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Abstract31

Atmospheric moisture flows transport ∼ 26, 000km3 of water across national32

boundaries annually, an order of magnitude larger than the ∼ 1, 700km3 of33

virtual water embedded in globally traded crop commodities. These flows are34

interrelated: atmospheric moisture sustains the agricultural production (and35

water use) that drives virtual water trade (VWT). However, the combined water36

dependencies from their interaction remain poorly understood. Here, we couple37

a global country-to-country atmospheric moisture network with a VWT network38

to assess their joint interactions across moisture sources, mediating countries,39

and trade sinks. We find that lower-income countries tend to act as net moisture40

sources while higher-income nations are net sinks of virtual water (r = 0.42, p <41

0.001). A small set of countries, notably Argentina, the USA, and Ukraine, dis-42

proportionately link atmospheric moisture fluxes to agricultural trade, and their43

disruption would propagate losses across the same import-dependent countries.44

These coupled dependencies are increasingly critical for water resilience as cli-45

mate change destabilises the hydrological cycle and geopolitical tensions render46

global supply chains more fragile.47

Keywords: Moisture recycling, VWT, water networks, telecoupling, water security48

Main49

Moisture recycling processes, through which terrestrial evaporation in one region50

contributes to precipitation in another, have increasingly been recognised as impor-51

tant for rainfall-dependent agricultural production and ecosystem function [1–4].52

Around half of all terrestrial precipitation originates from terrestrial evaporation53

[5, 6], making cross-border atmospheric moisture flows (AMF) a critical component of54

regional water availability. Virtual water trade (VWT), in turn, describes the fresh-55

water consumed during production that is then ”virtually” transferred via traded56

commodities to consumption places [7–9]. Both the atmospheric and the virtual57

water flow networks are increasingly impacted by human-induced pressures. AMF58

are directly affected by land-use change and climate change, which alter terrestrial59

evaporation and moisture recycling with consequences for precipitation-dependent60

production in downwind countries [1, 10, 11]. VWT is an entirely human-driven61

redistribution of embedded freshwater in traded commodities [7, 12], and it is altered62

by socio-economic and geopolitical modifications (e.g., trade agreements, prices), and63

by changes in the agricultural practices and water use that modify the embedded64

water content of traded commodities. Because a substantial share of staple crops and65

animal feed is produced in a few breadbasket regions (e.g., Ukraine and Argentina)66

and redistributed through trade, disruptions via drought, irrigation deficits, export67

restrictions, or conflict in exporting regions can propagate across borders [13, 14].68

Export-driven water use can ease pressure in importing regions but also heighten69

international dependence and water stress in source areas [8]. This can undermine70

food security in import-dependent countries [14]. Each network operates across differ-71

ent spatial and temporal scales, governed by different mechanisms of water transport,72
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yet both link distant regions through trans-boundary dependencies. We refer to these73

dependencies as telecoupled moisture–trade pathways, in which atmospheric moisture74

teleconnections shape precipitation-dependent production, and trade transmits that75

dependence to distant consumers.76

77

Recent research has shown that AMF between countries vary systematically78

with geography and climate: small landlocked nations tend to be highly dependent79

on external moisture sources, large countries are often more self-sufficient, and arid80

coastal states rely predominantly on oceanic evaporation [15, 16]. Cross-country AMF81

patterns reveal distinct typologies of interdependence, including bilateral exchange,82

dominant source regions which supply a large share of a downwind region’s precipi-83

tation, cascading flows where moisture successively passes through multiple regions,84

and multilateral exchange networks [15], highlighting the need for a network-based85

systems approach [16]. VWT networks similarly are shaped by geography as well as86

political and economic patterns, including major trade hubs, asymmetric flows, and87

regions vulnerable to disruption [8, 17].88

89

Freshwater distribution is increasingly shaped by telecoupled interactions in which90

biophysical and socio-economic flows connect distant places, such that changes in one91

network can alter exposure in the other [2, 18, 19]. Examining VWT alongside AMF92

in a coupled multilayer network framework offers new insights into how bio-physical93

and socio-economic systems interact to shape global freshwater patterns of redis-94

tribution and interdependence and resulting water resilience [8, 20]. Such network95

approaches have been useful in studying interdependencies and flow arrangements96

in Earth system processes, including characterising continental moisture recycling97

hubs [21, 22] and identifying global teleconnections in extreme-rainfall patterns [23].98

While previous work has examined the effects of VWT on water stocks [24, 25] and99

on broader water-energy-food nexus dynamics [26], research explicitly linking the100

combined network effects of atmospheric moisture and VWT remains limited.101

102

This study aims to investigate the roles of countries in freshwater dependence as103

a function of their position and centrality in the global coupled networks of AMF104

and VWT. This is done by applying complex network analysis to a novel reconciled105

dataset of bilateral AMF [16] and bilateral VWT [27]. Network nodes are represented106

by countries, as they constitute a critical jurisdictional unit for water governance and107

constitute the scale at which flow data are available [15, 28, 29]. By coupling these108

two cross-border freshwater networks (Fig. 1a,b), we identify feed-forward triples of109

the form a → b → c (Fig. 1c): an atmospheric link a → b represents terrestrial110

