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Abstract: The appropriate design of urban ventilation corridors (VCs) can improve the urban ther-
mal environment, thereby reducing urban energy consumption and promoting sustainable urban
development. However, existing research lacks a comprehensive grasp of the characteristics of
VCs from multiple dimensions and quantitative analysis of its cooling effect. We propose a novel
approach based on data mining to comprehensively consider the morphological and environmental
characteristics of VCs and explore the correlation between VC characteristics and the cooling effect.
Selecting Nanjing as an example, a comprehensive index system was constructed, the cooling effect of
the VC was investigated, and the optimal range of VC index with different underlying surface types
was obtained. Results revealed that the cooling effect is closely related to the underlying surface,
leading to a temperature difference of up to 5.4 °C. The VC cooling range can vary from 13 to 600 m.
The recommended optimal parameter intervals for different VCs were determined. Finally, targeted
strategies to alleviate the heat island effect were proposed for different underlying surface types. The
study output contributes to the design of VCs, which is of great significance in alleviating the urban
heat island effect and promoting sustainable development of cities.

Keywords: urban environment; sustainability; ventilation corridor; cooling effect; urban heat island
effect; data mining

1. Introduction
1.1. Relationship between Urban Heat Island and Ventilation Corridors

In recent years, due to population growth and the disorderly expansion of cities,
the urban heat island (UHI) effect has become more significant. The urban heat island
effect refers to the phenomenon that the temperature in the city center is higher than that
in the suburbs [1]. It is affected by factors such as energy consumption, expansion of
impervious underlying surfaces like buildings and roads, and reduction of green spaces.
Many studies have shown that UHIs can lead to slow vegetation growth, increased cooling
energy consumption [2], deterioration of microclimate and outdoor thermal comfort [3],
and adverse effects on biological health [4-6]. Therefore, to realize the sustainable devel-
opment of the city, it is necessary to formulate strategies to alleviate UHI according to the
characteristics of the city.

As an effective way to mitigate UHI, the urban ventilation corridor (VC) has attracted
the attention of many researchers. Adequate urban ventilation can bring cool and fresh
natural air from the suburbs to the city center, which can improve outdoor thermal comfort
and disperse air pollutants [7]. The effectiveness of VCs has been demonstrated in many
studies. Hea et al. [8] found that precinct ventilation cooling potential could significantly
reduce urban heat island intensity (UHII), and every 0.1 increase in relative wind velocity
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ratio corresponded to a 0.09-0.5 °C reduction in precinct UHII. Liu et al. [9] pointed out
that the range of the reduction of VCs in mean UHI is between 0.3 and 1.33 °C. Another
study [10,11] pointed out that the climate problems caused by urban expansion and indus-
trial development can be solved by VCs that flow through areas with low temperatures,
alleviate the UHI effect, and improve the livability of the city.

1.2. Factors Affecting the Cooling Effect of VCs

e Indexes of morphological characteristic

The cooling effect of VCs is affected by their morphological characteristics. To make
full use of the cooling capacity of VCs, many scholars have studied the spatial form of
VCs and put forward corresponding construction suggestions. Among them, the length,
width, and wind direction of VCs are of concern to researchers as indicators that can
be directly regulated in planning and design [12,13]. According to the urban climate
characteristics of Stuttgart, Kress [14] proposed that the aspect ratio of the street should
be between 2 and 4, the length of the corridor should be greater than 1000, and the width
of the corridor should be greater than 30 m. Givoni [15] pointed out that an angle of
20-30 degrees between the dominant wind direction and the street direction in summer
can promote airflow. Brown [16] proposed a minimum width of VCs of 100 m. Hea et al. [8]
found that the precinct ventilation performance significantly varied with the precinct
morphological characteristics, while the influence of street orientation was insignificant.
Verein Deutscher Ingenieure (VDI) [17] defines VCs as an alignment, which should be
as wide as possible (more than 50 m) and are better to be straight lines. Matzarakis [18]
concluded that the factors that affect VCs include street rectilinear length, width, and height.
Many cities in China have formulated the control range of the urban VC index at a block
scale for the length [19], width [20], wind direction [21], street height-width ratio, and
building density [22].

e Indexes of environmental characteristic

In addition to the morphological factors of the VC, the surrounding environment of
VCs also plays an important role in improving the ventilation capacity and enhancing
the cooling effect of VCs. In recent years, many studies have quantitatively analyzed the
influence of the surrounding environment on VCs from two environmental characteristics:
surface roughness [8] and underlying surface type [23].

As an indicator of urban morphological characteristics, surface roughness can ef-
fectively characterize the construction environment of VCs, which is one of the impor-
tant environmental attributes of VCs [24]. Based on the aerodynamic concept, there are
many representative variables that describe surface roughness, including surface rough-
ness length, zero-plane displacement length, blending height [25], and frontal area index
(FAI) [26], among others. One of the commonly used indicators is FAIL Several studies
have pointed out that FAI positively correlates with surface temperature and negatively
correlates with wind velocity ratio [27]. At a neighborhood scale, Hea et al. [8] revealed
the cooling potential of precinct ventilation performance. They pointed out that the ar-
chitectural form with low surface roughness can be selected to improve the local precinct
ventilation performance to achieve a better thermal environment. From an urban-scale
perspective, the ventilation effect and surface temperature are also affected by FAI. Liu [9]
showed that FAI and roughness length affect ventilation capacity and also affect the cooling
effect. The maximum reductions in multiyear mean UHII can reach 0.89 °C.

