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Abstract: With the acceleration of global climate change and urbanization, the urban heat
island effect has significantly impacted the quality of life of urban residents. Although
numerous studies have focused on macro-scale factors such as air temperature, surface
albedo, and green space coverage, relatively little attention has been paid to micro-scale
factors, such as shading provided by building facades and tree canopy coverage. However,
these micro-scale factors play a significant role in enhancing pedestrian thermal comfort.
This study focuses on a city community in China, aiming to assess the thermal comfort
of urban streets during the summer. Utilizing high-resolution 3D geographic data and
street view images extracted from drone data, this study comprehensively considers the
mechanisms affecting the urban street thermal environment and the human comfort re-
quirements for shading and greening. By proposing quantitative indicators from multiple
scales and dimensions, this study thoroughly quantifies the impact of the surrounding
environment, greening, shading effects, buildings, and road design on the thermal comfort
of summer streets. The results show that increasing tree canopy coverage by 10 m can
significantly reduce the surrounding temperature, and a building layout extending 200 m
can regulate temperature. The distribution of shadows at different times significantly
affects thermal comfort, while the sky view factor negatively correlates with thermal com-
fort. Environments with a high green view index enhance visual comfort. This study
reveals the specific contributions of different environmental characteristics to street thermal
comfort and identifies factors that significantly impact thermal comfort. This provides a
scientific basis for urban green space planning and thermal comfort improvement, holding
substantial practical significance.

Keywords: city streets; thermal comfort; shading effect; UAV remote sensing data; trees
and buildings

1. Introduction

Streets are a vital type of urban space, closely tied to residents’ daily lives. In particular,
pedestrian and cycling paths within cities, as key components of the slow traffic system,
connect communities and surrounding areas, offering higher usage frequency and a more
direct experience [1,2]. Against the backdrop of global climate change and the increasingly
severe urban heat island effect, the thermal environment of urban streets during summer
significantly impacts the quality of life for residents [3]. High temperatures and heat stress
not only increase health risks for residents but also reduce the efficiency and comfort of
urban spaces [4]. Building green streets is a crucial approach to enhancing street comfort.
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Therefore, in areas severely affected by urban heat islands, assessing and optimizing the
greening layout of summer streets is vital for alleviating thermal discomfort and creating
more comfortable urban outdoor thermal environments. Comfort is the result of residents’
combined psychological and physiological responses to the external street environment [5].
Therefore, the process of evaluating comfort involves a series of multidimensional and
quantifiable indicators that reflect the complexity of the urban environment, people’s
psychological perceptions and physiological states, as well as their functional needs for
urban slow traffic roads [6]. These indicators include factors such as air temperature [7],
humidity, wind speed, solar radiation intensity, green coverage rate [8], tree shading effects,
building shading effects, and street width. Consequently, identifying and characterizing the
features of urban environmental complexity and residents’ psychological and physiological
needs that are closely related to the street thermal environment is crucial for assessing
summer street comfort.

Previous studies have clearly demonstrated the positive impact of urban greenery
on temperature regulation, improving the quality of life for urban residents, and enhanc-
ing street comfort [9-13]. However, traditional methods that use green coverage as an
evaluation metric have significant limitations. These methods often consider only the
overall greening rate without distinguishing between different types of vegetation such as
trees, grass, and shrubs. Trees have a significantly better cooling effect compared to lower
vegetation, but traditional assessments based on remote sensing data often mix trees with
other vegetation, calculating green coverage based on two-dimensional information [14].
This approach fails to reflect the impact of different types of greenery on thermal comfort
and overlooks the vertical dimension and spatial perception. For instance, the visual impact
of greenery cannot be accurately captured by simple two-dimensional data, yet it greatly
influences aesthetic quality and visual comfort.

Moreover, trees provide significant shading [15,16], which is crucial for summer
street thermal comfort [17]. Tree shade can significantly mitigate the effects of solar
radiation [18-20]. Research shows that tree shade during the day can reduce pedestrians’
average body temperature by 2-3 °C compared to unshaded streets [18-20]. Tree shade also
enhances the aesthetic quality of street views and affects people’s physical activities [21].
Many cities worldwide have developed heat mitigation plans centered around street trees
to improve thermal comfort for pedestrians and cyclists [22-24]. Traditional green space
planning often involves symmetrically planting trees on both sides of streets, which, while
aesthetically pleasing, does not fully consider the effectiveness of the greenery. This can
leave pedestrians exposed to sunlight at critical times or cause them to alter their routes
due to obstacles. Although extensive research has been conducted on the shading effects
of different types of plants [25-27], using mathematical models of tree canopy shading to
propose indicators such as cooling rates, shading rates, and shadow areas for quantitative
analysis, these findings are challenging to directly apply to street comfort assessments and
greenway planning at the community scale. Although it has long been recognized that
exposure to solar radiation at the street level is a major cause of daytime thermal discomfort
and that shading from buildings and trees can significantly reduce heat stress [6], there have
been few attempts to quantitatively analyze solar radiation exposure at the urban scale.
This is primarily due to the computational demands and limitations of high-resolution 3D
geographic maps required for such analyses. Previous studies have explored the potential
of using high-resolution shadow quantification and 3D urban mapping. Early research
utilizing 3D GIS technology demonstrated the potential of 3D maps for calculating urban
shadows [28]. With the development of drone technology and the acquisition of fine-scale
Digital Surface Model (DSM) data, it is now possible to more accurately map and quantify
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urban shading patterns, thus allowing for a better assessment of the impact of shading on
urban thermal comfort.

