
Articles
https://doi.org/10.1038/s41558-020-0746-8

1Department of Geography, The Ohio State University, Columbus, OH, USA. 2Sustainability Institute, The Ohio State University, Columbus, OH, USA. 
3Department of Earth System Science, University of California, Irvine, Irvine, CA, USA. 4Management of Complex Systems Department, University of 
California, Merced, Merced, CA, USA. 5Department of Geography, University of Idaho, Moscow, ID, USA. 6Department of Crop Sciences, University  
of Göttingen, Göttingen, Germany. 7Department of Civil and Environmental Engineering, University of California, Irvine, Irvine, CA, USA. 8Department  
of Geography, Dartmouth College, Hanover, NH, USA. 9Department of Earth Sciences, Dartmouth College, Hanover, NH, USA. 10Lamont–Doherty  
Earth Observatory of Columbia University, Palisades, New York, NY, USA. 11Department of Ecosystem Science and Sustainability, Colorado State  
University, Fort Collins, CO, USA. 12Department of Soil and Crop Sciences, Colorado State University, Fort Collins, CO, USA. ✉e-mail: qin.548@osu.edu;  
nathan.mueller@colostate.edu

Irrigation is the largest use of water worldwide, accounting for 
more than 85% of global consumption1,2. In return, irrigated 
croplands produce roughly 30–40% of the world’s food calories, 

although only about 20–25% of harvested crop areas are irrigated3,4. 
Climate change may alter the availability of water for irrigation, 
threatening the productivity of irrigated crops and projected growth 
in irrigated areas (for example, ~16% increases from 2000 to 2030)5.

The majority of irrigation water worldwide is supplied by sur-
face water6 and patterns of surface water availability are expected to 
change substantially in a warming climate7. Although many stud-
ies have evaluated the agricultural risks from projected changes in 
annual precipitation and drought8,9, relatively few have focused on 
the implications of sub-annual changes in surface runoff10. Water 
demands vary considerably across seasons due to crop phenology11; 
even if the magnitude of annual runoff is unchanged in the future, 
shifts in the timing of runoff may have profound implications for 
irrigated crops.

Seasonal distributions of runoff are highly sensitive to changes in 
snowpack accumulation and melt. In basins where a large share of 
precipitation falls in the winter as snow, the resulting runoff can be 
delayed until the snow melts in spring and summer12–14. The impor-
tance of snow as a seasonal water resource is well-acknowledged15,16, 
but existing analyses are limited. Most previous studies empha-
size the importance of snow to water availability based on indirect 
annualized supply side measures, such as ratios of annual snowfall 
to precipitation17 or to runoff18. A few studies have used process-
based hydrological models to obtain more direct estimates of snow-
melt contributions to total runoff for specific regions (considering 
important processes of sublimation and infiltration)14,19. However, 
these studies rarely take unique patterns of agricultural water 
demand into account14,18,19. Those few studies that consider both 
snowmelt water supply and demand only provide an aggregated  

annual or season-total picture20, and often infer snowmelt contribu-
tions to runoff rather than explicitly simulating it21, introducing key 
physical uncertainties. So far no global studies have effectively ana-
lysed sub-annual snowpack and runoff dynamics reconciled with 
the unique timing and magnitude of agriculture water demand to 
characterize the risks to irrigated agriculture from changing snow-
melt, despite agricultural dependence on snowmelt having been 
considered a key climate change risk for many years15,16.

Here we analyse the global dependence of irrigated agriculture 
on snowmelt runoff and characterize basin- and crop- specific risks 
from climate change (details of our analytical approach and meth-
odological validations are provided in the Methods). In summary, 
we use the TerraClimate dataset22 to quantify both the historical 
(1985–2015) magnitude of monthly runoff in each major basin  
(a modified version21 of the Simulated Topological Network 30p; 
ref. 23) and the fractions of runoff that are derived from rainfall and 
snowmelt. Using crop-specific estimates of monthly irrigation water 
demand based on the Global Crop Water Model24, annual time 
series of area equipped for irrigation25, and irrigation water source 
data (surface water versus groundwater)6 for the same period, we 
then estimate the average fraction of surface water consumed by 
irrigation that is derived from snowmelt runoff (the share of irriga-
tion demand met by snowmelt) in each corresponding basin. Unless 
otherwise stated, we only focus on surface water supply and demand 
and ignore all other sources. Our monthly accounting assumes rain-
fall and snowmelt runoff are used in proportion to their availability 
in each month. When surface water supplies in a given month are 
insufficient to meet the demands of irrigation and other sectors26, 
we quantify the shortfall in surface water demand that may be met 
by alternative surface water sources such as stored runoff in res-
ervoirs from previous months, inter-basin transfers and desalina-
tion. Finally, we repeat our analyses using changes in snowmelt and  
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rainfall runoff projected under both 2 °C and 4 °C warming sce-
narios as calculated by the TerraClimate dataset forced with multi-
model changes in climate conditions (see Methods).

