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• A novel framework for evaluating com-
pound drought and heatwave events
(CDHEs) is proposed.

• Assessing CDHEs on a daily scale facili-
tates the development of targeted risk
management policies.

• Ignoring the precipitation attenuation ef-
fect and event merging significantly alters
the spatial distribution and magnitude of
the CDHEs.
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Compound drought and heatwave events (CDHEs) aremore devastating than single drought or heatwave events and have
gainedwidespread attention. However, previous studies have not investigated the impacts of the precipitation attenuation
effect (PAE) (i.e., the effect of previous precipitation on the dryness and wetness of the current system is attenuated) and
eventmerging (EM) (i.e.,merging twoCDHEswith short intervals into a single event).Moreover, few studies have assessed
short-termCDHEswithinmonthly scales and their variation characteristics under different background temperatures. Here
we propose a novel framework for assessing CDHEs on a daily scale and considering the PAE and EM. We applied this
framework to mainland China and investigated the spatiotemporal variation of the CDHE indicators (spatial extent
(CDHEspa), frequency (CDHEfre), duration (CHHEdur), and severity (CDHEsev)) from 1968 to 2019. The results suggested
that ignoring the PAE and EM led to significant changes in the spatial distribution andmagnitude of the CDHE indicators.
Daily-scale assessments allowed for monitoring the detailed evolution of CDHEs and facilitated the timely development of
mitigationmeasures.MainlandChina experienced frequent CDHEs from1968 to 2019 (except for the southwestern part of
Northwest China (NWC) and thewestern part of Southwest China (SWC)),whereas, hotspot areas of CDHEdur andCDHEsev
had a patchy distribution in different geographical subregions. The CDHE indicators were higher in the warmer
1994–2019 period than in the colder 1968–1993 period, but the rate of increase of the indicators was lower or there
was a downward trend. Overall, CDHEs in mainland China have been in a state of remarkable continuous strengthening
over the past half a century. This study provides a new quantitative analysis approach for CDHEs.
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1. Introduction
The impact of compound drought and heatwave events (CDHEs) on
social-ecological systems exceeds that of individual drought or heatwave
events and the sumof their impacts, even if the individual events are not ex-
treme (Bevacqua et al., 2022; Leonard et al., 2014). Therefore, CDHEs have
gained much attention for possessing this disproportionate destructiveness
(Ridder et al., 2020; Zscheischler et al., 2018). Many regions worldwide
have experienced severe CDHEs in recent years, such as the United States
(Alizadeh et al., 2020; Hao et al., 2020b; Mazdiyasni and AghaKouchak,
2015), Europe (Manning et al., 2019; Sutanto et al., 2020), China (Liu
and Zhou, 2021; Wu et al., 2020, Wu et al., 2019), Australia (Mu et al.,
2021), India (Guntu and Agarwal, 2021; Sharma and Mujumdar, 2017),
South Africa (Hao et al., 2020a; Hao et al., 2019), and southeastern Brazil
(Geirinhas et al., 2021). These events have resulted in reduced crop yields
(Feng et al., 2021; Hamed et al., 2021; Li et al., 2022; Ribeiro et al.,
2020), forest and grassland wildfires (Guion et al., 2022; Witte
et al., 2011), reduced carbon sequestration capacity of ecosystems (Li
et al., 2021c), destruction of public infrastructure (AghaKouchak et al.,
2020; Turner et al., 2019; Zscheischler et al., 2020), and human and animal
mortality (Grumm, 2011; Shaposhnikov et al., 2014), posing significant
risks to the ecological environment and human socio-economic develop-
ment. More importantly, persistent global warming is changing the climate
system and accelerating the variability of climate variables, such as temper-
ature and precipitation. The frequency and severity of CDHEs are showing
an increasing trend (Ridder et al., 2022; Zhou et al., 2019). Therefore, there
is an urgent need to conduct an in-depth study of the occurrence and evolu-
tion of CDHEs to mitigate their adverse consequences.