evaporation in country a contributing to precipitation in country b, while a trade link111

b → c represents virtual-water exports from b to c. Together, these feed-forward paths112

define potential telecouplings in which moisture conditions in a shape consumption113

in c through production, water use, and export in b (see Methods (10)). As such, the114

analysis captures national water interdependencies across three dimensions: we explore115

how countries function as sources of downwind moisture embedded in trade (Fig. 1d),116
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as mediators linking atmospheric moisture to virtual water exports (Fig. 1e), and how117

they depend on distant water sources (Fig. 1f).118

Fig. 1 Coupled atmospheric moisture transport and VWT networks. (a) Atmospheric
moisture network consisting of weighted flows of terrestrial evaporation to precipitation among coun-
tries. (b) VWT network consisting of the volume of water embedded in traded agricultural goods
among countries. (c) Conceptualisation of the feed-forward triples (a → b → c). The connection from
country a to b is the atmospheric flow of water, which evaporates in a and rains down in b. Subse-
quently, the connection from country b to country c is provided by the VWT network, where products
grown in b are traded to c. (d) Illustrative example of a country that acts as a large source in the
network, by supplying moisture to many downwind countries, which use the moisture for agricultural
production and export to many importing countries. (e) Illustrative example of a country’s mediation

capacity, quantified as the volume of VWT structurally attributable to upwind atmospheric moisture
that passes through a single mediator country in the coupled network. (f) Illustrative example of a
country that may have a high exposure based on the network structure, by importing commodities
from several countries that, in turn, receive moisture from many others.
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Results119

Flow strength in the individual networks120

Individually, both networks are highly concentrated in a few countries, yet organised121

according to distinct underlying logics (Fig. 2). Despite transferring considerably less122

water across borders than atmospheric flows (∼ 26, 000 vs ∼ 1, 700km3yr−1), VWT123

is unconstrained by geography and can link producers and consumers across intercon-124

tinental distances. The atmospheric moisture network (Fig. 2a) is dominated by large125

tropical and continental countries, including Brazil, China, the Democratic Republic of126

the Congo (DRC), Russia, the USA, Canada, and Peru, where areal extent, terrestrial127

evaporation, and geographic position determine flow strength, i.e. the volume of water128

transferred between countries along network links. Moisture recycling is geographically129

constrained, operating primarily within regional and continental boundaries shaped by130

atmospheric circulation, resulting in clearly separated regional clusters. The VWT net-131

work (Fig. 2b), by contrast, is globally connected, and reflects commodity flows driven132

by agricultural output and trade capacity. The USA, China, Brazil, Indonesia, and133

Argentina dominate by total flow volume, alongside smaller re-exporting economies134

such as the Netherlands, Germany, Malaysia, and France. The two networks share a135

handful of dominant nodes but diverge considerably beyond them, with countries such136

as the DRC, Peru, and Bolivia providing significant atmospheric moisture sources, yet137

barely contributing to the VWT network.138

Fig. 2 Top 50 countries by total flow strength in the AMF (a) and VWT (b) networks.
Nodes are arranged clockwise in descending order of total flow strength, with width proportional to a
country’s combined incoming and outgoing flow volume. Directed water flows (m3) between country
pairs that are at or above the 90th percentile of flows in each network are shown. Nodes are coloured
by continent.
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Diverging structural roles in the coupled network139

Each country is assigned a structural role in the network, which is determined by140

how its atmospheric moisture contributions compare to the moisture-attributed vir-141

tual water it receives through trade via the coupled atmosphere–trade network. To142

quantify these roles, we extract feed-forward triples (a → b → c) from the tripartite143

network structure shown in Fig. 1. For each triple, the virtual water flow from media-144

tor b to destination c is weighted by the fraction of b’s precipitation originating from145

moisture source a, representing the volume of c’s imports traceable to terrestrial evap-146

oration in a, i.e. moisture-attributed trade flows. Aggregating across all triples yields147

a net position for each country, either as a source of moisture that sustains trade148

elsewhere, or as a sink of trade flows attributable to foreign moisture. We capture149

this by introducing an asymmetry index ranging from −1 to +1, with zero denot-150

ing balanced participation (10). A value of −1 indicates a country functions purely151

as an atmospheric moisture source, contributing moisture to downwind producers152

without receiving any moisture-attributed virtual water through trade, while +1 indi-153

cates structural dependence entirely on third-party atmospheric moisture transmitted154

through producing mediators before reaching the country via trade. Note that the155

analysis traces atmospheric moisture through network topology without quantifying156

how much of the precipitation volumes actually fall on the agricultural areas produc-157

ing export commodities (i.e. we assume equal distribution within the moisture import158

country).159
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Fig. 3 Global patterns of moisture-to-trade asymmetry (a) Global distribution of the asym-
metry index, representing the balance between a country’s role as an atmospheric moisture source
versus its reliance on VWT destinations. Teal regions indicate net moisture exporters (negative val-
ues), while brown regions indicate net moisture importers (positive values). (b) Relationship between
the asymmetry index and economic development (GDP per capita, log scale). Bubbles are sized by
population and coloured by their asymmetry index (matching panel a). Dashed vertical lines demar-
cate World Bank income groups (low (< 1, 015$), lower middle (1, 015$ − 4, 007$), upper middle
(4, 007$ − 12, 371$), and high (> 12, 371$)). (c) Global distribution of the domestic moisture recy-
cling (DMR) ratio, illustrating the fraction of a country’s precipitation that originates from its own
internal evaporation. Country outlines are based on Eurostat GISCO boundaries.

