
ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

https://doi.org/10.1038/s41467-026-70127-6

Received: 2 April 2025

Accepted: 18 February 2026

Cite this article as: Biess, B.,
Gudmundsson, L., Seneviratne, S.I.
Global economic exposure to climate
change amplified by spatially
compounding climate extremes. Nat
Commun (2026). https://doi.org/
10.1038/s41467-026-70127-6

Bianca Biess, Lukas Gudmundsson & Sonia I. Seneviratne

We are providing an unedited version of this manuscript to give early access to its
findings. Before final publication, the manuscript will undergo further editing. Please
note there may be errors present which affect the content, and all legal disclaimers
apply.

If this paper is publishing under a Transparent Peer Review model then Peer
Review reports will publish with the final article.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative
Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Nature Communications
Article in Press

Global economic exposure to climate change
amplified by spatially compounding climate
extremes



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

Global Economic Exposure to Climate Change1

Amplified by Spatially Compounding Climate2

Extremes3

Bianca Biess1*, Lukas Gudmundsson1 and Sonia I. Seneviratne14

1*Institute for Atmospheric and Climate Science, Department of5

Environmental Systems Science, ETH Zurich, Universitätsstrasse 16,6
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Abstract9

Despite growing evidence that climate extreme events can significantly affect10

local economies, the implications of cross-regional and planetary-scale depen-11

dencies in climate extremes remain inadequately understood. We demonstrate a12

crucial link between the projected increase in spatially compounding hot, wet,13

and dry extremes and the amplification of global economic exposure. Based14

on Earth System Model projections from the 6th phase of the Coupled Model15

Intercomparison Project, we analyze how planetary-scale and cross-regional16

dependencies can exacerbate regional disparities in economic exposure. Our find-17

ings reveal that regions with lower present-day economic wealth are more likely18

to face extreme events simultaneously with other areas, amplifying the potential19

threats to their economic stability. This study highlights the necessity of consider-20

ing economic exposure to climate extremes beyond local scales, emphasizing the21

need for assessing cross-regional exposures and understanding the connections22

between localized exposures and global economic dynamics.23

Introduction24

Over the past two decades, weather-related disasters—such as droughts, floods, heat-25

waves, and storms—have caused annual global gross domestic product (GDP) losses26

averaging 0.14%1, with 0.05–0.82% of global GDP attributable to anthropogenic cli-27

mate change2. Storms contributed the largest share of these losses (64%), followed by28
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heatwaves (16%), floods (10%), and droughts (10%)2. In high-income countries more29

than 80% of weather and climate extremes have resulted in economic losses amount-30

ing to less than 0.1% of the respective GDP, with no disaster causing losses exceeding31

3.5% of GDP3. In contrast, in low-income countries, several disasters had economic32

impacts ranging from 5% to 30% of their GDP3, highlighting the significant spa-33

tial disparities in the economic risks posed by climate change. Projections based on34

temperature and precipitation means, extremes, and variability suggest that global35

aggregate losses could reach 10% of GDP under 3°C warming, with the most severe36

impacts—up to 17% of GDP—occurring in poorer, low-latitude countries4. Income37

reductions of up to 19% within the next 26 years are projected, regardless of future38

emission pathways5. Global economic damages are projected to increase non-linearly39

with global warming, with significant regional variation in economic losses exacerbat-40

ing global disparities further4–7. However, recent literature focuses on projections of41

economic losses due to an increase in intensity and frequency of hot or wet extreme42

events only. Besides an increase in individual extreme events, the simultaneous occur-43

rence of climate extremes at different locations - referred to as ”spatially compounding44

climate extremes” - will also likely increase due to global warming8–10.45

Although mounting evidence suggests that extreme events impact the economy46

at both regional and global scales, it is unclear how spatially compounding effects47

of these events affect economic outcomes. Understanding these dynamics is essential48

because they can trigger cascading disruptions across geographies and sectors, lead-49

ing to globally simultaneous impacts11,12. When multiple regions face climate-related50

disruptions simultaneously, cascading effects can amplify economic instability beyond51

the sum of individual impacts, posing a systemic risk to the global economy due to52

the interconnected nature of trade, finance, and supply chains. Such systemic risks are53

particularly concerning in critical sectors such as food production, where disruptions54

can escalate global economic instability13. Thus, assessing how one region’s exposure55

to an extreme event aligns with simultaneous exposures in other regions is crucial56

for understanding the resilience of the global economy to widespread climate-induced57

disruptions.58

This study demonstrates the relevance of linking the projected increase in spatially59

compounding climate extremes to changes in economic exposure. We address this60

question by demonstrating how cross-regional and planetary-scale dependencies may61

further amplify regional disparities in economic exposure to extreme events. In addi-62

tion to projections in hot and wet extremes, we also consider economic value affected63

by water scarcity and soil moisture droughts, which has not yet been analyzed on global64

scales. Furthermore, we incorporate future GDP projections based on five distinct65

Shared Socioeconomic Pathway (SSP14) narratives, acknowledging that economic66

exposure to climate extremes will be shaped not only by climatic changes but also by67

socioeconomic transformations. To ensure consistency between socioeconomic and cli-68

matic assumptions, we link the SSP narratives with their corresponding Representative69

Concentration Pathways (RCPs15) following the established SSP–RCP framework16.70

Specifically, we consider five SSP–RCP combinations (SSP1–2.6, SSP2–4.5, SSP3–7.0,71