Previous studies have revealedmany insights into the evolution and im-
pact of CDHEs, but most used a monthly scale or longer time scales to iden-
tify drought, representing the average dry and wet state of a region in a
certain period. Thus, they could not identify short-term drought events
(Feng et al., 2021, Feng et al., 2020; Otkin et al., 2018). Long-term drought
and heat conditions (e.g., months or years) are useful for agricultural and
socioeconomic planning. Decision makers in agriculture and other water-
related sectors also want to know the current drought and heat conditions
in an area. In contrast, CDHEs characterize the hydrometeorological state
of the land-atmosphere system and are more suitable for describing events
inmore detail (Lu, 2009). More importantly, persistent global warming has
resulted in CDHEs that occur suddenly and persist for days or weeks. De-
spite their short duration, they can devastate crops if they occur during pe-
riods when the crop has high water and heat requirements (Li et al., 2020a;
Pendergrass et al., 2020; Yuan et al., 2019). Thus, daily scale assessment of
CDHEs will help us understand the detailed evolution of these complex
events to formulate timely mitigation strategies.

Previous studies have commonly used drought indices, such as the
standardized precipitation index (SPI), standardized precipitation evapo-
transpiration index (SPEI), and Palmer Drought Severity Index (PDSI), to
characterize drought information. However, they gave equal weight to
the influence of previous precipitation on the current dry and wet state,
ignoring the impacts of the precipitation attenuation effect (PAE) (i.e., the
effect of previous precipitation on the dryness and wetness of the current
system is attenuated) (Chen et al., 2019b; Wu et al., 2020). Specifically,
the degree of dryness or wetness of a system on a given day depends on
the precipitation on that day and on previous days, whereas the contribu-
tion of precipitation on earlier days is attenuated due to the water balance
requirement, i.e., runoff, evapotranspiration, and percolation (Lu, 2009).
Thus, it is more reasonable to assign a gradually decreasing weight to the
previous precipitation. Some studies have considered the PAE to investigate
single drought events in the Pearl River Basin in southern China and the
Mississippi River Basin in the United States, and obtained valuable research
results (Li et al., 2020b; Lu, 2009). We are inspired by these studies and
believe that the research gap can be filled if PAEs are considered in the
assessment of CDHEs.

Moreover, studies have suggested that CDHEs separated by short
intervals are independent (Li et al., 2021a,b; Wu et al., 2019). However,
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CDHEs can have cumulative effects on vulnerable systems. For example,
Curriero et al. (2002) demonstrated the possible epidemiological signifi-
cance of a mitigation period of less than four days between heatwave
events. Other studies have investigated the cumulative impact of precipita-
tion deficits or high-temperature stress on ecosystems (Wen et al., 2019;
Wu et al., 2015). However, no study has investigated the effect of event
merging (EM) caused by the cumulative impact of CDHEs. Finally, many
studies have divided long-term time-series data into two or more periods
of equal length, ignoring the influence of the background temperature on
the evolution of CDHEs (Wang et al., 2021; Zhou and Liu, 2018).

This study proposes a novel framework for assessing CDHEs using a
daily scale and considering the influence of the PAE and EM. This frame-
work is applied to mainland China, a region with complex and diverse cli-
mate types, whose ecosystem and social development are vulnerable to
climate extremes. We aim to answer the following questions: (1) What is
the impact of the PAE and EM on the evaluation of CDHEs? (2) What are
the advantages of monitoring CDHEs on a daily scale? (3) What are the dif-
ferences in the spatiotemporal variation of CDHEs in different geographical
subregions of mainland China? (4) How has climate warming affected
CDHEs in mainland China? We hope that the results of this study can pro-
vide new insights into risk management of CDHEs in China. More impor-
tantly, we hope that the proposed CDHE assessment framework can
provide a new perspective for the quantitative analysis of CDHEs.

2. Data and methods

2.1. Data

We used a gridded daily precipitation and mean temperature dataset
(spatial resolution 0.5° × 0.5°) for mainland China from 1968 to 2019 pro-
duced by the National Meteorological Information Center (NMIC) of the
China Meteorological Administration (CMA) (http://data.cma.cn/). The
NMIC verifies the data quality and uniformity of 2472 station observations
and GTOPO30 DEM data using the cumulative bias test and the standard
normal homogeneity test. Spatial interpolation using the thin plate spline
method is then used to derive the dataset (Fig. 1). This dataset has been
used in several studies to evaluate drought and heatwave events (Li et al.,
2021b; Lu et al., 2014).

