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Occurrence and hotspots of multivariate and temporally
compounding events in China from 1961 to 2020

Due to the greater negative impacts on humans and ecosystems, compound events (CEs) have received increasing attention in
China over recent decades. Previous studies mainly considered combinations of frequent hazards (e.g., extreme hot and dry events
or heatwaves and extreme precipitation), potentially leading to an inadequate understanding of CEs hotspots, as the occurrence of
CEs varies considerably with the diverse hazard types and their temporal sequence (multivariate compound events (MCEs) and
temporally compounding events (TCEs)). Here, using daily meteorological observations from 1961 to 2020, we identify 44 CEs types
considering the temporal sequences of various hazards from that period and explore their occurrence patterns in China. The results
show that 12 CEs types related to extreme hot or dry events widely and frequently (return period < 1 year) occur in China,
particularly compound extreme hot-dry-high fire risk events (return period of 0.2-0.4 yrs). Regarding the temporal sequences, MCEs
and TCEs have similar spatial distributions, but the magnitudes of MCEs are approximately 1.1 to 2.6 times those of TCEs. This
difference is obvious in CEs formed by multiple hazards (>2). By considering occurrence patterns (return period and magnitude),
temporal trends, and correlations between different hazards, we determine that the southern humid regions of China are prone to
CEs. These results provide a general reference on the national scale for identifying CEs hotspots where more climate action is

needed in the future.

npj Climate and Atmospheric Science (2023)6:168;
https://doi.org/10.1038/s41612-023-00491-3

INTRODUCTION

In eastern Australia, hundreds of wildfires occurred during the
2019-2020 fire seasons following an extreme drought, with a total
burned area of more than 186,000 km? '. Unfortunately, the
burned areas are subject to soil erosion and erosion in response to
consecutive rainfall, leading to flooding and poor water quality®>.
Not coincidentally, during the nonfire seasons, unprecedented
compound heatwave-drought events in the Sichuan-Chongqging
region (SCR), Southwest China, caused several fires in the summer
of 2022% The above two extreme events can be termed a
compound events (CEs) involving the simultaneous or successive
occurrence of multiple hazards>®. Although CEs are viewed as low-
probability occurrences, they will become more frequent due to
climate warming and have greater socioeconomic conse-
quences’®. Given the complexity and far-reaching impacts of
such events, identifying the occurrence patterns and hotspots of
CEs is of scientific and practical importance for climate risk
adaptation®°1,

Previous studies have focused on exploring the spatiotemporal
patterns of various compound events, such as combined hot-
drought'"'?, hot/drought-wildfire'>™'>, and floods'®™'8, They
provided valuable results for our understanding of CEs occurrence.
For example, a global study presented a theoretical framework for
analyzing the spatiotemporal patterns of the co-occurrence of two
hazards across various geographic regions'®. In the Northern
Hemisphere, more than 55% of the regions showed an increase in
the frequency, number of days, and severity of combined heat-
drought extremes over the past decades?’. From a sequence of
occurrence perspective, two types of compound events (multi-
variate compound events (MCEs) and temporally compounding
events (TCEs)) have been summarized and widely used to enhance
the understanding of compound events>®. MCEs are defined as
the co-occurrence of two or more hazards in the same
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geographical area at the same time. Most studies have mainly
focused on the occurrence patterns of MCEs formed by two
hazards on national®'=23 or global scales'®'®, but little is known
about the occurrence patterns and hotspots of MCEs formed by
multiple (>2) hazards on a larger scale. TCEs refer to a succession
of single-type or multiple types of hazards that sequentially occur
in each geographical region without interruptions, leading to or
amplifying impacts when compared to the impact of a single
hazard®. For instance, high temperatures and wildfires following
persistent drought®>'® and flooding events triggered by extreme
precipitation lasting several days**~2%. Recent studies have also
examined the occurrence patterns of TCEs and their spatiotem-
poral trends, such as temporally compound extreme heat-
precipitation events (i.e., extreme precipitation events preceded
by extreme heat)?’~?° and precipitation whiplash events (wet to
dry or dry to wet whiplash events)®°.

