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Abstract: Recently, there has been an increase in the occurrence of extreme high-temperature events
across the China–Pakistan Economic Corridor (CPEC). Regional spatiotemporal identification and
evaluation of extreme high temperatures are essential for accurate forecasting of future climate
changes. When such events generate a meteorological hazard, it is important to understand their
temporal and spatial features, return period, and identification criteria. Accurately identifying
extreme events can help assess risk and predict their spatial–temporal variation. While past studies
have focused on individual sites, extreme heat events generally manifest as spatially and temporally
continuous regional events. In this study, we propose an objective identification technique based on
gridded data and spatiotemporal continuity to reveal the spatiotemporal characteristics of intensity,
frequency, and duration events of extreme heat events in the CPEC from May to October between
1961 and 2015. Furthermore, we estimate the return period of extreme heat in the study region
using the generalized Pareto distribution (GPD). Our findings indicate that the historical extreme
temperature events (intensity, frequency, and duration) in the CPEC have significantly increased.
Areas with a high incidence of extreme heat events are concentrated in eastern Balochistan, northern
Sindh, and southeastern Punjab. These findings suggest that disaster prevention and mitigation plans
should be targeted towards areas with a high frequency of extreme heat events in the CPEC, allowing
policy makers to better prepare for and respond to future events.

Keywords: extreme high-temperature event; spatial–temporal variation; generalized Pareto distribution;
return period; China–Pakistan Economic Corridor

1. Introduction

Extreme weather and climate events, which include meteorological and hydrological
disasters, have a significant impact on human society [1,2]. The IPCC Sixth Assessment Re-
port indicates that global climate change will significantly increase the frequency, intensity,
duration, and impact range of extreme weather and climate events, potentially increasing
the rate at which they occur [3]. These events, which include extreme temperature events,
droughts, rainstorms, floods, and other natural disasters, have caused substantial losses
to the social economy and agricultural development, while also threatening human life
and health [4–7]. For instance, in the summer of 2013, extreme temperature events in
southeastern China broke a 141-year-old record and killed 1755 people in the Pudong area
of Shanghai. In 2015, a high-temperature heat wave swept Pakistan’s Karachi, killing over
1200 people, and hospitalizing around 65,000 individuals due to heatstroke [8,9]. According
to the latest Lancet Countdown to China report, the death toll resulting from the heat wave
quadrupled from 1990 to 26,800. causing an economic loss equivalent to the average annual
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income of 1.4 million Chinese [10]. Additionally, extreme heat events have significantly
increased worldwide in recent decades [11]. Therefore, accurately identifying these extreme
heat events and studying their changing characteristics, including recurrence periods, is
crucial for assessing and managing the risk of such events.

Extreme climate events are typically regional phenomena with three-dimensional char-
acteristics. They are characterized by a specific intensity, impact range, and duration [12,13].
However, most of the current studies on extreme heat events rely on single-station extreme
thresholds or station thresholds within a fixed range for spatial and temporal characteriza-
tion. The identification methods for extreme high-temperature events are mainly divided
into three categories: the first is to define a single-station high-temperature threshold. When
the temperature exceeds this threshold, it is defined as the occurrence of a single-station
extreme high-temperature event [14]. The second method is to select a study area and
define an extreme high-temperature event based on the regional average temperature
sequence [15]. The third method is to first define a single-station extreme high tempera-
ture and then define an extreme event based on the range of the single-station extreme
event [16]. However, the first and second types of methods are unable to define extreme
high-temperature events that occur at different spatial scales. The third method is suitable
for studying large-scale persistent extreme heat events. These methods for identifying
extreme events rarely focus on the fact that extreme heat events are regional events with
specific characteristics. In the study of drought, Dracup et al. [17] proposed that drought
events are expressed by duration, intensity, and severity. Sheffield et al. [18] developed
the previous research methods, and proposed the SAD (severity–area–duration) method
to study global regional drought events from 1950 to 2000. However, this method is only
applicable to drought events of fixed time duration and cannot achieve spatial migration.
Ren et al. [19] proposed an objective identification method for persistent extreme events
based on single sites or grid points. However, this method lacks the spatial extent and
temporal continuity of events. Jing et al. [20] created the intensity–area–duration (IAD)
method, which defines an extreme event as a collection of lattice points with a continuous
area larger than a given threshold in a certain time scale. However, this method cannot
fully characterize the dynamic process of a large-scale persistent extreme event and has the
problem of repeatedly calculating the impact area of extreme events [21].