The global asymmetry index (Fig. 3a) reveals a clear spatial pattern in which160

countries are either net sources or net sinks of moisture-attributed virtual water flows,161

spanning from −0.99 (Serbia, Paraguay) to +0.99 (Singapore, Israel), with a global162

median of 0.07. Countries with strongly negative asymmetry, such as DRC, Bolivia,163

Paraguay, and Zambia, exhibit high domestic moisture recycling (DMR) yet import164

relatively low volumes of virtual water such that their atmospheric contribution165

outbalances their virtual water import. In countries with comparably high terrestrial166

moisture recycling but with larger virtual water import volumes, including China,167

the USA, Russia, and Bangladesh, the effect is offset toward symmetry or a net168

importer position. Strongly negative values are concentrated in central Africa, South169

America, and parts of Eastern Europe, while strongly positive values are concentrated170

in East Asia, the Middle East and North Africa, and several trade-intensive Euro-171

pean economies. Arid or densely populated countries with large virtual water import172

volumes, among them Japan, South Korea, Israel, Egypt, and South Africa, record173

the highest asymmetry values (> 0.8), indicating strong dependence on third-party174

atmospheric moisture transmitted through a producing mediator before reaching175
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them via trade.176

177

We further find that a wealth gradient underlies these geographic patterns (Fig.178

3b). Wealthier countries, with few exceptions (e.g., Canada), tend to be net importers179

of moisture-attributed trade flows, while lower-income countries tend to be net180

exporters, as reflected in a positive correlation between GDP per capita and the181

asymmetry index (Pearson r = 0.42, p < 0.001). High-income countries average a net-182

importer position, with 77% on the positive side, while low-income countries average183

a net-exporter position (82%). This suggests a certain directionality in moisture-184

attributed flows, where atmospheric water recycled over lower-income regions tends185

to be embedded in trade flows directed toward wealthier nations. A subset of coun-186

tries, including Bangladesh, Jordan, Tajikistan, and Rwanda, are identified as net187

importers despite low GDP per capita.188

189

Across most countries, DMR (Fig. 3c) is modest (<30%), with a global maximum of190

approximately 40%, indicating that direct atmospheric self-sufficiency is the exception191

rather than the rule. This has direct bearing on the asymmetry patterns above, since192

a country’s DMR sets an upper bound on how much of its atmospheric contribution193

originates from its own land surface, such that even strongly negative asymmetry194

countries remain dependent on foreign or oceanic evaporation for a substantial share195

of their precipitation.196

Uneven global distribution of coupled exposure197

Moisture-to-trade exposure captures a country’s atmospheric moisture reliance that198

occurs upwind of its direct trading partners within the structural assumptions of199

the feed-forward triple framework; flows are traced purely based on the typology of200

the networks. Specifically, it measures the fraction of imported virtual water that201

can be attributed to atmospheric moisture originating from a third-party source202

region before reaching the destination through trade, making it a measure of how203

concentrated and how distant a country’s atmospheric dependencies are. Globally,204

this exposure varies substantially, with a median of 0.20 and a range of 0.01 to 0.46205

(Fig. 4a). A large part of the global network operates with limited redundancy in206

these pathways, with 29 countries reached through a single mediator and 70 through207

five or fewer (Fig. 4b), indicating that for many countries moisture-attributed trade208

flows are concentrated rather than distributed across alternative routes.209

210
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Fig. 4 Structural moisture-to-trade exposure and pathway redundancy. (a) Moisture-
to-trade exposure, defined as the fraction of each country’s total virtual water imports that can
be structurally attributed to atmospheric moisture recycled over a foreign moisture source country,
computed across all feed-forward triples. (b) Mediator redundancy, defined as the number of distinct
mediator countries through which moisture-attributed virtual water flows reach each destination.
Country outlines are based on Eurostat GISCO boundaries.

Japan (0.11), South Korea (0.12), and China (0.13) are among the least exposed211

countries globally (Fig. 4b) while being among the largest net receivers of moisture-212

attributed flows (Fig. 3a), and are supplied by 24 to 41 distinct intermediaries (Fig.213

4a). Several countries in the Middle East and North Africa, including Lebanon214

(0.25), Syria (0.35), and Jordan (0.22), combine moderate exposure (Fig. 4b) with215

low mediator redundancy, supplied by only 5 to 12 mediator pathways (Fig. 4a).216

These countries are simultaneously net receivers of moisture-attributed trade flows217

(Fig. 3a), reliant on third-party atmospheric moisture for a substantial share of their218

imports, and supplied by a limited number of intermediaries. Unlike East Asian net219

receivers whose exposure is distributed, MENA net receivers face exposure that is220

concentrated and supported by few alternative supply routes.221

222

South American countries such as Argentina (0.34), Brazil (0.35), and Uruguay223

(0.41) are among the most exposed countries, despite being net exporters of moisture-224

attributed trade (Fig. 3a). These countries contribute more atmospheric moisture225

to the network than is balanced through trade, yet the virtual water flows directed226

towards them are concentrated to a small number of specific atmospheric sources227

transmitted through few intermediaries (Fig. 3a). Their prominent role as moisture228

source co-occurs with a concentrated exposure to foreign moisture in VWT flows (Fig.229