Figure 1 shows the share of average runoff from recent snowmelt 
(1985–2015; Fig. 1a) and the changes under mean warming of 2 °C 
and 4 °C (Fig. 1b,c, respectively). Snowmelt contributes ≥50% of 
runoff across 26% of the global land area, especially in western US, 
western China, Central Asia, the southern Andes and in high north-
ern latitudes (Fig. 1a). By aggregating the gridded runoff to major 
river basins (Supplementary Fig. 1), we find that, as of 2015, ~600 
million people (~8% of global population) lived in basins where 
on average over half of the annual runoff is snowmelt27. In addi-
tion, roughly 40% of the world’s irrigated rye and barley produc-
tion—and 20% of irrigated sugar beets, grapes, sunflower, potatoes 
and cotton production—are located in these snowmelt-dominated 
basins (although the overall surface water use for some of these 
crops is small; for example, ~0.8 km3 for rye compared with ~46 km3 
for cotton).

Global warming induces substantial and progressive decreases 
in the fraction of runoff originating from snowmelt (Fig. 1b,c, red 
and orange shading), especially across the Tibetan plateau, Western 
Europe, southern Central Asia, western Iranian plateau, Turkey, the 
northeast and western US and the southern Andes. Such decreases 
are influenced in most regions by declines in the magnitude of 
snowmelt runoff and increases in rainfall runoff (Supplementary 
Fig. 2). Although climate change also increases snowmelt runoff 
(blue shading) in some parts of Russia, Canada and Alaska due to 
overall increases in precipitation (Supplementary Fig. 2a,b), the area 
where snowmelt averages ≥50% of annual runoff decreases from 
~39 million km2 (~26% of global land area) to ~37 million km2 
(~25%) under the 2 °C warming scenario and further decreases to 
~33 million km2 (~22%) under the 4 °C warming scenario. Likewise, 
the population living in these snowmelt-dominant regions (2015) 
falls from ~8% of global population to ~6% and ~3% in the 2 °C and 
4 °C warming scenarios, respectively.

Figure 2 illustrates the relationship between monthly runoff (red 
and blue curves show rainfall and snowmelt, respectively; as derived 
from Supplementary Fig. 3) and monthly water demand (stacked 
bars) for all uses in selected basins where snowmelt currently meets 
a relatively large share of annual irrigation water demands. Taking 
the San Joaquin basin in California as an example (Fig. 2a), rain-
fall runoff is currently greatest during the winter months (solid red 
curve) when demand for water is at its lowest (bars); as demands 
increase in spring, almost all consumed runoff is snowmelt (solid 
blue curve, blue bars in May and June); total runoff almost disap-
pears in summer, and alternative sources of water (for example, 
storage and inter-basin transfers) are necessary to meet surface 
water demand (dark grey bars).

Under both 2 °C and 4 °C warming scenarios, snowmelt runoff 
decreases in magnitude and shifts towards earlier spring (Fig. 2, 
dashed blue curves). Under the same scenarios, however, the mag-
nitude of rainfall runoff increases but changes little with respect 
to timing (dashed red curves). Depending on both the magnitude 
and the timing, rainfall runoff increases may (for example, Indus) 
or may not (for example, San Joaquin) be able to compensate for 
the declines in snowmelt runoff in meeting irrigation water demand 
(Fig. 2 and Supplementary Fig. 4).

