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Global risk assessment of compound hot-dry events in the
context of future climate change and socioeconomic factors
Hossein Tabari 1,2,3✉ and Patrick Willems1

Compound hot-dry events have the potential to cause significant damages and propel socioeconomic systems towards tipping
points by overwhelming the ability of natural and human systems to cope with the combined stressors. As climate change
continues to alter hazard patterns, the impacts of these events will be further compounded by changes in exposure and
vulnerability. However, the future risk of these events and the role of these components remain poorly understood. Using a
multimodel ensemble, we find that by the end of the 21st century, an additional 0.7–1.7 billion people globally will be exposed to
amplified compound events, depending on the scenarios. Additionally, the cropland exposure to these events is projected to
increase by 2–5.7 million km². Our findings also suggest that countries with weak governance will experience a twice larger increase
in the risk of compound events than those with good governance. This underscores the importance of effective governance in
mitigating and managing the escalating risks of compound events.
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INTRODUCTION
Compound extreme events have the potential to worsen the
damages caused by individual events and push global socio-
economic systems towards tipping points1,2. This is because the
combined stressors can overwhelm the ability of exposed natural
and human systems to cope with extreme conditions3. When
these stressors take the form of major natural hazards such as
drought and heatwaves, which have been responsible for 40% of
global disaster-related deaths in recent decades4, the impact can
be devastating. Examples of the devastating impact of compound
events include the 2010 Russia event, which had a death toll of
55,000 people5, and the 2018 Europe event, which resulted in a
financial loss of approximately 3.3 billion Euros6. In addition to the
devastating impact on human life and economic systems,
compound hot-dry events can negatively affect agriculture by
reducing crop yields7,8, leading to increased food insecurity in
vulnerable regions9,10.
To reduce the future socioeconomic impacts of compound hot-

dry events, it is important to analyze these events at different
spatial and temporal scales. Recent studies have examined the
impact of climate change on the probability and frequency of co-
occurring hot–dry events, with dry events characterized based on
precipitation (meteorological drought)11–15. However, the risk of
compound hot–dry events changes not only due to the changes
in climate events (hazards)16, but also in the exposure of people,
economic assets, and ecosystems and their vulnerability to
hazardous conditions17. In this regard, augmented population
exposure in hazard-prone areas was found to be a more
significant factor than hazard amplification for the future risk
increase of some extreme events18. The evolving character of the
risk components19–21, therefore, calls for anticipatory risk manage-
ment of compound events through proactive, prospective disaster
risk reduction (DRR) efforts22.
Despite the significant impact of compound hot-dry events on

various sectors, their future socioeconomic risk has not been
thoroughly investigated. Prior global risk assessments on

individual drought and heatwave events23–25 potentially under-
estimated the risk associated with extreme conditions26. While a
few global-scale studies have examined exposure to compound
hot-dry events, they have not considered the role of vulnerability
in shaping the risks13,27,28. Thus, this study aims to assess global
future changes in the risk of compound hot-dry events, taking into
account dynamic hazards, exposure, and vulnerability.
To characterize dry events, we use soil moisture as it explicitly

represents the core physical processes, including interactions
between land surface processes, atmospheric demand, and
plants29,30. This is in contrast to simple index-based impact
models based on precipitation which tend to neglect these critical
factors31,32. The factors represented by soil moisture are particu-
larly important in analyzing the impact of future compound hot-
dry events on various sectors, especially agriculture. The summer
2022 event across Europe, which led to a 16% decrease in crop
yield, exemplifies the severe impact on agriculture33.
Soil moisture represents water deficits at each location as a

function of meteorological conditions, landscape topography, soil
characteristics, and crops’ physiology34,35. Moreover, future global
warming is expected to cause a more widespread and intense
drying signal for soil moisture than precipitation36,37. Therefore,
the use of soil moisture in this study is crucial, and it highlights the
need to consider the complex interactions between climate, land
surface, and agricultural systems.
The historical and future risk of compound hot-dry events is

