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Amplifying the frequency and loss of weather and hydrological extremes under climate warming have aroused
increasing human concerns in recent decades and it is particularly the case for compound drought-heatwave
(CDH) events. The drought index based on the hypothesis of non-stationarity is of great significance for the
study of CDH events. Here we presented spatiotemporal patterns of CDH, general heatwaves (GHW, he heatwave
that does not occur in dry months) and relevant circulation backgrounds in eastern China. We found that
heatwaves are starting earlier and ending later and later. While, the termination date of heatwaves in southern
China is late than those in northern China. Significant increases since the 1980 s were detected in the frequency,
duration, and intensity of heatwaves and the frequency of CDH events in eastern China. Besides, heatwaves were
observed mainly in the middle and lower Yangtze River basin and in the Sichuan Basin as well. Most areas of
eastern China were dominated by higher occurrence probability of CDHs in July and the probability was as high
as 0.49. The duration and intensity of the CDHs were 0.28 days longer and 11.14°C higher than GHWs. Further
examinations show that the western Pacific subtropical high (WPSH) has a significant influence on the occur-
rence of heatwaves. The average position of the WPSH is shifted westward and its intensity is relatively stronger,
thus favoring the occurrence of heatwave events. The occurrence of compound events in eastern China cannot be
separated from the influence of large-scale circulation and atmospheric changes.
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1. Introduction

Global warming will amplify extreme meteorological events and will
have profound impacts on socioeconomic development (Gao et al.,
2019; Tegegne et al., 2020; Zscheischler et al., 2018). Compared with
single extreme event, the impact of compound drought-heatwave (CDH)
events is more severe (Leonard et al., 2014; Zhang et al., 2021b). The
CDH disasters in Eastern Europe and Russia in 2003, 2010, and 2018
caused considerable mortalities and socioeconomic losses (Liu et al.,
2020). CDH events in Europe have resulted in two-fold increase in crop
losses over the past 50 years (Bras et al., 2021). Therefore, a thorough
understanding of CDH is highly significant for human mitigation to
natural hazards in the backdrop of global warming.

A heatwave event is defined as a period with air temperature higher
than a certain threshold and synchronous occurrence of drought and
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heatwave is defined as a CDH event (Kong et al., 2020; Shi et al., 2021;
Mukherjee and Mishra, 2020). Drought is usually accompanied by high
air temperature and sometimes heatwave (Lu et al., 2018; Luo et al.,
2017a). Compared with weather and climate isolated events, compound
events can have severe socio-economic effects, even if the individual
events that make up the compound event are not all extreme events
(Ridder et al., 2020; Chapman et al., 2019). The occurrence and effects
of CDH events have been studied extensively, increased frequency and
severity of CDH events were reported across China (Kong et al., 2020;
Luo et al., 2022), India (Sharma and Mujumdar, 2017), the United States
(Mazdiyasni and AghaKouchak, 2015), and Europe (Manning et al.,
2019). Further studies include the application of combined distribution
and magnitude index to grade assessment (Wang et al., 2018; Zhang
et al.,2022). Previous studies are generally based on stationarity hy-
pothesis to calculate drought index. However, in the context of frequent
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Fig. 1. Study area and the distribution of stations in eastern China.

human activities and global warming, stationary hypothesis has been
gradually questioned (Gu et al., 2019; Rashid and Beecham, 2019).
Recent studies in different parts of the world have showed that statio-
narity assumption has been difficult to apply to change of climate (Song
et al., 2020; Zhang et al., 2021a). Therefore, it is necessary to study
drought index based on non-stationary hypothesis. Moreover, it seems
that drought promotes heat waves (Shi, et al., 2021). The temporal and
spatial differences of such promoting effect still need further research, so
as to explore the mechanism behind drought triggering and amplifying
the heat waves, and provide a basis for possible further research in the
future.

Eastern China (east of 100° E) is mainly characterized by a monsoon
climate and the western North Pacific subtropical high (WNPSH), and it
is also heavily populated and highly economically developed (Liu et al.,
2019; Zheng et al., 2019). Located in the east part of Eurasia continent
Eastern and neighbored to the Pacific Ocean, eastern China hence is
highly sensitive to climate changes and weather extremes there have
aroused considered concerns from academic community (Zhang et al.,
2017; Chen and Zhai, 2017). However, the spatiotemporal behaviors of
CHD in eastern China remain unclear and warrant further examinations.
By using both relative and absolute air temperature thresholds to
identify heatwaves, and using the non-stationary standardized precipi-
tation evapotranspiration index (NSPEI) to identify drought events, here
we analyzed spatiotemporal patterns of CDH across eastern China from
1970 to 2019 and quantified the relations of heatwaves with droughts
and the changes of CDH events.

