. Here we integrate future 
changes in climate and socio-economic development and their 

impacts on upstream and downstream water resources by forc-
ing a coupled high-resolution cryosphere–hydrology–crop model 
with an ensemble of downscaled climate scenarios and linked 
socio-economic pathways (Methods). We use this approach to 
quantify how the sources of irrigation withdrawals may shift in the 
future for three major South Asian river basins with contrasting cli-
mates and (changing) hydrological regimes.

Future shifts in water availability and irrigation demand
Downscaled climate change scenarios show basin-averaged pro-
jected temperature change in the three river basins ranging from 
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Fig. 1 | Historical irrigation withdrawals by source and projected future changes. a, Average contribution of glacier melt and snowmelt (GS) contribution 
to irrigation withdrawal (IW) during 1981–2010 (IWREF). Grid cells with IWREF < 10 mm per year are excluded. b, RCP4.5–SSP1 ensemble mean of projected 
changes in GS contribution (ΔGS) to irrigation withdrawal for 2071–2100 versus 1981–2010. c, Thirty-year average monthly irrigation withdrawals for the 
Indus, Ganges and Brahmaputra basins during 1981–2010, differentiated by source, including GS, rainfall runoff and baseflow (RB) and groundwater (GW). 
Black line indicates RCP4.5–SSP1 ensemble mean of projected change in average monthly total irrigation withdrawal (ΔIW) for 2071–2100 versus 1981–2010. 
Error bars indicate the ensemble spread in projections. Months are identified by first letter. d, Average monthly projected changes in irrigation withdrawal 
per source (groundwater, ΔIWGW, pink; glacier melt and snowmelt, ΔIWGS, blue; and rainfall runoff and baseflow, ΔIWRB, yellow) for 2071–2100 versus 1981–
2010. Lines and shading indicate the ensemble mean and ensemble range for RCP4.5–SSP1. Upstream and downstream river-basin boundaries (light grey 
tones) and main rivers (dark grey tones) are indicated in panels a and b. Background digital elevation model (GTOPO30) from ref. 45. River data from ref. 46.
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+1.1 to +5.6 °C and −9 to +35% for precipitation during 1981–
2010 and 2071–2100, depending on the climate change scenario 
(Supplementary Table 1), with considerable intra-annual and spa-
tial variability23. As a consequence, the hydrological response also 
varies and is the combined effect of future glacier change, shifts in 
snow and glacier melt onset and timing of their peaks, the transi-
tion towards a larger share of rainfall in precipitation and changes 
in precipitation sums and patterns. Comparing 2071–2100 with 
1981–2010, the upper Indus shows an earlier onset of the high-flow 
season by one to two months, mainly caused by an earlier melt 
peak (Fig. 2a,d). In addition, the seasonal peak flow increases in  

magnitude for most scenarios due to a higher melt peak. In the 
Ganges, the earlier onset is not observed, because the meltwater con-
tribution is smaller than in the Indus and has decreased by the end 
of the century compared with the reference period (Fig. 2b,e). The 
peak onset is mainly influenced by the monsoon. An increase in the 
seasonal peak flow is, however, projected for most scenarios both 
in Representative Concentration Pathway (RCP) 4.5 and RCP8.5 
(Fig. 2e), due to a stronger monsoon. This increase in the seasonal 
flow peak is even more evident for the upper Brahmaputra, where in 
addition to the increase, the peak occurs about a month later in the 
year for the RCP8.5 ensemble mean compared with the reference 
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Fig. 2 | Future shifts in runoff and irrigation demand. a–c, Glacier melt and snowmelt runoff generated in the upstream basins of the Indus, Ganges 
and Brahmaputra. d–f Total runoff generated in the upstream basins. g–i Total summed runoff generated in the upstream and downstream basins. j–l 
The irrigation demand in the downstream basins. The plotted values are the ten day moving average of 30-year daily averages for the reference period 
(1981–2010, black solid line) and the end-of-century period (2071–2100). The blue solid line indicates the ensemble mean of the model runs forced with 
the RCP4.5–SSP1 combinations, and the blue shading indicates the ensemble range. The red solid line and red shading indicate the same for the RCP8.5–
SSP3 combinations. Vertical dashed lines indicate the timing of the annual peak in runoff (maximum of ten day moving average) for 1981–2010 (black); 
2071–2100 RCP4.5–SSP1 ensemble mean (blue); 2071–2100 RCP8.5–SSP3 ensemble mean (red). The grey shading in panels j–l indicates the region’s 
major cropping seasons, kharif and rabi.
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period (Fig. 2f). Strikingly, the onset of the high-flow season moves 
forward about one month for all climate scenarios here, which is 
related to increases in precipitation during the pre-monsoon season 
in the majority of downscaled general circulation models (GCMs) 
in our ensemble32.

Increases in precipitation projected for most scenarios are also 
reflected in simulated changes in the runoff generation in the entire 
Ganges and Brahmaputra, in particular for the RCP8.5 ensemble 
members (Fig. 2h,i). The Brahmaputra shows a similar earlier onset 
of the high-flow season as its upstream basin. The Indus, however, 
does not show increases of the same order of magnitude, but a gen-
eral shift in timing consistent with the seasonal shift in the upstream 
basin is clear (Fig. 2g).