2.2. Identification of drought events considering the PAE

This study quantifies drought on a daily scale and considers the PAE on
the current system's dryness andwetness. To avoid an overlapwith the tem-
perature trends, we chose the SPI calculated using only precipitation to
characterize drought (Shi et al., 2021). The World Meteorological Organi-
zation (WMO) recommends using the SPI to characterize meteorological
drought. It is defined as the number of standard deviations the observed
precipitation anomalies deviate from the long-term mean. It is suitable for
quantifying drought under different climate regimes (Dai, 2012; Hayes
et al., 2011; Robock et al., 2000). Following Li et al. (2020b), we chose a
precipitation attenuation coefficient of 0.98. This study uses the gammadis-
tribution to fit the precipitation time series (Stagge et al., 2015). The SPI is
then obtained based on a Gaussian (normal) distribution transformation
(Hao et al., 2021). In this study, the time scale of the SPI is 30 days because
a short time scale is preferred to reflect the dryness/wetness of shallow soils
(Wang et al., 2021). An SPI of≤-1 for at least three consecutive days indi-
cates a moderate-intensity drought event (Mukherjee and Mishra, 2021;
Svoboda et al., 2002). The SPI calculation procedure that considers the
PAE is described in the supplementary materials.

2.3. Identification of heatwave events

This study uses the standardized temperature index (STI) to identify
heatwave events. A moving average window (7 d) is used to obtain the
daily average temperature in the time series during the study period. A nor-
mal distribution function is then used to fit the temperature time series

http://data.cma.cn/
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Fig. 1. Spatial distribution of meteorological stations in seven subregions in mainland China. According to the regional climate background and the current socio-economic
development, mainland China is divided into seven subregions: Northwest China (NWC), Southwest China (SWC), North China (NC), Central China (CC), South China (SC),
Northeast China (NEC), and East China (EC). The solid blue circles indicate meteorological stations. The small map at the top shows the elevation of the study area.
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since related studies have shown that temperature anomalies are typically
normally distributed (Hansen et al., 2012; Zscheischler et al., 2014). Fi-
nally, the cumulative distribution function G(t) of the temperature time se-
ries is converted to the STI based on the standard normal distribution
(Eqs. (1)–(2)) (Li et al., 2021b). We used the 7-d STI to identify short-
term heatwave events, i.e., an STI ≥ 1 for at least three consecutive days
indicates a heatwave event.

G tð Þ ¼ 1

σ
ffiffiffiffiffiffi
2π

p
Z T

� ∞
exp � t � μð Þ2

2σ2

 !
dt (1)

STI ¼ φ � 1 qð Þ (2)

where t is the daily average temperature time series; μ and σ are the mean
and standard deviation of the series, respectively; q is the cumulative prob-
ability; φ is the standard normal distribution.

2.4. Identification of CDHEs

A CDHE is defined as a drought event occurring simultaneously with a
heatwave event, i.e., the SPI ≤ −1 and the STI≥ 1 for at least three con-
secutive days. This approach is simple and effective for defining CDHEs and
has been widely used (Feng et al., 2021; Li et al., 2021a,b). Following
Mukherjee and Mishra (2021), we chose a merging thresholds of 4 days
for compound events. i.e., two adjacent CDHEs are considered two indepen-
dent events if they are at least four days apart; otherwise, they are merged
into one event. We used the following four indicators to characterize
CDHEs: (a) the spatial extent (CDHEspa) is defined as the number of grids
inwhich CDHEs occur in any given year as a percentage of the total number
of grids. (b) The frequency (CDHEfre) is defined as the total number of
CDHEs occurring in any given year for a given grid. (c) The duration
(CDHEdur) is defined as the total number of days of observed CDHEs for a
grid in any given year divided by the CDHEfre. (d) The severity (CDHEsev)
3

is obtained by calculating the product of the SPI and STI for each day and
each grid during each CDHE in any given year. The products are summed,
and the absolute value is divided by the CDHEfre to obtain the CDHEsev
(Hao et al., 2022; Mukherjee and Mishra, 2021). This study focused only
on CDHEs in the summer (June–August) from 1968 to 2019, because
CDHEs substantially affect water availability and energy expenditure in
summer (Hao et al., 2020a). The process of identifying CDHEs is shown
in Fig. 2.

