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Abstract: The deterioration of the urban thermal environment has seriously affected the quality of life
of urban residents, and studying the optimal cooling landscape combination and configuration based
on local climate zones (LCZs) is crucial for mitigating the thermal environment. In this study, the
LCZ system was combined to analyze the spatial and temporal changes to the thermal environment
in the central area of Fuzhou, and the 159 blocks in the core area were selected to derive the optimal
LCZ combination and configuration. The conclusions are as follows: (1) From 2013 to 2021, the
building layout of the study area became more open and the building height gradually increased.
The high-temperature areas were mainly clustered in the core area; (2) The LSTs for low-rise buildings
(LCZ 3 (41.67 °C), LCZ 7 (40.10 °C), LCZ 8 (42.61 °C), and LCZ 10 (41.85 °C)) were higher than the
LSTs for high-rise buildings (LCZ 1 (38.58 °C) and LCZ 4 (38.50 °C)); (3) The thermal contribution
index for low building types was higher for dense buildings (LCZ 3 (0.4331), LCZ 8 (0.3149), and
LCZ 10 (0.2325)) than for open buildings (LCZ 6 (0.0247) and LCZ 9 (0.0317)); (4) Blocks with an
average LST of 36 °C had the most cost-effective cooling, and the combination and configuration of
LCZs within such blocks were optimal. Our results can be used to better guide urban planners in
managing LCZ combinations and configurations within blocks (the smallest planning unit) at an
earlier phase of thermal environment design, and for appropriately adapting existing block layouts,
providing a new perspective on urban thermal environment research with important implications for

climate-friendly city and neighborhood planning.

Keywords: local climate zones; land surface temperature; thermal contribution; landscape composition;
landscape configuration

1. Introduction

Against the dual background of global warming [1] and rapid urbanization, the grad-
ual deterioration of the urban thermal environment has become a prominent feature of
the modern urban climate [2—4]. The urban heat island (UHI) effect, which is defined as
a temperature phenomenon caused by rapid urbanization and industrialization, is the
concentrated response and manifestation of the deterioration of the urban thermal environ-
ment whereby temperatures in urban areas are higher than those in the surrounding rural
areas, creating a phenomenon similar to a heat island [5,6]. Rapid urbanization has directly
led to reductions in urban subsurface albedo, vegetation cover, and evapotranspiration, as
well as a significant increase in anthropogenic waste heat emissions, which are key factors
in the formation of the UHI [7-10].

The land surface temperature (LST) is a central parameter in the study of the urban
thermal environment [7]. The land cover type of the urban surface is significantly correlated
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with the LST [11,12]. Previous studies have shown that increases in blue-green spaces such
as vegetation and water bodies can reduce the LST [13,14], while increases in impervious
surfaces such as built-up land and bare ground can increase the LST [12,15]. However, the
area of blue-green space left in the city is very limited, so it is difficult to cool down by
directly increasing it. Many studies have examined the relationship between the spatial
configuration of land cover patches and the LST, and the results suggest that the LST
can be reduced by optimizing the spatial configuration of land cover types to mitigate
UHIs [16-18]. Arijit Das studied the impact of the spatial composition and structure of the
impervious surface (IS), green space (GS), and blue space (BS) on the thermal environment
from multiple geospatial and statistical perspectives [19]. Jinyao Lin used morphological
spatial pattern analysis to spatially visualize various land use elements from the perspective
of mathematical morphology, explored the influence of the spatial pattern of built-up areas
on urban surface heat islands, and determined the correlation between the intensity of
SUHIs in the study area and the proportions of the core, fringe, bridge, and small islands
of the built-up area [20]. These studies do not consider additional landscape indices,
landscape types, and spatial metrics at the landscape level, and urban planning still lacks
a comprehensive integration of urban climate elements. Despite many studies exploring
the relationship between the urban heat island effect and landscape assemblages and
configurations, a range of landscape metrics and spatial patterns of temperature change
cannot be integrated with urban planning factors, leading to difficulties in practically
guiding the planning of thermally adapted cities [21,22].

The effective implementation of UHI mitigation strategies remains challenging due
to professional barriers between the planning and meteorological disciplines and the lack
of comprehensive integration of urban climate elements in urban planning [18,23]. There
are no criteria for the selection of study sites, and the combination and configuration
of land cover types cannot be analogized between different cities, which has prevented
researchers from providing a scientific and in-depth explanation of the relationship between
urban planning and design factors and temperature [24,25]. The Local Climate Zone (LCZ)
system effectively distinguishes the thermal characteristics of different urban buildings
based on their surface structures, materials, and land cover types [5,26]. Clear definitions
and classification criteria for each LCZ type can be applied to analyze and compare urban
heat islands worldwide [27]. The LCZ system can further quantify the link between the
urban fabric and the thermal environment, providing an effective way to break down
the language barrier between urban climate and urban planning [24,28,29]. More than
130 cities worldwide have studied the classification of UHIs based on the LCZ system [30].
The LCZ system has become a common classification system and research method for
urban thermal environment researchers and urban planners [31].

However, the LCZ is underused as a standardized system for breaking down the
barriers of urban planning and urban climate language [21,32,33], and studies examining
the composition and configuration of landscapes based on LCZ systems have received less
attention. Optimal cooling LCZ compositions and configurations have not been explored,
which limits the ability to make concrete recommendations for actionable planning and
management [27,34].