derived as the product of the occurrence probability of compound
events (hazard), integrated population and cropland exposure,
and the governance indicator (GI38) as a proxy for vulnerability
and coping capacity. The compound events are quantified based
on the Coupled Model Intercomparison Project Phase 6 (CMIP6)
simulations from 18 climate models for four Shared Socio-
economic Pathways (SSPs). To prioritize adaptation actions, the
projected changes in the risk are decomposed into the changes in
hazard, population and crop exposure, and vulnerability.
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RESULTS
Impact of climate change on compound hot-dry events
compared to single dry events
To investigate whether climate change has a more severe impact
on compound hot-dry events compared to single dry events, we
compare the expected changes in the probability of each type of
event for the four ScenarioMIP Tier 1 scenarios (SSP1–2.6,
SSP2–4.5, SSP3–7.0, and SSP5–8.5, hereafter referred to as SSP1,
SSP2, SSP3, and SSP5) (Fig. 1). Our results show that while the
occurrence probability of single dry events is expected to increase
in approximately 50% of the global land area, the affected area
significantly increases for compound hot-dry events due to a large
widespread increase in the probability of hot extremes covering
the entire globe. The increase in the probability of compound hot-
dry events is statistically significant (P value < 0.05) worldwide
except for small regions in central Africa and central Asia
(Supplementary Fig. 1).
Although the spatial pattern of changes in occurrence

probability remains constant across SSP scenarios, its magnitude
enlarges with the SSP scenario, particularly for compound events.
The global land area with an increase in occurrence probability of

single and compound events is respectively within the ranges of
47.6–53% and 99.3–99.8%. The global median of the magnitude of
the increase in the occurrence probability of dry events ranges
from 0.05 to 0.10 for SSP1, SSP2, SSP3, and SSP5, respectively,
while for compound hot-dry events, the magnitude of increase
ranges from 0.09 to 0.17 for the respective SSPs. The Mediterra-
nean, western and central Europe, Central and South America,
southern Africa, and eastern Asia exhibit the largest and most
significant increases (signal-to-noise >3) in the probability of
compound events, as shown in Fig. 1 and Supplementary Fig. 1.
Notably, the signal-to-noise ratio for compound events is much
larger than that for single events, owing to greater climate change
signals for compound events (Supplementary Fig. 1).
In areas where the probability of single dry events is projected

to increase, the probability of compound hot-dry events is also
projected to rise (Fig. 1). This increase is driven by an increase in
the occurrence probability of both hot and dry events. In such
areas, the contribution of hot events is more significant for the
SSP1 scenario, whereas the contribution of dry events increases
with higher SSPs and becomes larger than that of hot events for
SSP3 and SSP5. Conversely, in areas where the probability of single

Fig. 1 Future changes in the occurrence probability of single dry events and compound hot–dry events. Displayed are spatial patterns of
CMIP6 multi-model median difference of the occurrence probability of (a, c, e, g) single dry events and (b, d, f, h) compound hot–dry events
between the 2061–2100 and 1971–2010 periods for different scenarios. Compound hot-dry events were derived using the Gaussian copula.
Results for compound hot-dry events derived using the Gumbel and Clayton copulas are presented in Supplementary Figs. 2 and 3,
respectively.

H. Tabari and P. Willems

2

npj Climate and Atmospheric Science (2023)    74 Published in partnership with CECCR at King Abdulaziz University

1
2
3
4
5
6
7
8
9
0
()
:,;



dry events is projected to decrease, the probability of compound
hot-dry events still increases due to the projected rise in hot
events.
Figure 1 presents the results obtained from applying the

