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Abstract: At present, conflicts between urban development and the climate environment are becom-
ing increasingly apparent under rapid urbanization in China. Revealing the dynamic mechanism and
controlling factors of the urban outdoor thermal environment is the necessary theoretical preparation
for regulating and improving the urban climate environment. Taking Hangzhou as an example
and based on the local climate zones classification system, we investigated the effects of land cover
composition and structure on temperature variability at the local scale. The measurement campaign
was conducted within four local climate zones (LCZ 2, 4, 5, and LCZ 9) during 7 days in the summer
of 2018. The results showed that the temperature difference within the respective LCZ was always
below 1.1 °C and the mean temperature difference between LCZs caused by different surface physical
properties was as high as 1.6 °C at night. Among four LCZs, LCZ 2 was always the hottest, and LCZ 9
was the coolest at night. In particular, the percentage of pervious surface was the most important land
cover feature in explaining the air temperature difference. For both daytime and nighttime, increasing
the percentage of pervious surface as well as decreasing the percentage of impervious surface and
the percentage of building surface could lower the local temperature, with the strongest influence
radius range from 120 m to 150 m. Besides, the temperature increased with the SVF increased at day
and opposite at night.

Keywords: urban heat island; local climate zones; air temperature; land cover composition; sky
view factor

1. Introduction

A distinct characteristic of the urban climate is the urban heat island (UHI), which
refers to the phenomenon that air/surface temperatures in urban areas are higher than
that in the surrounding rural areas due to urbanization [1]. The UHI effect has been
widely observed in big-, medium-, and small-sized cities in the world, regardless of their
latitude, location, topography, and environment, and the intensity of UHI increases with
the development of cities [2—4]. The higher temperature caused by UHI not only affects the
living environment and health of city residents, but also increases energy consumption and
consequently increases the emission of pollutants and greenhouse gases [5-9]. With global
warming and a new round of urbanization, the UHI will affect a larger number of urban
dwellers [10]. Therefore, it is of great significance to study the main influencing factors of
the UHI effect for improving the urban thermal environment and urban livability.

The urban air temperature is influenced by the urban land cover features, which has
long been recognized by urban climatologists in practice. The relationship between air
temperature and land cover composition is one of the key issues in urban climate research.
A number of studies have reported that vegetation and some other types of land cover,
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such as built-up surface, impervious surface, and water body, substantially affect intra-
urban air temperature distributions and urban heat island intensity [11-14]. Higher air
temperatures usually result from higher building densities, increased impervious surface,
and reduced permeable natural vegetation covers [15,16]. Yan et al. [17], for example, found
that land cover features have a great influence on the magnitude and spatial characteristic
of the urban air temperature variations. Increasing the amount of greenspace can be
an effective means to decrease air temperature, while the increase of building surface
would significantly increase it. In Xi’an, a similar result was observed by Xu et al. [18], an
indication that around 66% of the urban air temperature variability could be explained
by the building footprint ratio and that approximately 50% of the intra-urban heat island
intensity variability could be explained by the green land cover.

In addition to the land cover composition, the three-dimensional geometric structure
of the land cover also has an impact on the urban outdoor thermal environment. The urban
land cover structure largely determines air flow, solar radiation, and long-wave radiation
of the ground, so that the climate of the urban canopy becomes extremely complex [19-21].
An important measure of the structural characteristics of the urban underlying surface is
the sky view factor (SVF), which refers to the fraction of the overlying hemisphere occupied
by the sky [22]. Lots of studies have shown that SVF has a great influence on the intra-urban
air temperature as well as the intensity and spatial pattern of UHI [23-25].

However, there are various types of land use in our cities, forming different urban
forms and underlying surface types. Therefore, the primary task of studying the urban
heat island problem is dividing urban surface types reasonably. The local climate zone
(LCZ) classification system developed by Stewart and Oke [26], which aims at facilitating
consistent relevant classifications of urban areas for air temperature measurements, explic-
itly assigns specific classes to areas of similar land cover features and provides a proper
framework for fully understanding local-scale climate studies. The LCZ classification
system comprises 17 classes of area at the local scale by certain standards. Each class is
based on several surface structure, morphological, and anthropogenic parameters. The
applicability of the LCZ classification system for different urban climate study domains
has been well established by various researchers. In most of these studies, which included
both fixed and mobile methods, data were collected in calm and clear conditions [27-33].
The effectiveness and universality of this classification system was verified in multiple
cities by field measurements and temperature simulations. Leconte et al. [34] found that
the classification of local climate zones can be properly used for elementary information of
neighborhoods around the climate station. Geleti¢ et al. [35] analyzed the differences of
land surface air temperatures in several European cities based on the LCZ theory using
traverse measurements.

