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Abstract: It is necessary to alleviate the high temperatures and heat wave disasters in cities in
southwest China that are beginning to occur because of global warming. During this study, the spatial
and temporal characteristics of heat waves in Nanchong from 1961 to 2022 are analyzed by using
the signal smooth method and mutation test. Based on the meteorological data and socioeconomic
statistics, the entropy value method is used to obtain the indicator weights to construct a heat wave
social vulnerability evaluation index system and conduct vulnerability assessments and classifications.
The results show that: @) The heat wave indicators in Nanchong show an increasing trend, although
there is a low period of heat waves from 1980 to 1995. Additionally, there are significant mutations
in the number of days, frequency, and intensity of high-temperature heat waves from 2009 to 2011,
which may be caused by the abnormal high-pressure belt in the mid-latitude. @ The distribution of
exposure, sensitivity, and adaptability in Nanchong City, under high temperatures, is uneven in space.
Generally, the indicators in the north are lower than those in the south. 3 The high-vulnerability
counties are mainly distributed in the east and west of Nanchong, the proportion of the medium
social vulnerability index areas are more than a half, while the dominant factor in the distribution
pattern is natural factors. ® The Western Pacific Subtropical High (WPSH) anomaly directly led to
the extremely high temperature in Nanchong in the summer of 2022, and the urbanization process
index shows a significant positive correlation with the trend of high temperatures and heat waves
in Nanchong.

Keywords: heat wave in urban and rural areas; change characteristics; social vulnerability; Northeast
Sichuan province

1. Introduction

The world is currently dealing with global warming. Extreme heat wave events are
becoming more frequent and intense [1], the coverage of heat waves has increased nearly
three-fold in the 21st century and they may become even more widespread and frequent
in the future [2,3]. As extreme weather events, there is a small probability of occurrence,
yet they have a wide impact and affect our survival and health directly [4,5]. Extreme
heat caused tens of thousands of deaths in Europe in 2003 [6], then it hit Pakistan in 2015
causing more than a thousand deaths, while the highest temperature in the USA exceeded
40 °C in the summer of 2022 [7,8]. In the 21st century, China has also been hit by heat
waves. In 2006, heat waves occurred in Sichuan Province and the Chonggqing regions [9].
The number of deaths from heat waves in China reached 20,431 in 2013, while in 2019, it
reached 26,800 [10,11].

The risk of extreme heat waves to society is closely related to the natural environment,
policies, demographic characteristics, and economic income levels [12-14]. Hirschi et al. [15]
pointed out that climate warming leads to a greater susceptibility to extreme weather
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events. In order to counteract the risk, Inostroza et al. [16] developed a heat wave risk
assessment model for the San Diego region and made risk analysis predictions. In recent
years, researchers in China have also strengthened the research on the spatial and temporal
characteristics of extreme heat and risk classifications [17-20]. Xing Pei et al. [21] analyzed
the high-temperature trends in North China from 1961 to 2017 and found that the intensity
of high-temperature heat waves has increased significantly since the 1990s. Li Weipeng
et al. [22] combined the concept of degree days and pointed out that heating degree days
(HDD) showed a decreasing trend while cooling degree days (CDD) showed an increasing
trend from 1985 to 2015. Zheng Tianyuan and Huang Xiaojun [23] took the county as a
whole and coupled social factors to conduct a comprehensive analysis of the population
exposure to high temperatures in China.

With the new development pattern of dual circulation, Nanchong was integrated into
the new Western Land-Sea Corridor (Nanchong Municipal Government Office [24]) and
has close contact with Chengdu and Chonggqing [25]. Since the development of Nanchong at
a high level in Sichuan Province [26], exploring the characteristics and vulnerability of high-
temperature heat waves in Nanchong is an important basis for ensuring socioeconomic
operation in the context of high temperatures in the Chengdu—Chonggqing Economic Circle.

