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Abstract

In the context of global warming, the adverse impacts of compound dry and heat extremes
(CDHESs) on human societies, ecosystems, and economies surpass those of single drought
or heat extremes. This study investigates the trends of CDHEs in China from 1961 to
2014, meticulously analyzing key indicators including frequency, duration, high-temper-
ature intensity, and total number of days. Through model simulations from the Coupled
Model Intercomparison Project Phase 6 (CMIP6), we attribute the changes in CDHEs to
various external driving factors. We have also assessed the projected variations in CD-
HEs under the low, medium, and high emission scenarios of the Shared Socioeconomic
Pathway (SSP1-2.6, SSP2-4.5, and SSP5-8.5). CDHEs in China are predominantly con-
centrated in northeastern, central, and eastern regions of China, with all four indicators of
CDHE:s exhibiting increasing trends in most regions of China over the past 54 years. The
impacts of anthropogenic forcing dominate the changes in CDHEs over China, especially
over the northwest and southwestern regions where anthropogenic forcing can increase the
probability of the occurrences of CDHEs by 1.3 times (range 1.2—1.5). Up to 40% of the
occurrence of CDHEs in China can be attributed to anthropogenic forcing. Moreover, the
impacts of anthropogenic forcing on CDHEs are higher for the extreme ones identified
with more strict thresholds than the moderate ones. In the future, under the three scenarios
in CMIP6, the occurrences of CHDEs are projected to increase over most of China, with
the most substantial increases under SSP5-8.5. The anthropogenic emissions are expected
to exert the greatest impacts on CDHEs over parts of northwestern and southwestern
China, accounting for more than 80% of projected CDHEs increases therein in the future
under SSP5-8.5.
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1 Introduction

Under the background of global warming, frequent extreme weather events have struck
China, including heat waves, persistent droughts, and flooding, causing devastating conse-
quences, such as economic losses and environmental damage (Wang et al. 2023; Wang et
al. 2021a, b; Zhen Feng et al. 2013). Extreme dry and heat events tend to occur simultane-
ously due to similar atmospheric conditions (Vogel et al. 2020). In particular, compared
with individual extreme droughts and hot events, compound droughts and hot extremes are
more destructive and harmful to humans, animals, and crops (Lacetera 2019; Mehrabi and
Ramankutty 2017). For instance, the compound drought and hot extremes that occur during
the crop-growing season have a much more severe impact on food security than individual
droughts and hot events (Lu et al. 2018). The physiological and behavioral characteris-
tics of animals could be altered by the combination of extremely dry and hot conditions,
and the interactions between extreme droughts and heat may also have an impact on the
immune function of animals (Padda et al. 2021). Prolonged periods of arid and hot con-
ditions, such as those that dominated Europe in 2018, can increase the likelihood of soil
moisture droughts and wildfires and have enormously negative effects on agriculture and
society (Manning et al. 2018; Yin et al. 2023). Along with the continued global warming, it
is projected that substantial rises in the occurrences of individual droughts and hot extremes
as well as compound drought and hot extremes will manifest across the majority of global
land areas (Luca and Donat 2023).

China has been hit by severe occurrences of compound extremes of drought and heat
events in the past few years (Sun et al. 2014). The destructive impacts and increased risk
of the occurrences of compound drought and hot extremes under global warming have led
to growing attention to their temporal and spatial variability (e.g., Li et al. 2022; Wu et
al. 2022; Zhang et al. 2023). It is revealed that the frequency of compound drought and
hot extreme have increased in most regions of China in the past several decades (Wu et
al. 2019), and they are projected to be more frequent across most of China in the future,
especially over eastern parts and the wet and dry transition zones of China where severe
compound dry and hot events increase the probability of agricultural droughts (Wu et al.
2020; Kong et al. 2020). Yang et al. (2023) focused on the spatiotemporal variability of typi-
cal long-duration compound dry and hot extremes (CDHEs) and pointed out that CDHEs in
the east-central and north-western regions of China have experienced a notable rise in fre-
quency, length, and intensity in the past several decades. Furthermore, it is shown that both
daytime and nighttime compound dry and hot events in China have increased dramatically
under various land cover types, which heightened the risk of forest fires and the potential
adverse effects on human health (Feng et al. 2021). It is also suggested that with the elevated
levels of future warming, China will experience substantially increased impacts from the
compound drought and hot extremes (Wu et al. 2021; Yang and Tang 2023).