Temperature is a key factor in assessing street thermal comfort. While quantifying
the shading provided by buildings and trees can partially reflect human perception of the
thermal environment, the mechanisms influencing street temperature extend beyond solar
radiation shading effects and are also affected by surrounding environmental features. The
micro-scale thermal environment in a city is influenced by multiple scales, and any single-
scale evaluation method cannot fully capture the complexity of the urban environment. For
instance, the shading effect of a single tree can significantly impact the thermal comfort of a
specific sidewalk area, and this local detail can be clearly captured in small-scale evaluations.
However, in larger-scale assessments, these local details are often overlooked, leading to
inaccurate results. The temperature characteristics at any point on a street are influenced
not only by nearby trees but also by surrounding green spaces and even the distribution of
buildings on a larger scale. Therefore, evaluation methods lacking multi-scale analysis may
provide incomplete or misleading assessments of thermal comfort. A fine-scale thermal
environment assessment should encompass a multi-scale evaluation process.

2. Study Area and Data
2.1. Study Area

The study area is located in Wuhan, China (30°35’ N, 114°17’ E), characterized by a
typical subtropical monsoon humid climate with abundant sunshine and hot summers.
The specific study site is the Xujiapeng community in Wuhan (Figure 1). This area covers
approximately 7.6 square kilometers, with a dense population and a mix of residential and
commercial zones, representing a typical urban community.

(a)Hubei Province

(c)Wuchang District

114°15'0"E 114°1730"E 114°200"E 114°2230"E 114°25'0"E.

' 4 7

A
0 90 km /

T
30°3730"N

30°350"N

(b)Wuhan City

30°3230"N

T
30°3010"N

.
Tt 0 2km
[
1 l4°1.5'0"l', 114°1 I7‘}0“F. 1 l4°2‘0'0"F 1 I4°2I2"40"[ 1 14“2‘5'0"I',
0 20 km )
L Study Area [ Wuhan City

Wuchang District

Figure 1. Overview of the research area.

In this study, 108 pedestrian street segments and 102 cycling street segments were
selected as research samples within the Xujiapeng community. These segments represent
various types of urban streets and diverse environmental features, including residential
areas, commercial zones, public facilities, and urban parks.
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2.2. Data Sources

The dataset used in this study (Table 1) primarily covers four categories: drone data,
urban road network data, and street view image data. The drone data were collected in
October 2021 using a DJI M300 RTK (Dajiang technology, Shenzhen, China) equipped
with a ZENMUSE P1 lens (f = 35 mm). Vertical imagery was captured with a longitudinal
overlap of 80% and a lateral overlap of 70%. The flight took place at an absolute altitude of
500 m, covering a ground area of 7 km?. After the flight, the data were processed using
DJI Terra software (DJI Terra V3.3.0) to obtain high-resolution Digital Orthophoto Maps
(DOMs) and high-precision DSM for the study area. The detailed extraction process can
be found in Lin et al. [29]. These data provide key information about buildings, trees, and
roads, including the distribution and height of buildings, the location and canopy of trees,
and the distribution and width of roads, with distinctions made between cycling paths
and sidewalks.

Table 1. Dataset.

Data Type Format Data Sources Data Usage
DOM Calculate tree ratio (Tree), building ratio
DSM TIF DJI-M300 RTK Drone (Build), shadow coverage (SC), sky view

Road Surface

Road Sampling Points

Baidu Street View (BSV)

Measured temperature
data

factor (SVF), and shade status (Shade)
Distinguish between pedestrian paths and

Shape File I]r?tce) i\ertlaSEsL cycling paths, and calculate the road width
p p (Width)
OSM Used to obtain street views in Baidu Maps
JPEG Baidu Maps Calculate green view index (GVI)
Excel Omega H3009 Determine the research scale

The street view data were obtained from Baidu Maps, while the urban road network
data were sourced from OpenStreetMap (OSM). Sampling points were set every meter
along the streets in the study area, resulting in a total of 8067 sampling points. Using these
points, street view images from May 2019 were collected, capturing four angles at each
point to create 360° panoramic views, providing detailed facade visual information.

The measured air temperature data were collected over three days: 29 August, 30
August, and 17 September 2021. A temperature recorder (Omega H3009) and GPS were
used simultaneously to record the temperature and location at different points in four
regions. During data collection, each temperature reading was labeled as either being in
direct sunlight or in the shade. The temperature sensor was placed 0.8 m above the ground,
and to ensure accurate readings, it was left stationary for 1 min under calm wind conditions
before recording the temperature data.

3. Methods

This study aims to evaluate the comfort of streets in an urban community (7 square
kilometers) by combining thermal comfort and visual perception characteristics. First,
detailed temperature measurements and drone data collection were conducted in the city
center to calculate environmental features related to thermal comfort. By computing various
climate and morphological variables, we identified environmental scales and characteristics
associated with summer thermal comfort levels. Next, we analyzed the shading levels of all
street segments in the area, distinguishing between pedestrian paths and cycling paths. The
Urban Multi-Scale Environmental Predictor (UMEP) [30] tool (UMEP Ltd., Phnom Penh,
Cambodia) was used to calculate the three-dimensional visual perception characteristics
of analysis units. Semantic segmentation of the street view data was employed to extract
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the three-dimensional visual perception features of these units. Additionally, the street
width for each evaluation unit was calculated based on vector data for cycling paths and
pedestrian paths. Finally, the Analytic Hierarchy Process-Technique for Order of Preference
by Similarity to Ideal Solution (AHP-TOPSIS) was used to determine a greenway comfort
evaluation map. This map will assist in prioritizing future municipal actions to achieve
optimal shading protection and spatial efficiency.