SSP4-6.0, and SSP5–8.5), which span a wide range of plausible futures in terms of72

greenhouse gas forcing and socioeconomic transformation.73
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Results74

Spatially Compounding Economic Exposure Illustrated by75

Heatwaves76

Extreme events - defined as events such as heatwaves that occurred on average every77

20 years in a preindustrial climate - are projected to affect more areas concurrently78

in the future (Fig. 1a). Consequently, the exposure of global annual GDP to such79

events is expected to increase, with the magnitude of this rise depending on the level80

of warming. Economic exposure is influenced not only by climate change but also81

by future socioeconomic transformation. To account for this, we incorporate GDP82

projections from five SSPs (SSP1–SSP5; Fig. 1b), allowing us to assess how evolving83

economic conditions influence additional GDP exposure relative to the 2001–202084

baseline under different warming scenarios. For each time step, model, and scenario,85

we first identify grid cells affected by an extreme event (Fig. 1d) and then extract86

the corresponding GDP distribution for the same year (Fig. 1e). Intersecting these87

two layers yields the GDP affected per scenario, model, and time step (Fig. 1f). The88

exposed GDP is further decomposed into two components: (i) a climate component,89

representing how exposure evolves due to changes in climate extremes while keeping90

GDP constant at 2020 levels; and (ii) a socioeconomic component, capturing the91

influence of GDP growth and distribution.92

93

Global annual GDP affected by Global Concurrent Extremes (GCE; in this case94

heatwaves; Fig. 2a) is projected to increase markedly under enhanced global warming95

relative to present-day (2001-2020) conditions (Fig. 2b). In the mid-century period96

(2041–2060), scenarios with higher projected GDP, such as SSP5 (≈231 trillion USD97

in 2050; Fig. 1b), show the largest additional exposure under SSP5–8.5, amounting98

to 171 trillion USD (111–220 trillion USD, 5th–95th percentile), corresponding to99

roughly 45% (25-65%) of mid-century GDP relative to the present-day baseline. In100

contrast, SSP3, which projects the lowest GDP (≈134 trillion USD in 2050), results101

in 73 trillion USD (45–103 trillion USD) of additional GDP exposed under SSP3–7.0,102

representing around 37% (19–57%) of mid-century GDP. SSP2, currently considered103

the most likely scenario (≈159 trillion USD in 2050), shows 93 trillion USD (53–131104

trillion USD) of additional exposure under RCP4.5, corresponding to approximately105

37% (16–58%) of GDP. Across all scenarios, the increasing GDP exposure is largely106

driven by climate effects, with socio-economic growth contributing only marginally.107

In the following, we focus on describing the additional GDP exposure under108

SSP2–4.5 in the mid-century period, which represents the most likely future develop-109

ment; results for other SSP–RCP scenarios are provided for reference in Supplementary110

Figures 4–29. We introduce the concept of Regional Concurrent Extremes (RCE),111

which captures the fraction of regional GDP concurrently affected by extreme events112

occurring within the same year (Fig. 2c). In the mid-century period under SSP2–4.5,113

considerable regional disparities are apparent in additional GDP exposure to heat-114

waves (Fig. 2d). Mid-latitude regions, including the Mediterranean (MED) and115

Eastern Central Asia (ECA) regions, experience the highest additional exposure,116
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reaching up to 45% (39–52%) of regional GDP relative to present-day conditions. Ele-117

vated RCE also affects tropical and subtropical regions, such as the South American118

Monsoon (SAM) region and southern Africa. While climate-driven changes remain the119

primary contributor across all regions, GDP growth increasingly aligns with heatwave-120

prone areas. In East Southern Africa (ESAF), approximately 10% of regional GDP121

exposure can be attributed to socio-economic factors under SSP2–4.5, with even larger122

contributions (up to 20%) in Northern Australia (NAU) and Southeast Asia (SEA)123

(Supplementary Figure 3).124

Economic impacts of extreme events are inherently systemic, arising from the inter-125

connectedness of economies through international trade, finance, and supply chains.126

Thus, analyzing economic exposure to extreme events requires a comprehensive per-127

spective that accounts for both Local effects of Global Concurrent Extremes (L-GCE)128

and Cross-Regional Concurrent Extremes (C-RCE). Examining local GDP affected129

in relation to global occurrences (L-GCE; Fig. 3a) provides insights into economic130

resilience to spatially compounding events, while analyzing affected cross-regional131

GDP (C-GCE; Fig. 3c) helps disentangle regional interdependencies.132

Regions with high L-GCE correspond to those projected to experience strong RCE,133

including MED, ECA, the Arabian Peninsula (ARP), as well as tropical regions in134

South America and Africa (Fig. 3b). Under SSP2–4.5, up to 108 trillion USD (66 – 152135

trillion USD) of global GDP is concurrently affected in the mid-century period. These136

hotspots are frequently affected by heat extremes concurrently with other regions,137

reflecting their strong involvement in spatially compounding events.138

Regions that are frequently affected by heat extremes concurrently with other parts139

of the world show high C-RCE values, highlighting the interconnected nature of global140

exposure (Fig. 3d). ECA, for example, exhibits selective but strong connectivity, with141

its highest C-RCE (around 56%) concentrated in a few key partners such as Central142

and Northern Australia (CAU, NAU) and tropical to southern South America. This143

indicates that while ECA is highly exposed, its concurrent exposure mainly occurs144

through specific teleconnections with a few key partner regions rather than through145

connections with many regions worldwide. In contrast, MED functions as a global146

connectivity hub, maintaining high concurrency with a broad set of regions across mul-147

tiple continents—including North America, Australia/New Zealand, Southern South148

