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Abstract
Compound climate hazards, such as co-occurring temperature and precipitation extremes,
substantially impact people and ecosystems. Internal climate variability combines with the
forced global warming response to determine both the magnitude and spatial distribution of
these events, and their consequences can propagate from one country to another via many
pathways. We examine how exposure to compound climate hazards in one country is
transmitted internationally via agricultural trade networks by analyzing a large ensemble of
climate model simulations and comprehensive trade data of four crops (i.e. wheat, maize, rice
and soya). Combinations of variability-driven climate patterns and existing global agricultural
trade give rise to a wide range of possible outcomes in the current climate. In the most extreme
simulated year, 20% or more of the caloric supply in nearly one third of the world’s countries are
exposed to compound heat and precipitation hazards. Countries with low levels of
diversification, both in the number of suppliers and the regional climates of those suppliers, are
more likely to import higher fractions of calories (up to 93%) that are exposed to these
compound hazards. Understanding how calories exposed to climate hazards are transmitted
through agricultural trade networks in the current climate can contribute to improved anticipatory
capacity for national governments, international trade policy, and agricultural-sector resilience.
We recommend concerted effort be made toward merging cutting-edge seasonal-to-decadal
climate prediction with international trade analysis in support of a new era of anticipatory
Anthropocene risk management.
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Introduction
Climate hazards substantially impact people and ecosystems (Hoeppe 2016). For example,

extreme temperatures can cause heat stress and mortality (Ebi et al 2021) and collapse

agricultural yields (Schlenker and Roberts 2009). Meanwhile, extreme precipitation can cause

destructive flooding that leads to substantial mortality and economic harm (Merz et al 2021).

Compound climate hazards can be even more disastrous as the combination of moderately

severe extremes of multiple climate variables can combine to create catastrophic consequences

(AghaKouchak et al 2020, Field et al 2012, Singh et al 2023).

In the case of agriculture, combinations of both hot and dry conditions and hot and wet

conditions can lead to substantial reductions in cereal crop yields (Lesk et al 2022, Haqiqi et al

2021). Generally speaking, anomalously high temperatures combined with drier conditions can

cause plant stunting and plant mortality, leading to reduced quality and quantity of crop yields

(Heino et al 2023). While more varied across crop types, the consequences of anomalously high

temperatures combined with wet conditions can cause waterlogging of soils, soil compaction,

inhibition of plant metabolism, and delayed or inhibited growth (Li et al 2019, Parent et al 2008,

Urban et al 2015). For rice specifically, hot-and-wet extremes can lead to degraded plant protein

content and reduced plant growth (Lee et al 2013), as well as cause quantifiably harmful

working conditions for the agricultural workforce (Diaz et al 2023, Vecellio et al 2023, Hertel and

de Lima 2020, De Lima et al 2021).

Compound climate hazards can be experienced acutely in physically tele-connected

ways around the planet (Mondal et al 2023), and their impacts can, in turn, rapidly propagate via

networks of international trade to affect other locations (Hedlund et al 2018). The notion of

environmentally-driven crises propagating from one country to another has been explored in the

context of water stress, especially for countries which rely on imports from acutely

water-stressed trade partners (Carter et al 2021, Ercin et al 2021, Challinor et al 2017, Dalin et

al 2012). In addition, international trade has been proposed to mitigate food insecurity issues

(Baldos and Hertel 2015). However, much of the work on how the impacts of climate-related

hazards may be transmitted via global trade has explored the potential longer-term impacts of

climate change on agricultural production and international trade (Hedlund et al 2022), often

focusing on the global warming trend across many climate model simulations (Verma et al

2014).

