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Abstract: As China’s urbanization process accelerates, the issue of air pollution becomes increasingly
prominent and urgently requires improvement, based on the fact that environmental conditions such
as meteorology and topography are difficult to change. Therefore, relevant optimization studies
from the perspective of architectural patterns are operable to mitigate pollution. This paper takes the
Wenhua Road block in Shenyang, China, as the research object; obtains the concentration data of three
kinds of particulate matter through fixed and mobile monitoring; and analyzes the spatial distribution
characteristics of Local Climate Zones ( LCZ) and particulate matter in the block based on the ArcGIS
platform, identifies high-risk areas, and excavates the influence of LCZ on the concentrations of three
kinds of particulate matter. The results show that the spatial distribution characteristics of PM1,
PM2.5, and PM10 under the same pollution level are relatively similar, while the spatial heterogeneity
of the distribution of the same particulate matter under different pollution levels is higher. The
time-weighted results show that the PM1 pollution level in the block ranges from 44 to 51 µg/m³,
PM2.5 ranges from 75 to 86 µg/m³, and PM10 ranges from 87 to 99 µg/m³. The pollution hot spots
throughout the year are located in the central, eastern and western parts of the study area. In terms
of the relationship between the LCZ and particulate matter, with the increase in the particulate
matter diameter, the correlation between the three kinds of particulate matter and LCZ are all
enhanced. The built-up LCZ always has a larger average concentration of particulate matter than
that of the natural LCZ, and building height and building density are the main factors causing the
difference. In the optimal design of the risk area, the proportion of natural vegetation or water surface
should be increased and the building height should be properly controlled and the building density
should be reduced in the renewal of the urban building form. This study will largely improve the
spatial refinement of the optimization of urban architectural patterns oriented to mitigate particulate
matter pollution.

Keywords: three-dimensional architectural forms; particulate matter; mobile monitoring; LCZ; hot
spot analysis

1. Introduction

In recent decades, China’s rapid urbanization has changed the urban land use struc-
ture and building form characteristics [1], leading to ecological and air quality issues [2].
Among them, the influencing factors of air pollution are intricate and complex [3]. Under
the premise that it is difficult to change the objective environmental factors such as topog-
raphy and meteorology [4], mitigating the effect of particulate matter pollution from the
urban design and architectural layout is a practical and feasible solution [5]. Atmospheric
particulate matter is one of the main components of haze, and common atmospheric par-
ticulate matter is categorized into PM1, PM2.5, and PM10, according to their aerodynamic
diameters [6]. These particulate matters of different sizes are harmful to the healthy living
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environment for people, and the smaller the diameter of the particulate matter, the more
damaging it is to human health [7]. The influence of architectural forms on the dispersion
of particulate matter has been confirmed [8]. Most of the existing studies are based on
large-scale spatial simulation. Due to the high spatial heterogeneity of particulate matter
distribution, it is necessary to carry out a small-scale study to obtain particulate matter
pollution data at the block scale based on field monitoring. The introduction of the LCZ
classification system can better distinguish the land use types in urban areas and better
characterize the spatial features of the layout of architectural forms at the block scale [9,10],
which is more closely related to the distribution of atmospheric particulate matter [11].
Therefore, it is necessary to explore the influence of 3D architectural forms on particulate
matter dispersion from the LCZ perspective and realize the optimization of LCZ classes
and architectural patterns based on particulate matter pollution mitigation. This study
provides suggestions for the reduction of particulate matter pollution in urban design and
building layout and for the regulation of urban construction and building layout. This has
theoretical guiding significance for other urban blocks and even other urban construction
and is of great significance for promoting the optimal control of neighborhood pollution
exposure under the concept of a healthy city, the sustainable development of neighborhood
construction, and the improvement of residents’ quality of life and health and well-being.