America, and large parts of Africa. This extensive linkage amplifies MED’s already149

elevated regional GDP exposure to heatwaves.150

In summary, regional disparities in GDP affected by heatwaves are already pro-151

nounced in the mid-century and can be further amplified by elevated simultaneous152

exposure to heatwaves across multiple regions. For regions with high regional exposure,153

cross-regional exposure acts as a multiplier, linking local economic shocks to global154

systemic risks. Some regions show concentrated connectivity with a few key partners,155

whereas others, like MED, are highly concurrent with many regions across continents,156

highlighting the spatial complexity of economic exposure to heat extremes.157
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GDP Affected by Spatially Compounding Heavy Precipitation158

In the mid-century period, global GDP exposed to heavy precipitation events (GCE;159

Fig. 4a) is projected to reach 32 trillion USD under SSP5–8.5 (13–57 trillion USD;160

5th–95th percentile), equivalent to about 6.4% of global GDP. Under SSP3–7.0,161

exposed GDP amounts to 13 trillion USD (4–24 trillion USD; ≈4.5% of GDP), while162

SSP2–4.5 yields an intermediate estimate of 16 trillion USD (6–30 trillion USD; ≈4.5%163

of GDP). In all scenarios, climate effects drive the majority of exposure, although164

socio-economic factors contribute up to ≈0.5–1% of total exposure, reflecting GDP165

growth concentrated in regions particularly prone to heavy precipitation.166

Significant regional disparities emerge (RCE; Fig. 4b), with tropical regions pro-167

jected to experience the largest increases: in the SSP2–4.5 mid-century scenario,168

relative exposure reaches about three times the global average. In several tropical169

regions—particularly Northern South America (NSA), Central Africa (CAF), South170

Asia (SAS), and SAM—economic growth in precipitation-prone areas further amplifies171

exposure. Socio-economic effects dominate in NSA and contribute up to one-fifth in172

other regions, while climatic effects remain the primary driver overall (Supplementary173

Figure 3).174

Notably, these regions also exhibit high concurrent exposure to global events175

(L-GCE; Fig. 4c), potentially amplifying economic impacts through spatially com-176

pounding effects. The highest L-GCE arises when the spatial compounding effect of177

tropical African regions is considered together with concurrent impacts across the178

rest of the world. Under the SSP2–4.5 mid-century scenario, a heavy precipitation179

event in these regions would result in approximately 18 trillion USD being concur-180

rently affected on a global scale. A substantial share of these elevated local effects181

is driven by intra-continental C-RCE (Fig. 4d) and its overlaps with tropical South182

American regions—Northeastern South America (NES), Northwestern South America183

(NWS), SAM, and NSA- and, to a lesser extent, with selected high-latitude, boreal,184

and Australasian regions.185

In summary, regional disparities in GDP affected by heavy precipitation are pro-186

jected to widen markedly, with the strongest increases in relative exposure occurring187

in the tropics, where extreme rainfall events become more frequent. These physical188

changes coincide with rapid socio-economic growth, amplifying regional exposure such189

that relative GDP affected reaches up to three times the global mean. At the same time,190

intra-continental simultaneous exposure—linking multiple African regions experienc-191

ing heavy precipitation concurrently—further heightens economic risk, underscoring192

the growing importance of intra-continental compounding effects.193

GDP Affected by Spatially Compounding Soil Moisture194

Droughts195

Under SSP5–8.5, global concurrent GDP affected by soil moisture droughts (GCE;196

Fig. 5a) is projected to reach 37 trillion USD in the mid-century period (10–75 trillion197

USD; 5th–95th percentile), corresponding to roughly 6.5% of global GDP (–2 to 18%),198

with all near-term exposure driven by climatic effects. As for heavy precipitation,199

SSP5 exhibits the highest absolute and relative exposure due to the strong physical200

5



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

intensification of extreme events. Under SSP3–7.0, the exposure is lower, amounting to201

16 trillion USD (3–30 trillion USD) in the mid-century period, with relative exposure202

of ≈5.2% (–2 to 15%). SSP2–4.5 falls between these extremes, with absolute exposure203

of 20 trillion USD (5–43 trillion USD) and relative exposure of ≈5% (–2 to 15%), to204

which socio-economic effects contribute approximately 0.3%.205

Under the SSP2–4.5 mid-century scenario, regional disparities in GDP affected by206

soil moisture drought intensify (RCE; Fig. 5b), with drought-prone regions reaching207

up to three times the global average in relative exposure and largely coinciding with208

areas projected to experience pronounced drying8, including NSA, NES, SAM, and209

South-Western South America (SWS) in the Americas; ESAF, WSAF, and Madagas-210

car (MDG) in Africa; and Western and Central Europe (WCE) and MED in Europe211

and the Mediterranean. Although southern North America is also projected to expe-212

rience drying, it does not emerge as a regional hotspot for high RCE in our analysis.213

Whereas for heavy precipitation events, high RCE strongly coincides with regions214

experiencing rapid GDP growth—enhancing relative GDP exposure, but this socio-215

economic amplification applies only to some drought hotspots. For example, NES216

and SAM both exhibit similarly high relative GDP exposure (RCE) to soil moisture217

droughts (≈13%), but the contributions of climate and socio-economic effects differ.218