However, year-to-year variability internal to the climate system itself drives large regional

variations in environmental conditions, including compound hazards, that can potentially impact

the trade of climate-sensitive crops (Dingel et al 2019, Anderson et al 2023). In addition,
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regional-to-planetary scale phenomena (e.g., El Niño Southern Oscillation, the Pacific Decadal

Oscillation, or the North Atlantic Oscillation) (Singh et al 2022) can drive tele-connected climate

hazards across different regions under the current climate. Thus, while there is substantial

evidence that future global warming is likely to increase the frequency of compound climate

hazards (Zscheischler and Seneviratne 2017, Zscheischler et al 2018, 2022, Bevacqua et al

2023, AghaKouchak et al 2020, Ridder et al 2022), internal climate variability coupled with

existing trade networks has the potential to give rise to a vast range of possible global food

availability and scarcity scenarios in the current climate. A key challenge in preparing for this

range of outcomes is that global warming is changing the probabilities of compound climate

hazards in key agricultural regions (Sarhadi et al 2018). Given this non-stationarity, robustly

quantifying the range of co-occurring climate hazards that could arise in the present climate is

critical for ensuring anticipatory capacity for national governments, international trade policy, and

agricultural-sector resilience.

In this work, we systematically quantify how regionally-extreme hot-and-dry or

hot-and-wet conditions (Haqiqi et al 2021) are transmitted via international agricultural trade.

Using the Global Trade Analysis Project (GTAP) economic trade database (Aguiar et al 2022),

we focus on the four major staple crops that together account for the majority of calories

consumed globally: wheat, maize, rice, and soya. A large single-model ensemble of gridded

climate simulations (100 simulations of the Community Earth System Model 2, CESM2;

(Simpson et al 2023, Danabasoglu et al 2020)) enables us to quantify the monthly occurrence of

compound climate hazards across 100 different equally-likely realizations of the present-day

climate (see Methods). Combining these climate simulations with agricultural production

information (i.e. cropped area and growing season) along with the GTAP trade data reveals 100

internally-consistent realizations of how exposure to compound climate hazards may propagate

via international agricultural trade in the near future.

Data and Methods
GTAP Trade Data

The GTAP database represents a consistent set of data on value flows within the global

economy for a given reference year. It includes key input-output transactions in each region,

bilateral international trade flows, capital stock and savings information, international transport

costs, domestic input and output subsidies, export subsidies and import tariffs, and revenue

flows from taxes and tariffs. In this study, we use version 11.b of the database for reference year

2017 which covers 160 regions and 65 commodities (Aguiar et al 2022). Paddy rice and wheat
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sectors are explicitly defined in the database but maize and soya are aggregated together with

similar crops and are included in cereal grain and oilseed sectors, respectively. We construct

bilateral trade flows for these crop sectors using data on domestic sales (self-trade) as well as

bilateral imports.

Calculation of compound climate hazards and exposure

Gridded, monthly near surface air temperature (variable name TREFHT) and precipitation

(variable name PR) fields were obtained from the Community Earth System Model v2 Large

Ensemble (CESM2-LE) (Simpson et al 2023, Danabasoglu et al 2020) which includes data from

1850-2100 under the historical and Shared Socio-economic Pathway 3-7.0 (Meinshausen et al

2020). The CESM2-LE consists of 100 realizations with the same forcing, but each realization is

started from equally likely, but different, initial conditions (see Simpson et al. 2023 for details).

Here, we focus only on the years 2015-2025 to estimate the range of climate outcomes arising

from internal climate variability in the context of the current climate forcing.

Temperature and precipitation extremes are defined according to month-specific percentile

thresholds defined over the 10-year baseline period of 2015-2024 across all 100 members.

Thus, our baseline period spans 1000 simulated years (i.e., 10 years/realization x 100

realizations). Defining extremes based on percentiles, rather than fixed values, allows for the

extremes to be specific to each gridpoint and implicitly removes any mean biases in the CESM2

Large Ensemble and MPI Grand Ensemble temperature and precipitation fields. Compound

climate hazards in the 100 realizations of the year 2025 are defined as months when the

temperature exceeds the month-specific 95th percentile over the baseline period and the

precipitation either exceeds the 95th percentile over the baseline period (termed hot-and-wet) or

is lower than the 5th percentile over the baseline period (termed hot-and-dry) (e.g., Haqiqi et al

2021).

