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Abstract8

Irrigation water lost through evapotranspiration is redistributed globally: phys-9

ically, via atmospheric moisture transport and downwind precipitation, and10

virtually, embedded in traded crops. These pathways have traditionally been11

studied independently, leaving it unclear whether irrigation-induced atmospheric12

recycling compensates for or amplifies irrigation water use for food production13

and trade. By coupling agro-hydrological modeling of 148 crops with country-14

to-country atmospheric moisture transport and international trade data, we find15

that 72% of irrigation-induced evapotranspiration returns to land as precipitation16

(the remainder being lost to oceans), with 45% crossing national borders through17

the atmosphere, more than three times the volume redistributed through vir-18

tual water trade. Rather than offsetting trade-based dependencies, atmospheric19

transfers largely reinforce them: 73% of countries hold the same role in both20

networks, as net donors or net recipients. Water dependencies between countries21

therefore extend beyond trade to the atmosphere, an externality that current22

water governance and food security assessments fail to capture.23

Keywords: irrigation-induced precipitation recycling, virtual water trade, water24

footprint, transboundary networks25

Global food demand and increasingly affluent societies have made the food system the26

major forcing shaping hydrological pressures [1, 2]: irrigated land, about 20% of global27

cropland, supplies about 40% of global agricultural output, while agriculture accounts28

for 72% of global freshwater withdrawals [3]. About half of the water withdrawn for29

agriculture (blue water) returns to the atmosphere through evapotranspiration, the30
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remainder flowing back to rivers and aquifers via return flow and deep percolation [4].31

The evaporated moisture can travel long distances before precipitating [5], sustain-32

ing rainfed production as green water flow [6]. This atmospheric recycling via the33

evaporation-precipitation cycle on land is substantial: total land evapotranspiration34

(including the contribution from irrigation) contributes 40–45% of global terrestrial35

precipitation [7, 8]. Irrigation-induced evapotranspiration volume, also referred to as36

irrigation consumptive water use [4], corresponds to the blue water footprint (WFb) of37

agricultural production. Through trade, the WFb is virtually transferred to consump-38

tion regions [9], generating a blue virtual water trade (VWT) that links production to39

consumption [10]. This is fundamental since about one-quarter of globally produced40

food calories are traded internationally [11], and the volume of traded agricultural41

goods has more than doubled over the past three decades [12].42

So far, two parallel bodies of literature have explored the hydrological impli-43

cations of irrigation-induced evapotranspiration. The first one examines how VWT44

redistributes irrigation water use across countries, together with the associated water45

savings, pressure, and stress [13–17]. The second one follows irrigation-induced evap-46

otranspiration through the atmosphere, tracing where it precipitates and how it feeds47

back on climate, from local to global scales [18–22]. Despite some studies proposing48

the integration of atmospheric recycling into basin-scale water-use assessment [23–25],49

these two fields have evolved largely independently. As a result, we lack an integrated50

picture of how irrigation water used for agricultural production is redistributed among51

countries, both both physically and economically.52

It therefore remains unclear whether atmospheric recycling offsets or reinforces the53

water dependencies created by trade of irrigated agricultural production. Recent54

work has begun to connect atmospheric moisture flows with trade: Pranindita et al.55

[26] traced moisture from forests transpiration to precipitation over crop production56

and, subsequently, exports, showing that crop producers, exporters and importers57

all depend on upwind forested countries; Fahrlander et al. [27] coupled total, rather58

than irrigation-specific, atmospheric moisture flow from land and virtual water trade59

networks through a triadic feed-forward framework, identifying critical moisture-to-60

trade mediator countries and a wealth-related asymmetry in nations’ net position.61

Both studies trace dependencies that chain atmospheric and trade links across several62

countries, but neither isolates irrigation, the component of evapotranspiration that is63

directly managed through infrastructures. The direct balance between the irrigation64

water that each country exchanges through the atmosphere and through trade there-65

fore remains unknown. Here we quantify this balance for 162 countries by coupling66

agro-hydrological modeling of 148 crops with bilateral atmospheric moisture transport67

and international trade data.68

Specifically, we assess (i) how much irrigation-induced evapotranspiration returns69

to land as downwind precipitation, highlighting the crossing of national borders, (ii)70

the extent to which these atmospheric transfers offset each country’s consumptive71

water use for irrigated agriculture, and (iii) whether atmospheric flows reinforce or72

attenuate the net exporter and net importer roles that countries hold in VWT.73
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We use the waterCROP model [28] to estimate blue water demand for 148 crops,74

integrate VWT data from the CWASI database [29, 30] to link production to consump-75

tion countries, and combine these with cross-border atmospheric moisture connections76

from the RECON dataset [31]—a cell-scale atmospheric moisture connection dataset77

based on the Lagrangian tracking model UTrack [32, 33] and constrained by ERA578

reanalysis to ensure consistency in the annual hydrological balance [34].79

We find that most irrigation-induced evapotranspiration returns to land as pre-80

cipitation, and that the atmosphere moves roughly three times more irrigation water81

across national borders than crop trade does. Rather than offsetting the dependencies82

created by trade, these atmospheric transfers largely reinforce them, as most countries83

hold the same net donor or recipient role in both networks. Beyond mapping these84

transboundary links, we assess how far the irrigation water a country exports through85

the atmosphere offsets blue consumptive water use elsewhere. Together, these results86

show that water-use accounting and VWT analyses alone miss a substantial share of87

the transboundary externalities of irrigated agriculture.88

1 Main89

1.1 The atmosphere moves more irrigation water across90

borders than trade91

Globally, irrigation-induced evapotranspiration amounts to 1,052 km3 yr−1, compara-92

ble to the annual discharge of the Yangtze River, from 3.6 million km2 of irrigated land,93

an area similar to that of India. Of this volume, 72% (752 km3 yr−1) returns to land94

as precipitation, peaking in India, Bhutan, Nepal and Bangladesh (44–154 mm yr−1);95

and the remaining 28% (299 km3 yr−1) precipitates over the oceans (Figs. 1, Extended96

Data 1).97

The irrigation-induced evaporation recycling is higher than the typical global land98

evaporation recycling, [7, 31, 33], consistent with the concentration of irrigated land99

in continental interiors and downwind of large land masses, particularly in South and100

Central Asia, where evaporated moisture is more likely to precipitate over land before101

reaching the ocean.102

However, about 30% of countries exceed 50% loss to the oceans (e.g., >90% in103

New Zealand and Costa Rica, 83% in Japan, and 69% in Australia; Fig. Extended104

Data 1), whereas domestic irrigation recycling (DIR) exceeds 50% only in a handful105

of countries (Fig.Extended Data 2).106

Among the four countries with the largest use of irrigation water (or blue water107

footprint, WFb), only China recycles domestically more than half of its irrigation108