3.1. Multi-Dimensional and Multi-Scale Indicators and Evaluation Units

This study establishes a multidimensional, multi-scale evaluation system for com-
prehensively assessing the thermal comfort of urban streets during summer. The system
includes three primary indicators and six secondary indicators (Table 2), aiming to ensure
comprehensive and accurate evaluations by integrating environmental, psychological, and
functional needs.

Table 2. Indicator system.

Primary Index Secondary Index Calculation Method and Explanation
. . . Tree * Evaluation unit is 1 m and 5 time scales.
Environmental dimension Build * Evaluation unit is 1 m and 5 time scales.
VI Evaluation unit is 1 m and at point level and
road line level.
SC * Intersection tabulation; evaluation unit is
1 m and 5 time scales.
] , ] SVF= Y1, S%sin(%) sin(%)%
Dlmenslii)en;tglf Eehe}:jsslcal and where S is the Boolean image of the shadow
pattern, n is the total number of shadow
SVF maps generated, «; is the altitude angle in
degrees, and 0; is the number of azimuth
angles used at the i ring level. Evaluation
unit is 1 m.
Shade Evaluation unit is 1 m and 5 time scales.
Functional requirement dimension Width Evaluation unit is 1 m.

* Indicates multi-scale characteristics.

In the environmental dimension, the secondary indicators are tree coverage and
building coverage. Tree coverage refers to the proportion of area covered by tree canopies
within a specific buffer zone. Trees not only provide greenery but also significantly impact
local temperatures through shading and transpiration. Building coverage refers to the
proportion of the area occupied by buildings within a specific buffer zone. The shading
effects and heat capacity of buildings play a crucial role in street temperature regulation.

Secondly, the physical and mental needs dimension includes four secondary indicators:
GVI, SC, SVE, and Shade. GVI measures the visible proportion of green vegetation from
a pedestrian’s viewpoint at a sampling point, significantly affecting visual comfort and
psychological relaxation. Shadow coverage is the proportion of actual shadow-covered
area within a certain range at a sampling point, which can significantly reduce overall air
temperature in that area. SVF is the visible proportion of the sky at a 1 m sampling point,
influencing solar radiation reception and thermal environment. Shading status evaluates
whether the sampling point is under direct sunlight or shade, assessing the quality and
distribution of shade and its impact on pedestrian thermal comfort.

Finally, the functional requirement dimension includes the width of cycling/pedestrian
paths. Spacious pedestrian and cycling paths not only improve traffic fluidity and conve-
nience but also enhance the sense of safety and comfort of users.
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Since the street view data are sampled at 1 m intervals, subsequent indicator evaluation
units are also set to 1 m to ensure accuracy and consistency. Combining studies on the
impact of different spatial scales on thermal comfort, such as Lin et al. [29], highlighting
that tree canopy area within 10-20 m significantly affects micro-scale temperatures, and
Lan and Zhan [31], identifying 200 m as the optimal scale for analyzing the relationship
between air temperature and building configuration, the final street scale for reflecting the
thermal environment is determined to be 10 m and 200 m.

3.2. Shadow Extraction

To accurately capture the dynamic changes in shadows caused by urban buildings
and trees, this study utilized UMEP on the open-source GIS platform QGIS. The analysis
employed DSMs of the ground and buildings for pixel-by-pixel shadow generation. To
enhance accuracy, the DSM of the vegetation canopy was also included. Notably, the shad-
ows of tree trunks vary with the solar altitude angle, and neglecting them may introduce
errors in shadow analysis. Based on field surveys of building and tree distributions in
the study area, the plant transmissivity was set to 0%, and the tree canopy coverage was
assumed to be 50%. Using the DSMs of the ground, buildings, vegetation canopy, wall
height, and slope data, shadow distribution maps were generated for five different times
on September 1, 2021 (8:00, 10:00, 12:00, 14:00, 16:00).

In these shadow distribution maps, areas shaded by buildings were assigned a value
of 0, areas shaded by trees a value of 0.1, and areas fully exposed to sunlight a value of 1.
For ease of analysis, the shadow results were reclassified, with 1 representing shaded areas
and 0 representing unshaded areas.

To further estimate the shading coverage for pedestrians and cyclists, this study used
street network data. Buffers were created around the center points of the roads, with each
road’s width determining the buffer size, generating road polygons. These polygons were
then overlaid with the shadow maps for each time point. Intersection analysis was used to
calculate the shading coverage for each road segment at different times. Additionally, this
method accurately determined the contributions of buildings and trees to shading ata 1 m
spatial scale.

3.3. Street View Data Processing: Calculation of Green View Index

This study employs deep learning algorithms to apply semantic segmentation at the
pixel level for processing street view images, enabling the automatic classification of street
greenery [32]. This method utilizes semantic segmentation models to extract street greenery
information [11,33] and calculate the GVI, reflecting the actual visual exposure of residents
to greenery.

First, street view images collected from four directions are stitched together into a
panoramic image. Then, deep learning is used to perform semantic segmentation on the
panoramic street view image, automatically extracting object elements. These elements
include landscapes (such as sky, grass, ground), natural features (such as shrubs, trees,
water bodies), and artificial features (such as buildings, bridges, roads), as well as smaller
urban elements (such as cars, bicycles). After obtaining detailed semantic segmentation
results, the GVl is calculated. This index is derived from the sum of the percentage areas
of six plant recognition features (palm, trees, plants, grass, and flowers). By processing
street view data, the GVI indicator, which reflects real environmental facade information,
is extracted.