2.5. Division into cold and warm periods

We identified warmer periods based on the annual average summer
temperature anomalies in mainland China from 1968 to 2019 (Fig. 3).
The anomalies were evaluated for each grid relative to the long-term aver-
age from 1968 to 2019, and spatial averaging was performed for mainland
China. Fig. 3 shows that 1994–2019wasmuchwarmer than 1968–1993, as
evidenced by the persistent negative temperature anomalies in 1968–1993
(except for 1988 and 1991) and the persistent positive temperature anom-
alies observed since 1994 (except for 1995, 1996, and 2003). In general,
this phenomenon may be the result of a combination of natural climate
forcing (e.g., changing atmospheric circulation patterns) and anthropo-
genic climate forcing (e.g., enhanced human activities) (Hao et al., 2022).

2.6. Statistical analysis

In this study, the Trend free Pre-Whitening method (TFPW) was used to
remove the time series correlation of the CDHEspa, CDHEfre, CDHEdur and
CDHEsev (Yue andWang, 2002). Interannual trends of the CDHE indicators
were estimated by using Sen's slope estimator (Sen, 1968), and the signifi-
cance was evaluated using the Mann-Kendall (MK) trend test (Kendall,
1975; Mann, 1945) under the null hypothesis of no trend. The two-
sample Kolmogorov-Smirnov (KS) test and the Wilcoxon Rank-sum test
were used to assess differences in the distribution andmedian, respectively,
of the CDHE indicators for 1968–1993 and 1994–2019 for different
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Fig. 2. Flow chart of daily scale CDHEs assessment considering PAE and EM. PAE and EM represent the precipitation attenuation effect and event merging, respectively.
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geographical subregions in mainland China (Alizadeh et al., 2020;
Mukherjee and Mishra, 2021). The test indicates whether the data from
the two periods have the same distribution at a 0.05 significance level.
Fig. 3. Anomalies in the mean summer temperature from 196

4

Pearson correlation analysis was conducted to evaluate the effect of the
merging threshold and precipitation attenuation coefficient on CDHEs
(Lee Rodgers and Nicewander, 1988).
8 to 2019 relative to the long-term average (1968–2019).



Fig. 4. Spatial distribution of CDHEs inmainland China from1968 to 2019. a1)-a3) the PAE and EMare not considered. b1)-b3) only the PAE is considered. c1)-c3) only EM is
considered. d1)-d3) PAE and EM are considered. PAE and EM represent the precipitation attenuation effect and event merging, respectively. The precipitation attenuation
coefficient and the merging threshold are 0.98 and 4, respectively.
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3. Results

3.1. Influence of the PAE and EM on CDHEs

Regardless of whether the PAE and/or EM were considered, the av-
erage CDHE indicators in mainland China during 1968–2019 had a sim-
ilar spatial distribution with strong spatial heterogeneity, but the
amplitude of the average CDHE indicators was different (Fig. 4). Except
for the southwestern part of the NWC and the western part of the SWC,
all other regions in mainland China had high values of CDHEfre. The
CDHEdur and CDHEsev were higher in the Ili River basin of NWC, the cen-
tral junction of NWC and SWC, the southeast and northeast corners of
SWC, the junction of CC, SC and EC, the northeast corner of EC, the
southern part of NEC, and the northeastern part of NC (Fig. 4 (d1-d3)).
The difference in the average CDHEs in different geographic subregions
5

of mainland China can be partially attributed to the fact that the occur-
rence and evolution of drought and heatwaves are controlled by multi-
ple surface fluxes (Mishra and Singh, 2010), whose spatial patterns are
heterogeneous due to regional differences in precipitation and temper-
ature anomalies and changes in other hydrologic variables (Konapala
and Mishra, 2020; Kumar et al., 2016). In addition, these surface fluxes
are influenced by background aridity, anthropogenic factors, and
changes in large-scale climate patterns (Mukherjee et al., 2020;
Sankarasubramanian et al., 2020).

