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Abstract: This study used the “Daily meteorological dataset of basic meteorological elements of
China National Surface Weather Station (V3.0)” and applied the absolute threshold method and
standardized precipitation evapotranspiration index to identify heatwave events and drought events.
This study analyzed the spatiotemporal evolution patterns of three types of summer disaster events,
namely, heatwave events, drought events, and compound drought and heatwave events, in Jiangsu
Province from 1960 to 2018. Additionally, it investigated and verified the concurrent historical
data of the identified years with the most severe occurrence of compound drought and heatwave
events and calculated the monthly drought centers and summer accumulations of the standardized
precipitation evapotranspiration index (SPEI-3). The results indicate that over the 59 years analyzed,
the number of days with a threshold of 35 ◦C, which were considered hot days, was 503.2, accounting
for 9.27% of the total summer days in Jiangsu Province. Both the number of hot days and the
frequency of heatwave events showed a clear increasing trend from the northeastern coastal areas
to the southwestern regions of Jiangsu Province. The total frequency of drought events at different
stations in Jiangsu Province from 1960 to 2018 fell within the range of 50–64. The fitted slope of
the frequency of compound drought and heatwave events in Jiangsu Province was −0.021 for the
period 1960 to 1989, and 0.079 for the period 1990 to 2018, indicating a higher frequency compared
with the preceding 30 years. This trend aligned with the rise in heatwave events experienced in
Jiangsu Province in recent years. The frequency and duration of compound drought and heatwave
events in Jiangsu Province exhibited an increasing spatial pattern from the southwestern parts to the
northeastern parts. This study’s verification established that the identification of compound drought
and heatwave events was relatively accurate.

Keywords: heatwave; drought; compound events; spatiotemporal variation; Jiangsu Province

1. Introduction

As global climate warming intensifies, the frequency and intensity of extreme events,
such as heatwaves, floods, and droughts, are undergoing important changes [1]. The
Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report indicates
that the intensity and frequency of global heatwaves have increased and their duration has
strengthened, and droughts have different trends in different regions. Since the 1950s, there
has been an increasing trend of compound events globally [2]. The simultaneous occurrence
of multiple extreme events is not a simple iterative relationship but may form a mutually
reinforcing positive feedback effect, such as heatwaves and droughts occurring at the same
time (i.e., compound drought and heatwave events), where the intensity tends to exceed
that of the two separate extreme climate events or the sum of the two separate extreme
events [3]. Compound extreme events have severe impacts on food security, ecosystems,
water security, and human health [4].

Water 2024, 16, 89. https://doi.org/10.3390/w16010089 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w16010089
https://doi.org/10.3390/w16010089
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-8778-1257
https://orcid.org/0000-0002-8446-1423
https://doi.org/10.3390/w16010089
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16010089?type=check_update&version=1


Water 2024, 16, 89 2 of 18

A heatwave is usually defined as the case when the daily maximum temperature is
higher than a specific threshold for several consecutive days [5]. There is no unified stan-
dard for the selection of thresholds, and the absolute threshold method is generally used [6].
An absolute threshold, which generally takes into account local perennial temperatures
and the impact of high temperatures on morbidity rate, is defined in the form of a fixed
temperature [7]. The frequency of heatwave events in China has increased dramatically in
the 21st century, which has caused serious consequences on the economy, society, agricul-
ture, and health [8]. When a drought event occurs, the onset of a heatwave event can lead
to accelerated evapotranspiration, causing soil moisture deficits that further exacerbate
the drought. The most commonly used indicator for drought events is the standardized
precipitation evapotranspiration index (SPEI). The SPEI is based on the principle of water
balance and measures meteorological drought conditions by evaluating the difference
between precipitation and potential evapotranspiration. Research showed that the SPEI
is applicable to most regions in China, especially in humid areas during the summer sea-
son [9]. The research on separate heatwave and drought events has become more mature,
based on which a variety of identification methods and rating metrics have been applied
to compound drought and heatwave events. Li et al. [10] used a daily scale standardized
temperature index (STI), a daily scale drought index, the standardized antecedent pre-
cipitation evapotranspiration index (SAPEI), and a joint probability distribution method
to clearly identify compound drought and heatwave events during a historical period.
Mukherjee and Mishra [11] quantified the spatiotemporal changes in compound drought
and heatwave (CDHW) events by integrating the weekly self-calibrated Palmer Drought
Severity Index (PDSI) and daily maximum temperatures during the period 1983 to 2016.
Mishra et al. [12] characterized CDHW events using the standardized precipitation evapo-
transpiration index (SPEI [13–15]) and air temperature anomalies for the monsoon season.
Monsoon seasons with an SPEI less than −1 and temperature anomalies greater than 1 were
categorized as concurrent hot and dry extremes to explore the relationship between CDHW
and El Niño events. CDHW events are characterized by increased intensity, wider impacts,
and longer duration in many regions around the world [11]. The southern, southeastern,
and western regions of the United States experienced a notable upward trend in CDHW
events from 1960 to 2010. Specifically, there was a greater surge in the frequency of longer
and more severe droughts and heatwaves (7-day 95th percentile) compared with shorter
and milder occurrences [16]. The extreme CDHW events that occurred in Europe in 2003
resulted in a significant decrease in primary productivity. Furthermore, the anticipated
increase in future drought events has the potential to transform temperate ecosystems
into carbon sources [17]. The number of consecutive CDHW events in Australia has been
increasing for 150 years, which appears to be more related to the temperature than rain-
fall [18]. Heatwaves and drought events in Portugal have tended to be frequent and intense
in the past 20 years, and temperature changes may have an impact on drought events [19].
The CDHE events in the Chinese mainland have been continuously strengthened in the
past half-century [20], becoming more frequent, lasting, and extreme in eastern [21,22],
southwestern, and northwestern [23] China.