3.4. Calculation of Road Width

To achieve precise street width measurement, this study combines GIS and program-
ming to calculate the street width for each evaluation unit (1 m intervals). Using ArcGIS
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software (ArcGIS 10.8) tools, the street width is calculated at 1 m intervals along the road
axis by setting cross-sectional profile lines. The specific process is as follows (Figure 2).

@ & A o
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Road surface

Figure 2. (a) Sampling points with an equal distance of 1 m generated by road lines. (b) Use point
line topology tools to move points to the nearest boundary from the road route. (c) Move the position
of the front and rear points. (d) XY transfer line. (e) Extend the line segment. (f) Cropping with
road surface.

Sampling point generation: in ArcGIS, create equidistant sampling points (every 1 m)
for cycling paths and pedestrian paths, and import accurate data of the road boundaries.

Point-line topology analysis: Develop a custom Python script to perform point-line
topology analysis, determining whether each sampling point is precisely located on the
road boundary line. If a sampling point is not aligned, the program will automatically
adjust the point to the nearest boundary line, ensuring it is correctly positioned.

Position change recording: Use the attribute table join function to record the specific
position changes of each road point before and after adjustment, ensuring the integrity of
point position data. Convert these points into line segments.

Street width calculation: use the extend line tool in QGIS to accurately trim the
generated line segments with the road boundaries, calculating the street width for each
evaluation unit.

3.5. AHP and TOPSIS

This study employs the AHP and the TOPSIS to determine the weights of various
indicators in the urban community street thermal comfort evaluation system. The AHP is
used to establish the hierarchical structure of evaluation indicators and assign weights to
reflect their relative importance in the assessment. Then, the TOPSIS method is utilized to
evaluate each road point based on the indicator weights, and the scores of these points are
averaged to calculate the overall road score. The process includes constructing a hierarchical
model, calculating indicator weights, applying the TOPSIS evaluation, and ranking the
road points based on their scores. By combining the AHP and TOPSIS methods, relatively
reliable indicator weights can be obtained, allowing for a comprehensive assessment of the
thermal comfort of urban community streets.
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4. Research Results
4.1. Quantitative Indicators Related to Thermal Comfort

The drone data processing resulted in a DOM with a resolution of 4.7 cm and a DSM
with a resolution of 9.4 cm and an elevation accuracy of 0.5 m, as shown in Figure 3a,b. Tree
canopy distribution data, building height data, and land cover data are shown in Figure 3c
to Figure 3e, respectively.

(b)DSM (c)Landuse P/ N

208 Impervious surface Road
-~ [ Building Bare land
- [ water Green land
(d)Tree crown (e)Building height

(a)DOM

® 325-337 37.6-40.0
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Figure 3. Drone data processing.

When selecting quantitative indicators related to thermal comfort, it was considered
that buildings and trees are the primary sources of urban shading. Therefore, this study
focused on the impact of building and tree coverage at different scales on temperature. This
research used a DSM, a DOM, and temperature data to establish 17 buffer zones around
each temperature measurement point, ranging from 2.5 m to 500 m, covering multiple
scales. By visualizing land cover using DOM data, two key parameters—building and
tree canopy coverage—were extracted for 10 m and 200 m ranges. Significant temperature
variations between sunlit and shaded areas were observed in urban regions (Figure 3a).
Statistical analysis using ANOVA revealed significant temperature differences between
sunshine and shade during all three sampling periods (p < 0.01, Figure 3f).
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The results of multiple linear regression analysis (Table 3) showed adjusted R? values
of 0.825, 0.843, and 0.834, indicating a good model fit and the ability to effectively reflect
the impact of land cover on temperature at different scales. Specifically, the coefficients
for buildings at the 200 m scale were positive, at 0.062, 0.059, and 0.069, with t-values
significantly greater than 5, indicating a significant positive influence of buildings on
temperature at larger spatial scales. On the other hand, at the 10 m scale, the correlation
coefficients for tree canopy coverage were negative, at —0.019, —0.014, and —0.019, with
t-values significantly less than —4, showing a cooling effect of tree canopy coverage at
smaller scales.

Table 3. Stepwise regression results.

Building 200 m  Building200m  Canopy 10 m Canopy 10 m

Date R2 | A o o
Coefficient (B)  Significance (T) Coefficient (B)  Significance (T)
0829 0.825 0.062 6.779 —0.019 —4.435
0830 0.843 0.059 5.190 —0.014 —4.316
0917 0.834 0.069 5.269 —0.019 —4.559

In summary, the influence of tree canopy coverage within a 10 m range and buildings
within a 200 m range on temperature is particularly significant. The findings indicate that
buildings have a positive impact on thermal comfort at larger scales by providing shade and
modulating wind direction, while tree canopy coverage positively affects thermal comfort
at smaller scales through cooling and improving air quality. Based on these analyses,
tree and building parameters within these scale ranges are selected as key indicators for
subsequent thermal comfort evaluation.

4.2. Shadow Analysis Results

In evaluating the summer street comfort of urban communities, the UMEP model was
used to calculate shadow distribution at a resolution of 1 m per pixel, providing a crucial
basis for assessing street comfort throughout the day. According to the method described
in Section 3.2, shadow calculations were performed every 2 h to capture dynamic changes
over time. As a result, shadow distribution data were obtained for five different time points:
8:00 AM (Figure 4a), 10:00 AM (Figure 4b), 12:00 PM (Figure 4c), 2:00 PM (Figure 4d), and
4:00 PM (Figure 4e).