As an indicator of the environmental characteristics of VCs, the underlying surface
type can effectively determine the environmental types and explore the characteristics
of different types of VCs. On the urban scale, buildings, roads, green spaces, and water
bodies have a great influence on the cooling effect of VCs [28]. Lai et al. [23] pointed out
that daytime land surface temperature (LST) varied with the underlying surface in the
VC. The LST of water is obviously lower than that of stone. Wu et al. [29] proved that
urban green infrastructure at the urban scale has a significant impact on the cooling effect
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of VCs. Shi et al. [30] divided VCs into different local climate zones (LCZ) and concluded
that LCZB (scattered trees) had the best mitigation effect on UHII (—0.40 °C). Therefore, to
obtain the optimal cooling effect, it is better to determine the layout of VCs according to
the characteristics of the urban underlying surface [31].

1.3. Research Aims

In summary, most studies analyze the cooling effect of VCs from a single dimension
of morphological or environmental characteristics and lack a comprehensive grasp of the
characteristics of VCs from multiple dimensions. This leads to an incomplete understanding
of the factors that affect VCs, which may lead to limitations in the analysis results and the
inability to maximize the cooling effect of VCs in planning and construction. In addition,
there is less quantitative analysis of the cooling effect of the VC. The implementation of
urban VC construction needs to obtain quantitative data in line with local climate and
morphological characteristics. Therefore, it is necessary to consider the morphological
and environmental characteristics of VCs comprehensively and explore the quantitative
relationship between these factors and the cooling effect of VCs. The research output will
contribute to the rational construction of VCs, which are of great significance in alleviating
the UHI effect and promoting the sustainable development of cities.

An index system was constructed in this study to achieve the above goals, which
can describe both the morphological and environmental characteristics of VCs. Taking
Nanjing as an example, a novel approach based on data mining was proposed to explore the
correlation between VC indexes and LST. At the same time, based on the cooling effect, the
optimal range of the VC index with different underlying surface types was investigated. The
quantitative relationship between VC indexes and the surface temperature was explored,
and the cooling effect of the VC was analyzed. Finally, from the perspective of VC design,
this study proposed targeted strategies to alleviate the heat island effect and improve the
urban thermal environment according to the distribution characteristics of VC indexes
under different underlying surface types.

The remainder of this article is organized as follows. The methodology, including
VC-recognition technology, calculation of ventilation corridor indexes, correlation analysis,
and k-means clustering, is presented in Section 2. The results and analysis are presented in
Section 3, followed by the discussion and conclusion in Sections 4 and 5, respectively.

2. Methodology
2.1. Overall Technical Approach

The overall technical approach of this study is shown in Figure 1. This study starts with
constructing a geographic information system (GIS) database. The FAI of the study area
is calculated using the digital elevation model (DEM), building data, and meteorological
data. Based on the FAI map, VCs are identified using the least cost path (LCP) method.
After obtaining the VCs, their index system is established, including length, angle, surface
roughness, cooling width, LST, and underlying surface type. Based on these indexes, data
analysis is divided into two steps: correlation analysis and k-means cluster analysis. Key
VC indexes that have an impact on the cooling effect under different underlying surfaces
are extracted using correlation analysis. Furthermore, VC indexes are selected as clustering
variables, and the VCs are classified using the k-means clustering algorithm to identify the
type of VC with the best cooling effect under different underlying surfaces.
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Figure 1. Technical approach of this study.

2.2. Data Source

Considering the urban development level, representativeness of the ventilation cor-
ridors, and typicality of the climate, the central urban area of Nanjing, with 2066 km?
in total, was selected as the research area (118°73’ E-119°29' E, 31°62’ N-32°24’ N). The
research area is shown in Figure 2 by the red dotted box; it includes the districts of Xuanwu,
Gulou, Jianye, Qinhuai, Yuhuatai, Qixia, and Jiangning. Since the 21st century, Nanjing has
experienced a period of rapid urban expansion. The area of the built-up region increased by
796 km? between 2000 and 2012 [32]. Due to the rapid urban expansion in the study area,
the UHI effect is significant [33]. This leads to a general increase in summer temperature
in the region and a significant increase in heat stress and heat exposure [34]. The climate
in Nanjing is characterized by a typical subtropical monsoon. It is hot and humid in sum-
mer, and the highest temperature can reach 41 °C in recent years. Therefore, it is of great
significance to improve Nanjing’s thermal environment by optimizing the design of VCs.
The surface types of the study area of Nanjing are rich, with the water area accounting for
11.4% of the total area of the city, and the forest coverage rate of the city is 31%. As urban
cold sources, the water and vegetation not only reduce the ambient temperature but also
have an important impact on the formation of VCs.
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Figure 2. Location of study area.