4b). Kazakhstan and Uzbekistan (0.29 and 0.45) present a similar case. European230

countries are generally near the mean in exposure (0.15 to 0.30) but are well-buffered231

by high mediator redundancy. Germany (55 intermediaries), Italy (45), and the232

United Kingdom (35) are supplied by the most diverse moisture pathway networks.233

234
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Moisture-to-trade flows routed through small set of235

intermediaries236

To assess which countries function as critical mediators in the coupled system, we237

systematically remove each country from its mediator role by severing its incoming238

atmospheric moisture links (· → b) and outgoing trade links (b → ·), and measure the239

resulting change of moisture-attributed flow across all a → b → c triples. The resulting240

knockout volume reflects potential mediation capacity within the network topology.241

We use Sankey diagrams to illustrate which downstream countries receive the highest242

amount of trade-mediated moisture through a set of key mediators (Fig. 5).243

244

Removing individual countries from the coupled moisture-trade network reveals245

pronounced asymmetries in systemic importance quantified by how much water each246

country mediates between atmospheric sources and trade destinations. Mediator247

knock-out effects are strongly skewed, indicating that a small set of producer–exporters248

route a large share of the global moisture-trade-coupling (a → b → c). The largest249

contribution of total flow occurred for Argentina (17%), United States (4.9%),250

Ukraine (4.9%), Belgium (4.8%), Côte d’Ivoire (4.7%), Canada (4.4%), Paraguay251

(3.8%), Kazakhstan (3.5%), Russia (3.5%), Malaysia (3.3%), Germany (3.2%), and252

Brazil (3.1%) (Fig. 5). Argentina is the single most critical mediator, contributing253

47.3 km3 of moisture-attributed VWT across all feed-forward triples, more than254

triple the contribution of the next ranked countries, the United States and Ukraine255

(13.9 km3 and 13.8 km3, respectively).256

257
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Fig. 5 Mediator knock-out effects and moisture-to-trade pathways of key mediator
countries. (a) Total moisture-attributed VWT brokered (m3) by each country in its mediator role in
the coupled network (centre). Darker colours indicate higher mediation capacity, illustrating countries
that act as critical conduits of moisture-attributed VWT. Country outlines are based on Eurostat
GISCO boundaries. (b - g) Selected Sankey diagrams illustrate moisture-to-trade flow pathways
for six countries within the top ten by total mediation capacity: United States (b), Argentina (c),
Ukraine (d), Belgium (e), Côte d’Ivoire (f), and Kazakhstan (g), chosen to represent diverse geo-
graphical regions. Link width is proportional to the share of moisture received (orange) or virtual
water exported (blue). Grey nodes indicate aggregated remaining countries. (h) Annotated guide to
reading the Sankey diagrams.

Critical mediators differ both in the magnitude of redistributed flow and in the258

composition of their moisture sourcing and trade destinations. Key moisture sources259

are geographically-bound, tending to be neighbours of the mediator country (e.g,260

Brazil, Bolivia, and Paraguay supply to Argentina; Russia and Turkey supply to261

Ukraine; Mexico and Canada supply the US). On the destination side, the Nether-262

lands, India, and Italy each appear across at least five of the top mediators, and263
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Belgium, China, France and Japan across four, suggesting that disruptions to any264

major conduit converge on the same set of import-dependent countries, several of265

which also act as re-export hubs supplying commodities further downstream. Medi-266

ation varies considerably across regions: the United States and Malaysia distribute267

trade flows broadly across many destinations, while Côte d’Ivoire draws moisture from268

a geographically concentrated set of West African neighbours yet exports broadly to269

Europe and North America, consistent with its role as a commodity exporter supply-270

ing distant high-income markets. China occupies a dual role, appearing as a moisture271

source for three of the top mediators and a trade destination for five. This reflects272

its simultaneous contribution to continental moisture recycling and its position as a273

dominant importer of embedded water.274

275

Discussion and conclusion276

By considering atmospheric and trade network layers jointly, we show that trade277

disruptions may be driven by transboundary exposure along an atmospheric mois-278

ture–production–trade pathway, meaning that imports depend not only on producing279

countries, but also on the moisture source regions that sustain production in those280

countries. Countries positioned as significant net sources of moisture-attributed flows281

include DRC, Bolivia, Paraguay, and Zambia, whose atmospheric contributions to282

the network outweigh the moisture-attributed virtual water that they import. Con-283

versely, net sinks are concentrated in East Asia, the Middle East and North Africa,284

and trade-intensive European economies. These countries face a potential compound285

exposure: as net importers of moisture-attributed trade flows, they depend partly on286

their VWT, but also on the atmospheric moisture conditions of the source regions287

that support those exporters’ water availability. A disruption at either node of this288

chain, whether a shift in moisture recycling in a source region or a breakdown in the289

trade relationship with the mediator, can propagate to the destination.290

291

We further find a wealth gradient underlying these patterns, where lower-income292

countries tend to occupy the net-exporter position, while higher-income countries293

occupy the net-importer position, suggesting a directional global south to global north294

flow of appropriated atmospheric moisture embedded in traded commodities. Several295

high-income countries (Australia, Canada, and France) are net exporters, however:296

trade specialisation, agricultural production, and geographic factors likely modu-297

late the relationship between wealth and moisture asymmetry. Bangladesh, Jordan,298