(58%), whereas the USA, India, and Pakistan recycle 37%, 29%, and 18.5%, respec-109

tively, and therefore send most of their irrigation-induced moisture abroad or over the110

oceans (Fig. 1).111

About 45% of global irrigation-induced evapotranspiration (476 km3 yr−1) crosses112

national borders through the atmosphere (contributing around 10% of total land-113

generated precipitation for several countries, Fig.Extended Data 4), more than three114

times the 13% (134 km3 yr−1) embedded in internationally traded crops (i.e., the blue115

VWT).116
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The USA, India, and Pakistan are, in fact, the next exporters of irrigation-induced117

moisture, together with Egypt and Iran (net exports of 14.5–82 km3 yr−1), followed118

by Uzbekistan, Sudan, Thailand, Spain, and approximately 50 other countries. Con-119

versely, about 60% of the 162 irrigated countries are net atmospheric importers, led120

by China (109 km3 yr−1) and Russia (49 km3 yr−1).121

How irrigation water is partitioned among these transboundary pathways varies122

widely between countries. Taken together, both networks originate from sourcing clus-123

ters, but they differ in structure. As shown in Fig.1), the atmospheric network is dense124

and regional, shaped by the locations of irrigated areas, concentrated in South and125

Central Asia, the Mediterranean, the Arabian Peninsula, and North America. The vir-126

tual water network, shaped by both irrigation equipment and socioeconomic ties, is127

sparser and reaches farther, connecting countries up to tens of thousands of kilometers128

apart.129

This analysis shows how these two networks can reveal transboundary links that130

remain hidden in trade-based accounting. Egypt, for example, is the third-largest net131

atmospheric exporter: it exports irrigation-induced moisture equivalent to 34 mm yr−1
132

over its territory, nearly twice its total annual precipitation (18 mm yr−1), yet receives133

only 0.1% of this volume back as irrigation-induced precipitation from other countries134

and about 4% as blue virtual water imports. Much of this moisture instead reaches sub-135

Saharan Africa: Egyptian irrigation supplies 47% of the cross-border irrigation-induced136

precipitation received by Ethiopia and 42% of that received by Nigeria. The link with137

Ethiopia runs opposite to the Nile, whose upstream flow sustains Egyptian irrigation,138

adding an atmospheric dimension to one of the most contested transboundary water139

relationships.140

1.2 Irrigated areas drive blue water redistribution to different141

beneficiaries through the atmosphere and trade142

Irrigation water can leave a country in two ways: as moisture that precipitates in143

another country and as virtual water embedded in exported crops. A country that144

transfers water to the same partner through both pathways gives up both the water145

and the crops produced with it, while earning revenue from their sale (amplifying146

transfer). When the two flows run in opposite directions, water sent through one path-147

way is partly returned through the other (attenuating transfer). To assess which case148

prevails, we compare the structure of the two networks and their dominant countries,149

then examine the direction of bilateral flows and the distances over which they are150

comparable in magnitude (Fig. 2).151

Both networks show a strong in–out strength asymmetry: the top 30 sources of152

irrigation-induced moisture account for 92% of cross-border atmospheric transport,153

and the top 30 blue virtual water exporters for 90% of global exports (Fig. 2a,b).154

Imports are more evenly distributed, particularly in trade, where the top 30 importers155

account for 67% of the total (86% in the atmospheric network).156

Few countries act in series between the two networks, receiving irrigation water157

through the atmosphere and passing it on through trade: only 13 countries appear158

among both the top 30 atmospheric importers and the top 30 blue virtual water159
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exporters, together receiving 52% of cross-border irrigation-induced precipitation and160

supplying 64% of global exports.161

India dominates the atmospheric network, exporting 130 km3 yr−1 of irrigation-162

induced moisture (27% of the global cross-border volume), more than half of which163

reaches China (Fig. 2a). The USA dominates trade instead: it is the largest blue virtual164

water exporter (24 km3 yr−1, 18% of the global volume), supplying 197 countries, yet165

even its largest link, USA→China (4.2 km3 yr−1), is an order of magnitude smaller166

than the flows received by the RoW (39 km3 yr−1, 29% of global trade), the largest167

destination of the network (Fig. 2b). China is in fact the main importer in both168

networks, receiving a total of 129 km3 yr−1 of irrigation-induced precipitation and169

13 km3 yr−1 of blue virtual water. Pakistan is the second-largest source of irrigation-170

induced moisture (63 km3 yr−1) and the third-largest blue virtual water exporter171

(15 km3 yr−1), after the USA and India (21 km3 yr−1).172

Major irrigating countries indeed move up from the atmospheric import to the173

trade export ranking (solid lines in Fig. 2): the USA (from 21st to 1st), Thailand174

(23rd to 5th), Turkmenistan (29th to 14th), Uzbekistan (22nd to 13th), Pakistan175

(9th to 3rd), and Iran (13th to 9th). Conversely, large recipients of irrigation-induced176

precipitation move down (dotted lines): China drops from 1st to 26th, exporting only177

0.9 km3 yr−1 of blue virtual water (less than 1% of its WFb), followed by Afghanistan178

(11th to 25th) and Kazakhstan (7th to 18th).179

These shifts reflect how bilateral links may relate in the two networks. Of the180

roughly 300 links that carry 90% of cross-border atmospheric transport and 70% of181

blue virtual water trade, 75 transfer water in the same directions in the two networks.182

These amplifying links carry half of atmospheric moisture and 26% of virtual water183

trade. Only 38 links are reciprocal, with blue virtual water flowing back to the country184

where the irrigation-induced moisture originated, and they carry 14% of atmospheric185

transport and 18% of virtual water trade. Amplifying transfers therefore move more186

than three times as much atmospheric volume as attenuating ones.187

This dominance reflects the geography of irrigation. The largest irrigated regions,188

particularly in South Asia, lie upwind of populous neighbors that also import their189

crops, so the same partners receive irrigation water both as precipitation and as190

food. For these importers, dependence on the exporting country is compounded rather191

than diversified: a contraction of irrigation in the source country, for example due to192

groundwater depletion or drought, would reduce both pathways at once, and export193

restrictions would remove only one of them.194

Reciprocal links can partly balance these transfers, but only in a few pairs are the195

two flows of similar magnitude. These include neighbors with strong two-way agricul-196

tural trade, such as Mexico and the USA (3.3 and 3.0 km3 yr−1), Bangladesh and India197

(3.8 and 2.2 km3 yr−1), and Brazil and Argentina (0.6 km3 yr−1 in both directions),198

as well as India and more distant partners such as Sudan and Saudi Arabia (0.5–0.9199

km3 yr−1, 3,500–5,200 km apart). In these cases, irrigation water exchanged through200

the atmosphere and trade creates mutual, rather than one-directional, dependence,201

which could provide a basis for bilateral water accounting beyond trade alone.202