NES shows moderate GDP growth (Fig. 1c), yet because it occurs in drought-prone219

areas, relative exposure is amplified (Supplementary Figure 3). In contrast, SAM is220

projected to undergo higher GDP growth, but much of it is outside drought-prone221

regions, dampening socio-economic amplification.222

The amplification of potential economic impacts through global compounding223

effects (L-GCE; Fig. 5c) remains pronounced in these regions. Under the SSP2–4.5224

mid-century scenario, up to 27 trillion USD are projected to be affected concurrently225

on a global scale. Regions highly impacted by soil moisture droughts also exhibit226

substantial simultaneous exposure with other drying regions (C-RCE; Fig. 5d). For227

example, South American and African drying regions display exceptionally high inter-228

continental concurrent exposure, whereas Southern Australia (SAU) and New Zealand229

(NZ) show strong concurrent exposure with the South American and European drying230

regions.231

In summary, GDP affected by soil moisture droughts exhibits pronounced regional232

disparities, with drought-prone areas in South America, Africa, and the Mediterranean233

experiencing up to three times the global average relative exposure. While the phys-234

ical intensification of droughts drives most of the GDP exposure, concentrated GDP235

growth in select regions further amplifies local economic exposure. These regions also236

show substantial simultaneous exposure with other drying areas, both within and237

across continents, highlighting the compounding nature of drought impacts and the238

potential for amplified global economic consequences.239

GDP Affected by Spatially Compounding Water Scarcity240

In the mid-century period under SSP5–8.5, annual global GDP exposed to water241

scarcity (GCE; Fig. 6a) is projected to reach 30 trillion USD (9–61 trillion USD;242

5th–95th percentile), corresponding to roughly 4.8% of global GDP (–2 to 15%). Under243

SSP3–7.0, absolute exposure is lower, amounting to 11 trillion USD (2.5–25 trillion244
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USD; ≈3% of GDP, –3 to 11%). SSP2–4.5 shows intermediate values, with absolute245

exposure of 17 trillion USD (4.4–34 trillion USD; ≈3.7% of GDP, –3 to 12%) and a246

comparatively smaller contribution from socio-economic growth.247

In all scenarios, climate effects drive the majority of exposure, although socio-248

economic factors contribute between 1.5% (SSP2-4.5) and 8% (SP4-6.0), reflecting249

GDP growth concentrated in regions particularly prone to water scarcity.250

Under the SSP2–4.5 mid-century scenario, regions with high relative GDP expo-251

sure to water scarcity (RCE; Figure 6b) only partly overlap with areas experiencing252

pronounced drying8,17. Notable hotspots include NSA, SAM, SAU, and MED, with253

RCE around 6–7% of regional GDP (3–10%), roughly twice the global mean. Other254

regions, such as the Sahara (SAH), RAR, and ECA, also show elevated exposure.255

Across most regions, climate effects dominate, while socio-economic growth amplifies256

exposure in some areas, particularly parts of SAH and RAR. In contrast, in NSA,257

GDP growth occurs mostly outside the most water-stressed areas, slightly moderating258

the overall exposure signal (Supplementary Figure 3).259

Regions such as Western and Central Africa (WAF, CAF) and SAH exhibit the260

most pronounced global spatial compounding effects (L-GCE; Fig. 6c), with up to261

10.7 trillion USD (0–34 trillion USD) in economic value concurrently affected globally262

in the mid-century period.263

SAH, WAF, CAF show strong links with regions across Europe, Australasia, and264

tropical South America (C-RCE; Fig. 6d), highlighting their key role in cross-regional265

concurrent exposure, while other regions experience elevated but comparatively lower266

impacts.267

In summary, GDP affected by water scarcity exhibits pronounced regional dispar-268

ities, with some regions experiencing up to twice the global average relative exposure.269

Climate effects dominate GDP exposure in all regions, while socio-economic growth270

further amplifies exposure in select areas—particularly in parts of the Sahara and271

the Russian Arctic—where economic development occurs in already water-stressed272

regions. In contrast, in NSA, GDP growth is projected to concentrate outside the most273

water-stressed areas, slightly dampening local exposure. WAF, CAF, and SAH emerge274

as the primary hotspots for simultaneous global exposure, exhibiting pronounced275

cross-regional effects across Europe, Australasia, and tropical South America. These276

patterns highlight the potential for compounding economic impacts of water scarcity277

and the combined importance of climatic and socio-economic drivers in shaping global278

and regional disparities.279

Discussion280

Building on the existing evidence that climate extremes already impose substantial281

economic burdens and that these are projected to increase with global warming, our282

study shifts the focus from realized economic damages to GDP exposure to climate283

extremes, with particular emphasis on spatially compounding events, where multiple284

regions experience extremes simultaneously. By estimating GDP exposure, we cap-285

ture a higher magnitude of potentially affected economic value and can identify not286

only where individual extremes may occur, but also where their co-occurrence across287
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regions could amplify economic risks. We analyze each of the four extreme event types288

independently to highlight the different ways individual hazards may affect future289

economic conditions. At the same time, some extremes are physically correlated—for290

example, soil-moisture - temperature feedbacks18 may link hot and dry conditions -291

thereby exposure associated with different hazards should not be interpreted as addi-292

tive. To account for potential overlaps, we additionally quantify GDP exposed to at293

least one of the four extreme event types (Supplementary Figure 4).294

Our approach addresses a critical gap in the literature regarding dry extremes,295

whose economic impacts are often indirect, long-term, and under-quantified19,20.296

Despite data limitations20,21, our analysis provides insights into how droughts inter-297

act across regions to generate spatially compounding exposure, highlighting hotspots298

where global GDP is most likely to coincide with multiple simultaneous extremes.299

