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Due to the complex natural environment and large regional differentiation in China, the dependence of
multiple climate-related hazards on compound events (CEs) and their response to climate change are
still unclear. Using daily meteorological observations (1961-2020) and climate simulations from the
Coupled Model Intercomparison Project Phase 6, statistically strong dependences among hot, dry,
and high fire risk are revealed in China. The average temperature from 1991 to 2020 was 1 °C higher
than that from 1961 to 1990, and the probabilities of CEs exhibiting extreme hot-dry, dry-high fire risk,
and extreme hot-dry-high fire risk increased significantly by 74.8%, 60.5%, and 26.8%, respectively.
Although most CEs occur more frequently in China at the end of the 21st century, the increase rates in
low emissions are lower. These findings have implications for developing climate adaptation and
mitigation strategies to cope with increased CEs in critical geographical regions.

Compound events (CEs) are combinations of two or more events/hazards
occurring at spatial and temporal scales, amplifying negative impacts on
natural and socioecological systems compared to a single hazard'”. In recent
years, CEs have occurred globally, including in Australia™, the Pacific
Northwest’, and China®. In mid-July 2022, for example, Southwest China
was hit by the co-occurrence of unprecedented and long-lasting heatwaves
and droughts®, which exceeded the impacts that would have been caused by
heat and dryness in isolation’. Recent CEs worldwide also reflect that
wildfire risk easily reaches the extreme threshold under the influence of
compound hot-drought events™. Extreme precipitation is another form of
anomalous precipitation that can also attract attention, as it results in crop
failure’, damage to infrastructure'’, and increased insurance costs'. In
coastal areas, extreme precipitation often coincides with strong winds or
even storms'*™'* and can result in flooding'’. Undoubtedly, these unprece-
dented or record-breaking events, such as heatwaves'®”, drought'®"’, and
wildfires*, indicated that the occurrence, impacts, and risks of CEs have
intensified in recent years, partly due to climate change.

Rising global surface and ocean temperatures drive drastic changes in
climate systems, termed climate change”. The Coupled Model Inter-
comparison Project (CMIP) provides a useful tool for understanding how
CEs change with climate change. There is consensus that compound
drought events™, consecutive extreme precipitation events*, compound
drought and heatwave events” ™, compound extreme hot and extreme
precipitation events”, compound drought and wildfire events”, and com-
pound extreme precipitation and strong wind events” will become more

frequent and intense across the world under high emission scenarios.
Conversely, the frequency of CEs related to extreme cold events (e.g.,
compound cold-dry events and compound cold-wet events) will decrease in
the future. However, less attention has been given to the role of warming in
compound event occurrence. The effects of warming on the dependence of
various hazards require further investigation because rising temperature
may contribute to the occurrence of other hazards® . It is well known that
because of land-atmosphere feedback, heatwaves and drought often occur
simultaneously and can cause compound heatwaves and drought
events’ . Additionally, the water-holding capacity of the atmosphere
increases with rising air temperature, called the Clausius—Clapeyron (C-C)
relation, leading to atmospheric instability and convection for precipitable
water over a local range™. This leads to condensed water and sudden
extreme precipitation after the end of a heatwave event” . Therefore,
investigating the role of warming in the joint occurrence of multiple hazards
may provide important insights into the occurrence of compound events in
the future with climate change.

In this study, we hypothesize that the joint occurrence probability of
various hazards has varied with climate warming over the past several
decades, which may be related to hazards and compound event types. Such
phenomena may continue and become more obvious under high emission
scenarios in the future. To this end, we consider six hazards (namely dry,
extreme hot, high fire risk, strong wind, extreme precipitation, and extreme
cold) and identify 38 CEs types in China using observational data from
19612020 (Supplementary Table 1). Then we use the moving window
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method to detect the changes in the joint co-occurrence of various hazards
over the past six decades, and project their trends in the future based on
Phase 6 of the Coupled Model Intercomparison Project.

Results

Statistical dependence among various hazards in different
periods

During the first period (1961-1990), a positive dependence (LMF > 1) was
detected for hazard combinations of extreme hot and dry, extreme hot and
extreme precipitation, extreme precipitation and strong wind, dry and high
fire risk, and high fire risk and strong wind in the study area (Fig. 1a). The
LMEF values between extreme hot and dry events are greater than the LMF
values between the other hazard combinations. Regionally, the dependence
between extreme hot and high fire risk is weak (LMF<1) except in
the northern subtropical humid region and northwest arid region. In the
southern subtropical and tropical humid regions, the LMF between extreme
cold and high fire risk is greater than 1 and larger than that in other eco-
geographical regions during the 1961-1990 period. The dependences
between extreme hot and strong wind, extreme cold and extreme pre-
cipitation, and extreme cold and dry are weaker nationwide.