2. Data and methods
2.1. Data

The meteorological data during 1970-2019 used in this study were
sourced from the National Climate Center of the China Meteorological
Administration (CMA, https://data.cma.cn/). Specific variables include
precipitation and temperature, wind speed, barometric pressure, sun-
shine hours, relative humidity, and other variables needed in the
calculation of potential evapotranspiration. Considering the length of
the data and excluding the stations with > 1% missing record, we
selected 1784 meteorological stations covering most of eastern China

Journal of Hydrology 612 (2022) 128154

(Fig. 1). And the meteorological stations were classified into four groups
with different grades of duration and intensity of the heatwaves by hi-
erarchical clustering method: stations with almost no risk of heatwaves
(ANR), stations with low risk of heatwaves (LR), stations with medium
risk of heatwaves (MR), and stations with high risk of heatwaves (HR).
The missing data were processed based on cubic convolution. (Zhang,
et al,, 2011). And the WPSH intensity index was obtained from the
Climate Monitoring Center of CMA. The geopotential height and other
reanalysis data were obtained from theERAS reanalysis datasets with
0.25 spatial resolution and month time resolution. (https://www.
ecmwf.int/).

2.2. Methods

2.2.1. Definition of heatwaves

Heatwave event has been defined by CMA as a period with daily
maximum temperature of > 35 °C for at least 3 consecutive days (e.g.,
Shen et al.,, 2018). However, the heatwave indicators by absolute
thresholds tend to underestimate the damage or losses caused by heat-
waves at high latitudes and are not appropriate for analysis of heatwaves
in various regions (Xie et al., 2020; Luo and Lau, 2021). The relative
threshold by percentile of temperature can reflect the adaptation of in-
habitants to high air temperature in different climate regimes. However,
it is difficult to differentiate the high temperature based on the index and
the actual high temperature (Ye et al., 2013). In this case, we took the
relative and absolute temperature thresholds to define heatwaves. When
Too (i.e., 90th quantile temperature of the maximum daily summer
temperature) > 30 °C, Top = Tgo; otherwise, when Tgy < 30 °C, Ty =
30 °C. A heatwave process occurs if the daily maximum temperature, i.
e., Tmax > To, lasts for > 3 days. For the sake of spatiotemporal analysis
of the heatwaves, we analyzed the heat wave frequency (HWF, the
yearly number of heat waves), heat wave duration (HWD, the duration
of a heatwave event), and heat wave intensity (HWI, the sum of the daily
maximum temperatures during throughout a heatwave event) (Luo
et al., 2020; Ye et al., 2013).

2.2.2. Non-stationary standardized precipitation evapotranspiration index

The standardized precipitation evapotranspiration index (SPEI) has
been widely used in studies of meteorological drought (Begueria et al.,
2014; Vicente-Serrano et al., 2010). However, SPEI assumes stationarity
of the meteorological processes and may potentially overestimate the
responses of meteorological droughts to warming climate. Here we
proposed a non-stationary standardized precipitation evapotranspira-
tion index (NSPEI) to monitor meteorological droughts across eastern
China (Wen et al., 2020). It is to use time-varying position parameters to
fit log-logistic distributions, the NSPEI was computed as follows:

(1) Calculate the difference, D;, between monthly precipitation, Py,
and monthly PET;:
D, = P,— PET, @
The smooth spline function was then used to fit D,:
Ditynax

S5 () = 37, 1D~ D)+ |

Diypin

¥ (D) 1D, @

where f is a linear fitting function of Dy, h is a smoothing parameter, t
is the time series, t = 1, ..., n, and PET, is the potential evapotranspi-
ration based on the Penman-Monteith evapotranspiration formula. So,
SSp: is a data series calculated by local polynomial regression fitting of
D;. According to Eq. (1) and Eq. (2), the time-varying position param-
eters, yp, , can be obtained as follows:

¥p, = t(SSpr)

In Eq. (3), the position parameter, y, is equal to SSp, at time t.
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Table 1
Classification table for the NSPEI index corresponding to the
drought grade.