Different LCZs have general temperature patterns, and some researchers have con-
firmed that thermal contrasts between day and night exist among all LCZs. Such contrasts
are governed primarily by the pervious surface fraction, street aspect ratio, tree canopy
coverage, and soil wetness [30,36-38]. According to a simulation of different LCZs during
both day and night, the LCZ 1 (compact high-rise), which showed a higher nocturnal
temperature than other LCZs, has the lowest temperature difference between day and
night, and LCZ D has the highest temperature difference [26,34]. Additionally, LCZ 1 has a
lower diurnal temperature than other LCZs and has a diurnal cool island effect. Moreover,
the same LCZs within a city have similar temperature conditions [34].

However, most of the existing field monitoring research of the LCZ scheme has been
conducted from cites in North America and Europe. These cities are very different from
the cities of China in terms of city size, land cover features, and climate characteristics.
We chose a residential zone as the study area, which is one of the important daily living
environments for urban residents. Besides, considering the influence of heat events in
summer, we chose the summer condition as our study season. This study aimed to provide
insights into this subject by focusing on the quantitative relationship between the land
cover features and air temperature of several LCZ classes in Hangzhou, China. Specifically,
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we aimed to elucidate: (1) How large is the air temperature differences between each LCZ,
as well as within the respective environment; and (2) how do the land cover composition
and structure features differentially contribute to explaining the air temperature difference?

2. Methodology
2.1. Study Area

Hangzhou, the capital of Zhejiang Province, is located in the east of China. The study
was conducted in Lin’an district (30°23’ N, 119°72’ E) located in the west of Hangzhou
(Figure 1). According to Koppern—Geiger climate classification, the climate of Lin’an is
Cfa (C: Mild temperate, f: Fully humid, a: Hot summer) [39,40]. It has a subtropical
monsoon climate characterized by hot summers and cold winters with an annual mean
air temperature of 16.2 °C (1981-2010). July is the warmest month with an average air
temperature of about 28.9 °C, while January is the coolest month with an average air
temperature of about 4.6 °C. As one of the central cities in the Yangtze River Delta Economic
Circle, urban space has expanded fast with the rapid economic development of Hangzhou.
Along with the change of land use and land cover, the urban thermal environment has also
changed. In recent years, the summer high temperature in Hangzhou has been extremely
obvious. The urban heat island effect has further aggravated the high-temperature weather,
leading to deterioration of the urban thermal environment.

Figure 1. Location of the study area and measurement points.

The measurements were performed in the downtown of Lin’an district, which can
be seen as a typical area urbanizing rapidly in Hangzhou. The LCZ classification of
Lin’an was based on field surveys and calculations from aerial photographs. Based on
the classification results of the LCZ, we chose four types of different landscape areas with
various underlying land cover surfaces, including three residential areas and one university
since they represent the most prevalent LCZs in Lin’an (Table 1). According to the LCZ
classification standards [26], Ping Shan Xin Cun (PSXC) can be classified as LCZ 2 (compact
midrise), Zhu Jing Hua Yuan (ZJHY) can be classified as LCZ 4 (open high-rise), Lin Shui
Shan Ju (LSS]) can be classified as LCZ 5 (open midrise), and the Zhejiang Agriculture
and Forestry University (ZAFU) can be classified as LCZ 9 (sparsely built). We selected
5 measurement points in each LCZs, resulting in 20 points in total (Figure 1).
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2.2. Field Measurements

We used mobile methods to conduct air temperature measurement in each local
climate zone on 7 typical days during the summer of 2018 (15t to 27 June, clear and
smooth day with minimum cloud and wind speed was less than 3 m/s). On each day,
measurements were conducted at 14:00 (daytime) and 21:00 (nighttime) along a fixed route
with a distance of 7.1 km, and each measurement lasted about 1 h. During the study period,
the maximum and minimum air temperatures were 37.1 and 23.8 °C, respectively, within
the study area.

