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Abstract: Urban development always has a strong impact on the urban thermal environment, but
it is unclear to what extent urbanization factors influence urban heat island intensity (UHII) in
mountainous cities, and fewer studies have been conducted on the trends of long-term UHII in
mountainous cities. Chonggqing, as the only municipality directly under the central government in
Southwest China and a typical mountainous city, is chosen as the case study. This study analyzed
the interannual and seasonal variations of UHII based on the data from meteorological stations
in Chonggqing from 1959 to 2018 using the least-squares method and the Mann-Kendall test, and
explored the relationship between urbanization factors (urban resident population, gross domestic
product (GDP), fixed investments, and gross industrial output value) and UHIIL The results show
that the increasing rates of temperature in urban areas of Chongqing are significantly higher than
those in rural areas affected by urbanization. Using the Mann—Kendall test, it is found that almost all
abrupt temperature changes in Chongqing occurred after the rapid urbanization of Chongging in the
21st century. The annual mean UHII increased from 0.1 °C to 1.5 °C during the study period, with
summer making the largest contribution. It is also found that the UHII in Chongqing has increased
year by year, especially after the 1980s. The increasing rates of UHII are larger at night and smaller
during the day. The increasing trends of nighttime UHII are statistically significant, while those of
daytime UHII are not. In addition, UHII and urbanization factors are found to be correlated using
the grey relational analysis (GRA). Eventually, a comprehensive UHII index and a comprehensive
urbanization index are constructed using principal component analysis (PCA). A tertiary regression
model of UHII and urbanization index is established, which reflects that the UHII in Chongqing will
continue to grow rapidly with the development of the city.

Keywords: mountainous city; temporal characteristics; urban climate; urbanization development;
urban heat island

1. Introduction

Urbanization is an essential stage of a country’s development. In 2018, 55% of the
world’s population lived in cities, and that number is expected to reach 68% by 2050 ac-
cording to World Urbanization Prospects [1]. Urbanization has significantly transformed
natural and semi-natural surfaces into impermeable urban structures, disrupting the bal-
ance of radiation and energy on the Earth’s surface and the composition of near-surface
atmospheric structures [2]. The sensible and latent heat fluxes in urbanized areas will also
change, leading to the urban heat island phenomenon (UHI) [3]. Therefore, the formation
of UHI is the ecological result of urbanization [4]. Urban heat island intensity (UHII)
inevitably increases with the acceleration of urbanization, and the areas affected by UHI
are gradually expanding [5]. It is well known that the formation of UHI has a series of
adverse impacts on the urban ecosystem, such as a rise in energy consumption demand for
cooling in summers, air pollution, and global warming, reduced comfort of citizens and
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increased levels of human morbidity and mortality. Therefore, investigating UHI and the
relationship between UHI and urbanization is important.

Currently, meteorological data analysis, observational approaches (including fixed or
mobile monitoring), remote sensing, and numerical simulation are the most widely used
approaches to understand the characteristics of UHI [6-8]. Meteorological data analysis
can use long-term data to study the variability of UHI. Nevertheless, it is impossible to
comprehensively and accurately reflect the urban thermal environment due to the spatial
scarcity and uneven distribution of meteorological stations [9]. Observation approaches
can directly obtain continuous spatial meteorological data, but the results can be influenced
by factors such as vehicles and pedestrians [10]. The remote sensing approach has the
advantages of a large observation range and good visualization. However, it is limited
by low temporal resolution and interference from clouds [11,12]. Moreover, the remote
sensing data represent the surface temperature rather than the air temperature. Numerical
simulation can study the coupling relations between UHI and variables. However, given
the complexity of the study area, several simplifications of the model need to be applied
that might compromise the accuracy and reliability of the results [13].

Many studies have been conducted to understand the characteristics of UHII using
the above methods. Li et al. [14] used the data of four meteorological stations in Lanzhou
in the past 60 years to study the multiscale characteristics of UHI. Liu et al. [15] used
the data (2009-2018) of 37 automatic meteorological stations in Beijing to study the effect
of urbanization on UHIL Sumita et al. [16] quantified the impact of LULC changes on
UHI intensity in northwest India using WREF. Helen et al. [17] analyzed winter UHI in
the West Midlands (UK) using WRF and estimated the impact on cold-related mortality.
Yao et al. [18] explored the trend of summer UHI footprint in the Beijing metropolitan
region and its relationship with urbanization factors based on the Landsat series and
MODIS datasets. Muhammad et al. [19] used the satellite thermal band of the Landsat
dataset to calculate LST and evaluated the influence of wind on SUHI. Samuel et al. [20]
analyzed the UHI intensity in different urban areas of Zaragoza (Spain) and the temporal
variability of UHI using hourly observatories composed of 21 sensors. Francois et al. [21]
recorded the air temperature in 13 LCZs of Nancy (France) by mobile measurements and
analyzed the influence of urban structure on urban climate for UHI assessment.