However, there is rare research on this city. Moreover, two easily overlooked indicators
were added: the proportion of rural populations and the number of air conditioners. With
the development of cities in Southwestern China, the gap between rural and urban areas is
expanding. The ability of rural populations to receive information is weaker than that of
urban populations. Therefore, it is necessary to consider the proportion of rural populations
under high temperatures since they are also distributed in this administrative region. In
addition, the number of air conditioners is used to evaluate indicators for adaptability. Air
conditioners can directly alleviate individual exposure to high temperatures; however, this
important variable is not found in some studies.

Finally, the high-temperature characteristics and vulnerability of this region are con-
sidered from a macro perspective. This is different from focusing on a certain point (such as
health issues under high temperatures). From a holistic perspective, we have explored the
impact of high-temperature heat waves on the region from two aspects (historical changes
in high temperatures and vulnerability in the region). This provides guidance for long-term
residents living here to effectively reduce the impact of high-temperature disasters.

2. Materials and Methods
2.1. Study Area and Data Sources

Nanchong is located in the northeastern part of the Sichuan Basin, in the middle
and lower reaches of the Jialing River, between 30°35-31°51" N, 105°27'-106°58’ E. The
highest elevation within the area is 978 m, the lowest is 149 m, and the average elevation is
338 m. The topography is mainly mountainous and hilly, with the terrain sloping from
north to south. The climate is subtropical monsoon, with high temperatures in summer
and occasional summer droughts. According to the Nanchong Statistical Yearbook of 2021,
Nanchong has a residential population of 5.61 million and had a total regional output value
of RMB 240.11 billion at the end of 2020.

The meteorological data (daily maximum temperature in seven stations in Nanchong)
used in this study were obtained from the Resource and Environmental Science Data Center
of the Chinese Academy of Sciences (https://www.resdc.cn/Default.aspx (accessed on
19 February 2023)). After removing the missing data with long gaps, late establishment
dates, and abnormal records, the daily temperature data from seven meteorological stations
in Nanchong during the period of 1961-2022 (Figure 1) were selected as the raw data. The
socioeconomic data (shown in lines 4-11 in Table 1) mainly came from social questionnaire
surveys, the Nanchong Statistical Yearbook of 2021, and the seventh census bulletin of the
local area. (https://www.nanchong.gov.cn/tjj/, accessed on 19 February 2023).
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Figure 1. Topographic features and station distribution in Nanchong. (The distribution of all stations
in Nanchong is illustrated in the figure and the counties in the figure are divided according to
administrative boundaries).

2.2. The High-Temperature Characterization Method

There are various global standards for defining heat waves. The Intergovernmental
Panel on Climate Change (IPCC) defines heat waves as weather processes with continuous
high temperatures above the 90th percentile, while the China Meteorological Administra-
tion defines them as daily maximum temperatures greater than or equal to 35 °C [27]. The
relative threshold method is widely applicable, although computationally complex, while
the absolute threshold method is simpler to compute and is mainly used in southern China.
Since Nanchong belongs to the basin summer heat wave zone [28] and considering the
climatic characteristics of Northeast Sichuan, this study used the absolute threshold method
to identify heat waves. A heat wave process was identified when the daily maximum
temperature was >35 °C for 3 consecutive days or more, and then, classified according to
the duration of the heat wave [29]. The specific standards for heat wave classification are
presented in Table 1.

Table 1. The criteria of heat waves in different grades.

Grades Judgment Criteria (Day, d) [29]
Mild Daily maximum temperature > 35 °C for 34 d
Moderate Daily maximum temperature > 35 °C for 5-7 d
Severe Daily maximum temperature > 35 °C for 8 d or more

The high-temperature intensity is mainly used to indicate the severity and degree
of harm by high-temperature heat waves. It is calculated based on the daily maximum
temperature and its duration during the heat wave period. It represents the accumulated
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temperature above the absolute threshold (35 °C) for each day during the heat wave
process [30]. The calculation formula is as follows:

£ [(Ti—=35) x ()]

m

Q=

@

where Q is the intensity of the high-temperature heat wave in a certain year, T; is the
average value of the daily maximum temperature between the number i of heat waves in a
certain year; m is the total number of frequencies for heat waves occurring in the region in
a certain year; d; is the number of days ith heat wave lasts.