For all analysis, we consider each of the four crops separately, only combining them at the

calorie level after all other analysis is complete. For each crop, we analyze only grid points that

are considered “cropped land” according to Tang et al. (2024), the most up-to-date

geo-referenced global crop dataset of its kind. Then, for each of these grid points, we identify

whether any of the months within the crop- and location-specific growing season are

experiencing a compound climate hazard. Grid points experiencing hot-and-dry conditions that

are also equipped with irrigation (Mehta et al 2024) are ignored. Specifically, the irrigation fields
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are bilinearly re-gridded to the grid of the crop-level data of Tang et al. 2024, and all area

equipped for irrigation within each gridcell is applied to every crop in that gridcell. Growing

seasons containing both hot-and-wet and hot-and-dry conditions are treated as suffering from

hot-and-wet hazards. We use Sachs et al. (2010) to define crop- and location-specific growing

seasons, allowing for two growing seasons when specified.

For each crop, the above analysis leads to 100 gridded boolean maps of cropped gridpoints

exposed to compound climate hazards. We then aggregate these results at the country level to

obtain the fraction of cropped area within each country that is exposed for each of the 100

realizations. Specifically, we conservatively re-grid the crop-specific harvested area of Tang et

al. (2024) to the grid of the CESM2 data to obtain the area fraction of each gridcell cropped. We

then use these gridcell fractions to compute the fraction of the total cropped area exposed to

compound climate hazards for each country for each realization. (Note that we also include an

additional area-weighting due to the varying sizes of grid cells from the converging of longitudes

at the poles.) The end result for each crop is thus a data set of shape 100 x 158, representing

the fraction of cropped area exposed in 2025 across the 100 realizations and 158 countries.

From here, we combine these country-level metrics with the GTAP trade data to compute the

fraction of total supply of each crop, to each country, exposed to compound climate hazards.

Conversion to Calories

To convert value flows for each crop to calories we construct global caloric conversion factors (in

Kcal per USD). These conversion factors are calculated using global production for each crop

(in metric tons) and crop-specific nutritive factors (calories per 100 grams) from FAOSTAT (FAO

2023) as well as Value of Production data in the GTAP database (Aguilar et al 2022). The

crop-specific factors are 13.14 for wheat, 17.67 for maize, 5.66 for rice, and 8.08 for soya.

Phase Space Calculations

We also calculate the relationship between the number of major suppliers for each country

versus the climate diversity among major suppliers. First, we quantify the number of major

suppliers (x-axis) for each country as the number of suppliers required to reach 90% of the total

caloric supply. Thus, countries with a single major supplier are those where 90% or more of the

calories come from a single country. Self-trade is included in our calculations, so a country's top

supplier is often itself. For countries with more than one major supplier, we sort their trade
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partners by calorie contribution in descending order and define the number of major suppliers as

the number of suppliers required for the cumulative contribution to exceed 90% of the country’s

total caloric imports.

Climate diversity is defined as the weighted-mean correlation of the percent of calories exposed

to compound climate hazards of all major suppliers, with one another. For each country, for each

of its major suppliers, we have a vector of 100 values signifying the percent of caloric supply

exposed, one for each of the 100 realizations. We then correlate the vector for each major

supplier with the vector of every other major supplier. This results in a set of correlations that

signify how much each major supplier’s exposure varies with that of the other major suppliers.

Finally, we take a weighted-mean of these correlations, where the weights are computed as the

fraction of calories contributed by the two suppliers to the reporter country. Higher

weighted-mean correlations imply that the major suppliers’ caloric supplies are exposed at

similar times, while lower weighted-mean correlations imply that the major suppliers’ caloric

supplies are exposed more independently.

Clustering

We use the sklearn.cluster.AgglomerativeClustering module to cluster the country-level

calories exposed to compound climate hazards (N = 158) across the 100 realizations (so our

data has dimensions of 100x158). We perform agglomerative clustering using the “ward”

linkage method which minimizes the variance (via a “euclidean” distance metric) of the

clusters being merged. Agglomerative clustering is a hierarchical clustering method that starts at

the individual sample level (in this case, our individual climate realizations) and recursively pairs

samples, and then groups of samples, that look most like one another until all samples have

been clustered together. For our discussion, we focus on seven clusters which are determined

via a distance threshold to halt the merging of the clusters. We visualize each cluster by the

median across all realizations within that cluster.