This study analyzes the spatial and temporal changes in the thermal environment
in the central urban area of Fuzhou from 2013 to 2021 based on the LCZ classification.
The road network is used to divide the study area into different subdistrict blocks, and
159 blocks in the core area are selected to further explore the optimal LCZ combinations
and configurations. We discuss and analyze the following issues: (1) the spatial and
temporal changes of LCZs and the thermal environment in the central city of Fuzhou from
2013 to 2021; (2) the cooling/warming effects of LCZ combination types; (3) the thermal
contributions of LCZ types; (4) ways in which the combination and configuration of LCZ
types in a neighborhood affect heating and cooling; and (5) optimal LCZ combinations
and configurations. This study proposes for the first time the most cost-effective LCZ
combinations and configurations for cooling in the core area blocks of Fuzhou's central city,
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which can be used as a reference for adjusting the spatial layout of high surface temperature
zones in the study area and practically alleviate the city’s heat island effect from the urban
planning point of view.

2. Materials and Methods
2.1. Study Area

Fuzhou is the capital of Fujian province, located in China’s eastern coastal region. It is
an important hub city connecting the inland with ASEAN and Taiwan, and an ecologically
livable riverside and coastal international metropolis (Figure 1a). Fuzhou is located within
an estuary basin surrounded by mountainous terrain with an elevation of 600-1000 m
(Figure 1b) [35]. With the rapid development of urbanization, Fuzhou has experienced
great changes in the urban surface and a significant urban heat island effect, becoming
the new “furnace city” in China [36]. In 2020, the number of high-temperature (>35 °C)
days in Fuzhou reached 87, and the number of extreme high-temperature (>40 °C) days
reached 3 [37]. While the central city has the most strategic position in the overall pattern
of land space in Fuzhou, it faces serious thermal environment problems [38]; therefore, mit-
igating the thermal environment by studying the optimal cooling landscape combinations
and configurations is worth investigating. Therefore, we refer to the central urban area in
the Fuzhou land and space master plan (2021-2035) as the study area, which covers an area
of about 2001 km? (Figure 1c).
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Figure 1. Location of the Fuzhou central urban area. (a) Location of Fuzhou in Fujian province;
(b) The elevation of Fuzhou and the boundary of the study area; and (c) Location of the Fuzhou
central urban area.

2.2. Data

We used the Landsat series of satellite remote sensing data downloaded from the web-
sites of the Chinese Academy of Sciences (https://www.gscloud.cn accessed on 1 October
2022). The selected image orbital number is 119/42, the cloud cover was less than 5%,
and the imaging time was summer (June~September) in Fuzhou city. Due to the weather
limitations, such as cloud cover and atmospheric pollution, 3 images were selected to
characterize the dynamics of LST and LCZ (Table 1).


https://www.gscloud.cn
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Table 1. Remote sensing data.
Time Sensor Cloud Cover (%) Usage
4 A t 2013
usus Landsat-8 OLI; LCZ classification
27 July 2016 Landsat-8 TIRS <> d LST retrieval
27 September 2021 andsat- an retrieva

In addition, high-resolution historical Google images and open street maps (https:
/ /www.openstreetmap.org/, accessed on 21 June 2023) were used as auxiliary tools to
extract training samples to obtain LCZ classification maps and divide blocks. Fuzhou land
and space master plan (2021-2035) (http:/ /www.fuzhou.gov.cn/, accessed on 10 June 2023)
were used to determine the vector boundaries of Fuzhou'’s central urban area. Fuzhou
city meteorological data (http://data.cma.cn/, accessed on 15 October 2022) were used to
validate the accuracy of the surface temperature inversion data.

2.3. Methods
2.3.1. LCZ Classification

LCZs refer to a classification system with 17 classes, including 10 building LCZ 1-10
sub-standard classes and 7 land cover LCZ A g sub-standard classes (Table 2) [24]. The
LCZ classification map is mainly used for a city or a specific research area, employing
satellite imagery [39-41] or GIS data [42—44] to generate a map to visualize the surface
morphology and local climate of the city. According to the different data sources and
analysis methods, there are three main methods of LCZ classification: manual sampling,
remote sensing, and vectors in the GIS environment [43]. Most previous studies have
used raster-based open source data and software such as the World Urban Database and
Access Portal Tools (WUDAPT, https://www.wudapt.org/, accessed on 10 June 2023)
to map LCZs [25,33,45-48]. Remote sensing provides a rapid and low-cost method of
LCZ classification using open source remote sensing images. To support this method, the
WUDAPT was developed to generate LCZ maps by analyzing satellite images with semi-
automated image classification algorithms [28,49,50]. In this study, an LCZ classification
map was constructed for the Fuzhou central urban area using WUDAPT [33], and following
five steps:

(1) Based on the region of interest (ROI), Landsat-8 images of Fuzhou's central urban
area from 2013, 2016, and 2021 that met the criteria of having less than 5% cloud
cover and being daytime images (i.e., 4 August 2013, 27 July 2016, 27 September
2021) were downloaded from the websites of the Chinese Academy of Sciences (https:
/ /www.gscloud.cn, accessed on 1 October 2022).

(2) These satellite images were preprocessed and resampled to 100 m from the original
30 m to represent the spectral signal of the local-scale urban structure instead of that
of smaller objects.

(3) The WUDAPT guidelines were followed to select training areas via Google Earth
(Table 2). More than ten training areas for each type of LCZ were digitized and evenly
distributed across the study area.

(4) Based on the Landsat-8 images and the training samples, an LCZ map of the study
area was generated using a random forest (RF) method in SAGA-GIS.

(5) A setof assessment points was generated to evaluate the accuracy of the LCZ mapping
results using overall accuracy (OA). To assess the accuracy of the LCZ classification,
the predicted and observed LCZ types for the selected points were compared and
evaluated using the error matrix or the so-called confusion matrix.
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Table 2. LCZ types and corresponding training samples in the Fuzhou central urban area.