The Mann-Kendall method is an analysis method recommended by the World Meteo-
rological Organization to be applied to time series, and the Mann-Kendall mutation test
method was adopted to test for sudden changes in climate change, with reference to the
literature [31]. The details are as follows.

For a time series, x with nn samples, a rank sequence can be constructed:

k
Se=3, .1 (k=23 ...n) )
The value of r is as follows:

_ +1, (xi > X‘)
(i G v

defines statistics under the condition, where the time series is randomly independent:

upk:w k=1,2,...n (4)

VVar(sy)

where UF; =0, E(si), and Var(sy) are the mean and variance of s, respectively.

The above process is repeated according to the inverse time sequence to draw the UBy
curve and provide a significance level of « = 0.05. The intersection of the above two curves
is the starting time of the mutation.

2.3. High-Temperature Social Vulnerability Evaluation Index System

We constructed the simple urbanization process index K through a functional relation-
ship using the study from Zhu et al. [32]. The equation is as follows:

K =1g(y1y2y3) (5)

K is the urbanization index, y; is the population density, which represents the con-
centration of population in urbanization; y, is the area of urban built-up area, which
represents the state of urban land expansion; y3 is the quotient of urban population and
total population and indicates the level of formal urbanization.

High-temperature exposure, social sensitivity, and adaptive capacity are three im-
portant dimensions in measuring social vulnerability to high-temperature disasters [33].
Therefore, social vulnerability can be seen as a comprehensive function of these three di-
mensions. Therefore, the three dimensions are used to design evaluation indicators, thereby
constructing a high-temperature vulnerability evaluation index system for Nanchong
(Table 2).
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Table 2. Vulnerability assessment index system of urban exposure to heat waves.
Target Layer Dimension Weights Indicator Layer
High-temperature social .
vulnerability Exposure level 0.3313 Number of high-temperature days
0.3291 Heat wave frequency
0.3396 High-temperature intensity
Sensitivity 0.0778 Rural population ratio
0.6098 Population density
0.1355 Percentage of the population over 65 years old

0.1770 Proportion of people employed in the

’ construction industry
Adaptability 0.1601 Number of medical beds
Proportion of people working in the medical and

0.2028 L
nursing industry
0.2094 GDP per capita
0.3514 Greenery coverage
0.0764 Average number of air conditioners per
household

High-temperature exposure mainly refers to the degree a city is affected by high tem-
peratures [23]. Xue et al. [34] believed that the degree of high-temperature exposure needs
to be reflected through time, absolute accumulated temperature, and probability of disaster.
Thus, three indicators were selected as the exposure evaluation standards: the number of
high-temperature days, the heat wave frequency, and the high-temperature wave intensity.
The proportion of the rural population, population density, the proportion of the population
aged 65 and above, and the number of people engaged in the construction industry repre-
sent the main indicators that are used to form sensitivity dimensions because of the weaker
ability to withstand high temperatures in elder and outdoor workers [27]. The number of
beds and medical staff in a hospital within a region can reflect the region’s ability to treat
high-temperature disasters. Jenerette et al. [35] also indicate that more wealth (or income)
can enhance disaster reduction capabilities. Thus, the number of hospital beds, proportion
of medical personnel, per capita GDP, green area of built-up areas, and the proportion of
households with air conditioning facilities are used to describe the adaptive capacity.

To reduce subjectivity, more objective methods are used when calculating weights. The
entropy weight method (EWM) is established based on the theory of information entropy.
If the information entropy of an indicator is smaller, the amount of information it provides
will be greater, and the weight will be higher. In this article, the basic data are normalized
and logarithmically calculated to obtain the indicator weights (Table 2).