China has experienced rapid urbanization and dramatic economic development with
huge impacts on the climate in recent decades [22]. From 1978 to 2018, the urban population
increased from 172.5 x 10° to 813.5 x 10°. The urbanization rate increased from 17.9% to
58.5% in China [23]. Recent studies in China reported that the UHII has linearly increased
over the past 30 years. Owing to great urbanization and significant UH]I, cities in China
provide unique information on the interplay between urbanization and UHI. Nevertheless,
present studies on UHI are mainly focused on lowland cities, but few studies are conducted
on mountainous cities. Chonggqing is a typical mountainous city in western China. The
following are some representative studies conducted in Chongqing: Liu and Li [24] studied
the spatial and temporal characteristics of summer UHI intensity and its relationship
with land cover in Chongging from 2007 to 2016 based on Landsat 5 TM and Landsat 8
TIRS. Jiang et al. [25] analyzed the daily and seasonal variation characteristics of UHI in
Chonggqing using the data from 55 automatic meteorological stations in 2017. Liao et al. [26]
investigated the spatial distribution of UHI in Chongqing using MODIS LST data and
meteorological observation data. Using Landsat 8 OLI images, Liu et al. [27] found that the
sky view factor and industrial areas contributed significantly to UHI in Chongqing, while
Wang et al. [28] found vegetation cover and urban surface elevation played a greater role.
Zhu et al. [29] used MODIS LST data to compare the distribution characteristics of UHI in
areas with and without sponge city planning.

Previous studies on UHI in Chongging have mainly focused on the spatial distribution
and short-term temporal variability of UHI, while long-term and comprehensive research
on UHI has barely been addressed. In addition, most studies on the factors influencing
the urban heat island effect have also focused on the relationship between UHI and land
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cover or used the nighttime light index to represent the urbanization level and to study its
correlation with UHI [25]. Less effort has been put into the quantitative relations between
urbanization factors and UHI in Chonggqing.

To address these issues, in this paper, the least-squares method and the Mann—Kendall
test are used to analyze the seasonal and annual temperature (mean/maximum/minimum)
and UHI (mean/maximum/minimum) characteristics in Chongqing through the data of
urban and rural meteorological stations from 1959 to 2018, and the grey relational analysis
and principal component analysis method are used to explore the quantitative relationship
between urbanization factors and UHI intensity. The results can provide a scientific basis
for urban ecological environment construction in Chongging.

2. Materials and Methods
2.1. Materials
2.1.1. Study Area

Chongging, known as the mountain city, is the only municipality directly under the
central and western parts of China. Chongging covers 82,401 km?, of which 732 km? could
be classified as Central Districts of Chongqing in 2018. Located in the southwest part of
China and the southeast edge of the Sichuan Basin, it spans the transition zone between the
Qinghai-Tibet Plateau and the Middle-Lower Yangtze plain. The longitude and latitude
ranges are 28°10'-32°13' N and 105°11'-110°11" E, respectively. The terrain slopes from
the south to the Yangtze River valley. The landform is dominated by hills and mountains;
mountains account for 76%. It has a humid subtropical monsoon climate with an annual
average temperature of 16-18 °C.

2.1.2. Data

The long-term meteorological data were collected from the National Meteorological
Information Center (http://data.cma.cn/) (accessed on 2 September 2020), including data
from the Shapingba meteorological station in the central urban areas and the Hechuan
meteorological station in rural areas of Chongqing from 1959 to 2018 (Figure 1). The
selection principle of meteorological representative stations in central urban and rural areas
is mainly determined according to the accumulation time and continuity of meteorological
data and location and relocation of meteorological stations [30]. These stations were selected
from National Principal Meteorological Stations, and their details are illustrated in Table 1.
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Figure 1. Location in Chongqing and distribution of meteorological stations: (a) Hechuan meteoro-
logical station; (b) Shapingba meteorological station.
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Table 1. Detailed information about the 2 meteorological stations.
Station Name ID Latitude Longitude Elevation (m) Frequency Description
Shapingba 57516 29°35' N 106°28' E 259.1 o (Iﬁébgg)
Hechuan 57512 29°58' N 106°16' E 230.6 (Ii‘érzaé)

-
=}

During the study period from 1959 to 2018, Chongqing experienced considerable
urbanization. The urban population proportion of Chongqing increased from 31% to 65.5%
from 1997 when it became a municipality directly under the central government to 2018 [31],
the urban population and urbanization rate of Chongqing have been increasing steadily
(Figure 2a,b). Chonggqing’s economy has also developed rapidly (Figure 2c). Therefore,
considering the population and economic development of Chongging, four indicators are
selected to study the relationship between UHI and urbanization development, including
urban resident population, gross domestic product (GDP), fixed investments, and gross
industrial output value. These data were obtained from the Chongging Statistical Year-
book and the Chinese City Statistical Yearbook during the past 20 years. In this paper,
March-April-May is spring, June-July-August is summer, September-October-November is
autumn, and December-January-February is winter.
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Figure 2. (a) The proportion of urban population in Chonggqing; (b) urban population in Chonggqing;
(c) GDP growth rate from 1998 to 2016 (source: Chongging Statistical Yearbook). Data for each year
are indicated with black dots.

2.2. Methods

The study of the daily mean temperature for the period 1959-2018 from the two
meteorological stations mentioned above aims to investigate possible trends in local climate
and to determine the magnitude of the UHI effect, which can be done on an annual and
seasonal basis. Daily maximum temperature and daily minimum temperature from the
two meteorological stations are also used to better highlight the climatic characteristics of
urban and rural areas. In this paper, the temperatures (mean, maximum, and minimum) of
Shapingba station represent those of Chongqing’s urban areas, and temperatures (mean,
maximum and minimum) of Hechuan station represent those of Chongging’s rural areas.
This paper uses the lapse rate of temperature to correct the temperature in rural areas
to reduce the error caused by the altitude of meteorological stations. The lapse rate of
temperature is 0.57 °C/100 m during the day and 0.4 °C/100 m at night [32].