A strong correlation exists between the LMF values of different hazard
combinations and temperature (|r | >0.8, P < 0.01). At the national scale, the
LMEF value between extreme hot and dry events increased significantly by
59.5% from the first period to the last (1991-2020) period (Fig. 1b). Notably,
this increase reaches its peak in the southern subtropical and tropical humid
region, registering at 95.4%. The dependence between extreme hot and
extreme precipitation was also enhanced across nine eco-geographical
regions with rising temperature. Compared with that in the first period, the
LMF value between extreme hot and extreme precipitation events increased
by 24.5% during the last period. In addition, the average LMF values
between extreme precipitation and strong wind, dry and high fire risk, and
high fire risk and strong wind increased to 2.2, 3.3, and 2.8, respectively,
during the period of 1991-2020.

In cold temperate humid region, mid-subtropical humid region, and
north semi-arid region, the dependence between extreme hot and high fire
risk shifted from negative (LMF <1) to positive (LMF >1) during the
1991-2020, with average LMF values of 1.1, 1.6, and 1.2, respectively. This
shift suggests that with rising temperatures, extreme hot and high fire risk
events increasingly occur simultaneously or sequentially, leading to com-
pound extreme hot-high fire risk events in these regions. In contrast, the

dependencies between extreme cold and either extreme precipitation or dry
events remained negative (LMF < 1) during the same period.

Occurrence of compound events in different periods

Nationally, a positive correlation exists between the occurrence of CEs such
as extreme hot-extreme precipitation (Fig. 2a), extreme hot-dry (Fig. 2b),
dry-high fire risk (Fig. 2j), and extreme hot-dry-high fire risk (Fig. 2m), and
rising temperature (r > 0.9). During the last period (1991-2020), the average
probabilities of these CEs were 0.007, 0.047, 0.036, and 0.044, respectively,
marking significant increases of 21.8%, 74.8%, 60.5%, and 26.8% from the
first period (1961-1990) (P <0.01). Although the positive dependences
(LMF > 1) between high fire risk and strong wind, extreme precipitation and
strong wind indicate that they can cause compound events, the probabilities
of these two CE types declined significantly in the recent three decades due
to a reduction in strong wind occurrences (Supplementary Fig. 2). Addi-
tionally, the probabilities of some CEs types also show a negative correlation
with temperature (r < —0.9), specifically for compound events related to
extreme cold events (Fig. 2).

We next focus on nine eco-geographical regions and calculate the
relative percentages of different compound events during the first
(1961-1990) and last (1991-2020) periods (Fig. 3). The relative dominant
CEs types (percentages larger than 10%) vary significantly across eco-
geographical regions during the first period. In cold temperate humid region
and mid-temperate humid/ subhumid region, CEs of dry-high fire risk, high
fire risk-strong wind, extreme hot-dry-high fire risk, and dry-high fire risk-
strong wind are the dominant types, accounting for 11-14.5% of the total
(Fig. 3a, b). The above four CEs types also contribute >10% of all compound
events in the warm temperate humid/sub-humid region and the north semi-
arid region (Fig. 3¢, d). Additionally, compound extreme cold-strong wind
events constituted more than 10% of all CEs in most ecogeographical
regions, except in the cold temperate humid and mid-temperate humid/
sub-humid region. The relatively dominant CEs types in the northern
semiarid region also include compound extreme hot-dry events, with a
percentage of 10.5% (Fig. 3g). In the north semi-arid region, compound
extreme hot-dry events are also relatively dominant, accounting for 10.5%
(Fig. 3d). The percentages of compound extreme hot-dry events in the
southern subtropical and tropical humid region, northwest arid region, and
Tibetan Plateau region are 10.5%, 12.6%, and 12%, respectively (Fig. 3f h, i).