LCZ 1 (compact high-rise) LCZ 2 (compact mid-rise) LCZ 3 (compact low-rise)

A

7 B

LCZ 5 (open mid-rise)

LCZ 10 (heavy industry)

LCZ B (scattered trees)

VY 7 %

RPN Y]
Vulet)

LCZ C (bush scrub)

LCZ D (low plants) LCZE (bare rock or paved)

1pA-91
P B B
l'"."' Rl
(S e ’

LCZ G (water)

2.3.2. LST Retrieval

Because of the diverse sources, the remote sensing data used to obtain the surface
temperature information inversion principle have certain differences [51]. At present,
domestic and foreign researchers propose a variety of inversion of surface temperature
algorithms according to the characteristics of different thermal infrared remote sensing
data [52,53]. These algorithms can be broadly categorized into three types: the single-
channel algorithm, multi-channel algorithm, and splitting window algorithm (split window
algorithm) [54]. The single-channel algorithm includes the radiative conduction equation
method (atmospheric correction method) [53].

In this paper, the radiative conduction equation method was used to perform surface
temperature inversion on the preprocessed Landsat-8 image.

2.3.3. Calculation of Contribution Metrics

Due to the fact that remote sensing images are acquired at different times, there may
be differences in temperature between months. Therefore, the contribution index (CI) was
used to compare the contribution degree of the thermal environment in different regions of
each LCZ in different years [55,56]. The calculation formula is as follows:

S,
CI = (LST; — LST) x gl 1)
where CI is the contribution index of the regions; i denotes the specific region; LST; is the
average temperature of the ith region; LST is the average surface temperature of the study
area; S; is the area of the ith region; and S is the total area of the study area. CI > 0 indicates
that the ith region contributes positively to the increase in surface temperature. Conversely,

CI < 0 indicates that area i contributes negatively to the increase in surface temperature.
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2.3.4. Correlation Analysis of LCZ and LST

Regression models can help us evaluate the relationship between two or more at-
tributes of a feature and are widely used to study the influencing factors of LSTs [22,57].
The ordinary least squares regression (OLS) and Spatial Lag Model (SEM) were used to
investigate the relationship between LSTs at the parcel level and the distribution of LCZ
combinations [58].

The OLS model is a common method for the statistical analysis of the interdependence
between dependent variables and explanatory variables and is a statistical regression model
with non-spatial attributes based on the assumption that each point of the dependent
variable is spatially independent [59]. It is calculated as follows:

vi =Y Brxik + o+ & )
k

where i represents the value of the sample-dependent variable at the ith point of the green
patch in each period; k denotes an explanatory variable with significant correlations; Sy
denotes the quantitative coefficient of the k-th explanatory variable; B represents a constant
term coefficient; ¢; denotes the residuals of the sample.

The SLM model expresses the meaning of a variable in a research unit in space, which
has a feedback effect on the same variable in other research units in the surrounding spatial
location. It is calculated as follows:

Y =pWY + XB+e ®G)

where Y represents an n x 1 vector as the dependent variable; n is the total number of
green patch samples in each period; p represents the spatial correlation coefficient; W is
the dependent variable spatial weight matrix of dimensions n x n; X is the n x k matrix of
independent variables; f is the explanatory variable coefficient of dimensions k x 1; and 8
represents the residuals of the sample.

3. Results
3.1. Characteristics of Spatial and Temporal Variations in LCZ Classification

Based on the LCZ classification process, we obtained the distribution of the 2013,
2016, and 2021 LCZs in Fuzhou's central urban area, as illustrated in Figure 2. The overall
accuracy of the LCZ classification for each year was 76.18% (Table S1), 64.50% (Table S2),
and 66.20% (Table S3), respectively.

(a) 2013 (b) 2016 (¢) 2021 N

M | Compact high-rise [l 4Open high-rise  [] 7.Lightweight low-rise [Ill 10.Heavy industry [l C.Bush serub [ F:Bare soil or sand
I 2. Compact mid-rise  [HI 5.0pen mid-rise [ 8.Large low-rise I A.Dense trees [ D.Low plants I G.Water

0 5 10 20 30 40
B 3.Compact low-rise  [I00] 6.0pen low-rise [ 1 9.Sparsely built B B Scattered trees M E Bare rock or paved [ =

Figure 2. LCZ classification map in the study area.

Combining the changes in the area of LCZ types (Table 3), it can be seen that the LCZs
in the study area changed significantly during the 8-year period. Among them, the area of
LCZ 4 increased by 131.96 km?, the most drastic change in number, with annual growth
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rates of 304.15%, 9.24%, and 172.54% in 2013-2016, 20162021, and 2013-2021, respectively.
In terms of building height, the areas of low-rise buildings such as LCZ 3, LCZ 6, LCZ 7,
and LCZ 8 all decreased, with decreases of 58.68, 3.65, 6.85, and 5.05 km?2, whereas the areas
of medium- and high-rise buildings such as LCZ 1, LCZ 2, LCZ 4, and LCZ 5 increased,
with increases of 7.18, 8.96, 131.96, and 29.43 km?2. Mid- and high-rise buildings replaced
some of the low-rise buildings as the predominant building type, indicating a gradual
increase in average building heights in the study area. In terms of building density, the
areas of dense buildings such as LCZ 1, LCZ 2, and LCZ 3 decreased by a total of 42.54 km?,
while the areas of open buildings such as LCZ 4, LCZ 5, and LCZ 6 increased by a total of
157.74 km?, with open buildings replacing some of the dense buildings, which indicates
that the layout of the buildings in the study area became more open.

Table 3. Changes in LCZ area in the study area from 2013 to 2021.