China is a hotspot for climate risk due to its fast warming rate®’
of 0.16 °C per decade from 1901 to 2022, which is remarkably
faster than the global average rate2. Recent studies have mainly
explored the occurrence patterns of CEs on national or regional
scales, including compound hot events*3-3>, hot-drought3°-38,
temporally compound hot-extreme precipitation events?’~2°, and
extreme precipitation-strong wind events?3. However, focusing on
only two hazards does not sufficiently define and detect all
relevant conditions, which may lead to underestimation of the
potential risks of CEs3°. For example, if we only combine heatwave
and drought indices to analyze CEs in Southwest China in 2022,
we would ignore the impacts of wildfires on resources and
underestimate the risk of compound heatwave-drought-wildfire
events. However, it is unclear how many combinations of multiple
(>2) hazards exist and what characteristics these CEs types would
have on the national scale.

Here, we calculate six different hazard types (Supplementary
Table 1) from observational data from 1961 to 2020 and form 44
CEs types (Supplementary Table 2). We employ four indices to
identify the hotspots and spatiotemporal patterns of MCEs and
TCEs over the past six decades, including their probabilities, return
periods, magnitudes, and durations. These results can enhance
our understanding of the occurrence patterns and characteristics
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Fig. 1

Return periods (yrd) of compound events in nine eco-geographical regions of China during 1961-2020. a, b represents the return

periods of TCEs (rectangle) and MCEs (circle) over the study period respectively; (c) is the spatial locations of different eco-geographical
regions in China. Where () to (IX) 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
semiarid region, northwest arid region, and Tibetan Plateau region (the same below).

of CEs in China and provide scientific guidance for climate risk
assessment in the future.

RESULTS
Occurrence of MCEs and TCEs

The return periods of every CEs in different regions are presented
in Fig. 1, and their hotspots can be identified. From the
perspective of MCEs, MCEs of hot-dry, dry-high fire risk, high fire
risk-strong wind, and hot-dry-high fire risk occur broadly in China
over the past six decades and have a high frequency in all
subregions (return period <1 year). Some MCEs display remarkable
regional signatures. For example, the hotspots (return period <1
year) of MCEs of hot-high fire risk and hot-dry-high fire risk-strong
wind are concentrated in the cold temperate humid region and
northern subtropical humid region. MCEs of cold-high fire risk,
cold-strong wind, and cold-dry-strong wind do not occur in the
cold temperate humid region over the past six decades, and their
hotspots are in the mid-subtropical humid region and southern
subtropical and tropical humid region, with a return period of less
than one year. The MCEs of hot-extreme precipitation-strong wind
have a lower frequency throughout China from 1961 to 2020, and
the return period is 18 to 29 years. The return period of other
MCEs is approximately 1 to 15 years.

TCEs formed by the consecutive occurrence of the same hazard
occur broadly in China from 1961 to 2020, with a shorter return
period of less than 1 year. Among the TCEs formed by different
hazards, the hotspots of TCEs of hot-dry, dry-high fire risk, high fire
risk-strong wind, and hot-dry-high fire risk have similar spatial
distributions with MCEs formed by the same hazards. These TCEs
also occur broadly in China and have a higher frequency (return
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period <1 year). In addition, the hotspot areas of some TCEs
related to strong wind (hot-strong wind, cold-strong wind, hot-
dry-strong wind, and dry-high fire risk-strong wind) are signifi-
cantly larger than those of corresponding MCEs formed by the
same hazards, and their return periods are significantly shorter
than those of MCEs in the same regions. TCEs of hot-extreme
precipitation are also a major CEs type except in the northwestern
arid region from 1961 to 2020, with a higher frequency (return
period <1 year) in other humid/subhumid regions. Although there
are no occurrences of cold-dry MCEs in the warm temperate
humid/subhumid region and northern subtropical humid region,
cold-dry TCEs frequently occurred in these two regions and with a
shorter return period of less than 1 year.