Results
For each country in the GTAP database, we calculate the percentage of its crop-specific supply

that is exposed to compound climate hazards in each of the 100 realizations (Fig. 1; Supp. Text

T1). Here we define compound climate hazards by months that are both in the hottest 5% of

months and are also in either the wettest or driest 5% of months (see Methods), removing

months experiencing hot-and-dry compound climate hazards for areas equipped for irrigation
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(see Methods; (61)). Since many countries serve as their own predominant source of calories,

we include self-trade in our analysis and refer to crop “supply” as the combination of domestic

consumption and imports from other countries. We find that there is substantial potential for

trade in calories exposed to compound climate hazards at current levels of global warming,

based on 100 equally-likely realizations of the annual global climate (Fig. 2).

Figure 1. Example workflow combining growing-season specific compound climate hazards with cropped
area and the GTAP trade data to quantify the percentage of Brazil’s wheat supply exposed within a given
climate model realization (in this example, realization #8).

Physically consistent realizations depict the fraction of food supply exposed to

compound climate hazards (Fig. 2A,B). For example, for wheat, one worst-case realization

depicts a world where 20% or more of wheat supply in nearly half of the countries in the world

are exposed to compound climate hazards (member #99; Fig 2C). Hotspots in this realization

include Eastern Europe, parts of the Middle East, and much of Africa. Contrast this with a

best-case realization, where less than 1% of countries have greater than 20% of their wheat

supply exposed (Fig 2D). We emphasize that because the differences in the distributions of

exposure to compound climate hazards arise primarily from internal climate variability, these

realizations represent equally plausible outcomes. Similar analyses for maize, rice, and soya

are provided in the Supplement (Supp. Fig. 1-3) and demonstrate large differences between

best- and worst-case realizations across all four crops (0%-24% of countries for maize, 1%-17%

for rice, and 0%-20% for soya).
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Figure 2. Fraction of wheat supplies exposed to compound climate hazards, arising from international
trade with 0% corresponding to none of the wheat supply exposed, and 100% corresponding to all of the
wheat supply exposed. (A,B) Offers two examples of diverse outcomes (realizations #8 and #43); (C) is a
worst-case realization where 44% of countries have 20% or more of their wheat supply exposed
(realization #99); (D) is a best-case realization where less than 1% of countries have 20% or more of their
wheat supply exposed (realization #54).

Individual countries show substantial variation in their percentage of exposed wheat

supply across the 100 climate realizations. Furthermore, countries differ greatly from each other

in the range of exposure due to the unique combination of their wheat-specific trade network

and the climates of their wheat suppliers. This is quantified by calculating the range of fractional

wheat supply that is exposed to compound climate hazards across the 100-member ensemble

(i.e., the maximum and minimum percentages of exposed wheat supply) for a subset of

countries (Fig. 3). The bottom-heavy distributions in Figure 3 demonstrate that, in general, most

realizations are characterized by low percentages of exposed supply since compound climate

hazards are, by our definition, relatively rare. However, there is heterogeneity in the severity of

the worst-case realizations (i.e. the maximum percentage of exposed supply for each country;

see also Supp. Fig. 6B) across the 100 realizations. For example, Serbia has a worst-case

realization where 99% of its wheat supply is exposed to compound climate hazards. This
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worst-case realization is not a single outlier either, as at least 11 other realizations show the

majority of Serbia’s wheat supply exposed. Comparatively, Nigeria has a much less severe

worst-case realization of <30% of its wheat supply exposed. Moreover, the majority of its climate

realizations experience <10% of its supply exposed.

Figure 3. Percentage of total wheat supply exposed to compound climate hazards for a sample of 14
countries across the 100 realizations. The length of the yellow ‘violins’ correspond to the country-level
range of the fraction of supply exposed, the horizontal black lines denote individual realizations, and the
width of the violins correspond to the density of realizations within a particular range.