Area (km?) Change Area (km?2) Annual Rate of Change (%)
LCZ Type
2013 2016 2021 2013-2021 2013-2016 2016-2021 2013-2021

1 11.66 14.65 18.84 7.18 8.55 5.72 7.70

2 119.54 124.93 128.50 8.96 1.50 0.57 0.94
3 139.34 112.78 80.66 —58.68 —6.35 —5.70 —5.26
4 9.56 96.79 141.52 131.96 304.15 9.24 172.54

Built Types 5 25.35 47.70 54.78 29.43 29.39 2.97 14.51
6 21.91 17.04 18.26 —3.65 —7.41 1.43 —2.08
7 10.40 2.03 3.55 —6.85 —26.83 14.98 —8.23
8 25.02 14.61 19.97 —5.05 —13.87 7.34 —2.52
9 76.28 35.76 31.89 —44.39 —17.71 —2.16 —7.27

10 12.04 31.09 59.34 47.30 52.74 18.17 49.11
A 744 .4 714.88 699.04 —45.36 —1.32 —0.44 —0.76
B 145.27 110.31 112.38 —32.89 —8.02 0.38 —2.83

Land Use C 163.60 173.29 204.84 41.24 1.97 3.64 3.15
Types D 371.28 338.37 324.80 —46.48 —2.95 —0.80 —1.56
yp E 7.52 12.91 6.15 —1.37 23.89 —10.47 —2.28
F 34.65 71.67 20.14 —14.51 35.61 —14.38 —5.23
G 80.48 80.88 75.05 —5.43 0.17 —1.44 —-0.84

Among the land cover types, only LCZ C increased in area by 41.24 km?, while the
others decreased. Among them, LCZ A and LCZ D had the highest area percentages in the
study area and the highest reduction in area, with 45.36 and 46.48 km?, respectively, which
indicated that the increase in bush scrub was accompanied by a significant abatement
of dense trees. The overall decreases in LCZ E, LCZ F, and LCZ G were 1.37, 14.51, and
5.43 km?, respectively, with annual decreases of 2.28%, 5.23%, and 0.84%, respectively,
without much change.

3.2. Spatial-Temporal Variation Analysis of Temperature Based on LCZ Classification

We used weather station data to validate the LST retrieval results. The errors between
the atmospheric temperatures and the inversion temperatures in this study are all within
the acceptable range of 1 °C [60,61] (Table S4), so the temperatures obtained by the inversion
can be used to characterize the surface temperatures. By combining Figure 3 and Table 4,
it can be seen that the average and maximum surface temperatures in the central area
of Fuzhou showed a fluctuating trend of first increasing and then decreasing from 2013
to 2021. In addition, high-temperature zones were mainly clustered in the Fuzhou core
area (within the third ring of the road network). This area mainly consists of commercial
areas, industrial areas, residential areas, and pending construction sites with intensive
population activity.
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Figure 3. Changes in LCZ area in the study area from 2013 to 2021.

Table 4. LST statistics result.

LST (°O)
Year .. N .
Mean Minimum Maximum Standard Deviation
2013 32.30 21.23 51.16 4.638
2016 36.54 21.47 54.26 4.367
2021 31.26 21.77 51.16 3.986

To investigate the thermal environment characteristics of LCZ types, LSTs and box
plots of LCZ categories were obtained by means of the superposition analysis method
(Figure 4, Table 5). The results indicate that the LST distribution in the study area correlated
with the LCZ distribution [62]. In terms of LST differences among LCZ types, the highest
mean LSTs were found in low-rise buildings (LCZ 3 (41.67 °C), LCZ 7 (40.10 °C), LCZ 8
(42.61 °C), and LCZ 10 (41.85 °C)), while the lowest mean LSTs were found in sparsely built
areas (LCZ 9 (35.77 °C)), and lower mean LSTs were found in high-rise buildings (LCZ 1
(38.58 °C) and LCZ 4 (38.50 °C)). Among the land cover types, LCZ A (31.62 °C) and LCZ
G (30.58 °C) had the lowest mean LSTs, LCZ E (41.18 °C) and LCZ F (38.34 °C) had the
highest mean LSTs, and LCZ D also had a mean LST of 37.16 °C, which suggests that LCZ
D also had a significant effect on the increase in the LST.

2013 2016 2021
- T ] 55+ 55 F
1 i
+ ' 50+ 4 s 50 - :
| - -
! H
L : 45+ 45
i
L Sl Sal
7 &
r .I 35 35+
T . '
| i !
F 1 30 . 30 |
L : : ! I 5 25k 25k ! [ !
F 20 20
...................................................
12345678 910ABCDETFG 12345678 910ABCDETFG 12345678 910ABCDETFG
LCZ types LCZ types LCZ types

Figure 4. Box-plots of LST distributions in LCZ.
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Table 5. LST statistics of LCZ types.

LST (°C) LST (°C)
LCZ Build Types LCZ Land Cover Types

2013 2016 2021 Mean 2013 2016 2021 Mean
1 39.87 41.35 34.52 38.58 A 33.05 33.90 27.91 31.62
2 41.62 42.57 34.85 39.68 B 35.92 35.17 30.51 33.87
3 43.44 44.48 37.10 41.67 C 35.44 35.49 29.57 33.50
4 39.47 41.43 34.60 38.50 D 38.94 39.50 33.05 37.16
5 42.31 40.99 33.95 39.08 E 4317  44.07 36.31 41.18
6 40.52 42.84 32.89 38.75 F 4110 4117 32.74 38.34
7 41.60 42.96 35.74 40.10 G 30.53 32.46 28.75 30.58
8 44.16 45.83 37.85 42.61
9 36.94 37.16 33.21 35.77
10 44.84 44.38 36.33 41.85

We further counted the LSTs of the LCZ combination types (Table 6), in which the low
and denser LCZs (3, 8, 10) had the highest mean LST of 41.88 °C, in contrast to the low
and open LCZs (6, 9), where the mean LST was only 34.61 °C, indicating that the effect of
the dense building type on the mean LST was significantly larger than the effect of open
building types on the mean LST [63]. The mean temperatures of LCZs (1~10) and LCZs
(A~G) were 39.48 °C and 33.83 °C, respectively. When divided into natural and constructed
land, the mean temperatures of LCZs (A~C, G) and LCZs (1~10, D~F) were 32.29 °C and
38.30 °C, respectively. In terms of building height, the highest mean temperatures were
observed in 2013 and 2016 for the mid-rise building-type LCZs (2, 5). In 2021, the highest
mean temperatures were observed for the low-rise building-type LCZs (3, 6, 8, 9). The
mean temperature differences between the high, medium, and low building types varied
between 0.5 and 2.3 °C in all periods.