Drought grade NSPEI index

Mild drought
Moderate drought
Severe drought
Extreme drought

—0.99 < NSPEI < 0
—1.49 < NSPEI < -1
-1.99 < NSPEI < -1.5
NSPEI < -2.0

(2) Calculate the log-logistic probability distribution, D;:

a (D= )\ D1\ "
f(D,Imﬂh,)Zﬁ(T’) ““(T) @

1

a a8
1 5
* (D*?’D,) :| ®

where a, f, and y;, are the scale, shape, and position parameters,
respectively.

F(X) = /0 f(Dl‘avﬁsyD,)dt

(3) Estimate the parameters using probability weighting methods
(PWMs) (Vicente-Serrano et al., 2010) based on the empirical
frequency to compute NSPEI:

1 N
ws=g Z (1 — F)'D;, F;

035
- N

©

G+ G+ Gl
1+ leS + di? + de:sr

W= /2n(P) %

In Eq. (6), N is the number of data series, and F; is the frequency
estimation, Ws is the s order of PWM. In Eq. (7), when P < 0.5, P is the
cumulative probability and P = 1 — F(x); when P > 0.5, P =1 — P. The
other parameters are as follows: C, = 2.515517, C; = 0.802853, C, =
0.010328, d; = 1.432788, d, = 0.189269, and d; = 0.001308. Table 1
presents the classification table for the NSPEL

NSPEI = W

2.2.3. CDH events and compound event magnitude index

A CDH event refers to the synchronous occurrence of meteorological
drought and heatwave. We identified the monthly drought conditions
based on the NSPEI index: heatwave events that occur in dry months
(according to the starting date of the heatwave process) are considered
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as CDH events (Kong et al., 2020). The CDH frequency was calculated
based on the dry months in which the heatwave occurred (no matter
how many heatwaves occurred in that month). Besides, we also
analyzed the occurrence probability of heatwave events in a backdrop of
atmospheric drying conditions, where the number of dry months with
heatwave events (regardless of the number of heatwave processes) were
subdivided by the total number of dry months. We have analyzed the
annual frequency of CDH events (CDHF, months with CDH events per
year) and the variations in the compound drought heatwave magnitude
index (CDHMI). And the maximum duration of CDH events reflects the
maximum duration of heatwave days in a drought context. The CDHMI
is calculated based on the probability of heat wave and drought events
exceeding normal thresholds and reflects the intensity of the composite
event to some extent (Wang et al., 2021; Wu et al, 2019; Zhang et al.,
2021c). The CDHMI is calculated as follows (Fig. 2):

CDHMI = P, (|AD| )Py ( > ATn>
i=1

AD indicated the magnitude of drought, which is the difference be-
tween monthly drought indicator NSPEI and the drought threshold (the
threshold was 0 according to the NSPEI calculation), and AD = 0 if no
drought occurs in the month. AT indicated the magnitude of heatwaves,
which is the difference between the maximum temperature and the
temperature threshold Ty during all heatwave occurrences, and the
temperature threshold was determined in a similar way to 2.2.2. And n is
the number of days in the month on which the CDH event occurred
(number of all heatwave days in the month). Pp(|AD|) and P1(AT) are
the probabilities of AD and AT obtained from empirical distributions
based on non-parametric distributions.

2.2.4. Statistical methods

Here, we used correlations by the Kendall t test (Ribeiro et al., 2020)
to analyze the spatiotemporal distributions of heatwave events. The
generalized Pareto (GP) distribution was used to fit the duration and
intensity of composite heatwave events (Huang et al, 2021). We calcu-
lated the spatiotemporal variation in the return periods and the proba-
bility density distributions of the heatwave duration and intensity for
each station. Kernel density estimation is a non-parametric test method
that can examine the distribution characteristics of data from the data
itself (Okabe et al., 2009), and it was used to analyze the characteristics
of the probability of heatwaves under a dry condition at monthly scale.