For each basin, we calculate the share of consumed irriga-
tion water that is derived from snowmelt, rainfall and alternative 
sources, respectively (Methods; Extended Data Fig. 1). In most 
basins, the share of irrigation demand met by snowmelt (Extended 
Data Fig. 1) is much lower than the share of runoff from snow-
melt (Fig. 1 and Supplementary Fig. 1), as the former reflects the 
temporal coincidence of irrigation demands and snowmelt runoff. 
Although surface water irrigation demands worldwide are mostly 
met by rainfall runoff, relatively large shares of irrigation demand 

are met by snowmelt in parts of western China, Siberia, Argentina, 
Alaska and western Canada. Alternative sources of surface water 
are important in southern and central India, Central Asia, western 
Africa and western US during months when snowmelt and rainfall 
runoff are insufficient to meet demands.

Figure 3 maps the snow dependence of basins along two dimen-
sions: the share of irrigation water demand met by snowmelt 
(colours; Extended Data Fig. 1a) and the magnitude of irrigation 
water consumption (Supplementary Fig. 5) normalized by basin 
area (intensity of shading). Snowmelt meets a relatively small share 
of irrigation demand in basins coloured in green and yellow (<20% 
and <10%, respectively); irrigation demand in these areas is largely 
met by rainfall runoff, storage and/or transfers (Fig. 3). The darkest 
blue basins are those where irrigation water demands are both rela-
tively high (≥1 mm yr–1, when irrigation consumption is normalized 
by the entire basin area) and substantially (≥30%) met by snowmelt 
runoff (Fig. 3). These basins are primarily concentrated in high-
mountain Asia (the Tibetan Plateau), Central Asia, western Russia, 
western US and the southern Andes. Together, they encompass ~8% 
of global population and notable shares of global irrigated crop pro-
duction: 37% of cotton, 33% of wheat, 23% of maize and 10% of rice 
(Supplementary Table 1).

Applying the same dimensions of snow dependence (irrigation 
consumption and the share of that demand met by snowmelt), Fig. 4  
shows the monthly snow dependence of specific crops. Globally, 
rice and cotton in the Northern Hemisphere summer—together 
with wheat and managed grassland in spring—are particularly 
snow dependent (the darkest blue cells in Fig. 4). The annual total  
irrigation surface water consumption varies significantly across 
crop species, ranging from 0.01 km3 for cocoa to 200 km3 for rice. 
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Fig. 1 | geographical pattern of snowmelt runoff during recent decades 
(1985–2015) and under future warming scenarios. a–c, Based on historical 
data, the average ratio of annual runoff from snowmelt (a) is >80% in 
many areas, especially in the higher latitudes of the Northern Hemisphere. 
Under warming of 2 °C (b) and 4 °C (c), the share of runoff originating from 
snowmelt declines substantially in many of the same areas. Figures are 
displayed at a spatial resolution of 0.25 × 0.25°. Coastlines are from NCL/
NCAR: http://www.ncl.ucar.edu/citation.shtml (see ref. 53).
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There are also substantial seasonal variations in irrigation water 
consumption for each crop (Fig. 4 and Extended Data Fig. 2):  
wheat consumes the most water in the Northern Hemisphere 

spring; however, most other crops (for example, date palm, sun-
flower, soybeans, sorghum, potatoes and pulses) demand the most 
irrigation water in late summer (July and August) and early autumn 
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Fig. 2 | Average monthly runoff and surface water demand during recent decades (1985–2015) and runoff under future warming scenarios. a–d, The 
monthly runoff from rainfall and snowmelt for San Joaquin (North America; a), Indus (Asia; b), Colorado (North America; c) and Tarim (Asia; d) are 
shown, with solid curves showing averages across 1985 to 2015 and dashed curves showing runoff under 2 °C and 4 °C of global warming. For comparison, 
the stacked bars represent the average monthly surface water consumption by all sectors (1985–2015), where the shaded red, blue and dark grey bars 
denote the corresponding shares of rainfall, snowmelt and alternative surface water sources (for example, stored in reservoirs and transferred from other 
basins), respectively.