We generalize our analysis by converting the four crops (wheat, maize, rice, and soya)

into their corresponding caloric content (Supp. Fig. 4, Supp. Fig. 15). This conversion allows for

investigations into overall caloric availability across the crops, and the food security implications

of compound climate hazard exposure transmitted through trade. Ensemble member #99 is also

a worst-case realization for calories, as it was for wheat alone, although the map of exposed

caloric supplies across countries highlights mid-to-southern Africa as particularly negatively

impacted due to their heavy reliance on maize production and consumption (Supp. Fig. 4C;

Supp. Fig. 15). While the GTAP database labels all countries as their own top supplier of

calories (not shown), the average importance of imports for exposed caloric supply varies

significantly from country-to-country (Fig. 4A). Much of Africa, the Middle East, and Europe

exhibit, on average, >50% of their exposed caloric supply as coming from their trade partners,

while for large countries like India and the USA that span more agro-ecological zones obtain

almost all of their exposed caloric supply from themselves (Fig. 4A).
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Figure 4. Supplies of calories exposed to compound climate hazards, summarized across all 100 climate
realizations; (A) mean fraction of exposed calories that come from imports; (B) correlation of exposed
calories between the top two suppliers for each country; (C) number of major suppliers of calories for
each country (see Methods) and (D) the weighted-mean of the correlations between all pairs of major
suppliers across the 100 climate realizations. Gray shading denotes countries that are their own, single,
major supplier in panel C and thus have a correlation of exactly 1.0 in panel D.

High percentages of exposed caloric supply can arise if the major suppliers to a given

country experience compound climate hazards simultaneously. To quantify this, we compute the

correlation across the 100 realizations of the exposed caloric supply between the top two

suppliers (based on calories) for each country (Fig. 4B). Note that one of the top two suppliers

may be the country itself (Fig. 4C). The northern hemisphere temperate countries tend to have

the highest correlations, indicating that when the top supplier’s crops are exposed to compound

climate hazards, those of the second top supplier are as well. European countries exhibit some

of the highest correlations globally. These high, positive correlations are due, in part, to the fact

that European countries have many policies to facilitate significant intra-European trade (Aguiar

et al 2022) and that Europe often experiences compound climate hazards across many

countries simultaneously (Markonis et al 2021). Negative correlations are equally of interest

(e.g. Nigeria) as they denote countries who’s top two suppliers act as buffers to one another: if

one supplier’s crops are exposed, those of the other likely are not.
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We further extend this analysis to include a summary of the correlations across all major

suppliers (defined as the number of suppliers necessary to provide 90% of the country's total

caloric supply). Figure 4D depicts the weighted-mean of all correlations of exposed caloric

supplies among major suppliers for a country. With this definition, a significant number of

countries are their own, sole, major supplier, giving rise to correlations of 1.0. Many European

countries have four or more major suppliers (see also Fig. 4C), which increases the

climate-diversity across suppliers and reduces the correlations in Figure 4D.

Countries with fewer major suppliers (in terms of calories) may be particularly vulnerable

to compound climate hazards if those suppliers share similar temporal evolutions in their

weather and climate patterns (Fig. 4D). Thus, we explore whether countries with low levels of

diversification, in terms of both the number and climates of their suppliers, are more likely to

experience large fractions of exposed caloric supply. We use each country’s “worst case”

realization across all 100 to illustrate this relationship between climate and trade partner

diversification in a two-dimensional phase space (Fig. 5; see Methods). We draw specific

attention to four regions of the phase space. First, countries with only one major supplier will, by

definition, appear in the upper-left-hand corner (dashed box). These countries, such as Finland,

Brazil and Niger (Fig. 4C) have the lowest import and climate diversification possible, and the

majority of these countries have worst-case realizations where more than 70% of their total

imported calories are exposed to compound climate hazards (Fig. 5 inset; Supp. Fig. 6A). Those

that do not experience these extreme worst-case realizations tend to be geographically large

countries (e.g. USA, Australia, Russia); this spatial scale likely provides for climate diversity

across the country itself (though this protection is not universal for geographically large

countries, as in the case of Brazil; Supp. Fig. 6A).

Second, some countries have only a few suppliers (3 or fewer) that are highly correlated

in their climate variability (Fig. 4D; Fig. 5), implying that the regions are not independent from

one another in terms of compound climate hazards. Croatia and Slovenia are examples of two

countries with both low diversification in trading partners and high correlation of their partners’

climate variability. For example, Croatia and its other major supplier, Hungary, border one

another and are thus more likely to experience compound climate hazards at the same time.