In the context of global climate change, the prediction of more severe heat wave events
in various regions has significant impacts on human productive life [22,23]. Accurately
predicting future extreme events is largely based on an assessment of long-term changes
and trends in past extreme temperature events [24]. Therefore, understanding and ana-
lyzing long-term changes and trends in historical temperature extremes is essential for
detecting and quantifying their adverse effects on human societies [25]. The CPEC, com-
posed of China’s Kashgar region and Pakistan, with more than 212 million inhabitants, is
a pioneering demonstration area of the Belt and Road Initiative [26,27]. The region, with
its diverse landscape and complex climate types, is prone to extreme weather and climate
events that seriously threaten or even hinder the smooth implementation and operation
of project construction. Moreover, the CPEC is one of the most densely populated regions
globally, and extreme heat events can have severe ecological, demographic, social, and
economic impacts on the area. Extreme heat events have attracted more attention among
many extreme events since they significantly impact the social environment and people’s
lives. Several studies have shown that the CPEC region is highly sensitive to climate change
due to global warming [28]. Previous studies have conducted a comprehensive analysis of
extreme temperature changes in the CPEC based on site data [29]. However, a significant
problem is that they mostly studied extreme temperature changes based on station data and
extreme climate indices, with few studies on extreme events. Additionally, the limited data
from traditional meteorological stations in the region cannot fully cover the entire area and
cannot reflect the spatial differences in the distribution of high-temperature climates finely.
They cannot also combine high-temperature heat waves with the spatial pattern of the
landscape and population distribution. The predominantly arid climate and geographical
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location in the region of rapid temperature rise make the CPEC one of the most vulnerable
regions globally to temperature rise, and those causing significant damage are generally
extreme events. Therefore, studying the changes in extreme heat events in the CPEC based
on grid point data is necessary. However, there are limitations in identifying extreme events,
and hence, the purpose of this paper is to redefine and discriminate regional extreme heat
events from a spatiotemporal continuum perspective by considering the spatiotemporal
dynamics of extreme heat events. A method to identify extreme heat events based on grid
point data is proposed, and a dataset of extreme low-temperature events in the CPEC has
been produced, with the total number of dataset views and downloads exceeding 600 [30].
Moreover, no detailed study has been attempted so far to analyze extreme heat events in
the CPEC. Therefore, this study has made progress in extending the target area, the extreme
heat event study, and the heat recurrence period.

In order to better address the risks of extreme temperature events in the CPEC resulting
from global warming, it is necessary to conduct a thorough analysis of the temporal and
spatial changes, as well as the alteration of return periods, of extreme temperature events
in the historical period. To address this knowledge gap, this study adopts the percentile
method using daily maximum temperature data from the CPEC (1961–2015) to determine
the threshold for extreme temperature events. Moreover, this study proposes a method for
identifying extreme high-temperature events based on daily maximum temperature grid
data. The study ultimately identifies the occurrence of extreme high-temperature events in
the CPEC, discusses the temporal and spatial distribution characteristics of these events in
the CPEC, and estimates the return period using the generalized Pareto distribution (GPD).
This research answers three key questions: (1) How can an extreme high-temperature
event be accurately identified? (2) What are the temporal and spatial changes in extreme
high-temperature events in the CPEC? (3) What is the spatial distribution of the return
period of extremely high-temperature events in the CPEC?