(a)8:00 (b)10:00 ‘ (c)12:00

 Building
i - Tree crown

*| I Building Shade

- - Tree crown Shade

0 0.5km
L

Figure 4. Distribution map of building and tree canopy shadows at different times.
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(2)8:00

The 8:00 AM shadow analysis helps to understand the coolness of the streets at the
start of the day, while the 10:00 AM analysis shows the trend of shadow changes in the
morning. The 12:00 PM analysis evaluates shadow distribution during the hottest part of
the day, crucial for ensuring pedestrian comfort under high temperatures. The 2:00 PM
and 4:00 PM analyses further reveal shadow changes in the afternoon and early evening,
important for assessing street comfort as the day progresses.

Plotting the average shadow coverage at the street level (Figure 5) shows significant
differences in shading among various streets within the study area. The analysis indicates
that at 8:00 AM (Figure 5a), some roads have higher shadow coverage, while others have
relatively low coverage. This disparity is primarily due to the shadows cast by tall buildings
or trees under low-angle sunlight. During this time, because the angle between the sunlight
and the ground is smaller, shadows are generally longer, meaning that even areas not
directly under the sun may enjoy higher shadow coverage.

(b)10:00 (¢)12:00

//

RO
N
&

/

(d)14:00

(€)16:00 Shade coverage A

1%

0-10

N 10-20
\ 20-30
—30-40

\ > —40-50
ONZE:
S>/\ / —70-80

N ’ —80-90
—90-100 0 0.5km
Study Area ||

Figure 5. Distribution map of shading coverage at each moment.

At 10:00 AM (Figure 5b), as the sun’s altitude increases, shadows become shorter but
more pronounced, though still longer than at noon. At this time, shadows start to recede
from the west side of buildings and trees, affecting the shading range on the streets and
causing shadow coverage in some areas to decrease.

At noon (Figure 5c), when the sun is at its highest point, shadows are at their shortest,
tightly hugging the base of buildings and trees. Because the shadows are short and vertical,
their shading effect on the roads is less effective compared to morning or evening.

At 2:00 PM (Figure 5d), as the sun moves westward, shadows become longer again, ex-
tending towards the northeast. Compared to noon, shadows are more significant, providing
more shade for pedestrians.

At 4:00 PM (Figure 5e), the sun continues its descent towards the west, and shadows
extend further to the east, increasing in length compared to noon. During this time,
some streets may exhibit higher shadow coverage, offering a cooler and more comfortable
environment for pedestrians.
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4.3. Visual Perception-Related Features: Sky View Factor

The SVF measures the openness of the sky, ranging from nearly 0 (indicating severe
obstruction) to 1.0 (indicating complete openness). Analyzing the SVF distribution map
(Figure 6), the average SVF value in the study area is 0.74, indicating a generally high level
of sky openness. However, many SVF values are low due to high-rise residential buildings
and street trees that block the sky, forming narrow street canyons.

Figure 6. SVF calculated using the UMEP model.

In contrast, areas with higher SVF values likely have shorter or more sparsely dis-
tributed buildings, resulting in a more open landscape. This openness provides residents
with a more comfortable outdoor environment and promotes natural light and air circula-
tion. Further analysis reveals that streets with tall, densely packed buildings have lower
SVF values, reflecting the concentration of high-rise buildings and urban density. The den-
sity of buildings not only affects the visual perception of the cityscape but also significantly
impacts air circulation, directly influencing the thermal comfort of urban streets.

4.4. Visual Perception-Related Features: GVI

GVl extracted from street view images is a crucial metric for measuring urban greening
levels. The street network of the study area was obtained from OSM, with sampling points
set at 1 m intervals along each road. A total of 8408 sampling points with coordinates were
identified, and street view images for these points were downloaded.

Using the method described in Section 3.4 (Figure 7), the greening level of streets
in the study area was quantified. According to Natsuki Oryu’s classification [34], GVI
can be divided into five levels: non-green (0-0.05), low green (0.05-0.15), moderately
green (0.15-0.25), green (0.25-0.35), and very green (0.35-1). Figure 7c shows the GVI
distribution, revealing significant spatial heterogeneity. Areas with a high GVI are well
greened, enhancing residents’ visual experience and providing diverse ecosystem services.
Conversely, areas with a low GVI lack sufficient vegetation, indicating a need for improved
greening. Regions with a moderate GVI are distributed across various parts of the study
area, reflecting uneven urban greening across different streets.
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Figure 7. (a) Street view image. (b) The results of semantic segmentation. (c) Distribution map of
GVI results (point level). (d) Distribution map of GVI results (road level).

Figure 7d further illustrates the GVI distribution at the road level, showing spatial
variations in the average GVI. Some roads, while not having a high overall GVI, may have
concentrated green areas or nodes. Although the overall GVI levels of road spaces are not
high, there are differences in GVI levels at individual points within the road space.

The results reveal the statistical characteristics and spatial distributions of street
greening, accurately quantifying greening from a human-centered perspective. Evaluating
the GVI based solely on observation points does not provide a comprehensive assessment
of road space comfort. Therefore, to fully assess the comfort of road spaces, the GVI must
be considered along with other relevant factors.

4.5. AHP-TOPSIS Indicator Weight

Using the AHP, we calculated the weights of factors influencing the summer comfort
of urban community streets under residents’ travel needs. The weights were derived using
the AHP online calculator. To ensure the scientific rigor and accuracy of the weight deter-
mination, this study integrated expert opinions, a literature review, and the characteristics
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of the study area in the process. A pairwise comparison matrix was then constructed, and
the consistency of the results was verified. The consistency ratio was calculated to be 0.015
(<0.1), indicating that the judgments are consistent. These varying weights of evaluation
factors provide a basis for assessing the different comfort levels of streets (Table 4).