The changes in future irrigation water demand show distinct 
patterns as well (Extended Data Fig. 1b,c and Fig. 2j–l). In the Indus 
and Ganges basins, most scenarios project slight overall increases in 
demand caused by an expansion of irrigated areas and higher crop 
evaporation demands in a warmer climate33. The demand increase 
is strongest for the RCP8.5–SSP3 ensemble members. In the Indus 
and Ganges, demand increases strongly during the onset of the rabi 
cropping season (November, 14% to 42% increase in the Indus and 
13% to 43% increase in the Ganges for RCP4.5–SSP1 and RCP8.5–
SSP3 ensemble members combined) (Fig. 2j,k). In both basins the 
demand also increases for most ensemble members during the mid-
dle of the kharif cropping season (July–August) and for the onset 
of the kharif season (May) in the Indus (12% to 41% increase for 
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Fig. 3 | Shifting composition of irrigation withdrawals in the Indus basin. a–d, Dots indicate annual fractional basin-averaged contribution to irrigation 
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RCP4.5–SSP1 and 23–58% increase for RCP8.5–SSP3). In contrast, 
the demand decreases for most ensemble members in the second 
half of the rabi season (February–March, 6% to 37% decrease in the 
Indus and 9% to 34% decrease in the Ganges for RCP4.5–SSP1 and 
RCP8.5–SSP3 ensemble members combined) and the kharif season 
(September–October, 9% decrease to 11% increase in the Indus and 
7% to 34% decrease in the Ganges for RCP4.5–SSP1 and RCP8.5–
SSP3 ensemble members combined) in both basins as a result of 
shorter cropping seasons due to warming33.

Combining these shifts, we conclude that a projected increase 
in runoff during the high-flow season as a result of enhanced melt 
(Indus) or a stronger monsoon (Ganges, Brahmaputra) coincides 
with an increase in irrigation water demand during the middle of 
the kharif season. Second, the earlier onset of the melt season in 
the Indus coincides with increasing irrigation water demand at the 
onset of the kharif season. Third, the attenuation of the hydrograph, 
with increasing flows during the low-flow season coincides with the 
increasing irrigation water demand at the onset of the rabi season. 
This indicates that climate change-induced shifts in water availabil-
ity may help to support future increases in irrigation demands in 
the region.

Shifts in the sources of water for irrigation
Shifts in the timing of water supply and demand will result in a 
changing composition of irrigation water supply. In the Indus 
basin, meltwater becomes available earlier in the year at the end 

of the pre-monsoon season (May) when irrigation water demand 
increases as well. As a result, meltwater probably will play a more 
important role in the future during this critical moment in the 
agricultural year, with projections ranging from 0.1 km3 per month 
decrease to 6.4 km3 per month increase (Fig. 1d and Extended Data 
Fig. 2d). On the other hand, at the peak of the kharif season, when 
irrigation water demand is largest and increases the most compared 
with other periods of the year, the increase in withdrawals origi-
nates mainly from groundwater followed by surface water originat-
ing from rainfall and baseflow. In the RCP8.5–SSP3 ensemble, this 
increase in monthly irrigation water demand can be up to 55 km3 
and needs to be met by an increase in groundwater withdrawals. 
The strongest increases in meltwater dependence are around the 
Chenab and Ravi tributaries (Fig. 1b, and Extended Data Fig. 2b). 
In RCP4.5–SSP1, an increase in surface water withdrawals originat-
ing from rainfall and baseflow leads to a reduction in groundwater 
withdrawals in much of Punjab and limits increases in ground-
water withdrawals along the Indus main branch (Extended Data 
Fig. 3c,d). However, for the RCP8.5–SSP3 ensemble, groundwater 
withdrawals increase almost in the entire irrigated area of the Indus 
basin (Extended Data Fig. 3e).

In the Ganges basin, meltwater supply will have declined by the 
end of the century by about 9% (RCP4.5–SSP1 ensemble mean) to 
29% (RCP8.5–SSP3 ensemble mean) at the annual scale (Fig. 2b), 
and this is reflected in the withdrawals for irrigation. For RCP4.5–
SSP1 only, withdrawals from meltwater increase slightly during July, 
when the peak irrigation demand of the kharif season occurs (Fig. 
1d). This increase is confined to the upstream region drawing water 
from the Ganges main branch (Fig. 1b). For RCP8.5–SSP3 melt-
water availability has declined further than for the RCP4.5–SSP1 
ensemble, and therefore meltwater plays a minimal role in irrigation 
withdrawals and declines basin-wide (Extended Data Fig. 2b,d). 
About half of the increases in the peak demands of the kharif season 
in July and rabi season in November can be met by withdrawals of 
surface water originating from rainfall and baseflow. The other half 
has to be met by groundwater withdrawals, which, similar as for the 
Indus, increase in almost the entire basin for the RCP8.5–SSP3 sce-
narios (Fig. 1d, Extended Data Fig. 2d and Extended Data Fig. 3e).