2. Materials and Methods
2.1. Study Area

The CPEC is situated in the northwest region of South Asia (SA), spanning between
23–41◦ N and 60–80◦ E. It stretches from Kashgar, China, to Gwadar Port, Pakistan, with
a total length of 3000 km. The region comprises Balochistan, Sindh, Punjab, Khyber
Pakhtunkhwa, Islamabad Capital District, Azad Kashmir (Pakistan-dominated Kashmir),
Gilgit-Baltistan, and Kashgar, China (Figure 1). It is also linked to the “Silk Road Economic
Belt” in the north and the “21st Century Maritime Silk Road” in the south, serving as a vital
hub for connecting the North and South Silk Road and playing a significant role in the
Belt and Road Initiative’s implementation [31,32]. The CPEC region is characterized by
diverse climate types and complex geomorphic features. The northern high Himalayan
region experiences an alpine mountainous climate, with frequent extreme low-temperature
events and disasters. The mountainous and hilly areas of the temperate continental climate
zone make up the central part. The vast Indus River plain covers the central region, mostly
with a tropical monsoon climate, exhibiting high temperatures, heavy rainfall in summers,
and frequent extreme high-temperature events and rainstorms. The geomorphic types of
the region are complex and diverse [33,34]. The northern part of the region is mountainous
and experiences an alpine mountainous climate, while the middle and southern parts
are flat and open, with tropical grassland and a tropical desert climate, respectively. The
study area has a hot and rainy summer and cold and dry in winter, with extreme low-
temperature events mainly occurring in northern areas at high altitudes [30], and the
extreme high-temperature events mainly occurring in the central and southeast areas [35].



Atmosphere 2023, 14, 530 4 of 15Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 15 
 

 

 

Figure 1. Sketch map of the China–Pakistan Economic Corridor (CPEC). 

2.2. Data and Methods 

2.2.1. Data 

Historical maximum temperature data were used in this study. To calculate extreme 

high-temperature events, a daily meteorological dataset (maximum temperature) over the 

CPEC region for the period of 1961 to 2015 is used, which can be downloaded from the 

Science Data Bank [36]. The dataset was generated by interpolating weather station data 

with the ANUSPLIN software using latitude, longitude, and elevation as independent 

variables, which produced the lowest overall cross-validation. Three climate variables are 

included in the datasets on the Science Data Bank website: daily precipitation and maxi-

mum and minimum temperature. For this study, we utilized the daily maximum temper-

ature data with a horizontal resolution of 0.25°. 

2.2.2. Threshold Determination by Percentile Method 

The definition of an extreme high-temperature threshold can be categorized into two 

types: relative and absolute thresholds [37]. Absolute thresholds, such as 30 °C, 35 °C, and 

40 °C, are fixed values used to define extreme high-temperature events. Relative thresh-

olds, on the other hand, are based on percentiles, such as the 90th, 95th, or 99th percentiles 

of the usual daily maximum temperature values in ascending order [38]. Considering the 

large topographic relief and regional temperature difference of the CPEC, the percentile 

threshold is used to define the threshold of extreme high-temperature events. In this 

study, after the cold mountain area with an average daily maximum temperature less than 

the average daily maximum temperature in the study area is excluded, the extreme high-

temperature threshold is defined as the 95th percentile of the ascending order of the daily 

maximum temperature of the warm season (May–October) from 1961 to 2015, the spatial 

distribution of the extreme high-temperature threshold (Figure 2), and the blank area is 

the cold mountain area (the same below) [39–42]. In this study, a high-temperature event 

is defined as an extreme high-temperature event when the maximum daily temperature 

is exceeding the extreme high-temperature threshold and the average duration of many 

years is 3 or more days. The spatial distribution diagram of the extreme high-temperature 

threshold shows that the areas with the higher extreme high-temperature threshold of the 

CPEC are primarily concentrated in the north of Sindh, southwest of Punjab, and east and 

west of Balochistan, with the extreme high-temperature threshold exceeding 36 °C. 

Figure 1. Sketch map of the China–Pakistan Economic Corridor (CPEC).

2.2. Data and Methods
2.2.1. Data

Historical maximum temperature data were used in this study. To calculate extreme
high-temperature events, a daily meteorological dataset (maximum temperature) over the
CPEC region for the period of 1961 to 2015 is used, which can be downloaded from the
Science Data Bank [36]. The dataset was generated by interpolating weather station data
with the ANUSPLIN software using latitude, longitude, and elevation as independent
variables, which produced the lowest overall cross-validation. Three climate variables
are included in the datasets on the Science Data Bank website: daily precipitation and
maximum and minimum temperature. For this study, we utilized the daily maximum
temperature data with a horizontal resolution of 0.25◦.