Table 1. Landscape parameters of each study site.

Site LCZ

Built Types Area (haz) MBH (m)

Land Cover Composition (%)

PerPS PerIS PerBS

Plant Species

PSXC LCZ2

Osmanthus fragrans

ﬁ 12.7 14 . 17.87 41.31 40.82
Iris tectorum

ZJHY LCZ 4

. Liriodendron chinense
' ' 14.6 27 Ginkgo biloba 38.52 33.76 27.72
o

Cinnamomum camphora

LSsJ LCZ5

ZAFU LCZ9

# :J Magnolia grandiflora
i 10.9 15 Ginkgo biloba 42.14 27.32 30.54
wyy Prunus mume
s 5 L) Ginkgo biloba
LN 16.0 12 Michelia chapensis 60.29 26.89 12.82
L Magnolia grandiflora

Note: MBH, PerPS, PerIS, and PerBS refer to the mean building height, the percentage of pervious surface, the percentage of impervious
surface, and the percentage of building surface, respectively.

Air temperatures were measured by thermistor temperature sensors (TES-1365, sensor
accuracy: air temperature £0.5 °C, relative humidity +3—5%) connected to a data logger
shaded with a radiation shield. The instrument was mounted onto the front of an electro-
mobile (15 km/h) at 1.5 m above ground. The instant information, including latitude,
longitude, and time, was recorded by a GPS travel recorder (Holux M-241A). The HOBO
weather station used for fixed measurements was installed in each LCZ region. These
data were mainly used to correct the data of mobile measurements because the mobile
measurements at different points were not instantaneous.

2.3. Land Cover Parameters Measurement and Calculation

Considering the potential effects of land cover on urban temperatures, we selected
two categories of land cover parameters, including land cover composition and structure,
to measure the characteristics of the local environments (Figure 2). Land cover composition
includes the percentage of pervious surface (PerPS), percentage of impervious surface
(PerIS), and percentage of built-up surface (PerBS). The sky view factor (SVF) was used to
quantify land cover structure.

We used satellite photos downloaded from Google Maps (18 May 2017) to evaluate
the land cover features in the measurement area. According to previous research, the air
temperature in an urban site is mainly affected by its surrounding land cover within a few
hundred meters [41,42]. Thus, we chose buffer zones with radii of 15, 30, 60, 90, 120, 150,
and 180 m in our study. By drawing corresponding areas on the aerial photographs with
AutoCAD 2018 and on-site investigation, we calculated the percentages of vegetation cover,
impervious area, and build-up area for each site (Figure 2b). The SVF images were taken by
a Sigma 8 mm circular fisheye lens coupled to a Cannon EOS 6D Mark II (Canon Inc., Japan)
digital camera (Figure 2c). Then, we used RayMan1.2 software for the SVF calculation.
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2.4. Data Analysis

We first calculated the average air temperature of four study areas as the mean
temperature of each time. For each LCZ, the air temperature differences were calculated
as follows:

Air temperature difference (°C):

dAT = Twt — Ta t 1)

where w represents the average air temperature of 7 days in one site (°C); t represents the
time of day, including daytime and nighttime; and a represents the average air temperature
in the four sites. Positive or negative dAT indicates whether the site was a hot or cold spot,
respectively. A one-way ANOVA F-test (p < 0.05) was performed to compare the mean air
temperature (AT) among LCZs at both day and night. Then, we analyzed the relationship
between the air temperature and the percentage of pervious surface, the percentage of
impervious surface, and the percentage of building surface and the SVF by a simple linear
regression in different time and radius.

Figure 2. Landscape features of one measurement point (Z]1). (a) Site photograph, (b) land cover features in the buffer

zone, and (c) fish-eye photograph.

3. Results
3.1. Thermal Performance within and between Different LCZs

The temperature distribution patterns of different local climate zones in the afternoon
and night are presented in Figure 3. Within each local climate zone, in the afternoon, the
intra-LCZ differentiation of the air temperature ranged from 0.4 °C (LCZ 5 and 9) to 1.1 °C
(LCZ 4). Additionally, the air temperature difference ranged from 0.3 (LCZ 5) to 1.0 °C
(LCZ 9) in the nighttime.