In general, there are 12 CEs types that display broader hotspots
and shorter return periods in China from 1961 to 2020: hot-dry
(MCEs and TCEs), dry-high fire risk (MCEs and TCEs), high fire risk-
strong wind (MCEs and TCEs), hot-dry-high fire risk (MCEs and
TCEs), hot-strong wind (TCEs), cold-strong wind (TCEs), hot-dry-
strong wind (TCEs), and dry-high fire risk-strong wind (TCEs).
Spatially, some humid/subhumid regions of China (including the
cold temperate humid region, warm temperate humid/subhumid
region, and southern subtropical/tropical humid region) are also
hotspots (return period <1 year) of extreme precipitation-strong
wind (MCEs and TCEs) and hot-extreme precipitation (TCEs)
occurrence. Attention must also be paid to the MCEs of hot-
high fire risk and hot-dry-high fire risk-strong wind both in the
cold temperature humid region and northern subtropical humid
region. In addition, CEs related to cold events also frequently
occur in the southern humid regions of China, such as MCEs of
hot-high fire risk, cold-strong wind, and cold-dry-strong wind.
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Fig. 2 The average magnitude of compound events among the nine eco-geographical regions of China from 1961 to 2020. a is the
average magnitude of TCEs formed by one hazard of different eco-geographical regions; (b) and (c) are the average magnitude of compound
events formed by two or three hazard of different eco-geographical regions, respectively; (d) is the magnitude of compound extreme hot-dry-
high fire risk-strong wind events; (e) is the spatial locations of different eco-geographical regions in China.

Characteristics of MCEs and TCEs

When the number of hazards (two, three, or four) is constant, the
average magnitude of CEs related to hot and dry is higher than
that of other CEs in the same regions. Among them, the average
magnitude of compound hot-dry events is approximately 35 to 52
in China over the past six decades (Fig. 2), which is significantly
higher than that of other CEs composed of two hazards in the
same region. In contrast, the compound extreme precipitation-
strong wind events display the lowest magnitude in the nine
regions, with an average magnitude of 5.2 to 11.4. Similarly, the
average magnitude of compound hot-dry-strong wind events is
also higher than that of other CEs composed of three hazards in
the same region, with an average magnitude of 125 to 188.

The combinations (MCEs or TCEs) of various hazards also affect
the magnitude of compound events when everything else
remains unchanged. Nationally, most MCEs, except for MCEs of
hot-high fire risk, cold-dry, and cold-dry-strong wind, display a
higher magnitude than those of corresponding TCEs formed by
the same hazards. The difference in magnitude between MCEs
and TCEs is obvious with an increasing number of hazards. The
average magnitude of multivariate compound hot-dry-high fire
risk-strong wind events is approximately 739 to 950 throughout
China, which is approximately 2.1 to 3.6 times those of
corresponding TCEs in the same region.

Most of the CEs that broadly occur in China, including CEs of
extreme hot-high fire risk, high fire risk-strong wind, extreme hot-
dry-high fire risk, extreme hot-dry-strong wind, and dry-high fire
risk-strong wind, have high magnitudes in the south and west and
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low magnitudes in the north and east on the national scale. In
addition, CEs related to extreme precipitation, including CEs of
extreme hot-extreme precipitation, cold-extreme precipitation,
and cold-extreme precipitation-strong wind, also display higher
magnitudes in the mid-subtropical humid region and southern
subtropical and tropical humid region than in other regions.