2.2.2. Threshold Determination by Percentile Method

The definition of an extreme high-temperature threshold can be categorized into
two types: relative and absolute thresholds [37]. Absolute thresholds, such as 30 ◦C, 35 ◦C,
and 40 ◦C, are fixed values used to define extreme high-temperature events. Relative
thresholds, on the other hand, are based on percentiles, such as the 90th, 95th, or 99th
percentiles of the usual daily maximum temperature values in ascending order [38]. Con-
sidering the large topographic relief and regional temperature difference of the CPEC, the
percentile threshold is used to define the threshold of extreme high-temperature events. In
this study, after the cold mountain area with an average daily maximum temperature less
than the average daily maximum temperature in the study area is excluded, the extreme
high-temperature threshold is defined as the 95th percentile of the ascending order of the
daily maximum temperature of the warm season (May–October) from 1961 to 2015, the
spatial distribution of the extreme high-temperature threshold (Figure 2), and the blank area
is the cold mountain area (the same below) [39–42]. In this study, a high-temperature event
is defined as an extreme high-temperature event when the maximum daily temperature
is exceeding the extreme high-temperature threshold and the average duration of many
years is 3 or more days. The spatial distribution diagram of the extreme high-temperature
threshold shows that the areas with the higher extreme high-temperature threshold of the
CPEC are primarily concentrated in the north of Sindh, southwest of Punjab, and east and
west of Balochistan, with the extreme high-temperature threshold exceeding 36 ◦C.
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2.2.3. Identification of Extreme High-Temperature Events

Extreme high-temperature events exhibit three-dimensional characteristics in terms of
their intensity, area of influence, and duration. Based on the intensity–area–duration (IAD)
method, which defined an extreme event as a set of lattice points with a continuous area
greater than a given threshold in a certain time scale [20,43,44]. However, this method has
limitations in identifying extreme events with a fixed time scale and cannot account for the
spatial migration of events, leading to repeated area calculations. Since an extreme high-
temperature event changes continuously in both time and space, it is composed of multiple
time states, each of which contains one or more extreme high-temperature objects. Thus,
by following the extreme high-temperature objects with the topological intersection of
adjacent time and space ranges, it is possible to extract and track extreme high-temperature
events. By improving the original IAD three-dimensional recognition method, this paper
proposes a method to identify extreme high-temperature events based on daily maximum
temperature grid data and successfully identifies the extreme high-temperature event of
the CPEC (Figure 3). The specific steps involved in the proposed method are as follows:

Step 1: Import the daily maximum temperature grid data. If the data are in point form,
they should be converted to surface data (Latitude × Longitude × Time); if the imported
data are surface data, proceed directly to Step 2.

Step 2: Calculate the extreme high-temperature threshold by excluding high and cold
regions (areas where the average daily maximum temperature of the grid is lower than the
average daily maximum temperature of the study area). The 95th percentile annual average
of the daily maximum temperature series of the warm season (May to October) is used as
the extreme high-temperature threshold. If the study area has no alpine region, proceed
directly to Step 3. The calculation method of the extreme high-temperature threshold is
variable, and can be defined according to research needs.

Step 3: Set the minimum impact area threshold A for extreme high-temperature
events, and eliminate events with an impact area less than A. Although some errors may
cause a small number of extreme high-temperature events, they will not result in disasters
that affect the identification results. Therefore, the minimum area threshold A should be
set. If the affected area of a high-temperature event is less than A, it shall be eliminated.
This step first scans the entire time scale to eliminate extreme high-temperature events
with temperatures less than A. In this paper, the minimum area A threshold is variable
and can be set according to the size of the study area. For example, in the case of the
CPEC, the minimum area A threshold is set to 25,000 km2. It can be set to 150,000 km2 for
a Chinese-scale study and 500,000 for a global-scale study [18,45–47].
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Step 4: Identify extreme high-temperature events. An extreme high-temperature event
should include the processes of occurrence, development, and extinction. The development
process includes the movement, splitting, and recombination of extreme high temperatures.
Since the same extreme high-temperature event moves for a short period of time, there
is spatial overlap during the development. Therefore, if the spatial extent topology of
two extremely hot objects with adjacent time intersects, they are considered part of the
same extremely hot event.

2.2.4. Definition of Intensity, Frequency, and Duration of Extreme High-Temperature Events

The spatial and temporal variation characteristics of extreme high-temperature events
in the CPEC are quantified in three aspects: intensity, frequency, and duration (Table 1).