The data used in this study included DEM, building data, LST, and meteorological
data (Table 1). ASTER GDEM with a resolution of 30 m was used as the DEM. Building
data, including building height, number of building layers, and land area, were obtained
from the Baidu map. Landsat 8, with a thermal infrared band resolution of 30 m, was used
to calculate LST and underlying surface types. The following three factors were mainly
considered in the selection of Landsat 8 satellite data: (1) Since the building data is from
2022 and the meteorological data is from 1984 to 2018, the LST data should be selected
between 2018 and 2022. However, due to the new coronavirus epidemic, the rate of urban
expansion has slowed down. There was little change in building data between 2019 and
2022. Therefore, data should be selected as close as possible to 2018. (2) Because the focus
of this study is the cooling effect of VCs in summer, the months are limited to June, July,
and August. (3) Considering the accuracy of the data, the cloud cover should be less than
10%. Based on these three criteria, the Landsat 8 data on 28 August 2019, with a cloud
amount of 2.12%, was finally selected as the basic data. The Landsat 8 data contained
11 bands: Band 10 (the thermal infrared band) was used for LST, Bands 3 and 6 were used
for water extraction, and Bands 3 and 4 were used for vegetation extraction. The frequency
of different wind directions in summer in Nanjing was obtained from meteorological data,
and the wind direction in summer was mainly concentrated in the range of 90-202.5°.

Table 1. Data sources and descriptions.

Data Descriptions Source
ASTER GDEM (30 m)
Digital elevation model Elevation of terrain Geospatial Data Cloud,
gscloud.cn

(accessed on 20 November 2022)
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Table 1. Cont.

Data Descriptions Source Sample
Building outline, height, Baidumap,
Building data floor, and types, map.baidu.com
2022 (accessed on 20 November 2022)

Land surface temperature

Landsat 8 OLI_TIRS (30 m)
Band 1-11 Geospatial Data Cloud,
28 August 2019 gscloud.cn
(accessed on 20 November 2022)

Meteorological Data

Frequency of different
wind directions, CSWD dataset for Nanjing
1984-2018

2.3. Identifying the Ventilation Corridors

The identification of VCs was divided into the following four steps:

Step 1. Determine the starting point and endpoint of VCs

According to the Nanjing meteorological data, the dominant wind direction in Nanjing
in summer is the SE-NW direction. Therefore, the starting points of VCs were set on the
southeast side of the research boundary, and the endpoints of VCs were set on the northwest
side of the research boundary. The length of the southeast side of the boundary was 94 km,
and that of the northwest side was 174 km. According to the length of the boundary, sixty
starting points were set on the southeast boundary with an interval of 2.9 km, and forty
ending points were set on the northwest boundary with an interval of 2.35 km.

Step 2. Determining the size of the analysis grid

After determining the starting and endpoints, this study divided the research area into
grids. There are two commonly used grids: uniform grids and irregular grids. Irregular
grids can avoid cutting large buildings and are conducive to maintaining the integrity of the
building. However, it leads to the neglect of space forms except the building, such as open
spaces, water, and mountains. In contrast, although uniform grids segment large buildings,
they are more conducive to the identification and analysis of different spatial types. There-
fore, uniform grids are more suitable for the study of VCs. In addition, existing studies
have proven that 100 m resolution can effectively support urban climate research [35], and
most urban-scale studies have applied 100 x 100 m grids [36-38]. Therefore, 100 x 100 m
uniform grids were adopted as the analysis grid of this study.

Step 3. Calculate FAI

As Equations (1) and (2) and Figure 3 show, FAl is the ratio of the total projection area
of the building under a specific wind direction (0) to the area of the analysis grid of the
wind direction, which is one of the most important indicators of surface roughness [26].
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The value range of FAI is mostly within [0, 1]. The larger the FAI, the greater the barrier
effect of the building against the wind.
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where Ar is the total area of each building or hill face projected onto the plane normal to
the incoming wind direction (m?), At is the plane area of the study site (m?), A £(0) 18 the
FAI at a particular wind direction, N represents wind directions, and By is the annual wind
frequency at a particular wind direction.

Wind direction @

Figure 3. Diagram of the FAI calculation method.

Step 4. Calculating the ventilation path based on the least cost path method

The LCP method is simple and fast and is suitable for large-scale and complex spatial
types [39]. The basic principle of the minimum cost path is to find the path connecting the
starting point and the endpoint based on the FAI map calculated by Step 3 so that the total
cost on the path is minimized [40]. The effectiveness of the LCP method in identifying the
ventilation path has been proven by previous studies through actual measurements or CFD
simulations [36,38,41]. Therefore, it is widely used in urban-scale VC identification. In this
study, the LCP method was used to identify the path with the lowest airflow cost on the
FAI map. This method takes FAI as the cost value, calculates the path with the minimum
cost from the starting point to the endpoint, and then represents the corridor position with
an intuitive graph. In this study, there were 60 starting points and 40 ending points, and
2400 LCPs were generated according to the FAI map.

This study further subdivided the LCP path according to the following process to
generate VCs, as shown in Figure 4. First, according to wind direction, the LCP path was
broken into N short paths in a single wind direction. Then, continuous short paths with
6; < 5° were connected. Finally, the M VCs for analysis were obtained. Figure 4 shows the
relationship between LCP paths, short paths, and VCs.
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Figure 4. The relationship between LCP paths, short paths, and VCs.

2.4. VC Indexes

Based on existing studies, the underlying surface type, length, angle, surface rough-
ness, cooling width, and surface temperature of VCs were selected as the key indicators to
describe the characteristics of VCs quantitatively.