Table 6. LST statistics of LCZ combinatorial types.

LST/(°C)

LCZ Combination Type Description
2013 2016 2021 Mean
LCZs (1~10) Built type 41.44 41.81 35.19 39.48
LCZs (A~G) Land use type 35.45 36.26 29.78 33.83
LCZs (A~C, G) Natural land 33.82 34.58 28.47 32.29
LCZs (1~10, D~F) Constructed land 40.04 40.71 34.15 38.30
LCZs (3, 8, 10) Low-profile dense built 43.70 44.83 37.10 41.88
LCZs (6,9) Low open built 36.27 37.21 30.35 34.61
LCZs (1, 4) High-level built 39.68 4142 34.60 38.57
LCZs (2, 5) Medium-level built 41.87 41.93 34.56 39.45
LCZs (3,6,8,9) Low-level built 41.43 41.53 36.87 39.94

3.3. Quantification of the Cooling/Warming Effect of LCZ Combination Types

The conclusions in Section 3.2 suggest that LSTs in the central part of Fuzhou were
related to LCZs. Based on the road network, the study area was divided into 550 blocks,
and the average temperature as well as the areas of the LCZ types were considered together.
The LCZs (3, 8, 10), LCZs (6, 9), LCZs (1~10), and LCZs (A~C, G) combination types that
had a large influence on the LST change were selected, and the area shares of the four
LCZ combination types in the 550 blocks were calculated and used as the independent
variable factor. The fraction vegetation coverage (FVC), which was considered by previous
authors to have the greatest influence on the LST [64], was also used as an independent
variable factor. In this paper, OLS and SEM were used to quantify the cooling/warming
effects of these five factors. The parameters compared between linear regression models
and autoregressive models included p-value (probability), R?, LIK (log-likelihood), AIC
(Akaike information criterion), and SC (Schwarz criterion) [58,65]. The higher the R? value,
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the stronger the correlation. The larger the LIK and the smaller the AIC and SC, the better
fitting and more credible the model.

It can be seen that both models have significance, and almost all influencing factors
passed the significance test (p < 0.05) (Table 7). Both regression models explained over
80% of the total degree of variation where a positive coefficient value meant that the factor
showed a positive correlation with the block temperature and a negative coefficient value
meant a negative correlation with the temperature. The regression coefficients of LCZs
(1to 10) and LCZs (3, 8, and 10) were all positive, with a warming effect, and all other
things being equal, an increase in the proportion of the area to the block will be followed by
an increase in the temperature of the block, which confirms the conclusions of Section 3.2.
The variable that explained the most about the LST was LCZ (1-10), and in the case of the
OLS model for 2016 temperatures, for example, the coefficient of LCZs (1-10) was 7.7026,
which implies that all else being equal, for every 1% increase in the proportion of the block
area accounted for by LCZs (1-10), the temperature of the block will increase by 7.7026 °C.
The regression coefficients of LCZs (6, 9), LCZs (A~C, G), and FVC were all negative with a
cooling effect. In 2013 and 2021, LCZs (A~C, G) had the most significant moderating effect
on the LST, and the regression coefficients were negative, indicating that an increase in the
proportion of natural surface area within the zones reduced the temperature of the zones.
Unlike in 2016, LCZs (6, 9) had the best explanatory effect on the LST, which was related to
the fact that an increase in the area share of LCZs (6, 9) in blocks within the study area was
usually accompanied by an increase in the area of blue-green space along with a decrease
in the amount of dense built-up area.

Table 7. Comparison of model coefficients and fitting accuracy between OLS and SEM.

Ordinary Least Square (OLS) Spatial Lag Model (SEM)

Time Variable
Coefficient 4+ S.D. Coefficient + S.D.
LCZs (3,8, 10) 1.0826 -+ 0.6445 1.19678 -+ 0.6282
LCZs (6,9) —3.4560 + 1.4808 R? = 0.846575 —3.07154 & 1.4452 * R? = 0.852669
~ LIK = 1109.17 LIK = 1098.34
2013 LCZs (1~10) 7.3113 + 0.5726 ALC = 223034 7.16292 + 0.5583 AIC = 21068
LCZs (A~C, G) —4.9943 + 0.3563 *** SC = _2256.2 —4.62817 £ 03542 g _ _9940.85
FVC —0.5123 & 0.5256 0.0952 & 0.5158
LCZs (3, 8, 10) 2.9301 = 0.5930 *** 2.9887 & 0.5673 ***
LCZs (6,9) —7.8524 + 1.3889 *** R? = 0.827147 —6.6620 & 1.3347 *** R? = 0.841941
~ LIK = 1167.12 LIK = 1145.74
2016 LCZs (1~10) 7.7026 £ 0.4714 AC = 23694 7.41245 + 0.4505 AIC = 230848
LCZs (A~C, G) —7.1459 & 0.4242 ** SC = 23721 —6.38758 +£ 04173 %% g _ _pass ox
FVC 3.4212 & 0.5682 *** 3.5554 = 6.5429 *+*
LCZs (3, 8, 10) 3.6538 = 0.3509 *** 3.7096 == 0.3433 *+*
LCZs (6, 9) —2.4903 + 0.9520 *** R? = 0.865119 —1.9166 + 0.9392 * R? = 0.869532
LIK = 921.257 LIK = 912.301
2021 LCZs (1~10 3.1150 = 0.2915 *** 3.0187 & 0.2851 ***
s (1-10) . AIC=-185451 . AIC=-18386
LCZs (A~C, G) —3.2762 £ 0.2989 SC = 188037 —3.0376 & 0.2983 SC = _1868.77