Table 1. Definition of intensity, frequency, and duration of extreme high-temperature events.

Essential Factor Definition Units

Strength

The intensity is the annual
average maximum

temperature of extreme
high-temperature events

°C

Frequency
The frequency is the annual
average number of extreme

high-temperature events
times

Duration
The duration is the annual

average duration of extreme
high-temperature events

days
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2.2.5. Generalized Pareto Distribution

The generalized Pareto distribution (GPD) is a POT stable distribution that filters the
extremum based on a given threshold value and establishes the extremum distribution
when a certain critical value is reached [48–52]. This distribution describes the characteris-
tics of the probability distribution of all observed data over the threshold peak (POT).

The distribution function of GPD is:F(x) = 1 −
[
1 + ξ

(
x−µ

σ

)]− 1
ξ , x ≥ µ,

1 + ξ((x − µ)/σ) > 0
(1)

where µ is a position parameter, σ > 0 is the scale parameter, and ξ is a shape parameter.
Return period refers to the average interval of meteorological and hydrological el-

ements greater than or equal to a certain order of magnitude in the statistical period of
recorded data in a certain year [53,54]. It is a wandering period in the sense of probability,
which is essentially a small probability problem on the right side of the probability distribution.

Extreme value x under return period T for GPD distribution. The calculation formula
of Xp is:

Xp = µ − σ

ξ

[
1 −

(
1
T

)−ξ
]

(2)

After the maximum likelihood estimation of parameters is obtained, the extreme value
of the T-year return period can be obtained by substituting the estimated values of relevant
parameters into the above formula Xp.

2.2.6. Significance Test

In this paper, the significance of the changing trend of the intensity, frequency, and
duration of annual extreme high-temperature events is judged by a t-test.

3. Results
3.1. Identification Results of Extreme High-Temperature Events

This study proposes a method for identifying extreme high-temperature events us-
ing daily maximum temperature grid data. By applying this method, the extreme high-
temperature events that occurred in the CPEC between 1961 and 2015 were identified.
Figure 4 illustrates a 12-day extreme high-temperature event that took place in the CPEC.
The event began on 1 October 2015, in the west of Balochistan, and reached its maximum im-
pact on 8 October, covering the north of Balochistan. The highest temperature was recorded
in the middle of Balochistan on 7 October, and ended on 12 October in Balochistan.

In this study, the typical persistent extreme high-temperature events that took place in
the CPEC from 1961 to 2015 (Table 2). The table indicates that such long-lasting extreme
high-temperature events predominantly occurred between May to July. By comparing the
persistent high-temperature events over the years, it was found that the longest duration of
a long-lasting extreme high-temperature event took place from 20 May 2014 to 2 July 2014,
lasting for 44 days.

Table 2. Starting and ending time and duration of typical extreme high-temperature events in CPEC
(1961−2015).

Serial Number
Extreme High-Temperature Events

Start and End Time Duration (days)

1 1 May 1978–25 May 1978 25
2 2 June 1979–21 June 1979 20
3 27 May 1982–16 June1982 21
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Table 2. Cont.

Serial Number
Extreme High-Temperature Events

Start and End Time Duration (days)

4 16 May 1984–11 June 1984 27
5 8 May 1989–27 May 1989 21
6 5 June 1992–24 June 1992 20
7 25 May 1995–9 June 1995 16
8 29 May 2003–17 June 2003 20
9 11 May 2010–2 June 2010 23
10 12 May 2011–23 May 2011 11
12 19 July 2013–31 July 2013 13
13 20 May 2014–2 July 2014 44
14 20 June 2015–12 July 2015 30
15 1 October 2015–12 October 2015 12
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3.2. Time Variation of Extreme High-Temperature Events

Figure 5a displays the temporal variation trend of extreme high-temperature event
intensity in the CPEC. The analysis indicates that the intensity of extreme high-temperature
events in this region has shown an overall upward trend, with temperature increasing
over time. Prior to 1971, temperatures decreased, but after that, they gradually increased.
Figure 5b illustrates the frequency variation trend of extreme high-temperature events in
the CPEC. The analysis shows that the frequency of extreme high-temperature events in
this region generally shows an upward trend, and 1978 is a sudden change point. Before
1978, the growth rate was slow, while it was rapid after that year. Figure 5c presents
the changing trend of the duration of extreme high-temperature events in the CPEC.
The analysis shows that the duration of extreme high-temperature events in the region
generally shows an upward trend. Before 1978, the duration was relatively short. The
duration suddenly increased from 1978 to 1996, and the duration has generally increased
since 1996. The highest multi-year average duration is about 7 days.
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Figure 5. Time variation of extreme high-temperature events over the CPEC during 1961–2015:
(a) strength; (b) frequency; (c) intensity (the straight line is a linear trend, and the red dotted line is
a 95% confidence interval).

