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            Abstract
Snowpack stores cold-season precipitation to meet warm-season water demand. Climate change threatens to disturb this balance by altering the fraction of precipitation falling as snow and the timing of snowmelt, which may have profound effects on food production in basins where irrigated agriculture relies heavily on snowmelt runoff. Here, we analyse global patterns of snowmelt and agricultural water uses to identify regions and crops that are most dependent on snowmelt water resources. We find hotspots primarily in high-mountain Asia (the Tibetan Plateau), Central Asia, western Russia, western US and the southern Andes. Using projections of sub-annual runoff under warming scenarios, we identify the basins most at risk from changing snowmelt patterns, where up to 40% of irrigation demand must be met by new alternative water supplies under a 4â€‰Â°C warming scenario. Our results highlight basins and crops where adaptation of water management and agricultural systems may be especially critical in a changing climate.
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                    Fig. 1: Geographical pattern of snowmelt runoff during recent decades (1985â€“2015) and under future warming scenarios.[image: ]


Fig. 2: Average monthly runoff and surface water demand during recent decades (1985â€“2015) and runoff under future warming scenarios.[image: ]


Fig. 3: Hotspots of snow-dependent irrigated agriculture.[image: ]


Fig. 4: Seasonal snowmelt dependence by crop type (1985â€“2015).[image: ]


Fig. 5: Basins at risk from changes in snowmelt under 4â€‰Â°C warming.[image: ]
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                Data availability


The numerical results plotted in Fig. 1 is available from figshare: https://doi.org/10.6084/m9.figshare.12016254.v1; numerical results for Figs. 2â€“5 and the Extended Figures are provided with this paper. TerraClimate data is available from: http://www.climatologylab.org/terraclimate.html and GCWM outputs are available from: https://www.uni-frankfurt.de/45217988/Global_Crop_Water_Model__GCWM. All other data that support the findings of this study are available in the main text or the Supplementary Information.



Code availability


Computer code or algorithm used to generate results that are reported in the paper and central to the main claims are available from the corresponding authors on reasonable request.
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Extended data

Extended Data Fig. 1 Share of annual average irrigation surface water consumption 1985â€“2015 met by different sources.
Share of annual average irrigation surface water consumption 1985â€“2015 met by (a) snowmelt runoff, (b) rainfall runoff, and (c) alternative sources (for example, water stored in reservoirs and inter-basin transfers). Shares from all three sources are zero for basins without irrigation surface water consumption.

Source data



Extended Data Fig. 2 Monthly and crop-specific irrigation share and snow consumption.
Crop-specific (a) monthly ratio of irrigation surface water consumption to corresponding annual total, and (b) monthly snowmelt runoff consumption for the period of 1985â€“2015. Crops are ordered by their annual total irrigation surface water consumption, with higher total consumption to the right.

Source data



Extended Data Fig. 3 Changes in irrigation surface water from snowmelt and alternative sources under 2â€‰Â°C warming for snow-dependent basins.
Details of this figure are identical to Fig. 5, except displayed for 2â€‰Â°C warming.

Source data
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Source data
Source Data Fig. 2
Numerical data used to generate graphs in Fig. 2.


Source Data Fig. 3
Numerical data used to generate graphs in Fig. 3.


Source Data Fig. 4
Numerical data used to generate graphs in Fig. 4.


Source Data Fig. 5
Numerical data used to generate graphs in Fig. 5.


Source Data Extended Data Fig. 1
Numerical data used to generate graphs in Extended Data Fig. 1.


Source Data Extended Data Fig. 2
Numerical data used to generate graphs in Extended Data Fig. 2.


Source Data Extended Data Fig. 3
Numerical data used to generate graphs in Extended Data Fig. 3.
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