Jiangsu Province is situated in the eastern part of China, within the middle and lower
reaches of the Yangtze River and the lower reaches of the Huai River. Jiangsu Province exhibits
several noteworthy characteristics. First, it possesses a significant population density and
boasts a relatively advanced urbanization level, placing it in a leading position in terms of
social development within China. Second, the agricultural sector, fishery food supply, and
shipping industry have all achieved significant development. However, these commendable
traits also make the province vulnerable to substantial damage caused by the adverse effects
of high temperatures and droughts [24]. Consequently, both the livelihoods of its people and
the agricultural and industrial sectors endure significant harm. In 2013, a significant heatwave
event occurred nationwide [25], with the eastern region of China being particularly affected.
The China Center for Disease Control and Prevention reported that during the summer of 2013,
there were at least 5758 cases of heat-related illnesses, primarily concentrated in the middle
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and lower reaches of the Yangtze River. From July to mid-August 2013, Jiangsu Province
experienced an unusual and prolonged period of high temperatures that had not been seen
since 1961 [8,26]. The overall characteristics of this period were early onset, extended duration,
wide geographical impact, and high intensity. From mid-July to early September, most areas
of Jiangsu Province received below-average rainfall, resulting in a significant evaporation rate
in agricultural fields and leading to water shortages or drought conditions in some areas. The
persistent high temperatures resulted in a significant increase in heatstroke cases, as well as
setting a new record for peak electricity demand. The cities of Xuzhou, Lianyungang, Suqian,
and 12 counties (districts) in Jiangsu Province were severely influenced, with 4.751 million
people affected, 356.9 thousand hectares of crops damaged, and a direct economic loss of
USD 135.6 million [27]. Therefore, a comprehensive study of the distribution, variations, and
development trends of combined high-temperature and drought events in Jiangsu Province is
crucial for effective intervention, disaster risk assessment, and management. This research is
of significant importance for reducing drought, mitigating disasters, and effectively adapting
to climate change in the region.

This article is based on years of meteorological data series, such as precipitation and
temperature. Heatwave events were identified using the absolute threshold method, while
drought events were identified using the standardized precipitation evapotranspiration
index (SPEI). The intersection of these two events is defined as CDHW events. The temporal
and spatial patterns of three types of disaster events from June to August from 1960 to 2018
were examined. Lastly, data retrieval and verification were performed for the years that
exhibited the most severe instances of CDHW events.

2. Study Area and Data
2.1. Area

Jiangsu Province is situated in the middle and lower reaches of the Yangtze River
and the lower reaches of the Huai River, spanning between 116◦18′–121◦57′ east longitude
and 30◦45′–35◦20′ north latitude. It shares its eastern border with the Yellow Sea, while
its northern, western, and southern boundaries adjoin the provinces and municipalities
of Shandong, Anhui, Zhejiang, and Shanghai. The provincial land boundary measures
3383 km, with a coastline extending 954 km. Jiangsu Province experiences a subtropical
humid monsoon climate and is characterized by predominantly flat terrain, and the majority
of the region lies at an elevation of 50 m or below, with low hills concentrated in the
southwest. These distinctive monsoon patterns and intricate climatic features render
the province susceptible to natural disasters. Given its unique climate and geographic
conditions, occurrences of high temperatures and drought disasters are frequent.