3.3. Spatial Variation of Extreme High-Temperature Events

Figure 6a illustrates the spatial variation of the multi-year average intensity of extreme
high-temperature events in the CPEC. The analysis shows that the multi-year average
intensity of extreme high-temperature events in this region is mainly distributed in the
southern part of the CPEC, mainly including the whole province of Sindh, the western and
eastern regions of Balochistan, and the central and southern regions of Punjab. The highest
value of the multi-year average intensity is near Sindh and Balochistan. (Figure 6b) depicts
the spatial distribution of the multi-year average frequency of extreme high-temperature
events in the CPEC. The analysis shows that the multi-year average frequency of extreme
high-temperature events in this region is mainly distributed in Sindh, Balochistan, and
Punjab. The highest multi-year average frequency is in the west of Balochistan Province and
the area near Karachi in the south of Sindh Province; Figure 6c displays the spatial change of
the average multi-year duration of the extreme high-temperature events in the CPEC. The
analysis shows that the average multi-year duration of the extreme high-temperature events
in the region is mainly distributed in Sindh Province, Balochistan Province, and Punjab
Province, and the region with the longest average multi-year duration is the southwest of
Balochistan Province, the south of Punjab Province, and the area near Karachi in the south
of Sindh Province.

Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 15 
 

 

events in this region generally shows an upward trend, and 1978 is a sudden change point. 

Before 1978, the growth rate was slow, while it was rapid after that year. Figure 5c presents 

the changing trend of the duration of extreme high-temperature events in the CPEC. The 

analysis shows that the duration of extreme high-temperature events in the region gener-

ally shows an upward trend. Before 1978, the duration was relatively short. The duration 

suddenly increased from 1978 to 1996, and the duration has generally increased since 

1996. The highest multi-year average duration is about 7 days. 

 

Figure 5. Time variation of extreme high-temperature events over the CPEC during 1961–2015: (a) 

strength; (b) frequency; (c) intensity (the straight line is a linear trend, and the red dotted line is a 

95% confidence interval). 

3.3. Spatial Variation of Extreme High-Temperature Events 

Figure 6a illustrates the spatial variation of the multi-year average intensity of ex-

treme high-temperature events in the CPEC. The analysis shows that the multi-year aver-

age intensity of extreme high-temperature events in this region is mainly distributed in 

the southern part of the CPEC, mainly including the whole province of Sindh, the western 

and eastern regions of Balochistan, and the central and southern regions of Punjab. The 

highest value of the multi-year average intensity is near Sindh and Balochistan. (Figure 

6b) depicts the spatial distribution of the multi-year average frequency of extreme high-

temperature events in the CPEC. The analysis shows that the multi-year average fre-

quency of extreme high-temperature events in this region is mainly distributed in Sindh, 

Balochistan, and Punjab. The highest multi-year average frequency is in the west of Balo-

chistan Province and the area near Karachi in the south of Sindh Province; Figure 6c dis-

plays the spatial change of the average multi-year duration of the extreme high-tempera-

ture events in the CPEC. The analysis shows that the average multi-year duration of the 

extreme high-temperature events in the region is mainly distributed in Sindh Province, 

Balochistan Province, and Punjab Province, and the region with the longest average multi-

year duration is the southwest of Balochistan Province, the south of Punjab Province, and 

the area near Karachi in the south of Sindh Province. 

 

Figure 6. Time variation of extreme high-temperature events over the CPEC during 1961–2015: (a) 

strength; (b) frequency; (c) intensity. (Black dots represent where observer trends are significant (p 

< 0.05)). 

  

Figure 6. Time variation of extreme high-temperature events over the CPEC during 1961–2015:
(a) strength; (b) frequency; (c) intensity. (Black dots represent where observer trends are significant

(p < 0.05)).