The average duration of CEs also varies significantly on the
national scale, which is related to the combinations of events
(TCEs or MEs), CEs types, and geographical regions (Fig. 3). When
CEs are composed of two hazards, the average duration of the
MCEs is longer than that of the corresponding TCEs in the same
region. As the major CEs types, the average duration of MCEs of
hot-dry, dry-high fire risk, and hot-high fire risk are 3 to 4, 3 to 5,
and 2 to 3 days in China, respectively, while the average duration
of TCEs of hot-dry, dry-high fire risk, and hot-high fire risk are
2 days. When CEs are composed of three hazards, the multivariate
compound hot-dry-high fire risk event still has a longer duration
of 3 to 5 days, which is longer than that of the corresponding
TCEs. However, the average duration of other MCEs is shorter than
that of TCEs in the same region. The temporally compound hot-
dry-high fire risk-strong wind events also present a longer
duration of 4 to 5 days throughout China, which is longer than
those of multivariate compound hot-dry-high fire risk-strong wind
events. In addition, among TCEs formed by the same hazard,
consecutive cold events have a longer duration of 8 to 12 days,
especially in the cold temperate humid region, mid-temperate
humid/subhumid region, and northwest arid region.
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Fig. 3 The average duration of compound events among the nine eco-geographical regions of China from 1961 to 2020. a, b are the
average duration (days) of MCEs and TCEs of different eco-geographical regions over the study period, respectively; (c) is the spatial locations
of different eco-geographical regions in China.

Temporal trends in MEs and TCEs from 1961 to 2020
Following the secular trends in features (probability, magnitude,
and duration) of compound events from 1961 to 2020, four major
trends of CEs are observed (Fig. 4):

(a)

Upward trends in probability, magnitude, and duration are
observed since 1961. On the national scale, six CEs types
exhibit this trend, including consecutive dry events,
consecutive high fire risk, hot-dry events (MCEs and TCEs),
MCEs of hot-high fire risk and hot-dry-high fire risk.
Regionally, the probability, magnitude, and duration of
temporal compound hot-high fire risk events also increase
in the cold temperate humid region and north semiarid
region. In the mid-temperate humid/subhumid region,
warm temperate humid/subhumid region, northern sub-
tropical humid region, mid-subtropical humid region, and
southern subtropical and tropical humid region, an increas-
ing trend is also detected in some CEs related to extreme
precipitation since 1961, including consecutive extreme
precipitation events, temporal compound hot-extreme
precipitation events, and compound cold-extreme precipi-
tation events (MCEs and TCEs). In general, the above CEs
have become more severe and frequent on the national or
regional scale over the past six decades.
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(b)

Increases in probability and decreases in magnitude and
duration since 1961. This trend indicated that some CEs are
frequent but have low magnitudes or durations in some
regions of China. Regionally, the probability of consecutive
extreme hot events increase from 1961 to 2020 in China,
except for in the cold temperate humid region and southern
subtropical and tropical humid region. However, these
regions exhibit a decreasing trend in the magnitude or
duration of consecutive extreme hot events. Additionally,
the northern semiarid region exhibits an increasing trend in
probability but a decreasing trend in magnitude or duration
of compound hot-extreme precipitation events. Areas with
an increasing trend in the probability of CEs of hot-high fire
risk and cold-dry are concentrated in the southern
subtropical and tropical humid region, but the magnitude
and duration of these CEs exhibit decreasing trends in this
region since 1961.

Decreases in probability and increases in magnitude and
duration are observed since 1961. This trend reveals that
some CEs have become intense in certain regions of China
from 1961 to 2020. The probability of consecutive extreme
precipitation events exhibits a decreasing trend in the cold
temperate humid region, mid-temperate humid and sub-
humid region, warm temperate humid and subhumid
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Fig. 4 Changes in the annual average probability, magnitude, and duration of various compound events in China from 1961 to 2020. The
triangles and inverted triangles represent increasing and decreasing trends, respectively, and circles represent no significant changes.

region, and Tibetan Plateau region, but their magnitude and
duration have increased since 1961. In the mid-subtropical
humid region, the opposite trend (decreases in probability
but increases in magnitude) is observed in the occurrence of
temporal compound cold-dry events over the past six
decades.