Fig. 3 | Hotspots of snow-dependent irrigated agriculture. Monthly historical data (1985–2015) on surface water supplies and demand are analysed to 
determine the extent to which basins are reliant on snowmelt runoff to meet irrigation water demand. The colours indicate the average share of irrigation 
surface water consumption met by snowmelt runoff, whereas the shading indicates the average volume of surface water used for irrigation normalized 
by basin area. The darkest blue (most snow dependent) basins in high-mountain Asia (the Tibetan Plateau), Central Asia, western Russia, western US 
and the southern Andes are thus places where both irrigation and the share of irrigation demand met by snowmelt runoff are large. Coastlines are from a 
modified version21 of the Simulated Topological Network 30p (ref. 23).
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(September), when the share of snowmelt consumed is usually 
below 10% (Fig. 4). Supplementary Fig. 6 shows regional patterns of 
monthly, crop-specific snow dependence; crops in Asia are particu-
larly snow dependent.

For basins where agriculture is currently snow dependent (that 
is, the dark blue basins in Fig. 3), Fig. 5a shows how the shares of 
current irrigation demand met by snowmelt and alternative sources 
will change in the future under the 4 °C warming scenario (Extended 
Data Fig. 3a shows the same changes for the 2 °C warming scenario). 
All snow-dependent basins see a decrease in the share of irrigation 
water demand that can be met by snowmelt (Fig. 5a, x axis), due 
to earlier snowmelt availability and/or decreasing total snowmelt 
runoff under a warming climate. Moreover, in many basins future 
changes in rainfall do not compensate for the lost snowmelt. If irri-
gation demands do not change, new alternative sources of water will 
increasingly be required to meet those demands (Fig. 5a, y axis). 
Basins in the upper-left quadrant of Fig. 5a are likely to experience 
future challenges and require adaptation efforts; these locations are 
projected to experience declines in the share of irrigation water met 
by snowmelt and require increases in alternative water supplies. 
For instance, in the Po basin of southern Europe, the share of water 
demand met by snowmelt decreases from 29% to 9% and nearly 
40% of irrigation water demands must be met by new alternative 
sources. Similar changes are observed under the 2 °C warming sce-
nario, though generally to a lesser extent (Extended Data Fig. 3).

To assess risks28–30 from changing snowmelt by basin, we first 
define a snowmelt hazard index (SHI) as the product of projected 
decreases in the share of irrigation demand met by snowmelt runoff 
(Fig. 5a x axis) and expected increases in the share of demand met 
by alternative water sources (Fig. 5a y axis; see also equation (5) in 
the Methods). Risk further depends on the relative vulnerability28 of 
irrigated agriculture in these basins exposed to snowmelt hazards. 
Vulnerability is influenced by the availability of inter-basin transfers  

and water storage given geographical, political and economic fac-
tors31,32, and whether additional groundwater extraction is possible 
and sustainable33,34. Reservoir water storage35 is one indicator of 
whether basins are equipped to meet such challenges (though we 
note reservoir storage is not equivalent to the availability of alterna-
tive water supplies due to competing reservoir water uses, seasonal 
fluctuations and possible additional water supplies, including inter-
basin transfers). We define a reservoir storage index (RSI) as the 
ratio of alternative surface water demand to reservoir water storage 
for every snow-dependent basin (Fig. 5a, dot colours). A lower RSI 
indicates generally greater flexibility to accommodate increases in 
alternative water demands via surface water storage. Reservoir water 
storage is quantified as the minimum of annual excess runoff (runoff 
of snowmelt or rainfall not utilized in a given month) and current 
reservoir storage capacity. As shown in Supplementary Table 2, irri-
gation demands not met by rainfall or snowmelt currently already 
represent >40% of reservoir water storage in many Asian and North 
American basins (for example, Amu Darya). Under warming sce-
narios, demand for alternative water sources in these basins can 
even increase to >70% of existing reservoir storage (Supplementary 
Table 2). As basins utilize both groundwater and surface water to 
meet overall irrigation demand, if surface water availability dimin-
ishes, it may be possible to substitute with groundwater; however, 
some basins (for example, Amu Darya and Syr Darya) almost com-
pletely rely on surface water (Supplementary Table 3), indicating 
heightened vulnerability and adaptation challenges. Additionally, 
almost all of the basins with a high SHI have relatively low ground-
water recharge rates (<100 mm yr–1) (Supplementary Figure 5 in ref. 
36; Supplementary Table 3), so even where groundwater is of suit-
able quality for irrigation, additional groundwater pumping is likely 
to be unsustainable. Developing subsurface resources can also be 
costly and may result in land subsidence, salt intrusions into aqui-
fers and infrastructure damage37.
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Fig. 4 | Seasonal snowmelt dependence by crop type (1985–2015).  Colours indicate the average share of irrigation surface water consumption met by 
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Figure 5b maps the snowmelt hazard index for all basins in the 
top left quadrant of Fig. 5a (red shading) under the 4 °C warming 
scenario. Basins with a high SHI are primarily located in western US 
(for example, the San Joaquin basin), southern Europe (the Po and 
the Rhône–Ebro basins), western China (the Alakol and Ili basins) 
and Central Asia (the Amu Darya basin) under both warming sce-
narios (Fig. 5b and Extended Data Fig. 3b).