Figure 5 shows that countries like Croatia with low diversification in terms of both number of

suppliers (x-axis) and supplier climates (y-axis) tend to experience more severe worst-case

realizations (i.e., a larger percentage of exposed caloric supply; Supp. Fig. 6A).

Third, countries with only a few suppliers that have largely independent climates (i.e.

small or negative correlations) tend to fare better in terms of their worst-case realizations. The
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Dominican Republic serves as a good example of this, where its three major suppliers are not

correlated with one another, and its worst-case realization across all 100 realizations is 22% of

its caloric supply exposed to compound climate hazards (Supp. Fig. 6A).

Fourth, all countries with six or more major suppliers (e.g. the United Arab Emirates)

experience low correlations across suppliers and tend to have less severe worst-case

realizations. In general, Figure 5 suggests that poor diversification in terms of supplier climates

(larger y-axis values) is associated with more severe worst-case possibilities across the 100

realizations.

Figure 5. Calorie supply diversification phase space showing supplier diversification on the x-axis (i.e.,
number of major suppliers) versus the climate diversification across suppliers on the y-axis (i.e. average
correlation across pairs of major suppliers). Countries in the upper-left-hand corner (dashed box), are
their own, sole major supplier. To improve the visualization of countries with the same x-axis value, each
dot is randomly shifted slightly to the right or left along the x-axis.

The phase diagram reveals relationships arising from diversity in the number of suppliers

and diversity in supplier climates across the 100 realizations. While this can provide insights into
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the underlying climate and trade dynamics of the system, in reality only one realization of the

climate system can exist at any one time. To quantify and summarize the prevalence of

particular realizations we cluster the 100 climate realizations based on the fraction of caloric

supply exposed to compound climate hazards across all countries, producing seven ‘archetypal’

clusters that are constrained by the dynamics of the physical climate system (Fig. 6; Supp. Fig.

7). The goal here is to provide insight into key geospatial patterns of exposed caloric supplies, in

service of anticipatory policy that can help reduce food insecurity and economic disruption.

Figure 6. Seven clusters of the 100 realizations, summarized as maps of the median realization of caloric
supply exposed to compound climate hazards across realizations within each cluster. Inset shows the
seven specific realizations that comprise Cluster #7 wherein West Africa is particularly exposed.
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The median ‘archetypal’ realization of each of the seven clusters are depicted in Figure

6. The archetype encompassing the most climate realizations (Cluster #1; N=46) shows a world

characterized by very low fractions of exposed caloric supply, globally. Cluster #3, on the other

hand, summarizes realizations where eastern Europe and southern Africa exhibit high fractions

of exposed caloric supply, although this cluster only comprises two of the 100 realizations. This

may be, in part, because Cluster #5 captures additional realizations where eastern Europe’s

caloric supply sees substantial exposure to compound climate hazards. Cluster #7 is further

expanded in the inset to show its nine realizations. While no single realization is identical to

another, the consistent pattern across all of the realizations is substantial exposure across

countries in West Africa and South America. These realizations are of particular interest as

West Africa is experiencing very high population growth with growing dependence on imports

(35). Thus, Cluster #7 summarizes a set of realizations that would greatly increase the risk of

food insecurity in the region. Nigeria serves as an interesting counterpoint to this. With its two

major suppliers of calories (itself and the United States) negatively correlated in their climates

(r=-0.12; Fig. 4D), its worst-case realization for calories is lower than that of many of its West

African neighbors (Supp. Fig. 14).

Discussion
Our results highlight the patterns of compound climate hazard exposure that may be transmitted

globally through the flow of international agricultural trade. We find that diversification of

suppliers’ climate generally corresponds to overall lower exposure of its caloric supply to climate

hazards. Broadly speaking, increasing trade partner diversity (especially supplier diversity) is a

well-understood strategy to reduce exposure to specific trade partner hazards (Hertel et al

2021). At the same time, international food trade is a key mechanism for risk propagation

internationally (Centeno et al 2015). Thus, while increasing trade partner diversity reduces

exposure to climate hazards arising in specific trade partners, the broad trend of increased

reliance on imported food increases overall exposure to distant climate hazards. Further,

evidence suggests that spatial correlation in staple commodity production in the presence of

increasing trade has contributed to increased inequality, with the benefits accruing

disproportionately to the high productivity regions (Dingel et al 2019).