Whether these concordant or reciprocal flows can actually balance is further con-203

strained by their size and distance: atmospheric volume concentrates on a few large204
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regional flows, whereas virtual water trade spreads over many smaller links (Fig. 2c;205

Extended Data Fig. Extended Data 5a). Flow-weighted averages are 2,570 km for206

atmospheric flows and 5,490 km for virtual water, and less than 0.1% of the atmo-207

spheric volume travels beyond 10,000 km, against 19% of the blue virtual water volume208

(Fig. 2e; Extended Data Fig. Extended Data 5b). The two flows can potentially bal-209

ance within a country pair only between 3,000 and 6,000 km, in both the concordant210

and reciprocal directions (Extended Data Fig. Extended Data 6). Summed over all211

partners, these bilateral relations determine each country’s net position in the two212

networks, and whether its role is amplified or attenuated from one network to the213

other.214

1.3 Most countries hold the same net role in the atmospheric215

and trade networks216

The bilateral links examined above describe how irrigation water moves between pairs217

of countries. Here we sum these flows over all partners to determine each country’s218

net position in each network, whether it is a net exporter or net importer of irriga-219

tion water, and whether it holds the same role in both (Fig.3). Because concordant220

links dominate, most countries (73%) play the same role in both networks, while the221

remaining 27% switch roles from one network to the other.222

Since irrigated areas are quite concentrated globally, the two networks are par-223

ticularly aligned on the export side: irrigation-induced atmospheric and blue virtual224

water exports are strongly correlated (Pearson’s r = 0.78 on log-transformed volumes,225

and r = 0.71 in mm; Figs. Extended Data 7a and Extended Data 8a). Countries that226

are net exporters in both networks (19%) hold 67% of the global WFb and carry the227

largest volumes, accounting for 74% of cross-border irrigation-induced atmospheric228

exports and 81% of blue virtual water exports: India, Pakistan, Iran, Egypt, and the229

USA occupy the extreme export volumes in both networks (Fig.3b). These countries230

support irrigated production, while others benefit from additional irrigation-induced231

precipitation and irrigation savings from imported food. Overall, most countries (54%)232

are net importers in both networks, with Europe, Sub-Saharan Africa, and East Asia233

dominating. They fall into two groups: wealthy food importers with little irrigation,234

such as Japan, Germany, and the United Kingdom, and large countries downwind of235

major WFb countries, such as China, Russia, and Ethiopia. Both depend on water-236

use decisions elsewhere, and would be affected through both pathways if irrigation237

upwind or in exporting countries declined. The group receives 68% of cross-border238

irrigation-induced precipitation and 54% of blue virtual water imports.239

In role-switching countries (27% of the total), one network partly compensates the240

other, meaning these countries attenuate their role to other countries through either241

the atmospheric (olive down-rightward arrows) or virtual water (purple up-leftward242

arrows) networks.243

Twelve countries fall into the first case, benefiting from precipitation generated244

by irrigation in foreign countries while exporting agricultural products, so part of245

the water received through the atmosphere may indirectly attenuate the irrigation246

needs of blue virtual water trade. These countries are mostly in Latin America and247
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Central Asia (e.g., Argentina, Peru, Bolivia, Kazakhstan, Kyrgyzstan, Tajikistan, and248

Ukraine), key hubs of global food supplies.249

Conversely, the opposite attenuation — where blue virtual water trade buffers250

the atmospheric irrigation-induced water they send to other countries through the251

atmosphere—occurs in 32 countries, mainly water-scarce countries in North Africa and252

West Asia, such as Saudi Arabia and Iraq, which absorb 26% of global blue virtual253

water imports with 9% of the global WFb. Further cases are Bangladesh, Mexico,254

Venezuela, Nigeria, Turkey, and Italy.255

Because atmospheric roles are set by geography and circulation, whereas trade roles256

reflect economic structure and socioeconomic drivers, role switching identifies where257

physical and economic water exchanges can attenuate atmospheric or economic water258

externalities.259

1.4 The magnitude of cross-border irrigation-induced260

precipitation compares with national blue water footprints261

To evaluate the relative impact of cross-border irrigation-induced precipitation flows,262

Fig. 4 normalizes net atmospheric import and export by each country’s WFb, so that263

countries with very different irrigation volumes can be compared: the benefit ratio264

(IAW/WFb), i.e., the irrigation-induced precipitation received from other countries265

relative to the national WFb, and the contribution ratio (EAW/WFb), i.e., the share266

of the national WFb exported to other countries as moisture.267

Normalization shows how large these flows are relative to national blue water use:268

the median country exports as moisture 57% of its WFb and receives from abroad269

irrigation-induced precipitation equivalent to 78% of it. Among the 25 countries with270

the largest WFb, 15 export at least half of their WFb to other countries as moisture.271

The exceptions are represented by countries that emerge as net atmospheric importers272

(Fig. 3), led by China, whose benefit ratio approaches 1 (0.93), mostly owing to precip-273

itation originating in India (Fig. 2), whereas its contribution ratio is only 0.14, given274

its high domestic recycling and loss to the ocean (Figs. Extended Data 2 and Extended275

Data 1). Indonesia and Argentina follow the same pattern with smaller volumes,276

whereas Vietnam, Afghanistan and Kazakhstan export a large share of theirWFb (con-277

tribution ratios of 0.42–0.81) but receive even more irrigation-induced precipitation278

from neighboring countries.279

On the receiving side, 46% of irrigated countries receive from foreign irrigation at280

least as much water as they consume for their own irrigated production asWFb (benefit281

ratio ≥ 1). Together, they receive 42% of cross-border irrigation-induced precipitation282

while holding only 4% of globalWFb. Thirteen of them have aWFb above 1 km3 yr−1,283

with remarkable examples of Tajikistan, one of the largest recipients of irrigation-284

induced precipitation (Fig. 1), Ukraine and Kazakhstan, which are net blue virtual285

water exporters, and France, a net importer in both networks. The most extreme286

values (≫10) mostly occur in countries that combine a small WFb with a substantial287

contribution from regional irrigation-induced precipitation recycling (Fig. Extended288

Data 9).289

This analysis shows that irrigation-induced precipitation contributes to agricul-290

ture not only domestically but also across borders, and its magnitude compares with291
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national blue water footprints for several countries. This mechanism is particularly292

relevant when considered alongside water scarcity metrics and the socio-economic293

opportunity cost of trade.294

2 Discussion295

Over the past two decades, virtual water research has reconceptualized the global296

water cycle by accounting for the water embedded in traded crops [10], introducing a297

global dimension to water governance [35]: trade can relieve water-scarce importers298

[9], but often burdens developing exporters facing economic or physical water scarcity299