3.4. Return Period Analysis

Figure 7 depicts the spatial distribution of the extreme high-temperature return levels
for 5, 10, 50, and 100 years in the CPEC. It can be observed that the regions with high
recurrence levels in these four recurrence periods are mainly concentrated in the areas
around 30◦ N, and the extreme high temperature with a multi-year return period shows
strong regionality. Overall, in the spatial distribution of 5, 10, 50, and 100 high-temperature
return levels, the maximum return level of the CPEC is 50 ◦C
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4. Discussion

In the context of global warming, significant changes have occurred in the character-
istics of atmospheric circulation, as well as the frequency and intensity of extreme high-
temperature events, which have changed significantly. Thus, it is essential to strengthen
research and analysis in this field to improve our understanding of the level of extreme
high-temperature events. Furthermore, as the ecosystem gradually adapts to the warm
climate in the future, vulnerability to extreme high-temperature events will also grad-
ually increase [55–58]. When high-intensity, extreme high-temperature events occur,
they will have significant and long-term impacts on the structure and function of the
ecosystem [59]. However, one limitation of this study is that the temporal variation of
extreme high-temperature events indicates abrupt change points in 1970 (Figure 5a–c), and
the underlying reasons for this phenomenon need further investigation. Therefore, it is
necessary to study the characteristics of spatial and temporal variation and return period
analysis of extreme high temperatures from the perspective of disaster-causing factors for
assessing regional meteorological and hydrological disasters. Furthermore, it is crucial to
investigate the causes of sudden changes in time and space in the region and analyze the
risk of the CPEC region in combination with disaster-causing factors such as population,
economy, and cultivated land [60–62]. This may help develop a more comprehensive
analysis to inform the prevention and control of natural disasters in the CPEC.

Due to the escalating frequency of extreme weather events, various domains, includ-
ing socioeconomic, environmental, ecosystem, and human health, have been adversely
impacted [63–65]. Hence, the causes of extreme climate events are increasingly becom-
ing a critical area of study for numerous scholars. In previous research on extreme heat
events in the CPEC, scholars relied on site data and the extreme climate index proposed
by ETCCDI. However, due to the limited availability of site information in the CPEC, the
accuracy of the findings may have been impacted. Ullah et al. (2019) conducted a study
on the diurnal heat waves in Pakistan, revealing that the southern, central, and eastern
regions experience high heat waves [66]. Monteiro and Caballero. (2019) studied extreme
wet bulb temperature events in southern Pakistan and found that these events were con-
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nected to an abnormal inflow of marine air from the Arabian Sea into the Indus basin, and
that land-use changes also had a significant impact on modifying the conditions for such
extreme events [67]. In a recent study, Saleem et al. (2021) delved into the causes of extreme
temperatures in Pakistan and found that the intensity of La Niña in the western Pacific
Ocean and the Southern Oscillation are strongly linked to the intensity of extreme heat
events in the region [68].

The escalation in extreme heat events in the CPEC may stem from a range of factors,
including topographic conditions, rapid urbanization, deforestation, population expansion,
and other anthropogenic factors [69]. Pakistan, being the world’s fifth most populous
nation, is experiencing a steady population rise. Regions with high population densities
in Pakistan, such as Sindh, western Balochistan, and southeastern Punjab, are also the
areas identified in this study as having high rates of extreme heat events in the CPEC.
These regions will face more frequent and severe heat waves in the future, potentially
causing significant damage to the country’s economy [70–72]. Based on the study’s results,
it is recommended that high-temperature disaster preparedness and mitigation policies
be tailored specifically towards the areas of Sindh, western Balochistan, and southeastern
Punjab. This targeted approach will reduce the country’s exposure to high-temperature
heat waves [73].

Based on the spatial distribution map of extreme high-temperature events and the
spatial distribution of return periods in this study, the border regions of Sindh, Balochistan,
and Punjab provinces are projected to become the next hotspot for frequent extreme heat
events. Therefore, it is crucial for the local government to closely monitor early warning
systems for extreme high-temperature events in the region, mitigating risks associated
with these events [34]. The CPEC, being a crucial area for infrastructure projects such as
oil and gas pipelines and road transportation, is especially vulnerable to extreme high
temperatures, making it more susceptible to risks in the future.