Table 4. Weight values of relevant indicators.

Target Layer Indicator Layer Comprehensive Weight
Shade 0.2604
SC 0.3991
Build 0.0806
o Tree 0.0998
omfort Leve GVI 0.0454
SVF 0.0874
Width 0.0273

Table 3 shows that the highest weights were assigned to SC (0.3991) and Shade (0.2606),
followed by Tree (0.0998), SVF (0.0874), and Build (0.0806). The lowest weights were
assigned to GVI (0.0454) and Width (0.0273). After assigning appropriate weights using the
AHP method, the TOPSIS method was applied on the SPSS software (IBM SPSS Statistics
27.0) platform to calculate the comprehensive score C based on distance values, and the
results were ranked accordingly. The classification results from the TOPSIS method were
exported as a text file and imported into ArcGIS 10.8. Using the natural breaks (Jenks)
classification method [35], the scores were categorized into five levels (Figure 8): very low
comfort, low comfort, moderate comfort, high comfort, and very high comfort.
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Figure 8. Road distribution map of comfort at different time points.

Through the scoring system, the thermal comfort performance of each road at different
time points can be assessed, and roads can be categorized into different levels of comfort
based on their scores. Higher scores indicate better thermal comfort at the corresponding
time points.
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4.6. Thermal Comfort Evaluation of Community Road

This study aims to propose scientifically reasonable street optimization plans by
comprehensively considering factors affecting thermal comfort at different times of the day.
Based on multi-period thermal comfort data, a comprehensive evaluation table for each
time period was established (Table 5). The weight distribution is based on the intensity of
sunlight and the duration of outdoor activities at different times of the day.

Table 5. Weight values for each time.

Time Weight
8:00 0.2
10:00 0.18
12:00 0.15
14:00 0.2
16:00 0.27

The thermal comfort scores for each time period were weighted and combined accord-
ing to the assigned weights, resulting in a comprehensive evaluation score (Figure 9). This
score reflects the overall thermal comfort level of the streets throughout the day.

/ / // }”\
\ \ N

\> / \\\ / \ I%/Ioc:zerate

High
@ Very high

Comfort Level

0 0.5 km Study area

Figure 9. Distribution chart of comprehensive scores for comfort at different time points.

The comfort of cycling and pedestrian paths varies throughout the day, likely due to
changes in the sun’s position and the dynamic distribution of environmental shadows. As
the day progresses, especially around noon, the comfort of these paths tends to decrease
due to increased solar radiation intensity. During this time, the shade provided by trees
and buildings plays a crucial role, helping to maintain lower surface temperatures and
providing necessary shelter for pedestrians and cyclists.

It is noteworthy that in areas with more shade, both cycling and pedestrian paths
generally offer higher levels of comfort. This is because shade effectively reduces the heat
load from direct sunlight. Additionally, the placement of these paths is closely related to
the density of surrounding buildings and the width of the roads, which together influence
air circulation and shadow distribution patterns. For example, pedestrian paths may be
located closer to buildings or on narrower streets, while cycling paths might be situated on
wider roads. These locational differences lead to varying thermal comfort experiences.
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In areas with a high GVI and low SVF, although trees provide a comfortable microcli-

mate, excessive canopy coverage can limit sky visibility, affecting people’s perception of

thermal comfort.

To quantify the correlation between thermal comfort and these seven variables, Pear-

son correlation coefficients (r) were calculated. Table 6 reports these coefficients, showing

the degree of association. Build200m (building proportion within 200 m), Treelm (tree

proportion within 1 m), Treel0m (tree proportion within 10 m), Shade, SC, GVI, and Width

are significantly positively correlated with thermal comfort scores (Grade), with r val-
ues of 0.112 (p = 0.01), 0.386 (p = 0.01), 0.602 (p = 0.01), 0.284 (p = 0.01), 0.802 (p = 0.01),
0.202 (p = 0.01), and 0.03 (p = 0.01), respectively. On the other hand, SVF is negatively
correlated with thermal comfort scores (r = —0.436, p = 0.01).

Table 6. Pearson correlation between evaluation indicators and street thermal comfort (n = 84,420).

'23(‘)‘(;:1‘3 Tlr;e I;‘:ﬁ Shade sc GVI SVE Width Grade
Build 1
200m  (0.000 %)
Tree 0.003 1
m 0364)  (0.000*%)
Tree —0.026 0.021 1
10m  (0.000%%)  (0.000**)  (0.000***)
Shade 001 0173 0.015 1
(0.005*%)  (0.000**)  (0.000*%)  (0.000 **)
s 0.015 0.007 0.638 0.02 1
(0.000%%)  (0.058%)  (0.000*%)  (0.000*%)  (0.000*)
vl 0012 0.248 0015 0.104 0011 1
(0.000%%)  (0.000**)  (0.000*%)  (0.000*%)  (0.001*%)  (0.000 ***)
svE 0007 0626  —0025  —0419 —0.04 0257 1
0.053%)  (0.000*%)  (0.000%%)  (0.000**) (0.000*%)  (0.000*%)  (0.000*)
Width 0.055 0.002 —0.04 0.036 0002 —0018  —0.077 1
0.000%%)  (0.654)  (0.000*%) (0.000%%)  (0.636)  (0.000*%)  (0.000*%)  (0.000*)
Crade 0112 0.386 0.602 0.284 0.802 0.202 0436 0.03 1
(0.000%%)  (0.000**)  (0.000*%)  (0.000*%)  (0.000*%)  (0.000**) (0.000*%)  (0.000*%)  (0.000**)

*** and * represent significance levels of 1%, and 10%, respectively.

The following results can be summarized:

Build200m and TreelOm: There is a weak negative correlation (—0.026), indicating
that on a larger scale, an increase in buildings might slightly negatively impact the
proportion of trees. This may be due to the competition between building land and
green space in the urbanization process.