Our results highlight regions in which irrigated agriculture is 
currently most dependent on snowmelt runoff, including basin- 
and crop- specific shares of irrigation water demand now met by 
snowmelt as well as similarly specific projections of changes in the 
monthly availability of snowmelt under different levels of future 
global warming. These findings have large implications for irrigated 
agriculture and thereby global food security. The most snow-depen-
dent basins currently produce a large fraction of irrigated crops 
(for example, around 33%, 23% and 10% of irrigated wheat, maize 

and rice, respectively). We find that irrigated agriculture in many 
snow-dependent basins is at risk under a changing climate. If at-risk 
basins are not able to obtain alternative sources of water or sub-
stantially improve irrigation efficiency, the location of crops, crop 
yields and/or the mix of crops could be affected. Such impacts may 
in turn aggravate the nutrition and food security challenges associ-
ated with climate change, which are expected to disproportionately 
impact the world’s poor38,39. Our findings can therefore be utilized to 
prioritize and inform climate adaptation efforts that minimize these 
impacts by addressing both water supplies (for example, the feasibil-
ity of extra groundwater pumping and reservoir development) and 
water demands (for example, limiting agricultural expansion and 
increasing crop water productivity).

Several limitations and caveats apply to our study. First, although 
our model allows for perennial snow, it does not explicitly model 
glacier dynamics. For example, in Central Asia, accelerated glacier 
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melting is already well documented, which will lead to consistent 
and considerable reductions in summer and late spring discharges 
in a few decades or less18,20,40, indicating what will most likely  
be greater risks in these regions than our estimates. Second, our  
climate change projections utilize multimodel median scaling fac-
tors to obtain a central estimate of future change. Future research 
should more explicitly examine variation between models and how 
risks are determined by rising temperatures versus comparatively 
more uncertain precipitation projections7,18,41. For simplicity, we 
have kept water demand static under warming scenarios; how-
ever, water consumption is often projected to increase due to rising  
population, irrigation expansion and higher temperatures42,43,  
suggesting that the increasing demands for alternative water sources 
that we calculate are likely to be conservative. Basin-specific adap-
tations to existing water management practices will therefore be 
required and may help offset projected increases in water demand. 
Here we focus on long-term average runoff and irrigation water 
demand to characterize agricultural risks under climate change. 
Future studies should further evaluate potential threats to irri-
gated agriculture resulting from interannual variations in snowmelt  
and rainfall runoff. Moreover, although we focus on the agricul-
tural effects of changing snowmelt, other socially, economically  
and ecologically important water uses will be affected, includ-
ing energy production, flood control, wildfire risks and reservoir 
investment/management44–47.