The definition and calculation of the VC index are as follows:

(1) Underlying surface type

The study area was divided into three types based on the underlying surface’s charac-
teristics: water, vegetation, and impermeable surface. In this study, Landsat 8 data were
used to classify the underlying surface types. The Landsat 8 data contained 11 bands; the
combination of different bands can accurately identify the boundaries of vegetation and
water bodies [42]. The three types of underlying surfaces were classified as follows:

(a) Water
The modified normalized difference water index (MNDWI) method can identify the

water bodies within the study area [43]. If MNDVI > 0, the area is water. Therefore, this
study used Equation (3) to calculate MNDWTI:

Band 3 — Band 6

MNDWI = Band 3 + Band 6 ®)

where Bands 3 and 6 are the green and mid-infrared bands in the Landsat 8 data, respectively.
(b) Vegetation

Normalized difference vegetation index (NDVI) is an important index that evaluates
vegetation coverage. The calculation Formula (4) is as follows:

Band 4 — Band 3
NDVI = 4
Band 4 + Band 3 @

where Bands 4 and 3 are the near-infrared and visible red bands, respectively.
(¢) Impervious surface

After accounting for areas under vegetation and water, the remaining areas were
defined as impervious surface areas.

The underlying surface type of the VC was determined according to the area where
the VC was located. Where multiple underlying surface types existed in one VC, the
VC was cut off at the junction of different underlying surfaces. Therefore, based on the
underlying surface identification results, all VCs were subdivided to ensure that there was
only a single type of underlying surface in each VC. Finally, the VCs were divided into
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impervious surface ventilation corridor (VCI), vegetation ventilation corridor (VCV), and
water ventilation corridor (VCW).

(2) Length

The length of the VC was the total length of each short path contained in the VC and
was calculated using Equation (5):

L= f L ©)
i=1

where L; is the length of the i-th short path, and # is the number of short paths in the VC.
(3) Angle

The angle of the VC was the average angle of each short path contained in the VC and
was calculated as in Equation (6):
A i AiL; ©)
= L

where A, is the angle of the i-th short path.

(4) Surface roughness

The surface roughness of the short paths was calculated. By stacking the short paths
on the FAI map, the average of the FAI values of all grids that the short path passed through
was calculated, and this value was the surface roughness of the short paths. The surface
roughness of the VC was the average surface roughness of all short paths contained in the
VC and was calculated as shown in Equation (7):

- A,-LL,- -

i=1

where A; is the FAI of the i-th short path.
(5) Cooling width

Figure 5 shows the determination of the average cooling width of short paths. First,
the temperature breakpoints within 600 m on both sides of the short path are identified.
Second, the nearest temperature breakpoints were selected on both sides of the short path,
and the distance between the pair of temperature breakpoints was calculated. Finally, the
average value of the distance between the pairs of temperature breakpoints was used as
the cooling width of the short path, calculated as shown in Equation (8):

D=3 - ®)

where D is the cooling width of the short path; d; is the distance between the j-th pair of
temperature break points.

The second step was to calculate the cooling width of the VC. The average cooling
width of each short path contained in the VC was considered the cooling width of the VC
and was calculated as shown in Equation (9):

n DL
w=y 9
L ©)

where D; is the cooling width of the i-th short path.
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Figure 5. The method of determining the cooling width of the short path.

(6) LST

First, the Landsat-8 dataset was preprocessed, including radiometric calibration, image
cropping, and atmospheric correction. Then, the mono-window algorithm was used to
calculate the LST [44]. This algorithm is simple and feasible and has a high precision. The
calculation is shown in Equations (10)—(14):

TS:%{a(l—C—D)—l—[b(l—C—D)+C+D]XTb—DXTu} (10)

K>

" n(Ee)

(11)

. DN x (Lmax - Lmin)

Ly = 255 + Lunin (12)
C=et (13)
D=(1—-¢)1+1(1—¢) (14)

where Tj is the real surface temperature (K), a and b are regression coefficients, T, is the
pixel brightness temperature of the thermal infrared band (K), K; and Kj are the preset
constants of the pre-launch satellite obtained from the Landsat8 TIRS image metadata
file, T, is the average atmospheric temperature (K), C and D are intermediate variables,
Liax and L,,;, are maximum and minimum thermal radiation fluxes (W~m*2-sr7l . umfl),
¢ is the surface emissivity, and 7 is the transmittance of the atmosphere in the thermal
infrared band.

Based on the results of LST, the temperatures of short paths were calculated. The short
paths on the LST map were overlaid, and the average LST values of all the grids that the
short paths passed through were calculated and taken as the LST of the short paths. The
average LST of the short paths contained in the VC was taken as the LST of the VC and
was calculated as shown in Equation (15):

n
T=)
i=1

where T; is the LST (°C) of the i-th short path.

T.L;
1
i 15)
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2.5. Correlation Analysis

The data distribution of this study does not conform to the normal distribution; there
are outliers, and the sample size is relatively large. Therefore, Spearman’s rank correlation
coefficient (calculated using Equation (16)) was used to evaluate the correlation between
each index and LST. The value range of Spearman’s rank correlation coefficient falls within
[—1, 1]; close to 1 is a positive correlation, and close to —1 is a negative correlation.