[14, 15, 17]. Evidence on its dynamics [36], hydrological impacts [13, 14, 16], and300

socio-economic drivers [37–39] now informs trade, agricultural policies, and global301

water risk assessments [14, 15, 17].302

This study shows that atmospheric recycling of irrigation-induced evapotranspira-303

tion is another key component for capturing socio-hydrological relationships between304

countries. Transboundary lake and river basins account for an estimated 60% of global305

freshwater flow [40]; similarly, 45% of the globalWFb crosses national borders through306

the atmosphere, more than three times the share redistributed through international307

trade (13%) (Figs. 1 and 2).308

Despite irrigation being highly concentrated—42 countries account for 95% of the309

global WFb, and the four largest for 60%—irrigated countries can play heterogeneous310

roles in redistributing water across countries. One in five countries exports irrigation311

water through both pathways, as irrigation-induced moisture and as traded irrigated312

crops; together, these countries account for 67% of globalWFb. Their irrigation there-313

fore affects most countries (54%), which import through both pathways, through both314

rainfall and imported food. The remaining 27% of countries are net exporters in one315

network and net importers in the other, so that a net outflow through one is partly316

offset by a net inflow through the other. For example, water-scarce countries export317

moisture but import virtual water, whereas food exporters export virtual water but318

receive irrigation-induced precipitation. Normalizing by national WFb further reveals319

a mismatch between where irrigation water is consumed and where its atmospheric320

benefits accrue: most countries (61%) receive more irrigation-induced precipitation321

than they export, yet hold only 23% of globalWFb, whereas the few net exporters con-322

sume the remaining 77%, bearing the water use that sustains precipitation elsewhere.323

Because atmospheric and trade flows are most comparable between countries 3,000–324

6,000 km apart (Fig. Extended Data 6), this mismatch is most likely to be rebalanced325

at the regional to continental scale, where cooperation between neighboring countries326

can account for both pathways.327

Because different drivers shape how the two networks propagate water flows, they328

offer different levers to modify a country’s net compounded balance. The net atmo-329

spheric exchange depends mainly on where irrigation is located, since the siting of330

irrigated areas relative to prevailing winds and downwind land determines how much331

moisture is exported, recycled domestically, or lost to the ocean. Net virtual water332

exchange depends on the socioeconomic drivers of trade, including distance [37], which333

shape both trade partners and the amount of blue water embedded in traded crops.334
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Although governance frameworks for green water are still in development [41, 42],335

compound metrics that combine socioeconomic trade facilitators with atmospheric336

moisture recycling could support decision-making from global to local scales, partic-337

ularly cooperation between neighboring countries. Future work could test whether338

economic ties, such as trade agreements or shared borders, modulate attenuation339

across distance classes and whether similar patterns hold for terrestrial transboundary340

flows [43], and could extend the bilateral, irrigation-specific comparison introduced341

here to second-order and cascading connections [26, 27].342

Our estimates rely on irrigated areas for 2015 from MIRCA-OS [44], used to update343

water use estimates originally based on circa-2000 irrigated areas [29, 45, 46], and344

on bilateral trade data in primary-crop equivalents averaged over 2008–2017 [30], for345

consistency with the reanalysis-reconciled annual atmospheric connections available346

for that period [34]. However, as irrigation keeps expanding, with half of its recent347

expansion occurring in already water-stressed regions [47], and as water scarcity deep-348

ens in major producing countries [48], extending this framework to updated irrigated349

areas and evolving global trade patterns, as well as to seasonal and sub-national scales350

through coupled land–atmosphere feedbacks, will be essential to track how these exter-351

nalities evolve. This matters because irrigation directly redistributes water among the352

land surface, soil, and atmosphere, strongly controlling regional and global water bal-353

ances [20]; it also alters the surface energy balance [21, 49] and can modify precipitation354

locally and remotely [19, 50].355

Overall, by bringing together the atmospheric and trade-mediated redistribution356

of irrigation water, our results add a new dimension to metrics of transboundary357

water dependence and externalities, and provide a more complete basis for under-358

standing the hydrological and socio-economic implications of irrigation under emerging359

transboundary water constraints [43, 51], for green water security, governance, and360

policy [41, 42, 52], and for identifying opportunities to strengthen cooperation [53].361
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3 Figures362

Fig. 1 Global irrigation-induced atmospheric and virtual water networks over irrigation-
induced precipitation. Atmospheric (solid magenta) and virtual (dotted gold-yellow) water
connections between countries originating from irrigation, with edge size proportional to flow weight.
Edges represent 90% of the cumulative flows in the atmospheric network and 70% in the virtual
network, around 300 connections in each network. The background layer (mm yr−1) represents the
annual precipitation induced by irrigation, including domestic irrigation recycling, normalized to the
receiving country’s area. For each country, the node color shows the net atmospheric import (orange)
or export (purple) from cross-border irrigation, while node size is proportional to domestic irrigation
recycling, i.e., the portion of irrigation-induced evapotranspiration that falls back as precipitation
within the country’s borders.
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Fig. 2 Bilateral irrigation-induced atmospheric and blue virtual water flows. Sankey
diagrams of global irrigation-induced (a) atmospheric and (b) blue virtual water flows between the
top 30 exporters and importers and the rest of the world (RoW), in km3 yr−1. Flows are sorted
in descending order and colored according to the exporting country’s ranking. Lines between the
panels connect each country’s ranking as an atmospheric importer (a) to its ranking as a blue virtual
water exporter (b): solid lines indicate a higher or equal ranking in (b), dotted lines a lower ranking.
(c) Probability density functions of bilateral annual flows between country pairs ij (m3; irrigation-
induced atmospheric water in magenta, blue virtual water in gold). (d) Normalized density (0–1) of
atmospheric AW (i, j) against blue virtual water VW (i, j) for country pairs linked by both networks,
on log scales, with marginal probability density functions; the dashed line is the 1:1 line and r is
Pearson’s correlation coefficient. (e) Cumulative share of cross-border atmospheric (magenta) and
blue virtual water (gold) volumes as a function of the great-circle distance between country centroids.