The interannual and seasonal variation trends in temperatures (slopes) are calculated
using the least-squares method. The Mann-Kendall test is used to determine the year in
which this trend becomes statistically significant. The magnitude of the UHI effect can
be expressed in terms of urban heat island intensity (UHII), which is the temperature
difference between urban and rural areas in this paper. The grey relational analysis and the
principal component analysis investigate the relationship between UHI and urbanization
development. These methods are described in detail as follows:
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1. Mann-Kendall test

The nonparametric test is the most common test to determine the temporal variation
on meteorological variables [33]. The Mann—Kendall test is the most popular nonpara-
metric statistical method for mutation detection and trend analysis [34,35]. It does not
need samples to follow a certain distribution and is not disturbed by missing values and
outliers [36]. This test can define the increasing or decreasing trends over the study period
and the periods in which trends become statistically significant [37,38]. The Mann—Kendall
test is calculated as follows:

x is used to represent a time series with a sample size of n. A rank series sy is established
as follows:

k
sk:Zri k=1,2,---,n 1
i=1
A lx>x .
rl - {0 xi Sx] ]_1/2/ /l (2)

s is the cumulative value when the value at the time 7 is greater than the value at time
j. In cases where the sample size n > 10, the standard normal test statistic UF is computed
using Equation (3):

UF, = [Sk_E(Sk)] k=1,2,---,n (3)
var(si)

In the formula, UF; = 0, E(s;) and var(si) are the mean value and variance of sy,
respectively. Positive values of UFy indicate increasing trends, while negative UF values
show decreasing trends. Testing trends is done at the specific « significance level. When
| UFy | > Z1_ /2, the null hypothesis is rejected, and a significant trend exists in the time
series. Z1_ /7 is the standard normal variance, which can be obtained from the standard
normal distribution table. In this paper, the significance level o = 0.05 is used. In the
two-tailed check, the null hypothesis for « = 0.05 is rejected if | UFy | >1.96. Therefore, the
trend becomes statistically significant if | UF; | > 1.96.

Generate the corresponding inverse series X, X,_1, ..., X1 from the time series x,
repeat the above calculation process, and calculate UBy using Equation (4):

UB, = —UF, k=nn—1,---,1 @)

In the formula, UB7 = 0. If the intersection of UF; and UB; is located within the
confidence interval, the corresponding time is the beginning time of the abrupt change in
the series.

2. Calculation method of UHII

Take the difference in temperature between T4, and T}, as the UHIL

UHllmean = (Tmeun,urban - Tmeun,mml) (5)
UHllpax = (Tmax,urban - Tmax,mml) (6)
UHHmin = (Tmin,urban - Tmin,rurul) (7)

As stated above, the interannual and seasonal of UHII yean, UHIIax, and UHIL,i, are
calculated during the study period. In this study, UHIIn.x and UHILy,;, are also referred to
as daytime UHII and nighttime UHIL

3. Grey relational analysis (GRA)

GRA is a method to solve the interrelationships between multiple factors [39]. In this
paper, GRA was used to analyze the degree of correlation between urbanization factors
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temperature

and UHIIL The data of GRA need to be preprocessed because the scope and units of one
data set may be different from the other [40]. The results are normalized by Equation (8):

Xi(j) . .
xi(j) = Xl((i)) i=1,2,-,mj=12,--,n ®)

where x;(j) is normalized data, i (1,2, - - -, m) is the number of factors, and j (1,2, - - -, n)
is the dimension of factors; the grey relational coefficient (GRC) is calculated from the
normalized data obtained from Equation (9):

minminla (j) — x,(7)|-+ pmaxmazx|x (j) ~ x,(])|

Gi(j) = 9

[0(j) = xi(j)] + pmaxmax|xo(j) = x(j)|

where x((j) denotes the reference sequence and x;(j) denotes the comparison sequence. In
this paper, xg is UHII (UHIIean, UHIImax, UHILmin), %; is the four urbanization factors and
j is the year. p is the distinguishing coefficient between 0 and 1. In this paper, p = 1. The
grey relational grade (GRG) is computed by averaging the GRC by Equation (10):

= L0 (10)
o

4.  Principal component analysis (PCA)

PCA is a statistical method that applies an orthogonal transformation to convert a set of
correlated variables into linearly uncorrelated variables [41,42]. By reducing the dimensions
of the original variables, comprehensive indicators that affect the target variables are found.
In this paper, SPSS software was used for PCA. The comprehensive urbanization index
was calculated to represent the urbanization level of Chongqing. Moreover, the correlation
analysis was carried out to establish a regression model between the comprehensive
urbanization index and the UHII. Besides the urban resident population, three indicators
related to the economic development of Chonggqing are selected, including gross domestic
product (GDP), fixed investments, and gross industrial output value.