Strikingly, water withdrawals for irrigation decrease for the first 
half of the year in the Indus (except for May, the onset of the kharif 
season) and Ganges for most members in both the RCP4.5–SSP1 
and RCP8.5–SSP3 ensembles (Fig. 1c and Extended Data Fig. 2c). 
This is related to the projected increases in rainfall lowering irriga-
tion water demand during this period (Fig. 2j,k).

The shifts in the composition of irrigation water withdrawals 
throughout the twenty-first century are nonlinear. For example, for 
the warm/wet scenario in the RCP8.5–SSP3 ensemble, irrigation 
water composition in the Indus basin first shifts towards an increas-
ing meltwater fraction and a lower rainfall runoff and baseflow 
fraction (Fig. 3d). Subsequently it shifts towards a lower meltwater 
fraction and higher groundwater fraction whereas the rainfall runoff 
and baseflow fraction remains fairly constant. These patterns dif-
fer per scenario and reflect intertwined processes of season-specific 
changes in climate resulting in changing melt patterns and shifts 
from snowfall to rainfall. For the month of May in the pre-monsoon 
season, increasing irrigation water withdrawals originating from 
meltwater are projected in the Indus (Fig. 1d and Extended Data Fig. 
2d). This gradual shift in May towards a different irrigation water 
composition contrasts the annual trend (Fig. 3 and Extended Data 
Fig. 4). For example, for the warm/wet scenario in the RCP8.5–SSP3 
ensemble, the composition in May first shifts towards a slightly lower 
meltwater contribution, which is then followed by a shift towards a 
higher meltwater contribution towards the end of the century.

The inter-annual variability in composition of irrigation water 
withdrawals is large and increases throughout the twenty-first cen-
tury for most of the scenarios (Fig. 3, Extended Data Fig. 4 and 
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Extended Data Fig. 5). In the future, both meltwater and ground-
water will gain importance in supplementing rainfall runoff as a 
source for irrigation water during drought years23,34. Withdrawals 
increase in all scenarios in the Ganges basin during these dry years 
(Fig. 4b) and have to be met mainly by increased groundwater 
withdrawals in all scenarios. The contributions of glacier melt and 
snowmelt decrease in all scenarios, simply because their availabil-
ity has decreased. In contrast, in the Indus basin, where meltwater 
generation continues to increase towards the end of the century for 
RCP4.5–SSP1, withdrawals originating from meltwater increase 
substantially for almost all scenarios during extreme years (Fig. 4a). 
For most RCP8.5–SSP3 scenarios, the available meltwater declines 
towards the end of the century and a strong increase in groundwater 
dependence during years with high irrigation demand is apparent.

Key crops
Rice and wheat are the most commonly cultivated crops in the 
region10. The strongest increases in irrigation demand are projected 
for the kharif season (Fig. 2j,k), when rice is the major crop grown 
in both the Indus and Ganges (Fig. 5 and Extended Data Fig. 6), 
and the increasing demand during the kharif season can there-
fore largely be attributed to rice cultivation (Fig. 6c,d). This drives 
increases in groundwater withdrawals, in particular in the warm 
scenarios in RCP8.5–SSP3 (Fig. 5d and Extended Data Fig. 6d).  

In the RCP4.5–SSP1 scenarios, the relative meltwater contribution 
to irrigation withdrawals for rice increases at the onset of the kharif 
season in most ensemble members in both basins, resulting from the 
earlier onset of melt. This relative increase is however not visible for 
the RCP8.5–SSP3 ensemble members because the higher demand 
for irrigation water compared with RCP4.5–SSP1 drives additional 
groundwater pumping (Fig. 5a,d and Extended Data Fig. 6a,d).

The increase in meltwater availability during the pre-monsoon 
season in the Indus is also reflected in the meltwater contribution to 
withdrawals for irrigation of cotton in most scenarios (Fig. 5c). This 
is in contrast to wheat grown during the rabi season, when melt-
water availability does not increase. Here groundwater will become 
even more important, in particular towards the end of the cropping 
season in February (Fig. 5b,e).

Interestingly, total irrigation water withdrawal in the Indus 
increases for rice but decreases for wheat, cotton and sugarcane for 
the RCP4.5–SSP1 and RCP8.5–SSP3 ensemble means in both basins 
(Fig. 6c,d). The shortening of the cropping season due to increased 
temperatures which influence crop phenology is much more pro-
nounced for the latter-mentioned crops than for rice.

Non-renewable groundwater abstractions
In our modelling approach, irrigation water supply that cannot 
be met by withdrawals of surface water is assumed to be met by 
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groundwater withdrawals (Methods). We distinguish renewable and 
non-renewable groundwater withdrawals in our projections for the 
future (Fig. 6). Increases in irrigation water demand for rice cultiva-
tion in the Indus and Ganges basin are the main drivers of the increase 
in groundwater demand (Fig. 6c,d). Hotspots for future groundwater 
depletion are projected in the Punjab region and further downstream 
in the Indus in Pakistan’s Sindh province (Fig. 6a,b). These regions 
already face adverse effects of groundwater depletion under the cur-
rent climate and socio-economic situation35. Strikingly, these regions 
are also the hotspots for decreasing contribution of meltwater to irri-
gation withdrawals, implying that reduced availability of meltwater 
will aggravate groundwater depletion here (Fig. 1b and Extended 
Data Fig. 2b). At the basin scale, we project increasing meltwa-
ter availability towards the end of the century in the Indus basin  
(Fig. 2a), which dampens the increase in pressure on groundwater 
sources in this basin but does not reduce it (Fig. 6). And even in this 
basin with its extraordinary large ice reserves, meltwater genera-
tion will decline eventually21, putting further stress on groundwater 
resources, similar as projected for the Ganges basin in this study.