This perspective underscores the combined importance of climatic and socio-economic300

drivers in shaping future global and regional economic vulnerabilities.301

The pronounced regional disparities in projected GDP exposure across the302

four extreme event types examined here can be understood through the physical303

mechanisms that govern the formation and intensification of these extremes. Pro-304

nounced increases in GDP exposed to heatwaves in mid-latitude and tropical regions305

are coherent with the physical mechanisms that intensify heat extremes. Strong306

land–atmosphere feedbacks in mid-latitude transitional regimes8 and the heightened307

sensitivity of tropical regions with low interannual temperature variability22–24 render308

these areas particularly susceptible to intensifying heat extremes. As mean temper-309

atures rise, even small additional warming in the tropics leads to more frequent310

exceedances of critical thresholds21, resulting in substantial increases in the share of311

economic activity exposed to extreme heat. While exposure does not directly trans-312

late into realized economic losses, it increases the likelihood of adverse outcomes.313

Socio-economic risks are particularly pronounced in low-income tropical regions, where314

vulnerability is high and coping capacity remains limited4,5,21. Moreover, many regions315

are projected to face compounded challenges due to simultaneous exposure across mul-316

tiple areas, driven by global warming and the rising co-occurrence and spatial extent317

of dependent temperature extremes10. Recent heatwaves illustrate how short-lived318

but intense thermal extremes can accumulate into long-term macroeconomic effects.319

Repeated exposure to extreme heat has been shown to depress growth, with the lowest320

income decile losing around 8% of GDP per capita annually—more than double the321

3.5% observed in the wealthiest decile21. Losses stem primarily from reduced labor pro-322

ductivity, crop damage, and higher mortality, especially in agriculture, construction,323

and energy sectors1.324

A similar pattern emerges for GDP exposed to heavy precipitation events, particu-325

larly in tropical regions. Thermodynamic and dynamic mechanisms, such as enhanced326

atmospheric moisture and intensified convection under warming, drive increases in327

heavy precipitation. These processes amplify heavy precipitation more strongly in the328

tropics than in extratropical regions8,10,25,26. Beyond these physical drivers, socioeco-329

nomic factors further reinforce disparities in exposure, as projected economic growth330

increasingly coincides with regions prone to heavy precipitation extremes. Floods,331

often triggered by heavy precipitation events27, have historically caused substantial332
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economic damages across many continents, with Oceania, Asia, and Europe experi-333

encing the largest absolute losses1. Subnational evidence shows that extreme rainfall334

and wet days can depress growth, particularly in services and manufacturing sectors335

in high-income countries28. Looking ahead, our analysis indicates that the frequency336

of wet extremes is projected to increase over tropical Africa. In regions where rapid337

economic growth overlaps with these rising precipitation risks, the potential for higher338

GDP exposure emerges.339

Observed drying patterns in both water balance (P–ET) and soil moisture show340

clear regional disparities, driven by precipitation deficits, rising atmospheric evapora-341

tive demand (AED), and land–atmosphere feedbacks. Extratropical regions, such as342

Western and Central Europe, have experienced drying primarily from increased AED343

and evapotranspiration, whereas several tropical areas—including the northern Andes344

and central Africa—have dried mainly due to reduced rainfall29. Recent droughts345

have caused persistent GDP declines averaging –2% within four years, particularly in346

economies dependent on rain-fed agriculture and hydropower1. Looking ahead, AED is347

projected to increase across large tropical and subtropical regions—including southern348

Africa, the Amazon, the Mediterranean, and southern North America—intensifying349

both P–ET deficits and soil drying30. Soil moisture droughts, however, are expected to350

become even more widespread than P–ET deficits for a given level of warming. This is351

due to additional land–atmosphere feedbacks and surface processes8,30. This analysis352

reflects trends for regions projected to undergo pronounced soil moisture drying as of353

2°C of warming—including Western and Central North America, the Mediterranean,354

southern Africa, and Australia8—showing that the share of global and regional GDP355

affected by soil moisture droughts is far greater than that affected by water scarcity.356

Both variables, however, exhibit sharply rising concurrent exposure, highlighting the357

importance of spatially compounding climate extremes for future drought risk.358

Besides the extreme events investigated here, many other critical climate factors359

may lead to potential economic losses. These include potential losses or benefits from360

changes in global mean temperature7, which is expected to remain a primary driver of361

projected losses4. Other critical factors include losses from other extreme events such362

as tropical cyclones31,32 and wildfires33. Further channels such as impacts from sea-363

level rise34, tipping points in the climate system35, as well as non-economic damages364

(reductions in ecosystem services or human health, effects on morbidity and mortal-365

ity, loss of subjective well-being from less tangible benefits)36,37 are not considered366

here. Some recent studies report on lagged temperature- and precipitation-related367

impacts on economic growth and GDP levels5,7,28,38, as well as on indirect cascading368

and spillover effects for example due to supply-chain disruptions39. While this study369

does not investigate all of the possible consequences of spatially compounding climate370

extremes, it demonstrates their key relevance for upcoming impacts of human-induced371

climate change on the economy.372

This study highlights the importance of considering exposure to climate extremes373

beyond local scales, requiring an assessment of cross-regional exposures and a deeper374

understanding of the links between localized impacts and global economic dynam-375

ics. Regional disparities in GDP affected by extreme events are often exacerbated by376

spatially compounding effects. The strengthening of spatially compounding climate377
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extremes has significant consequences for exposed economic wealth, impacting various378

sectors such as humanitarian aid and insurance. For instance, the fundamental risk379

management strategy in the (re-)insurance industry relies on spatial risk diversification380

across geographies40. The same applies to ex-ante financial instruments like sovereign381

catastrophe risk pools, which have been advocated by the Sendai Framework41 and382

the Paris Agreement42 to foster more resilient ex-ante financial instruments in low- to383

middle-income countries. We demonstrate that global warming is projected to alter the384

randomness and correlation of events across regions and countries, increasing economic385

exposure and limiting the effectiveness of traditional risk diversification strategies.386