Monthly NSPEI |
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Fig. 2. CDHMI illustration based on drought indicator (NSPEI, Threshold Do) and daily maximum temperature (Tmax, Threshold Tp). The blue line is NSPEI series,
and the red curve is the daily Tmax series. When AD > Dy, AD = 0. When AT < Ty, AT = 0. AT is the difference between Tmax and T, for all days during the

occurrence of a CDH event.
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Fig. 4. Spatial distribution of the (a) starting date, (b) ending date, and (c) total heatwave duration of heatwaves across eastern China.
3. Results August; the frequency of daily heatwaves gradually increased from May

3.1. Spatiotemporal patterns of heatwaves

We counted the median start date/ending date of the first/last
heatwave events for each year at all stations over eastern China. We
found that the start date of the heatwaves tended to be earlier while the
ending date tended to be prolonged (Fig. 3a), implying lengthening
heatwave events over the past decades. We calculated the average fre-
quency of daily heatwaves (total number of heatwaves occurring at all
stations during 1970-2019 divided by the total number of stations)
(Fig. 3b), heatwave events occurred mainly in late July and early

and fewer heatwaves can be detected in September.

According to the spatial distribution of the onset date of the first
heatwaves, the ending date of the last heatwaves, and the average total
heatwave duration within a year (Fig. 4), the first heatwave event
occurred in May from Yunnan-Guizhou Plateau to Hainan Island, with a
relatively long duration (Fig. 4c). The first heatwave in large regions of
southern China began in mid-July and usually ended in late August. In
the North China Plain, the first heatwave event started earlier in June
but the total duration was shorter, and the last heatwave ended in late
July. The onset of heatwaves in northern China was earlier than that in
most parts of southern China; the end of the last heatwave in southern
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China was significantly later than that in northern China. In the Yunnan-
Guizhou Plateau, the onset of heatwaves was the earliest with the
longest total duration.

Fig. 5 shows the distribution of each heatwave indicator. In most of
the eastern region. There are no large differences in HWF, and heat-
waves occur slightly more frequently in the south than in the north.
Heatwaves affected most parts of eastern China every year, except for
central Inner Mongolia, and northern Heilongjiang region. The HWF and
the HWD of a single heatwave event were highly consistent in their
spatial distributions; the high values of HWI and HWD were concen-
trated in the plains along the middle and lower Yangtze River basin,
Sichuan Basin, and the western Inner Mongolia. The mean HWI was
approximately 200 °C. Long-duration heatwaves (generally lasting for

approximately 4-6 days) were more concentrated along the coastal re-
gions of eastern China. Although the HWF in northern and northeastern
China was not distinctly different from that in the Yangtze-Huai River
Basin, the intensity and duration of the heatwaves were evidently lower
than those in the Yangtze-Huai River Basin (Fig. 5b, c).

After 2000, the annual frequency and intensity of heatwaves were
evidently higher than those prior to 2000 for stations in ANRs, LRs, and
HRs, as identified in heatwave indicators (Fig. 6). The variation in the
HWD was not evident for most regions of the study area; the HWD was
shorter at the stations with less heat waves. The average frequency of
heatwaves from 1970 to 1980 was 1.39, and it increased to 1.93 in
1981-2019. After 1980, all heatwave metrics exhibited significant up-
ward trends at significance level.
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3.2. Correlation between heatwaves and meteorological droughts intensity and heatwave duration and intensity at stations with different
heatwave grades in various months given the occurrence of droughts
Here, we quantified the correlation coefficients between drought with NSPEI < 0. Generally, the correlation coefficients between drought
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intensity and heatwave duration and intensity are regionally varying.
Figs. 7 and 8 collectively illustrate the spatial distribution of correlation
coefficients between drought intensity and HWD and intensity for each
month. The stations marked in Figs. 7 and 8 are characterized by sig-
nificant correlations between drought intensity and HWD and intensity
at 0.05 significance level. And the negative correlations between
drought intensity and the duration and intensity of heatwaves rarely
passing the significance test. In May and September, no significant
correlations between drought and heatwave were detected in most parts
of eastern China; significant correlations between drought and heatwave
were detected mainly in the Yunnan-Guizhou Plateau in May and in
some areas of southern China in September. In July, positive correla-
tions between heatwave and drought were found in the Northeast China
Plain, but correlations between drought and heatwave were not signif-
icant in eastern parts of Northeast China Plain. High correlations be-
tween drought and heatwave from July to September were found mainly
in northeast China and the Yangtze-Huai River Basin. Droughts from
July to September exhibited significant correlations with heatwave
duration and intensity in northeast China and the Yangtze-Huai River
Basin.