Gaussian copula to characterize compound hot-dry events. To
assess the impact of using different copula functions on the
results, we also employed the Gumbel and Clayton copulas to
model these events, and the corresponding results are depicted in
Supplementary Figs. 2 and 3, respectively. The results from these
copulas exhibit comparable spatial patterns and magnitudes of
changes in the probability of compound events to those obtained
using the Gaussian copula. Therefore, we concluded that the
results are not highly sensitive to the choice of copula functions,
and we used the compound events characterized by only the
Gaussian copula in subsequent analyses. Previous studies also
reported similar findings, demonstrating that the differences
resulting from the use of different copula functions were
negligible when considering changes in drought characteristics
at large scales39.
Figure 2 shows the expected changes in the frequency of

compound hot-dry events. Based on the global median of the
changes, compound hot-dry events are expected to occur 4, 7, 9,
and 10 times more frequently in the future under SSP1, SSP2,
SSP3, and SSP5 scenarios, respectively. In addition to the variation
of climate change impacts with SSPs, the impacts also vary
latitudinally, with the largest increase in the tropical and
subtropical regions in the Southern Hemisphere.

Projected croplands and population exposure to single and
compound hot-dry events
The impacts of more prevalent and frequent single and
compound events in the future on croplands and population are
quantified by computing the changes in their exposure to these
events between the late twentieth and twenty-first centuries
(Fig. 3). The population exposure to dry events, defined as the
product of the exposed population and the probability of the
events, is projected to increase by 0.1, 0.3, 0.8, and 0.2 billion
persons for SSP1, SSP2, SSP3, and SSP5, respectively (Fig. 3a).
However, compound hot–dry events are expected to result in
much larger increases in population exposure, accounting for 0.7,
1.1, 1.7, and 1.2 billion persons increases for the respective
scenarios. The large increases in population exposure are driven
by both the increase in the probability of these events (Fig. 1) and
the projected population growth, especially for Africa and
southern Asia (Supplementary Fig. 4).
The cropland exposure to single and compound events is

expected to increase by comparable magnitudes to the popula-
tion exposure. The exposure of croplands to single dry events,
defined as the product of exposed cropland and the probability of
hazards, is projected to increase by 0.7, 2.7, 3.5, and 3.2 million
km² for SSP1, SSP2, SSP3, and SSP5, respectively. For compound
hot-dry events, the increase in cropland exposure is expected to
be even greater, with projected increases of 2, 4.1, 5.7, and 5.7
million km² for the respective scenarios (Fig. 3b). The low crop
exposure under SSP1 is attributed to minimal changes in both
croplands and compound events, although the expansion of

Fig. 2 Future changes in the frequency of compound hot–dry events. Displayed are spatial patterns of the difference in frequency between
the 2061–2100 and 1971–2010 periods based on the CMIP6 ensemble median (a, c, e, g) and the latitudinal distribution of the range of
changes across GCMs (b, d, f, h). In right-column panels, lines and uncertainty bands represent the ensemble median and ± 1 ensemble
standard deviation, respectively. Compound hot-dry events were derived using the Gaussian copula.
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croplands in some regions such as Sub-Saharan Africa and India is
noticeable (Supplementary Fig. 5). In contrast, under the SSP2 and
SSP3 scenarios, the largest cropland expansions are anticipated in
Sub-Saharan Africa, India, the eastern USA, and parts of South
America. The cropland expansion is generally smaller under SSP5
compared to SSP2 and SSP3 except in US and Europe where
cropland expansions are largest under SSP5.

The analysis of cropland exposure to hazards for major crops
reveals that compound hot-dry events are expected to impact all
crop types, while the impact of single dry events is less significant
(Fig. 4). The exposure of cereals to compound events is projected
to increase by 0.32, 0.48, 0.62, and 0.73 million km² for SSP1, SSP2,
SSP3, and SSP5, respectively. For oil crops, the magnitudes of the
increases in exposure to compound events are 0.21, 0.28, 0.35, and

Fig. 3 Comparison of future changes in exposure to single dry events and compound hot–dry events. Displayed is the difference in a total
population and b total cropland exposures between historical and future periods. Green and red dots represent the changes derived from
individual CMIP6 GCMs for single and compound events, respectively; the white dot represents the CMIP6 ensemble median.