In addition to efforts to avoid climate change by, for example, 
developing and advancing renewable energy, energy storage and 
negative-emission technologies48–50, efforts to anticipate and adapt 
to unavoidable climatic changes are critical46. Changes in snowpack 
worldwide are already well documented13,51,52. By identifying where, 
when and which crops are most dependent on snowmelt and most 
at risk to changes in snowmelt, this work may help guide future 
research and resources towards those agricultural communities and 
water management institutions that will most need to adapt to the 
coming changes.
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Methods
Historical runoff. Monthly average total runoff for the period of 1985–2015 
(1/24° × 1/24°) are obtained from a global climate and climatic water balance 
dataset, TerraClimate, which has demonstrated strong validation with a number 
of network observations22. Using the water balance model, total surface runoff 
is partitioned into snowmelt runoff and rainfall runoff. The model simulates 
snowpack accumulation and ablation, as well as the fluxes of water into and out 
of a single soil layer on monthly time steps. The model allows for perennial snow 
but does not explicitly model glacier dynamics. Runoff occurs in months with 
a net surplus of liquid water inputs (rainfall and snowmelt) minus that which 
is used to saturate the soil column and to satisfy evapotranspiration demands. 
A total of 5% of monthly liquid water inputs (precipitation plus snowmelt) are 
converted directly to runoff without being available for soil moisture recharge or 
evapotranspiration. This parameterization accounts for processes occurring at 
sub-monthly timescales that contribute directly to runoff. The results of this model 
compare well with annual streamflow and interannual variability in streamflow 
across pristine gauges globally22. We partitioned the runoff due strictly to snowmelt 
versus that due to rainfall by prioritizing rainfall water for saturating the soil and 
satisfying the evapotranspiration demands. On satisfying soil reservoir capacity 
and evapotranspiration fluxes, excess rainfall goes to runoff. This framework allows 
snowmelt to have priority for the immediate 5% of runoff not subject to other 
fluxes; excess snowmelt is then used to satisfy evapotranspiration fluxes and soil 
moisture recharge not met by rainfall. Surplus snowmelt is then allowed to runoff. 
More details of the water balance model are described in ref. 22. Supplementary  
Fig. 7 shows the validation of the basin-level snow water equivalent from 
TerraClimate with the Snow Data Assimilation System Data Products at the 
National Snow and Ice Data Center, which provides the best possible estimates 
of snow cover and associated properties across central North America54. 
Supplementary Fig. 7 shows that TerraClimate captures both the magnitude 
and seasonality of snow water equivalent with reasonable accuracy. Grid-level 
(1/24° × 1/24°) ratios of snowmelt runoff to total runoff at both annual average 
and monthly average levels during the period of 1985–2015 are calculated (Fig. 
1, coastlines are from NCL/NCAR: http://www.ncl.ucar.edu/citation.shtml; ref. 
53), which we define as the annual or monthly snowmelt runoff ratio, respectively. 
This metric directly characterizes the contribution of snowmelt runoff to total 
runoff during our interested period. Regions with snowmelt runoff ratio ≥50% are 
considered to be snowmelt dominant.

We aggregate the monthly grid-level snowmelt runoff and rainfall runoff 
in each year during the period of 1985–2015 to calculate their corresponding 
average, median and 25th and 75th percentile values for global basins (Fig. 2 and 
Supplementary Fig. 3). In this study we use the same drainage basin shapefile as 
used in ref. 21, which is the modified version of the Simulated Topological Network 
30p (ref. 23).

Historical water demand. We calculate monthly crop-specific irrigation water 
consumption using the Global Crop Water Model (GCWM)24, which utilizes 
the Penman–Monteith equation, crop area and growing season information3, 
yearly varying climate forcing and daily soil water balances to calculate irrigation 
water consumption from 1985 to 2015 (1/12° × 1/12°). Following ref. 36, we use 
country-level time series data of areas equipped for irrigation from the Food and 
Agriculture Organization of the United Nations database25 to adjust GCWM-
simulated irrigation water consumption for each of 26 crop types. As irrigation 
water consumption includes both surface water and groundwater, we then use the 
grid-level (1/12° × 1/12°) fraction of surface irrigation water6 to calculate monthly 
average grid-level crop-specific surface irrigation water consumption during 
1985–2015.

We assume that the monthly average water consumption from other sectors 
(for example, domestic and industry) during this period is the same as that 
calculated in ref. 26 at a spatial resolution of 1/12° × 1/12°. In the absence of better 
information, we assume the grid-level proportion of surface water consumption to 
groundwater consumption in these other sectors is the same as that for irrigated 
agriculture. We then aggregate grid-level surface water consumption in each sector 
to calculate their corresponding monthly average values for 1985–2015 at the same 
basin-level as that of snowmelt and rainfall runoff.