To solve the dimensional differences, the forward polarization standardization method
was used to carry out the dimensionless standardization for each raw data. The formula is:

Y= g Q
jmax jmin
in the formula: Yj;, Xj;, Xjyuy, and Xy, are the standardized, original, maximum, and
minimum values of the jth index of the ith research object, respectively. Here, the entropy
value method is used to reduce subjectivity and determine the weights of each index using
the data’s own characteristics (Table 2).

Since the additive-subtractive method can better reflect the synergistic relationship
between the dimensional layers and is relatively easy to calculate [36], it is used to calculate
the high-temperature vulnerability index, using the following formula:

HVI = EI+ SI— Al @)
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among them HVI is the high-temperature vulnerability index, while EI, SI, and Al represent
the exposure index, sensitivity index, and resilience index, respectively. Each index is
calculated by the weighted summation method:

n n n
El = Zi,j:l Wijlij SI= Zi,j:l Wijlij Al = Zi,j:l Wijlij ®)

where Wj; denotes the weight of the jth indicator in the ith region and [;; denotes the
normalized value of the jth indicator in the ith region.

It should be noted that the differences in some of the values may be attributed to
factors such as differences in data quality control, data interpolation methods, number of
stations used, differences in identification and calculation methods, and differences in the
scope of the study. Overall, the characteristics of high-temperature changes in Nanchong
are not unique. In the conclusion section, this study will be used to compare the high-
temperature changes in Nanchong and Sichuan provinces with previous studies [28,37,38],
for the readers to verify.

3. Results

Different studies on high-temperature days in Sichuan were used for comparison
(Figure 2). They exhibit similar trends in high-temperature characteristics, with good
overall consistency.

Results of Cai Yuangang et al., 2018

Results of Zhou Changchun et al., 2014

Results of Wang Bibo, 2022

Results of this study

Normalized value of high-temperature days
S
(=)}
1

T % T ® T X 1
1995 2000 2005 2010
Year (1988-2009)

Figure 2. Comparison of the normalized values of the number of high—-temperature days counted in
this study with other related literature [28,37,38].

3.1. Analysis of Variation Characteristics of Heat Wave Frequency, Duration, and Intensity in Nanchong

The average frequency of high-temperature heat waves at various meteorological
stations in Nanchong from 1961 to 2022 is illustrated in Figure 3. The highest frequency
of mild heat waves occurred in 2013, with a value of 2.57 times; the highest frequency of
moderate heat waves occurred in 2014, with a value of 1.86 times; the highest frequency of
severe heat waves occurred in 2022, with a value of 2.43 times. From the characteristics of
the changes, the frequency of mild heat waves showed obvious fluctuation, experiencing
four stages of “rise—fall-rise—fall”, with the period from the 1980s to the 1990s being the
low point in the heat wave frequency occurrence. The frequency of moderate heat waves
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showed a small change before 1990 before a downward trend, reaching a peak around 2013
before rapidly decreasing. The frequency of severe heat waves showed an overall upward
trend after 1990, and the rate of increase has been accelerating since 2014. The changes in
the frequency of high-temperature heat waves in the past decade have been characterized
by a decrease in the number of mild and moderate heat waves and an increase in the
frequency of severe heat waves.
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Figure 3. Temporal distribution of heat waves of different intensity levels. (The r? corresponding to
mild, moderate, and severe grades are 0.1878, 0.1609, and 0.3211, respectively).

Based on the interannual changes in the number of hot days (Figure 4a), the average
number of hot days in Nanchong over the past 62 years was 11.27 days, and the overall
number of hot days has increased at a rate of 1.77 days per decade. This trend is highly
consistent with the overall trend in Sichuan Province, although the rate of increase is
slightly higher than the Sichuan and Chongqing averages (1.68 d/10 a) [39]. Specifically,
the time variation in the number of hot days in Nanchong has gone through three phases
of “rise-decline-rise”. The first phase was from 1961 to 1978, during which the 5-year
sliding average showed a fluctuating upward trend, and the overall number of hot days
was slightly higher than the 62-year average value. The second phase was from 1979 to
1993, during which the number of hot days sharply declined and formed a trough, and the
overall number of hot days was lower than the total average value. This is highly consistent
with previous studies [40], during which there were no hot days in 1982 and 1983, and the
overall trend showed a slight decline, with only 3.25 days of average hot days. The third
phase was from 1994 to 2022, during which the overall number of hot days showed an
upward trend with fluctuations. The top three years with the highest number of hot days
shown in this phase were 2022, 2006, and 2018.