Tajikistan, Rwanda, and others, represent a subset of countries who are positioned299

as net receivers of moisture-attributed flows despite low GDP per capita, combining300

exposure to foreign atmospheric moisture and trade with potentially limited capacity301

to absorb or adapt to supply disruptions compared to higher-income countries.302

303

Import-dependent countries face exposure not only to direct trade disruptions,304

but also to hydro-climatic variability beyond their visible supply chains, transmitted305

through a small set of critical intermediaries. Russia, Ukraine, and Kazakhstan - key306
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mediators in this study - supply ∼26% of global wheat exports, yet their combined307

exports collapsed from 33 to 11 million tonnes following the 2010 and 2012 droughts308

[30], contributing to a 23% wheat price spike and social instability across the MENA309

region [14]. Crucially, diversifying trade partners alone may not buffer this exposure.310

In South America, major exporters supply moisture to one another in a circular depen-311

dency, also described by Pranindita et al. (2025) [3], meaning perturbations such as312

Amazonian deforestation could reverberate simultaneously across the entire regional313

network. Effective risk reduction may therefore require attention to the stability of314

evaporation sources underpinning agricultural productivity across multiple exporters315

simultaneously. Most moisture-to-trade coupling is routed through Argentina (17%),316

the USA, Ukraine, and Paraguay, which act simultaneously as atmospheric moisture317

sinks and major agricultural exporters (Fig. 5), consistent with Pranindita et al.318

(2025)[3], who identify analogous patterns for forest-sourced moisture flows.319

320

The results are based on topological and structural analyses that map the archi-321

tecture of potential propagation pathways. A sensitivity analysis shows that key322

network metrics remain stable across flow volume thresholds, with substantial changes323

emerging only above 95% (Extended data, Fig. 8). The feed-forward representation is324

intentionally simple and does not quantify adaptive feedbacks (e.g., price responses,325

market substitution, irrigation expansion, export controls, crop switching) that may326

amplify or buffer cascades through the network. The full node removal scenarios are327

likewise an extreme counterfactual, as real disruptions - driven by hydro-climatic328

shocks, conflict, economic crises, or export restrictions [31, 32] - are typically partial329

and time-limited. Trade and moisture recycling patterns also vary year-to-year [33]; a330

time-resolved analysis would help distinguish chronic from episodic exposure [34, 35].331

Sub-national or commodity-resolved trade analyses would allow more precise coupling332

for staple crops (e.g., maize, soy, wheat) [34, 36–38], better account for crop-specific333

water footprints [39, 40], and permit a more rigorous treatment of rain-fed versus irri-334

gated agriculture, omitted here under the assumption that precipitation contributes335

meaningfully to crop water supply even in irrigated systems. Finally, the network336

metrics treat all countries equivalently regardless of size, which future analyses could337

address through area- and flow-weighted measures that scale network importance338

with country size and flow volume [21].339

340

The increasing frequency of hydro-climatic shocks and climate changes poses341

a growing risk to agricultural productivity [41–43]. Crops are highly sensitive to342

weather and water extremes and variability [44], with significant decreases in pro-343

ductivity attributed to anomalously low precipitation events [45] and extreme heat344

[46], as well as smaller changes in mean annual precipitation [47]. While shocks are345

felt locally, their drivers may be remote, and in part driven by upwind countries’346

land management decisions [4, 48], including large-scale deforestation and irrigation347

[1, 49–51]. As land-use change and climate change alter atmospheric moisture flows,348

the coupled dependencies identified here may intensify, increasing risks for countries349

that rely on stable upwind evaporation to sustain both rainfall and food imports.350

351
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This study highlights that water resilience depends on both physical depen-352

dence on atmospheric moisture from neighbouring regions and on virtual water trade353

dependencies, revealing systemic vulnerabilities that cross hydrological and economic354

boundaries. This reflects a critical challenge in an era of an increasingly unstable355

hydrological cycle [10, 52] and increasing geopolitical fragmentation [53]. Understand-356

ing and monitoring both dimensions of this exposure is essential for meaningful water357

and food security governance [20, 54].358

Methods359

Overview360

We analyse two directed, weighted global networks [55] defined over the same set361

of countries. The first is an atmospheric moisture transport network describing how362

terrestrial evaporation in one country contributes to precipitation in another. The sec-363

ond is a VWT network describing water embodied in traded agricultural commodities364

between exporter and importer countries. We then couple these networks in a three-365

step pathway that links an upwind moisture source country (a) to a mediator country366

(b) that receives precipitation, and onward to a downstream trade destination coun-367

try (c). This coupling provides country-level measures of (i) whether a country is a368

net source or net sink of water within the moisture-to-trade pathways (asymmetry),369