The occurrences and variations of extreme weather events are inextricable from global
warming. Many studies have attributed extreme drought events and heat wave events to
anthropogenic forcing including greenhouse gases, aerosol and land use, etc. (e.g., Clarke
et al. 2022; Li et al. 2020; Wang et al. 2021a, b). Qian et al (2024) revealed that the record-
breaking heat wave in North China in June 2023 was dominated by anthropogenic climate
change. They claimed that the intensity of the 2023-like three-day heat wave has signifi-
cantly increased by at least 1.0 °C (range 0.8 °C-1.3 °C) due to anthropogenic climate
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change. Sun et al. (2022) found that the rising greenhouse gas emissions are the main driver
of the observed average and extreme temperature increases in China in the past decades
(Sun et al. 2022). Tan et al. (2022) showed that extreme drought in southeastern China in
2020 was associated with excessive emissions of industrial aerosols and biomass-burning
aerosols. Anthropogenic warming increased the risk of not only individual climate extremes
but also compound extreme weather events and the associated climate disasters (AghaK-
ouchak et al. 2020; Zscheischler et al. 2018). The anthropogenic forcing was found to be the
most important factor dominating summer drought and heat wave events in Northeast China
from 1951 to 2014 (Li et al. 2020). Chiang et al. (2022) showed that the large increases in
simultaneous warm and dry months across most of the globe are driven by increased anthro-
pogenic emissions. However, most of the recent studies have focused on the detection and
attribution of individual droughts and/or hot extremes while the variability of compound
drought and hot extremes receive less attention. Previous works have examined the anthro-
pogenic influence on compound drought and hot extremes primarily from a monthly and
seasonal timescale using monthly precipitation and air temperatures (Wu et al. 2022; Zhang
et al. 2022a, b). However, extreme hot and dry events can occur within a span of just a few
days.

Here in this work, following Manning et al. (2019) and Yang et al. (2023), we focus
on the compound long-duration dry and hot events (CDHEs) which are identified as the
extended dry periods that co-occur with extreme temperatures (see Sect. 2) and investi-
gate their spatial and temporal variability during 1961-2014. Besides, the phase 6 of the
Coupled Model Intercomparison Project (CMIP6) model outputs are applied for the varia-
tions of CDHE:s in the past five decades. Finally, the future changes in CDHESs are assessed
with model simulations from the Scenario Model Intercomparison Project (ScenarioMIP)
of CMIP6 under different scenarios. This paper is organized as follows: the second section
contains the data and methods; the third section describes the results; and the fourth section
includes conclusions and discussion.

2 Data and methods
2.1 Observations

The observational data used in this study is the Climate Change Research Centre of the Chi-
nese Academy of Sciences (CRC) CNO5.1 grid observation dataset, which is obtained by
interpolating the observation data based on more than 2,400 stations provided by the China
Meteorological Administration (CMA) using the anomaly approach and contains seven
elements, including average temperature, precipitation, maximum temperature, minimum
temperature, average wind speed, relative humidity, and evapotranspiration, with a spatial
resolution of 0.25°x 0.25°, and the time scale is daily and monthly average. This dataset
is widely used in validating climate models and detecting climate change and has potential
applications in agriculture, hydrology, and ecology (Wu and Gao 2013). In this study, daily
maximum temperature and daily precipitation in summertime from 1961 to 2014 are used.
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2.2 CMIP6 multi-model simulations

