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Snowmelt risk telecouplings for irrigated 
agriculture

Yue Qin    1  , Chaopeng Hong2, Hongyan Zhao    3, Stefan Siebert    4,5, 
John T. Abatzoglou    6, Laurie S. Huning    7,8, Lindsey L. Sloat9, Sohyun Park10,11, 
Shiyu Li    1, Darla K. Munroe12, Tong Zhu    1, Steven J. Davis    8,13 and 
Nathaniel D. Mueller    14,15 

Climate change is altering the timing and magnitude of snowmelt, which 
may either directly or indirectly via global trade affect agriculture and 
livelihoods dependent on snowmelt. Here, we integrate subannual 
irrigation and snowmelt dynamics and a model of international trade to 
assess the global redistribution of snowmelt dependencies and risks under 
climate change. We estimate that 16% of snowmelt used for irrigation is 
for agricultural products traded globally, of which over 70% is from five 
countries. Globally, we observe a prodigious snowmelt dependence and risk 
diffusion, with particularly evident importing of products at risk in western 
Europe. In Germany and the UK, local fraction of surface-water-irrigated 
agriculture supply exposed to snowmelt risks could increase from negligible 
to 16% and 10%, respectively, under a 2 °C warming. Our results reveal the 
trade-exposure of agricultural supplies, highlighting regions and crops 
whose consumption may be vulnerable to changing snowmelt even if their 
domestic production is not.

Snowpack acts as an important natural reservoir that can provide 
seasonal water resources during crop growing seasons1,2. Climate 
change, however, has already begun to alter global patterns of snow-
fall, causing earlier melting and contributing to decreasing magni-
tude of snowmelt runoff in the long run3–6. Although such changes 
in snowmelt-derived water resources are often cited as a key threat 
to irrigated agriculture and global food security7–11, only a few recent 
studies have effectively analysed such risks by reconciling snowpack 
and irrigation water demand dynamics12–16. Even fewer efforts have 
been taken to characterize such risks at the global scale with subannual 
temporal resolutions14–16.

Changing snowmelt will not only pose threats to local irrigated 
agricultural production that historically depends on such seasonal 
water resources13,16 but may also threaten global food security through 
international trade. Earlier studies have extensively evaluated global 
virtual water transfer embodied in agricultural trade17–28, with a pri-
mary focus on annual total blue water and green water savings and/or 
losses18–21. A few recent studies started exploring the linkages between 
agricultural trade and other important water-related risks, such as 
regional water scarcity24,25, grey water-associated pollution17,26,27, 
groundwater depletion22 and unsustainable virtual water flows28. 
However, it remains unclear how international trade could reshape 
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Taking the USA as an example, snowmelt runoff contribution to total 
water demand is generally largest in spring and decreases evidently 
by midsummer. As a result, both rainfall runoff and alternative water 
consumption increase in summer when monthly water demand is the 
largest, while alternative water quickly decreases to a negligible level 
afterwards along with declining irrigation water demand. Despite 
notable differences in the magnitude and seasonality of irrigation 
water demand across selected countries, in almost all cases, countries 
display a dominating annual average contribution from rainfall runoff 
under the baseline climate. In addition, all four countries demonstrate a 
shrinking annual average contribution from snowmelt runoff under 2 °C 
and 4 °C warming scenarios, indicating decreasing snowmelt runoff 
availability in crop growing seasons due to climate change. Neverthe-
less, such decreases may not always lead to increasing demand for 
alternative water supply, as decreases may be partly or fully compen-
sated by increasing rainfall runoff.

Global irrigation flow by water sources
Figure 2 presents agricultural irrigation surface-water consumption 
embodied in trade along the whole global supply chain broken down by 
water sources, with net importers in red and exporters in blue. As shown 
in the snowmelt transfer map (Fig. 2a), net snowmelt exporters mainly 
include South Asia (Pakistan and India), East Asia (China), Argentina 
and the USA, locations that often use a substantial amount of snowmelt 
runoff for irrigated agriculture production. In comparison, net snowmelt 
importers are mainly distributed in Western Europe (Germany, the UK 
and France), the Middle East, Brazil, Canada, Africa and Australia. These 
countries usually either locally consume marginal snowmelt for irrigation 

the exposure of food supplies across the world to changing snowmelt 
under a warming climate.

Here, we build an integrated framework to quantify the interac-
tions among subannual irrigation water demand, snowmelt runoff 
dynamics and international trade of agricultural products. Details of 
our analytical approach are provided in the Methods. In summary, we 
characterize the spatial pattern of irrigation snowmelt runoff transfer 
embodied in international trade throughout the whole global supply 
chain and the resulting telecouplings29 of agricultural snowmelt risks 
due to climate change by integrating irrigation surface-water con-
sumption estimates primarily based on the global crop water model 
(GCWM)30–32, snowmelt and rainfall runoff simulations from the Terra-
Climate database33 and a multiregional input–output (MRIO) model of 
international trade. Using the global MRIO model of trade supported by 
the global trade analysis project (GTAP)34,35, we thus track the irrigation 
snowmelt runoff, rainfall runoff and alternative water flow embodied 
in global trade, as well as the virtual flow of crop-specific production 
exposed to snowmelt risks to illustrate how global trade reshapes 
snowmelt dependence and risks for irrigated agriculture (Methods). 
Our study focuses on surface water and associated irrigated agriculture 
unless otherwise stated.