2.2. Data

This study analyzed the high temperature and drought in Jiangsu Province using the
“Daily meteorological dataset of basic meteorological elements of China National Surface
Weather Station (V3.0)” obtained from the National Meteorological Information Center of the
China Meteorological Administration (http://data.cma.cn, accessed on 10 June 2019). The
data included daily precipitation (mm), maximum temperature (◦C), minimum temperature
(◦C), average temperature (◦C), wind speed (m/s), sunshine hours (h), and relative humidity
(%) from 21 stations in Jiangsu Province from 1960 to 2018. The study area and selected
meteorological station distribution can be seen in Figure 1. Trace precipitation was defined
as 0.5 mm and missing values were filled in using interpolation with data from neighboring
meteorological stations. Considering that the period from June to August is when high-
temperature events are most concentrated and from June to October is the most severe
drought period in the Yangtze River Basin, this study focused primarily on the characteristics
of the heatwave, drought, and their compound events in Jiangsu Province during the summer
season (June to August) and compared them with the perennial conditions.

http://data.cma.cn
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Figure 1. Location of Jiangsu Province and selected meteorological stations.

3. Methods
3.1. Definition of Heatwave and Drought Events

There is currently no unified standard for defining heatwave events in research. This
study adopted the absolute threshold method to define a hot-day event as one with a
maximum temperature of 35 ◦C or higher by integrating relevant studies from the China
Meteorological Administration and Jiangsu Province [28–30]. A heatwave event is defined
as three consecutive days with a maximum temperature of 35 ◦C or higher. Meteorolog-
ical drought is generally the cause of other types of drought, and thus, this article used
meteorological drought to characterize drought events. The standardized precipitation
evapotranspiration index (SPEI) is a comprehensive index that considers precipitation,
evaporation, and transpiration, enabling a reasonable evaluation of drought across various
time scales. Previous studies commonly relied on the standardized precipitation index
(SPI), which only considers precipitation and disregards the influence of the water balance
and temperature, making it unable to reflect the impact of temperature on drought trend
changes. Unlike the SPI, the SPEI incorporates the difference between precipitation and
evapotranspiration and provides a more objective description of surface moisture condi-
tions. Moreover, the SPEI shares the advantage of SPI in terms of multi-scale and spatial
comparisons, making it suitable for analyzing drought characteristics under the influence
of climate warming [31]. Consequently, this study utilized the SPEI to represent meteoro-
logical drought events, and the specific calculation steps are outlined as follows [13–15].

(1) Calculate the daily potential evapotranspiration (PET) using the Penman–Monteith
model recommended by FAO-56 (1998) [32], as shown in Equation (1):

PET =
0.408∆(Rn − G) + γ 900

T+273 U2(ea − ed)

∆ + γ(1 + 0.34U2)
(1)

In this equation: PET is the daily potential evapotranspiration, in mm; ∆ is the slope
of temperature change with saturated water vapor pressure, in kPa/◦C; U2 is the wind
speed at a height of 2 m above the ground, in m/s; ea is the saturated water vapor pressure,
in kPa; ed is the actual water vapor pressure, in kPa; T is the average temperature, in ◦C; γ
is the psychrometric constant, in kPa/◦C; Rn is the net radiation reaching the surface, in
MJ/(m2 d); and G is the soil heat flux density, in MJ/(m2 d).
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(2) Calculate the difference between monthly precipitation and evapotranspiration, as
shown in Equation (2):

Di = Pi − PETi (2)

In this equation: Di is the difference between precipitation and evapotranspiration, Pi
is monthly precipitation, and PETi is monthly evapotranspiration.

The calculated D values are aggregated at different time scales:

Dk
n =

k−1

∑
t=0

(Pi − PETi), n ≥ k (3)

In this equation: k (months) is the timescale of the aggregation and n is the calculation
month.

(3) Normalize the Di data series and calculate the corresponding SPEI index for each
value. Since the original data series Di may contain negative values, the SPEI index adopts
a 3-parameter log–logistic probability distribution. The cumulative function of the log–
logistic probability distribution is calculated according to Equation (4), as shown below:

F(x) =

[
1 +

(
α

x − γ

)β
]−1

(4)

In this equation: parameters α, β, and γ are obtained by fitting using the method of
linear matrices.

(4) The standardization process of cumulative probability density is shown in
Equations (5)–(7):

P = 1 − F(x) (5)

When the cumulative probability P ≤ 0.5:

w =
√
−2 ln(P) (6)

SPEI = w − c0 + c1w + c2w2

1 + d1w + d2w2 + d3w3 (7)

In this equation, c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 = 1.432788, d2 = 0.189269,
and d3 = 0.001308. If P > 0.5, then P is replaced by 1 − P and the sign of the resultant SPEI
is reversed.

Table 1 displays the classification of the SPEI drought index. A drought event is
considered to have occurred in a given month if the calculated monthly SPEI-3 is less than
or equal to −0.5.