Decreases in probability, magnitude, and duration are
observed from 1961 to 2020. On the national scale, the
probability, magnitude, and duration of CEs related to
strong wind or extreme cold events decreases from 1961 to
2020 (Fig. 4).

Statistical correlation among various hazards

At the national scale, extreme hot events show a positive
correlation with dry events (LMF>1) and form multivariate
compound hot-dry events (Fig. 5). Furthermore, these compound
hot-dry events also show a positive correlation with high fire risk
and strong wind events (LMF > 1), forming CEs of hot-dry-high fire
risk, hot-dry-strong wind, and hot-dry-high fire risk-strong wind. In
addition, a positive (LMF > 1) correlation is also detected between
dry and high fire risk in China, especially in the cold temperate
humid region and mid-subtropical humid region. In contrast,
extreme hot events show a negative correlation (LMF < 1) with
strong wind events in China.

Areas with a positive correlation (LMF > 1) between extreme hot
events and extreme precipitation events are concentrated in the
warm temperate humid/subhumid region, northern subtropical
humid region, mid-subtropical humid region, and southern
subtropical and tropical humid region. These regions also
experience temporal compound hot-extreme precipitation events
from 1961 to 2020. In most regions, except for the cold temperate
humid region and mid-temperate humid/subhumid region,
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extreme cold events also show a positive correlation (LMF > 1)
with extreme precipitation and strong wind events. This
phenomenon is more obvious in the mid-subtropical humid
region and southern subtropical/tropical humid region.

DISCUSSION

Studying the occurrence and hotspots of compound events across
China is essential for understanding their characteristics, pro-
cesses, and risks3'. To enhance the understanding of the
occurrence of compound events, we focus on six major hazards
and form 44 CEs types in China. From an occurrence time
perspective, we find that MCEs and TCEs have similar spatial
hotspots and types, but their features (probability, magnitude, and
duration) vary on the national and regional scales. On the national
scale, multivariate compound hot-dry events show higher
probabilities and magnitudes than temporal compound hot-dry
events. Previous studies in China focused on temperature-related
CEs and found that compound hot-dry events have become more
frequent and intense in recent decades at the national scale,
possibly due to climate warming and multidecadal/multiannual
variability (e.g., El Nifio and Pacific Decadal Oscillation)3¢—38, There
is a consensus that because of land-atmosphere feedback,
extremely hot and dry events are often positively correlated,
increasing the probability of compound hot-dry events**=*2, Our
results also indicate that extreme hot events show a positive
correlation with dry events in China.

We also note that a positive correlation exists between dry and
high fire risk on the national scale. Dry events decrease soil
moisture and fuel moisture, which increases the occurrence of
high fire risk and causes intense fire behavior***4, Past studies
have also shown a strong correlation between drought and high
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Fig. 5 LMF values among various hazards in different eco-geographical regions. The LMF values represent the correlation among various
hazards on their joint occurrence probability. The LMF varies between 0 and infinity. If the two hazards are independent, the LMF equals 1. For
positively correlated hazard pairs, the LMF is larger than one and increasing with the strength of correlation. For negatively correlated hazards,

the LMF falls between 0 and 1.