Source attribution of irrigation surface-water 
consumption
Aggregating water source attributions in each basin, we illustrate the 
monthly breakdown of water sources that meet surface-water demand 
in selected countries which experience substantial irrigation snow-
melt flow embodied in trade (Fig. 1 and Extended Data Figs. 1 and 2). 
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Fig. 1 | GTAP region-level surface irrigation water demand met by different 
water sources (1985–2015). a–d, Monthly runoff from snowmelt runoff, 
rainfall runoff and alternative water demand for China (a), the USA (b), Pakistan 
(c) and India (d) are shown in stacked bars inside the box, where the shaded 
red, blue and grey bars denote the corresponding contributions from rainfall 

runoff, snowmelt runoff and alternative surface-water sources (for example, 
reservoir storage and interbasin transfer), respectively. Annual average 
percentage contributions from each source are shown in striped bars outside 
the box for the baseline climate (base: 1985–2015), +2 °C and +4 °C warming 
scenarios, respectively.

http://www.nature.com/natureclimatechange


Nature Climate Change | Volume 12 | November 2022 | 1007–1015 1009

Article https://doi.org/10.1038/s41558-022-01509-z

purposes (African countries) or they may depend on snowmelt for local 
production but have both relatively high imports and exports of snow-
melt runoff (for example, Canada). Globally, the top five agricultural 
snowmelt exporters (Pakistan, 26%; China, 14%; the USA, 13%; India,10%; 
and the Rest of Former Soviet Union (RFSU) 8%) together account for 
71% of irrigation snowmelt exports, as well as 76% of production-based 
snowmelt consumption. In comparison, the top five snowmelt importers 
(the USA, China, Germany, the UK and Japan) only make up 32% of global 
total imports, with the remaining imports widely distributed across the 
rest of the world. Although snowmelt runoff consumption for irrigated 
agriculture production is primarily concentrated in a few regions, almost 
the entire rest-of-the-world indirectly consumes snowmelt via interna-
tional trade (Supplementary Fig. 1).

Rainfall runoff (Fig. 2b and Supplementary Fig. 2) and alternative 
water flow (Fig. 2c and Supplementary Fig. 3) demonstrate notably 
different spatial patterns and considerably larger magnitudes than 
snowmelt runoff. For instance, Asian countries, Australia and South 
America are primary net rainfall exporters, whereas net importers 
are concentrated in North America, Middle East, Africa and Europe. 
Net alternative water importers are predominantly located in China, 
Russia, North America, western Europe, Africa and Australia, with 
Southeast Asia and Central Asia being major net exporters. Global 
total surface irrigation flow (Fig. 2d) represents net combinations of 
snowmelt, rainfall and alternative water transfer and mostly resembles 
the spatial pattern of its largest component—rainfall runoff.

The largest interregional fluxes of varying water sources highlight 
a similar dominating feature along the global supply chain—the exports 
of surface-water embodied in trade from Asian countries (India, Paki-
stan and China) to US consumers (Fig. 2). For instance, Pakistan alone 
exports 405, 645 and 223 million m3 of irrigation snowmelt, rainfall and 
alternative water to the USA via trade. Global maximum interregional 
flows of rainfall runoff and alternative water are roughly 3.1 and 1.7 

times that of snowmelt runoff. Despite the dominating US imports of 
different sources of interregional surface fluxes, the USA also exports 
considerable surface runoff and alternative water via diverse channels 
at individually smaller magnitudes, yet the overall total exports can 
be large (Supplementary Figs. 4–6). Therefore, some of the leading 
snowmelt importers are simultaneously leading exporters (the USA 
and China; Supplementary Fig. 4).

Supplementary Figs. 7 and 8 depict the balance of surface irriga-
tion water for the top five net importers and exporters, along with 
details of water sources and crop species accounting for traded surface 
irrigation water. Globally, about 12, 66 and 30 billion cubic metres 
(bcm) of irrigation snowmelt, rainfall and alternative water are embod-
ied in trade, making up, respectively, 16%, 20% and 18% of global sur-
face irrigation water consumption from each water source. Regarding 
snowmelt runoff embodied in trade, paddy rice (25%) and wheat (24%) 
together contribute half of global flow, followed by vegetables, fruits 
and nuts (19%), oil seeds (17%), and other cereal grains (10%).

Pakistan is by far the largest net snowmelt exporter (~3.2 bcm), 
followed by India, RFSU, China and Spain; the primary net snowmelt 
importers are Germany, the UK and Japan. The prodigious imbalance 
in the snowmelt flow of Pakistan and India is due to exports of paddy 
rice (1.7 and 0.3 bcm) and wheat (0.7 and 0.66 bcm). Comparatively 
modest snowmelt imports in Pakistan and India are dominated by 
vegetables and fruits (0.02 and 0.08 bcm). Paddy rice (0.6 bcm) and 
other cereal grains (0.4 bcm), along with wheat (0.39 bcm), make up 
the largest snowmelt exported from China, whereas imported oil seeds 
and paddy rice offset 0.5 and 0.13 bcm, respectively.

Germany is the largest net snowmelt importer, whose snowmelt 
imports (0.56 bcm) exceed that of any country other than the USA 
(1.46 bcm) and China (0.9 bcm), yet the last two are also among the 
top three snowmelt exporters (1.58 and 1.76 bcm exports in the USA 
and China, respectively), hence largely offset their snowmelt imports. 

Snowmelt runo� 

a

405 176

–500

500

–250

250

0

(million m3)

156

645

1,250

–1,500

1,500

–750

750

0

(million m3)
Rainfall runo� 

b

–1,500

1,500

–750

750

0

(million m3)

–2,000

2,000

–1,000

1,000

0

(million m3)

373

336225

181

162

750

741

574 601

579
541

Alternative water 

c

709

668

430
427

385

304

287

271

1,630

1,470
1,270 1,160

1,110 1,030958

940

Total surface runo� 

d

Ex
po

rt
s

Im
po

rt
s

Ex
po

rt
s

Im
po

rt
s

Ex
po

rt
s

Im
po

rt
s

Ex
po

rt
s

Im
po

rt
s

Fig. 2 | Source-specific irrigation surface-water transfer embodied in 
international trade. a–d, GTAP region-level virtual transfer of snowmelt 
runoff (a), rainfall runoff (b) and alternative water (c), as well as their sum (d), 
embodied in international trade throughout the whole global supply chains for 

surface-water-irrigated agriculture. In each panel, arrows depict the top eight 
largest interregional fluxes of respective water transfer. Global trade reshapes 
water source dependence via simultaneously redistributing all three water 
sources. GTAP region base map is modified from ESRI World Countries51.
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The balance of snowmelt trade is similar in Germany, the UK, Japan and 
Saudi Arabia, with substantial snowmelt imports embodied in paddy 
rice, wheat and vegetables, fruits and nuts. Notably, top net snowmelt 
exporters/importers (Pakistan/Germany) are often simultaneously 
among the largest rainfall and alternative water exporters/importers, 
yet China and many less predominant snowmelt traders (Australia) 
can either be net exporters or importers depending on water sources 
examined (Fig. 2 and Supplementary Figs. 4–7).