Fig. 4 Comparison of future changes in exposure of different crops to single dry events and compound hot–dry events. Displayed are the
cropland exposure difference between historical and future periods for a–j different crops. Green and red dots represent the changes derived
from individual CMIP6 GCMs for single dry events and compound hot–dry events, respectively; the white dot represents the CMIP6 ensemble
median.
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0.40 million km² for the respective scenarios. Among the crops
considered, the largest increases in exposure to compound events
are projected for maize, rice, pulses, soybean, roots, and
sugarcane, respectively, while the increases are lowest for
sunflower, rapeseed, and groundnut (Fig. 4). The largest increase
in maize cultivation areas is expected in Sub-Saharan Africa and
South America, while the largest expansion in paddy fields is
projected for southern Asia (Supplementary Fig. 6). Groundnut
and pulses cultivation are expected to expand largely in Sub-
Saharan Africa, southern Asia, and parts of South America
(Supplementary Fig. 6). The greatest differences between the
changes in exposure to single and compound events are found for
cereals, groundnut, and pulses, which exhibit an opposite
direction of change (Fig. 4). In terms of change magnitude, the
largest difference between single and compound events is
projected for cereals. Sub-Saharan Africa, Argentina, and India
are anticipated to have the largest increases in cereals-growing
areas in the future.

Country-level assessment of compound hot-dry event risks
and contributing factors
The risk of compound hot-dry events is assessed at the country
level after aggregating exposure and hazard and integrating with
the country-level GI (Supplementary Fig. 7) in this study. The risk
analysis shows an increasing trend in 72, 80, 95, and 112 countries
out of the total 157 considered countries for SSP1, SSP2, SSP3, and
SSP5, respectively (Fig. 5). For the respective scenarios, a fourfold
increase in the risk of compound events is found in 11, 22, 45, and
55 countries. The median risk multiplication factors across all 157
countries are 0.9, 1.1, 1.6, and 2.3 for SSP1, SSP2, SSP3, and SSP5,
respectively. The Caribbean countries (Jamaica, Trinidad and

Tobago, and Puerto Rico) are the most impacted countries across
all SSP scenarios. A comparison of risk between countries with
good (governance indicator ≥0.75) and weak (governance
indicator < 0.5) governance indicates a larger increasing tendency
of risk in countries with weak governance, with the exception of
SSP1. The changes in the risk of compound events in countries
with weak governance are expected to be almost twice as large as
those in countries with good governance. The risk multiplication
factors of 0.6, 0.7, and 1.3 respectively for SSP2, SSP3, and SSP55 in
countries with good governance increase to 1.2, 1.6, and 2.2 for
the respective scenarios in countries with weak governance.
The factors driving changes in the risk of compound hot-dry

events in each country are examined. Hazard is the primary
contributor to risk changes, accounting for global mean contribu-
tions of 55%, 68%, 69%, and 69% for SSP1, SSP2, SSP3, and SSP5,
respectively (Fig. 6). Hazard has the largest contributions in 108,
139, 140, and 141 countries for SSP1, SSP2, SSP3, and SSP5,
respectively. Vulnerability is the second most important driver of
risk changes, globally accounting for 35%, 20%, 16%, and 14% for
SSP1, SSP2, SSP3, and SSP5, respectively. In individual countries,
vulnerability can contribute over 90%. Population and crop
exposures have comparable contributions, with the latter slightly
larger. Although exposures have the lowest global contributions
to risk changes, they can account for up to 66% in individual
countries. The contributions of all risk components increase with
SSP scenarios except for vulnerability, which has an opposite
trend.