Adaptation
The mounting pressure on meltwater and groundwater sources 
resulting from climate change and socio-economic growth requires 
targeted adaptation strategies targeting water-use efficiency and 
water availability. Increases in melt runoff, primarily in the Indus 
basin, partially buffer higher demand in the initial decades, provid-
ing a window of opportunity to adapt to declining buffering capacity 

in the longer term. There is still potential to improve regional agri-
cultural water productivity, although the financial feasibility of water 
conservation measures in a region with low farm-level profitability 
remains a matter of concern36, and the effect on water consumption 
at the basin scale may remain limited37. Given the strong and increas-
ing dependence on meltwater and groundwater at the onset of the 
kharif season during the pre-monsoon season for rice and cotton in 
the Indus and rice in the Ganges basin, a change in crop type or shift 
in sowing date to later in the year can provide potential solutions38, 
in particular when cropping cycles get shorter in a warmer climate. 
The Hindu Kush, Karakoram and Himalayan mountain ranges 
have a large untapped hydropower potential39, which is rapidly 
being deployed. The environmentally sustainable management40 of 
multi-purpose reservoirs could increase the region’s water-buffering 
capacity and relieve pressure on meltwater and groundwater sources, 
while at the same time reducing the long-lasting regional electric-
ity deficits41. Such interventions can only be successful provided 
that they are governed from a river-basin perspective consider-
ing upstream–downstream linkages, highlighting the need for 
transboundary cooperation42, inclusive and conjunctive water use 
and consideration of trade-offs and synergies between the water–
energy–food-nexus components in these basins43,44.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
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methods
Hydrological models. We coupled two hydrological models which have been 
jointly applied to the Indus, Ganges and Brahmaputra basins in earlier work to 
assess the future development of the South Asian water gap33 and the historical 
contribution of meltwater to South Asian agriculture10. The upstream model 
domain includes all high mountain ranges in the river basins and ends at the 
transition of the mountains to the plains where the first major reservoirs are 
located (Supplementary Fig. 1). For the upstream model domain, we use the 
spatially distributed cryospheric–hydrological Spatial Processes in Hydrology 
(SPHY) model47 at 5 × 5 km with a daily time step. This model has been specifically 
developed for applications at the river-basin scale under data scarcity. The daily 
total runoff generated in each grid cell is calculated, being the sum of glacier 
melt and snowmelt runoff, rainfall runoff (that is, the sum of surface runoff and 
lateral flow) and baseflow. The total runoff and its components are subsequently 
routed downstream, using a routing scheme that uses a digital elevation 
model and a recession coefficient to obtain daily discharge for each grid cell. 
To estimate the contribution of snowmelt and glacier melt to runoff, sub-grid 
variability at 100 × 100 m resolution is taken into account. A fractional ice cover 
ranging between 0 (no ice cover) and 1 (complete ice cover) is calculated at the 
sub-grid level and assigned to each 5 × 5 km model grid cell. For each complete 
or partial glacier within a 5 × 5 km model grid cell, information of the glacier 
mean elevation, initial ice thickness and the type of glacier (that is, debris-free or 
debris-covered) is added. The type of glacier is determined based on thresholds 
for slope and elevation48. Initial ice thicknesses are estimated with the GlabTop2 
methodology49. Glacier melt is calculated using a degree–day approach50, where 
different melt factors are assigned to debris-free and debris-covered glaciers. Part 
of the meltwater subsequently becomes surface runoff, and the remainder becomes 
baseflow, where this distinction is determined by a calibrated glacier-runoff 
fraction. Changes in the fractional glacier cover in response to changes in 
temperature and precipitation are included using a mass-conserving algorithm for 
ice redistribution.

Snow accumulation is determined for each grid cell with a daily precipitation 
and temperature threshold to distinguish between rain and snow. Snowmelt is 
simulated using a degree–day approach50, and sublimation is estimated with an 
elevation-dependent potential sublimation function51. The snow module includes 
refreezing and water storage in the snowpack. Snowmelt runoff is generated 
when the liquid storage in the snowpack exceeds the threshold. The liquid and 
dry snow storage is updated daily after summing/subtracting all incoming and 
outgoing fluxes. Rainfall runoff is calculated according to the saturation excess 
runoff principle. For the root zone layer, the modified Hargreaves reference 
evapotranspiration equation52 and crop coefficient depending on land use are 
implemented to calculate the actual evapotranspiration. Lateral flow of water in the 
soil between grid cells and vertical exchange of water between soil layers through 
percolation and capillary rise are accounted for. Each grid cell has a groundwater 
reservoir, and depending on the amount of simulated recharge from the sub-soil 
layer, releases delayed baseflow to the runoff. The runoff and its composition 
is routed downstream to the outlets of 27 catchments comprising the upstream 
model domain (Supplementary Fig. 1). At these outlets the runoff feeds into 
the downstream hydrology–crop model. Further details of the SPHY model are 
described in ref. 47, and more details about this specific setup are described in ref. 25.