As illustrated in Figure 4b, the interannual variation in the intensity of high-temperature
heat waves in Nanchong from 1961 to 2022 reveals an increasing trend. The average in-
tensity of high-temperature heat waves was 7.57 °C in the past 62 years, with an overall
increase rate of 1.66 °C/10 a. The three highest years in terms of heat wave intensities were
2022, 2006, and 1994, with corresponding values of 38.36 °C, 25.05 °C, and 22.62 °C, respec-
tively. In general, there are clear periodic changes in heat wave intensity in Nanchong. The
intensity level of high-temperature heat waves remained relatively low during the 15-year
period after 1980, which is similar to the frequency and duration characteristics illustrated
in Figures 3 and 4a. Subsequently, the intensity level showed fluctuating upward trends. It
is noteworthy that the intensity of high-temperature heat waves has increased by about
35 °C in the three years from 2020 to 2022, with an interannual growth rate of 17.56 °C/a.
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Figure 4. Interannual variation of high—temperature days and strength ((a) shows the interannual
variation of high temperature days and (b) shows the interannual variation of high— temperature strength).
To further investigate the abrupt characteristics of the heat waves in Nanchong, this
study used the Mann-Kendall mutation test to detect mutation points for heat wave
frequencies, durations, and intensities at each station in Nanchong, with a significance level
of 0.05 and a confidence interval of +1.96. The results are illustrated in Figure 5.
59 59 59
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1960 1970 1980 1990 2000 2010 2020 2030 1960 1970 1980 1990 2000 2010 2020 2030 1960 1970 1980 1990 2000 2010 2020 2030
Years Years Years

Figure 5. Mann—Kendall change point test for high—temperature heat wave days (a), frequency (b)
and intensity (c) in Nanchong. (UFj refers to calculating the rank sequence of sequential time series,
while UBj, refers to calculating the rank sequence of inverse time series).

Figure 5 shows the Mann—Kendall (MK) test results for the high-temperature days
(Figure 5a), heat wave frequencies (Figure 5b), and intensities (Figure 5c) in Nanchong. It
can be seen that all three variables changed significantly within the confidence intervals,
and the mutation years for all three variables are within the interval of 2009-2011. The
mutation time for the high-temperature days and heat wave frequency is in 2009 and 2010,
while the mutation time for high-temperature heat wave intensity is slightly later, in 2011.

3.2. The Spatial Characteristics of High-Temperature Heat Wave Days, Frequency, and Intensity
in Nanchong

From 1961 to 2022, the cumulative number of high-temperature days in Nanchong
showed a gradually increasing trend from northeast to southwest. There are significant
spatial distribution differences on a city scale, with the main urban area of Nanchong
and Peng’an County having more cumulative high-temperature days (Figure 6a). Areas
with more than 850 cumulative high-temperature days included Jialing District, Shunging
District, Gaoping District, Peng’an County, and Yingshan County. Among them, Gaoping
Station had the highest number of high-temperature days, reaching 922 days, slightly higher
than other stations, while Yilong County had the fewest cumulative high-temperature days,
at only 125 days.
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Figure 6. Spatial distribution of cumulative high-temperature days, frequency, and intensity in
Nanchong ((a) shows the cumulative days of high temperatures in the region; (b—d) show the
frequency of mild, moderate, and severe heat waves in the region; (e) shows the strength of cumulative
high temperatures).