DISCUSSION
The higher occurrence probability of compound hot-dry events in
the future compared to single events can be attributed to two

Fig. 5 Future changes in the risk of compound hot–dry events. Displayed are (a–d) spatial patterns of the risk factor for compound hot–dry
events between historical and future periods, (e, f) risk factor comparison between countries with good and weak governance. Hazard change
is based on the CMIP6 multi-model median. In panel e, countries with medium governance (50th–74th percentile31), which are not used in this
study, are shown in white color. In the violin plots, the black cross represents the risk factor median across the countries.
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factors: an increase in the probability of both dry and hot extreme
events40,41, and a stronger connection between temperature and
soil moisture due to amplification of land-atmosphere feedback
and changes in common driving forces such as large-scale
atmospheric circulation patterns34,42,43. These conditions are met
in several regions such as the Mediterranean, western and central
Europe, Central and South America, southern Africa, and eastern
Asia, leading to a remarkable increase in the probability of
compound hot–dry events. This increase is due to a combination
of decreased soil moisture39,44 and increased temperature45. In
contrast, high-latitude regions exhibit a weaker increase in the
probability of compound hot-dry events due to the decreasing
trend of dry event probability39,44, which offsets the increasing
trend of hot event probability46. Our findings indicate a
substitutional increase in the global exposed area from 50% of
the land for single dry events to almost 100% for compound
hot–dry events. The increase in the occurrence probability of
compound events locally is expected to further expand the
exposed area in the future47, a trend that has already been
observed in the last few decades48.
Previous global-scale studies using CMIP5 and CMIP6 GCM

simulations10,13,27,28,49,50 have also reported a significant increase
in compound dry and hot events in the future. However, these
studies used precipitation as a measure of dry events, which is
expected to undergo less change compared to soil moisture44.
Although a simple threshold approach may not be sufficient to
fully characterize the complex interaction between hot and dry
events, recent research has shown that using precipitation to
define compound hot-dry events results in smaller expected
changes compared to when soil moisture is used for this
purpose51.
Our study reveals that population exposure to compound hot-

dry events is projected to increase by 0.7, 1.1, 1.7, and 1.2 billion
persons for SSP1, SSP2, SSP3, and SSP5, respectively. The highest
population exposure is anticipated under the SSP3 scenario,
where the population is expected to increase the most. These
findings are in line with our single hazard analyses and previous
studies52, which also identified SSP3 as the scenario with the
highest population exposure to various hazards. Moreover, our
results indicate that under the SSP3 scenario’s great inequality
conditions, the world’s poorest populations, especially those in
Sub-Saharan Africa and southern Asia, will be disproportionately
affected by compound hot-dry events. This conclusion aligns with
the IPCC 2018 special report on global warming of 1.5 °C, which

also highlights this threat as a significant risk for vulnerable
populations53.
Our study also reveals an increase in cropland exposure to

compound hot-dry events by 0.7–3.2 million km², depending on
the SSP scenario, which is 1.5–2 times greater than the increase in
cropland exposure to single dry events. This higher exposure of
crops to compound hot-dry events can result in reduced yields, as
crops under water stress conditions close their stomata to
conserve water, thereby reducing carbon uptake through photo-
synthesis and ultimately decreasing yields54. Additionally, crop
yields can sharply decline due to heat stress and increasing water
demand during hot events55.
This reduced crop yield is particularly concerning as global food

demand is expected to double by the 2050 s due to projected
population growth56,57. Our findings reveal a significant increase
in cropland exposure to compound hot-dry events in Sub-Saharan
Africa, where cereals and roots growing area expansions are
associated with a larger cropland exposure. This increase in
cropland exposure is of great concern, as Sub-Saharan Africa
already faces chronic hunger, with the largest number of food-
insecure people in the world58, and crop production is vulnerable
to water stress conditions due to insufficient contingency
planning and limited coping mechanisms59,60.
Other regions that will be significantly impacted include South