Figure 4 shows the mean temperature of all measured days in different local climate
zones. It can easily be seen that inter-LCZ differentiation of the air temperature was
obvious. In the daytime, the microscale variability in AT between PSXC (LCZ 2) and ZJHY
(LCZ 4) was 0.8 °C. The order of LCZ temperature was LCZ 2 > 5> 9 > 4. The dAT in site
ZJHY (LCZ 4) was always below zero; however, the dAT in site PSXC (LCZ 2) was always
above zero. While site PSXC was usually the hottest spot during the day, site ZJHY was
shown to be the daytime cold spot. During the night, the temperature contrast between
PSXC (LCZ 2) and ZAFU (LCZ 9) was as high as 1.6 °C. The order of LCZ temperatures
was LCZ 2 >4 > 5> 9. The dAT in site ZAFU (LCZ 9) was always below zero; however,
the dATs in site PSXC (LCZ 2) and ZJHY (LCZ 4) were always above zero. Regarding all
measurement days, the thermal contrast of LCZs during the daytime was larger than that
at nighttime.

The one-way ANOVA F-test (p < 0.05) results showed that the mean ATs among LCZ
at each time of day had significant differences. Specifically, in the daytime, the mean ATs
between PSXC (LCZ 2) and all the other LCZs were significant in all mobile measurements,
but the mean ATs between ZJHY (LCZ 4), LSS] (LCZ 5), and ZAFU (LCZ 9) were not
significant. In the nighttime, the mean ATs between PSXC (LCZ 2) and other LCZs were
significant in most cases.
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In terms of the order of LCZs at different times, it is worth noting that LCZ 2 always
had the highest temperature. This is probably because the percentage of impervious surface
of LCZ 2 was higher than the others (Table 1). The ATs of LCZ 4 were much similar to LCZ
5 in our study. Additionally, LCZ 9 always had the lowest temperature in the nighttime
between the four LCZs due to the high percentage of pervious surface and the high sky
view factor value.

3.2. The Relationship between Air Temperature and Land Cover Composition

Each LCZ is individually different from each other in land cover composition, which
has a different effect on the outdoor thermal performance. Figure 5 shows the degree
of correlation of AT during the two periods of the day with a pervious surface fraction
at various spatial extent scales. During the day, PerPS was mainly negatively correlated
with AT. During the daytime, there was a weak correlation for the 60 m radius (R? = 0.328,
p < 0.01), while the correlation was significant for the 30 m to 60 m radius. In the nighttime,
AT was strongly correlated with PerPS at the spatial scale of 60 m to 180 m in radius.
Additionally, the greatest correlation was in the 120 m radius (R? = 0.807, p < 0.01). Every
10% increase in the PerPS decreased AT by 0.245 °C in the night when the buffer radius
was 120 m.

Figure 6 shows the correlation of AT during two periods in a day with an impervious
surface fraction. During the two time periods of the day, PerIS was mainly correlated
positively with AT. During the nighttime, the strongest correlation was in the 150 m radius
(R? =0.587, p < 0.01), while in a radius of 60 m to 180 m, the correlations were all significant.
Every 10% increase in PerlS increased the AT by 0.107 °C in the nighttime when the buffer
radius was 150 m. However, the strongest correlation in the daytime was not significant
even in the 60 m radius (R? = 0.121, p = 0.133).

Figure 3. The mean air temperature (°C) in each LCZ at different times: (a) daytime, (b) nighttime.

Figure 7 shows the correlation of AT during the two periods of the day with a building
surface fraction. During the two periods of the day, PerBS mainly correlated positively with
AT. In the daytime, the greatest correlation was in the 30 m radius (R? =0.293, p < 0.05),
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while in the 30 m to 90 m radius, the correlations were all significant. During the nighttime,
the strongest correlation was in the 120 m radius (R2 =0.696, p < 0.01), while in the 30 m to
180 m radius, the correlations were all significant. Every 10% increase in PerBS increased
AT by 0.157 °C in the evening when the buffer radius was 120 m.
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Figure 4. The box plots of the air temperature in each LCZ at different times. (a) Daytime, (b) night-
time. The bulging dots in the middle illustrate the median values.
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Figure 5. Relationships between air temperature and the percentage of pervious surface in dif-
feren radii.