The coupled research on three-dimensional urban morphology and air pollution needs
to consider the issue of scale diversity, and the analytical methods differ for particulate
matter pollution studies at different scales. In general, the dispersion of urban particulate
pollution occurs in small-scale atmospheric environments but is inevitably affected by large-
scale atmospheric motions [12]. On the regional scale, the study of pollutant dispersion
mainly adopts the MODIS remote sensing image inversion method, and the data source is
mainly from MODIS aerosol products, which covers a wide range and has economic benefits
and can realize long-term monitoring, but the spatial resolution of the data is relatively
low [13]. On the urban scale, the spatial interpolation methods are often used for simulation.
Pollutant concentration data are obtained from urban air quality monitoring stations. This
method is simple in principle, easy to operate, and relatively easy to obtain data. However,
in underdeveloped cities, the density of its monitoring stations is insufficient, which limits
research, and there are fewer factors to consider, which can easily amplify the changes
in extreme pollutant concentration values [14]. On the block scale, by obtaining data
on pollutant concentration, topography, and pollution emissions, atmospheric numerical
simulation methods are often used to simulate pollutant dispersion. The advantages of this
method are its simple structure, fast calculation speed, and low requirements for basic data,
making it applicable to small- and medium-scale research. However, this small-scale model
cannot simulate the composite air pollution process well, and its simulation accuracy needs
further consideration [15].

Combining the above research methods, research scales, and data acquisition, the
influence of urban morphology on particulate matter dispersion at the current stage mainly
focuses on large-scale research, with the model simulation as a main method and the data
sources mainly being publicly available data from weather monitoring stations. Lu et al. [16]
focused on the Yangtze River Delta (YRD) region in China, acquired a global PM2.5 concen-
tration dataset, and analyzed the effects of different land use types and landscape pattern
indicators on PM2.5 concentrations. At the meso-scale, Leen et al. [17] used PM2.5 sensors
to collect air quality data in Hanoi, the capital of Vietnam, to assess the spatial distribution
of PM2.5 at the urban scale and to explore changes in PM2.5 concentrations associated with
urban morphology at the local climate zone scale. McCarty et al. [18] analyzed county-level
data from 48 contiguous states in the contiguous U.S. mainland. By using available air
quality monitoring data and remotely sensed land cover data, they explored the correlation
between urban forms and air quality, particularly how urban morphology affects air quality
in different types of county areas. On the micro scale, Jiang et al. [19] carried out a study of
the relationship between urban morphology and air quality (wind speed, CO, and PM2.5)
in two residential districts in the central area of Beijing. They utilized Computational Fluid
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Dynamics (CFD) [20] simulation technology to model the changes in microclimate and
pollutant dispersion within the districts under different weather conditions and identified
five main urban morphology parameters that affect pollutant dispersion and distribution.
In summary, in today’s research on particulate matter, the research scale methodology
and data acquisition as a whole are seriously affected by the spatial resolution, and the
insufficient level of spatial refinement leads to the lack of relevant research results at the
block scale. However, field monitoring can solve the above problems, and in recent years,
more and more scholars have tended to use mobile monitoring methods to investigate the
spatial variations of urban air quality [21,22]. However, field measurements of particle
concentrations require significant manpower, resources, and financial investment. As a re-
sult, research conducted through field measurements remains few. In view of this research
background and its limitations, this study analyzed the correlation between block-scale
particulate matter obtained by field measurement and urban morphology, which is of great
significance to enrich the high-precision and refined research on block-scale particulate
matter pollution prevention and control [23].

Based on the background mentioned above, the correlation between urban morphol-
ogy and particulate matter has been confirmed in many studies, but the majority of these
studies have primarily focused on the urban scale. Due to the high spatial heterogeneity of
particulate matter distribution, the results from large-scale studies may not be applicable
to small-scale optimization designs. There is a lack of quantitative research at the block
scale. In terms of data acquisition, existing studies have mostly investigated the impact of
architectural patterns on particulate matter through model simulations. The main reason
for the limitation of small-scale studies is that it is difficult to obtain pollution data of high
spatiotemporal resolution and high-precision spatial data of environmental factors. There-
fore, there is an urgent need for studies that utilize field measurements to obtain particulate
matter data at the block scale. In terms of innovation, in the existing studies of the block
scale, the introduction of the local climate zones (LCZs) system is not frequent, while the
LCZs can visually reflect the architectural differentiation characteristics, so it is necessary
to introduce and establish a comprehensive analysis of the LCZs system at the block scale.
In conclusion, conducting research on multiple particulate pollution mapping and risk
zone identification based on field measurements of pollutants from the LCZ perspective,
and elucidating the correlation between LCZ classification and pollutant concentrations,
would greatly enhance the spatial refinement of architectural pattern optimization aimed
at mitigating particulate pollution.