The conceptual methodological flowchart in this paper is shown in Figure 3.
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Figure 3. The conceptual methodological flowchart.
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3. Results
3.1. Temporal Dynamics of Temperature Change in Chongqing
3.1.1. The Interannual Variation of Temperature

According to IPCC (2021), the global average temperature has increased by 1.1 °C.
from 1850 to 2021 [43]. The rising trend of temperature is one of the main indicators of
global warming and climate change. Over the past 100 years, the average temperature
change trend in China is similar to that of the whole world, showing two significant
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Yearly Average Temperature ('C)

warming periods: the first in the 1920s-1940s, and the second after the 1980s [14,44]. In
addition, studies have shown [44] that the annual mean temperature in China in the past
100 years has generally risen by (0.78 & 0.27) °C.

Figure 4 shows the time series of annual mean temperature, annual mean daily max-
imum temperature, and annual mean daily minimum temperature in urban and rural
areas during the past 60 years (1959-2018). Our results indicate that the annual mean
temperature for urban and rural areas (see Figure 4a) shows a downward trend from 1959
to the 1980s and an upward trend after the 1980s, which is practically consistent with the
general temperature change trend of China [14,44]. Since our attention is given to the
warming trend of Chongqing with urbanization, we focus on the linear trend rates and
the statistical significance of the mean yearly temperature, mean annual daily maximum,
and minimum temperature in urban and rural areas from 1985 to 2018. The warming
trend is significantly weaker in rural areas than in urban areas (4 °C/century in urban
areas compared to 2.7 °C/century in rural areas). In comparison, the warming rates in the
urban areas of Beijing and Wuhan are about 4.7 °C/century and 3.4 °C/century, respec-
tively [45]. Extreme temperature changes are more important than changes in the mean
value because they are more relevant to local climate changes [37]; the changes in annual
mean daily maximum temperature and annual mean daily minimum temperature are also
recorded in this paper (see Figure 4b,c). The annual mean daily maximum and annual
mean daily minimum temperature trends are 4.9 °C/century and 3.8 °C/century in urban
areas, respectively, which are much higher than those in rural areas (3.1 °C/century and
2.8 °C/century, respectively). The difference between the annual mean daily minimum
temperature in urban and rural areas remains large after 1973 (about 1 °C), while the
difference between the annual mean daily maximum temperature is relatively small. In
other words, the daytime temperature of urban areas in Chongqing has been similar to that
in rural areas over the past 60 years. However, urban areas are experiencing warmer nights
than rural areas.

o 245 5175
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Figure 4. Temperature for urban and rural areas, 1959-2018: (a) yearly average temperature; (b) mean
annual daily maximum temperature; (c) mean annual daily minimum temperature.

To exclude the effect of extreme values, the Mann-Kendall test is also used to examine
the trends of temperature in urban and rural areas. Positive trends in annual mean temper-
ature and annual mean daily minimum in urban areas are statistically significant in 2013
and 2003 onwards, respectively, with the abrupt changes in 2006 and 2002, respectively (see
Figure 5a,e). However, the annual mean daily maximum temperature in urban areas is not
significant, although a positive trend emerges after 2010. This indicates that the influence
of urbanization on the annual mean temperature and the annual mean daily minimum
temperature is greater than that on the annual mean daily maximum temperature. In
addition, the rising trends of temperature in rural areas are not statistically significant.
Notably, the abrupt change points in both urban and rural areas after 2000 correspond to
the rapid increase in Chongqing’s GDP in the 21st century. These findings may indicate
that urbanization has a significant impact on the warming trend in Chongqing, and the
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response rate is annual mean daily minimum temperature > annual mean temperature >
annual mean daily maximum temperature.
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Figure 5. The Mann-Kendall statistic curves during the period of 1959-2018: (a) mean yearly
temperature in urban areas; (b) mean yearly temperature in rural areas; (c) mean annual daily
maximum temperature in urban areas; (d) mean annual daily maximum temperature in rural areas;
(e) mean annual daily minimum temperature in urban areas; (f) mean annual daily minimum
temperature in rural areas, and the period where the tendency is statistically significant UF(k) values
higher than the limit of 1.96 at the significance level o = 0.05 indicated with black dots.

3.1.2. The Seasonal Variation of Temperature

Table 2 shows the interannual and seasonal linear trend rates of the annual mean
temperature, annual mean daily maximum temperature and annual mean daily minimum
temperature in urban and rural areas from 1985 to 2018.

Table 2. The tendency rate of mean temperature, mean maximum and minimum temperature for

urban and rural areas, 1985-2018.

Tendency Rate (°C/Century)

Annual Spring Summer Autumn Winter
Mean temperature (urban) 4 ** 5.5 ** 5.6 ** 3.2%* 1.9
Mean temperature (rural) 2.7 ** 3.9 ** 4.7 ** 1.6 0.9
Mean maximum temperature (urban) 4.9 ** 7.7 ** 6.4 ** 3.0 2.5
Mean maximum temperature (rural) 3.1 % 5.9 ** 4.3 ** 0.8 1.3
Mean minimum temperature (urban) 3.9 ** 4.3 ** 5.0 ** 4.4 ** 1.8
Mean minimum temperature (rural) 2.8 ** 3.7 ** 4.4 ** 2.7 04

Note: ** indicates significance at p < 0.01; n.s.—nonsignificant.