The correlation between the land cover composition features and outdoor thermal
performance showed the different contributions of these three factors to the air temperature
contrasts. In particular, PerPS was the most important land cover composition in explaining
the air temperature contrast, followed by PerBS and the PerIS. In this case, the assumption
that LCZ 9, which has a high PerPS, would be the cool one in four LCZs during the night is
consistent with the actual measurement result.

3.3. The Relationship between Air Temperature and Land Cover Structure

Each LCZ has a specific interval of SVF and aspect ratio, and different structural
characteristics have an impact on the urban outdoor thermal environment. During the
daytime in summer, the correlation between AT and SVF was positive, and it became
negative during the night (Figure 8). However, there was no significant relationship
between AT and SVF both in the daytime (R? = 0.003, p = 0.814) and in the nighttime
(R? =0.130, p = 0.118).
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Figure 8. Relationships between the air temperature and sky view factor at different times.

4. Discussion
4.1. Thermal Performance of Different LCZs

It has been widely confirmed that spatial diversity could influence the outdoor thermal
environment in many cities [43—46]. The results of our study indicated that all tested LCZ
classes exhibited a temperature difference in summer [47]. The maximum air temperature
contrast (1.6 °C) during the summer night was larger than during the day (0.8 °C). This
was similar to the results of many previous UHI and LCZ studies conducted in different
cities. The result that the spatial variability of AT within the respective LCZ was always
lower than the differences between each LCZ confirms the application of the LCZ concept.

According to the LCZ theory, thermal contrasts are driven largely by building geome-
try and land cover under ideal conditions, which are calm and cloudless [26]. Contrasts
between classes with significant differences in surface physical properties exceeded 5 °C,
whereas contrasts between classes with fewer physical differences were less than 2 °C
in Uppsala, Nagano, and Vancouver [48]. In particular, our results indicated that during
the hot summer night, the temperature contrast between LCZ 2 and LCZ 9 was as high
as 1.6 °C. Th season might be the reason why the temperature contrast of our measure-
ment was not close to 5 °C. Winter was hypothesized to be the season with the highest
temperature contrasts in Beijing, China [42]. Gal et al. [49] found that the order of LCZ tem-
perature varied with seasons, and the results of Thomas et al. [30] indicated that pre-dawn
UHI intensity in winter was stronger than that in summer. Additionally, the temperature
contrasts between LCZ 4 and LCZ 5, which had fewer physical differences than the other
sites, did not exceed 1.1 and 0.7 °C, respectively, at the two different times of the day.
Nevertheless, comparing LCZ temperature contrasts across all of the studies seemed to
be difficult because of the various sample sizes. Ordering the LCZs by temperature was
thought to be more valuable [33].

Generally, LCZ 1 or 2 had the highest nocturnal temperature [50]. However, LCZ
1 was not involved in the present study. AT of PSXC (LCZ 2) was the highest of all the
LCZs in all mobile measurement campaigns, which was consistent with the studies of
Lehnert et al. [33]. In agreement with the assumption of Stewart and Oke [26], the nocturnal
temperatures of LSS], classified as LCZ 5, were, on average, lower than that of PSXC (LCZ 2).
Similarly, LCZ 2 had higher nocturnal AT than LCZ 5 in Dublin and Nancy [28,34]. In
addition, the ATs of site ZJHY (LCZ 4) were approximate to LCZ 5 because of the similar
surface physical properties. The results of the present study showed that ZAFU (LCZ 9)
was always the coolest built types of LCZs at night, which agrees with the findings in the
reviewed papers [33,51].

According to the LCZ classification, other factors influencing the temperature in urban
areas (such as elevation, altitude, terrain morphology, general climatic conditions) are not
included in the LCZ concept [26]. It is worth noting that some studies revealed that the AT
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measured within a certain LCZ may be influenced by its internal structure, position within
(or beyond) the city, microclimatic effects, or pattern of circulation systems [29,34,46,52].
Besides, due to the existence of a buffer of mutually permeating types [33], the tempera-
ture might be influenced by the boundary between each LCZ, and its surroundings may
be fuzzy.

4.2. Effects of Land Cover Features on Outdoor Thermal Performance

Temperature differences and distribution patterns in cities are mainly due to the
thermal properties and energy balance of different underlying surfaces, which leads to
the difference of AT near the ground [53]. Additionally, the influence of the underlying
surface composition on the urban environmental temperature has been widely verified.
In the present study, the observed AT significantly decreased when the PerPS increased
during the summer nighttime, and the strongest effect radius was 120 m. However, during
the daytime, AT decreased with PerPS in a radius of 30 to 60 m.