Statistical analysis shows that seven monitoring stations in Nanchong recorded a total
of 815 heat wave events of varying grades from 1961 to 2022. Among them, there were
386 mild heat waves, 243 moderate heat waves, and 186 severe heat waves, accounting
for 47.36%, 29.82%, and 22.82% of all the high-temperature heat wave events, respectively.
Although severe heat waves occurred relatively less frequently, an average of 2 out of every
10 high-temperature heat wave events were still classified as severe, and there has been an
upward trend in recent years.

The spatial distribution in accumulated high-temperature heat wave frequencies of
different grades at each station is illustrated in Figure 6b—d. The region where mild
heat waves occurred most frequently was the Nanchong urban area, with a total of
76 occurrences. The areas with the highest frequency of moderate heat waves were the
Nanchong urban area and Peng’an County, both of which had 45 occurrences. The region
with the most frequent severe heat wave occurrences was Peng’an County, with a total of



Atmosphere 2023, 14, 1318

10 of 17

36 occurrences. Notably, the frequencies of high-temperature heat waves at all levels in
Yilong County were the lowest in the city, with 18, 8, and 1 occurrences for mild, moderate,
and severe heat waves, respectively.

In addition, the intensity of high-temperature heat waves can comprehensively char-
acterize the duration and highest temperature information of heat waves in a given year.
By using Formula (1), the intensity of high-temperature heat waves at each station over
the past 62 years was calculated and obtained (Figure 6e). The results showed that stations
with high intensities were mainly distributed in the southeastern and southern regions of
the urban area, with intensities generally exceeding 500 °C, while stations in the northern
region had relatively lower intensities between 300 °C and 500 °C, and only the Yilong
station had a high-temperature heat wave intensity lower than 100 °C.

3.3. Analysis of the Spatial Pattern of High-Temperature Vulnerability Differentiation in Nanchong

The Formulas (7) and (8) were used to calculate the indices, which were then classified
into low, medium, and high levels using the natural break method. The spatial differenti-
ation results for exposure, sensitivity, adaptation, and vulnerability in each region were
indirectly obtained (as illustrated in Figure 7).
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Figure 7. Spatial differentiation patterns of various indices of high-temperature disasters (a—d).

From the distribution of exposure index in each city (Figure 7a), it can be seen that
the city can be mainly divided into two parts, north and south, with the northern part
being a medium-to-low exposure area and the southern part being a high exposure area.
The medium-to-low exposure area includes Langzhong City, Nanbu County, and Yilong
County, while the high exposure area includes Shunqing District, Gaoping District, Jialing
District, Peng’an County, Xichong County, and Yingshan County, which account for 66.67%
of the total number of districts and counties in Nanchong, with the high exposure area
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covering 52.90% of the total area of Nanchong. The main urban area of Nanchong is located
in the south, where the heat island effect is strong, and the average altitude is low. The
northern region is mountainous with a high average altitude, resulting in faster cooling.
Therefore, the high-temperature exposure index of Nanchong shows an increasing trend
from north to south.

From the spatial distribution of the sensitivity index (Figure 7b), the sensitivity index
of Nanchong is mostly at a medium-to-low level, generally lower than 0.38. The sensitivity
index of Jialing District is the lowest, at 0.191. The sensitivity index of Shunqing District
is 0.69, indicating that Jialing District is least affected by high temperature and Shunqing
District is most affected. Shunqing District, as the central district of Nanchong, has a large
population and high population density, showing higher sensitivity to high-temperature
heat waves.

According to the adaptation index distribution (Figure 7c), the area with the highest
adaptation capacity is Shunqing District, with an adaptation index of 0.99. Then, come
Gaoping District and Jialing District with corresponding adaptation indices of 0.52 and 0.47,
respectively. The lowest adaptation capacity is found in Yilong County, with an adaptation
index of 0.11.