As temperatures rise, CEs related to hot and dry gain relative impor-
tance across nine ecogeographical regions, while the frequency of extreme
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Fig. 1 | LMF plots of six hazards in different eco-geographical regions during two main periods. Where (a) represents the first period (1961-1990), and (b) indicates the
last period (1991-2020). The study area was divided into nine eco-geographical regions to emphasize the features and differentiation of climate conditions.
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Fig. 2 | Density maps of the probability of compound events occurring during
different periods. This figure represents the distribution of probabilities of various
compound events in China. For a given compound event type, a higher density value
means it occurred frequently and broadly in China in the study area. Where (a)
extreme hot and extreme precipitation, (b) extreme hot and dry, (c) extreme hot and
high fire risk, (d) extreme hot and strong wind, (e) extreme cold and extreme
precipitation, (f) extreme cold and dry, (g) extreme cold and high fire risk, (h)
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extreme cold and strong wind, (i) extreme precipitation and strong wind, (j) dry and
high fire risk, (k) high fire risk and strong wind, (I) extreme hot, extreme pre-
cipitation, and strong wind, (m) extreme hot, dry, and high fire risk, (n) extreme hot,
dry, and strong wind, (o) extreme hot, high fire risk, and strong wind, (p) extreme
cold, extreme precipitation, and strong wind, (q) extreme cold, drought, and strong
wind, (r) dry, high fire risk, and strong wind, and (s) extreme hot, dry, high fire risk,
and strong wind.

cold-related CEs declines. From the first to the last period, the prevalence of
extreme hot-dry and extreme hot-dry-high fire risk CEs in China increased
by 7.8-14.8% and 3.2-8.8%, respectively. During the last period
(1991-2020), the occurrence of compound extreme hot-dry-high fire risk
CEs surpassed 20% in nearly all eco-geographical regions, indicating an
increased probability of wildfire from CEs.

Projection of compound events in the future

In this section, we project the occurrence and types of compound events in
China under different emission scenarios (Fig. 4). Compared to the baseline
(1985-2014), a significant increase in compound events related to extreme
heat and dryness is anticipated, driven by the correlation between rising
temperatures and low precipitation (LMF > 1), key factors in the formation
of these events. Importantly, the probability of compound hot-dry events in
China is projected to increase by 102.1%, 132.6%, 150%, and 156.2% in the
2030's, under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios,
respectively (Fig. 4b). These increases will exceed 200% in the 2080 s under
the four scenarios. Additionally, climate change is expected to escalate the
frequency of compound events involving three or four hazards, particularly

CEs of extreme hot-extreme precipitation-strong wind, extreme hot-dry-
high fire risk, extreme hot-dry-strong wind, dry-high fire risk-strong wind,
and extreme hot-dry-high fire risk-strong wind, potentially aggravating the
intensity of compound events and their impacts on important sectors in
China. In contrast, the occurrence of CEs related to extreme cold events will
become rare in the future, especially under high emission scenarios (SSP3-
7.0 and SSP5-8.5) (Fig. 4e-g).

We further identify the dominant compound events in different eco-
geographical regions in the future (Fig. 5). Climate change is expected to
create uniformity in dominant CE types across different eco-geographical
regions. Compound extreme hot-dry events mainly contribute to the
majority of CEs in all eco-geographical regions, with percentages ranging
from 43.7-85.7%. CEs related to extreme cold and strong wind are relatively
less important due to their low frequency. Under the SSP5-8.5 scenario,
extreme hot-dry-high fire risk and high fire risk-strong wind CEs will
predominate, exceeding 15% in most regions, including cold temperate
humid, northern subtropical humid, north semi-arid, northwest arid, and
Tibetan Plateau regions, indicating susceptibility to wildfires. Overall, cli-
mate change is likely to reduce the variety of dominant CE types in these
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Fig. 3 | Relative percentages of compound events in different eco-geographical

regions during the first (1961-1990) and last (1991-2020) periods. The percen-
tage of each compound event type is equal to the number of occurrences divided by
the number of occurrences of all compound events in the same period. Where (a-i)

Bl Compound extreme precipitation-strong wind events

are the cold temperate humid region, mid-temperate humid/subhumid region,
warm temperate humid/subhumid region, northern subtropical humid region, mid-
subtropical humid region, southern subtropical and tropical humid region, north
semi-arid region, northwest arid region, and Tibetan Plateau region, respectively.

nine eco-geographical regions in the future. The combinations of extreme
hot, dry, and high fire risk are the most common in China in the future.