For the downstream model domain (Supplementary Fig. 1), we use the Lund–
Potsdam–Jena managed land model (LPJmL), which simulates the daily water 
balance, crop growth and irrigation water demand at a 5 × 5 minute grid scale at 
a daily time step. In LPJmL coupled hydrology and carbon cycles are simulated, 
and therefore the model is suitable to analayse the interactions between water 
availability and crop growth and production53. LPJmL simulates the daily water 
balance at the sub-grid scale. Water is added to a grid cell through precipitation 
or irrigation, and part of it becomes direct surface runoff while another part 
infiltrates into the soil. Subsequently, five soil layers of variable thickness are 
included through which the infiltrated water percolates. A part flows to the 
river system as subsurface runoff when soil water content exceeds saturation. 
Water can also leave the soil by evaporation from the upper soil layer or through 
transpiration by natural vegetation or crops54. Runoff that enters the river system 
flows through this system at a constant flow velocity of 1 m s−1 (ref. 55). The effect 
of large reservoirs on streamflow and water supply for irrigation is simulated 
by a generic reservoir-operation scheme that is applied for all reservoirs in 
the study area included in the Global Reservoir and Dam (GRanD) database56 
(Supplementary Fig. 1). The reservoir-operation scheme regulates the release 
of water from reservoirs as a function of reservoir characteristics, downstream 
irrigation demand in the area that can be supplied and a minimum release to 
sustain environmental flow requirements. Reservoir characteristics include storage 
capacity, the primary purpose of the reservoir (for example, irrigation, hydropower, 
flood control, navigation), actual storage and reservoir elevation to estimate which 
irrigated areas can be supplied from the reservoir. The reservoir-operation scheme 
is described in detail in ref. 57. This generic scheme is used because detailed data 
on the operation of individual reservoirs is not publicly available. The setup used 
in this study simulates a double cropping system, including monsoon-season 
crops (kharif) and winter-season crops (rabi)3. The daily irrigation demand for 
an irrigated crop in a cell is calculated as the minimum amount of water needed 

to be applied at the field to fill the soil to field capacity and the amount needed 
to fulfil the potential evapotranspiration. Subsequently, the withdrawal demand 
is calculated by adding losses during conveyance, distribution and application of 
water. Application losses depend on the type of irrigation system (surface, sprinkler 
or drip) and the soil type58. We refer to the water withdrawn to fulfil this demand 
as ‘irrigation withdrawal’. We assume that all irrigated cropland in the Indus, 
Ganges and Brahmaputra basins is sustained by surface irrigation systems in the 
reference period and the future scenarios. The consumed irrigation water (blue 
water consumption of irrigation) is defined as evapotranspiration of irrigation 
water that is supplied to the field. The irrigation module is described in detail in 
section 2.6.2 of ref. 58. The consumed fractions we find (Supplementary Table 2) 
are in agreement with other studies in the region59. We keep CO2 concentrations 
constant in model simulations of the future because of the large uncertainty 
regarding CO2 effects on irrigation water demand in the future60, and the response 
of the LPJmL model with constant CO2 concentrations falls in the middle of the 
uncertainty range projected by other hydrology and crop models61. The future 
role of CO2 fertilization is still one of the factors leading to uncertainty in future 
irrigation demand projections.

The daily supply of water for non-agricultural uses and irrigation is dependent 
on the availability of water. Upstream grid cells get priority over downstream 
grid cells. At the grid-cell level, water for non-agricultural uses gets priority and 
is supplied first. Previous research with the LPJmL model shows that applying 
different priority schemes at the grid-cell level have only a limited effect62, but 
effects can be large when different priorities are assigned at river-basin scale63. 
Subsequently, water for irrigation is supplied from surface water (that is, rivers, 
lakes and reservoirs) and distributed through an extensive irrigation canal system. 
The surface water destined for irrigation sometimes travels hundreds of kilometres 
through a vast network of larger (inter-sub-basin) and smaller canals before 
reaching the irrigated fields. We identified irrigation command areas based on 
maps of irrigation canals and connected them to command area inlets (locations 
at the main rivers where the water is diverted from the river into the canal system) 
to simulate this transport. The irrigated fields within the command areas can be 
supplied by surface water extracted from the main river at the command area inlet 
(Supplementary Fig. 1).