FvC

—2.0851 £ 0.4091 *** —1.8922 £ 0.4020 ***

*** Significant at the 0.001 level. * Significant at the 0.05 level.

3.4. LCZ Types CI to Temperature

The CI was used to quantify the degree of warming or cooling for each LCZ type,
and the CI values for the 10 building types in the study area from 2013 to 2021 were all
positive (Figure 5, Table 8), indicating a positive contribution to the temperature of the
study area. Among them, LCZ 3 (0.4331), LCZ 8 (0.3149), and LCZ 10 (0.2325) had the
largest thermal contributions, which suggests that the low and denser LCZs (3, 8, 10) were
the main contributors to the LST increase [63]. In contrast, LCZ 6 (0.0247) and LCZ 9 (0.0317)
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had smaller thermal contributions, suggesting that the low and open LCZs (6, 9) contributed
relatively less to the LST increase. This indicates that the thermal contribution of dense
building types is significantly higher than that of open building types in low-rise building
types [66], which is in line with the conclusion in Section 3.2.

1
r 0.6668
*]" 0.5276
05 F :
= 0.2842 0-1340
&) r 0.1969
=1 0.0888 00761 00462 0976 0.0385 0.0548
g o
=)
g —0.0986
5 ~0.2763 -0.2324
E 05
£ | mmmm 2013
=
g | mmmm 2016
L 2021
15 -1.4813
I 2 3 4 5 6 7 8 9 10 A B C D E F G
LCZ types
Figure 5. The CI of different LCZ types to temperature in the study area from 2013 to 2021.
Table 8. The CI of different LCZ types in the study area.
CI CI
LCZ Build Types LCZ Land Cover Types
2013 2016 2021 Mean 2013 2016 2021 Mean
1 0.0208  0.0888  0.0213  0.0436 A —1.2121 —0.5823 —1.4813 —1.0919
2 0.052 0.0313  0.0239  0.0357 B —0.0589 —0.0201 —0.0986 —0.0592
3 0.6047  0.4997 0.195 0.4331 C —0.0001 —0.0043 —0.2763 —0.0936
4 0.0151  0.2842  0.1656  0.1550 D 04908  0.6668  0.1278  0.4285
5 0.0761  0.0482  0.0218  0.0487 E 0.0087  0.0548  0.0124  0.0253
6 0.0462  0.0256  0.0023  0.0247 F 0.0831  0.1969  0.0048  0.0949
7 0.0276 ~ 0.0075  0.0062  0.0138 G —0.2324 —-0.1242 -0.132 —0.1629
8 0.334 0.3317 02791  0.3149
9 0.0274  0.0289  0.0389  0.0317
10 0.0087  0.5276  0.1613  0.2325

Among the land cover types, LCZ A, LCZ B, LCZ C, and LCZ G had negative CI values,
indicating a negative contribution to the temperature in the study area, and were the major
land cover types in slowing down the rise in the LST [66]. Among them, LCZ A (—1.0919)
was the most significant in slowing down the LST increase [9]. LCZ D (0.4285) had a
positive contribution to the thermal environment of the study area, which is dominated by
artificial turf. LCZ E (0.0253) and LCZ F (0.0949) made contributions to the LST increase
comparable to LCZ 6 and LCZ 9.

3.5. Optimal LCZ Combinations and Configurations

Blue-green space is known to have a cooling effect [67]. The combination and con-
figuration of LCZs also directly affect the high and low LST [68]. Matching LCZ types to
achieve better cooling with less blue-green space in the urban core is defined as the optimal
LCZ combination and configuration [69]. In order to explore the optimal LCZ combinations
and configurations, 159 blocks in the core area of Fuzhou were selected as the data source,
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and the area percentages of LCZ types present in each block and the average temperature
of the block were statistically derived. The LCZ combinations and configurations among
the blocks differed greatly and were statistically combined and categorized into 12 pairings,
each corresponding to a temperature range of 31~42 °C (Figure 6).

I 1 Compact high-rise [l 4.Open high-rise [ | 8.Large low-risc (Il B.Scattered trees Il E.Bare rock or paved
I 2 Compact mid-rise [ 5.0pen mid-rise I 10.Heavy industry [J C.Bush scrub [ ] F.Bare soil or sand
I : Compact low-rise [ 6.0pen low-rise [l A Densetrees [ |D.Lowplants [N G-Water

42 36.79% 9.09% | 927% N

41 || |

40 15.85%

39 21.08% 19.33% | 731% | [ N
O 38 20.20% 23.17% [ |
= 37 15.50% 46.21% 11.02% [N [
£ 36 66.51% 1379% 1l

35 59.95% 11.92% [l

34 29.39% 10.79% [N 6.93% | 9.90% 0BT 5.58%

33 15.73% 28.38%

32 39.86%

31 11.20% [ | 32.41% 28.06% 10.00%
0 10 20 30 40 50 60 70 80 90 100
LCZ area percentage(%)

Figure 6. The proportion of LCZ type area to street area in different temperature ranges.