Recent research highlighted the potential for improving a country’s financial resilience387

through global catastrophe pooling43. We show that, on one hand, concurrent exposure388

will be exceptionally high on intercontinental scales (especially regarding heavy precip-389

itation events in low- to-middle income regions), further constraining the effectiveness390

of intercontinental risk pools. On the other hand, however, concurrent economic expo-391

sure to climate extremes is also projected to increase on supra-continental scales.392

Therefore, careful consideration and in-depth investigation should be given to which393

supraregional and supracontinental regions are pooled. Policy coordination and inter-394

national cooperation can play an important role in addressing the challenges posed by395

simultaneous climate events, which may require joint recovery efforts, resource shar-396

ing, and comprehensive contingency planning. Similarly, investors and insurers may397

need to account for the likelihood of concurrent events across multiple regions when398

assessing risks and planning for financial resilience.399

Overall, observed evidence already underscores stark inequalities in economic losses400

from climate extremes. Low-income economies have historically borne the heaviest bur-401

dens from heat and drought, while high-income regions have experienced the largest402

absolute damages from wet extremes, mainly affecting services and manufacturing.403

Although historical losses from wet extremes have been concentrated in high-income404

regions, projections suggest that increasing heavy precipitation in tropical regions405

could alter these patterns, potentially shifting the distribution of future economic406

impacts. Projections indicate that economic exposure to climate extremes will intensify407

and become increasingly interconnected. Spatially compounding climate extremes pose408

systemic risks that transcend regional boundaries, amplifying global vulnerabilities409

through trade, production, and supply chains. This highlights the importance of inves-410

tigating region- and variable-specific risks, accounting for trade partners, and designing411

insurance schemes aligned with the physical realities of compounding extremes. Cru-412

cially, limiting global warming to +1.5°C substantially reduces the economic value at413

risk, whereas warming beyond +2°C drives dramatically higher exposure and costs.414

These findings reinforce the urgency of stringent climate action and coordinated risk415

management strategies to mitigate the escalating socioeconomic impacts of spatially416

compounding climate extremes.417

10



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

Methods418

Climate extreme indicators419

To assess future changes in the global GDP affected by spatially compounding heat-420

waves, heavy precipitation, soil moisture droughts, and water scarcity, Earth System421

Models (ESMs) contributing to the Scenario Model Intercomparison Project44,45 of422

the Coupled Model Intercomparison Project phase 6 (CMIP6) are used. We consider423

the first five available ensemble members of historical (1850–2014)44 and future sim-424

ulations (2015–2100) under five socioeconomic pathways paired with corresponding425

emission scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP4-6.0, SSP5-8.5)14–16, giving426

equal weight to each model. Detailed information on the ESMs, including model name427

and ensemble members, is summarized for reference in Supplementary Tables 1–4. The428

CMIP6 data undergo centralized preprocessing, which involves interpolating model429

outputs to a common 2.5° grid using second-order conservative remapping, resolving430

dimensional and structural inconsistencies, and excluding files with highly unrealistic431

values. We analyze daily maximum temperature, total daily precipitation, monthly432

soil moisture within the root zone (top 10 cm), and monthly precipitation - evapotran-433

spiration (P-E) from all models and simulation runs to determine the extreme event434

indicators.435

The selected extreme event indicators—heatwaves, heavy precipitation, soil mois-436

ture drought, and water scarcity—follow established definitions assessed in the IPCC437

Sixth Assessment Report8 and were chosen because they represent well-understood438

manifestations of anthropogenic climate change, capturing events of high societal439

relevance across key sectors including health, agriculture, and infrastructure.440

The indicators are characterized using a percentile-based event definition. The441

percentile climatology of each event type is calculated based on the 95th percentile442

calculated from the reference period 1850–1900. The percentile climatology as well as443

the occurrence of the event type is calculated for each grid cell of the simulated data.444

The heatwave indicator is defined based on a 14-day moving average of daily max-445

imum temperature and its subsequently extracted annual maximum. Each extracted446

annual 14-day temperature maximum that exceeds the 95th percentile climatology is447

defined as a year in which a heatwave occurs.448

Heavy precipitation events are defined based on a five-day moving precipitation449

sum and its subsequently extracted annual maximum. Each extracted annual five-450

day precipitation sum that exceeds the amount of precipitation in the 95th percentile451

climatology is defined as a year in which a heavy precipitation event occurs.452

Soil moisture drought events are defined based on monthly root-zone soil moisture453

sums and the corresponding annual minima. Any annual minimum that falls below the454

5th percentile of the baseline climatology is considered a year in which a soil moisture455

drought occurs.456

Years with the occurrence of water scarcity are defined based on the monthly457

precipitation-evapotranspiration (P-E) sums and the corresponding annual minima.458

Any annual that falls below the 5th percentile of the baseline climatology is defined459

as a water-scarce year.460
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Quantification of GDP affected by climate extremes461