3.3. Spatiotemporal characteristics of CDH

It can be seen in Fig. 9 that high CDHF was found mainly across the
Northeast China Plain to the middle and lower Yangtze River Basin.
Most regions of eastern China were characterized by one CDH per year
(Fig. 9a). Besides, the CDHF was also of 0.12/10a in increasing magni-
tude; meanwhile, an upward trend of 0.2/10a in CDH was also detected

from 1990 to 2019. After 2000, CDH events were subject to persistent a
high frequency (Fig. 9c). The CDHMI and CDHF shows the same spatial
distribution, and is more concentrated in the northern part of China. In
particular, the rising trend of CDNI became significant after 2000
(Fig. 9b, 9d).

Fig. 10 shows the spatial distribution of the maximum duration and
CDHMI of the CDH event for the 20-, 50- and 100-year recurrence
period. The spatial distribution of maximum duration and CDHMI is
basically the same. However, CDHMI is more concentrated in the area
north of the Huaihe River, where high values of maximum duration
reaching around 15, 20 and 23 days for the 20-, 50- and 100-year events,
and high values of CDHMI above 0.3, 0.4 and 0.5 respectively. Most
areas in eastern China have a high risk of heat waves, CDH events can
cause greater loss and harm as the recurrence period increases.

3.4. Effects of drought on heatwaves

We now proceed to evaluate the probability of heatwave events
under the occurrence of droughts. The peak value of the kernel density
estimation can reflect the central tendency in the sample dataset. As
indicated in Fig. 11, the peak probabilities of heatwave with drought in
May and September were approximately 0, was 0.14 and 0.59 in June,
0.67 in July, and 0.53 in August. The probability of heatwaves under the
occurrence of droughts in May and September was low. While heat-
waves and drought are frequent from June to August, such that CDH
events were frequent. Fig. 11a shows the spatial distribution of the
heatwave probabilities under droughts from May to September. In May,
higher probability can be mainly identified in the Yunnan-Guizhou
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Fig. 13. Probability densities for the duration (upper panel) and intensity (bottom panel) of CDH and GHW events in different clustered subregions of eastern China.

Plateau and low probability (approximately 0) appears in most parts of
eastern China. In June, higher probability can be identified in most areas
of the North China Plain and the Loess Plateau and low probability is
mainly seen in the Yangtze-Huai River Basin. In July, the center with
higher probability of heatwaves with drought shifted to the Yangtze-
Huai River Basin and the Inner Mongolia Plateau. In most portions of
eastern China, drought events were highly likely to trigger heatwaves. In
August, higher probability are seen in the southern Yangtze-Huai River
Basin; the probability in most regions of eastern China was higher than
0.5. In September, the range of high probabilities was small and high
probability can be found only kin the Pearl River basin and the Ganjiang
River basin.

It can also be seen in Fig. 11 that the impacts of droughts on heat-
waves vary across both space and time. Droughts in July were sensitive
to heatwaves in most parts of eastern China. Based on Fig. 3b,and 11,
there were few heatwaves in September, and the heatwave duration and
intensity were significantly correlated with droughts. Therefore, the
heatwave process in southern China in September was closely related to
drought.

Fig. 12 shows the proportions of droughts with different intensities
and the probability of heatwaves under different drought conditions (i.
e., with different intensities). Although the proportion of extreme
drought (0.02) was significantly lower than that of mild drought (0.68),

the probability of a heatwave given extreme drought was the highest,
reaching 0.49. The higher the drought level, the lower the occurrence
proportion of droughts, but the higher the probability of heatwaves,
implying that higher drought intensity can potentially trigger occur-
rence of heatwaves.

Drought has a significant influence on heatwave duration and in-
tensity. Fig. 13 shows the probability densities for the duration and in-
tensity of CDH and GHW (see Methods) events in different clustered
subregions of eastern China. The duration and intensity of the CDH
events under the influence of drought generally shifted to the right side,
where the peak value position of the probability density curve was
higher than that of the GHW events. This indicates that the intensity of
CDH events was larger, the duration was longer, and these events tend to
cause more serious damage.