By analyzing the mean temperature in urban and rural areas for each season separately,
it is found that the mean temperature in spring and summer from 1985 to 2018 shows
a statistically positive trend. Except for the annual mean daily minimum temperature
in urban areas in autumn and the annual mean temperature, which show a statistically
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Mann-Kendall statistic

significant increasing trend, the temperature trends in autumn and winter are not statisti-
cally significant. Meanwhile, spring and summer contribute more to the rising trends of
temperature in urban and rural areas, whereas autumn and winter are relatively smaller.
Wang et al. [46] found that the temperature varied more in summer, followed by spring
and autumn, and least in winter by comparing surface temperatures in Chongqing in 2010
and 2020, which is consistent with the results of this paper.

Using the Mann-Kendall test, a statistically significant warming trend of mean temper-
ature in urban areas appears only in autumn after 2010 (see Figure 6a). As for the analysis
of the mean daily maximum temperature in urban areas for each season, no statistically
significant positive trend is found, while the mean daily minimum temperature in urban
areas shows a statistically significant warming trend in all seasons (see Figure 6b—e). As in
the interannual analysis, the trends of the mean daily minimum temperature in urban areas
for all seasons became statistically significant in a given year after 2000, indicating that the
rapid urbanization development in Chongging in the 21st century has had a significant
impact on urban nighttime temperature. Although the linear trends of the mean daily
maximum temperature in both urban and rural areas are large, they do not show significant
trends in the Mann—Kendall test, suggesting that their linear rates of change may be due to
abrupt temperature increases in individual years, but the overall trends are not statistically
significant. In addition, the Mann—Kendall test in rural areas for each season does not show
a positive statistically significant trend and thus is not included in Figure 6.

(a) T can YOr autumn in urban areas (b) T,,,, for spring in urban areas (¢) T, for summer in urban areas
L ! ! 1 ! L L 73 ; . ; T : . . 73 L L L L L ! L
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Figure 6. The Mann-Kendall statistic curves during the period of 1959-2018: (a) mean temperature
for autumn in urban areas; (b) mean daily minimum temperature for spring in urban areas; (c) mean
daily minimum temperature for summer in urban areas; (d) mean daily minimum temperature for

autumn in urban areas; (e) mean daily minimum temperature for winter in urban areas.

3.2. Temporal Dynamics of UHI in Chongqing
3.2.1. The Inter-Annual Variation of UHII
As described in Section 3.1.1, the annual mean temperature warming rate of Chongqing

urban areas during the last 60 years is much higher than that of rural areas. The feature
is more clearly reflected by the interannual variation and trend of the UHllean (see
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1.8

Figure 7a). The annual UHIlyean is progressive, indicating probably the ongoing urbaniza-
tion of Chongging. The growth trend of the annual UHIlyean during the study period is
about 1.4 °C/century. Before the 1970s, the annual UHIIpean remained around 0.1-0.3 °C.
With the rapid economic growth and industrialization at the end of the 20th century,
Chonggqing’s energy consumption and artificial heat emission increased sharply, leading
to an upward trend in annual UHIIean. Since then, the annual UHIIyean has remained
around 0.6-0.9 °C, reaching around 1.5 °C after 2015. Liao et al. [26] pointed out that
UHlpean in Chongqing from 2009-2018 was about 1 °C, which is close to the results of
this paper. Considering that UHII based on average temperature can mask the special
characteristics of UHIIhax and UHIL,;, [47], the interannual variation of the UHII . and
UHIlyin are also analyzed. The annual UHIl,, increases by 1.7 °C/century (see Figure 7c¢),
while the rising trend of UHIInax is much lower than that of UHIIpean and UHII i, and
is not statistically significant (see Figure 7b). UHII is weaker during the day and stronger
at night, which is consistent with the conclusions of most scholars in the past. This may
be related to the turbulent exchange in the near-surface layer [48]. In addition, UHII rose
abruptly due to the sharp warming in urban areas in 2015. Liao et al. [26] found a sharp
expansion in the area of strong UHI in western Chongqing in recent years, which may
indicate that drastic warming did occur in urban areas in western Chongqing. UHIlay, as
the daytime extreme temperature difference between urban and rural areas, demonstrates

more significant variation.
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Figure 7. The interannual variation and trend, 1959-2018: (a) UHIInean; (b) UHIImax; (¢) UHIL .

Using the Mann—Kendall test, the positive trends of UHIInean and UHILyi, are statisti-
cally significant after the 1980s, with no mutation points observed (see Figure 8a,c). This
confirms that UHII in Chonggqing is progressive with the urbanization process. The annual
UHIInax is not statistically significant and even shows a decreasing trend after 1980 (see
Figure 8b). This suggests that the slight growth rate of the annual UHIIax obtained by
the least-squares method may be due to its sharp increase in 2015, but its upward trend
does not actually exist. These findings indicate that urbanization has a significant effect on
UHIIean and UHIL,;, in Chongging, but not on UHIIyax.
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Figure 8. The Mann-Kendall statistic curves during the period of 1959-2018: (a) the annual UHIInean;

(b) the annual UHII,y; (c) the annual UHI ;-
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3.2.2. The Seasonal Variation of UHII