To investigate the anthropogenic forcing influence on the CDHESs in China from 1961 to
2014, the historical simulations of daily precipitation and daily maximum temperatures
driven by various forcings from the Detection and Attribution Model Intercomparison Proj-
ect (DAMIP) in the CMIP6 are used for analysis (Table 1). The different forcings include
ALL forcing (ALL), greenhouse gas forcing (GHG), aerosol forcing (AER), and natural
forcing (NAT). ALL forcing means that the model is subjected to both anthropogenic forcing
(greenhouse gases, aerosols, land use, etc.) and natural forcing (volcanic eruptions and solar
radiation). Ten CMIP6 global climate models (GCMs) providing all these experiments are
used in this study (Table 1). Moreover, the anthropogenic forcing is obtained by subtracting
the natural forcing from the full forcing (ANT), and the other anthropogenic forcing apart
from GHG (OA) is obtained by subtracting GHG from the anthropogenic forcing, which
includes aerosol, land use, and ozone (Najafi et al. 2015). For the analysis of the historical
period, the ensemble members rlilplfl, r2ilplfl, and r3ilp1fl for each model are utilized.
In addition, the future changes of CDHEs under different emission scenarios are projected
based on 21 available CMIP6 global climate models (GCMs) with daily precipitation and
temperature simulations from 2041 to 2094 (Table 2). We use three SSP scenarios from Sce-
narioMIP of CMIP6 by coupling different socioeconomic pathways and different climatic
forcings, namely, SSP1-2.6, SSP2-4.5, and SSP5-8.5, representing a low, midlevel, and high
anthropogenic emission scenario, respectively. The CDHE indicators for each model are
calculated first, and then the multi-model ensemble mean is obtained for each of the four
CDHE indicators. The multi-model ensemble mean (MME) is used for analyses and dem-
onstration (MME indicates the average results for multiple-model ensemble members). For
all ScenarioMIP models of CMIP6, we use only one ensemble member (typically rlilp1fl)
even when more runs are available for some of the models. Note that both observations and
the model simulations are re-interpolated to a spatial resolution of 2° x 2° for consistency.

2.3 Identifications of CDHEs and the associated indices

Dry and heat extremes are usually defined in terms of percentile thresholds as those above
a certain percentile of precipitation and temperature, e.g., the 95th percentile (Feng et al.
2020; Jones and Moberg 2003; Stocker 2014). Following Yang et al. (2023), in this work,
we use the drought duration and temperature intensity to define the compound long-duration

Table 1 List of GCMs from Model Institution /Nation Resolution

DAMIP in CMIP6 driven by - ° o
various forcings (ALL, NAT, ACCESS-CM2 CSIRO-ARCCSS/Australia 1.875°x1.25

GHG, AER) gscﬁlfsss
BCC-CSM2- BCC/China 1.125°%1.125°
MR
CanESM5 CCCma/Canada 2.8125°x2.8125°
CNRM-CM6-1 CNRM-CERFACS/France 1.40625° % 1.40625°
E3SM-2-0 E3SM-Project/USA 1°x1°
FGOALS-g3  CAS/China 2°%2.25°
GFDL-ESM4 NOAA-GFDL/USA 1.25°x1°
MIROC6 MIROC/Japan 1.40625° % 1.40625°
MRI-ESM2-0 MRI/Japan 1.125°x1.125°
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Table 2 List of GCMs under

the thiee SSP s Model Institution /Nation Resolution
SoemarioMIP i OMIPE ACCESS-CM2 CSIRO-ARCCSS/Australia  1.875°x 1.25°
ACCESS-
ESM1-5
BCC-CSM2-  BCC/China 1.125°% 1.125°
MR
CAMS- CAMS/China 1.125°% 1.125°
CSM1-0
CanESMS5 CCCma/Canada 2.8125°x2.8125°
CMCC-ESM2 CMCC/ Italy 1.25°x%0.9375°
CNRM-CM6-1 CNRM-CERFACS/France 1.40625° % 1.40625°
CNRM-
ESM2-1
EC-Earth3 E3SM-Project/USA 1°x1°
FGOALS-g3 CAS/China 2°%2.25°
GFDL-ESM4 NOAA-GFDL/USA 1.25°x1°
INM-CM4-8 INM/ Russia 20x1.5°
INM-CM5-0
IPSL-CM6A-  IPSL/France 2.5°%1.2587°
LR
MIROC6 MIROC/Japan 1.40625° % 1.40625°
MPI-ESM1- MPI-M/Germany 1.875°%1.875°
2-LR
MRI-ESM2-0  MRI/Japan 1.125°%1.125°
NESM3 NUIST/China 1.875°%1.875°
NorESM2-LM  NCC/Norway 1.25°x0.9375°
NorESM2-MM
TaiESM 1 AS-RCEC/Taiwan 1.25°x0.9375°

dry and hot events. The drought duration means the number of consecutive days with daily
precipitation less than 1 mm and temperature intensity is the highest value of daily maxi-
mum temperature during each drought. At each grid, a CDHE is identified when both the
duration and temperature intensity exceed their respective 95th percentile thresholds during
the summers of 1961-2014. Each model from different forcing scenarios utilizes the thresh-
old obtained from ALL forcing simulation to identify CDHEs. In addition, we focus on
four indices to characterize CDHEs, including Count, Duration, Magnitude, and Total days
(Todays). Specifically, Count means the total events of persistent CDHEs per year; Dura-
tion is defined as the average consecutive days of CDHEs per year; Magnitude indicates the
average of the highest daily maximum temperatures during each drought process per year;
Todays is the total number of days of CDHESs per year. Note that CDHEs are obtained for
the summer months (June, July, and August). In this work, the Mann—Kendall trend test
which is one of the widely used non-parametric tests (Qian et al. 2019), is employed to
detect significant trends in the four extreme indices.