On a grid cell level, we intersect the extracted climate extreme events with global462

gridded GDP datasets consistent with the Shared Socioeconomic Pathways (SSPs)33.463

The GDP datasets (in 2005 PPP USD) provide annual values for the historical464

period 2000–2020 and projections from 2025 to 2100 at 5-year intervals under the five465

SSPs. For intermediate years, values are assigned to the nearest 5-year timestep (e.g.,466

2026–2029 are assigned to 2025). The exposure dataset is aggregated to a 2.5° × 2.5°467

grid using an area-weighted sum of the high-resolution cells to facilitate comparison468

with ESM simulations while preserving absolute GDP values.469

GDP affected is quantified at multiple scales using the following metrics: Global470

Concurrent GDP affected (GCE), Regional Concurrent GDP affected (RCE, by AR6471

regions46, Supplementary Figure 1), Local effects of Globally Concurrent GDP affected472

(L-GCE), and Cross-Regional GDP affected (C-RCE).473

The fraction of GDP affected is calculated as shown in equation (1).474

fractional GDP affected =
GDP affected

GDP total
(1)

Changes in GDP affected are expressed relative to the mean of the present-day475

period (2001–2020) and computed according to equation (2):476

∆X = X(t1)−Xpresent-day (2)

where Xpresent-day denotes the average over the baseline years. All subsequent477

changes are reported relative to this baseline, highlighting additional future effects478

compared to present-day levels.479

To attribute changes in GDP affected, we quantify the fraction of GDP exposed480

to climate extremes and decompose its future changes into two main contributions:481

(i) climate-driven, reflecting how exposure evolves due to changing climate extremes482

while holding GDP constant at 2020 levels, and (ii) socio-economic-driven, capturing483

changes due to GDP growth, including regions where economic development coincides484

with stronger climate exposure47.485

For this, we define the following components, illustrated here for Global Concur-486

rent GDP affected (GCE). GCE(t) represents the full model, where both climate and487

GDP evolve simultaneously. GCEfixedGDP(t) captures the climate effect, representing488

changes in GCE due to evolving climate extremes while holding GDP constant at 2020489

levels. GCEfixedClimate(t) captures the socio-economic effect, representing changes in490

GCE due to GDP growth while keeping climate extremes at 1850–1900 levels. Finally,491

GCEinteraction(t) is the interaction term, which captures additional exposure in regions492

where economic growth coincides with more frequent climate extremes; this term can-493

not be directly attributed to climate or socio-economic effects alone but emerges from494

their joint evolution.495

The total change in GCE can be decomposed as described in equation (3):496

GCE = GCEfixedGDP︸ ︷︷ ︸
i) climate effect

+ GCEfixedClimate︸ ︷︷ ︸
ii) socio-economic effect

+ GCEinteraction︸ ︷︷ ︸
iii) interaction effect

(3)

where the interaction term is computed according to equation (4):497
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GCEinteraction = GCE−GCEfixedGDP −GCEfixedClimate. (4)

For reporting, the socio-economic and interaction contributions are typically com-498

bined to summarize the total effect of economic development. Multi-model means499

summarize central tendencies across climate models.500

Data Availability. All original CMIP6 data14,44,45 used in this study are publicly501

available https://esgf-node.ipsl.upmc.fr/search/cmip6-ipsl/. The models and ensem-502

ble members used within this study are listed in Supplementary Tables 1-4. The503

Global gridded GDP under the historical and future scenarios48 is publicly available504

https://zenodo.org/records/7898409.505

506

Code Availability. All code necessary to reproduce the analysis is made available507

on and permanently stored at https://doi.org/10.5281/zenodo.17751353.508
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Figure_v2/Figure1.pdf

Fig. 1 Assessing economic exposure to climate extremes. Illustration of the workflow for quantifying
the share of global gross domestic product (GDP) exposed to climate extremes, exemplified for
heatwaves in the year 2050 under Shared Socioeconomic Pathway 2 with a radiative forcing level of
4.5 W m−2 (SSP2-4.5). (a) Climate models project an increasing number of grid cells affected by
heatwaves. (b) Global GDP trajectories are shown for five Shared Socioeconomic Pathways (SSPs14),
using projections from Wang and Sun48. (c) Regional changes in GDP under SSP2 for the mid-
century period (2041–2060) relative to the present-day conditions (2001–2020), highlighting spatially
heterogeneous economic growth patterns. (d) Grid cells affected by a heatwave in 2050, illustrated
for one example climate model (ACCESS-CM2, ensemble member r1i1p1f1). (e) Spatial distribution
of GDP per grid cell in 2050 under SSP2. (f) The intersection of the grid cells affected by a heatwave
(panel d) with the GDP distribution (panel e) identifies the GDP exposed to heatwaves in 2050;
summing these globally yields the concurrent global GDP exposed, exemplified here for SSP2-4.5 in
2050 for one model.
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Figure_v2/Figure2.pdf