International trade reshapes water source 
dependence
International trade simultaneously redistributes snowmelt, rainfall 
and alternative water, which consequently reshapes local water source 
dependence for irrigated agriculture. Integrating the share of irrigation 
water demand met by snowmelt runoff, GTAP-level average irrigation 
surface-water demand, together with snowmelt transfer embodied 
in trade, Fig. 3 illustrates snowmelt-dependence maps for irrigated 
agriculture under both production-based and consumption-based 
accounting (Methods). Countries or regions that require substantial 
surface water for irrigation (intensity of shading) and largely rely on 
snowmelt runoff (colours) are particularly snowmelt-dependent. 
As revealed by Fig. 3, global trade results in prodigious diffusion of 

snowmelt-dependence worldwide on consumption-based perspective 
compared to production-based perspective.

Under production-based accounting, roughly 60% of the pop-
ulation (4.3 billion) and gross domestic product (GDP) based on 
purchasing power parity (PPP, ~70 trillion current international $) 
are located in 20% of global GTAP regions that are identified to be 
relatively snowmelt-dependent (defined as obtaining >5% of annual 
total irrigation surface water from snowmelt runoff and consuming 
>1 mm yr−1 total irrigation surface water; Methods). In comparison, our 
consumption-based accounting finds the number of GTAP regions with 
relatively high snowmelt-dependence more than doubled due to their 
imports (from 20% to 53%) and the associated snowmelt-dependent 
population and GDP increased by ~20% (0.8 billion) and ~30% (PPP, 
~20 trillion current international $), thus reaching 71% and 75% of the 
global total, respectively.

In particular, snowmelt-dependence across Africa, northern 
parts of South America and Australia is notably higher when account-
ing for snowmelt imports embodied in trade. In comparison, irri-
gated consumption in Asia (for example, China and India), North 
America and southern parts of South America (for example, Argen-
tina) can become less dependent on snowmelt when accounting for 
trade—primarily due to a disproportionately large share of snowmelt 
runoff exports embodied in trade compared with their respective 
production-based water source dependence (Fig. 3 and Supplemen-
tary Fig. 9). Nevertheless, these regions generally still have the highest 
snowmelt-dependence across the globe under consumption-based 
accounting.

Virtual transfer of irrigated production at risk
Following an earlier definition of basins at risk of snowmelt changes16, 
we estimate crop-specific irrigated production that is exposed to 
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worldwide. GTAP region base map is modified from ESRI World Countries51.
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snowmelt risks (defined for historically snowmelt-dependent agri-
culture, which will experience decreasing snowmelt availability in crop 
growing seasons and simultaneously increasing demand for alterna-
tive water supplies due to climate change; Supplementary Fig. 10). 
Aggregating grid-level production at risk belonging to each GTAP 
region, we obtain GTAP-level crop-specific production at risk (Meth-
ods). We further use our GTAP trade data to track the virtual transfer 
of such crop-specific risks throughout the whole global supply chains 
(Extended Data Figs. 3 and 4) under both warming scenarios.

Similar to the snowmelt runoff flow embodied in trade, irrigated 
agriculture production exposed to snowmelt risks demonstrates an 
obvious diffusion from a few countries mostly concentrated in Asia, 
North America, Chile and Western Europe to the rest of the world. 
Arrows in Fig. 4 represent the largest interregional flow of production 
at risk. The dominant global features under both 2 °C and 4 °C warm-
ing scenarios are exports from the USA to Canada (~1.5 trillion kcal), 
Japan (~1.4 trillion kcal) and Mexico (~1.2 trillion kcal), and exports from 
Spain to Germany (~1.4 trillion kcal), France (~1.3 trillion kcal) and the 
UK (~0.9 trillion kcal). The 4 °C warming scenario also demonstrates 

notable exports from South Asia (Pakistan) to the USA (~1.8 trillion kcal) 
and the UK (~1 trillion kcal) due to increased production at risk in South 
Asia under a warmer climate (Supplementary Figs. 10 and Extended 
Data Figs. 3 and 4).

Figure 5 presents the balance of irrigated agriculture production 
exposed to snowmelt risks for the top five net importers/exporters 
under both 2 °C and 4 °C warming scenarios, along with details of 
countries/regions accounting for traded production at risk. Primary 
net exporters (Spain, the USA, Italy, Pakistan and India) and importers 
(Germany, the UK and Japan) are similar to those for snowmelt runoff, 
particularly for a 4 °C warming (Supplementary Fig. 4). Germany and 
the UK display a similar regional attribution of production at risk, with 
substantial imports from Spain and Italy, as well as from Pakistan and 
the USA under the 4 °C warming. Likewise, Japan and Canada import 
considerable production at risk primarily from the USA. Exports of 
production at risk for net exporters are much more spatially dispersed 
(Fig. 5 and Supplementary Figs. 11 and 12). For instance, Italy and Spain 
mainly outsource their production at risk towards Germany, France, the 
UK, the USA, and many other countries under both warming scenarios, 
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whereas the USA mainly outsources their production at risk to Canada, 
Japan, China, Germany and others. Trading patterns for production at 
risk are more or less similar under the 2 °C and 4 °C warming scenarios, 
though their top net exporters are not identical due to different spatial 
distributions of basins at risk under the two warming scenarios and 

higher overall production at risk under the 4 °C warming scenario 
(Supplementary Fig. 10).

Figure 6a,b illustrate the crop-specific mix of irrigated agricul-
tural production at risk embodied in trade for top five net importers 
and exporters. Despite noticeable regional variations, wheat, maize, 
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Fig. 6 | Crop-specific production at risk for top importers and exporters. 
a,b, Importing and exporting quantity of surface-water-irrigated production 
exposed to snowmelt risks throughout global supply chains for 2 °C (a) and 4 °C (b) 
warming scenarios. c,d, The fraction of local surface-water-irrigated agricultural 

products at risk for the top five net importers and exporters broken down by 
major crop species for 2 °C (c) and 4 °C (d) warming scenarios. Net importing and 
exporting regions are ordered by their respective total traded production at risk, 
with higher net imports to the left and higher net exports to the right in each panel.

http://www.nature.com/natureclimatechange


Nature Climate Change | Volume 12 | November 2022 | 1007–1015 1013

Article https://doi.org/10.1038/s41558-022-01509-z

rice and other annuals are generally those most important products 
via which countries outsource/import production that are exposed 
to snowmelt risks.