Fig. 5 shows the difference in the spatial distribution of the CDHE indi-
cators in mainland China from 1968 to 2019 between not considering the
PAE and EM and considering one or both. The results showed that the aver-
age CDHE indicators increased or decreased in magnitude in most regions
of mainland China after considering PAE and/or EM, but the percentage
of regions that increased or decreased depended on the number of factors,



Fig. 5.Difference in the spatial distribution of CDHEs in mainland China from 1968 to 2019 between not considering the PAE and EM and considering one or both. PAE and
EM represent the precipitation attenuation effect and event merging, respectively. The percentages of the blue, red, and black numbers above the subgraphs indicate a de-
crease, increase, and no change in the spatial extent, respectively.
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the consideration of PAE and/or EM, and the type of CDHE indicators. Fur-
thermore, when PAE and/or EMwere considered, the variation in the mag-
nitude of the CDHE indicators in mainland China was not spatially uniform
and highly heterogeneous.

We investigated the difference and statistical significance of the me-
dian and spatial distribution of the CDHE indicators in mainland China
without considering the PAE and EM, only considering the PAE, only
considering EM, and considering the PAE and EM (Fig. 6). When only
the PAE was considered, the curve of the empirical cumulative density
function (ECDF) of the CDHEfre moved significantly in the positive di-
rection, and the median value significantly increased from 28.00 to
29.00. In contrast, the ECDF curve and median value of the CDHEdur

did not change significantly. The ECDF curve of the CDHEsev moved sig-
nificantly in the negative direction, but the median value did not change
significantly. When only the EM was considered, the ECDF curve of the
CDHEfre shifted significantly in the negative direction, and the median
value decreased significantly from 28.00 to 27.00. The ECDF curves of
the CDHEdur and CDHEsev shifted significantly in the positive direction.
The median CDHEdur increased significantly from 6.68 to 7.02, and that
of CDHEsev increased significantly from 17.05 to 17.81. When the PAE
and EM were considered, the median CDHEfre did not change signifi-
cantly, but the ECDF curve was significantly different. The ECDF curves
of the CDHEdur and CDHEsev shifted significantly. The median CDHEdur
increased significantly from 6.68 to 7.00, and the median CDHEsev
6

increased significantly from 17.05 to 17.91. The results indicate that ig-
noring the PAE and EM significantly changed the ECDF curve and mag-
nitude of the CDHE indicators. Therefore, it is necessary to incorporate
the PAE and EM into the CDHE assessment framework.
3.2. Daily scale CDHE monitoring

A once-in-a-century drought event occurred in five provinces in SWC
from 2009 to 2010 (including Yunnan, Guizhou, Guangxi, Sichuan, and
Chongqing) (Li et al., 2019). We selected a grid point in Guizhou Province
(the red sample points in Fig. 1, 108°19′ E，27°16′ N) and calculated the
daily STI and SPI considering the PAE at this point from June to August
in 2009 and 2010. Drought occurred at this location starting in June
2009. The drought intensified from June 1 to June 20, followed by a reduc-
tion in intensity until July 15 and an increase from July 16 to August 31
(Fig. 7 (a-b)). The daily scale drought evolution observed in this study is
in good agreement with Lu et al. (2011), indicating that the proposed SPI
drought index considering the PAE is robust for monitoring drought. We
found that CDHEs withmoderate intensity occurred three times in the sum-
mers of 2009 and 2010 at this grid point. CDHE1 occurred from June 18 to
June 21, 2009, lasting for 4 days. CDHE2 occurred from August 20 to Au-
gust 30, 2009 and lasted for 11 days. CDHE3 occurred from August 9 to Au-
gust 15, 2010 and lasted for 7 days.



Fig. 6. Statistically significant changes in the empirical cumulative density function (ECDF) andmedian of the CDHE indicators inmainland China from 1968 to 2019 before
and after considering the PAE and EM. “*” in the lower right corner of each subgraph indicates that the difference is significant at the p=0.05 level. The black and red hor-
izontal step lines indicate the ECDF before and after considering the parameters, respectively. The black and red vertical lines indicate themedian before and after considering
the parameters, respectively.
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In addition, we calculated the SPI and STI at this location on a
monthly scale from June to August in 2009 and 2010 (Fig. 7(c-d)).
The trends of the SPI and STI at the monthly scale were consistent
with those at the daily scale in the two consecutive summers. However,
CDHE1 in June 2009 and CDHE3 in August 2010 were not detected on
the monthly scale. Although August 2009 was identified as a hot and
dry month on the monthly scale, the start and end dates of the specific
CDHE2 could not be identified due to the coarse scale. The key advan-
tage of daily over monthly CDHE monitoring is that CDHEs can be de-
tected at a finer scale.