Shade and Treelm: there is a significant positive correlation (0.173), suggesting that
the presence of trees increases shaded areas, which can enhance thermal comfort,
especially during hot summers.

SC and TreelOm: there is a strong positive correlation (0.638), indicating that within a
smaller range (10 m), the number of trees is closely related to shadow coverage, further
confirming the important role of trees in providing shade and reducing temperature.
GVI and Treelm: there is a significant positive correlation (0.248), indicating that an
increase in trees can significantly enhance the green visual experience, which may
positively impact residents” psychological comfort.

SVF and Treelm: there is a strong negative correlation (—0.626), suggesting that an
increase in the proportion of trees leads to a reduction in sky visibility, which may
affect people’s perception of the environment and thermal comfort.

SVF and Grade: there is a significant negative correlation (—0.436), indicating that
lower sky openness (i.e., more shading) might reduce perceived thermal comfort,
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possibly because excessive shading reduces natural light, affecting thermal com-
fort perception.

7. Width and Grade: the correlation with most variables is low, suggesting that road
width might not be a major factor influencing thermal comfort, or its impact is
relatively smaller compared to other variables.

In summary, tree proportion, shadow coverage, green view index, and the sky view
factor are key environmental factors affecting the thermal comfort of urban streets.

5. Discussion
5.1. The Importance of High-Precision Shadow Mapping for Assessing Thermal Comfort

When evaluating the thermal comfort of urban streets, precise shadow distribution
is crucial. This study utilizes high-precision shadow mapping technology, offering a new
perspective on urban microclimate effects. The accuracy of this method lies in its detailed
depiction of shadow spatial distribution and its ability to capture dynamic changes over
time. This spatiotemporal analysis capability is essential for accurately understanding
thermal comfort at the street level.

Research by Huang and Wang has shown that high-resolution geospatial data signif-
icantly improve the accuracy of urban heat island effect assessments [36]. Similarly, this
study emphasizes the importance of high-resolution imagery in capturing shadow changes
in specific street areas. These changes, influenced by variations in the sun’s altitude or the
presence of buildings and vegetation, directly impact people’s comfort. Buo et al. noted that
shadows significantly reduce the heat load in urban environments [15], and high-precision
mapping technology can detail how different buildings and natural features influence
sunlight conditions. Furthermore, Park et al. demonstrated the powerful capabilities of
shadow distribution visualization in modern urban planning [37]. By simulating and ana-
lyzing shadow distribution under different building and vegetation layouts, it is possible
to predict the potential impact on thermal comfort during the early design stages. This
predictive capability, often lacking in traditional methods, provides an effective tool for
optimizing urban layouts to ensure maximum comfort in public spaces during hot seasons.

The application of this technology provides urban planners with concrete data to
design more effective green spaces and building layouts for optimizing thermal comfort. By
finely analyzing shadow distribution at different times of the day, planners can scientifically
determine tree planting and building placements to maximize natural shading and reduce
ground temperatures, thereby significantly enhancing the thermal comfort of urban spaces.

5.2. Comprehensive Analysis of Factors Affecting Urban Street Thermal Comfort

This study uses multiple linear regression analysis to reveal the main factors affecting
the thermal comfort of urban streets, encompassing environmental, psychological, and
functional dimensions.

Firstly, in the environmental dimension, the proportion of trees is an effective indicator
related to the thermal environment. This study found that an increase in tree coverage
significantly reduces street temperatures, consistent with findings by Han et al. [38], who
noted that urban vegetation mitigates the urban heat island effect. Research by Sodoudi
et al., Zolch et al.,, and Abdi et al. also supports that larger tree canopies have more
significant cooling effects [39-41]. The proportion of buildings also positively impacts
temperature by providing shade and regulating wind direction to improve thermal comfort,
aligning with studies on urban morphology’s influence on microclimate conditions [42,43].

Secondly, in the psychological dimension, GVI, SC, SVF, and Shade are important indi-
cators. An increase in the GVI indicates more greenery, enriching the natural environment
and positively affecting residents’ psychological comfort. Shadow coverage and shading
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status significantly lower air temperature, enhancing thermal comfort. Areas with higher
SVF values offer a more open sky view, influencing residents’ perception of thermal comfort.
Both SVF and GV], as key indicators of urban visual perception, play an important role
in assessing thermal comfort [8]. High-precision shadow mapping technology, accurately
capturing dynamic shadow changes, provides an essential perspective for understanding
street sunlight conditions, crucial for evaluating urban street thermal comfort and offering
new tools for urban planning.

Finally, in the functional dimension, the width of cycling and pedestrian paths sig-
nificantly affects thermal comfort. Spacious paths not only improve traffic flow and con-
venience but also enhance the safety and comfort of users [44]. These wider paths can
accommodate more shade and greenery, reducing the impact of direct sunlight and provid-
ing better thermal comfort.

5.3. Thermal Comfort Optimization Recommendations

In this study, we propose a comprehensive optimization plan for identified low-
comfort areas to enhance the thermal comfort of urban streets and improve residents’
quality of life. The plan is based on an in-depth environmental assessment and detailed
surveys of community residents’ needs, focusing on times of high pedestrian activity
to ensure ample natural shade and a comfortable walking environment during these
key periods.