2.4 Attribution analysis
The contribution of anthropogenic contributions to the long-term changes in CDHEs is

obtained by comparing the characteristics of CDHESs in model simulations with and with-
out anthropogenic forcings (Zhai et al. 2018). In this work, we use probability ratio (PR)
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(Fischer and Knutti 2015) and fraction of attributable risk (FAR) (Stott et al. 2004) to evalu-
ate the impacts of anthropogenic forcings on the probability of CDHEs (Stott et al. 2016;
Wau et al. 2022). The corresponding equation is as follows:

_hn
Po

PR (1)

FAR=1-1 )

b1

where p, and p, are the probability of occurrence of the CDHE under natural forcing only
and all full forcing including both anthropogenic and natural forcing, respectively. As in
previous works (Zhang et al 2022a, b), the probability p0 and p1 of CDHEs for each grid is
empirically defined as the occurrence days divided by the total days within the focus peri-
ods in the simulations under NAT forcing and ALL forcing, respectively. Consequently, the
ratio PR is the ratio between the frequency of occurrences of CDHEs under NAT forcing
and ALL forcing. And the FAR (1-1/PR) refers to the fraction of the CDHEs attributed to
anthropogenic forcing. PR value is an indicator for the contribution of anthropogenic forc-
ing to the long-term of CDHEs and PR>1 means that anthropogenic forcings increase the
probability of CDHEs. FAR value indicates the fraction of changes in CDHE:s attributable
to anthropogenic forcing (Fischer and Knutti 2015). FAR ranges from —1 to 1, and a FAR
between 0 and 1 indicates that the fraction of CDHEs is attributed to anthropogenic forc-
ings. We also assess the impacts of anthropogenic emissions on CDHEs in the future, where
p0 and p1 denote the probability of CDHEs in the historical simulation under ALL forcing
and future projections under the SSP scenarios (Zhou et al. 2021). And PR>1 means that
changes in anthropogenic emission increase the probability of CDHEs in the future. Boot-
strap resampling method (1000 times) is used for estimating the uncertainties of PR.

2.5 Signal-to-noise ratio

The signal-to-noise ratio (SNR) is adopted as an indicator to measure the uncertainties of the
CMIP6 models’ ensemble, and the equation is:

SNR=X/_ 3)

where X and o denote the mean and standard deviation of the samples, respectively. The
larger the SNR value the more credible the signal is larger than the noise (Kim et al. 2019).
3 Results

3.1 Historical changes in CDHEs from 1961-2014

Figure 1 demonstrates the spatial distributions of the climatological mean of the four indi-

ces associated CDHESs in observation and MME under ALL forcing of CMIP6 from 1961
to 2014. Based on the spatial patterns of Count, we can see that CDHEs are mainly located
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Fig. 1 Spatial distributions of averaged Count (a and b), Duration (¢ and d), Todays (e and f), and Mag-
nitude (g&h) of CDHESs from 1961 to 2014. Panels on the left column for the observations and panels on
the right column for the MME results under ALL forcing

over the northeastern, central, and eastern parts of China in observation, higher than those
in MME with CDHEs mainly occurring in northwestern and northeastern China (Figs. la
and b). The average Duration values of CDHEs are higher over northwestern China than the
other regions in both observation and MME, with the maximum above 60 days (Figs. 1c¢ and
2d). Determined by both Duration and Count, the Todays of CDHEs are relatively higher
over northwestern and northern parts of China with a maximum above 8 days (Figs. le and
f). The spatial pattern of the Magnitude of CDHEs in observation is similar to that in MME
with higher values over northwestern, central, and eastern parts of China (Figs. 1g and h). In
a word, the observed CDHE metrics are consistent with the MME results, exhibiting spatial
correlations above 0.90. And these findings are generally consistent with the spatial distri-
bution of the four indicators described in (Yang et al. 2023). Figure S3 demonstrates the
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Fig. 2 Temporal series of observed and simulated area-weighted average of Count (a) and Todays (b) for
China in multi-model simulations from CMIP6 under ALL and NAT forcing. The solid and dashed lines
represent the time series and linear trends of the annual mean Count and Todays, respectively. The shad-
ing indicates the 5%-95% ranges for multi-model simulations