3.3. Spatiotemporal variation of CDHEs

The average CDHEfre, CDHEdur and CDHEsev in mainland China were
10.44 events, 6.38 days and 15.38 in 1968–1993 and 16.00 events,
7.58 days and 19.91 in 1994–2019, respectively. The CDHE indicators in
mainland China had higher values in 1994–2019 than in 1968–1993, and
their spatial distribution was highly similar to that of 1968–1993 (Fig. 4
7

(d1-d3)). Quantitative analysis showed that 79.55 % of the regions experi-
enced more frequent CDHEs (1–25 more events, with an average of 5.56
events), 74.53 % experienced more persistent CDHEs (1.00–10.97 more
days, with an average of 1.19 days) and 76.44 % experienced more severe
CDHEs (an increase of 1.00–39.82, with an average of 4.54) in 1994–2019
thin in 1968–1993. There were differences in the percentage of regions
with increasedmagnitudes of CDHE indicators in the seven geographic sub-
regions (62.09%–97.15% for CDHEfre, 45.75%–84.56% for CDHEdur, and
45.75 %–91.90 % for CDHEsev).

We quantified the differences in the spatial distribution and median of
the CDHE indicators in the warmer periods relative to colder periods
using the KS test and Wilcoxon Rank-sum test, respectively, to assess
whether climate warming had a significant effect on the spatiotemporal
variation of the CDHE indicators. We calculated the average of the 26-
year magnitude of the CDHE indicators in each of the two periods. We in-
vestigated the spatiotemporal variation of the CDHE indicators during the
colder and warmer periods by comparing the ECDFs andmedians of the av-
erage CDHE indicators (Fig. 9).



Fig. 7. Daily scale CDHE monitoring of a location in Guizhou Province, China (the red sample points in Fig. 1, 108°19′ E，27°16′ N) during summers in 2009 and 2010.
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The ECDF curve and median of the mean CDHEfre, CDHEdur, and
CDHEsev in mainland China shifted significantly in the positive direction
(95 % confidence level) during the more recent warmer period of
1994–2019. Themedian difference in the CDHE indicators was 6.00 events
(CDHEfre), 1.10 days (CDHEdur), and 4.11 (CDHEsev), respectively. In partic-
ular, a positive change in the median of CDHEfre occurred in the NC (11
events) and NEC (7 events), exceeding that of mainland China. In addition,
SWC, NC, and EC exhibited longer CDHEdur in the warmer period than in
the colder period, with a median difference of 1.47 days, 1.39 days, and
1.26 days between the two periods, respectively, exceeding that of main-
land China. The CDHEsev in SWC and NC was higher than in mainland
China in the warmer period than in the colder period, with a median differ-
ence of 4.88 and 6.20, respectively.We observed that the CDHEfre in SC had
the smallest median difference (2.00 events) between the two periods
among the seven geographic subregions, whereas the CDHEdur and
CDHEsev showed no significant difference in the spatial distribution and
median between the colder and warmer periods. Although the magnitude
of the difference in the median CDHE indicators between the two periods
was lower in NWC and CC than in mainland China, it was significant at
the 95 % confidence level. Overall, mainland China was exposed to more
frequent, persistent and severe CDHEs from 1994 to 2019, as indicated by
the statistically significant increases and positive shifts in the median and
ECDF curves of the CDHE indicators. However, these changes were not con-
sistent in the seven geographic subregions, probably due to regional differ-
ences in the rate of change of climate variables, such as precipitation and
temperature, although warming has continued to alter the recent climate
system in mainland China (Konapala and Mishra, 2020; Kumar et al.,
2016).