Discussion

Owing to climate change, the occurrence of compound events varies, as
indicated by the increased probabilities of CEs related to extreme hot
events’>*”* but a decreasing trend in extreme cold-related CEs (e.g,,
compound extreme cold-dry events)***'. Recent studies have confirmed an
increase in the frequency of various CE types in many regions of China,
including compound extreme hot-dry events**™, compound extreme hot-
extreme precipitation events’”**, and compound extreme precipitation-
strong wind events'’. Notably, we stressed the dependence of multiple
hazards on forming compound events within 1 day. We did not consider
the temporal threshold when forming temporally compounding events
because of the limited sample size and diverse understanding of the system'.
While our definition sets the temporal threshold at 1 day to amplify the
impacts of hazards, certain hazards may continue over a short term, forming
temporally compounding events with greater negative impacts than isolated
hazards. For example, one heavy rainfall event may also occur within 3 and
7 days after the end of a heat wave’’. Thus, we recommend that the temporal
threshold be determined based on the compound events database, and
further analysis of interactions between multiple hazards is encouraged.

Our research identified clear evidence of climate change impacting the
occurrence of CEs, likely due to dependencies among various hazards linked
to land-atmosphere feedback’ ™. Hot and dry conditions can enhance
evapotranspiration but reduce fuel moisture, leading to an increase in
available fuel combustion. Modeling the moisture content of fuels and
potential fire behaviors, the fire weather index serves as a tool to pinpoint
conditions conducive to the ignition and spread of vegetation fires*. Several
studies have explored the correlation between fire weather and fire activities
and have concluded that the frequency of extreme fire weather events and
compound dry-extreme fire weather events has increased worldwide over
the past decades™”. Consequently, hot and dry conditions are usually
precursors to mega-wildfires'*"’. Recent extreme events worldwide also
indicate that wildfire risk easily reaches the extreme threshold under the
influence of compound hot-drought events™. Overall, our findings high-
light the complexity of interconnected extreme events and underscore the
diversity and severity of compound events in China.

Under future climate conditions, China is projected to experience
increased occurrences of CEs related to extreme hot and dry events, parti-
cularly for compound extreme hot-dry events, compound dry-high fire risk
events, and compound extreme hot-dry-high fire risk events. Across all eco-
geographical regions, the prevalence of CEs involving extreme heat and
dryness is expected to rise by the twenty-first century’s end. These CEs can
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Fig. 4 | Vioplots of the probability of different compound events under four
scenarios in the baseline, 2030s (2021-2050 period), and 2080s (2071-2100
period). The different scale ranges were used to reflect the significant difference in
the occurrence of different compound events. Larger values signify a higher prob-
ability of compound event occurrence. Where (a) extreme hot and extreme pre-
cipitation, (b) extreme hot and dry, (c) extreme hot and high fire risk, (d) extreme hot
and strong wind, (e) extreme cold and extreme precipitation, (f) extreme cold and

high fire risk, (g) extreme cold and strong wind, (h) extreme precipitation and strong
wind, (i) dry and high fire risk, (j) high fire risk and strong wind, (k) extreme hot,
extreme precipitation, and strong wind, (1) extreme hot, dry, and high fire risk, (m)
extreme hot, dry, and strong wind, (n) extreme hot, high fire risk, and strong wind,
(0) dry, high fire risk, and strong wind, (p) extreme hot, dry, high fire risk, and
strong wind.

have significant implications for natural and artificial systems as they can
lead to wildfires™*, crop failure, water shortages®°, and economic loss™ ",

While climate change will escalate the frequency of extreme heat-
related compound events, the increase is projected to be more moderate
under a low emission scenario compared to high emission scenarios. Fur-
thermore, in somes regions, the dominant CE types (exceeding 10%) under
low emission futures are projected to be fewer than those under high
emission scenarios. This strongly suggests that curbing emissions is crucial
for mitigating future occurrences of compound events.

Methods

Extreme events and their dependence on forming

compound events

The analysis uses daily meteorological observations from 2017 stations in
mainland China, spanning the period from 1961 to 2020. Here, we consider
a total of 6 different indices, namely daily maximum and minimum tem-
perature, daily precipitation and wind speed, VPD (vapor pressure deficit)
as a metric for meteorological dry conditions™, and the FWI (fire weather

index), calculated by the ‘cffdrs’ package in R software®, to quantify fire
weather conditions. An extreme event can be defined as an event that is rare
at a particular place and time. Given China’s diverse geographical and
meteorological conditions, we use the percentile method to determine the
threshold for extreme events at each station. The threshold for daily mini-
mum temperature is set to the 10th percentile of the daily data during the
historical period of each variable, while the thresholds of the other variables
are set to the 90th percentile of the study period (Supplementary Table 2)".