signal-to-noise ratio (SNR) values (Kim et al. 2019) for four metrics of CDHEs in CMIP6
simulations under ALL forcing. For all four metrics of CDHEs, the SNR values are larger
than 1.0 over almost the whole China domain, with higher magnitudes over the eastern and
northeastern parts of China, indicating relatively more robust simulations therein.

Figure 2 illustrates the annual variations of area-weighted averaged Count and Todays of
CDHE:s in China from 1961 to 2014 in both observations and MME of simulations under
NAT and ALL forcing in CMIP6. The observed annual mean Count and Todays show obvi-
ous year-to-year variations and significant increasing trends (99% confidence level). The
observed Count and Todays display a trend of 0.0025 events per year and 0.0335 days per
year, respectively. It is clear that model simulations underestimate the observed Count and
Todays under ALL forcing in CMIP6 though with a significant increasing trend. Moreover,
the Root Mean Squared Error (RMSE) between the observed and simulated Count and
Todays under ALL forcing is 0.04 and 0.69, apparently lower than those between simula-
tions under NAT forcing and the observations. These findings indicate that anthropogenic
influences play a substantial role in the increased trend in the Count and Todays of CDHE:s.

To further understand the long-term change of CDHEs, the spatial distributions of the
observed linear trends of the four indices associated with CDHEs in China from 1961 to
2014 are given in Fig. 3. As shown in Fig. 3a, the observed Count of CDHESs has increased
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Trend of CDHEs Count (events/year) Trend of CDHEs Duration (days/year)
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Trend of CDHEs Todays (days/year)

75°E 95°E TI5E T35°E 75°E 95°E TI5E T35°E

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.4 -0.2 0.0 0.2 0.4

Fig. 3 Spatial distribution of the linear trends in the observations for the four indicators of CDHEs from
1961 to 2014. (a) Count, (b) Duration, (¢) Todays, (d) Magnitude. The dotted areas pass the 95% confi-
dence level of the Mann—Kendall test

in most regions of China in the past decades, with stronger increasing trends in the north-
eastern, northern, and southwestern parts of China while decreasing trends in the northwest-
ern region and the central-eastern region of China. The other indices show similar spatial
patterns that Duration, Todays, and Magnitude of CDHEs exhibit increasing trends in most
of China, with significant trends observed over the Inner Mongolia region (Figs. 3b and c)
and northeastern parts of China (Fig. 3d), but insignificant declining trends over central-
eastern China. Therefore, the above results suggest that CDHEs in China have become
more frequent, longer lasting, and stronger in the past five decades, and model simulations
under ALL forcing can reasonably reproduce the spatial-temporal variability of observed
long-term changes in CDHE:s.

3.2 Attribution of the long-term changes in CDHEs

As strengthened above, anthropogenic forcing plays a substantial role in the long-term
changes in difference indices of CDHEs. In this section, we further assess the contributions
of different forcings to the changes in changes in CDHEs more explicitly. Figures 4, 5, 6
and 7 present the linear trends of the four indices associated with CDHEs under different
forcings in MME of CMIP6. We can see that the linear trends of Count under ALL forcing
in MME are generally consistent with the observations, with increasing trends over most of
China, especially over northwestern, northern, and northeastern parts of China (Fig. 4a). The
spatial pattern of linear trends for Count under ANT is consistent with that under ALL forc-
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Fig.4 Linear trends of Count in simulations under different forcings from 1961 to 2014. (a) ALL forcing,
(b) NAT forcing, (¢) ANT forcing, (d) GHG forcing, (e) AER forcing, (f) OA forcing. The dotted areas
pass the 95% confidence level of the Mann—Kendall test

(a)ALL (b) NAT
50°N 50°N
40°N 40°N & 5
30°N 30°N S
20°N 20°N ol ] 20N ¢ ', |
75°E 95°E  115°E  135°E 75°E 95°E  115°E  135°E
(d) GHG (e) AER

50°N 50°N

40°N 40°N

30°N

o 30N ol ]