Overall, CDHEs in mainland China have consistently strengthened over
the past half a century, as evidenced by the upward trend of the CDHE
indicators in 1968–1993, 1994–2019, and 1968–2019. However, the
magnitude of the upward trend of each indicator was slightly smaller in
1994–2019 than in 1968–1993. The CDHE indicators for the seven geo-
graphic subregions of mainland China also showed an upward trend from
1968 to 2019, especially in SWC, NC and EC. The CDHE indicators in CC
and EC showed a stronger increasing trend in 1994–2019 than in
1968–1993 (except for CDHEdur in EC). The upward trend of the CHDE in-
dicators in SWC and SC slowed significantly in 1994–2019, and this effect
8

was the most pronounced in SC. Interestingly, we observed that the
CDHE indicators in NWC, NC, and NEC showed a decreasing trend in
both periods, especially in NEC. Overall, the trend of the CDHE indicators
had a lower rate of increase in 1994–2019 than in 1968–1993 or showed
a downward trend in mainland China and most geographic subregions (ex-
cept for CCandEC). These results can be partially attributed to afforestation
and reforestation projects carried out in recent years in mainland China.
They have resuled in increased vegetation cover, lower summer tempera-
tures, and higher summer precipitation, ultimately slowing down the occur-
rence of CDHEs in most parts of mainland China (Chen et al., 2019a; Yu
et al., 2020). However, since CC and EC have high anthropogenic activity
and strong economic dynamics in mainland China, the urban heat island
phenomenon has become prominent in summer in recent years (Shen
et al., 2016; Zhu et al., 2014), affecting the cooling and rainfall effects
due to vegetation greening and producing a net effect of higher tempera-
tures and less rainfall, intensifying CDHEs.

4. Discussion

It has been shown that CDHEfre is expected to increase 10-fold globally
under the highest CO2 emissions scenario, with a disproportionately nega-
tive impact on vegetation and socio-economic productivity by the end of
the 21st century. >90 % of the global population may be at increased risk
of CDHEs in the future (Yin et al., 2023). Continued warming accelerates
the variability of climate variables, such as temperature and precipitation,
and CDHEs tend to occur more suddenly in a shorter period of time. Previ-
ous studies have mostly identified CDHEs at monthly or annual scales and
did not monitor short-term CDHEs (Feng et al., 2021, Feng et al., 2020;
Otkin et al., 2018). Therefore, this study used daily-scale meteorological
data to monitor CDHEs at a finer temporal resolution (daily scale). As
described in Section 3.2, daily-scale assessment is preferable to monthly-
scale momitoring of short-term CDHEs and provides more detail on the
evolution of CDHEs, enabling the timely formulation of mitigation strate-
gies in areas with high agricultural dependence and high meteorological
hazard risk.

We considered the PAE in the assessment of CDHEs.Heggen (2001) sug-
gested that the precipitation attenuation coefficient range should be
0.80–0.98. To study the effect of the precipitation attenuation coefficient



Fig. 8. Differences in the spatial distribution of the CDHE indicators in mainland China between the relatively cold period 1968–1993 and the relatively warm period
1994–2019. The red, blue, and black bars in d1-d3 indicate, respectively, the proportion of areas whose CDHE indicators increased, decreased, and showed no change in
the warmer years 1994–2019 compared to the colder years 1968–1993.
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on CDHEs, we investigated the spatial distribution of the CDHE indicators
in mainland China from 1968 to 2019 with different precipitation atten-
uation coefficients for a merging threshold of 4 days (Fig. S1). The re-
sults showed that the spatial distribution of the CDHE indicators for
different combinations of precipitation attenuation coefficients showed
a significant positive correlation (Fig. S3). An identical parameter can
be used for meteorological drought, which is caused by precipitation,
to consider the general characteristics of the soil and land surface
(i.e., the general decay effect of the runoff, evapotranspiration, and per-
colation) (Lu, 2009). We followed the example of Li et al. (2020b) and
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used a precipitation attenuation coefficient of 0.98 to obtain objective
results. However, it is worth noting that different precipitation attenua-
tion coefficients can be used for different locations if the location's soil
and surface characteristics (soil texture, vegetation type, land manage-
ment, land use and land cover change) are considered. However, this
strategy requires large amount of data and many experiments; thus, it
requires further in-depth research.