International trade redistributes agricultural products exposed to 
snowmelt risks, placing countries or regions at risk that are otherwise 
not susceptible to changing snowmelt runoff for their own domes-
tic production. As shown in Supplementary Fig. 13, there is a global 
dominating pattern of snowmelt risks diffusion, which is particularly 
prodigious across Western Europe, Canada, Russia, Africa and other 
countries. Focusing on top importers and exporters of products at 
risk (Fig. 6), we find that, under the 2 °C (4 °C) warming scenario, the 
fraction of surface-water-irrigated crops exposed to changing snow-
melt could increase from 0% to 16% (19%) in Germany and to 10% (16%) 
in the UK, when factoring in trade. Notable variations across crop 
species exist. For instance, global trade increases the fraction of local 
surface-water-irrigated agricultural products exposed to snowmelt 
risks for grapes, wheat and rice by 43% (43%), 9% (23%) and 8% (16%) 
in Germany and 22% (22%), 7% (27%) and 5% (20%) in the UK under the 
2 °C (4 °C) warming scenario (Fig. 6c,d). In comparison, the major 
snowmelt risks outsourcing occurs in the USA, Spain, Italy, Central 
Asia and other countries. For example, Italy, the USA and Spain could 
reduce their fraction of products at risk by 20% (19%), 18% (15%) and 14% 
(12%), respectively. Under consumption-based accounting, the share 
of irrigated rice and wheat exposed to snowmelt risks in Italy decrease 
by 41% (36%) and 33% (29%) due to a 2 °C (4 °C) warming, respectively. 
Therefore, snowmelt risks importing countries (for example, Germany 
and the UK) become more exposed to changing snowmelt under a 
warming climate due to substantial imports of production at risk, 
yet countries such as Italy, the USA and Spain can partly outsource 
their exposure to climate-induced snowmelt risks via trade, although 
this trade only affects local food supply available for consumption 
and does not enhance local farmers’ economic resilience to potential 
snowmelt risks.

Discussion
Despite increasing recognition of the agricultural risks associated 
with changing snowmelt, the telecouplings of such unique snowmelt 
risks due to international trade have remained unknown. Our study 
builds an integrated framework to couple historical subannual irriga-
tion water demand, snowmelt runoff dynamics and an accounting 
of international trade to reveal the first-order global dimension of 
agricultural snowmelt dependence and risks from changing snowmelt 
under a warming climate.

We identify a global dominating pattern of snowmelt depend-
ence and risk diffusion due to international trade, with notably more 
countries indirectly exposed to changing snowmelt under climate 
change due to their imports of agricultural goods. Like countries that 
are directly exposed to snowmelt risks, these importing countries 
may need to enhance local agricultural resilience either by improving 
local crop yields, switching and diversifying trading partners and/or 
taking demand-side adaptation practices (for example, food loss and 
waste mitigation). International trade does help mitigate the fraction 
of irrigated products at risk in a few risks-outsourcing countries such 
as Italy, the USA and Spain, yet the situation is more dire for some of the 
topmost net exporters of agricultural products at risk, especially under 
the 4 °C warming scenario (Pakistan and India)13. Although exported at 
risk crops are not used for local food supply, their production remains 
financially critical for local farmers’ livelihoods. As a result, countries 
directly facing snowmelt risks are still in critical need of adaptation 
through improving local irrigation efficiency36–38, investing in sustain-
able alternative water supplies39,40 and/or switching crop species41. 
Therefore, worldwide snowmelt risk diffusion will spread the climate 
adaptation needs and is also likely to be conducive to forming wider 
consensus on climate change mitigation, which will play a fundamental 
role in resolving snowmelt risks induced by a warming climate.

Limitations and caveats apply to our study. First, we use a high spa-
tial–temporal resolution TerraClimate database with a water balance 
model to capture the first-order snowmelt runoff dynamics. Despite 
the simplicity, our simulated subannual runoff and snow fraction to 
total water supply generally demonstrate reasonable performance 
across the globe (Supplementary Notes). Second, our model does not 
explicitly simulate glacier dynamics, which would bring increasing 
runoff in the near future (for example, in high mountain Asia)12,13,42, 
yet considerable discharge reductions in a longer period43–46. We thus 
could not capture the short- to medium-term buffer effect in water 
supply from receding glaciers, whereas our estimates of snowmelt 
risks are likely to be conservative in the long run. Third, due to data 
availability, we fix global irrigation land area as that in MIRCA2000 in 
GCWM interannual historical blue water simulation, yet adjustments 
are made on the basis of FAO area equipped with irrigation data (Meth-
ods). Irrigation (as well as planting and harvest seasons) and other water 
demands are held fixed under a warming climate due to competing 
mechanisms and substantial uncertainties around future irrigation 
water consumption (for example, increasing evapotranspiration and 
improved water use efficiency with increasing CO2; ref. 47) and the 
inability to predict future land use changes and farmers’ adaptation 
strategies48. Sensitivity studies are therefore conducted to evaluate the 
implications of changing water consumption under warming scenarios 
(Supplementary Notes and Supplementary Fig. 14). Fourth, estimation 
of source-specific virtual water flows (for example, snowmelt runoff) 
can vary on the basis of methodology, yet the two dominant GTAP and 
FAO-based trading models demonstrate a predominant snowmelt 
dependence and risk diffusion across the globe (Supplementary Figs. 
15–18), as well as evident risks importing across western European 
countries and, to a less extent, in Canada, Africa, Russia and Australia 
(Supplementary Figs. 13 and 18). Finally, we use the latest 2014 GTAP 
trade matrix under warming scenarios, which can be a potential limita-
tion of our study. While predicting how global trading patterns would 
change is beyond the scope of our study, sensitivity analyses show a 
similar share of population and GDP located in snowmelt-dependent 
regions when accounting for socioeconomic changes (Supplementary 
Fig. 19 and Supplementary Notes).