The temporal variability of UHIIean, daytime UHII, and nighttime UHII in Chongqing
from 1959 to 2018 are calculated in Table 3. It can be seen that the rising trends of daytime
UHII are not significant, while the trends of UHIIjnean and nighttime UHII are statistically
significant (p < 0.01). As shown in Table 3, the increasing rate of UHIlnean is greater in
summer (1.6 °C/century) and weaker in winter (1.3 °C/century), which is similar to the
results of the previous study in Chonggqing [25] but different from those of other large cities
in China. For example, Zhang et al. [49] found that the UHIIean of Shanghai is higher in
autumn and weaker in summer. Li et al. [14] found that the UHIIean of Lanzhou in winter
is highest. The UHIInean in Beijing is greater in winter and weaker in summer [50]. This
may be attributed to higher summer temperature and increased anthropogenic heat release
in the Sichuan basin, while there is no heating energy demand in winter. The increasing
rates of UHIIyean in spring and summer exceed the annual increasing rate. In addition, the
growth rate of UHII,;y, is greater in autumn (1.7 °C/century), followed by summer and
winter (1.6 °C/century), and weaker in spring (1.4 °C/century), while UHII . is greater
in winter and spring.

Table 3. The tendency rate and statistically significant of UHIImean, UHIImax and UHIL,j, during the
period of 1959-2018.

Tendency Rate (°C/Century)

Annual Spring Summer Autumn Winter
UHIImean 1.4 ** 1.5** 1.6** 1.4 1.3 **
UHIImax
(daytime 0.5 0.7 0.3 0.4 0.7
UHII)
UHIImin
(nighttime 1.7 ** 1.4 1.6** 1.7 ** 1.6 **
UHII)

Note: ** indicates significance at p < 0.01; n.s.—nonsignificant.

The analysis of UHIlnean and nighttime UHII shows a statistically significant upward
trend for all seasons after the 1980s using the Mann—Kendall test (see Figure 9). No
mutations exist except for the summer UHIIyean in 1981. It further verifies that since
the Chinese reform process began in the late 1970s, UHII has been increasing gradually
and progressively with the urbanization process in Chongging, and it is more sensitive
to urbanization factors than temperature. Additionally, UHIImax for each season does not
show statistical significance according to the Mann—Kendall test and therefore is not shown
in Figure 10.
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3.3. Quantitative Analysis between the Urbanization Factors and UHI
3.3.1. GRA of between the Urbanization Factors and UHII

Using GRA, we can know which other factors are related to UHII (UHIIyean, UHIImay,
UHIlyn). Urban population refers to the number of residents living in urban areas, which
can be used as an alternative indicator of urban physical structure [51]. Urban economics-
related data are important indicators of urban economic aggregate and development,
which are related to energy consumption, industrial development and commercial land
expansion. According to a previous study [14], the three most relevant factors for economic
development are selected: GDP, fixed investment and gross industrial output value. The
UHII in Chongging from 1999 to 2018 is used as the reference sequence. GDP, fixed
investments, urban resident population, and gross industrial output value are used as the
comparison sequence to conduct GRA by MATLAB R2020b. The GRC and GRG between
GDP, fixed investments, urban resident population, gross industrial output value and UHII
are shown in Figure 11 and Table 4. The GRG between urban resident population and
UHIlnean, UHIInax, and UHILy, are 0.971, 0.921, and 0.957, respectively, with the largest
positive correlation. The GRG of GDP, fixed investments, gross industrial output value,
and UHII (UHIImean, UHIImax, UHILin) are all greater than 0.5. Therefore, it is concluded
that UHII is related to these four indicators and is more related to urban population factors
than to urban economics factors. In the following section, we will quantitatively analyze
the relationship between the urbanization factors and UHIIL.

4 4 4
. 3] Y0534 3| y=0.857x*0.243x-0.814 3| ¥=0.624x7+0.566x-0.62x-0.739
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comprehensive urbanization index comprehensive urbanization index

Figure 11. Relationship between comprehensive UHII index and the comprehensive urbanization
index in Chongging. Data for each year are indicated with black dots.

Table 4. GRG of between the urbanization factors and UHII in Chongqing.

GRG
Station Name Fixed Urban Gross
GDP Investments Resident Industrial
Population Output Value
UHIIhean 0.728 0.630 0.971 0.773
UHIIax 0.718 0.615 0.921 0.769
UHIL;in, 0.718 0.624 0.957 0.766

3.3.2. The Quantitative Relationship between the Urbanization Factors and UHII

The above indicators are selected for principal component analysis to study the re-
lationship between UHI and urban development quantitatively. The correlation analysis
between the variables shows that they are highly correlated (see Tables 5 and 6), so PCA
can be effectively used for dimension reduction.
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Table 5. Correlation matrix of UHII (UHIIyean, UHIImax, UHIL ;5 ).
UHIIax UHII ,in UHII yean
UHIInax 1** 0.877 ** 0.961 **
UHIL 0 0.877 ** 1** 0.918 **
UHIImean 0.961 ** 0.918 ** 1**
Note: ** indicates significance at p < 0.01; n.s.—nonsignificant.
Table 6. Correlation matrix of urbanization factors.
Fixed Urban Gross
GDP Investments Resident Industrial
Population Output Value
GDP 1** 0.988 ** 0.948 ** 0.984 **
Fixed investments 0.988 ** 1** 0.973 ** 0.995 **
Urban resident population 0.948 ** 0.973** 1** 0.96 **
Gross industrial output value 0.984 ** 0.995 ** 0.96 ** 1#*

Note: ** indicates significance at p < 0.01; n.s.—nonsignificant.