For this surface water, we distinguish by source as meltwater runoff, rainfall 
runoff and baseflow (that is, runoff that is slowly released from the groundwater 
reservoir of grid cells when it is saturated) before it is routed downstream as surface 
water. If irrigation demand cannot be fulfilled by the available surface water, water 
is withdrawn from groundwater. In our study this water is defined by its source 
as groundwater. A groundwater store in each cell is filled by daily groundwater 
recharge, which equals the water percolating through the lower soil layer. This 
groundwater can be extracted for irrigation if surface water is insufficiently 
available. Besides, the groundwater is contributing to surface water as baseflow, 
using a linear reservoir algorithm as in ref. 64. When groundwater withdrawals in 
a grid cell exceed the recharge over a longer period of time, groundwater ceases 
to contribute to baseflow and withdrawals are unsustainable and lead to depletion 
as in ref. 65. We define a net loss of groundwater being the difference between 
abstractions and recharge in a grid cell over multiple years as non-renewable 
groundwater abstractions. We assume unlimited groundwater availability for each 
grid cell, and lateral flow of groundwater is not represented in the model. Further 
details of this specific LPJmL setup are described in refs. 10,33.

Quantifying the sources of irrigation water withdrawals. To estimate the 
composition of irrigation water withdrawals, a series of model simulations 
were performed for each future scenario (eight scenarios in total; two RCP–SSP 
combinations with four climate scenarios each):

 (1) A run where only surface water from baseflow and rainfall runoff can be used 
to fulfil irrigation and other demands.

 (2) A run where all surface water, including snowmelt and glacier melt, can be 
used to fulfil irrigation and other demands.

 (3) A run where irrigation and other demands are supplied from surface water 
and groundwater. For this run, we assume that groundwater is applied only 
when surface water is not sufficiently available. In this simulation ground-
water supply is not restricted but indicates depletion when groundwater 
withdrawal is greater than groundwater recharge over longer time scales.

By comparing outputs of these runs, the individual contributions of rainfall 
runoff plus baseflow, meltwater and non-renewable and renewable groundwater to 
water supply can be estimated. We assume that the difference in water withdrawals 
between two subsequent runs can be completely attributed to the source added 
in the latter run. The total withdrawals are represented by run 3 output. The 
contribution of rainfall and baseflow to withdrawals is estimated with run 1 output. 
The contribution of meltwater to withdrawals is estimated as run 2 output minus 
run 1 output. The contribution of groundwater is estimated as run 3 output minus 
run 2 output.

Input data. Reference climate. LPJmL is forced with daily mean air temperature, 
precipitation and long and shortwave radiation. To bring the carbon pools in 
equilibrium, a 1,000-year spin-up run forced by the WATCH Forcing Data 
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methodology applied to ERA-Interim reanalysis (WFDEI)66 dataset is used. For 
the reference and future runs, the model is forced with a reference climate dataset 
for the Indus, Ganges and Brahmaputra river basins23. SPHY is forced with daily 
precipitation, mean, maximum and minimum air temperature from the same 
reference climate dataset. This reference-forcing dataset is based on the WFDEI 
dataset but is downscaled to 5 × 5 km resolution for the upstream basins and 
10 × 10 km for the downstream basins using high-resolution elevation data and 
temperature-lapse rates. For the upstream basins, an additional correction for 
the underestimation of high-altitude precipitation has been implemented using 
glacier mass-balance data as a proxy to improve actual precipitation amounts67. 
To run LPJmL, the dataset has been re-gridded to a 5 min resolution regular 
latitude-longitude grid.

Soil. The soil data for LPJmL was derived from the Harmonized World Soil 
Database68, from which we used the 13 classes of the US Department of Agriculture 
texture classes. The original data were re-gridded to a 5 min resolution based 
on a majority rule. For the SPHY model, soil information is derived from 
HiHydroSoil69, which is a high-resolution map of hydraulic properties derived 
from the Harmonized World Soil Database68 using pedo-transfer functions.

Reference land use. For LPJmL, gridded fractions of 12 rain-fed and irrigated crops 
for the kharif and rabi seasons are derived from MIRCA200070 as in ref. 3 but kept 
at 5 min resolution. We have added cotton growing during the early kharif season, 
rather than as a perennial crop. Especially in the Indus basin, total irrigation water 
withdrawals for cotton form a large share of the total irrigation water withdrawal. 
Land use classes in the SPHY model are taken from GlobCover, resampled to 
5 × 5 km resolution71.

Sowing dates. Sowing dates are implemented as in ref. 3. Kharif crops are assumed 
to be sown five days after the onset of the monsoon and therefore depend on the 
location. An exception is made for cotton, which is sown on 1 April in the whole 
region except for the Punjab region in Pakistan, where it is sown on 1 May70. Rabi 
crops are sown on 1 November in the whole region.

Reference domestic and industrial demand. Gridded domestic and industrial 
water demand and consumption datasets at 5 × 5 min resolution are taken from 
the PCRaster GLOBal Water Balance (PCR-GLOBWB) model and used in the 
downstream LPJmL model72. The demand data are based on population data73, 
country-specific per capita domestic water-withdrawal data and water-use 
intensities74. Both industrial and domestic water demand is assumed to remain 
constant throughout the year. LPJmL is forced with consumption data so that 
return flows are included. Details are described in ref. 33.

Glaciers. Glacier outlines for the SPHY model are derived from the Randolph 
Glacier Inventory version 5.0 (ref. 75) and are gridded to a 100 × 100 m grid. The 
glaciers are intersected with the 5 × 5 km model grid and for each glacier–model 
grid-cell combination, a unique ID, debris flag, elevation and initial ice thickness 
is assigned.