Despite the progress human society has made on improving food 
security over the past two decades, we are not on-track to achieve either 
zero hunger by 2030 or meet global nutrition targets49,50. Entering this 
new decade, improving food system resilience is becoming increasingly 
challenging yet crucial, with daunting challenges such as a changing 
climate redistributing seasonal water sources (snowmelt runoff), 
growing population and unpredictable global crises (COVID-19). Global 
trade transmits climate risks to regions where they did not otherwise 
exist and tends to distribute those risks across more regions. Character-
izing the global telecouplings of climate risks to irrigated agriculture is 
important for understanding how trade both transmits and pools such 
risks. Our findings thus highlight the global implications of the unique 
dynamic risks related to changes in snowmelt, revealing the broader 
stakes of climate adaptation strategies.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41558-022-01509-z.
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Methods
Subannual surface runoff and water demand
We obtain historical average monthly snowmelt runoff and rainfall 
runoff from the TerraClimate global climate and water balance dataset 
(1/24° × 1/24°) integrated with a water balance model for the period 
1985–2015. The current version of TerraClimate’s water balance model 
follows water balance procedures as described in ref. 52. In doing so, 
monthly rainfall and snowmelt in excess of monthly evapotranspira-
tion and soil moisture recharge are considered as surpluses. We also 
conduct sensitivity studies in separating surface and baseflow53 in 
simulating snowmelt and rainfall runoff (Supplementary Fig. 20). Ear-
lier studies have extensively evaluated TerraClimate, demonstrating 
strong validation in comparison to observations16,33. More details of this 
dataset are described in ref. 33. Here, we provide a series of additional 
TerraClimate subannual runoff, snow water equivalent and snow frac-
tion validations, which demonstrate reasonable global performance 
(Supplementary Notes, Supplementary Figs. 21–24 and Supplementary 
Tables 1 and 2). Similar to other global products, TerraClimate acknowl-
edges challenges in resolving precipitation in mountainous regions54, 
although it does not have any systematic over- or under-estimation. 
Historical grid-level snowmelt runoff and rainfall runoff are then aggre-
gated for global basins as used in earlier global studies14,16,55,56 without 
accounting for routing, this can be a potential limitation for large-size 
basins, such as Nile, Mississippi and Niger57.

We further simulate snowmelt and rainfall runoff under two global 
climate warming scenarios (2 °C and 4 °C above pre-industrial global 
mean temperature), using the pattern scaling approach to superpose 
changes in 1985–2015 TerraClimate monthly climate variables (for 
example, temperature and precipitation) together with the water 
balance model. Details of the pattern scaling approach are described 
in ref. 16. Essentially, we acquire multimodel median scaling factors 
for monthly climate variables based on climate projections from 23 
Coupled Model Intercomparison Project Phase 5 climate models for 
two 30-yr periods: pre-industrial period (1850–1879) using the his-
torical forcing and end-of-century period (2070–2099) with the rep-
resentative concentration pathway RCP 8.5 forcing. We thus develop 
future climate scenarios via incorporating the historical TerraClimate 
data (1985–2015) with the multimodel scaling factors. As emphasized 
in ref. 16, computationally inexpensive pattern scaling approach has 
the advantage of being downscaled to global high spatial resolution 
(1/24° × 1/24°) and allows the flexibility for interoperability between 
uncertainty inherent in different emission scenarios, time periods 
and model choices, and can be more directly linked to policy-relevant 
goals such as 2 °C and 4 °C warming scenarios above pre-industrial 
levels. Notably, the scaling approach does retain changes in interan-
nual and seasonal variability in climate change scenarios, which are 
advantageous properties for the analysis in this study. Although we 
use multimodel median scaling factors to provide a central estimate 
of future changes, Supplementary Fig. 25 illustrates model spreads in 
scaling factors for land warming and precipitation. We acknowledge 
potential uncertainties resulting from the spread of different climate 
models and follow-up work to further decompose uncertainty chains 
are needed. Notably, the pattern scaling approach is only used to obtain 
the 2 °C and 4 °C monthly climate variables (for example, temperature 
and precipitation), on the basis of which we further run the water bal-
ance model to simulate snowmelt and rainfall runoff.

Monthly irrigation water consumption (1/12° × 1/12°) for 26 crop 
species during the same period of 1985–2015 are calculated with the 
GCWM based on daily soil water balances58. GCWM estimates irriga-
tion water use on the basis of the Penman–Monteith equation, which 
integrates crop-specific monthly growing areas, cropping calendars, 
together with climate input variables (wind speed, temperature and 
precipitation) at daily time steps59–61. Details of GCWM are described in a 
series of earlier studies58,62. Although GCWM factors in both intra-annual 
and interannual climate variability, it keeps land area constant at the 

MIRCA2000 (monthly irrigated and rainfed crop areas around the year 
2000, 1998–2002) level due to lack of alternative time series data for 
irrigated and rainfed crop areas. To factor in impacts of both climate 
variability and land area changes on irrigation water demand, follow-
ing earlier estimates16,32, we adjust the GCWM-simulated irrigation 
water consumption using the FAOSTAT database, which provides yearly 
country-level data for area equipped with irrigation63. Specifically, we 
first estimate the ratio of area equipped with irrigation in the actual 
year to area equipped for irrigation according to the MIRCA2000 ref-
erence year (1998–2002 average) for each country using the FAO data. 
Then we use this ratio to scale GCWM-simulated yearly irrigation water 
consumption for each grid belonging to each country16,32 (equation (1)). 
Additionally, we quantify monthly crop-specific surface irrigation water 
consumption on the basis of grid-level share of surface water to ground-
water for irrigation purposes32. Monthly non-irrigation water demand is 
extracted from earlier studies at the same spatial resolution to provide 
representative historical industrial and domestic water demand64. We 
apply the same grid-level surface-water fraction for the agriculture sec-
tor to water uses in non-agriculture sectors following an earlier study16.

Irri,c,s =
AEIi,c
AEIref,c

× IrrGCWM,i,c,s (1)

Where Irri,c,s refers to irrigation water consumption for year i, coun-
try c and crop species s; IrrGCWM refers to GCWM-simulated irrigation 
water consumption; and AEIi,c and AEIref,c refer to country-level (c) 
area equipped with irrigation (AEI) for year i and the reference year 
(1998–2002 average) from the FAOSTAT dataset, respectively.