(ii) how strongly a country’s imports are linked to upwind moisture sources through370

supply chains (moisture-to-trade exposure), and (iii) which countries act as important371

mediators connecting the two layers.372

Data and network construction373

Both networks are defined on the same node set V of n = 229 countries. For each374

layer ℓ ∈ {atm, vwt} we define a directed weighted adjacency matrix:375

W (ℓ) =
[

w
(ℓ)
ij

]

i,j∈V
, w

(ℓ)
ij ≥ 0, (1)

376

where w
(ℓ)
ij is the annual mean flow from country i to country j in layer ℓ. Self-loops377

are removed by setting w
(ℓ)
ii = 0.378

379

The atmospheric moisture network is taken from De Petrillo et al. (2025)[16]380

based on the UTrack dataset of atmospheric moisture trajectories, which contains381

mean monthly trajectories of evapotranspired water from source regions to precip-382

itation sinks averaged over 2008 - 2017 [56]. De Petrillo et al. (2025)[16] aggregated383

the moisture flows at country- and ocean-scale and closed the global atmospheric384

water balance using an iterative proportional fitting algorithm. The VWT network385

is constructed from national water footprints of primary and processed crops for386

2008–2016, taken from the CWASI database [27]. In both networks, edge weights387

represent the volumetric magnitude of water transfer (in m3), and edges are directed388

from source to sink, from exporter to importer of atmospheric or virtual water.389

390
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To focus on the strongest connections, we apply the same percentile-based filter in391

each layer. Let S(ℓ) = {w
(ℓ)
ij > 0} be the multiset of non-zero edge weights and let τ

(ℓ)
p392

be the p-th percentile of S(ℓ) (here p = 93; see also Extended Data, Fig. 10). We set393

all weaker flows to zero:394

w̃
(ℓ)
ij =

{

w
(ℓ)
ij , if w

(ℓ)
ij ≥ τ

(ℓ)
p ,

0, otherwise.
(2)

395

The resulting directed graphs include edge (i, j) if w̃
(ℓ)
ij > 0.396

397

The atmospheric network (Fig. 1a) is substantially larger than the VWT network398

(Fig. 1b), with total flows approximately 16 times higher and the largest individual link399

roughly 100 times greater. In terms of network connectivity, the atmospheric network400

is nearly fully connected (∼1.0), before thresholding, whereas the VWT network is401

more fragmented (∼0.6).402

Single-layer flow roles403

To provide descriptive context for the individual roles countries play within the404

separate AMF and VWT layers, we calculate four standard node-level network405

metrics: node-strength, in-strength, out-strength, and betweenness centrality. These406

metrics are computed on the filtered, directed adjacency matrices W̃ (ℓ) for each layer407

ℓ ∈ {atm, vwt}.408

409

The total volume of atmospheric moisture or virtual water entering and leaving410

a specific country i is quantified by the node in-strength (incoming flow) and out-411

strength (outgoing flow), respectively. These are defined as the sum of the filtered edge412

weights directed into and out of node i:413

s
(ℓ)
i, in =

∑

j∈V

w̃
(ℓ)
ji (incoming flow to i)[57], (3)

s
(ℓ)
i, out =

∑

j∈V

w̃
(ℓ)
ij (outgoing flow from i)[57]. (4)

414

In the atmospheric layer, high outflow identifies dominant upwind moisture source415

countries, while high inflow indicates major downwind precipitation sinks. In the416

VWT layer, these metrics correspond to total national import and export volumes of417

embodied water.418

419

Node centrality measures were calculated to characterize the structural importance420

of countries within the networks. In weighted networks, node connectivity is captured421

by the weighted degree (node strength), which quantifies the total magnitude of flows422

connected to a node. For a node i, the weighted degree (s
(ℓ)
i ) is given by the sum of423

its in-strength and out-strength:424

s
(ℓ)
i = s

(ℓ)
i, in + s

(ℓ)
i, out (5)
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425

This measure captures the total magnitude of moisture or virtual water flows directly426

connected to each country, reflecting both the role of a country as a source and as a427

sink in the network.428

429

In its unweighted form, degree centrality quantifies the number of direct connec-430

tions of a node. For a node i in a network with N nodes, the normalized degree431

centrality is defined as432

CD(i) =
ki

N − 1
(6)

433

where ki is the count of all incoming and outgoing links connected to node i,434

regardless of their weight, and N − 1 represents the maximum possible number of435

connections in a directed network [57].436

437

To capture the role of countries as intermediaries in multi-step pathways, we438

computed weighted betweenness centrality. Betweenness centrality measures how fre-439

quently a node lies on shortest paths between pairs of other nodes and is defined440

as441

C
(ℓ)
B (i) =

∑

s ̸=i
t ̸=i
s ̸=t

σ
(ℓ)
st (i)

σ
(ℓ)
st

(7)

442

where σ
(ℓ)
st denotes the total number of shortest paths between nodes s and t in layer443

l, and σ
(ℓ)
st (i) is the number of those paths that pass through node i [55]. Because444

the networks represent directed and weighted volumetric flows, shortest paths were445

computed using edge lengths defined as the inverse of the flow weight,446

l
(ℓ)
ij =

1

w
(ℓ)
ij

(8)