6L, D7
n(n?—1)

(16)

where r is the Spearman’s rank correlation coefficient, D; is the difference in ranks of the
“i-th” element, 7 is the number of data points in the samples.

2.6. Cluster Analysis

The units of different variables selected in this paper are different, and the data range
gap is large. In order to avoid the scale difference of variables affecting the accuracy of the
algorithm, the Z-score method is used to normalize and ensure that different variables are
on a similar scale. The calculation formula is shown in Equation (17):

X —X

Xz = (17)

Xo
where x; is the normalized variable value, x is the original value of the variable, X is the
average value of the variable, x, is the standard deviation of the variable.

The k-means clustering algorithm has a good processing effect on large-scale data sets
and is suitable for high-dimensional data. The clustering results can intuitively present the
characteristics of each type and are easy to understand. Therefore, based on the research
objectives, data characteristics, and algorithm advantages, the k-means clustering algorithm
was chosen. The goal of clustering is to minimize the distance of each point to the cluster
center in each category. The principle of the k-means clustering algorithm is as follows:
First, k objects are randomly selected as the initial clustering centers. Then, the Euclidean
distance from each sample to the center is calculated. According to the Euclidean distance,
the new cluster center is generated. When iterated continuously, the result converges when
the cluster center no longer changes, ending the clustering [45]. The Euclidean distance is
calculated as shown in Equation (18):

n 2
Distance(0;,0;) = /| Y (Oik - Ojk) (18)
k=1

where Oy and Oy are the k-dimensional coordinates of points O; and O}, respectively, and
n is the number of clustering variables.

In addition, the elbow method is used to determine the number of cluster centers
using the relationship between the SSE and K value. The relationship between the SSE
value and k value is an ‘elbow-shaped’ line chart, and the corresponding k value of the
elbow is the optimal clustering number of the cluster. The calculation of SSE is shown in
Equation (19):

K
SSE=Y. Y llp—ail (19)
i=1peL

where p is the data object in the i-th class group L;, g; is the average value of all data objects
in a class group, and k is the number of cluster centers.
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(a) The distribution of FAI (b) the distribution of surface temperature (c) the distribution of VCs

3. Results and Analysis
3.1. The Overall Situation of the Research Area

The distribution of FAI is shown in Figure 6a. The average FAI of the entire study area,
the impervious surface, water, and vegetation were 0.38, 0.27, 0.19, and 0.81, respectively.
FAI represents the surface roughness: the larger the value, the rougher the surface. Due
to the large number of mountains in the vegetation area, the FAI of vegetation was 0.54
higher than the average FAI of the impermeable surface. The water area is generally open,
so FAI was the lowest.

Figure 6. The overall situation of the research area.

The distribution of surface temperature is shown in Figure 6b. The surface temperature
of the study area was different from the FAI distribution. The overall trend of FAI was
vegetation > impervious surface > water, while the overall trend of surface temperature
was impervious surface > water > vegetation. The average temperature of the vegetation
was 30.98 °C, that of the water body was 31.04 °C, and the overall average temperature of
the study area was 34.76 °C. Therefore, it can be concluded that as a typical cold island, the
surface temperature of the mountain and the water was significantly lower than that of the
built-up area. The temperature differences reached 0.06-3.78 °C.

The VC paths identified using the LCP method are shown in Figure 6¢. These paths
show the ventilation situation of the study area and the typical characteristics of the spatial
distribution of VCs. By comparing the types of underlying surfaces of the VCs, it can be
found that VCs in the central area of Nanjing city bypassed the mountain and were mainly
distributed along the river. In the built-up area, they were mainly distributed along roads,
green spaces, and squares.

3.2. Distribution Characteristics of VC Indexes

The spatial distribution of the VC indexes is shown in Figure 7. The distribution of
the VC lengths had no apparent regularity. The VCs around the vegetation were mostly
parallel to the contours of the vegetation area and had lower temperatures. The VC with
large surface roughness was mainly located near the vegetation. From the perspective of
the cooling effect, the cooling width of the VC near the Yangtze River and the mountain
was relatively large. At the same time, because the analysis was about the urban area, most
of the underlying surface types of VCs were impervious surfaces.
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Figure 7. The spatial distribution of the VC indexes.

The distribution of the VC indexes for all kinds of VCs is shown in Figure 8a. The
average length for the VCs in the Nanjing central area was 695 m, of which 51.5% were
within 500 m, and 79.6% of VCs were within 1000 m. The angles were concentrated in the
90-202.5° range, accounting for 77%. As for the surface roughness, the average FAI of VCs
was 0.193, and 78.1% of the FAIs of the VCs were within 0.2. The average cooling width of
the VCs was 137 m, of which the cooling width of more than 200 m accounted for 12%. The
distribution of VC types in Nanjing was extremely uneven. The number of VCIs was the
largest, accounting for 75%. Also, 14.6% of the VCs were VCVs, and the VCW was the least,
accounting for 10.4%. As for the LST, the temperature of VCs was mainly concentrated in
the range of 3040 °C, accounting for 91.2%, and the average value was 34.95 °C.