fire risk by fitting a quantitative relation between drought indices
and wildfire numbers or burned areas*~*’. More importantly, hot
and dry conditions enhance evapotranspiration and reduce fuel
moisture, leading to an increase in available fuel combustion.
Therefore, hot and dry conditions are usually precursors to mega-
wildfires*®4°, Recent extreme events worldwide also showed that
the wildfire risk easily reaches an extreme threshold under the
influence of compound hot-drought events®**'. However, the
characteristics and spatiotemporal trends of such compound dry-
high fire risk events are still unclear on a larger scale. Since 1961,
compound hot-dry-high fire risk events have become more
intense and frequent across China. These phenomena indicate
that China has experienced an increasing wildfire risk over the
past six decades. Furthermore, there is also a positive correlation
between high fire risk and strong wind in most regions of China.
Such compound high fire risk-strong wind events are also
characterized by high probabilities and magnitudes. Strong wind
events are conducive to wildfire spread and the formation of
larger burned areas®*** and increase the possibility of surface fires
transforming into crown fires and extreme fire behavior>*>>,
Regionally, temporally compounded extreme hot-extreme
precipitation events occur frequently and broadly in humid
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regions of China over the past decades. An increasing trend is
also detected in the frequency of temporal compound hot-
extreme precipitation events, especially in the southern humid
regions of China?’=2°. The results from the LMF indicate that in
humid regions of China, extreme hot events also show a positive
correlation with extreme precipitation, forming temporal com-
pound extreme hot-extreme precipitation events. Theoretically,
rising air temperature also increases the water-holding capacity of
the atmosphere to a certain extent, and such high temperatures
and humid conditions may lead 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 hot event?®>7>8, |n addition, tropical cyclones and strong
convective weather systems may induce compound extreme
precipitation-strong wind events, especially in coastal areas of
southeast China?3. Our results also reveal such compound events
and we find that their probability and magnitude have decreased
since 1961, which is consistent with the change in strong wind
events?3,

With climate warming, the probability of CEs related to extreme
cold events has decreased over the past six decades. The results
from past studies also revealed a decreasing trend in the
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Fig. 6 Study area and eco-geographical regions. Where (I) to (IX) 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 semiarid region, northwest arid region, and Tibetan Plateau region.

frequency of compound dry-wet events in the humid and
semihumid monsoon regions of eastern China®® and the
Qinghai-Tibet region®. We note that compound cold-extreme
precipitation events show a positive correlation with strong wind
events, forming compound cold-extreme precipitation-strong
wind events in certain parts of eastern China. These compound
events are related to anomalous atmospheric circulations (such as
the Siberian high and the north polar vortex at high latitudes and
La Nifa)®'. In addition, compound cold-high fire risk events that
are related to the fire season also occur in the humid regions of
South China®2

In this study, the bottom-up method highlighted by Zscheisch-
ler et al. (2018) is used to improve the CE recognition method'®
used in previous studies. The bottom-up method usually starts
from a single disaster and identifies all of the disasters that play a
role in compound event combinations®. Most studies have
focused more on hot and drought indices in compound hot-
drought events37-3863 or ignored strong wind events in flooding
analysis?®. Therefore, these improved methods can enhance the
recognition and classification accuracy of multivariate and
temporal compound events formed by multiple hazards. On the
other hand, in this study, we mainly consider the continuous
occurrence of hazards in the identification of TCEs. Theoretically,
the combination of different hazards that continuously occur over
a short-term period is also considered a TCEs, such as the extreme
precipitation events occurring within three days after hot events?®
and two (or more) extreme precipitation days separated by one
nonextreme day®*. However, the temporal threshold is difficult to
define due to regional asymmetry. A key premise of using this
method is to ensure that the impacts of hazards are cumulative,
which is also an important feature of CEs®. In contrast, although
the framework proposed in this study does not consider a
temporal threshold, it can highlight the importance of the
cumulative impacts of hazards. We suggest that a temporal
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threshold can be determined according to the cases of CEs in
different regions to enhance the recognition accuracy of TCEs.
Due to data limitations, this study mainly explores the spatio-
temporal patterns of 44 CEs types on the national scale and
ignores other hazards (such as river depletion or pollution). A
more comprehensive database of hazards should be compiled in
the future to further strengthen the understanding of CEs. In short,
this study provides a basic theoretical framework for under-
standing the occurrence of CEs at the national scale, and the
results are helpful for assessing CEs risks and implementing
mitigation strategies in the future.