The standardization of standard deviation is used to process the data by SPSS. The
results are shown in Table 7. Usually, the cumulative variance contribution rate is not lower
than 85% to determine the number of principal components [52]. The results show that
the cumulative variance contribution rates of the first item for urbanization factors and
UHII are 98.098% and 94.567%, respectively (see Table 8). Therefore, the first principal
component can reflect urban development level and UHIIL By the principal component
score coefficient matrix Z1, the principal component scores calculated by the factor loads
corresponding to the first principal component can be used as the urban development
index and the UHII index, and their equations are as follows:

x = 0.254FI + 0.252GDP + 0.25URP + 0.253GIOV (11)

y = 0.348UHIImean + 0.343UHIlmax + 0.337UHILyin (12)

Table 7. Index characteristic values and contribution rates.

Principal Eicenvalue Contribution Accumulation

Component & Rate (%) Rate (%)

1 3.924 98.098 98.098

Urbanization 2 0.058 1.449 99.547
factors 3 0.015 0.277 99.924

4 0.003 0.076 100.000

UHII (UHIImean, 1 2.837 94.567 94.567
UHIIyax, 2 0.130 4.330 98.897
UHIL i) 3 0.033 1.103 100.000

Table 8. Component load matrix (F1) and score matrix (Z1).

F1 71

Fixed investments 0.998 0.254

Urbanization Indi GDP 0.990 0.252
rbanization Indices Urban resident population 0.979 0.250
Gross industrial output value 0.994 0.253

UHIlmean 0.987 0.348

UHII UHIImax 0.973 0.343

UHIyin 0.957 0.337
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By establishing the primary, secondary, and tertiary regression models between the
urban development index and the UHII index, it is found that the tertiary regression model
has the best fit with R? = 0.677 (p < 0.01) (see Figure 11). This suggests that there is not a
simple linear relationship between the UHI and the urbanization factors. We can see that
the UHII of Chongging from 1999 to 2018 has been on a sharp upward trend after a slight
decrease with the increase of urbanization index. While in the study of the northwest region,
UHII has started to show a decreasing trend after reaching its peak in recent years, i.e.,
these cities have entered a coordinated development phase (Lanzhou [14], Xi'an, Yinchuan
and Urumgi [53]). However, UHII in Chongqing will continue to increase rapidly with
urban development, so effective urban eco-environmental construction strategies are still
necessary and pressing.

4. Discussion

The long-term temperature variation trends and the UHI temporal dynamics variation
characteristics of Chongging are studied using the long-term observation data of urban
and surrounding non-urban meteorological stations. In the study, the limited number of
meteorological stations in urban and rural areas introduces some limitations. Furthermore,
the locations of these meteorological stations are not dense enough to allow their historical
data to reflect the spatial distribution of UHI in Chonggqing. Fortunately, our study mainly
focuses on the changes of UHI over time, so it is considered that the selection of these
meteorological stations is appropriate.

The temperature in Chongging can be divided into two periods over the past 60 years.
It was the cold period before 1984 and then it started to get warmer, which is generally in
line with the climate change trends in other parts of China [41]. Yao et al. [54] reported that
the warming trend in Chongging from 1951 to 2010 was 1.0 °C/century, but this value has
reached 1.4 °C/century (1959-2018) in our study. The warming rates are larger in spring
and summer, and both exceed the annual mean warming rate, while those in autumn and
winter are smaller. The rising trend of temperature in Chongqing urban areas may be the
result of rapid urbanization, high population density, and other anthropogenic factors.
According to Bao et al. [55], from 2009 to 2017, Chongqing became the fastest growing
city in China with an average annual GDP growth rate of more than 14% and ranked fifth
in GDP in 2017. Furthermore, the ‘One Belt, One Road’ initiative announced in 2013 has
provided vast opportunities for the development of Chonggqing. The development of the
urban economy has led to an expansion in population and urbanization that may affect
the long-term temperature of the city. Accordingly, the Mann-Kendall test shows that the
rising trend of temperature in urban areas increased significantly during this period. The
positive trend in annual mean temperature in urban areas is statistically significant after
2013, with the abrupt change starting in 2006. Meanwhile, the temperature and warming
rates in rural areas are significantly lower than those in urban areas.

The growth trend of the annual UHIIyean in Chongqing during the study period is
about 1.4 °C/century. The annual UHIlnean can reach up to 1.5 °C. Compared with other
seasons, UHIInean in Chongging is stronger in summer, at about 1.67 °C, and weaker
in autumn and winter. Yao et al. [54] found that the maximum UHII in Chongqing can
be as high as 2.5 °C by numerical simulation, considering that UHII values vary in the
same city depending on measurement time and methods, and also vary from city to city
depending on the level of development and climatic conditions. The UHIIean in other
regions are shown in Table 9. Although the time series of these studies are different, we
can have an overview of the UHII in other regions. It also can be seen that the UHIlnean in
Chonggqing is higher than that in other southern cities of China, but much lower than that in
northern cities. Moreover, with the Chinese reform process and urbanization, the seasonal
and interannual UHIInean and nighttime UHII show statistically significant and gradual
increases after the 1980s (no abrupt change), which implies that urbanization has a greater
effect on UHIInean and nighttime UHIL, and UHII responds more rapidly to urbanization
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than temperature. In addition, the reasons for the dramatic change in UHII in 2015 were
not analyzed, which is a limitation of this study.