11



Fig. 3 Amplification and attenuation of countries’ roles between the irrigation-induced
atmospheric and blue virtual water trade networks. (a) Countries are colored according to
their net role in the two networks: light blue, net importers in both (IVW&IAW); brick red, net
exporters in both (EVW&EAW); purple, net importers of blue virtual water but net exporters of
irrigation-induced atmospheric water (IVW&EAW); olive, the reverse (EVW&IAW). (b) Imported
(IV W , IAW ; circles) and exported (EVW , EAW ; triangles) volumes of blue virtual water (x-axis)
and irrigation-induced atmospheric water (y-axis), on log scales. IAW and EAW are cross-border
irrigation-induced precipitation received and moisture exported, both excluding domestic irrigation
recycling; IV W and EVW are blue virtual water imports and exports. For each country, an arrow
connects the import point to the export point: it points upward when the country is a net atmospheric
exporter (EAW > IAW ) and rightward when it is a net virtual water exporter (EVW > IVW ), and
its color follows panel (a). Steeper arrows indicate that exports and imports differ more, in relative
terms, in the atmospheric network than in trade; shallower arrows indicate the opposite (legend, top
left). Only selected countries are labeled and colored; all other countries with both VW and AW
volumes above 106 m3 are shown in light grey.
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Fig. 4 Dumbbell plot of cross-border irrigation-induced benefit and contribution ratios.
The contribution ratio (EAW/WFb) and the benefit ratio (IAW/WFb) (i.e., exported and imported
irrigation-induced atmospheric flow, each normalized by the national WFb of agricultural production).
The plot shows the top 25 countries by WFb of agricultural production with higher EAW and the
top 25 countries by WFb with higher IAW . The vertical line at x = 1 marks the threshold where
EAW or IAW equals the national WFb. IAW excludes domestic moisture recycling. The bars below
show the WFb (km3) for each country on a logarithmic scale.
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4 Methods363

4.1 Country mapping for nomenclatures and order364

We develop a country map reconciling the different nomenclatures used across the365

datasets in this study (i.e., CWASI, FAOSTAT, Natural Earth) to homogenize country366

order and identifiers before the study’s main analyses. Country and ocean bound-367

aries follow the delineations and the fractional mask protocol developed in [54, 55],368

applied throughout this study to assign gridded irrigation, evapotranspiration, and369

atmospheric moisture data to the country scale. All countries with a non-zero WFb370

are retained in the global volumes and in the bilateral matrices. Country-level indi-371

cators (roles, ratios, medians and shares) are computed for countries with WFb ≥372

106 m3 yr−1, since ratios normalized by very small WFb values—totaling 0.003 km3–373

(Antigua and Barbuda, Liberia, Ireland, Trinidad and Tobago, Hong Kong, Estonia,374

Barbados, São Tomé and Pŕıncipe, Saint Kitts and Nevis, Luxembourg, Macao, Saint375

Lucia) are dominated by the resolution of the input data; Puerto Rico, which has no376

bilateral trade record of food trade, is also excluded, leaving 162 irrigated countries in377

both networks.378

4.2 Crop-specific irrigation-induced evapotranspiration volume379

Actual irrigated areas are sourced from the up-to-date, crop-specific irrigation dataset380

MIRCA-OS [44], built from national and sub-national census and statistical data for381

the year 2015. MIRCA-OS updates and refines the widely used MIRCA2000 base-382

line [45], centered on 1996–2005; validated against independent census and gridded383

products, it shows good overall spatial agreement with MIRCA2000, particularly384

across core breadbasket regions, with the largest differences attributable to the more385

refined, higher-resolution harvested-area statistics now available for underrepresented386

regions and crops [44]. All gridded crop data (23 crop classes, equivalent to the 26387

classes of the original MIRCA2000 dataset [45]) are provided at 0.5° resolution and388

are summed and masked to the country scale as described above. Because irrigation389

occurs only on land, in coastal cells the fractional country weights are rescaled by390

their sum over the countries present in the cell, so that no irrigated area is attributed391

to the sea; the same rule is applied to MIRCA2000 and MIRCA-OS before computing392

the ratio in Eq. 1.393

To evaluate crop-specific irrigation-induced evapotranspiration, we refer to the blue394

crop water footprint of production (CWFb), which measures the amount of water395

required in each country to produce one unit of a primary product (expressed in396

m3 t−1) from surface water and groundwater bodies. The CWFb is the output of the397

agro-hydrological evaluation of crop actual evapotranspiration based on the water-398

CROPmodel [28], coupling a daily soil water balance with FAO-56 crop coefficients [56]399

to simulate irrigation requirements and evapotranspiration for 148 crops at high spa-400

tial resolution (5 arc minutes); the model’s own global sensitivity analysis identifies401

the climate input dataset and the assumed crop calendar as the dominant sources of402

uncertainty, ahead of soil parameters and the effective-precipitation method [28], and403
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waterCROP-derived estimates are directly benchmarked against independent datasets404

[48, 57].405

Temporal variability in CWFb is captured through the fast-track (FT) method [46],406

which uses the WaterStat database [58] to express spatial variation in evapotranspira-407

tion and the ratio of agricultural yields to express its temporal variability, information408

not detailed in WaterStat itself. The FT method keeps actual crop evapotranspira-409

tion implicitly constant at the long-term WaterStat average; this is justified because410

yield already reflects the combined effect of climatic conditions, water availability,411

soil fertility, and agricultural practices, so that temporal yield variations dominate412

the variability of crop water use, while CWFb—being a ratio of evapotranspiration413

to yield, both of which respond with the same sign to hydro-climatic fluctuations—is414

comparatively less sensitive to these fluctuations than evapotranspiration alone [59].415

Additional detail on the uncertainty of the FT method is given in [29, 46]. For each416

crop c and year t, CWFb is sourced from the updated CWASI database v1.4 built on417

this rationale [30].418

However, the FT approach implemented in CWASI relies on stable, 1996–2005-419

centered irrigated areas from MIRCA2000 [45]. To account for the temporal evolution420

of irrigated areas, we update the underlying irrigated area to 2015 using MIRCA-421

OS [44], following the rescaling approach of [60], where the updated CWF ′
b(i, c, t) is422

obtained by scaling the original CWASI estimate CWFb(i, c, t) by the ratio of MIRCA-423

OS to MIRCA2000 irrigated area in country i,424

CWF ′
b(i, c, t) =

AI,MIRCA-OS(i)

AI,MIRCA2000(i)
· CWFb(i, c, t) [m3 t−1] (1)

This approach may introduce uncertainty; however, it is justified by the rationale of425

holding yields constant across irrigated areas.426

Then, the time-averaged updated blue crop water footprint over the period 2008–427

2017 (Ta = 10 years) is:428

CWF ′
b(i, c) =

1

Ta

Ta
∑

t=1

CWF ′
b(i, c, t) [m3 t−1] (2)

Crop-specific production P (i, c, t) (in metric tons) refers to FAOSTAT [61] and is429

sourced from CWASI v1.4 [30] for country i, crop c, and year t, and its time-averaged430

value is:431

P (i, c) =
1

Ta

Ta
∑

t=1

P (i, c, t) [t] (3)

Finally, the total WFb of production for country i and crop c is:432

WFb(i, c) = CWF ′
b(i, c) · P (i, c) [m3] (4)

and the country-level total, summed over all 148 primary crops, is:433

WFb(i) =
148
∑

c=1

WFb(i, c) [m3] (5)
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WFb(i) represents the actual evapotranspiration volume originating from the irri-434

gation of 148 primary crops (as defined by FAOSTAT [61]) for country i, averaged over435