Our results contribute to the growing body of work on the subject of what has been

termed ‘complex’ or ‘systemic’ climate risk (Centeno et al 2015, Simpson et al 2021, Westra and

Zscheischler 2023) in the context of the globalized food system (Mehrabi et al 2022, Gaupp et al

2019), specifically, how countries may become exposed to suppliers’ climate hazards via
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international trade (Hedlund et al 2018, 2022). Others have considered the quantifiable

relationships between compound climate extremes and agricultural productivity operating both

through the impacts on plants, as well as through the impact on agricultural workers (Biess et al

2024, Haqiqi et al 2021, De Lima et al 2021, Lesk et al 2022). Jägermeyr et al. (2021) quantify

the likely impacts of climate change on staple crop yields and find that the uncertainty

associated with some crop models is far greater than the uncertainty owing to climate models

alone. Furthermore, some of these simulation results are at odds with meta-analyses of crop

yield impacts from a changing climate (Moore et al 2017). Additionally, climate extremes affect

crop production and caloric availability through multiple channels, not just plant stress. Recent

studies show that the impact on agricultural labor of moist heat can rival and even surpass the

impacts of climate extremes on crop production (De Lima et al 2021). Comprehensive analyses

of all the potential pathways through which compound extremes affect staple crops remains an

avenue for future research, which will require a stronger consensus about the physiological

channels of impact, as well as a much more substantial computational undertaking than what is

feasible in this study alone. The work reported here aims to quantitatively motivate such future

studies, highlighting the importance of sampling a wide range of internal climate variability

moving forward.

Notably, our analysis reveals pockets of resilience in global agricultural trade, in the form

of negative correlations in exposed caloric supplies (e.g., blue areas in Fig. 4B,D). Diverse

trading partners correspond to lower magnitudes of exposed caloric supplies (Kummu et al

2020), and may thus serve to buffer against local threats to supplies. An extension of this finding

could aim to reveal how sources of resilience may ebb and flow, as the economy dynamically

responds to exposure to compound climate hazards. For example, beyond imports, export

restrictions by countries seeking to mitigate the impact of globally threatened commodity

markets on domestic consumers may further accelerate climate risk (Anderson and Nelgen

2012, Ahmed et al 2012). Future work could also explore scenarios of trade dynamics to inform

strategic configuration of suppliers to provide optimal climate diversification.

Further, an adaptation strategy using diversification to distribute risk and improve

resilience may inadvertently assume that global crop production will, or can be, largely

maintained into the future. If a particularly climate-sensitive crop were to become exposed in

most or all of its productive geography under future climate change conditions, overall global

supply would be affected regardless of diversification. Thus, trade diversification of partners may

be less suitable for climate-change-sensitive crops. In such cases, resilience may come from

diversifying to other crops rather than partners (Jägermeyr et al 2021).
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Our emphasis in this analysis is on robustly quantifying the potential for exposure to

compound climate hazards in the current climate. Yet, the archetypal climate realizations (Fig. 6)

may also help to characterize potential future worlds affected by climate hazards. This

information could be fruitfully combined with seasonal-to-decadal predictions of climate, opening

a window into the types of international trade conditions that could unfold in the near term

(Dunstone et al 2022). Specifically, combining initialized seasonal-to-decadal predictions of the

climate with a dynamic economic model of agricultural trade could permit the creation of

testable hypotheses about future compound climate hazards and how they propagate around

the planet.

This leads more generally into future work to combine the present analysis with robust

models of international trade and the global economy. How are patterns of international trade

likely to evolve in the context of climate-related disruptions (Baldos et al 2019)? Is it possible to

anticipate these disruptions (Nóia Júnior et al 2022)? We recommend future work incorporating

more detailed trade analysis to characterize economic dynamics that might modulate trade in

exposed goods, including the substitutability across suppliers and among different food

commodities. Detailed economic trade analysis would permit a deeper investigation, and would

allow analysis to go beyond crop and caloric supplies to account for the impact on the broader

economy and human welfare (Baldos et al 2019).