According to the theory put forward by Oke [54], the three main factors of urban
heat energy balance are anthropogenic heat, latent heat, and sensible heat. Summer is the
growing season of vegetation. During the daytime, vegetative cover mainly cools down
the temperature in two ways [55-57]. First, the solar radiation absorbed by vegetation is
partitioned into latent heat rather than sensible heat, reducing the solar radiation energy,
which should be absorbed by the atmosphere. Second, the underlying surface receives less
solar radiation because of the vegetation barrier. In this way, higher PerPS leads to lower
AT. The shade provided by trees during the daytime produces an effect on a small scale.
During the nighttime, the natural surface has a faster cooling rate than the artificial one, so
site ZAFU (LCZ 9), which was covered by bush and trees, was the coldest spot with an AT
lower than the average temperature.

However, an increase in PerIS would significantly increase AT. During the daytime,
the solar radiation absorbed by the impervious surface is partitioned into sensible heat,
resulting in a fast rise of AT. Lin et al. [58] showed that the surface temperature differ-
ence between pavements and vegetation at around midday could reach 10 °C. At night,
the higher heat capacity of the artificial impervious surface slowed cooling. Consistent
with PerIS, the increase in PerBS would significantly increase AT. Besides, the increased
building cover meant an increase of anthropogenic heat production, such as space heating,
industrial operations, and automobile use. When it came to 14:00 in the afternoon, the
temperature was the highest in one day. Additionally, the buildings became a big heat
source, which released long-wave radiation. In the evening, the high building density
and poor ventilation were not conducive to outward diffusion of heat. On a large scale
in the study (in 60 to 180 m radius), AT increased with the increase of building coverage.
In the evening, PSXC (LCZ 2), which was covered by the highest percentage of artificial
surface, including PerIS and PerBS of all the LCZ types, always had ATs higher than the
average temperature.

The increase of SVF made the increase of the radiation reception during the daytime
and increased AT, while the increase of the out-going long-wave radiation during the
nighttime decreased AT [59]. In our study, AT increased with the increase of SVF during
the daytime, while a contrary tendency was observed during nighttime. We found no
significant relationship between AT and SVF during both daytime and nighttime. One of the
reasons that may explain the results was the position of visible sky [60]. Besides, we found
that when testing the effects of SVF on air temperature, it is important to control for the
potential effects from other landscape variables, particularly the land cover composition.

In conclusion, we found that AT was comprehensively influenced by the land coverage
characteristics and urban structure. The sky view factor was affected by both surrounding
buildings and trees. During the daytime, trees could decrease ATs by evaporation and the
provision of shade. However, buildings blocked long-wave radiation from the ground,
thus the remaining heat resulted in increased ATs [22].
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5. Conclusions

With the LCZ concept, the effects of land cover composition and structure on the ur-
ban thermal environment in the high population density city of Hangzhou in the summer
were investigated. The results showed that the maximum mean nighttime air temper-
ature difference was 1.6 °C. Furthermore, among the different LCZs, LCZs ordered by
temperature that showed significance were LCZ 2 > 5> 9 > 4 during the daytime, and
LCZ 2 >4 > 5> 9 during the nighttime. The land cover features differentially contributed
to the air temperature variability. On the one hand, the land cover composition could
change the urban environmental temperature by influencing the factors of urban heat
energy balance. Additionally, the most important landscape characteristic in explaining AT
in different situations was PerPS. During the summer daytime and nighttime, increasing
PerPS and decreasing PerlS and PerBS ameliorated the local thermal environment, with the
strongest influence radius ranging from 120 to 150 m. On the other hand, the land cover
structure feature was important in the absorption and loss of radiation. It was observed
that AT increased with SVF increasing in the day and the opposite was shown during
the night.

These results confirm that the LCZ concept can be applied to urban temperature
research. This kind of application will be beneficial to systematical and quantitative
exploration of AT in different kinds of LCZs, and to further predict the urban climate.
We suppose that a landscape design balancing the controllable land cover composition,
such as adequate pervious surface, reasonable impervious surface, and building surface
fraction in a certain range, should be taken into consideration to improve the urban
thermal environment.
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