METHODS

Data sources

Daily meteorological observations from 1961 to 2020 in mainland
China are obtained from the Meteorological Information Center.
Daily weather data include the maximum, minimum and average
air temperature (°C), precipitation (mm), wind speed (m/s), and
relative humidity (%). A total of 2017 stations are screened in this
study, with variables missing in less than 5% of the study period at
each station. Multiple linear regression analysis is used to
interpolate these missing variables®®,

Based on the characteristics of the ecogeographical system
(topography, vegetation, and climate), China is divided into nine
regions (Fig. 6): the cold temperate humid region (), mid-
temperate humid/subhumid region (ll), warm temperate humid/
subhumid region (lll), northern subtropical humid region (IV), mid-
subtropical humid region (V), southern subtropical and tropical
humid region (VI), north semiarid region (VIl), northwest arid
region (VIIl), and Tibetan Plateau region (IX)%.
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Table 1.

Descriptions of the selected extreme event indices and abbreviations in this study.

Abbreviation Definition

TX90p
TN10p
R90th
VPD90p
FWI90p
WS90p

Percentage of days when daily maximum temperature is > the 90th percentile for the period from 1961 to 2020
Percentage of days when daily minimum temperature is < the 10th percentile for the period from 1961 to 2020
Percentage of days when daily precipitation is > the 90th percentile for the period from 1961 to 2020
Percentage of days when VPD is > the 90th percentile for the period from 1961 to 2020

Percentage of days when daily FWI is > the 90th percentile for the period from 1961 to 2020

Percentage of days when wind speed is > the 90th percentile for the period from 1961 to 2020

Extreme event index calculation and compound event
definition

Considering that climate variables show multiple and complex
features in different regions, the percentile method is used to
identify the threshold for extreme events for each station (Table
1)%. Notably, when obtaining the extreme precipitation threshold,
we exclude records with daily precipitation amounts of less than
0.1 mm/day at each station.

The vapor pressure deficit (VPD), calculated as the difference
between the actual vapor pressure (e;) and the saturation vapor
pressure (e), is used to indicate dry conditions at the daily scale®’.
Recent studies have revealed that although precipitation deficits
are a prerequisite for drought occurrence, they cannot be used to
detect the relevant changes in increasing drought on a regional or
global scale under climate warming®®=7°. These studies paid more
attention to the importance of elevated temperature in under-
standing drought features and utilized VPD to detect short-term
drought events®®”'. Over the past two decades, the annual
average VPD has been increasing in China, showing similar spatial
trends in dryness and wetness changes with the standardized
precipitation evapotranspiration index (SPEI)’2. Here, we calculate
e, and e, as follows:
€ (Tun) + () O610BEXP (7227555 ] + 0.6108 exp [ 727735

T 2 - 2

M

RH

X100 @)

€q = €
where T.x and T, are the daily maximum and minimum
temperatures (°C), respectively, and RH indicates the average
monthly relative humidity.

The daily fire weather index (FWI) is calculated for each station
using the ‘cffdrs’ package in R software based on daily
temperature, relative humidity, wind speed, and 24-h precipitation
from 1961 to 202073, This index combines the rate of fire spread
and the build-up index and represents potential fire intensity. The
FWI has a strong positive correlation with burned areas across
most of the burnable land masses worldwide and can reflect the
fire risk.

The binary variable method is used to identify the occurrence of
every hazard, where 1 represents the occurrence of a hazard and 0
represents no occurrence on a given day (i). The occurrence of
MCEs and TCEs at each station within the past six decades is
calculated using Eq. (3) and Eq. (4), respectively. For instance, if a
station experiences extreme hot (X,*°®° = 1) and dry (X{"*°% = 1)
conditions on the same day i (from 1 to 365), it is categorized as a
multivariate compound hot-dry event. The succession of hazards
can be of the same type or consecutive occurrences of different
hazards®. For example, if an extreme hot event (day i) is followed
by a dry event (day i + 1), it is classified as a temporally compound
hot-dry event. Daily extreme precipitation events that exceed the
threshold for two or more consecutive days are defined as
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consecutive extreme precipitation events®,

MCEs, — { 17 XTX90p + X;_l'N'IOp + X[R90th + X?/PDQUp + X;’WIQOp +X>N590p > 2
;=

i
0, otherwise

3)

i+n

1, X8 =n+1(i+n=21t0365,a € sixhazards

TCEs; = ,g, / ( )
0, otherwise

(4)