GTAP region-level agricultural snowmelt consumption
As illustrated in Supplementary Fig. 26, aggregating grid-level histori-
cal runoff (1/24° × 1/24°) from TerraClimate (green grids) and historical 
water demand (1/12° × 1/12°) mainly from the GCWM (black grids) to 
the same global major river basins (a modified version of the Simu-
lated Topological Network 30p)14 (for example, basin A), we compare 
basin-level monthly historical runoff (snowmelt and rainfall runoff) 
and monthly total surface-water demand. In this way, we quantify 
crop-specific snowmelt runoff consumption, rainfall runoff consump-
tion and alternative water demand (cross-region transfers and reservoir 
storage) in each month for each basin. When basin-level runoff is above 
total surface-water demand, we calculate monthly total snowmelt runoff 
consumption on the basis of basin total surface-water demand and the 
share of runoff coming from snowmelt. The underlying assumption 
is that snowmelt runoff and rainfall runoff have the same priority in 
meeting irrigation water demand16 and no alternative water demand 
is needed in this case. However, if monthly basin total surface-water 
demand surpasses total surface runoff, all available monthly snowmelt 
and rainfall runoff within the basin will be consumed. Meanwhile, the 
insufficiency is met by alternative surface supplies that can come from 
water storage, cross-region transfer, more groundwater pumping and 
desalination, assuming historical water demand is fully met, although 
alternative water supply may have been attained at high costs16. We then 
quantify monthly crop-specific irrigation snowmelt runoff consump-
tion by monthly total snowmelt runoff consumption and the share of 
corresponding irrigation surface-water demand to total surface-water 
demand, assuming water demands from different sectors have the 
same water allocation priority. Lacking global-scale irrigation supply 
infrastructure information to track the routing of water for irrigation, 
we assume snowmelt and rainfall runoff can generally be used within the 
basin via irrigation supply canals and acknowledge that this may cause 
potential uncertainties. Sensitivity studies are conducted to evaluate 
the potential impacts due to different cross-sector water allocation 
strategies and groundwater fractions (Supplementary Notes and Supple-
mentary Fig. 27). As integrated models that can simultaneously provide 
high spatial–temporal resolution snowmelt runoff and irrigation water 
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demand data are relatively underdeveloped, we bring the TerraClimate 
and GCWM models together. Although these are developed separately, 
the resulting uncertainties are likely to be small as main variables impact-
ing irrigation water requirement are long-term (for example, weeks or 
months) precipitation (in subhumid regions) or temperature (in arid 
regions), which generally have good agreement across different histori-
cal climate input data. Additionally, both TerraClimate and GCWM use 
Climatic Research Unit datasets as a key historical climate input data 
that could further alleviate the resulting inconsistences.

Integrating basin-level, source-specific water consumption esti-
mated above with the spatial distribution of crop-specific surface irriga-
tion water demand within each basin provided by GCWM, we estimate 
grid-level crop-specific snowmelt runoff, rainfall runoff and alternative 
water consumption at the same spatial resolution as crop-specific 
irrigation water demand (Supplementary Fig. 26). Aggregating grids 
belonging to each of the GTAP regions, we thus obtain the consumption 
of snowmelt runoff, rainfall runoff and alternative water at the 141 GTAP 
region level as defined by GTAP v.10 (refs. 34,35; https://www.gtap.agecon.
purdue.edu/databases/regions.aspx?version=10.211). For basins that are 
completely within the targeted GTAP region (Supplementary Fig. 26a),  
all grids within the basin are also within the GTAP region; yet for trans-
boundary basins, we only aggregate source- and crop-specific water 
consumption for grids that are simultaneously within the basin and the 
targeted GTAP region (for example, R), while allocating water consump-
tion in basin A in remaining grids to their respective GTAP regions (for 
example, R2; Supplementary Fig. 26b). Such aggregation will potentially 
cause uncertainties especially for transboundary basins and as earlier 
studies65, we caution the interpretation of results moving along spatial 
scales. Nevertheless, this is based on the best-available data given it is 
global in nature and differences in the spatial resolution between water 
management and trade flow; and we do acknowledge that follow-up 
local/regional studies cannot be substituted for but potentially be 
guided through the integrated framework built in our global analysis. 
We then quantify the 31-yr average (1985–2015) monthly and annual 
average regional total water consumption from three sources under 
both the baseline and the 2 °C and 4 °C warming scenarios (Fig. 1).

In each GTAP region, we calculate snowmelt consumption ratio 
as the share of regional total irrigation surface-water demand met by 
snowmelt runoff, which indicates the snowmelt availability during 
crop growing seasons. We then characterize snowmelt-dependent 
GTAP regions on the basis of earlier snowmelt dependence defini-
tions16: GTAP regions require notable amounts of surface water for 
irrigation (≥1 mm yr−1) and a relatively large portion of surface irriga-
tion water (≥5%) is contributed by snowmelt runoff. We thus identify 
production-based snowmelt dependence for global GTAP regions 
on the basis of where irrigated agriculture is produced (attributing 
water consumption to where agricultural production occurs) (Fig. 3). 
Notably, as we characterize snowmelt dependence on the basis of the 
above two-dimensional standards, thresholds are chosen to identify 
global hotspots where irrigated agriculture is relatively more depend-
ent on snowmelt runoff in comparison to other regions. Here, we keep 
cross-sector water demand under warming scenarios the same as that 
during the historical periods across sectors due to large uncertainties 
in accurately quantifying future global water demand at high spatial–
temporal resolutions. For instance, counteracting mechanisms affect 
irrigation water consumption in opposing directions with increasing 
CO2 (for example, increasing evapotranspiration yet higher water 
use efficiency)47, while location-specific information such as land use 
changes, growing seasons changes and farmers’ adaptation strategies 
(for example, crop switching) are not easily available across the globe48. 
Nevertheless, we conduct sensitivity analyses to evaluate the impacts 
of changing water demand on our characterized snowmelt depend-
ence (Supplementary Fig. 14). Similarly, we evaluate the impacts of 
varying cross-sector water allocation priority setting and changing the 
relative fraction of groundwater consumption on the characterization 

of global snowmelt dependence (Supplementary Fig. 27). In the GTAP 
v.10 regional classification, Yemen is grouped into ‘Rest of Western 
Asia’ together with Iran, which have noticeable differences in snowmelt 
availability. To avoid confusion in interpretation, we separate Yemen 
from the other Rest of Western Asia regions for presentation purposes 
in our maps, assuming that the share of snowmelt consumption in the 
Rest of Western Asia total for Yemen is the same before and after trade.