Drainage. The drainage direction of grid cells is derived from the HydroSheds 
global database46 for both SPHY and LPJmL. For the downstream model (LPJmL), 
we used the 5 min version of the drainage-direction map (B. Lehner, personal 
communication).

Climate change scenarios. We use an ensemble of climate change scenarios 
for RCP4.5 and RCP8.576. For each RCP we applied the empirical–statistical 
downscaling method of quantile mapping to four selected GCM runs to bias 
correct and downscale the GCM runs to the model resolutions of, respectively, 
SPHY (upstream) and LPJmL (downstream), as described in detail in ref. 23. The 
GCM runs were selected to cover a wide envelope in the range of projections in 
the Coupled Model Intercomparison Project (CMIP) 5 multi-model ensemble and 
show sufficient skill in simulating the historical climate32,77.

Socio-economic scenarios. We link the SSP scenarios78, SSP1, following the 
‘sustainability’ narrative, and SSP3, following the ‘regional rivalry’ narrative, to RCP4.5 
and RCP8.5, respectively. Future domestic and industrial water-demand datasets are 
extracted from the IMAGE v3.0 model79. Within the IMAGE model, a sub-model is 
included80 that calculates the future domestic and industrial water demands based 
on projections for population growth and economic development (based on gross 
domestic product per capita) that are consistent with the selected SSPs.

We also use the SSP1 and SSP3 regional-scale projections of IMAGE81 to derive 
changes in rain-fed and irrigated cropland extents at the country scale. We assume 
that both the crop distribution and crop types in the future remain consistent with 
the reference period and impose the rates of change in area for irrigated and rain-fed 
crop lands from the IMAGE projections to our MIRCA2000-based reference 
land-use data. Details are described in the Data and Methods sections in ref. 33.

India’s river-interlinking project plans the realization of transfers connecting 
tributaries within the Ganges basin and between the Ganges and Brahmaputra basins. 
These are all still in the planning stage, and we did not include them in the model.

Model calibration and validation. A two-step systematic approach was used 
to calibrate and validate the upstream model. First, model parameters related to 
glacier and snow processes were calibrated to MODIS remote sensing snow-cover82 
and geodetic glacier mass-balance data83 over three upstream catchments 
(Supplementary Fig. 1). Second, the remaining model parameters, which are 
related to soil hydrological processes and routing, were calibrated to observed 
discharge at six gauging locations, two in each river basin (Supplementary Fig. 1 
and Supplementary Tables 3 and 5). By using this two-step approach, problems 
related to equifinality, which are common in the simulation of high-mountain 
hydrology, could be minimized84. The model performance has been validated at the 
same locations for different time periods than the calibration. The approach and 
results are described in detail in ref. 25. To validate the performance of the coupled 
SPHY–LPJmL model in simulating discharge, simulated and observed flows were 
compared at three downstream gauging locations near the outlets of the three river 
basins (Supplementary Fig. 1 and Supplementary Table 3). Locations near the basin 
outlets have been selected to cover effects of flow alterations through reservoir 
operations and water withdrawals. For most of the stations, the model performance 
is satisfactory to very good with Nash–Sutcliffe efficiencies85 above 0.6 and up to 
0.83, and biases below ±25% (ref. 86)(Supplementary Table 3). The location Kotri 
Barrage is an exception, where model performance is unsatisfactory, and also 
the 34% bias at Hardinge bridge is considerable. The poorer model performance 
at Kotri Barrage suggests that losses from the river (water diversion into canals, 
abstraction for irrigation, evaporation and infiltration) might be underestimated. 
River infiltration and evaporation can explain part of the difference. However, just 
upstream of Kotri Barrage, there are large irrigation canals diverting water from the 
river. In addition, the simulated irrigation water withdrawals in Pakistan are higher 
than most other estimates3.

Simulated crop yields were calibrated to sub-national agricultural statistics for 
the years 2003–2008 (Supplementary Fig. 5 in ref. 10). Three coupled parameters 
that represent management intensity (that is, maximum leaf-area index, 
maximum harvest index and a parameter to scale leaf-level biomass production 
to grid level) were calibrated. A sub-national calibration of crop yields allows 
for a representation of spatial heterogeneity in crop yields as a result of different 
management practices in addition to the variations caused by differences in 
climate. The sub-national calibration is described in more detail in ref. 3. The 
difference in this study is that cotton is also included here. Furthermore, the kharif 
and rabi yields were merged into one single value for calibration. Caloric content 
of the different crops are taken from food composition tables as listed by the Food 
and Agriculture Organization of the United Nations87.

Data availability
The data generated in this study (that is, outputs of model simulations) are 
available in an online archive at https://doi.org/10.24416/UU01-BY9O4S. Elevation 
data used in this study are available at https://www.hydrosheds.org. The reference 
climate data and downscaled climate change scenarios used in this study are 
available at https://rds.icimod.org/Home/Data?group=30. Glacier outlines used 
in this study are available at https://www.glims.org/RGI/. Snow-cover data used 
in this study are available at https://nsidc.org/data/modis/data_summaries#snow. 
Soil data used in this study are available at https://www.futurewater.eu/projects/
hihydrosoil/. Land use data used in this study are available at http://due.esrin.
esa.int/page_globcover.php and https://www.uni-frankfurt.de/45218031/Data_
download_center_for_MIRCA2000. SSP data used in this study are available at 
https://tntcat.iiasa.ac.at/SspDb. Population data used in this study are available at 
https://dataportaal.pbl.nl/downloads/HYDE/HYDE3.2/. IMAGE v3.0 data used in 
this study are available at https://models.pbl.nl/image/index.php/Download.