America and India, where the exposure of cereals will be
remarkably increased. This trend could have far-reaching impacts
on global food security as Brazil and Argentina are the third and
fourth largest maize producers in the world, and India produces
one-fourth of the world’s rice. The projected increase in cropland
exposure to compound hot-dry events in these regions under-
scores the urgent need for proactive measures to address the
threats to crop production and food security posed by climate
change.
Our study indicates that the risk of compound hot-dry events is

expected to increase significantly due to the projected increase in
hazard and exposure. Specifically, our findings suggest that the
risk of compound hot-dry events is anticipated to increase in
72–112 countries, with a fourfold increase in 11–55 countries,
depending on the SSP scenarios considered. Furthermore, we
found that countries with weaker governance structures are at
higher risk compared to those with good governance, as
infrastructural, social, and economic capacities are often insuffi-
cient to manage the consequences of disasters. Therefore, it is
critical to enhance coping capacities in these countries to reduce

Fig. 6 Drivers of the change in the risk of compound hot–dry events. Displayed are the country-level contribution of (a, e, i, m) hazard,
(b, f, j, n) population exposure, (c, g, k, o) crop exposure, and (d, h, l, p) vulnerability to the changes in the risk of compound hot–dry events for
different scenarios.
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the risk of compound events for society urgently. Educational and
economic development are central determinants of improve-
ments in governance efficiency and coping capacities. Economic
growth can potentially mitigate the adverse impacts of compound
hot-dry events by enabling investment in climate adaptation,
research and development, economic diversity, education, and
awareness61. Furthermore, improving education by increasing
awareness of natural hazards can lead to more informed and
prepared individuals and communities21. This, in turn, can help to
reduce the risks and impact of natural disasters, ultimately saving
lives and reducing damage to property and infrastructure.
International cooperation is critical in addressing the global risks
associated with compound events. Countries with higher capa-
cities and resources can support those with weaker governance
structures through technology transfer, financial aid, and capacity-
building initiatives. Collaborative efforts can also promote the
sharing of best practices and knowledge on climate adaptation,
disaster risk reduction, and sustainable development.
Our analysis reveals that hazard is the most significant element

contributing to the risk multiplication factor compared to
population and cropland exposures and vulnerability. Depending
on the SSP scenarios, the median contribution of hazard to
changes in risk ranges from 55% to 69% globally. However, the
contribution of hazard varies considerably across different
countries and can be less than 10% in some cases. This
underscores the need to consider all three risk elements to avoid
biased estimates of the risk of compound events. Failing to do so
could result in underestimation or overestimation of the risk,
leading to inappropriate policy responses. Our findings have
important implications for policymakers, providing valuable
information to prioritize adaptation actions and quantitatively
determine the level of enhancement needed in each risk
component to mitigate the adverse impacts of compound hot-
dry events.
This study provides a comprehensive assessment of the global

risks associated with compound hot-dry events by incorporating
hazard, exposure, and vulnerability indicators. There are several
ways in which future research could extend and improve upon the
methods and analysis presented here. One important direction for
future studies would be to quantify compound hot-dry events for
different global warming levels, including the 1.5 and 2 °C targets
outlined in the Paris Agreement. This would provide insights into
the consequences of meeting or failing to meet these targets and
could inform decision-making on mitigation and adaptation
strategies.
Another way to improve upon this study would be to develop a

vulnerability index specifically designed for the vulnerability
assessment of compound hot-dry events. While the governance
indicator used in this study covers different relevant dimensions of
vulnerability and coping capacity, it was not specifically designed
for this purpose. A more comprehensive vulnerability index based
on additional proxy indicators, as they become available at a
global scale and for different socioeconomic scenarios, could help
to better assess the risks of compound hot-dry events and inform
adaptation strategies.
Furthermore, it would be valuable to provide risk analysis at

smaller scales than the country level, where data on vulnerability
and coping capacity are available. This could help to identify areas
of high vulnerability within countries, particularly in large
developing nations where socioeconomic inequality can be
significant. Additionally, future studies could take into account
the level of humanitarian assistance needed by the population,
based on factors such as health conditions and age dependency.
Humans are particularly sensitive to high heat stress due to hot
and humid air, and such information could be used to inform
disaster preparedness plans and risk reduction strategies.
Despite these potential areas for improvement, the risk

assessment of compound hot-dry events presented in this study

provides valuable insights into the potential impacts of climate
change and can help to inform informed decision-making on
adaptation and risk reduction strategies at national and global
scales.