Fig. 2 Global and regional exposure of gross domestic product (GDP) to heatwaves. Panels (a) and
(b) show the Global Concurrent GDP affected (GCE). (a) Methodology: The GDP of all grid cells
experiencing an extreme event is summed globally, and the GCE is expressed relative to present-day
climate conditions. (b) Results: Trajectories of additional GCE under five Shared Socioeconomic Path-
way (SSP) narratives combined with their respective Radiative Concentration Pathway (RCP). The
bar plot shows the additional fraction of GDP affected by heatwaves in the mid-century (2041–2060)
and end-century (2081–2100) periods for each scenario, distinguishing between GDP exposure driven
by climate change (present-day GDP becoming newly affected) and exposure driven by economic
growth (additional GDP beyond 2020 levels becoming affected). Panels (c) and (d) show the Regional
Concurrent GDP affected (RCE). (c) Methodology: For each region defined in the Intergovernmen-
tal Panel on Climate Change (IPCC) Sixth Assessment Report (AR6 regions46; see Supplementary
Fig. 1), the GDP of affected grid cells is summed and normalized by the time-varying absolute GDP
level. (d) Results: Regional distribution of the additional fraction of GDP affected by heatwaves in
the mid-century period under Shared Socioeconomic Pathway 2 combined with a radiative forcing
level of 4.5 W m−2 (SSP2-4.5).
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Figure_v2/Figure3.pdf

Fig. 3 Exposure of gross domestic product (GDP) to spatially compounding heatwaves. Panels (a)
and (b) show the Local Effects of Global Concurrent GDP affected (L-GCE). (a) Methodology: For
each grid cell and time step, the global concurrent GDP affected (GCE) is computed and attributed
to the locations simultaneously experiencing extreme events. (b) Results: Spatial distribution of
additional L-GCE for heatwaves under Shared Socioeconomic Pathway 2 combined with a radiative
forcing level of 4.5 W m−2 (SSP2-4.5) in the mid-century period (2041–2060), identifying regions
where local impacts align with global economic effects. Panels (c) and (d) show the Cross-Regional
Concurrent GDP affected (C-RCE). (c) Methodology: Pairs of regions are analyzed to quantify the
GDP affected by extreme events occurring simultaneously across both regions. (d) Results: Additional
C-RCE for heatwaves under SSP2–4.5 in the mid-century period, highlighting interregional linkages
of concurrent heatwave exposure.
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Figure_v2/Figure4.pdf

Fig. 4 Exposure of gross domestic product (GDP) to spatially compounding heavy precipitation,
relative to present-day climate conditions (2001–2020). (a) Global Concurrent GDP affected (GCE):
Trajectories of additional GCE under five combined socioeconomic and radiative forcing scenarios
(SSP-RCP). The bar plot on the right shows the additional fraction of GDP affected by heavy
precipitation in the mid-century (2041–2060) and end-century (2081–2100) periods, separating expo-
sure driven by climate change (present-day GDP becoming newly affected) from exposure driven
by economic growth (GDP added after 2020 becoming affected). (b) Regional Concurrent GDP
affected (RCE): Regional distribution of additional GDP affected by heavy precipitation under Shared
Socioeconomic Pathway 2 combined with a radiative forcing level of 4.5 W m−2 (SSP2-4.5) in the
mid-century period. (c) Local Effects of Global Concurrent GDP affected (L-GCE): Spatial distribu-
tion of additional L-GCE under the SSP2-4.5 scenario in the mid-century period. (d) Cross-Regional
Concurrent GDP affected (C-RCE): Additional C-RCE under the SSP2-4.5 scenario in the mid-
century period.
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Figure_v2/Figure5.pdf

Fig. 5 Exposure of gross domestic product (GDP) to spatially compounding soil moisture droughts,
relative to present-day climate conditions (2001–2020). (a) Global Concurrent GDP affected (GCE):
Trajectories of additional GCE under five combined socioeconomic and radiative forcing scenarios
(SSP-RCP). The bar plot on the right shows the additional fraction of GDP affected by soil moisture
droughts in the mid-century (2041–2060) and end-century (2081–2100) periods, separating exposure
driven by climate change (present-day GDP becoming newly affected) from exposure driven by eco-
nomic growth (GDP added after 2020 becoming affected). (b) Regional Concurrent GDP affected
(RCE): Regional distribution of additional GDP affected by soil moisture droughts under Shared
Socioeconomic Pathway 2 combined with a radiative forcing level of 4.5 W m−2 (SSP2-4.5) in the
mid-century period. (c) Local Effects of Global Concurrent GDP affected (L-GCE): Spatial distribu-
tion of additional L-GCE under the SSP2-4.5 scenario in the mid-century period. (d) Cross-Regional
Concurrent GDP affected (C-RCE): Additional C-RCE under the SSP2-4.5 scenario in the mid-
century period.
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Figure_v2/Figure6.pdf

Fig. 6 Exposure of gross domestic product (GDP) to spatially compounding water scarcity, rel-
ative to present-day climate conditions (2001–2020). (a) Global Concurrent GDP affected (GCE):
Trajectories of additional GCE under five combined socioeconomic and radiative forcing scenarios
(SSP-RCP). The bar plot on the right shows the additional fraction of GDP affected by soil moisture
droughts in the mid-century (2041–2060) and end-century (2081–2100) periods, separating exposure
driven by climate change (present-day GDP becoming newly affected) from exposure driven by eco-
nomic growth (GDP added after 2020 becoming affected). (b) Regional Concurrent GDP affected
(RCE): Regional distribution of additional GDP affected by water scarcity under Shared Socioeco-
nomic Pathway 2 combined with a radiative forcing level of 4.5 W m−2 (SSP2-4.5) in the mid-century
period. (c) Local Effects of Global Concurrent GDP affected (L-GCE): Spatial distribution of addi-
tional L-GCE under the SSP2-4.5 scenario in the mid-century period. (d) Cross-Regional Concurrent
GDP affected (C-RCE): Additional C-RCE under the SSP2-4.5 scenario in the mid-century period.
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