Table 1. Classification of drought levels based on SPEI.

Drought Levels Extreme Drought Moderate Drought Mild Drought Normal

SPEI (−∞, −2.0] (−2.0, −1.0] (−1.0, −0.5] (−0.5, 0]

3.2. Definition of Compound Drought and Heatwave Events

A compound drought and heatwave event is defined as a situation in which a heat-
wave event (35 ◦C, at least three continuous days) and a drought event (SPEI < −0.5) occur
at the same time.

3.3. Trend Analysis Method

The nonparametric Mann–Kendall (MK) test is commonly used to assess the trend
of hydrological series. MK test analysis is not influenced by outliers and does not require
a specific distribution, making it capable of reflecting the degree of change in time series
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trends effectively. This study adopted MK test estimation to analyze the interannual
variation in regional climate indices. The specific principle is as follows [33].

For any given sequence Xt(t = 1, 2, . . ., n), where n is the length of the sequence, the
statistic S can be defined as shown in Equation (8):

S =
n=1

∑
k=1

n

∑
j=k+1

sgn(Xj − Xk) (8)

In this equation: Xj and Xk are the annual data of the corresponding time series, n is
the length of the time series, and sgn(Xj − Xk) is the sign function.

Construct the standardized test statistic Z as shown in Equation (9):

Z =


S−1√
Var(S)

, S > 0

0, S = 0
S+1√
Var(S)

, S < 0
(9)

Z follows a standard normal distribution. When Z > 0, there is an upward trend; when
Z < 0, there is a downward trend. For a given significance level α, if |Z| ≥ Z1−α/2, it
indicates that the time series has a significant upward or downward trend.

3.4. Technology Road Map

To better illustrate the idea of this study, the technology road map is shown in Figure 2.
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4. Results and Discussion
4.1. Spatial and Temporal Variations in Summer Temperature and Precipitation in
Jiangsu Province

The average summer temperature curve and the average maximum temperature curve
in Jiangsu Province from 1960 to 2018 are shown in Figure 3. Figure 3 indicates that the
variations in average summer temperature and maximum temperature from June to August



Water 2024, 16, 89 7 of 18

in the Jiangsu region were generally consistent over the 60 years analyzed, except for a
decreasing trend in the interannual variability of the average maximum temperature in
August. The trends for June, July, and the overall change showed an increasing trend.
The linear trend rate of the average maximum temperature in summer was 0.06 ◦C/10 a.
Between 1967 and 1974, the average temperature showed a decreasing trend, especially
in the mid-1970s. From 1978 to 1992, the temperature gradually began to rise again, with
slightly cooler temperatures in the early 1980s. In the 1990s, there was a slight decline,
followed by a rise after the mid-1990s, and a trend of first decreasing and then increasing
since the 2010s. The average temperature and maximum temperature of each city reached
their lowest values in 1980 and showed an increasing trend over the last 35 years analyzed.
The highest annual average temperatures in summer were recorded in 1967, 1978, 1994,
and 2018, while the lowest were in 1980 and 1999.
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The variation curve and trend line of the precipitation during June, July, August, and the
entire summer from 1960 to 2018 in Jiangsu Province are presented in Figure 4. We examined
the mean value (Ex) and coefficient of variation (Cv) obtained by fitting the Pearson type III
frequency curve to the precipitation data. Our findings indicate that there was an increasing
trend in precipitation during June, August, and the summer season as a whole in the Jiangsu
region, with increases of 6.43 mm/10 a, 2.98 mm/10 a, and 6.79 mm/10 a, respectively.
However, the July precipitation showed a decreasing trend, with a decrease of 3.63 mm/10 a.
Over the 60 years analyzed, there was a gradual decrease in the July precipitation, while
June and August experienced a gradual increase. Among the three summer months, July
received the highest average precipitation of 195.21 mm. The interannual variability of
summer precipitation in Jiangsu Province was substantial, with June exhibiting the highest Cv
value and the most pronounced interannual variation from 1960 to 2018. On the other hand,
the Cv value for the entire summer precipitation was the smallest, and its interannual variation
from 1960 to 2018 was relatively small compared with the monthly precipitation fluctuations.
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Figure 4. Variation curve of summer precipitation in Jiangsu Province from 1960 to 2018.