20°N 5, 2 200N i = 20N g7 |0
75°E 95°E  115°E  135°E 75°E 95°E  115°E  135°E 75°E 95°E  115°E  135°E
-0.10 -0.05 0.00 0.05 0.10

Duration (days/year)

Fig.5 Same as in Fig. 4 but for the linear trends of Duration

ing with increasing trends over most of China and comparable magnitudes (Fig. 4e) while
the Count of CDHEs under NAT show a decreasing trend over most of China (Fig. 4b).
Thus, anthropogenic forcing dominates the changes in Count of CDHEs in the past decades.
Importantly, the impacts of GHG contribute the most to the changes in the Count of CDHESs
with increasing trends over most of China (Fig. 4c), surpassing the impacts of AER and
OA. The count of CDHEs under AER and OA shows weak increasing trends in central and
northern China but negative trends in western China (Figs. 4d and f).
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(a)ALL
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Fig.6 Same as in Fig. 4 but for the Linear trends of Todays
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Fig.7 Same as in Fig. 4 but for the linear trends of Magnitude under different forcings

The linear trends of Duration of CDHESs under ALL forcing show a similar spatial pattern
to Count, with significant increasing trends over most of China, especially over northwest-
ern, northeastern, and northern China (Fig. 5a). Similarly, ANT overtakes NAT, dominating
the changes of Duration with increasing trends over most of China (Fig. 5e). Moreover,
among GHG, AER, and OA, GHG contribute the most to changes in Duration with a posi-
tive trend covering most of China (Fig. Sc¢) while Duration under AER and OA exhibit a
decreasing trend over most of China (Figs. 5b and f).
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The Todays and Magnitude under ALL forcing show similar spatial patterns to Duration,
exhibiting increasing trends over most of China, especially over northeastern and northern
China, with magnitude above 0.1 days per year and 0.2 °C per year, respectively (Figs. 6a
and 7a). Consistently, the increasing trends of Todays and Magnitude of CDHEs are also
dominated by ANT (Figs. 6e and 7e) while Todays and Magnitude under NAT show weak
increasing trends or decreasing trends across China (Figs. 6b and 7b). Besides, the effects of
GHG overtake the impacts of AER and OA, contributing the most to the changes of Todays
and Magnitude of CDHEs (Figs. 6¢ and 7c).

Particularly, Count, Todays, Duration, and Magnitude of CDHEs under AER show
decreasing trends across most of China, suggesting that changes in aerosol levels in the past
decades dampen the occurrences and inhibit their count, duration, frequency, and magnitude
(Figs. 4d, 5d, 6d, and 7d). Note that the four indices of CDHEs under OA show weak posi-
tive trends in northeastern China, indicating that changes in land use and ozone concentra-
tions can somewhat favor the occurrences of CDHEs (Figs. 4, 5, 6 and7f).

In summary, the simulations of MME under ALL, ANT, and GHG forcing can well cap-
ture the increasing trend of the four indices of CDHESs in observations, which confirms the
substantial role of ANT, especially GHG in affecting the changes of CHDE:s. In the follow-
ing analysis, we quantitatively assess the impacts of anthropogenic forcing on CDHEs and
examine the extent to which anthropogenic forcing influences CDHEs based on PR and
FAR values. PR value indicates the extent to which anthropogenic forcing increases the
probability of CDHEs occurring, and FAR value refers to the proportion of CDHEs that can
be attributed to anthropogenic forcing.

Figure 8 gives the PR and FAR values for CDHEs during 1961-2014. Particularly, we
consider CDHEs based on a lower and a higher threshold, i.e., the 75th and the 98th of
Tmax and precipitation to assess the impacts of anthropogenic forcing on CDHEs at dif-
ferent criteria. For the current threshold (95th percentile), PR values exceed 1.0 over most
of China, especially over southern and northwestern China, with the maximum above 1.6
(Fig. 8a). Accordingly, FAR values are positive over most of China, with the maximum
above 0.4 over southern China and northwestern China (Fig. 8b). The results suggest that
anthropogenic forcing could lead to 1.3 times increase in probability of CDHE occurrences
in these regions, and 40% the occurrences of CDHEs can be attributed to anthropogenic
factors forcing. The regional average of PR values across China for different thresholds are
listed in Table S1(rows 1-3), with the 95% confidence intervals shown.