Code availability
Code for the SPHY model is available at https://github.com/FutureWater/SPHY. 
Code for the LPJmL model is available at https://github.com/PIK-LPJmL/LPJmL.
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Extended Data Fig. 1 | Historical irrigation withdrawal and projected future changes. Average annual irrigation withdrawals during 1981–2010 (IWREF) 
(panel a). Change in average annual irrigation withdrawal (ΔIW) between 2071–2100 and 1981–2010 for the ensemble mean of RCP4.5-SSP1 (panel b) 
and RCP8.5-SSP3 (panel c). Background digital elevation model (GTOPO30) from ref. 45.
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Extended Data Fig. 2 | Historical irrigation withdrawals by source and projected future changes (RCP8.5-SSP3). a) Average contribution of glacier and 
snowmelt (GS) contribution to irrigation withdrawal during 1981–2010 (IWREF). Grid cells with IWREF < 10 mm yr−1 are excluded. b) RCP8.5-SSP3 ensemble 
mean of projected changes in GS contribution to irrigation withdrawal for 2071–2100 vs 1981–2010. c) Thirty-year average monthly irrigation withdrawals 
for the Indus, Ganges and Brahmaputra basins during 1981–2010 differentiated by source. GS = glacier and snowmelt, RB = rainfall-runoff and baseflow, 
GW = groundwater. Black line indicates RCP8.5-SSP3 ensemble mean of projected change in average monthly total irrigation withdrawal 2071–2100 vs 
1981–2010 (ΔIW). Error bars indicate the ensemble spread in projections. d) Average monthly projected changes in irrigation withdrawal per source for 
2071–2100 vs 1981–2010 (ΔIW). Lines and shading indicate the ensemble mean and ensemble range for RCP8.5-SSP3. Upstream and downstream river 
basin boundaries (light grey tones) and main rivers (dark grey tones) are indicated in panels a and b. Background digital elevation model (GTOPO30) from 
ref. 45. River data from ref. 46.
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Extended Data Fig. 3 | Historical and projected future contributions to irrigation withdrawals for groundwater and rainfall and baseflow.  Contributions 
of groundwater (GW, panel a) and rainfall and baseflow (RB, panel b) to irrigation withdrawals (IW) during the reference period. Ensemble mean 
projections for change in groundwater contribution (∆IWGW) and rainfall and baseflow contribution (∆IWRB) between 2071–2100 and 1981–2010 for 
RCP4.5-SSP1 (panels c, d) and RCP8.5-SSP3 (panels e,f).
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Extended Data Fig. 4 | Shifting sources of irrigation withdrawal in the Indus basin during the month of may. Dots indicate annual fractional 
basin-averaged contribution to irrigation withdrawal from groundwater (x-axis), meltwater (y-axis) and rainfall and baseflow (indicated by grey lines), 
for inidvidual years 1981–2100. Convex hulls indicate the range of years 1981–2010, 2036–2065, and 2071–2100). The color scale shows the 30 year 
moving average starting at 1981–2010 and ending at 2071–2100. Separate plots are shown for cold/wet (a), cold/dry (b), warm/dry (c), and warm/wet (d) 
future scenarios. In each panel results are shown for RCP4.5-SSP1 (lower left part of panel) and RCP8.5-SSP3 (upper right part of panel, with flipped axis 
direction).
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Extended Data Fig. 5 | Shifting sources of irrigation withdrawal in the Indus basin during the month of August. Dots indicate annual fractional 
basin-averaged contribution to irrigation withdrawal from groundwater (x-axis), meltwater (y-axis) and rainfall and baseflow (indicated by grey lines), 
for inidvidual years 1981–2100. Convex hulls indicate the range of years 1981–2010, 2036–2065, and 2071–2100). The color scale shows the 30 year 
moving average starting at 1981–2010 and ending at 2071–2100. Separate plots are shown for cold/wet (a), cold/dry (b), warm/dry (c), and warm/wet (d) 
future scenarios. In each panel results are shown for RCP4.5-SSP1 (lower left part of panel) and RCP8.5-SSP3 (upper right part of panel, with flipped axis 
direction).
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Extended Data Fig. 6 | Contribution of meltwater and groundwater to irrigation for key crop types in the ganges river basin. Panels a-c show the 30 
year daily mean contribution of meltwater to irrigation during the reference period (1981–2010) and end of century period (2071–2010) for each ensemble 
member in the RCP4.5-SSP1 and RCP8.5-SSP3 ensembles, for rice (a), wheat (b), and sugarcane (c). Panels d-f show the same for the groundwater 
contribution to irrigation for rice (d), wheat (e), and sugarcane (f).
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