The vulnerability index of each district in Nanchong was calculated in this study
according to Equation (7), and the spatial distribution is presented in Figure 7d. The
proportions of districts with high, medium, and low social vulnerability indices are 33.3%,
55.6%, and 11.1%, respectively. Yilong County, located in the northeast of Nanchong, has
the lowest vulnerability index of 1.89. Districts with high vulnerability indices are mainly
distributed to the east and west sides of Nanchong, including Peng’an County, Yingshan
County, and Xichong County, with vulnerability indices of 1.03, 0.89, and 0.86, respec-
tively. Districts with medium vulnerability indices are relatively widespread, including
Shunging District, Gaoping District, Jialing District, Langzhong City, and Nanbu County,
with corresponding vulnerability indices of 0.70, 0.78, 0.72, 0.51, and 0.70, respectively.
It is worth noting that the distribution of vulnerability and exposure in each district of
Nanchong is roughly consistent. Under the influence of adaptation, the vulnerability level
of the main urban area has decreased, whereas the vulnerability level of other districts
remains unchanged. This suggests that the positive impact of natural climate factors on the
vulnerability to high temperatures in Nanchong is still greater than the negative impact of
socioeconomic factors.

4. Discussion on High-Temperature Changes and Characteristic Causes
4.1. Circulation Reason for the Extreme High Temperature in Nanchong in 2022

In 2022, the extremely high-temperature measurement indicators for Nanchong will
surpass those for the same period in history. Therefore, some scholars proposed that the
abnormal Western Pacific Subtropical High (WPSH) may have a greater impact on extreme
temperatures [41,42].

As a permanently high system, the WPSH is in the middle troposphere of the North-
west Pacific region, and it directly affects the summer climate in China [43]. In meteorology,
the 500 hPa layer, 5880 gpm geopotential contour line (hereinafter referred to as 588 line)
is often used as the influence range for the WPSH. Within this range, the airflow per-
forms a sinking motion. Therefore, abnormal WPSH locations can lead to abnormally high
temperatures in China.

The following (Figure 8) shows the distribution of WPSH in the summer of 2022. In
June, the location and scope of the WPSH were basically consistent with the climate state
(Figure 8a, Table 3). In July, the WPSH intensity increased from 194.1 to 314.6 and the
position of the western ridge point was about 10° west of the climate state, which started to
prevent water vapor from entering the Northeast Sichuan region. In August, the strength
increased to 456.5 and the western extension ridge point moved to the western edge of the
Qinghai-Tibet Plateau at 90° E, more than 30° west of the 30 a climate state (Table 3). Here,
the northeast of Sichuan is directly controlled by the abnormal anticyclone (Figure 8c).
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Therefore, the cooling effect of rainwater is invalid, the cloud decreases, the weakening ef-
fect on the solar short-wave radiation decreases, the radiation flux increases, and the ground
long-wave radiation increases. It directly led to the severe high-temperature heat wave
that broke through historical extremes in the Chengdu Chongqing urban agglomeration,
including Nanchong, in August.
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Figure 8. The 500 hPa geopotential height field in summer of 2022 (gpm) (a—c); the white triangle
represents the capital and provincial capital cities of China, and the blue curve in (c) shows the
5880 gpm contour line from August 2022.
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Table 3. Comparison between the subtropical high and climate states in the summer of 2022.

Location of the

Month Area of WPSH Strength of Ridge Position Western Ridge

WPSH .

Point

Mean value of 30 a in 6 88.11 196.85 21.4 121.55

2022 6 82.5 194.1 21.7 124.5

Mean value of 30 a in 7 77.58 172.05 26.52 124.57

2022 7 128.6 314.6 25.5 113.1

Mean value of 30 a in 8 79.06 181.13 29.04 124.82
2022 8 164.9 456.5 30 90

It should be noted that the abnormal WPSH in 2022 did not suddenly occur. The WPSH
composite index shows an overall upward trend, and its range of change has increased
since 1977 [44]. In addition, studies have pointed out that the northwest extension in the
WPSH will lead to an increase in extreme climate events in the Indo-Pacific region [45,46].
Of course, there are also weather systems that cause extremely high temperatures, such as
the South Asian High and Rossby waves, et al.