There were similarities and differences between the indexes of the three types of
VCs with different underlying surfaces. The lengths of the three types of VCs were all
concentrated within 1000 m, and the order of the average length was VCI (706 m) > VCV
(608 m) > VCW (520 m). The distribution of the angles of different VC types, which were
all concentrated at 90°, 135°, and 180°, was highly similar. Similar to the overall roughness
distribution in the study area, the overall trend of the FAI of the VCs was VCV (0.4) > VCI
(0.16) > VCW (0.13). The mean values of the width of the VCVs (148 m) and the VCWs
(144 m) were larger than that of the VClIs (134 m). The width of the VCs was mostly within
the range of 200 m. The proportion of the width of the VCWs greater than 200 m was the
most, accounting for 22.3%. For the average temperature of the VC, VCI > VCV > VCW.
The temperature differences reached 1.84-5.4 °C, with average values of 36, 32.44, and
30.6 °C for the VCI, VCV, and VCW respectively.
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Figure 8. The index distribution of the VCs. (a) VC (VClI is the brown part, VCV is the green part,
and VCW is the blue part). (b) VCL. (c) VCV. (d) VCW.

3.3. Influencing Factors of Cooling Effect of VCs

The correlation results of the VCs with different underlying surface types are shown
in Figure 9. For VCI, there is a statistical relationship between the LST and length, but the
degree of correlation is weak. At the same time, the width, angle, and roughness of the VCI
have little effect on the LST. In addition, the calculation results of the cooling width of VCI
are also the smallest, and its cooling effect on the land surface is not significant. For VCI, its
ventilation effect in the city is stronger than the cooling effect. Due to the high temperature
in the built-up area, the long VCls accumulated heat; thus, they showed a poor cooling
effect [46]. Therefore, in the construction of the VCI, the open space, such as water and
vegetation, should be divided to supplement the cooling effect.



Buildings 2024, 14, 348

15 of 22

FAIl Cooling width Length Angle Temperature

|
|
QOBHZ0915% |\ "

) \L

-

pa) |\

\ 1
- |-

|

da
\ ' | g

I\
|\

Co?l“;vb?ndlh V 4
VRN "

7 U
e | e 0
0.29 /‘ “ ‘K / »

4
y

Golingwian

FAI Cooling width Length Angle Temperature
N -
N
T
k-
\

FAl Cooling width Length Angle Temperature

V \ ‘J o U 0
A J‘v “‘\,"\, . -1

Temperature Angle Length Cooling width FAI Temperature Angle Length Cooling width FAI Temperature Angle Length Cooling width FAI

(a)

(b) (0)

Figure 9. Correlation analysis results. (a) VCI. (b) VCV. (c¢) VCW. **: Correlation is significant at the
0.01 level (2-tailed); *: Correlation is significant at the 0.05 level (2-tailed).

As for the VCV, the temperature and roughness were significantly negatively corre-
lated, as Figure 9b shows—the larger the roughness of the vegetation ventilation corridor,
the lower the temperature of the VCV, and the better the cooling effect. When the roughness
increased from 0.06 to 3.14, the temperature decreased from 37 to 27 °C. Mountainous areas
had high roughness in the vegetation corridor, whereas open spaces within the city, such
as large areas of grassland or shrubs, had low roughness, mostly [47,48]. Due to factors
such as vegetation types, vegetation density, and altitude, the surface temperature of the
mountains was significantly different from that of the urban constructed area [49]. Wang
et al. also found the cooling effect of the mountain to have a certain relationship with vege-
tation type and density [28]. Most of the trees with lush leaves have strong transpiration
and better cooling effect [50]. In contrast, the transpiration of shrubs, grasslands, etc., is
slightly weaker, which results in a lower cooling effect. Similarly, the amount of vegetation
planted is also critical. Therefore, trees and shrubs can be planted on existing grasslands to
strengthen the cooling effect of vegetation corridors as much as possible without affecting
the existing corridors.

For the VCW, Figure 9c shows a significant positive correlation between temperature,
length, and roughness. The temperature of the VCW increases with the increase in the
length and surface roughness, and the cooling effect decreases. When the length increased
from 89 to 2991 m, the roughness increased from 0 to 0.65, and the VC temperature increased
from 25 to 41 °C. The roughness of the water corridor was closely related to the construction
intensity around the water—the more open the space near the water body, the lower the
roughness of the VCW from the index. It can be seen that the lower the temperature of
the VCW, the better the cooling effect. Therefore, when planning and designing VCWs,
the openness around the water can be appropriately increased using measures such as the
construction of parks around the water to enhance the cooling effect.

3.4. Typical VC Extraction and Feature Analysis

In this study, the VClIs were divided into VCI-1, VCI-2, and VCI-3 categories, mainly
based on the angle and length. The detailed information on the index of each sub-category
of the VCl is shown in Table 2 and Figure 10a. Comparing the average temperatures of sub-
category VClIs, VCI-3 had the best cooling effect. The distribution of the temperature was
relatively concentrated; thus, the temperature difference between the three sub-categories
of VCIs was relatively small. The average temperature of VCI-2 was the highest (36.23 °C),
while the temperature of VCI-3 was the lowest (35.87 °C), which is 0.2-0.4 °C lower than the
other two categories. The angle of VCI-3 was mainly concentrated at about 175°. The length
change ranged from 34 to 1200 m, and the average length was 455 m. The average length
of VCI-2 was 1681 m; VCI-2 was much longer than VCI-3. By comparing the distribution
characteristics of the three types of VCls, the cooling effect was better when the VCI angle
was approximately 175°, and the overall length was less than 1200 m. Therefore, the cooling
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effect of VCIs can be improved by changing the angle and reducing the length. In VC
planning, specific measures for urban construction-intensive areas include changing the
direction of the VC and setting up local open spaces such as water bodies and vegetation to
control the length of the VC.