Analyzing the features of compound events

Here, we focus on the four main characteristics of CEs: probability,
return period, maximum duration, and magnitude. Specifically, the
probability (P?) of a compound event (CEs®) is defined as the
ratio of the number of days on which the CEs occur (
S ,Days(CEs®™ = 1),) to the total number of days in the study

" Days(CEs®=1),
period (P :%W;m)’). Then, the return period (yrs) is

calculated from the inverse relationship between the probability

and recurrence period (RPg, = 3 bx1365)‘9. The maximum duration is
.

defined as the longest period (in days) during which a compound
event occurs on a monthly or annual scale (Eq. (5)).

Durationmay = max(length{CEsiab ﬂ CES?E1 ﬂ CEsiafn}) (5)

For each station, we normalize the six extreme indices using a
modified polar transformation (Eg. (6)) to remove the effects of
differences in magnitude.

v (1 — =Ly 10 Y € Trin ©
' (iYon yx 10 Y € other extreme indices

Vmax*Ymin
where Y; is the value of the extreme indices on day i, and Y, and
Ymax are the maximum and minimum values of the extreme
indices for the period from 1961 to 2020, respectively. Y; is the
normalized value, which ranges from 0 to 10.

We express the magnitude index (Ml) of compound events as
an intensity product of normalized extreme indices?. The Ml can
be calculated as follows:

M';’b = )A/,-ax V,‘b (7)

\{vlgere i is the time step (from 1 to 365) at each station and )7,-0 and
Y;  are the normalized values of hazards a and b, respectively.
The Mann-Kendall nonparametric test’* is utilized to analyze
temporal trends in the features of CEs over the past six decades.
The statistical value S is calculated using the subsequent
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equations:
S+1 ;
WOk ifS<0
Z= 0, ifS=0 (8)
51 ;
ek ifS>0
n=1 n
S= sin(ci — ¢j) (9)
i=1 j=i+1

where n is the number of data points and ¢; and ¢; are the data
values in the time series i and j (i <), respectively. sin(c; - ¢) is the
characterization function.

1,ifCi *Cj<0
sin(x; —x;) = ¢ 0,ifci—¢=0 (10)
—1,if g —Cj>0

The standard deviation Var(S) is calculated using the following
equation:
n(n —1)(2n +5) — > ti(t — 1)(2t + 5)
18

am

Var(S) =

In this study, z> 0 represents a consistently increasing trend,
while z< 0 indicates a decreasing trend. The trends are divided
into five classes: significant increase (z=1.96), slight increase
(0<z<1.96), no change (z=0), slight decrease (—1.96<z<0),
and significant decrease (z< —1.96).

Exploring the correlation among various hazards

We employ the likelihood multiplication factor (LMF) to explore
the correlation among various hazards on their joint occurrence
probability'®4%7> Theoretically, the joint occurrence probability
(Pindgep) Of multiple hazards can be expressed as follows if they are
independent:

-7 ,Days(Events® = 1), y
1961 — 2020 periods

Z’L Days(Events*=1),
1961—2020 periods

However, the actual co-occurrence probability (P,ctual) is given by:
Z?:1Day5(CEab”c =1)
1961 — 2020 periods

S ,Days(Events® = 1);
1961 — 2020 periods

Pindep =

X ... X

(13)

Pactual =

Therefore, the LMF is calculated as the ratio of P,ctual t0 Pindeps
represented by the following equation:
<1, negativecorrelation

LME = Pactual _ _ 1,
indep

independent (14)
>1, positivecorrelation

The value of LMF can range from 0 to infinity. In the case where
the occurrences of hazards a, b, and ¢ are independent of each
other, the LMF equals 1. A value of LMF < 1 suggests a negative
correlation among the occurrences of hazards a, b, and ¢, while
LMF > 1 indicates a positive correlation'®.
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