Firstly, given this study’s findings that tree canopy coverage within 10 m significantly
reduces temperature, it is recommended to increase tree planting density in public spaces
along streets [45]. In low-comfort areas, especially those with low shade coverage, high-
shade tree species, should be planted. Wuhan is located in the northern subtropical
monsoon humid climate zone. During the tree planting process, the summer and winter
climate characteristics have been fully considered. The primary species that have been
planted are deciduous broadleaf trees, with the main tree species being the French sycamore.
For this climate type, particularly in areas with low temperatures in winter and high
temperatures in summer, it is recommended to prioritize deciduous broadleaf forests. This
approach not only enhances thermal comfort in the summer but also meets the need for
sunlight in the winter. Other suitable deciduous broadleaf species for similar climate
regions include ginkgo, maple, ash, and sycamore. These trees can provide ample shade
and exhibit strong resistance to pollution and adaptability. These trees can provide sufficient
shade during critical times, lower surface temperatures, and increase air humidity through
transpiration. Additionally, creating green belts on both sides and in the center of streets
by planting various plants, such as shrubs and flowers, can further enhance the GVI,
improving the visual experience and psychological comfort of pedestrians.

Secondly, optimizing building layouts is an important regulatory measure. By adjust-
ing the height and position of buildings, more shade can be provided during midday and
afternoon, effectively reducing direct sunlight exposure. Transparent building designs with
increased open spaces between structures can promote air circulation and reduce regional
temperatures. Utilizing the shading effect of buildings can create cooler areas on streets,
enhancing overall thermal comfort.

Increasing the GVI is another crucial approach to improving street comfort. Adding
green belts and vertical greening, especially on building walls and roofs, can significantly
enhance the GVI. Planting climbing plants and establishing rooftop gardens increases green
landscapes, improving residents’ visual comfort and psychological relaxation.

Reasonable use of the SVF is also key to optimizing street thermal comfort. By
controlling the height and canopy width of trees to maintain adequate sky openness, streets
can benefit from good natural light and air circulation while avoiding excessive obstruction
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of the sky view. Adjusting tree planting density to maintain a proper SVF can help enhance
overall environmental comfort.

Lastly, improving street infrastructure and amenities is a vital optimization measure.
Installing shaded rest facilities such as benches and pavilions along streets provides resting
spots for pedestrians. Optimizing the design of pedestrian and cycling paths by increasing
their width ensures safety and comfort. Additionally, installing mist cooling systems on
some streets can lower the surrounding temperature, enhancing pedestrian comfort.

Through these comprehensive measures, the thermal comfort of low-comfort street
areas can be significantly improved, providing residents with a more livable environment.
These strategies not only mitigate the urban heat island effect but also enhance the overall
aesthetic and functionality of urban spaces.

5.4. Limitations of the Study

While this study provides in-depth insights into the relationship between urban street
greening and residents’” comfort, it also has limitations. Seasonal weather changes and leaf
loss can cause variations in visible greenery levels at different locations. Additionally, the
type of street trees, such as the height of the lowest branches and leaf density, may affect the
relationship between GVI measured at human scale and satellite-based greening coverage.
The method of collecting street view images also has limitations, as the perspective from
a street view vehicle differs from a pedestrian’s perspective and cannot access all areas,
potentially leading to incomplete data and impacting the accuracy of the assessment.

Furthermore, pedestrian behavior patterns and differences in outdoor thermal comfort
based on age or gender were not considered. Since people of different ages and genders
have varying metabolic rates, residents may experience different levels of thermal comfort
even when exposed to the same thermal environment.

6. Conclusions

This study comprehensively utilized the shadow and street view data of urban streets,
combined with deep learning algorithms, integrating classic urban design elements with
new urban data. It considered not only traditional physical and physiological factors
but also incorporated analyses of social behavior characteristics and visual perceptions.
This innovative, multi-dimensional, multi-scale, and multi-angle evaluation method pro-
vides a more comprehensive assessment of the thermal comfort of community streets in
the summer.

By overcoming the limitations of traditional street view image analysis and empha-
sizing the combination of visual and practical aspects based on residents’ daily lives, this
approach offers robust scientific support for urban planning and policy-making. The re-
sults indicate that factors such as shade, SVE and GVI significantly affect outdoor thermal
comfort. Therefore, these factors should be thoroughly considered in policies and urban
design to provide a more thermally comfortable environment. Additionally, during the
renovation of existing streets, planting trees that provide shade and selecting appropriate
leaf shapes are key to enhancing thermal comfort. This not only helps improve thermal
comfort but also enhances the aesthetic and functional value of streets.

To further improve thermal comfort in summer urban areas, it is recommended that
the government vigorously promote the development of horticulture and green buildings,
encourage urban greening, and support the planning of greenways to ensure a comfortable
thermal environment for pedestrians during the summer. Furthermore, strengthening the
systematic planning of green spaces and streets, reducing the urban heat island effect, and
enhancing residents’ quality of life are core tasks for achieving sustainable urban develop-
ment. Specifically, urban planners should prioritize the addition of trees and green belts in
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streets and public spaces, especially in summer, to significantly reduce surface temperatures
and improve thermal comfort by increasing tree canopy coverage and green space area. At
the same time, policymakers should encourage the use of sustainable building materials,
adjust building layouts, and design streets to ensure a reasonable distribution of shaded ar-
eas, thereby reducing the heat island effect. Moreover, the government should promote the
development of green infrastructure, such as green roofs and permeable pavements, which
will further optimize the urban environment. Through these comprehensive measures, not
only can residents’ thermal comfort needs in the summer be effectively met, but a solid
foundation for sustainable urban development can also be established.
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