Similarly, we assessed the spatial distribution with different merg-
ing thresholds when the precipitation attenuation coefficient was 0.98
(the merging thresholds ranged from 4 days to 10 days, Fig. S2). We



Fig. 9. Statistically significant changes in the empirical cumulative density function (ECDF) and median of the CDHE indicators in mainland China and seven geographic
subregions in two periods. The letters a-h in the upper left corner of the graphs indicate mainland China, NWC, SWC, NC, CC, SC, NEC, and EC, respectively. The numbers
1–3 indicate CDHEfre, CDHEdur, and CDHEsev, respectively. The blue horizontal step lines indicate the relatively colder period 1968–1993, and the red horizontal step lines
indicate the relatively warmer period 1994–2019. The blue and red vertical lines indicate the median of the CDHE indicators for the two periods, respectively.
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found that the difference between the results of the assessment of
CDHEs in mainland China was negligible when the merging threshold
was 4 to 10 days (Fig. S4). Similar to Mukherjee et al. (2020)，we as-
sumed that if two adjacent CDHEs were separated by less than four
days, the system would remain under hydrothermal stress. The two
CDHEs were merged into a single event based on the criterion that
the system could not recover from the state. However, this threshold
was based on studies on human mortality due to heatwaves and may
be less suitable for studying the effects of CDHEs on ecosystem factors
such as vegetation (Curriero et al., 2002; Keellings and Waylen, 2014).
If other research objects are investigated, the growth mechanism
should be determined first, followed by setting a merging threshold
of the CDHEs.

Previous studies analyzed the spatiotemporal variation of CDHEs by
dividing the study period into two periods of equal time, ignoring the
potential influence of the background temperature (Wang et al., 2021;
Zhou and Liu, 2018). We divided the study period into warmer and
colder periods and confirmed that the growth rates of CDHEs in main-
land China and most geographical regions were lower or showed a de-
creasing trend in the warm period than in the cold period (Fig. 10),
although climate warming greatly promoted the magnitude of CDHE in-
dicators in mainland China (Figs. 8 and 9). This result may be due to the
reforestation projects in recent years. Chen et al. (2019a) showed that
China has led the global greening of vegetation by implementing
many large ecological projects in recent years. A study assessing the im-
pact of these projects on regional climate showed that the significant
10
increase in vegetation greening led to a decrease in summer tempera-
tures and an increase in precipitation in mainland China (Yu et al.,
2020). These studies partially explain the recent mitigation of CDHEs
in mainland China. However, more future studies are needed to investi-
gate the mechanisms behind the spatio-temporal variability of CDHEs
from the perspectives of large-scale circulation patterns and land-
atmosphere coupling.

5. Conclusion

We established a novel daily-scale assessment framework for CDHEs
that considered the PAE and EM and used it in a systematic investigation
of the spatiotemporal variations of the CDHEspa, CDHEfre, CDHEdur, and
CDHEsev in mainland China from 1968 to 2019. The results showed that
the spatial distribution of the CDHE indicators in mainland China was
strongly heterogeneous in 1968–2019, with an increasing number of re-
gions exposed to more frequent, more persistent and more severe
CDHEs. Warming substantially contributed to CDHEs in mainland
China compared to the cooler 1968–1993 period, but the CDHE indica-
tors grew at a slower rate in the warmer 1994–2019 period. There were
significant regional differences in the spatiotemporal variation of
CDHEs in mainland China. It is worth noting that daily-scale assess-
ments of CDHEs can provide decision-makers with detailed information
on the CDHE evolution for operational monitoring. Ignoring the PAE
and EM significantly altered the spatial distribution and magnitude of
the CDHE indicators. This study emphasizes the need to consider the



Fig. 10. Interannual trends of CDHE indicators for mainland China and its seven geographical subregions for 1968–1993, 1994–2019, and 1968–2019. The CDHE indicators
were calculated at the grid scale for each year, and a multi-year time series of each CDHE indicator was obtained after spatial averaging. The trends were assessed by Sen's
slope, and theMK test was used to determine the statistical significance at the 95% confidence level. The * symbols on the bar graphs represent trends that are significant at
the 95 % confidence level.
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PAE and EM in CDHE assessments and conduct assessments on a daily
scale, contributing significantly to previous CDHE studies. The results
of this study can provide valuable theoretical guidance for CDHE risk
management, and the proposed CDHEs evaluation framework can be ex-
tended to larger spatial scales.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162366.
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