As described in the previous study”, we identify compound events
(CEs) by considering the temporal sequence (simultaneous or sequential) of
multiple factors (>2) at a given station (Fig. 6). For each CEs type, the
probability is calculated as the ratio of the number of days on which the
event occurred to the total number of days (21,915 days of records per
station) in the study period”. The dependence of various hazards on
forming compound events is presented as the likelihood multiplication
factor (LMF) (ranging from 0 to infinity)*"***", which is the ratio of the actual
observed probability of joint occurrence to the probability of assuming
complete independence between hazard pairs. If two or more hazards are
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Fig. 5 | Percentages of various compound events in nine eco-geographical regions
in the future under the four scenarios. The uniform rectangles filled with blue and
orange represent the 2021-2050 and 2071-2100 periods, respectively. Where (a-i)
are the cold temperate humid region, mid-temperate humid/sub-humid region,

mmmm Compound extreme hot-strong wind events

warm temperate humid/sub-humid region, northern subtropical humid region,
mid-subtropical humid region, southern subtropical and tropical humid region,
north semi-arid region, northwest arid region, and Tibetan Plateau region,
respectively.

positively correlated, the LMF is greater than one; while LMF < 1 suggests a
negative correlation among the occurrences of different hazards.

Selecting window size

To objectively assess the successive temporal variations in warming effects,
we employ a moving window approach, avoiding artificial segmentation of
the overall time series. Considering the length of the study period
(1961-2020), we establish six window sizes (5-30 years) and generate run
charts for daily maximum and minimum temperatures, and the mean
temperature in the study area. We select a window size of 30 yr to perform
subsequent analyses based on statistical significance (R2 and P), as this
window size provided robust results while resulting in a sufficiently high
number of windows as needed for the analysis (Supplementary Fig. 1). The
annual average temperature in the last period (1991-2020) was 1 °C greater
than that in the first period (1961-1990). For each different hazard com-
bination, we defined it as showing a positive response to warming as its LMF
significantly increased from the first moving window (1961-1990) to the last

one (1991-2020) (= 0.05). Otherwise, we defined a negative response of
compound events to warming as a significant decrease in LMF.

The CMIP6 model ensemble

The simulated climate data (1985-2100) included four climate scenarios
(shared socioeconomic pathways (SSPs)1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5) and four general circulation modes (GCMs), CanESM5, CMCC-
CM2-SR5, EC-Earth3, and EC-Earth3-Veg-LR, provided by the Inter-
Sectoral Impact Model Intercomparison Project (ISI-MIP). Here, SSP1-2.6,
the low end of the range of future forcing pathways (sustainability scenario),
is anticipated to produce a multimodal mean of significantly less than 2 °C
warming by 2100. SSP2-4.5 and SSP3-7.0 represent the medium to high
ends of the range of future forcing pathways and are considered to cause
radiative forcings of 4.5 and 7.0 W/m* by 2100, respectively. SSP5-8.5
represents the high end of the range of future pathways in which the
radiative forcing levels will reach approximately 8.5 W/m” at the end of the
21st century®™.
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Fig. 6 | Flowchart of the definition of compound events. In the left part, the binary
variable method is used to identify the occurrence of every hazard, where 1 repre-
sents the occurrence of a hazard (daily minimum temperature lower than the
threshold or other five variables exceeding corresponding threshold values) and 0
represents no occurrence on a given day (i). The right part indicates how to define
compound events on a daily scale. If two or more extreme events occur simulta-
neously or successively at a given station, it can be defined as multivariate or tem-
porally compounding event.

To adjust the simulated data and assess the spatial variabilities in
extreme event indices, the thin plate smoothing spline method was used to
rasterize the daily weather data in the study area. These data were also used
to correct the daily weather variables of the simulated climate data with
different SSPs. Based on adjusted simulated data, we calculate six extreme
event indices and identify compound events in different scenarios during
the 2021-2050 and 2071-2100 periods. The baseline is set to the 1985-2014
period®. For each SSP scenario with four GCMs, we assumed that these
models were independent and given equal weight in this study. The mul-
timodel ensemble (MME) mean of these four GCMs was computed. This
method is expected to outperform individual models in simulating global
and regional climates and can provide a consensus representation of the

climate system®*®.

Data availability
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