Table 2. Clustering results of the VCI.

Category Index Minimum Maximum Mean
Angle (°) 90 135 102
Length (m) 55 1354 439
VCI-1 Cooling width (m) 29 300 119
Surface roughness 0.05 0.82 0.16

LST (°C) 29.30 44.67 36.08
Angle (°) 90 202 143

Length (m) 271 4874 1681
VCI-2 Cooling width (m) 119 310 191
Surface roughness 0.09 0.72 0.17

LST (°C) 31.46 42.03 36.23
Angle (°) 139 198 176
Length (m) 34 1117 455
VCI-3 Cooling width (m) 13 240 115
Surface roughness 0.06 0.56 0.15

LST (°C) 29.82 47.44 35.87
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Figure 10. The density histograms of the clustering result.

The VCV can be divided into four categories (VCV-1, VCV-2, VCV-3, VCV-4) mainly
based on the roughness of the VCV, as shown in Table 3 and Figure 10b. Comparing the
average temperatures of various types of VCVs, the temperature of VCV-1 and VCV-4 was
below 29 °C, which is 3-4.5 °C lower than that of the other two types. Therefore, these two
types of corridors have a noticeable cooling effect. The most noticeable attribute feature of
these two types of VCVs is that they have high roughness values, all of which were above
1.5 and up to 3.1, which is consistent with the correlation results in Section 3.2. Therefore,
when designing VCVs, it is necessary to focus on retaining and broadening VCVs with
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high roughness, that is, VCVs located around the mountain, and enhance the cooling effect

of the area.

Table 3. Clustering results of the VCV.

Category Index Minimum Maximum Mean
Angle (°) 90 135 113
Length (m) 135 191 163
VCV-1 Cooling width (m) 130 210 170
Surface roughness 2.94 3.14 3.04
LST (°C) 27.94 29.84 28.89
Angle (°) 90 198 134
Length (m) 115 1381 489
VCV-2 Cooling width (m) 29 302 141
Surface roughness 0.06 0.54 0.24
LST(°C) 29.81 37.01 32.79
Angle (°) 90 180 120
Length (m) 135 3396 1075
VCV-3 Cooling width (m) 39 270 170
Surface roughness 0.35 1.34 0.71
LST (°C) 29.15 35.84 31.90
Angle (°) 129 191 170
Length (m) 135 1765 850
VCV-4 Cooling width (m) 128 223 199
Surface roughness 1.54 2.23 1.82
LST (°C) 27.23 29.21 28.26

VCW can be divided into four categories (VCW-1, VCW-2, VCW-3, VCW-4) mainly
based on the angle and width of the VCW, as shown in Table 4 and Figure 10c. Comparing
the average temperatures of various types of VCWs, the temperature of VCW-4 was
28.53 °C, which was 1.6-2.7 °C lower than that of the other three types. Therefore, VCW-4
had the best overall cooling effect, and the attribute range of this type of VCW was taken
as the recommended construction range. When planning the construction of VCWs in
Nanjing, the VCW angle can be concentrated at approximately 180°, and the VCW width

should be as large as possible; most of them were above 200 m.

Table 4. Clustering results of the VCW.

Category Index Minimum Maximum Mean
Angle (°) 135 198 173
Length (m) 89 856 335
VCW-1 Cooling width (m) 28 167 99
Surface roughness 0.01 0.34 0.12
LST (°C) 25.95 34.51 31.02
Angle (°) 90 132 102
Length (m) 251 2991 925
VCW-2 Cooling width (m) 180 273 225
Surface roughness 0 0.34 0.09
LST (°C) 25.90 34.13 30.17
Angle (°) 90 146 104
Length (m) 135 m 1105 441
VCW-3 Cooling width (m) 30 187 115
Surface roughness 0.01 0.65 0.15
LST (°C) 25.62 40.92 31.27
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Table 4. Cont.

Category Index Minimum Maximum Mean
Angle (°) 153 198 179
Length (m) 271 1625 681
VCW-4 Cooling width (m) 168 372 229
Surface roughness 0 0.54 0.16

LST (°C) 25.00 35.19 28.53

4. Discussion
4.1. The Influence of VCs on LST

From the above results, it can be seen that the LST of the VCs with different underlying
surface types is also significantly different. The LST of the VCWs (30.6 °C) was lower
than that of the VCVs (32.44 °C), and the LST of the VClIs (36 °C) was the highest. The
temperature differences reached 1.84-5.4 °C. The wind corridor through the water and
green space has a significant improvement effect on the LST. Previous studies yielded
analogous conclusions. Shi et al. [30] pointed out that water bodies had the lowest average
UHII, which indicates that it is more effective in mitigating UHI. Guo et al. [51] pointed out
the effects of underlying surface types on the LST and verified them in four different cities.
Therefore, to achieve the goal of urban sustainability, it is necessary to focus on protecting
existing VCWs and VCVs. At the same time, the construction of VCWs and VCVs should
be increased as much as possible. Because the cooling effect of the VCI is the weakest,
VCWs and VCVs can be added to improve the thermal environment in the area where the
LST is high, and only VCI passes [46,52,53].