4.2. Spatial and Temporal Variations in Summer Heatwaves in Jiangsu Province

In addition to the absolute threshold of 35 ◦C, other thresholds are also widely used in
the study of heatwave events. An analysis was conducted on the adaptability of three high-
temperature thresholds, namely, 32 ◦C, 35 ◦C, and 38 ◦C, in Jiangsu Province [7,34]. The
cumulative chart of average high-temperature days in Jiangsu Province during the summer
season is shown in Figure 5. The proportion of high-temperature days with maximum
temperatures exceeding 38 ◦C was the lowest, with an average of more than 1 day per
year in every ten years. During the periods from 1960 to 1969 and from 2010 to 2018, there
were three years in each period with high-temperature days with maximum temperatures
exceeding 38 ◦C for more than 1 day, especially in the period from 2010 to 2018, where
there were two years (2013 and 2017) with an average of 4 days, indicating a recent increase
in the number and frequency of such days. The number of high-temperature days with
maximum temperatures exceeding 35 ◦C showed a significant increasing trend from 2000
to 2018, with a sudden change occurring in 2013, reaching 30 days. Over the past 59 years,
the number of high-temperature days with a threshold of 35 ◦C was 503.2 days, accounting
for 9.27% of the total summer days in Jiangsu Province. The years with a high number of
high-temperature days with temperatures exceeding 32 ◦C were 1967, 1978, 1994, 2013, and
2016, while the lowest number occurred in the summers of 1980 and 1989. The number of
days exceeding 35 ◦C passed the significance level test of α = 0.1.
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Temperature data for June, July, and August from the period 1960 to 2018 were selected
for the analysis of the high-temperature process. The statistics of the number of high-
temperature days and heatwave frequency for each station over the 60 years analyzed are
shown in Figure 6. The seven stations with the highest numbers of high-temperature days
were Liyang (927 days), Nanjing (890 days), Wuxi (827 days), Dongshan (758 days), Xuzhou
(676 days), Sihong (601 days), and Xuyi (581 days). The seven stations with the highest
heatwave frequencies were Nanjing (111 times), Liyang (100 times), Dongshan (81 times),
Wuxi (80 times), Xuzhou (77 times), Sihong (67 times), and Kunshan (67 times). These
seven stations with the most high-temperature days and highest heatwave frequencies
were all located in the inland regions. According to the statistics, the annual average
number of high-temperature days in the southern Jiangsu region was 13.43, and the annual
average heatwave frequency was 1.49. The seven stations with fewer annual average
high-temperature days and heatwave frequency were Dafeng, Shuyang, Sheyang, Lvsi,
Guanyun, Funing, and Ganyu, which are concentrated in the northeastern coastal area.
There were significant regional differences in the distribution of annual average high-
temperature days among cities in the province. The number of high-temperature days and
frequency increased significantly from the northeastern coastal area to the southern Jiangsu
region in the southwest. This indicates that the spatial variation in high temperatures in
Jiangsu Province during summer was not only influenced by latitude but also significantly
affected by the location of land and sea. Jiangsu Province was dominated by the southeast
monsoon in summer, with small temperature differences in the eastern coastal region and
a lower probability of heatwave events compared with inland areas. In addition, the low
mountains and hills in the southwestern region had higher temperatures than other plain
areas. A significance level test was conducted for the number of high-temperature days at
each station from 1960 to 2018. Except for several stations in the northwestern part of the
province, the number of high-temperature days showed a significant increasing trend each
year for the other stations. Among the 21 stations, 14 stations passed the significance level
test of α = 0.1, and 11 stations passed the test at α = 0.05.
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4.3. The Temporal and Spatial Variation Characteristics of Summer Drought in Jiangsu Province

The standardized precipitation evapotranspiration index with a three-month time
scale (SPEI-3) was used to calculate the drought index, and the severity of the drought
was classified based on the criteria outlined in Table 1. In Figure 7, the occurrence of three
types of drought events in the Jiangsu region was depicted at 21 stations over the 60 years
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analyzed, specifically during the summer months of June, July, and August. The figure
reveals a consistent trend of drought in certain summer months across meteorological
stations in Jiangsu Province, despite variations in drought severity. Notably, drought
events were observed at most stations within the province in July and August of 1964,
the summers of 1966 and 1978, June and July of 1994, June of 2005, June of 2012, August
of 2013, and June of 2017. Over the 60 years analyzed, the frequency of extreme drought
events in the province was relatively low, with the majority occurring during the summer
of 1978. The occurrence frequencies of mild and moderate drought events showed an
increasing trend from 1969 to 2018, with similar frequencies for both types of drought
events. The frequencies of drought events occurring during the three summer months
in Jiangsu Province were relatively even. The total number of months that experienced
drought events accounted for over one-third of the study period, indicating that summer
drought events in Jiangsu Province were common.
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The occurrence frequency of different levels of drought events in Jiangsu Province
over the past 59 years in the spatial domain is shown in Figure 8. The frequencies of
the same type of drought events occurring at each station in Jiangsu Province from 1960
to 2018 were similar. The frequency of extreme drought events at all stations did not
exceed 5. The majority of stations had a frequency of moderate and mild drought events
in the range of 20–34. The number of stations with a frequency of drought events in the
range of 55–59 accounted for two-thirds of all stations. Comparing the severity of summer
drought events within the province, the Xuyi and Xuzhou stations exhibited approximately
double the frequency of moderate drought events compared with mild drought events.
Conversely, the Pizhou, Guanyun, Liyang, Kunshan, and Suning stations had a higher
frequency of mild drought events compared with moderate drought events. With similar
overall frequencies of drought events at each station, it can be inferred that the severity
of summer drought events was more pronounced at the Xuyi and Xuzhou stations than
at the Pizhou, Guanyun, Liyang, Kunshan, and Suning stations. The ratio of moderate
drought events to mild drought events at the other 14 stations ranged from 0.8 to 1.3, with
little difference. Therefore, the severity of the summer drought was similar. The occurrence
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frequency of summer drought events in Jiangsu Province displayed a relatively even
spatial distribution.
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4.4. Spatial and Temporal Variations in Summer Compound Drought and Heatwave Events in
Jiangsu Province