For CDHEs identified at a lower threshold of the 75th percentile, the spatial distributions
of PR and FAR values are similar to those of the 95th percentile but with lower magnitude,
with maximum values of PR and FAR values exceeding 1 and 0.2, respectively (Figs. 8c
and d). This suggests that more than 20% of such CDHEs can be attributed to the influence
of anthropogenic forcing. For CDHEs identified at a higher threshold of the 98th percentile,
PR and FAR values are elevated over most of China, with PR value reaching 1.8 and FAR
reaching 0.4 over northwestern and southeastern China. For CDHEs at the 98th percentile,
the anthropogenic forcing generally causes a 1.6 times increase in the probability of CDHEs
in southern and northwest China and more than 40% of CDHEs could be attributed to
anthropogenic forcing effects therein. Therefore, anthropogenic forcing increased the prob-
ability of the occurrences of CDHESs and their increases from 1961 to 2014. Moreover, the
impacts of anthropogenic forcing are higher for the extreme CDHESs identified with higher
thresholds than the moderated ones.
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Fig.8 PR (a, b and ¢) and FAR (d, e and f) values for CDHESs identified with the 95th, 75th, and 98th per-
centile thresholds of duration and temperature intensity under ALL forcing simulations relative to NAT
forcing simulations from 1961 to 2014. The dotted areas pass the consistency test that more than half of
the model simulations show the same sign

3.3 Future projections of CDHEs under difference scenarios

Figure 9 illustrates the future projected changes in the Count, Duration, Magnitude, and
Todays of CDHEs across China for 2041-2094 (Fut) relative to the historical period of
1961-2014 (Hist) based on CMIP6 simulations across different scenarios, i.e., SSP1-2.6,
SSP2-4.5 and SSP5-8.5. Across all three SSP scenarios, a notable surge in Count relative to
Hist is projected across most regions in China (Figs. 9a, b and c). The spatial distributions
of projected changes in the Count of CDHESs are similar with the most significant rise over
the southwestern region, particularly along the Sichuan Basin, with an average increase of
over 0.8 events per year for SSP1-2.6 (Figs. 9a). And the magnitude of changes in count are
higher under the high emission scenario, with the maximum changes above 1.0 events/year
under SSP5-8.5 (Figs. 9¢). The Duration values of CDHESs are also projected to increase
over most regions of China, especially over the northwestern part of China for the three
scenarios (Figs. 9d, e and f). The average duration increases of CDHEs exceed 8 days per
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under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios from 2041 to 2094. Dots indicate that more than half
of the models show the same sign

year over northwestern regions. The spatial patterns of future changes in Todays exhibits
are similar to those of changes in Duration with higher magnitudes over the northwestern
part of China (Figs. 9g, h, and 1). In addition, the changes in Todays are highest under the
highest forcing level of SSP5-8.5 with relatively higher increases over the northwestern and
the central regions of China with maximum increases above 16 days per year compared
to Hist, respectively (Figs. 9g, h and 1). Consistently, the Magnitude values of CDHEs are
projected to increase across all three SSP scenarios (Figs. 95, k and 1), with the maximum
values above 3°C under SSP5-8.5 (Fig. 91). In summary, the future changes in CDHESs in
China suggest that CDHESs are projected to be more frequent, severe, and longer lasting in
the future, especially under the high forcing level.

Figure 10 demonstrates the projected PR and FAR values from 2041 to 2094 under the
three SSP scenarios. Here, to obtain PR values under different scenarios, p, and p, denote
the probability of CDHE occurrences (Todays of CDHESs) in Hist and Fut, respectively. The
PR indicates the extent to which the probability of CDHEs could be attributed to future
emissions changes compared to the historical period. Meanwhile, the FAR values quan-
tify the proportion of the amplified probability of CDHEs attributable to future changes
in anthropogenic emissions. In the future period, the occurrence probability of CDHEs is
higher relative to those under the historical period, with PR values higher than 2.0 over most
of China especially over the northwestern part under all three SSP scenarios. The PR values
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SSP2-4.5, and SSP5-8.5 scenario, respectively. The dotted areas indicate more than half of the models
show the same sign