4.2. Strategies for Enhancing the Cooling Effect of VCs

The above data analysis illustrates the relationship between the VC indexes and the
LST. Operable strategies have been proposed to enhance the cooling effect of the VC. When
designing urban VClIs, on the premise of ensuring the overall connectivity of the VCls, the
length of the VClIs can be reduced by setting up local VCWs or VCVs, and the length can
be limited to within 1200 m to improve the overall cooling effect of VCls. Similar results
were observed in prior investigations. Fang et al. [54] found that VCs with impervious
surface + vegetation + water have the lowest temperature and the largest ventilation benefit.
Therefore, when the VCl is too long and cannot be interrupted, VCWs or VCVs parallel to
the original VC can be added. By broadening the width of the VCs and the superposition of
various VCs, the cooling potential of VCs can be comprehensively improved. In addition,
the VClIs with an angle of approximately 175° have the best cooling effect in Nanjing. The
angle of VClIs usually coincides with the direction of the urban road network [55]; therefore,
their angle can be maintained at about 175° by adjusting the direction of the road.

For the development and utilization of VCVs, it is necessary to focus on the protection
of existing VCVs, especially through the mountain parts, which have important cooling
potential. In areas with harsh thermal environments, the cooling effect of VCVs can also
be improved by local supplementary planting of trees to increase vegetation density [56].
Lan et al. [57] pointed out that the extensive greenery of VCs can enhance the overall
cooling effect and have a synergistic mitigation effect. Wang et al. [58] found that trees
exhibit a superior cooling effect compared to shrubs, with a temperature reduction of
approximately 1.35 °C. Huang et al. [47] pointed out that there is a significant negative
correlation between the forest canopy density and the surface temperature. The average
LST of the study area decreased from 32.65 to 30.33 °C when the forest canopy density
increased from 0.31 to 0.40.

For the VCW, the most important thing is to maintain the openness around the water
to reduce the roughness of the VCW. The width of the VCWs significantly affects the
cooling effect; it can be kept above 200 m by building hydrophilic squares and greenways.
In addition, the direction of the linear water body can best be controlled at about 180°.
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4.3. Limitations and Prospects

This study selected Nanjing in summer as an example and presented an approach
to quantify VC characteristics and cooling effects. Construction strategies based on the
cooling effect were proposed for different types of VCs. For the specific impact of the
implementation of these strategies on the urban heat island effect, we consider quantitative
research through numerical simulation in subsequent studies. The method proposed in
this study is applicable across different seasons, years, and cities. In a follow-up study, we
will also explore the changes in the cooling effect of VCs in the time and space dimensions.
In the time dimension, the cooling effect of VCs during the day and night can be compared,
and the influence of VCs on the urban thermal environment in different seasons will be
explored. In the spatial dimension, the effect of VCs on different local climate zones can
be compared.

The calculation of the FAI currently only considers the influence of elevation and
buildings, ignoring the roughness of the vegetation. Vegetation has a certain influence
on the accuracy of VC identification in the built-up area [47]. The types of vegetation in
the built-up area are rich, and the spatial distribution is complex. It is difficult to quantify
vegetation at the urban scale, which leads to the difficulty of vegetation modeling. In small
and medium-scale studies, the method of LiDAR can be combined to assist in the modeling
of vegetation [59]. Therefore, the consideration of vegetation roughness can be added to
the calculation of FAL This field can be further explored in the future.

5. Conclusions

Clarifying the quantitative relationship between the characteristics of urban VCs and
the cooling effect will greatly improve the operability and controllability of VC construc-
tion. It is of great significance in alleviating the UHI effect and fostering the sustainable
development of cities. Taking Nanjing as an example, a comprehensive index system was
established in this study to describe the morphological and environmental characteristics
of VCs. Through the Spearman rank correlation coefficient and k-means clustering, the
accurate construction focus and optimal construction scope of the VC are obtained. The
main conclusions are as follows:

The cooling effect and cooling width are closely related to the underlying surface. The
difference in underlying surface types can lead to a temperature difference of up to 5.4 °C
between VCs. Similarly, the proportion of the cooling width of VCWs greater than 200 m is
the most, accounting for 22.3%. The cooling effect of the VCVs and VCWs is significantly
better than that of the VClIs.

Through correlation analysis, this study found that length and surface roughness are
the focus of VC construction. The significant correlation indexes of the VCV and VCW
were roughness and length and roughness, respectively.

The optimal range of the VC index with different underlying surface types was
obtained based on the cooling effect, and the corresponding construction strategy was
proposed. The angle of the VCIs can be maintained at about 175° by adjusting the direction
of the road, and the length can be reduced by setting up local VCWs or VCVs. For the
VCV, the cooling effect is strong when the roughness is between 1.5 and 3.1. Therefore,
the VCV through the mountainous area is the focus of protection. For the development
and utilization of VCWs, the most important thing is to maintain the openness around the
water to reduce the roughness and increase the cooling width.
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