447

where w
(ℓ)
ij is the magnitude of the flow from node i to node j in layer ℓ. This trans-448

formation ensures that stronger connections correspond to shorter effective distances,449

such that high-volume pathways dominate shortest-path calculations. All network met-450

rics were computed using the Python library NetworkX (v3.6.1) [58]. Corresponding451

results for in-strength and out-strength are presented in Extended Data Fig. 6, and452

degree centrality and betweenness centrality in Extended Data Fig. 7.453

From individual networks to a coupled system454

The core of the coupled analysis is the tripartite feed-forward pathway (a → b → c),455

representing the tele-coupling between terrestrial moisture sources (a), mediators (b)456

receiving precipitation and exporting goods, and virtual water destinations (c). The457

cross-network interactions are inferred by linking terrestrially-sourced precipitation458

to national crop production and subsequent trade flows (Fig. 1c). This approach459
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allows tracing how water originating in one country can indirectly support consump-460

tion in another, providing the basis for the coupled network analysis and subsequent461

evaluation of interdependencies.462

463

To maintain physical interpretability and dimensional consistency, we utilize a464

volumetric attribution framework. We define the attributed coupled flow, Fabc, as the465

volume (m3) of virtual water received in c that is physically sustained by terrestrial466

moisture originating in a. This is calculated by scaling the trade volume with the467

atmospheric moisture recycling ratio of the mediator:468

Fabc =

(

W
(atm)
ab

Pb

)

×W
(vwt)
bc (9)

469

where Pb is the total annual precipitation in mediator b (m3). This approach ensures470

that all coupled metrics represent absolute physical volumes of virtual water.471

Functional asymmetry472

First, we compare a country’s role as a primary moisture source versus its role as a473

final virtual water sink. We define the total moisture-source volume (Vsource,i) and474

total trade-sink volume (Vsink,i) as:475

Vsource,i =
∑

b,c

Fibc, Vsink,i =
∑

a,b

Fabi (10)

476

where Vsource,i represents the total volume of moisture originating in country i that477

eventually could sustain downstream trade, and Vsink,i represents the total volume478

of virtual water imported by country i that is physically linked to tracked upwind479

moisture. The relative balance between these roles is captured by the asymmetry index480

(Ai):481

Ai =
Vsink,i − Vsource,i

Vsink,i + Vsource,i
(11)

482

where Ai ∈ [−1, 1]. A value of −1 identifies a pure source (contributing moisture but483

importing no moisture-linked trade), while +1 identifies a pure sink (relying on upwind484

moisture for imports without contributing to the atmospheric moisture supply of oth-485

ers). The asymmetry index reflects a countries’ hydrological attribution in terms of486

two structural factors: a country’s dependence on neighbouring countries evaporation487

(atmospheric moisture flow) and its integration within the global commodity trade488

system giving rise to moisture-attributed virtual trade dependencies.489

Moisture-to-trade source and exposure490

We quantify the potential exposure and impact of countries within the tripartite491

pathways by defining exposure and impact as normalized ratios of the coupled flow:492

493
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Coupled exposure (Ec): This represents the physical reliance of a destination494

country c on the tracked atmospheric moisture sources that sustain its trade portfolio.495

It is defined as the ratio of total moisture-attributed imports to the country’s total496

virtual water import volume:497

Ec =

∑

a,b Fabc

∑

j W
(vwt)
jc

(12)

498

High exposure indicates that a significant portion of a country’s food and commodity499

imports is sensitive to hydro-climatic changes in upwind moisture source regions.500

501

Coupled source (Sa): Conversely, we measure the potential impact of a source502

country a by calculating the fraction of its terrestrial moisture export that successfully503

translates into global VWT. It is defined as:504

Sa =

∑

b,c Fabc

∑

j W
(atm)
aj

(13)

505

This metric identifies countries whose terrestrially recycled evaporation has the great-506

est systemic impact on the global trade of water-intensive commodities downwind.507

Knock-out experiments and mediator effect508

The tripartite structure (a → b → c) highlights the critical role of mediator countries509

(b) that act as the physical bridge between atmospheric moisture and global markets.510

To evaluate the systemic importance of these mediators, we perform in-silico knockout511

experiments.512

In each simulation, a single mediator country b is removed from the system, effec-513

tively breaking all pathways that pass through that node. Because the coupled flow514

Fabc is mediated by the precipitation and production of country b, the resulting change515

in total coupled flow quantifies the moisture-attributed VWT that country b struc-516

turally contributes to the system by virtue of its mediator position in the network.517

The primary measure of a mediator’s systemic importance is the total flow con-518

tribution (∆Fb), defined as the absolute volume (m3) of moisture-attributed VWT519

brokered through node b across all feed-forward triples:520

∆Fb =
∑

a,c

Fabc (14)

521

This knockout approach identifies ”bottleneck” countries — mediators that are both522

major downwind recipients of moisture and major exporters of virtual water.523

524

To further assess how this contribution is distributed geographically, we calculate525

the relative mediator effect at the destination level, representing the fraction of526

country c’s total moisture-linked imports attributable to mediator b:527
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F̃b→c =

∑

a Fabc
∑

a,k Fakc

(15)

528

529

This allows us to distinguish between mediators that are globally significant (high530