As the results in Figure 7 show, the block with an average LST of 36 °C had the most
cost-effective cooling, and the combination and configuration of LCZs within such blocks
were the best. From Figure 7a,b, it can be seen that the percentage of green space (LCZ A,
LCZ B, and LCZ C) was extremely large when the LST was 34 °C, and the percentage of
both green space and blue space (LCZ G) tended to flatten out in the temperature band
from 35 to 41 °C. As can be seen from Figure 7c, LCZ 2, LCZ 4, and LCZ 5 were the
main building types in the urban core, and their share was the maximum at an LST of
36 °C, while the share of LCZ 10 and LCZ D was the minimum at an LST of 36 °C, which
illustrates that the zones with an average LST of 36 °C had the largest share of building
types and less area for blue-green space. When the average LST of the block was less than
34 °C, the share of LCZ G spiked (Figure 7b), while the shares of LCZ 2, LCZ 4, and LCZ 5
decreased (Figure 7c), and it is clearly not cost-effective to make the block smaller to lower
this temperature. When the average LST of the block was 34~36 °C, the percentages of
LCZ A, LCZ B, LCZ C, and LCZ G gradually increased with the decrease in temperature,
accompanied by the decrease in LCZ 2, LCZ 4, and LCZ 5. This indicates that, to reduce
the temperature of the block within this temperature range, it is necessary to reduce the
corresponding building area while increasing the area of blue-green space; the average LST
of the block in this temperature range was the highest, mainly along the Jin’an and Min
Rivers (Figure 7d). In summary, it can be seen that blocks with an average LST of 36 °C
had the most cost-effective cooling, and the combination and configuration of LCZs within
such blocks were optimal.
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Figure 7. Relationship between the percentage of area of each LCZ type in the blocks of the core zone
and the average LST of the blocks: (a—d) distribution of blocks with an average LST of 34~36 °C.

4. Discussion
4.1. Analysis of the Impact of LCZ Types on the Urban Thermal Environment

The results of the study indicated that the lower temperature zones were mainly
located outside the core zone and were dominated by a large number of LCZs (A-C) and
LCZ G, while the high-temperature zones were mainly clustered in the core zone of Fuzhou,
an area occupied by a large number of LCZ building types (Figures 2 and 3). There were
differences in LST across LCZs, with the highest mean LST in low-rise buildings (LCZ 3
(41.67 °C), LCZ 7 (40.10 °C), LCZ 8 (42.61 °C), and LCZ 10 (41.85 °C)), and the lowest
mean LST in LCZ A (31.62 °C), and LCZ G (30.58 °C), which is in line with previous
studies [22,34,69]. By calculating the thermal contribution of LCZs, the results showed that
low and denser LCZs (3, 8, 10) were the main contributors to the rise in LST, while LCZ A,
LCZ B, LCZ C, and LCZ G were the main land classes that slowed down the LST rise.

Figure 8a—c shows the hottest blocks in the entire study area, with an average LST of
39-42 °C. LCZ 3 and LCZ 8 in these blocks comprised more than 60% of the block area,
while LCZ A, LCZ B, and LCZ C comprised less than 20% of the surroundings. Taking
the core zone in 2021 as an example, the block shown in Figure 8a is located at Fuzhou
Station, which had the highest average LST (41.2 °C), and LCZ 8 is located in the middle of
the block, surrounded by compact low and medium-rise buildings and lacking vegetation.
The block shown in Figure 8b is located in the Fuzhou Strait International Convention and
Exhibition Center, with LCZ 8 at 65.76% and an average LST of 40.31 °C. The cluster of
blocks south of Gaogai Mountain, represented by the block shown in Figure 8c, had higher
temperatures and was dominated by the patchy aggregations of LCZ 3. Studies in other
cities have also found that LCZ 3 and LCZ 8 can cause similar localized high temperatures
due to poor airflow in suburban areas [21,70,71]. In addition, the scarcity of trees and the
lack of continuous greening and shading can further limit the cooling effect. This suggests
that the high-temperature blocks in the study area suffered from an aggregation and large
proportion of high LST land types (LCZ 3 and LCZ 8) and a small proportion of low LST
land types (LCZ A, LCZ B, and LCZ C). This type of block can be occupied by compact
low- to medium-rise buildings around LCZ 8. This increases the building height while
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increasing the area of green space, constructing “ventilation corridors” to increase space
circulation and shaded areas to reduce the temperature of the block [27,37].

Google Earth LCZ Build Types . o _ . .
image mm |.Compact high-rise 84.Open high-rise 37.Lightweight low-rise

2 Compact mid-rise B85.0pen mid-rise 38.Large low-rise

3. Compact low-rise E36.0pen low-rise 319.Sparsely built LST/C

LST B [ 0.Heavy industry w5116
LCZ Land Cover Types
A Dense trees =3 D.Low plants B G.Water [
LCZ B B.Scattered trees m. E Bare rock or paved .
B C.Bush scrub JF.Bare soil or sand 2177

Figure 8. Distribution of the LCZ and LST in different typical areas, (a—g) represent blocks with
different temperature ranges (LST: a,b,c>d > e, f > g).

The mean LST was lower in high-rise buildings (LCZ 1 (38.58 °C) and LCZ 4 (38.50 °C))
compared to low and denser LCZs (3, 8, 10). As shown in Figure 8d, the average LST of
this type of block was 36-39 °C, with LCZ 4 as the main type, accounting for about 35%
of the total, and LCZ 3 and LCZ 8 as the secondary building types. In this temperature
range, the LST gradually increased as the proportion of LCZ 4 decreased, which is mainly
because building shading reduces solar radiation exposure and plays an important role in
lowering urban temperatures [72]. In addition, the efficient airflow and air circulation can
also reduce the temperature to a great extent [66,73]. Therefore, blocks in this temperature
band can effectively increase airflow and air circulation by increasing the building heights
and decreasing the building densities as a means of reducing surface temperatures.

The blocks with an average LST of 34-36 °C can be separated into two categories: the
first is the cooling cost-effective type and the second is the type with a balanced share.
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The block shown in Figure 8e has a cost-effective type of cooling, with 80% LCZ building
types in the block, of which LCZ 4 was the dominant building type. However, the block
temperatures were also lower due to the smaller proportion of LCZ 3 and the fact that it is
mainly located along the Jin’an River and the Min River. Since the conversion of LCZ 3
into LCZ 4 also represents a decrease in building density and an increase in building height
within the block, it can be argued that a decrease in LCZ 3 and an increase in LCZ 4 may
have a significant effect in mitigating the urban thermal environment. The block shown
in Figure 8f is the balanced type, which has an even distribution of LCZs and is mainly
located along the Minjiang River. Because the buildings along the bank are also basically
open medium- and high-rise buildings, the cold air from the suburbs enters the inner
part of the block to a large extent. At the same time, the water bodies and green areas
are interspersed with medium- and low-story buildings to avoid an agglomeration of the
low-story buildings, and therefore, the temperature of this block is cooler [27,74].