4.2. Cause of the Low-Temperature Period and Sudden Change Points in Nanchong in the 1980s

As mentioned earlier, there was a low period of high-temperature heat waves in
Nanchong during the 1980s-1990s. According to previous studies [47-49], this phenomenon
is not unique to Nanchong but a common occurrence in the Sichuan Basin and southwestern
China during that period. Li Yueging and Li Chongyin [50] pointed out that the correlation
coefficient between the temperature anomaly original sequence in the Sichuan Basin and
the tropical western Pacific Sea surface temperature anomaly original sequence is 0.96 for
an 11-year sliding filter sequence. The sea surface temperature in the tropical western
Pacific was at its coldest in the 1980s, indirectly causing the temperature in the Sichuan
Basin to reach a low point during that period. Zhang Tianyu [51] found that the aerosol
optical depth (AOD) and temperature trend are negatively correlated by analyzing the
changes in the AOD and temperature. The AOD significantly increased in the Sichuan-—
Chonggqing region in the 1980s and began to decrease around 1990 [51]. This period of
change is highly consistent with the low period of high-temperature heat waves in this
study. According to the research of the aforementioned scholars [48-51], the abnormal sea
surface temperature in the tropical western Pacific and the cooling effect of aerosols can
explain the phenomenon of lower temperatures in the Sichuan Basin, including Nanchong,
during this period to a certain extent.

4.3. Regional-Scale Influences

The influence of urban development (heat island effect) within the regional scope on
temperature cannot be ignored [52-54]. The increase in urban population and changes in
land use types can affect local temperature changes, which may lead to the urban heat
island effect [55]. The proportion of artificial surfaces in Nanchong increased from 6.11% in
2004 to 25.25% in 2019. In this study, we calculated the simple urbanization process index K
based on the relevant data from 1993 to 2020 and explored the relationship between urban
development and urban mean temperature change (Figure 9).

The results show that the correlation coefficient (R) between the K value and the mean
temperature in Nanchong is 0.548, which exhibits a significant positive correlation at the
0.01 level. This indicates that there is a significant positive relationship between the two
factors.

However, the coefficient of determination value is not high and only shows similar
trends. Therefore, although it can be considered that urban development is related to the
average temperature in this region, the correlation strength has not yet reached a high level.
However, the calculation of the urbanization process that we used is simplified because
some data cannot be obtained, which may also lead to differences in results.
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Figure 9. Relationship between the process of urbanization within the region and changes in
mean temperature.

Not only in Nanchong, Jia et al. [56] pointed out that a large proportion of the warming
in Wuhan can be attributed to the rapid urbanization in the past half-century. However,
some studies have pointed out that the heat island effect brought about by urbanization
does not directly cause an increase in maximum temperature, but only affects the average
temperature [57]. Therefore, further research is needed to determine whether there are
other mediating effects of the heat island effect of urbanization on heat waves and extremely
high temperatures.

5. Conclusions

The historical changes and fragility of the high temperatures in Nanchong have been
explored in this study and the conclusions are as follows.

(1) The high-temperature weather events in Nanchong have shown a fluctuating up-
ward trend. Significant mutations occurred in various indicators measuring high-
temperature characteristics around 2010.

(2) Exposure levels are high in the south and low in the north. The sensitivity index and
adaptability decrease from the central urban area to the surrounding areas.

(3) Vulnerability is pronounced in specific districts: one in the west and two in the
east. Both social factors (e.g., urban surface properties and aerosol characteristics)
and natural factors (e.g., solar radiation, cloud thickness, and global sea surface
temperature) contribute to the vulnerability characteristics indicated here.

(4) The abnormal westward movement of the WPSH and the increase in intensity are the
main reasons for the breakthrough of various high-temperature indicators in 2022.
The temperature trough period in the 1980s and the mutations in the high-temperature
situation around 2010 are related to the global sea surface temperature change and
urbanization process identified here.

However, there are some limitations to our study. The research on the spatiotemporal
characteristics and mechanism of high-temperature heat waves needs to be improved.
Moreover, insufficient consideration was given to factors such as terrain fluctuations and
water system distributions. Therefore, further research is needed.
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