The CDH duration (intensity) was 0.27 (8.84 °C), 0.25 (10.37 °C),
and 0.34 d (14.20 °C) longer than that of GHW events in the regions of
low-, medium-, and high-risk of heatwaves, respectively. The differences
in the duration and intensity of the CDH and GHW events are compared
in Fig. 14. In most parts of eastern China, the duration and intensity of
the CDH events were greater than those of heatwaves with lower in-
tensity and shorter duration. This evident difference was found across
the Yunnan-Guizhou Plateau, Qinghai-Tibet Plateau, and northeast
China, where the heatwave frequency was low. The difference in the
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Fig. 14. Spatial distribution of the difference in the average (a) duration and (b) intensity between CDH and GHW events (i.e., CDH minus GHW).

largest duration (intensity) was up to 3.0 d (95.2 °C) between the CDH
and GHW events, but a negative average difference is shown in the
southern region, such as Guangdong and Guangxi provinces with
frequent heatwaves. The duration (intensity) of heatwaves is longer
(stronger) under a drought background in areas with few heatwaves,
implying that the effects of drought on heatwave is more significant in
areas with less frequent heatwave.

4. Discussions

Indices based on different temperature thresholds often have certain
uncertainties in definition of heatwave regimes, which may be due to
differences in the spatial and temporal distribution of various temper-
ature thresholds (You et al., 2016). Absolute temperature thresholds
have been often used in studies at regional scales, whereas relative
thresholds have been widely used in studies at larger temporal or spatial
scales (Luo et al., 2020; Trancoso et al 2020). Eastern China is a vast
territory with significant climate differences, where the inhabitants of

different subregions show different adaptations to high temperatures.
Therefore, selecting a unified index to measure changes in heatwaves
across all of eastern China is complex. In this study, a combination of
relative and absolute thresholds was selected to identify heatwaves to
avoid the occurrence of an excessively low threshold in high-latitude
and high-altitude areas when applying a relative threshold to analyze
heatwaves across the entire study area, demonstrating a certain ratio-
nality and applicability (Wu et al., 2020; Ye et al., 2013). Studies based
on different thresholds have reported the increases in the heatwave
frequency, duration, and intensity at regional and global scales (Kong
et al., 2020; Manning et al., 2019; Mazdiyasni and AghaKouchak, 2015),
which is similar to the observations obtained in this study. In eastern
China, the upward trend in the heatwave frequency, duration, and in-
tensity was more significant since 2000.

There is a connection between heatwave events and global climate
change. Although studies have shown that there is a current slowing of
global warming, extreme high temperature events occur with higher
frequency in China (Li et al., 2021b; Wang et al., 2016). Additionally,
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Fig. 15. Variations of the anomalies of heatwave intensity in Eastern China and the western Pacific subtropical high (WPSH) intensity index from 1970 to 2017.
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Fig. 16. Average contour map of the 500 hPa geopotential height field in July
and August ca. 2000. The red and blue line denotes the 5880 m characteristic
line of the WPSH.

many studies have discussed the causes behind heatwaves in China from
an atmospheric circulation perspective. The El Nino phenomenon
strengthens the anticyclone and subtropical high in the western Pacific,
thus providing favorable conditions for the occurrence and maintenance
of heatwaves (Luo and Lau, 2018) also pointed out that heatwave ac-
tivity increases in the summer after the El Nino phenomenon. Moreover,
the WPSH exerts significant impacts on heatwaves in eastern China, with

100°E
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a wide range of air subsidence, frequent high temperatures, and negli-
gible precipitation in the control area of the WPSH ridge (Liu et al.,
2019; Ma et al., 2020). Fig. 15 shows the interannual variation in HWI,
CDHMI and WPSH intensity index (WPSHI) in May-September. In most
years, the HWI and WPSHI change synergistically, and their correlation
coefficient between the heatwave intensity and WPSH intensity reached
0.55, passing the 0.05 significance test. In contrast, the direct correlation
between CDHMI and WPSHI was not significant, but the correlation
between HWI and CDHMI showed a high correlation (passing the 0.05
significance test). It can be seen that to some extent the WPSH have a
greater influence on the general heat wave than CDH event.

Fig. 16 shows the change in the 500 hPa geopotential height field in
July and August, i.e., the hottest summer months, before and after 2000
(mutation year). The average position of the WPSH after 2000 was more
westward than that before 2000. The changes in the intensity and po-
sition of the WPSH should be one of the reasons for the frequent heat-
wave occurrence in eastern China after 2000. It is noted that the
abnormal westward movement of the WPSH resulted in an abnormally
high pressure and high temperature evolution, such that heatwaves in
southern China were often accompanied by an abnormal high-pressure
center and near-surface anticyclonic while simultaneously reducing
the water vapor transport between the land and sea (Luo and Lau,
2017b).