The changing characteristics of compound drought and heatwave (CDHW) events
in Jiangsu Province are depicted in Figure 9 based on the annual statistics. Through an
analysis of the interannual variation trend of such events from 1960 to 2018, it was observed
that the average frequency fluctuated between 0 and 2.5 occurrences per year over the six
decades analyzed. Most years had an average frequency of less than 1, suggesting that
not all stations experienced CDHW events each year. Notably, in 2006, the Liyang station
witnessed five instances of CDHW events, whereas other stations in the province did not
experience such incidents. The average duration of these events ranged from 0 to 17 days,
with the longest average duration occurring in 1966 lasting for 17 days. Moreover, CDHW
events were more frequent during the summer between 1990 and 2018 compared with
the preceding 30 years. This finding aligns with the increasing trend in the frequency of
heatwave and drought events observed in recent years in Jiangsu Province. It indicates that
a CDHW event is an intersection of heatwave and drought, and their variation is influenced
by changes in both factors. The MK trend test did not reveal any statistically significant
changes in the time series of CDHW events displayed in Figure 8.

The spatial distribution of CDHW events during summer in Jiangsu Province is illus-
trated in Figure 10. Over the six decades analyzed, significant variations in the frequency
and duration of these compound events across Jiangsu Province were observed. The re-
gions with the highest occurrence were concentrated in the southeast of the province. The
longest recorded event took place from 8 July to 17 August in 2013 at the Wuxi station,
lasting for 41 days. The second-longest event occurred in Nanjing and Liyang in 1966,
spanning 27 days. Conversely, the regions with the lowest occurrence were mainly situated
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in the eastern coastal area. The frequency and duration of these CDHW events displayed
an increasing trend from the southwest to the northeast, consistent with the overall spa-
tial distribution of heatwave events and high-temperature days in Jiangsu Province. It
is worth noting that drought events play a significant role in the occurrence of CDHW
events. According to statistics, the total frequency of CDHW events that occurred under
mild drought conditions at all sites was 180, while the total frequency of CDHW events
that occurred under moderate drought conditions was 280, which was significantly higher
than the former.
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4.5. The Disaster Situation in Years with Severe Occurrences of Compound Drought and Heatwave
Events in the Summer in Jiangsu Province

The top five years with the highest frequency of occurrence and longest duration of
CDHW events in Jiangsu Province from 1960 to 2018 were selected for in-depth discussion
based on the calculation results. This selection was guided by Figure 8. The severe years
of CDHW events were compiled and are presented in Table 2. These results were further
verified by conducting thorough searches in the China Meteorological Disasters Yearbook,
local statistical yearbooks, and reliable media reports.
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Table 2. Years with severe compound drought and heatwave events.

Year Frequency and Duration
(Times/Days) Month

Average Maximum
Temperature

(◦C)
SPEI The Most Severe Station and

Its Duration Situation

1966 2.05/17.00

June 29.13 −0.73
Nanjing
7.16–8.12
28 days

During July and August, there was a prolonged heatwave that lasted over a month, with the highest
temperature reaching 41 ◦C and surface temperatures ranging from 50 to 60 ◦C. The Yangtze River

experienced its lowest water level in 26 years. In the Jianghuai region, the total affected area reached
711,300 hectares, with 210,700 hectares being seriously affected.