METHODS
Hazard quantification
In this study, we define risk as a function of hazard, exposure, and
vulnerability/coping-capacity. To model hazard, we used climate
simulations from 18 general circulation models (GCMs; Supple-
mentary Table 1) as part of the Coupled Model Intercomparison
Project Phase 6 (CMIP662). Specifically, we analyzed monthly soil
moisture and air temperature data from 1971 to 2100 under four
different socio-economic scenarios: SSP1–2.6, SSP2–4.5, SSP3–7.0,
and SSP5–8.5. Based on the CMIP6 ensemble median, these
scenarios correspond to projected global warming rates of 2.2, 3.3,
4.3, and 5.1 °C at the end of the century39.
To quantify compound hot–dry events (hazard), we transformed

soil moisture and temperature series at each grid cell to the series
of standardized indices, enabling a comparison of dry and hot
conditions across regions and climate scenarios. To this end, we
employed the standardized soil moisture index (SSI63) and the
standardized temperature index (STI64) to define dry and hot
events, respectively. The nonparametric Gringorten plotting
position formula P= (i− 0.44)/(n+ 0.12) (n: length of the data; i:
rank) was used to derive the marginal probability. We estimated
the marginal probability for the entire time series (1971–2100),
which enables us to capture any changes in normal conditions
(i.e., trends) and anomalies caused by climate change24,65.
The dependence between hot and dry events at each grid cell

of the CMIP6 GCMs, referring to the tendency of these events to
inhibit (negative correlation) or facilitate (positive correlation) each
other, was quantified using a bivariate copula. Copula functions
are able to characterize the dependence structure independently
of the type of marginal distributions and allow a flexible
mensuration of the tail dependence66 as well as the estimation
of conditional probabilities67 which are important for risk analyses
of extreme events. As compound hot–dry events usually occur
when soil moisture (SSI) is low and air temperature (STI) is high, we
inverted the SSI values. The joint distribution probability between
inverted 3-month SSI and monthly standardized temperature
values was derived using copulas. We considered three popular
copula functions: the Gaussian copula, which is part of the
elliptical family and assumes multivariate normality; the Gumbel
copula, which is from the Archimedean family and assumes upper
tail dependence; and the Clayton copula, also from the
Archimedean family, which assumes lower tail dependence. These
copulas were chosen for their ability to capture different types of
dependence between the two variables. To estimate the
parameters of these copulas, we used the maximum likelihood
method. Following the concepts of SSI, the standardized
compound hot–dry event index was obtained by transforming
the remapped joint probability derived from copula functions
using the standard normal distribution (Φ�1 pð Þ where Φ is the
standard normal distribution and p is the joint probability).
To ensure a reliable estimation of the copula parameters, a

compound hot-dry event was defined as a standardized joint
probability below −0.5, based on previous studies2,63,68. This
threshold guarantees an adequate number of events for both
historical (1971–2010) and future (2061–2100) periods. The
probability of occurrence for these events was calculated as the
ratio of instances with a compound event to the total number of
months in each period (40 years x 12 months = 480 months). This
study focused on the far future period to project changes in
compound hot-dry events under different scenarios, reflecting
various challenges for implementing mitigation and adaptation
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strategies, and global policies69. The magnitude of the forced
signal varies depending on the scenario, which is more apparent
in long-term projections as it is generally greater than the internal
variability of the climate system70. By utilizing a 40-year period
and a lower threshold for defining compound hot-dry events, this
study captured a sufficient number of extreme events and
increased the sample size, thereby reducing fitting errors due to
limited samples. This approach is effective in ensuring a reliable
estimation of the parameters of copulas.
To explore the possible larger impact of compound hot–dry