are the highest under the highest forcing level under SSP5-8.5, with PR values above 4 over
northwestern and part of southwestern China (Fig. 10c). Moreover, positive FAR values
cover most of China under the three SSP scenarios (Figs. 10d, e and f), and the impacts
are stronger under SSP2-4.5 and SSP5-8.5 compared to the relatively lower forcing under
SSP1-2.6. Specifically, FAR values are greater than 0.4, 0.6, and 0.8 over most of China
under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. This indicates that anthropogenic
forcing accounts for more than 60% and 80% of CDHEs increases over most of China in the
future under SSP2-4.5 and SSP5-8.5. Note that under SSP1-2.6 and SSP2-4.5, the PR values
in the North China Plain are less than 1, indicating that the occurrences of CDHESs therein
could be mitigated under the future low and medium emission scenarios. The regional aver-
age of PR values across China under different scenarios are given in Table S1 (rows 4-6).
Therefore, the rising anthropogenic emissions lead to more frequent CDHE:s in the future,
especially under the higher emission pathway. And the control of anthropogenic emissions
is an effective approach to mitigating extreme weather events.
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4 Conclusion and discussions

In this study, we investigate the spatiotemporal characteristics of CDHEs from different
aspects based on the observed dataset of CN0S5.1 and assess the anthropogenic impacts on
the historical and future projected changes of CDHEs through CMIP6 simulations. The
observations show that the higher Count values of CDHEs are mostly found in the north-
west of China. The spatial distribution of Duration, Todays, and Magnitude is similar to
that of Count, with the highest values mostly found in the northwest, central, and east-
ern regions. Moreover, the four indicators of CDHEs exhibit a significant increase in most
regions of China, particularly in the eastern and some northwestern areas. Furthermore, the
MME results of historical simulations under the ALL forcing can effectively replicate the
observed increasing trends of these four indicators of CDHE:s.

Based on CMIP6 simulations under ALL forcing, NAT forcing, AER forcing, and GHG
forcing, we quantify the impact of anthropogenic forcing on CDHEs. It is found that more
than 40% of CDHEs in southern and northwestern parts of China are attributable to anthro-
pogenic forcing, and the changes in greenhouse gases dominate the impacts of anthropogenic
forcing. Specifically, anthropogenic impacts increase the probability of CDHEs by 1.3 times
for CDHESs during 1961-2014. In addition, we assess the impacts of anthropogenic forcing on
CDHEs identified with different thresholds, i.e., the 75th, 95th, and 98th of temperature and
precipitation, and we find that the anthropogenic forcing plays a more important role for the
more extreme CDHEs with a higher threshold than the moderated ones. Lastly, we analyze
the future projected changes in CDHEs based on CMIP6 simulations under three different
SSP scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5). Results suggest that CDHEs will get
more frequent, longer lasting, and stronger across most of China in the future relative to the
historical period, especially for the high emission scenario SSP5-8.5. In addition, the impacts
of emission changes on increases in CDHEs are elevated relative to the Hist period, especially
over the northwestern and southwestern regions of China. Under the low and medium emis-
sion scenarios (SSP1-2.6 and SSP2-4.5), the occurrences of CDHEs over North China Plain
could be mitigated compared with the historical period, which deserves further attention.

In this work, we use the PR and FAR indices to quantify the effects of anthropogenic
forcing on CDHEs. It should be noted that the relatively coarse resolution of CMIP6 simula-
tions may have affected the analysis of CDHEs on the regional scale (Di Luca et al. 2020),
the dynamical downscaling simulations with a regional climate model may be effective for
improving the results (Tang et al. 2016). The future projected climate is influenced by both
anthropogenic forcing and internal variability. Following Cheng et al. (2015) and Wu et al.
(2020), We applied a multiple linear regression model to obtain the respective contributions
of the precipitation and temperature variability to the trends of the Count, Duration, Todays
and Magnitude (See Text S1). Changes in precipitation trends have a greater impact on the
four indicators of CDHEs in southeastern China, while changes in temperature trends exert
a greater influence in northwestern China. The maximum contributions from changes in
precipitation and temperature trends can exceed 80% (Figs. S1 and S2). As stressed by Bev-
acqua et al. (2022), the trends of precipitation play a pivotal role in the projected CDHESs.
The Coordinated Regional Climate Downscaling Experiment (CORDEX) was initiated
under the auspices of the World Climate Research Program (WCRP) to enhance downscal-
ing techniques and their application in understanding and assessing regional climate change.
Currently, it continues with the dynamical downscaling of global climate projections from
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CMIP6. Higher resolution models or downscaling techniques could be employed in the
future to provide more accurate regional predictions. Moreover, how the uncertainty of the
internal variability affects CDHEs deserves further investigation.
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