As shown in Figure 8g, such blocks are mainly distributed along the Min River, with
an average LST of 31~34 °C and LCZs (A,B,C), LCZ G, and LCZ D accounting for more
than 60% of the total, with almost no LCZ 3 and LCZ 8. Although the temperature of this
type of block is low, it also uses a lot of blue-green space and is located along the river,
and the small proportion of LCZ 3 and LCZ 8 improves the air circulation and lowers
the temperature.

4.2. Some Suggestions for Mitigating the Urban Thermal Environment

Different combinations and configurations of blocks, as well as the influence of neigh-
boring blocks, can lead to large differences in the LST, and cooling should not only combine
several factors but also address the particular thermal environment of the block.

From the results for the central city of Fuzhou, reducing the temperature of the
34~36 °C block requires reducing the corresponding building area while increasing the
area of blue and green space. In the urban core area, where it is not possible to sacrifice a
large amount of building area to increase the blue and green space, we should carefully
consider whether it is necessary to change the composition of the LCZ block.

Blocks with an average LST of 36-39 °C simply need to reduce the building density
and increase building heights to improve the cooling effect.

Blocks with large low-rise buildings (train stations, large halls, stadiums, etc.) usually
have high LSTs, so blindly increasing the area of low-rise vegetation will not have a cooling
effect but will increase the temperature. Therefore, when it is difficult to reduce the area of
large-scale low-rise buildings in such high-temperature areas, the best way to reduce the
temperature is to change the low-rise vegetation to forests and water bodies, which are the
most effective in reducing the temperature.

4.3. Limitations and Future Research Directions

Due to the standardization and global applicability of LCZ systems, our proposed
optimal LCZ combinations and configurations within zones can be used as a reference for
urban planning when considering thermal adaptation in neighborhoods, and as a basis
for LCZ layout adjustments within high surface temperature zones. The study of optimal
LCZ combinations and configurations within the block is important in mitigating urban
thermal environments. Nonetheless, there are some limitations to this study. First of all,
considering the availability and comparability of remote sensing image data, only one day’s
remote sensing image data in summer were used for each year to represent the temporal
changes, ignoring the seasonal and daily changes; this possibly led to a certain degree of
one-sidedness in the research results. Utilizing different methods for obtaining temperature
data in subsequent studies, considering seasonal and diurnal variations, and exploring
the effects of jet lag from a more comprehensive perspective are important directions.
Secondly, the OLS method used in this paper to quantify the cooling/warming effect of
LCZ combination types is for comparison with SEM. However, OLS may not be a state-of-
the-art mathematical analysis method, and more novel methods such as random forests
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can be investigated in the future. Finally, this study takes the central city of Fuzhou as
the research object to statistically derive the blocks with the best LCZ combinations and
configurations; however, the difference in the scope of this study may have led to a different
degree of change in the results, which should be further examined and constitutes our
future research direction.

5. Conclusions

The deteriorating urban thermal environment is increasingly affecting the overall
quality of life of urban residents. Integrating LCZ systems in order to mitigate the UHI
has become a hot spot of research nowadays, but there has not been any research on the
optimal combination and configuration of cooling LCZs in urban blocks. In this paper,
LCZ systems were combined to analyze the spatial and temporal variations in the thermal
environment of the central area of Fuzhou, and 159 blocks in the core area were selected to
explore the optimal LCZ combinations and configurations. The conclusions are as follows:

(1) From 2013 to 2021, the LCZ types in the study area changed significantly, the building
layouts in the study area became more open, and the building heights gradually
increased. LCZ A and LCZ D were the main LCZ types in the study area, and they
were also the ones with the most reduced area.

(2) The LST was higher for low-rise buildings (LCZ 3, LCZ 7, LCZ 8, and LCZ 10) than
for high-rise buildings (LCZ 1 and LCZ 4). LCZ D also had a significant effect on the
rise in LST. Among the low-rise building types, the LST for dense building types was
higher than the LST for open building types.

(38) The regression coefficients of LCZs (1~10) and LCZs (3, 8, 10) were all positive, and
the most significant effect on the rise in the LST was from LCZs (1~10). The regression
coefficients of LCZs (6, 9), LCZs (A~C, G), and FVC were all negative; the cooling
effect of LCZs (A~C, G) on the LST was most significant in 2013 and 2021, and the
cooling effect of LCZs (6, 9) on the LST was most significant in 2016.

(4) LCZs (3, 8, 10) were the main contributors to the elevated LST. Among the low
building types, the thermal contribution of dense building types was significantly
higher than that of open building types. LCZ A, LCZ B, LCZ C, and LCZ G were the
primary land classes that slowed a rise in LST.

(5) Blocks with an average LST of 36 °C had the highest cost/performance ratio for
cooling, and LCZ combinations and configurations within such blocks were optimal.
The blocks with an average LST in the range of 34~36 °C were the most numerous
and were mainly located along the Jin’an and Min Rivers.

Urbanization and global warming are unstoppable megatrends now and will continue
into the future, and urban heat adaptation can be enhanced through careful urban planning
strategies. The results of this study can guide urban planners in making finer adjustments
to the block layout to adapt to extremely hot weather, reduce the serious impact of the
heat island effect on urban residents, and greatly improve their living comfort, which will
significantly promote sustainable urban development.
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