July (#) 32.05 −1.26
August

(
√

) 33.40 −1.66

Average 29.13 −1.22

2013 1.52/15.86

June 28.07 −0.12
Rugao

7.23–8.17
26 days

In most parts of Jiangsu Province, the precipitation was below average. The hot and dry weather led to
high evaporation rates in farmlands, resulting in soil moisture deficiency or drought conditions in some
areas. The drought affected a total of 2.834 million people, with 223,000 hectares of crops damaged and a

direct economic loss of USD 152 million.

July (#) 34.22 −0.20
August

(
√

) 34.19 −1.13

Average 32.16 −0.48

1978 1.24/9.43

June (#) 30.61 −1.99
Xuyi

6.27–7.10
14 days

The total affected area of the province reached a maximum of 3,868,000 hectares, with a disaster-stricken area
of 889,300 hectares. The annual inflow volume of water into Hongze Lake decreased to 3.048 billion cubic

meters, only one-tenth of the normal annual level. The lowest water level of Hongze Lake was 10.27 m (the
dead water level is 11.3 m). The groundwater level was 2 to 4 m lower than usual. The drought area in the

Yangtze River basin was 9,417,000 hectares, with a drought rate of 25.6% and a disaster rate of 15.7%.

July (
√

) 32.91 −1.89
August 32.58 −1.82
Average 32.03 −1.90

2017 1.05/10.29

June 28.95 −1.20
Liyang

7.12–7.31
20 days

Electricity consumption in Jiangsu Province reached a record high in Jiangsu Province. The number of
people affected by the disaster reached 1.253 million, with a total affected area of agricultural crops

reaching 6283 hectares.

July (
√

) 34.33 −1.22
August

(#) 32.01 −0.26

Average 31.76 −0.89

1994 1.19/9.10

June 28.99 −0.31

Nanjing
7.22–8.8
18 days

The total affected area in the province was 253,330 hectares, of which the severely drought-stricken area
was 1,200,000 hectares. The overall direct economic losses amounted to USD 1.13 billion. There were 3.4
million people and over 1.8 million heads of large livestock facing difficulties in accessing drinking water
in the province. Shipping was also greatly affected. The water level in Lake Tai dropped to 2.82 m, and the
flow rate in the main stream of the Yangtze River was 10,000 cubic meters per second less than the average

for the same period.

July (
√

) 34.19 −1.52
August

(#) 32.18 −1.33

Average 31.79 −1.05

Notes: (
√

) represents the month with the most occurrences of CDHW events and (#) represents the month with the second-most occurrences of CDHW events.
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The summer of 1966 experienced a gradual increase in temperature each month, with
the highest average temperature occurring in August, reaching 33.4 ◦C. Throughout the
entire summer, there was a notable drought, particularly in July and August. In July 2013,
there was a remarkable rise of 6 ◦C in the average highest temperature compared with June,
resulting in a temperature of 34.22 ◦C [35]. The average highest temperature in August re-
mained consistent with that of July, making it the highest among the summer data collected
over five years. The drought severity notably intensified in August, reaching a moderate
level across the entire province. In 1978, the highest average summer temperature exceeded
30 ◦C across the province, alongside a standardized precipitation evaporation index of
approximately-2. During this period, heatwave and drought conditions were particularly
severe. In both June and July of 2017, the standardized precipitation evapotranspiration
index (SPEI) values were low, falling below −1. Specifically, July recorded the highest
average temperature for the entire summer, reaching 34.33 ◦C [36]. In 1994, both July and
August experienced moderate drought province-wide, with temperatures exceeding 32 ◦C.
These five years demonstrated a higher frequency and longer duration of CDHW events.

In the five years of research in Jiangsu Province, the month with the most severe
occurrence of CDHW events was the month with the highest level of drought severity and
highest average monthly temperature. The most severe month for CDHW events and the
second-most severe month always occurred consecutively. The continuity in the time scale
of heatwave events and drought events was reflected in the timing of CDHW events.

We identified the 5 years with the most severe compound drought and heatwave events:
1966, 2013, 1978, 2017, and 1994. We then calculated the monthly drought center and summer
accumulated SPEI-3 values and plotted them. The characteristics of the most severe compound
drought and heatwave events in Jiangsu Province and the drought conditions during the
summer of that year are shown in Figure 11. Comparing Figure 11a–e, the drought was most
severe in 1987, while the drought in 2013 was relatively mild. Drought events in all five years
were widespread and had a significant impact. The compound heat and drought events in
1966, 2013, 1978, and 1994 occurred near the drought center. In July 2017, the Liyang Station
experienced a 20-day heatwave event, and there was moderate drought during the same
period. Therefore, it was identified as the most severe station. However, Liyang experienced a
transition from drought to flooding in August, and thus, the accumulated SPEI-3 value was
not high.
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5. Discussion