2008–2017 and accounting for irrigated areas updated to 2015. Our global estimate of436

1,052 km3 yr−1 falls within the range of previous global estimates (882–1,530 km3 yr−1;437

Supplementary Information Table 2).438

4.3 Irrigation-induced bilateral atmospheric moisture matrix439

Atmospheric moisture data are sourced from the RECON dataset [31], an updated,440

reconciled version of the UTrack database [33] generated by the Lagrangian moisture-441

tracking model UTrack [32]. UTrack takes advantage of state-of-the-art climate442

reanalysis data [62] and, by testing several combinations of model assumptions, opti-443

mally generates highly detailed evaporation footprints while avoiding unnecessary444

complexity; nonetheless, model error and assumptions, together with possible dis-445

crepancies in reanalysis data, can lead to inconsistencies that impede an internally446

consistent description of the global hydrological cycle [32, 34, 63]. RECON addresses447

this limitation through a reconciliation framework based on Iterative Proportional448

Fitting (IPF), a rigorous mathematical procedure for refining tracking-model outputs449

that reduces uncertainties from modeling assumptions and data resolution constraints,450

and further pre-processes the ERA5 reanalysis data to correct the existing annual451

imbalance between ERA5 precipitation and evaporation [62]. The resulting reconcili-452

ation ensures that total tracked atmospheric moisture matches total precipitation at453

the sink and total evaporation at the source on an annual basis, in each cell. RECON454

provides global coverage at 0.5° resolution on an annual basis, representing mean con-455

ditions over 2008–2017 [34]; this annual, decade-averaged scale limits the analysis of456

inter- and intra-annual variability in atmospheric moisture connections, but provides457

robust estimates at a manageable data volume (63 GB on disk), reducing computa-458

tional constraints. Cell-scale data are aggregated to the country scale (267 countries459

and 10 ocean geographical units) following the fractional mask protocol described460

above [54, 55], with country- and ocean-scale outputs publicly available.461

Let K denote the set of all destination regions, including countries and oceans, and462

C ⊂ K the set of countries. The total land evaporation of country i, directed to both463

land and ocean, is obtained by summing the total atmospheric flow AWt(i, k) over all464

destination regions k ∈ K:465

EAWt(i) =
∑

k∈K

AWt(i, k) [m3] (6)

Irrigation-induced atmospheric water flows are obtained by considering the contri-466

bution of the WFb of primary crops WFb(i) (Eq. 5) to the total actual evaporation467

from land at the country scale. To do so, a scaling factor α(i) is calculated as the ratio468

of WFb to total land evaporation:469

α(i) =
WFb(i)

EAWt(i)
[−] (7)

The irrigation-induced atmospheric water flow from country i to each destination470

region k, including oceans, is then:471
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AWb(i, k) = α(i) ·AWt(i, k) [m3] (8)

To focus on terrestrial atmospheric connections, we restrict the destinations to472

countries, j ∈ C, and reorder it accordingly to the country mapping defined in subsec-473

tion 4.1: AWb(i, j) is the matrix of irrigation-induced atmospheric moisture flows from474

country i to country j, whose diagonal AWb(i, i) is the domestic irrigation recycling.475

4.4 Irrigation-induced bilateral virtual water trade matrix476

To reconnect producer countries with final destination countries, bilateral country-477

scale origin-to-destination trade data quantify the volumes (in metric tons) of both478

primary and secondary products (expressed as primary equivalent) traded between the479

country of production i and the country of consumption j, covering 255 countries over480

1986–2023 [64]. These declarations are reconciled between exporting and importing481

country pairs ij via the methodology based on [29, 65], and traced from producer to482

final consumer country through the NETFLOW algorithm [66], a nested algorithm483

that processes production vectors and reconciled bilateral trade matrices to trace484

primary crop origins across hierarchical levels of the supply chain, avoiding re-export485

and multi-layer trading issues for both primary and derived products, building on and486

extending the reconstruction tool of [67]. This approach tracks the origin of goods487

through the supply chain, yielding robust estimates of the water embedded in bilateral488

trade and reliable totals of virtual water in final consumption. The reconciled crop-489

specific trade matrix is available for all 148 primary crops considered in this study over490

2008–2017, the same period over which the atmospheric moisture network is averaged491

(see above) [33, 34].492

The crop-specific trade matrix, time-averaged over 2008–2017, is:493

T (i, j, c) =
1

Ta

Ta
∑

t=1

T (i, j, c, t) [tons] (9)

The bilateral matrix of irrigation-induced virtual water (i.e., blue virtual water)494

trade for each crop c, connecting the WFb of production to the final consumption495

country, is obtained by scaling each row i of the trade matrix T (i, j, c) by the cor-496

responding country- and crop-specific water footprint CWF ′
b(i, c), which varies along497

the producer dimension only:498

VWb(i, j, c) = CWF ′
b(i, c) · T (i, j, c) [m3] (10)

where VWb(i, j, c) and T (i, j, c) are the N ×N matrices of irrigation-induced virtual499

water trade and production trade for crop c, with N the total number of countries.500

The resulting production trade matrix aggregated over all crops is:501

T (i, j) =
148
∑

c=1

T (i, j, c) [tons] (11)

and the total blue virtual water trade matrix is:502
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VWb(i, j) =
148
∑

c=1

VWb(i, j, c) [m3] (12)

Also VWb(i, j) is reordered accordingly to the country mapping defined in503

subsection 4.1504

4.5 Country-scale import and export volumes of505

irrigation-induced virtual and atmospheric water506

Total exports and imports of irrigation-induced virtual water, EVW (i) and IV W (i),507

and of atmospheric water, EAW (i) and IAW (i), for country i are obtained as:508

EVW (i) =
∑

j ̸=i

VWb(i, j) and IV W (i) =
∑

j ̸=i

VWb(j, i) [m3] (13)

EAW (i) =
∑

j ̸=i

AWb(i, j) and IAW (i) =
∑

j ̸=i

AWb(j, i) [m3] (14)

To evaluate the intensity of atmospheric import and export as a depth of precipi-509

tation or evaporation, the total atmospheric import IAW (i) is referred to the country510

area A(i), sourced from the most recent FAO country-level land use records [68]:511

iaw(i) =
IAW (i)

A(i)
[mm] (15)