Comparison between historical runoff and demand. Comparing basin-average 
historical runoff and total surface water consumption, we estimate monthly 
snowmelt runoff consumption, rainfall runoff consumption and demand for 
alternative water sources in each major river basin. We assume that: (1) once 
snow melts, snowmelt runoff is used to meet water demands in an equivalent 
manner as rainfall runoff; (2) all water uses have equal allotment priority; thus, 
if a basin’s monthly total runoff is more than surface water consumption, there 
is no need for alternative water in that month. Monthly total snowmelt (rainfall) 
runoff consumption in the basin is then calculated by multiplying the basin total 
surface water consumption with its corresponding snowmelt runoff ratio (1 minus 
snowmelt runoff ratio) in that month; however, if the monthly total runoff is less 
than the monthly total surface water consumption, all snowmelt and rainfall runoff 
will be consumed, with additional water demand met by alternative surface water 
sources (for example, water storage and inter-basin transfers). An underlying 

assumption is that there is enough water to meet historical demand, though 
alternative surface water sources may have been obtained at high economic costs. 
Monthly snowmelt runoff, rainfall runoff and alternative water consumption for 
irrigated agriculture are then estimated based on the monthly fraction of irrigation 
surface water consumption to total surface water consumption in each basin.

We calculate the basin-level annual average snowmelt consumption ratio 
for irrigated agriculture (the share of irrigation surface water consumption met 
by snowmelt runoff). The snowmelt consumption ratio indicates not only the 
relative importance of snowmelt runoff as a local water source, but also the extent 
of temporal synchronization between snowmelt runoff availability and irrigation 
water demand. Each basin’s snow dependence is characterized by two dimensions: 
the snowmelt consumption ratio and basin-average surface water consumption 
for irrigation. Crop-specific snowmelt consumption ratios are calculated by 
dividing irrigation snowmelt runoff consumption by total irrigation surface water 
consumption for each crop.

Warming scenarios. Projections of snowmelt runoff and rainfall runoff are 
considered for two different levels of change in global climate corresponding with 
global mean temperature 2 °C and 4 °C above preindustrial conditions. We use a 
pattern scaling approach to superpose changes in monthly climate variables to 
TerraClimate historical data for 1985–2015. The pattern scaling approach uses the 
concept that geographic patterns to climate forcing scale reasonably linearly in 
response to changes in global mean temperature55,56. These patterns can be used to 
scale changes in global mean annual temperature (G) to local and seasonal changes 
for a host of climate variables using linear regressions:

c x; y;mð Þ ¼ ΔZ x; y;mð Þ
ΔG

ð1Þ

where x, y and m represent the longitude, latitude and month for a given climate 
variable (Z). Scaling factors (c) are developed for monthly climate variables of 
maximum temperature, minimum temperature, specific humidity, 10 m wind 
speed, precipitation and surface downward shortwave radiation.

We acquire climate projections from 23 CMIP5 climate models (Supplementary 
Table 4) for two 30-year periods, a preindustrial period (1850–1879) using 
historical forcing experiment and an end of the twenty-first century period (2070–
2099) using the RCP8.5 forcing experiment. Multimodel median scaling factors 
(c) for each variable are calculated using the changes in climate between the two 
30-year periods.

Future climate scenarios developed by incorporating interpolated pattern 
scaling with the TerraClimate data for the period of 1985–2015. This approach 
superposes the changes in climate means and variability with the observed 
temporal patterns using equation (2) for additive variables.

Zf x; y;m; tð Þ ¼ Zo x;y;m;tð Þ�Zo x;y;mð Þ
σo x;y;mð Þ

 σo x; y;mð Þ þ Δσ x; y;mð Þð Þþ
Zo x; y;mð Þ þ ΔZ x; y;mð Þ

� � ð2Þ

ΔZ x; y;mð Þ ¼ cz x; y;mð Þ ´ΔG ð3Þ

Δσ x; y;mð Þ ¼ cσ x; y;mð Þ ´ΔG ð4Þ

where t indicates each year from 1985 to 2015; Z is the variable of interest; o and 
f represent observed and future time series, respectively; the overbar represents 
30-year averages; and factors ΔZ and Δσ represent changes in mean and standard 
deviation as expressed by multiplying the scaling factors for the mean (cz) and 
standard deviation (cσ), respectively, by the change in G (equations (3) and (4)).

We focus on climate scenarios for global mean temperatures 2 °C and 4 °C 
above preindustrial levels per policy targets. To account for the fact that we use 
climate over the period 1985–2015, we multiplied scaling factors (c) by a factor 
(S) of 1.3 and 3.3 for the 2 °C and 4 °C scenarios given that both observations 
and climate model experiments show that global mean annual temperature 
for the 1985–2015 period was approximately 0.7 °C greater than preindustrial 
levels57,58. Although we utilize multimodel median scaling factors to provide a 
central estimate of future changes, pattern scaling does allow evaluation of model 
spread in scaling factors; for example, the multimodel median land warming 
(averaged across all months) is 1.22 °C per °C of global mean temperature, with an 
interquartile range of 0.1 °C per °C.