CDH events in eastern China have been widely discussed. Some
scholars have established the standardized compound drought and heat
index (SCDHD)for the evaluation of CDH events in China, they found the
occurrence frequency of CDH events is high in South China (Li et al.,
2021a). The dry-hot magnitude index also has a wide range of appli-
cations in the analysis of composite events (Wang et al., 2021; Wu et al.,
2019). The researchers found that high magnitude levels of composite
dry-hot events occurred mainly in northeast and southwest China, and
mainly in recent decades since the 1990 s. Based on the NSPEI index, we
analyzed the frequency and trend of CDH events based on the identifi-
cation of concurrent drought and heatwave events, and found that CDH
events generally occurred in the Northeast Plain, North China Plain, and
Yangtze-Huai River Basin. There is a connection between compound
events and large-scale climate change (Mukherjee and Mishra, 2020),
based on Poisson generalized linear model, the occurrence of compound
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Fig.17. Correlation coefficients between CDHF(a) and CDHMI(b) and Nino3.4.
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events and El Nino Southern Oscillation (ENSO) show a strong corre-
lation in the southern hemisphere. Then, we further analyzed the degree
of correlation between ENSO (East Central Tropical Pacific Tempera-
ture) and CDHMI and made the following spatial distribution of corre-
lation (Fig. 17). Considering that the development of Nino 3.4 is most
obvious in winter (Zambrano Mera et al., 2018), we performed a cor-
relation analysis using Nino 3.4 values of previous winter. It can be seen
that the correlation coefficients of Nino 34 and CDHF, CDHMI are
basically consistent in spatial distribution, showing mainly positive
correlation in coastal areas, but negative correlation in most regions of
the country, especially in Inner Mongolia and the middle and lower
reaches of the Yangtze River.

The probability of concurrent heatwaves in different summer months
under a drought background varied with space; heatwave events
occurred less in most parts of eastern China in May. Owing to the in-
fluence of large-scale climate circulation, plum rain is annually
concentrated in areas between the Yangtze River and Huai from early
June to July (Zhou et al., 2021) and drought events rarely occur, which
explains the low CDH event probability in the Yangtze-Huai River basin
under a drought background in May and June. However, droughts in
July and August are often accompanied by heatwaves, which pose
human and ecological health threats. The response of droughts to
heatwaves may be closely related to the water vapor transport and cir-
culation background, which requires further investigations. Addition-
ally, studies have found that urbanization and other anthropogenic
influences have significantly increased the occurrence of extremely high
temperatures in summer in China since the beginning of the 21st century
(Wang et al., 2018; Zhang et al., 2021b), such that we cannot underes-
timate the influence that human factors have on heatwaves and
droughts.

5. Conclusions

Based on daily meteorological data at 1,784 meteorological stations
in eastern China from 1960 to 2019, this study analyzed the temporal
and spatial distribution of various heatwave metrics, the frequency of
CDH events, and their relationships with meteorological droughts in
eastern China. The main conclusions are as follows.

(1) The heatwaves from May to September in eastern China tended to
start earlier and end later, with a prolonging trend in the dura-
tion. The frequency, duration, and intensity of heatwaves, and
the frequency of CDH events significantly increase after 2000.
The heatwave events were mainly distributed from the plains
along the middle and lower reaches of the Yangtze River to the
Sichuan Basin; whereas the CDH events were mainly distributed
from the northeastern plains to the middle and lower reaches of
the Yangtze River.

There was a significant correlation between the drought intensity
and heatwave duration and intensity in northeastern China and
the Yangtze-Huai River Basin from July to September; the effect
that droughts had on the heatwave intensity was more signifi-
cant. Under the influence of drought, the heatwave intensity was
greater and the heatwave duration was longer; the promoting
effect of drought was more significant in the northern and some
southern regions where heatwave occurrence is less frequent.
Heatwaves in eastern China were influenced by the WPSH; the
heatwave intensity and WPSH intensity index tended to exhibit
coordinated variation. After 2000, the mean position and in-
tensity of the WPSH were west and strong, respectively, which
were closely related to heatwave occurrences in eastern China.

(2

(3)
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