The previous relationship (Eq. 15) assumes that atmospheric water imports are512

distributed uniformly across each country’s area. Clearly, this does not reflect the geo-513

graphical complexity of precipitation patterns, particularly in larger countries, but it514

provides an intuitive representation of the magnitude of irrigation-induced water quan-515

tities transferred between countries. In reality, the local contribution of blue water—as516

irrigation-induced evaporation—to precipitation may vary heterogeneously within a517

country.518

The total atmospheric export EAW (i) is normalized by the irrigated area AI(i) of519

the sourcing country i, yielding the irrigation-induced evapotranspiration depth per520

unit irrigated land:521

eaw(i) =
EAW (i)

AI(i)
[mm] (16)

4.6 Country-scale domestic irrigation recycling522

For each country i, the volume of irrigation-induced evapotranspiration that precipi-523

tates back within the country’s own borders is given by the diagonal of the bilateral524

atmospheric matrix AWb(i, j):525

AWb(i, i) = diag(AWb(i, j)) [m3] (17)

The domestic irrigation recycling DIR(i) is defined as the fraction of the national526

WFb that returns as precipitation within the same country:527
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DIR(i) =
AWb(i, i)

WFb(i)
× 100 [%] (18)

4.7 Countries’ weights in the network528

The country-specific irrigation-induced atmospheric and virtual water weights of each529

country i, waw(i) and wvw(i), are evaluated as the total export and import flow of530

the country, normalized by the total exchange volume of the entire atmospheric and531

virtual network (Fig.Extended Data 10):532

waw(i) =
EAW (i) + IAW (i)
∑

i

∑

j ̸=iAWb(i, j)
× 100 [%] (19)

and:533

wvw(i) =
EVW (i) + IV W (i)
∑

i

∑

j ̸=i VWb(i, j)
× 100 [%] (20)

4.8 Relative contributions to countries’ total WFb of534

agricultural production535

The atmospheric export EAW (i) and import IAW (i) of each country (excluding536

DIR) are normalized by the national WFb of agricultural production WFb(i), yield-537

ing dimensionless fractions that quantify, respectively, the relative contribution of538

irrigation-induced evapotranspiration to moisture exported to other countries, and the539

relative role of irrigation-sourced precipitation received from transboundary sources540

(Fig.4, Fig.Extended Data 9):541

ε(i) =
EAW (i)

WFb(i)
and ψ(i) =

IAW (i)

WFb(i)
[−] (21)

where ε(i) ∈ [0, 1], while ψ(i) > 1 indicates that country i imports more irrigation-542

induced precipitation volume from cross-border countries than its total WFb of543

production. ε(i) is also referred to as the contribution ratio of country i, and ψ(i) as544

the benefit ratio of country i.545

4.9 Geographical analysis of country-scale atmospheric and546

virtual flows547

A geographical coordinate C(i) is assigned to each country, identified by the geometric548

centroid of its territory and expressed as a pair of latitude and longitude coordinates549

[lat(i), lon(i)] in decimal degrees, converted to [ϕ(i), λ(i)] in radians. To ensure consis-550

tency between the virtual water and atmospheric flow networks, geographic centroids551

are used to locate each country i in both the VWb(i, j) and AWb(i, j) networks.552

The great-circle distance between each pair of countries (i, j) is computed via the553

Haversine formula:554
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d(i, j) = 2R arcsin

(
√

sin2
(

ϕ(j)− ϕ(i)

2

)

+ cosϕ(i) cosϕ(j) sin2
(

λ(j)− λ(i)

2

)

)

[km]

(22)
where R = 6371 km is the mean radius of the Earth.555

The flow-weighted average global distance is computed separately for each network,556

excluding domestic flows (i = j):557

d̂AW =

∑

i ̸=j

d(i, j) ·AWb(i, j)

∑

i ̸=j

AWb(i, j)
, d̂VW =

∑

i ̸=j

d(i, j) · VWb(i, j)

∑

i ̸=j

VWb(i, j)
[km] (23)

4.10 Bilateral analysis of country-scale atmospheric and558

virtual flows559

In order to compare flows VWb(i, j) and AWb(i, j), they are normalized to the560

respective global totals:561

VWg =
∑

i,j

VWb(i, j) and AWg =
∑

i,j

AWb(i, j) [m3] (24)

where VWg and AWg denote the global sums of all blue virtual water and atmospheric562

flows, respectively.563

Then, the normalized matrices are:564

vw(i, j) =
VWb(i, j)

VWg

and aw(i, j) =
AWb(i, j)

AWg

[−] (25)

Thus, vw(i, j) and aw(i, j) express the share of irrigation-induced virtual water565

and atmospheric moisture flow, respectively, from country i to country j relative to566

the global total.567

Their ratio over the concordant link ij is computed as:568

r(i, j) =
vw(i, j)

aw(i, j)
(26)

while the ratio over the atmospheric link ij and bilateral virtual water link ji is569

computed as:570

r′(i, j) =
vw(j, i)

aw(i, j)
(27)

4.11 Use of generative AI tools571

The authors acknowledge using Claude (Opus 5.5, accessed in 2026) to refine the572

manuscript structure, review and organize the data, and debug, optimize, and clean573

the code.574
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All AI-generated suggestions were reviewed, revised, and approved by the authors,575

who take full responsibility for the accuracy and integrity of the work. The authors576

reviewed, tested, and revised all AI-generated code, confirming the accuracy and577

reproducibility of the results.578
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Figure Legends609

Figure 1610

Global irrigation-induced atmospheric and blue virtual water networks611

over irrigation-induced precipitation. Atmospheric (solid magenta) and virtual612

(dotted gold-yellow) water connections between countries originating from irrigation,613

with edge size proportional to flow weight. Edges represent 90% of the cumulative flows614

in the atmospheric network and 70% in the virtual network, around 300 connections615

in each network. The background layer (mm yr−1) represents the annual precipitation616

induced by irrigation, including domestic irrigation recycling, normalized to the receiv-617

ing country’s area. For each country, the node color shows the net atmospheric import618

(orange) or export (purple) generated by cross-border irrigation, while node size is619

proportional to domestic irrigation recycling, i.e., the portion of irrigation-induced620

evapotranspiration that falls back as precipitation within the country’s borders.621

Figure 2622

Bilateral irrigation-induced atmospheric and blue virtual water flows.623

Sankey diagrams of global irrigation-induced (a) atmospheric and (b) blue virtual624

water flows between the top 30 exporters and importers and the rest of the world625

(RoW), in km3 yr−1. Flows are sorted in descending order and colored according to the626

exporting country’s ranking. Lines between the panels connect each country’s ranking627

as an atmospheric importer (a) to its ranking as a blue virtual water exporter (b):628

solid lines indicate a higher or equal ranking in (b), dotted lines a lower ranking. (c)629

Probability density functions of bilateral annual flows between country pairs ij (m3;630

irrigation-induced atmospheric water in magenta, blue virtual water in gold). (d) Nor-631

malized density (0–1) of atmospheric AW (i, j) against blue virtual water VW (i, j) for632

country pairs linked by both networks, on log scales, with marginal probability den-633

sity functions; the dashed line is the 1:1 line and r is Pearson’s correlation coefficient.634