This study analyzed the spatio-temporal characteristics of heatwaves, droughts, and
compound drought and heatwave events in Jiangsu Province over the 60 years analyzed
based on the absolute threshold method and SPEI index. Heatwave events at most sites
in Jiangsu Province showed a significant increasing trend, and there was a large regional
difference in the annual average number of high-temperature days in Jiangsu Province, with
the number and frequency of high-temperature days showing a clear increasing trend from
the northeastern coastal regions to the southwestern part of the province, namely, the Sunan
area. This indicates that in addition to the influence of latitude [37], the spatial variation in
summer temperatures in Jiangsu was significantly influenced by both the location relative to
the sea and the terrain. Jiangsu Province was predominantly influenced by the southeastern
monsoon in summer, with smaller temperature differences in the eastern coastal areas,
which led to a lower probability of high-temperature events compared with inland areas.
At the same location, hill temperatures were generally higher than in the plains during
spring and summer [38]. As the hills in Jiangsu are concentrated in the southeastern
part of the province, the summer temperatures there were the highest. Although there
was a yearly increasing trend in summer temperatures, there was also a trend toward
increased precipitation over the 60 years analyzed, which means that the inter-annual
variation in drought events was not obvious. From 1990 to 2018, compound drought and
heatwave events occurred more frequently in the summers of Jiangsu than in the preceding
30 years, which was consistent with the observed trend of increasing frequency of high-
temperature events in the province in recent years. In recent years, the compound drought
and heatwave events in most regions of China, much like the interannual variation trend
in Jiangsu Province, also showed an increasing trend, particularly in the Northeast and
North China regions where the changes were more pronounced. The occurrence range of
compound drought and heatwave events also expanded further in regions such as South
China and Southwest China [39].

According to the duration of the heatwave events, the drought events corresponding
to the top 5 severe years of compound heat and drought events had a wide range and
significant impact. In addition, except for the year 2017, all the compound heat and drought
events occurred near the drought center, indicating a correlation between heatwave events
and drought events [40]. This further confirmed the reliability of the drought event selection
in this study. The research on compound drought and heatwave events on the one hand
reflected the consistent characteristics between heatwave events and high-temperature
events, and on the other hand, it compensated for the insufficiency that the risk of composite
disaster events was underestimated by the simple superposition of single disaster events.

Due to the lack of data, this study was not able to explore the compound drought
and heatwave events on a larger scale. This paper preliminarily discusses the spatial and
temporal distribution characteristics and the interannual variation trend of compound
drought and heatwave events in Jiangsu Province, and the mechanism and causes of their
occurrence need further research.

6. Conclusions

Based on measurements of precipitation, temperature, and other meteorological vari-
ables collected from 21 meteorological stations in Jiangsu Province during the summer
seasons from 1960 to 2018, this study employed the absolute threshold method to iden-
tify heatwaves and the standardized precipitation evapotranspiration index to analyze
drought processes. This study examined the spatial and temporal trends in the evolu-
tion of heatwaves and droughts. Furthermore, it investigated the distribution charac-
teristics of concurrent heatwave and drought events in Jiangsu Province, leading to the
following conclusions:

(1) The average annual maximum temperature in Jiangsu Province showed an increasing
trend from 1960 to 2018. The number of days with a temperature above 35 ◦C also
significantly increased. There were significant spatial variations in the annual average
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number of hot days across the entire province, with both the number of hot days and
the frequency of heatwaves exhibiting a clear increasing trend from the northeastern
coastal region to the southwestern region of Jiangsu Province.

(2) The frequency of extreme droughts in the province was relatively low over the
60 years analyzed and was mainly concentrated in the summer of 1978 and from 1969
to 2018. The occurrences of mild and moderate drought events showed an increasing
trend over time. The SPEI identified a total of more than one-third of the study period
as months with drought events. The frequencies of drought events at various stations
in Jiangsu Province were similar, with no significant spatial differences.

(3) The frequency of summer CDHW events in Jiangsu Province increased significantly
from 1990 to 2018 compared with the previous 30 years. There was a clear trend
of increasing frequency and duration of these CDHW events from the southwest
to the northeast in the province, which aligned with the overall spatial distribution
characteristics of heatwave events and high-temperature days. Moreover, it was
found that the total frequency of CDHW events was higher under moderate drought
conditions compared with mild drought conditions.

This study mainly considered the spatiotemporal variation patterns of heatwave
events, drought events, and compound drought and heatwave events in Jiangsu Province
from 1960 to 2018 and carried out disaster statistical analysis for the five years with the
most severe compound drought and heatwave events. Future work hopes to further study
the causes of these three types of disaster events so that relevant departments can assess
the severity of conditions leading to disasters through compound hot–dry events and carry
out risk avoidance.
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