Irrigated agriculture is exposed to changing snowmelt risks due to 
both decreasing magnitude of snowmelt runoff and earlier snow melt-
ing5,7,9. Repeating the above comparisons for the 2 °C and 4 °C warming 
scenarios, we hence obtain basin-level water consumption from three 
sources under the warming climate. We then identify basins exposed 
to snowmelt risks as those snow-dependent ones which are simultane-
ously subjected to decreases in snowmelt consumption ratio (share 
of surface irrigation demand met by snowmelt runoff) and increases 
in alternative water demand ratio (share of irrigation surface-water 
demand met by alternative water supply) under the 2 °C and 4 °C warm-
ing scenario, respectively (Supplementary Fig. 10), as defined in an 
earlier study16. Alternative water sources can come from interbasin 
water transfer, more groundwater pumping or expanding reservoir 
storage; however, such strategies may have unintended side effects 
resulting from expanding water storage and reservoir reliance66,67, as 
well as unsustainable groundwater use68.

Agricultural production exposed to snowmelt risks
The Food and Agriculture Organization of the United Nations database 
(FAO)63 provides the ‘best-available’ crop-specific (s) country (c) total 
food production (TOT), although with no information about the rela-
tive share of irrigated (IRR) and rainfed (RFD) production and their 
respective spatial distribution within the country. Combined with 
statistics of entity-level crop yields (country, federal state, province 
and so on), GCWM simulates grid-level crop-specific irrigated and 
rainfed agriculture production for 26 crop species at the spatial resolu-
tion of 1/12° × 1/12° (ref. 58). Methodology details are summarized in  
ref. 58. Therefore, by scaling GCWM-simulated grid-level (i) irrigated 
and rainfed production in each country on the basis of FAO statistic 
data for country total production (FAOTOT, c) and applying grid-level 
fraction of groundwater use (GF)31, we obtain grid-level surface- 
water-irrigated agricultural production (GCWMIRR − adj − surf, c, i) that 
makes the best use of available datasets and modelling tools  
(equations (2)–(7)). Coupling our estimates of surface-water-irrigated 
agriculture production with identified basins at risk under climate 
change, we quantify the surface-water-irrigated agricultural produc-
tion exposed to snowmelt risks (that is, production at risk) under  
the 2 °C and 4 °C warming scenarios, respectively (Extended Data  
Figs. 3 and 4).

GCWMTOT, s, c =
n
∑
i=1

(GCWMRFD, s, c, i + GCWMIRR, s, c, i) (2)

SFTOT, s, c = FAOTOT, s, c/GCWMTOT, s, c (3)

GCWMRFD − adj, s, c, i = GCWMRFD, s, c, i × SFTOT, s, c (4)

GCWMIRR − adj, s, c, i = GCWMIRR, s, c, i × SFTOT, s, c (5)

GCWMIRR − adj − ground, s, c, i = GCWMIRR − adj, s, c, i × GFi (6)

GCWMIRR − adj − surf, s, c, i = GCWMIRR − adj, s, c, i × (1 − GFi) (7)

Here, GCWMRFD, s, c, i , GCWMIRR, s, c, i  and GCWMTOT, s, c  refer to 
GCWM-simulated rainfed production (RFD), irrigated production (IRR) 
and the sum of rainfed and irrigated production (TOT) for crop s in 
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country c and grid i. SFTOT, s, c refers to country-level scaling factors 
between FAO statistics and GCWM-simulated country total production 
for crop s in country c. Then we use the scaling factors to estimate 
grid-level FAO-adjusted rainfed (GCWMRFD − adj, s, c, i)  and irri-
gated(GCWMIRR − adj, s, c, i)  production. GFi represents the relative 
fraction of groundwater used for irrigation to total irrigation water in 
grid i, on the basis of which we estimate the fraction of grid-level 
surface-water-irrigated production.

Virtual transfer of snowmelt runoff and production at risk
We use a global MRIO model based on the GTAP v.10 database to obtain 
its latest publicly available multiregion flow matrix for agricultural prod-
ucts in 2014. GCWM simulates irrigation water consumption for global 
crops categorized into 26 crop species. In addition to simulating water 
consumption for 24 individual major crop species, including wheat, rice, 
maize, barley, rye, millet, sorghum, soybeans, sunflower, potatoes, cas-
sava, sugar cane, sugar beets, rapeseed/canola, groundnuts/peanuts, 
pulses, grapes/vine, cotton, managed grassland/pasture, citrus, date 
palm, coffee, cocoa and oil palm, it also simulates over one-hundred 
subcrop species as two aggregated categories: ‘other annuals’ and ‘other 
perennials’. We assume no international trade for grassland accord-
ing to the GTAP v.10 database. Following earlier studies69,70, we thus 
map all crop species to the corresponding eight GTAP agricultural 
products, including wheat, paddy rice, oil seeds, vegetables/fruits/
nuts, sugar cane/beet, plant fibres, other cereal grains and other crops. 
For other perennials and other annuals, which together account for 
~13% of total surface irrigation water consumption, we assume their 
respective subcategory water consumption is proportional to their 
calorie production without better information32. Sensitivity studies 
are conducted to evaluate the associated uncertainty (Supplementary 
Fig. 28). Aggregating crop-specific grid-level water consumption (total 
surface water, snowmelt runoff, rainfall runoff and alternative water) 
to their corresponding GTAP categories, we quantify irrigation water 
transfer embodied in international trade on the basis of the MRIO model. 
The MRIO model, which is capable of tracking the whole supply chain to 
differentiate between intermediate and final consumers (hence tracking 
‘re-exports’), has been widely used in previous studies25,71–75. In the MRIO 
framework, the monetary balance can be represented as
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(8)

where xr is a vector of sectoral specific total outputs in region r; yrs is a 
vector of the finished products consumed in region s but produced in 
region r and Ars is a normalized matrix of intermediate consumption 
coefficients. In matrix form, equation (1) can be simplified as: x = Ax + y.