The pattern scaling approach is computationally inexpensive and hence can 
be downscaled to a high-spatial resolution. Using this approach, scenarios can 
be developed without having to be explicitly tied to emission scenarios and time 
periods. Rather, the approach is highly flexible in that it allows for interoperability 
between uncertainty inherent in models, emission scenarios and time periods, and 
can be used to explicitly develop climate scenarios targeted to policy-relevant goals 
such as 2 °C and 4 °C above preindustrial levels59.

Water balance models running with 2 °C and 4 °C scenarios use monthly data 
from TerraClimate during 1985–2015 superposed with pattern scaling. We modify 
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reference evapotranspiration using a correction factor that reduces atmospheric 
demand with increased CO2 to account for potential changes in landscape 
evapotranspiration due to rising levels of CO2 (ref. 60). We approximate increases 
in CO2 of 150 ppm and 385 ppm from 1985–2015 baselines, corresponding with 
global mean temperatures of 2 °C and 4 °C above preindustrial, respectively60.

Following the same method as used for the baseline climate, we further 
estimate the monthly mean irrigation surface water consumption originating 
from snowmelt runoff, rainfall runoff and alternative sources under both the 2 °C 
and 4 °C warming scenarios. By comparing the percentage point changes in the 
share of irrigation surface water demand met by snowmelt runoff (Δ snowmelt 
consumption ratio) and alternative sources (Δ alternative water demand ratio) 
between warming scenarios and the baseline for basins with relatively high snow 
dependence (that is, basins in which ≥20% of runoff is snowmelt and basin-
average irrigation surface water consumption ≥0.1 mm yr–1), we identify basins 
that are exposed to changing snowmelt hazards. We calculate a SHI (equation 
(5)) for basins with decreases in their snowmelt consumption ratio (Δ snowmelt 
consumption ratio < 0) and increases in their alternative water demand ratio  
(Δ alternative water demand ratio > 0).

SHI ¼ Δ snowmelt consumption ratio ´
Δ alternative water demand ratio

ð5Þ

Decreasing snowmelt consumption ratio indicates decreases in snowmelt 
runoff during crop-growing seasons due to earlier melting and/or decreasing 
magnitude (Fig. 5a, x axis). These basins may or may not suffer from such changes; 
in some basins, rainfall runoff can compensate for the decreasing snowmelt; 
however, in other basins, new alternative sources of water will increasingly be 
required to meet those demands (Fig. 5a, y axis). Alternative sources could 
include further exhausting existing intra-basin storage, expanding intra-basin 
storage, increasing inter-basin transfers, desalination, and increasing groundwater 
extraction beyond current levels.

We additionally evaluate the potential availability of reservoir storage 
and groundwater, which affect the vulnerability of each basin. We develop a 
Reservoir Storage Index (RSI; Supplementary Table 2) by comparing alternative 
water demands to reservoir water storage, where water storage is defined as the 
minimum of annual excess runoff (runoff of snowmelt or rainfall not utilized in a 
given month) and reservoir storage capacity from the Global Reservoir and Dam 
Database v.1.3 (ref. 35). Note in Fig. 5a, RSI is treated as ≫1 for basins without 
recorded reservoir capacity while requiring alternative demand. We also evaluate 
the feasibility of using groundwater resources to meet future water demands by 
examining the current percentage of irrigation demand supplied by groundwater 
and recharge rates (Supplementary Table 3). The snowmelt hazard index is mapped 
in Fig. 5b to highlight regions most at risk and in need of climate adaptation 
strategies.

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. 2–5 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 Fig. 1 | Share of annual average irrigation surface water consumption 1985–2015 met by different sources. Share of annual average 
irrigation surface water consumption 1985–2015 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.
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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 1985–2015. Crops are ordered by their annual 
total irrigation surface water consumption, with higher total consumption to the right.
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Extended Data Fig. 3 | Changes in irrigation surface water from snowmelt and alternative sources under 2 °C warming for snow-dependent basins. 
Details of this figure are identical to Fig. 5, except displayed for 2 °C warming.
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