From a perspective of spatial and temporal continuity of extreme heat events, this
study employs a novel research framework to identify regional extreme heat events that
accurately and reliably determine the start time, end time, and occurrence range of extreme
heat events and other characteristics. However, the study also acknowledges that there are
certain limitations. The identification method of regional extreme heat events is dependent
on the definition of extreme heat thresholds and the determination of minimum area thresh-
olds. As a result, the choice of these parameters will unavoidably impact the identification
of some regional extreme heat events since these parameters are variable. Nevertheless,
the extreme heat events identified in this paper for the CPEC confirm the accuracy of the
proposed method for identifying extreme heat events. This confirmation was achieved
through a comparison with various sources in the region, including news reports, Pakistan
Weather Portal (PWP), research papers [68,74,75], newspapers and magazines, and the
international disaster database (EM-DAT). Therefore, researchers can conduct regional
extreme heat event studies based on their research requirements.

5. Conclusions

Extreme thermal events refer to the occurrence of extreme phenomena not only at
individual points but also to a certain range and duration of impact. The ETCCDI has
defined 27 extreme climate indices, which are widely used, but they only apply to extreme
phenomena at other points (stations or grid points). It is commonly understood that
extreme heat events are regional phenomena with a certain range of influence and duration.
Therefore, this study utilizes grid point data and a newly proposed technique for objectively
identifying extreme heat events based on spatial and temporal dynamics. The study
analyzes the daily maximum temperatures of the China–Pakistan Economic Corridor for
the last 55 years and discusses their spatial and temporal variability characteristics and the
spatial distribution of recurrence periods of extreme high temperatures.

From 1961 to 2015, there were discernible differences in the spatial distribution of the
threshold, intensity, frequency, and duration of extreme high-temperature events in the
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CPEC. The locations with the highest benchmark value of extreme high-temperature events
were predominantly situated in the north of Sindh Province, south of Punjab Province, and
east of Balochistan Province. In terms of temporal changes, there was a clear increase in
the intensity, frequency, and duration of extreme high-temperature events in this region
This finding is consistent with the global climate warming trend. Furthermore, in terms
of spatial change, the locations with the highest intensity of extreme high-temperature
events were mostly concentrated between the northern parts of Sindh Province and the
Balochistan Province, where the temperature can reach up to 50 ◦C. Additionally, the places
with the highest frequency of extreme high-temperature events were located in the far west
of Balochistan Province and the far south of Sindh Province. The duration of extreme high-
temperature events was roughly equivalent to the frequency of high-temperature events,
but the former had a broader spatial scope. The highest values for the duration of extreme
high-temperature events also consistently occurred in the western part of Balochistan, the
southern part of Sindh, and the southeastern part of Punjab.

The assessment of the return period of extreme temperature in the CPEC suggests that
the generalized Pareto distribution can be used to fit the daily maximum temperature data.
The spatial distribution of the return level of extreme temperature across return periods
indicates that extreme temperatures are highly localized. Additionally, with an increase
in the number of return periods, the territorial extent of the area with high return levels
gradually expands. Based on the spatial distribution diagram of the return level of extreme
high temperature, the intersection of Sindh and Balochistan experiences an abrupt shift in
the 10a return period, where a region with high return levels emerges, and its spatial extent
continues to grow during the 50a and 100a return periods.

Although previous studies have documented an increase in the intensity, frequency,
and duration of extreme heat events in the China–Pakistan Economic Corridor (CPEC),
most have analyzed their variability using ETCCDI indices or station data. Few studies
have investigated extreme heat events from the perspective of regional events. In this study,
we adopt a novel research approach to identify regional extreme heat events based on their
spatial and temporal continuity. Our findings show that historical extreme heat events
(≥20 d) in the CPEC occurred mainly in 1978, 1979, 1982, 1984, 1989, 1992, 2003, 2010, 2014,
and 2015. Among them, the extreme heat event that occurred from late June to early July
2015 is considered one of the most extreme heat events on record in the region and one of
the deadliest [76,77]. Our study identified this event with complete accuracy using a 30-day
duration from 3 June to 12 July 2015, and it is listed in Table 2 under the identification event
method of this study.
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