A further consideration of this work is the use of a single model ensemble. Each climate

model has its own biases, both for large-scale modes of climate variability and regional climate

dynamics (Giorgi and Coppola 2010). Thus, a different single-model ensemble could result in

different spatial distributions of exposed caloric supplies, globally. With that said, we repeated

our analysis for the 100 members of the MPI Grand Ensemble (Maher et al 2019) under the

CMIP5 RCP4.5 scenario (Meinshausen et al 2011) and found very similar results (see Supp.

Fig. 8-13). Nonetheless, this motivates continued investment in large ensembles from multiple

climate models.

Conclusion
We seek to robustly quantify the range of co-occurring climate hazards that could arise primarily

from internal variability in the present climate, and how that exposure is transmitted through

global agricultural trade networks to shape the exposure of individual countries. We deliberately

focus on present-day exposure rather than future exposure to anthropogenic climate change to

understand the full range of outcomes that are physically possible in the context of existing

practices, climate, and trade networks. We find that in general the fraction of a country’s caloric
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supply exposed to compound climate hazards increases as the diversity of its suppliers

decreases. Notably, this is true not only for the number of trading partners but also for diversity

among supplier climates, as physical connections in the global climate system regulate the

co-occurence of compound hazards between different regions. This work contributes to the

growing literature on the threat posed by tele-connected climate hazards and international

agricultural trade. While the risks posed by continued global warming have been frequently

documented, we demonstrate that internal climate variability has the potential to substantially

aggravate the exposure of global trade networks in climate-sensitive sectors, with potential

implications for global, regional and local food security.
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Supplemental Text T1

For a single realization, for a single importer country “M”, we define the fraction of M’s supply exposed to

compound climate hazards according to the following workflow:

fraction of M’s supply exposed =
𝑠ϵ𝑆
∑ 𝑡

𝑠,𝑀
𝑎𝑟𝑒𝑎
∑ 𝐶⊙𝐹⊙𝐺

𝑠

𝑎𝑟𝑒𝑎
∑ 𝐹⊙𝐺

𝑠

⎛

⎝

⎞

⎠

where

S = [set] all suppliers for country M

F = [lat/lon map] fraction of gridcell that is cropped

C = [lat/lon map] boolean mask of whether the gridcell is experiencing a compound climate

hazard, taking irrigation into account for hot-dry conditions

Gs = [lat/lon map] boolean mask denoting the geographic domain of supplier s in S
ts = [scalar] fraction of M’s supply that comes from supplier s

= area-weighted global sum
𝑎𝑟𝑒𝑎
∑

2
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Figure S1. As in Figure 2 but for maize.
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Figure S2. As in Figure 2 but for rice.
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Figure S3. As in Figure 2 but for soya.
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Figure S4. As in Figure 2 but for calories.
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Figure S5. Country-specific best-case scenario for the percentage of caloric supply exposed to
compound climate hazards.
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Figure S6. (A) Country-specific worst-case scenario for the percentage of caloric supply that is exposed
to compound climate hazards. These values are also plotted as the colored shading of the dots in Figure
5. (B) As in (A) but for wheat.
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Figure S7. Visualization of the clustering of 100 realizations and the 7 mean clusters. Additional panels
show the specific realizations that make up each of Clusters #7 and #3.
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Figure S8. As in Figure 2 but using climate data from the MPI Grand Ensemble.
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Figure S9. As in Figure 4 but using climate data from the MPI Grand Ensemble.
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Figure S10. As in Figure 5 but using climate data from the MPI Grand Ensemble.
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Figure S11. As in Supp. Fig. S7 but using climate data from the MPI Grand Ensemble.

13



This is a non-peer reviewed preprint submitted to EarthArXiv

Figure S12. As in Supp. Fig. S5 but using climate data from the MPI Grand Ensemble.
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Figure S13. As in Supp. Fig. 6A but using climate data from the MPI Grand Ensemble.
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Figure S14. As in Fig. 3 but for caloric supply in select West African countries.
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Figure S15. Percent of each country’s caloric supply from each of the four crops considered here. As
defined, the sum of panels A through D is 100%.
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