∆Fb) and those that are locally critical for the supply-chain security of specific trading531

partners.532

Additional data533

To examine the relationship between a country’s role and its economic development, we534

obtained data on the Gross Domestic Product (GDP) per capita (current US$) from535

the World Bank national accounts and OECD National Accounts data files [59], both536

are published under a CC BY-4.0 license. We calculated the average GDP per capita537

for each country across the study period (2008-2017) to ensure temporal consistency538

with the atmospheric and trade network datasets. Countries were categorized into539

income groups based on the World Bank’s classification.540

Data availability541

All data used in this study are publicly available. VWT and water footprint542

data are obtained from the CWASI database [27, 60] and are available upon543

request via Zenodo (https://zenodo.org/doi/10.5281/zenodo.2643484). Atmospheric544

moisture flow data are derived from the country-ocean moisture flow dataset by545

[16, 61] and can be accessed via Zenodo (https://zenodo.org/doi/10.5281/zenodo.546

10400694). Economic data (GDP, current US$ ) are sourced from the World Devel-547

opment Indicators [59](https://data.worldbank.org/indicator/NY.GDP.MKTP.CD).548

Map geometries are based on Eurostat GISCO administrative boundary data (https://549

ec.europa.eu/eurostat/web/gisco/geodata/administrative-units/countries). The pri-550

mary data generated in this study are available in a dedicated repository at:551

https://zenodo.org/records/19826335.552

Code availability553

The code used for this analysis is written in Python and is publicly available on GitHub554

at https://github.com/sifa4152/moisture to trade pathways/releases/tag/v1.0.0 and555

in the Zenodo repository at https://zenodo.org/records/19826335. The repository556

includes input data, pre-processing scripts, network analysis code, and post-processing557

and plotting routines.558
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Extended Data578

Network metrics comparison579

Fig. 6 Distributions of net flow (in-strength minus out-strength) and ranked net
importers and exporters for the atmospheric moisture flow (AMF) and virtual water trade (VWT)
networks. (a) Histogram of net flow across all active AMF network nodes. (b) Histogram of net flow
across all active VWT network nodes. (c) Top 10 net importers and exporters in the AMF network,
ranked by net flow magnitude. (d) Top 10 net importers and exporters in the VWT network, ranked
by net flow magnitude. Country codes follow ISO 3166-1 alpha-3.
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Fig. 7 Network centrality metrics histograms: Network centrality metrics for the top-ranked
countries in the AMF (teal) and VWT (magenta) networks. (a) Top 15 countries by weighted degree
centrality in the AMF network. (b) Top 15 countries by betweenness centrality in the AMF network.
(c) Top 15 countries by weighted degree centrality in the VWT network. (d) Top 15 countries by
betweenness centrality in the VWT network. (e) In- versus out-degree counts for the top 15 AMF
hubs. (f) In- vs. out-degree counts for the top 15 VWT hubs. (g) Distribution of countries by network
participation category (both networks, AMF only, VWT only, or neither). Country codes follow ISO
3166-1 alpha-3.

Threshold sensitivity analysis580

To assess the robustness of the network metrics to the choice of flow volume threshold,581

we performed a sensitivity analysis varying the percentile cut-off used to filter edges582

in both networks from 0% to 99%. This was motivated by the need to confirm that583

key structural patterns, including asymmetry, exposure, and mediator rankings, are584

not artefacts of the filtering procedure. Network metrics remain stable across the full585

range of thresholds, with substantial changes emerging only above 95%, where network586

sparsity begins to affect connectivity (Fig. 8). The ranking of the top ten mediator587

countries is similarly robust across thresholds (Table 1).588
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Fig. 8 Sensitivity analysis of network metrics to flow volume threshold. (a) Edge and
triple counts across the atmospheric moisture network, virtual water trade network, and coupled feed-
forward triples as a function of the flow percentile threshold applied to retain edges. (b) Mean and
median values of moisture-to-trade exposure and asymmetry index across all countries as a function
of the same threshold. The dotted vertical line indicates the baseline threshold of the 93rd percentile
used in the main analysis.
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Table 1 Sensitivity of mediator rankings to edge filtering threshold. Top
ten mediator countries ranked by total flow contribution (∆Fb) across percentile
thresholds from 0% to 99%.

Threshold (%) Top mediators
0 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
10 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
20 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
30 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
40 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
50 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
60 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
70 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
75 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
80 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
85 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
86 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
87 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
88 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
89 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
90 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
91 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
92 ARG, BEL, UKR, USA, CIV, CAN, PRY, KAZ, RUS, DEU
93 ARG, USA, UKR, BEL, CIV, CAN, PRY, KAZ, RUS, DEU
94 ARG, USA, UKR, CIV, BEL, CAN, PRY, RUS, KAZ, DEU
95 ARG, USA, UKR, CIV, CAN, BEL, KAZ, PRY, RUS, BRA
96 ARG, USA, UKR, CIV, CAN, KAZ, RUS, PRY, BRA, BEL
97 ARG, USA, CIV, UKR, CAN, KAZ, BRA, RUS, PRY, DEU
98 ARG, USA, CAN, CIV, UKR, KAZ, BRA, PRY, IND, RUS
99 ARG, USA, CAN, BRA, CIV, KAZ, IND, RUS, IDN, URY
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