By solving the equation, we can yield the following equation:

x = (I − A)−1 y (9)

where (I − A)−1 is the Leontief inverse matrix and I is the identity matrix.
Under this MRIO framework, we can calculate region- and 

sector-specific production related to the final consumption activity 
of a given region on the basis of the following equation:

x⋅scom = (I − A)−1 y⋅scom (10)

where y⋅scom = ( y1s… yrs… yns)′ is a vector of sector-specific final consump-
tion in region s, x⋅scom = (x1s…xrs…xns)′ is a vector of sector-specific  

production by region associated with final consumption in region s. 
Thus, the fraction of region- and sector-specific production related to 
consumption in region s ( f⋅scom) can be calculated as:

f⋅scom = x⋅scom./x (11)

Using the above MRIO model, we re-attribute the production of 
different agricultural products throughout the global supply chains to 
regions where related goods are ultimately consumed. By further combin-
ing sector-specific water consumption, we can estimate the virtual trans-
fer of agricultural water consumption, crop-specific surface-water-fed 
production and production exposed to snowmelt risks for each GTAP 
region. Without better information, trade flows are considered similar 
for crops irrigated with groundwater or with surface water.

Accounting for irrigation snowmelt runoff, rainfall runoff, 
alternative water flow embodied in trade, together with total 
surface-water-irrigated agricultural production and production at risk, 
we quantify their respective consumption-based accounting in each 
GTAP region, as well as the resulting telecouplings in snowmelt depend-
ence and snowmelt risks. For instance, we define consumption-based 
GTAP-level snowmelt dependence on the basis of GTAP-level regional 
average irrigation surface-water consumption and the relative share 
of that water contributed by snowmelt runoff, both of which are calcu-
lated on the basis of where final products are consumed (attributing 
water consumption to where final products consumption occurs).

Here, we use the MRIO model supported by the GTAP dataset, which 
distinguishes intermediate and final products and thus track the virtual 
water flow across the whole supply chain. In addition, a physical trade 
flow (PTF) model based on FAOSTAT bilateral trade data, which suffers 
from the truncation error yet has much more detailed crop categories76, 
is also used to estimate the virtual flow to provide a complementary 
perspective77(Supplementary Notes). Notably, the MRIO and PTF models 
are different regarding aims, system boundaries and trading metrics77. 
The MRIO model tracks indirect monetary trade flows all the way to final 
consumption, yet the FAO trade data tracks physical products up to 
where they are physically consumed77,78. Therefore, MRIO analysis is more 
suitable for consumption-based accounting which follows the virtual 
water flow through the whole supply chain to where final consumption 
takes place77,78. Despite differences in the virtual flow of source-specific 
surface irrigation water consumption (for example, snowmelt runoff and 
rainfall runoff), both GTAP and FAOSTAT-based results demonstrate evi-
dent snowmelt dependence and risk diffusion (Fig. 3 and Supplementary 
Figs. 13 and 16–18) and consistent snowmelt risks importing in western 
Europe and other countries (Supplementary Figs. 13 and 18).

Data availability
GTAP is available from: https://www.gtap.agecon.purdue.edu/. GCWM 
outputs are available from: https://www.uni-frankfurt.de/45217988/
Global_Crop_Water_Model__GCWM. TerraClimate data are available 
from: http://www.climatologylab.org/terraclimate.html. FAO data are 
available from: https://www.fao.org/faostat/en/#data. All other data 
that support the findings of this study are available in the main text or 
the supplementary materials. Source data are provided with this paper.

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 figshare79.
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Extended Data Fig. 1 | Source-specific water demand for major countries 
under a 2 °C warming scenario. GTAP region-level surface-water demand 
met by different water sources under the +2 °C warming scenario. Monthly 
runoff from snowmelt runoff, rainfall runoff, and alternative water demand for 

(a) China, (b) U.S., (c) Pakistan, and (d) India are shown in stacked bars inside 
the box, where the shaded red, blue and grey bars denote the corresponding 
contributions from rainfall, snowmelt, and alternative surface-water sources 
(that is, reservoirs storage and interbasin transfer), respectively.
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Extended Data Fig. 2 | Source-specific water demand for major countries 
under a 4 °C warming scenario. GTAP region-level surface-water demand 
met by different water sources under the +4 °C warming scenario. Monthly 
runoff from snowmelt runoff, rainfall runoff, and alternative water demand for 

(a) China, (b) U.S., (c) Pakistan, and (d) India are shown in stacked bars inside 
the box, where the shaded red, blue and grey bars denote the corresponding 
contributions from rainfall, snowmelt, and alternative surface-water sources 
(that is, reservoirs storage and interbasin transfer), respectively.
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Extended Data Fig. 3 | Virtual transfer of agricultural production at risk 
under the 2 °C warming scenario. GTAP-level agricultural production at 
risk under the 2 °C warming scenario and virtual transfer throughout the 
whole global supply chains. GTAP-level (a) surface-water-irrigated agricultural 
products exposed to snowmelt risks under production-based accounting, 

(b) imports of surface-water-irrigated agricultural products at risk embodied 
in trade, (c) exports of surface-water-irrigated agricultural products at risk 
embodied in trade, and (d) surface-water-irrigated agricultural products 
exposed to snowmelt risks under consumption-based accounting.
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Extended Data Fig. 4 | Virtual transfer of agricultural production at risk 
under the 4 °C warming scenario. GTAP-level agricultural production at 
risk under the 4 °C warming scenario and virtual transfer throughout the 
whole global supply chains. GTAP-level (a) surface-water-irrigated agricultural 
products exposed to snowmelt risks under production-based accounting, 

(b) imports of surface-water-irrigated agricultural products at risk embodied 
in trade, (c) exports of surface-water-irrigated agricultural products at risk 
embodied in trade, and (d) surface-water-irrigated agricultural products 
exposed to snowmelt risks under consumption-based accounting.
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