events, it was compared with the impact from single events. The
bivariate threshold corresponds to a slightly higher threshold for
margins because the bivariate threshold in addition to the jointly
marginally extreme events also contains the events that are
extreme based on the bivariate distribution but not necessarily
based on both margins2. As in previous studies (e.g., ref. 2), we,
therefore, selected a higher threshold (−0.8) for margins (SSI and
STI), although global patterns and magnitude of changes were
found insensitive to the threshold for defining extreme events39.
We considered the change in hazards as the difference in the

occurrence probability of hazards between 2061–2100 and
1971–2010 periods. To assess the robustness of the changes
within the context of natural variability, the magnitude of the
forced climate response (signal; ensemble median of changes)
compared to internal variability (noise; standard deviation across
the ensemble) is examined71. The statistical significance of the
forced response was tested by defining a t-test statistic in terms of
the signal-to-noise ratio72. For our ensemble size (n= 18), the
change is considered significant at the 5% level when the absolute
value of the signal-to-noise ratio exceeds 0.54.

Risk assessments
Our risk assessment incorporated population exposure, following
similar single-hazard risk studies. We utilized population density
data at a spatial resolution of 0.5° x 0.5° and an annual temporal
resolution for historical and future periods (2005 and 2085). The
gridded population dataset included historical population density
from the HYDE3.2 database73, and future population data derived
by scaling up the 2010 Gridded Population of the World (GPWv3)
dataset (available at http://sedac.ciesin.columbia.edu/data/
collection/gpw-v3) using national decadal population projections
based on SSP1, SSP2, SSP3, and SSP574, which were linearly
interpolated to an annual scale. We also considered the exposure
of cropland to events for historical and future periods (2005 and
2085), with cropland proportions for different SSPs extracted from
gridded land-use data on a 0.5° x 0.5° grid from the AIM-SSP/RCP
Gridded Emissions and Land-use dataset75. In the exposure
analysis depicted in Figs. 3 and 4, the probability of the hazard
at each grid cell was multiplied by the corresponding population
and cropland proportion. The percentage of total cropland at each
0.5° x 0.5° grid cell was converted to square kilometers using
spherical trigonometry, which accounts for varying areas of GCM
grid cells across latitudes.
For further analysis of cropland exposure to single and

compound events, the exposure of 10 predominant crop species
and species groups was investigated. Future land use patterns
were based on projections from the MAgPIE land-use model76,77

according to SSP2. In this dataset, to ensure a smooth transition
between the historical (HYDE3.2) and future land use patterns, a
harmonization algorithm was applied to the MAgPIE data. Future
projections of croplands are available for each of the GFDL-
ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and MIROC5 GCMs. We
calculated the median of the projections for historical and future
periods (2005 and 2085) and used it in our study.
In our analysis of vulnerability and adaptive capacity, we used the

governance indicator (GI38) for the historical period and different
SSPs (2005 and 2085). Previous studies have shown that the quality

and efficiency of governance are crucial in the immediate aftermath
of extreme events, as well as in the future climate vulnerability and
coping capacity of nations to extremes38,78,79. This indicator was
developed by integrating gross domestic product (GDP) per capita,
the share of the population with higher education, and the gender
gap in mean years of schooling.
To quantify the risk of compound hot-dry events for the

historical period and different SSPs in the future, we aggregated
the gridded population and cropland data, as well as the gridded
hazard probability, to the country level. To calculate the overall
exposure to compound hot-dry events at each grid cell, we
integrated the cropland proportion with the population exposure
of the same grid, which were normalized using linear min-max
rescaling between 0.05 (lowest) and 0.95 (highest) before the
integration. Since there is an indirect relationship between
governance indicator (GI) and risk (where lower GI values indicate
higher vulnerability), we used one minus GI for risk analysis. Risk
was determined as the product of normalized hazard, integrated
exposure, and vulnerability. We calculated the risk multiplication
factor as the ratio of the risk in the future period over that in the
historical period. This factor was disentangled into changes in
hazard, population and crop exposures, and vulnerability, provid-
ing valuable insights for prioritizing adaptation actions.
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