Table 9. Annual UHIIean of several cities (°C).

City Population Annual UHII yean
Beijing [56] 2188.6 x 10* 1.81
Xi’an (Shaanxi Province) [57] 1316.30 x 10* 1.47
Shanghai [58] 2489.43 x 10% 0.99
Nanjing (Jiangsu Province) [48] 942.34 x10* 1.1
Seoul (Korea) [59] 949.69 x1 0% 1.3
Tokyo (Japan) [60] 1394.3 x 10% 24

UHII is mainly related to weather conditions and urban morphology. Many studies
showed the influence of weather conditions on UHIL it is higher in calm and clear weather,
while lower or even disappears in cloudy and windy weather [61]. UHII is inversely pro-
portional to cloud cover and wind speed [62,63]. However, this paper mainly studies the
correlation between UHII and urbanization factors. Four indicators closely related to urban-
ization development and UHII are selected for PCA to form a comprehensive urbanization
index and a comprehensive UHII index. The relationship between Urbanization Factors
and UHII is analyzed; as shown in Figure 11, UHII in Chonggqing is currently in a phase
of rapid increase with urbanization factors. In the meantime, UHII reached a coordinated
development stage in northwest China where it has declined with urbanization. However,
the UHII in Chongqing has not yet reached its peak. Therefore, in Chongqing, we cannot
assume for now that the UHI effect will be solved naturally with urban development; policy
guidance and social intervention are very necessary.

Continued exposure to the effects of UHI could have serious impacts on the residents’
health, urban economy, and social development. We can propose mitigation measures
according to the urban characteristics and the changes of UHII in Chonggqing, such as
planning ventilation corridors, especially in riverside areas [64]; suitable tree species (e.g.,
camphor) can be selected to strengthen belt greening and extend to surrounding buildings
to form three-dimensional greening [65,66]; accelerating the construction of the sponge
city; adjusting the landscape water volume in each season [67]; and utilizing natural cold
sources, such as the Jialing River and the Yangtze River [68,69].

5. Conclusions

Compared with other cities in China, Chongqing has a unique track of urbanization
and economic growth, thus providing a unique opportunity to better understand the
temporal variability of temperature and UHL. In this paper, the daily temperature data
from two meteorological stations from 1959 to 2018 are analyzed to explore the interannual
and seasonal variation characteristics of temperature and UHI in Chongqing using the
least-squares method and the Mann-Kendall test. In addition, the quantitative relationship
between urbanization factors and the UHI is studied using grey relational analysis and
principal component analysis. The conclusions are as follows:

1.  The temperatures in urban and rural areas of Chongqing show a noticeable increasing
trend after 1985, and the warming rate in urban areas (4 °C/century) is higher than
that in rural areas (2.7 °C/century) due to urbanization. During the study period, the
warming rates are higher in spring and summer in urban and rural areas. Using the
Mann-Kendall test, it is shown that with the rapid urbanization of Chongqing in the
21st century, the temperatures in urban and rural areas experienced abrupt changes
during this period. The annual mean temperature and annual mean daily minimum
temperature in urban areas show a statistically significant positive trend after 2013
and 2003, respectively. The mean daily minimum temperature for all seasons and the
mean temperature in autumn in urban areas show a significant upward trend, while
the temperature trends in rural areas are not significant.
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2. The statistically significant upward trends of UHIIiyean and UHIl i, in Chongqing are
progressive with urbanization. During the study period, UHII increased at most from
0.1 °C to 1.5 °C. The growth rate of UHIlnean is stronger in summer (1.6 °C/century)
and weaker in winter (1.3 °C/century). Whereas the growth rate of UHII;;, is
stronger in autumn (1.7 °C/century) and weaker in spring (1.4 °C/century). The
Mann-Kendall test for UHII,ax shows a non-significant decreasing trend, and the
slightly increasing rate (0.5 °C/century) in the linear trend may be attributed to the
sharp increase in temperature in urban areas of Chongqing in 2015. The nighttime
UHII during the study period is much stronger than the daytime UHII in all seasons,
and this difference is larger in summer and autumn.

3. UHllmean, UHIImax, and UHIl;, are proved to be related to urbanization factors
and more related to urban resident population using GRA. The comprehensive UHII
index and the comprehensive urbanization index are constructed using PCA and a
tertiary regression model is established. The curve obtained by the model shows that
although the relationship between UHI and urbanization factors is not simply linear,
and UHII in Chonggqing is currently in a phase of rapid increase with urbanization
factors. It is necessary to accelerate the implementation of effective urban ecological
construction strategies.

4. The limited number of long-term meteorological stations in Chongqing introduces
some limitations to this paper, and other methods can be used in the future to im-
prove the comprehension of the changing characteristics of UHII in Chongging. This
paper explores the quantitative relationship between UHI and urbanization factors,
but a comprehensive analysis of the reasons for the change in UHI with urbaniza-
tion factors is not provided. Meanwhile, UHII is not only related to urbanization
factors, but weather conditions also influence daily UHII. A more in-depth and de-
tailed study can be conducted in the future, which will help to make targeted urban
planning recommendations.
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