(e) Cumulative share of cross-border atmospheric (magenta) and blue virtual water635

(gold) volumes as a function of the great-circle distance between country centroids.636

Figure 3637

Amplification and attenuation of countries’ roles between the irrigation-638

induced atmospheric and blue virtual water trade networks. (a) Countries639

are colored according to their net role in the two networks: light blue, net importers640

in both (IVW&IAW); brick red, net exporters in both (EVW&EAW); purple, net641

importers of blue virtual water but net exporters of irrigation-induced atmospheric642

water (IVW&EAW); olive, the reverse (EVW&IAW). (b) Imported (IV W , IAW ; cir-643

cles) and exported (EVW , EAW ; triangles) volumes of blue virtual water (x-axis) and644

irrigation-induced atmospheric water (y-axis), on log scales. IAW and EAW are cross-645

border irrigation-induced precipitation received and moisture exported, both excluding646

domestic irrigation recycling; IV W and EVW are blue virtual water imports and647

exports. For each country, an arrow connects the import point to the export point:648

it points upward when the country is a net atmospheric exporter (EAW > IAW )649
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and rightward when it is a net virtual water exporter (EVW > IVW ), and its color650

follows panel (a). Steeper arrows indicate that exports and imports differ more, in rel-651

ative terms, in the atmospheric network than in trade; shallower arrows indicate the652

opposite (legend, top left). Only selected countries are labeled and colored; all other653

countries with both VW and AW volumes above 106 m3 are shown in light grey.654

Figure 4655

Dumbbell plot of cross-border irrigation-induced benefit and contribution656

ratios. The contribution ratio (EAW/WFb) and the benefit ratio (IAW/WFb) (i.e.,657

exported and imported irrigation-induced atmospheric flow, each normalized by the658

national WFb of agricultural production). The plot shows the top 25 countries by WFb659

of agricultural production with higher EAW and the top 25 countries by WFb with660

higher IAW . The vertical line at x = 1 marks the threshold where EAW or IAW661

equals the national WFb. IAW excludes domestic moisture recycling. The bars below662

show the WFb (km3) for each country on a logarithmic scale.663
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Extended Data890

Fig. Extended Data 1 Country-scale loss to the ocean, defined as the share of the national WFb

(irrigation-induced evapotranspiration) transported over and precipitating on the ocean rather than
returning as precipitation over land.
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Fig. Extended Data 2 Country-scale domestic irrigation recycling (DIR, Eq. 18), defined as the
share of irrigation-induced evapotranspiration (the WFb of agricultural production) that returns as
precipitation within the country of origin.
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Fig. Extended Data 3 Country-scale (a) harvested irrigated area (ha), derived from the pixel-
level MIRCA-OS dataset for 2015 [44], and (b) WFb of primary crop production, evaluated as an
updated version of the CWASI database [29, 30, 46]. Missing data are shown with a hatched pattern.
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Fig. Extended Data 4 Contribution of foreign irrigation-induced evapotranspiration to the pre-
cipitation falling within each country’s borders, expressed as a percentage of the total precipitation
originating from land evapotranspiration in other countries. Only countries with a contribution of at
least 2% are shown.
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Fig. Extended Data 5 Bilateral analysis of volumes and distances across links of the irrigation-
induced atmospheric and blue virtual water networks. (a) Weighted cumulative density function of
atmospheric (magenta) and virtual (gold) water flows between countries i and j originating from
cross-border irrigated agricultural production. The cumulative frequency is weighted by the bilateral
atmospheric (virtual) water flow between countries i and j. The x-axis is on a log scale. (b) Rela-
tionship between distance (km, x-axis) and the magnitude of the bilateral link (m3, y-axis, log scale).
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Fig. Extended Data 6 The probability density functions are shown for (a) r(i, j), which is calcu-
lated as the ratio of the normalized bilateral flows vw(i, j) and aw(i, j) (see Eq. 26), and (b) r′(i, j),
which is calculated as the ratio of the normalized bilateral flows vw(j, i) and aw(i, j) (see Eq. 27).
The plots also show the mode (green dotted line), mean (magenta dotted line), standard deviation
(blue dotted line), and kurtosis (κ) and skewness (γ) of the distribution. Panels (c) and (d) show
the cumulative density functions of r(i, j) and r′(i, j), respectively, over the total number of bilateral
links, while panels (e) and (f) show the probability density functions by distance classes (colors).
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Fig. Extended Data 7 Scatterplots of country-scale volumes (m3) of (a) exported virtual water
(x-axis) and exported atmospheric water (i.e., irrigation-induced evapotranspiration; y-axis); (b)
imported virtual water (x-axis) and imported atmospheric water (i.e., irrigation-induced precipitation;
y-axis); (c) exported virtual water (x-axis) and imported atmospheric water (y-axis); (d) exported
atmospheric water (x-axis) and imported virtual water (y-axis). Atmospheric water excludes domestic
irrigation recycling. Axes are on a log scale.
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Fig. Extended Data 8 Scatterplots of country-scale precipitation heights (mm) obtained by nor-
malizing volumes by country area. (a) exported virtual water (x-axis) and exported atmospheric water
(i.e., irrigation-induced evapotranspiration; y-axis); (b) imported virtual water (x-axis) and imported
atmospheric water (i.e., irrigation-induced precipitation; y-axis); (c) exported virtual water (x-axis)
and imported atmospheric water (y-axis); (d) exported atmospheric water (x-axis) and imported vir-
tual water (y-axis). Atmospheric water excludes domestic irrigation recycling.
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Fig. Extended Data 9 (a) Map of the net normalized atmospheric balance at the country scale,
(IAW − EAW ) /WFb, i.e., the difference between the benefit and contribution ratios (IAW and
EAW exclude domestic irrigation recycling). Shades of red indicate net atmospheric exporters (val-
ues < 0; the minimum is −1 when the entire WFb is exported), while shades of blue indicate net
atmospheric importers (values > 0); values above 100 are shown in the darkest blue. Countries shown
in Fig. 4 are outlined in black. (b, c) Cumulative distribution functions of (b) the contribution ratio
EAW/WFb and (c) the benefit ratio IAW/WFb (log scale) across the 162 irrigated countries; the
dashed line marks a ratio of 1, where EAW or IAW equals the national WFb.
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Fig. Extended Data 10 Country-scale weight in the (a) atmospheric moisture network and (b)
virtual water network, both supported by irrigation-induced evapotranspiration only (Eqs. 19–20).
Each country’s weight is computed as the sum of its cross-border imports and exports, normalized
by the total volume of transboundary water flows exchanged globally.
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