2. Study Area and Research Methods
2.1. Overview of the Study Area

The study area is located in Shenyang, capital city of Liaoning Province in China
(41◦11′51′′ N–43◦02′13′′ N, 122◦25′09′′ E–123◦48′24′′ E) (Figure 1a), which has a temperate
continental climate with an average annual temperature of 8.4 ◦C and annual precipitation
of 510-680 mm. Shenyang serves as an important heavy industrial base with abundant
natural resources and a solid industrial foundation [24]. As the largest central city in
Northeast China and one of the most significant industrial bases in the country, the air
pollution of Shenyang is mainly caused by vehicle exhaust, fossil fuel combustion, industrial
production, and urban construction [25]. As the urbanization progresses quickly and the
environmental pollution becomes increasingly serious, air pollution—particulate matter
pollution, in particular—urgently needs to be addressed [26]. According to the data,
through the kernel density estimation, the PM2.5 in the Shenyang City area from 2000 to 2013
showed an increasing trend, with the annual average concentration up from 58.50 µg/m3

to 72.49 µg/m3; even though the PM2.5 had been curbed to a certain extent in the area from
2013 to 2022 because of the implementation of policies such as the Air Pollution Prevention
and Control Action Plan, the annual average concentration remained high, making the
situation unfavorable (Figure 2).
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Figure 2. Change of PM2.5 concentration in Shenyang City from 2000 to 2022.

The Wenhua Road block in Shenyang has serious particulate matter pollution, and
its air pollution index has been continuously high over the years. The land use types of
the block are diverse, which are mainly residential land and commercial land, with green
space, rivers, and land for education. In addition, the mix of high-, medium-, and low-rise
staggered buildings shows its rich three-dimensional architectural form. Boundary 1 of
the block (Figure 1b) is delimited by the city’s main roads, covering an area of 11.12 square
kilometers. Considering the impact of the buildings on the periphery of Boundary 1 on the
particulate matter in the block, existing studies have indicated that an architectural or urban
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design project can strongly influence air quality within its 200-m radius [27]. Therefore, a
200-m buffer zone was created based on Boundary 1, which serves as the research boundary
in this study, with 13.33 square kilometers of total area (as shown in Figure 1c).

2.2. Data Sources and Preprocessing

In this study, air pollution data from 11 air quality monitoring stations in Shenyang
during 2000–2022 were used, including 6 kinds of conventional monitoring pollutants
concentration data, such as fine particulate matter (PM2.5), inhalable particulate matter
(PM10), ozone (O3), nitrogen dioxide (NO2), sulfur dioxide (SO2), and carbon monoxide
(CO). Rates are the daily mean values. Air pollution data were provided by the China
National Environmental Monitoring Center (https://www.cnemc.cn, accessed on 1 March
2022), the U.S. Consulate General in Shenyang AQI (https://aqicn.org, accessed on 1
March 2022), and the Department of Ecological and Environment of Liaoning Province
(https://sthj.ln.gov.cn, accessed on 1 March 2022). The land use data were obtained from the
Land Use and Land-Cover Change (LUCC) dataset of Shenyang City in 2018 provided by
the Resource and Environmental Science Data Platform (https://www.resdc.cn/, accessed
on 1 May 2022). These data have a resolution of 30 m, which contains six main categories
and eighteen subcategories.

The building vector data of Shenyang City in 2018 is sourced from the Baidu map
(https://map.baidu.com/, accessed on 1 May 2022). The footprint data of buildings are
represented in a polygonal vector, including the base outline and floors information. The
building height is assumed to be 3 meters multiplied by the number of building floors. This
data is verified by reference to Google Maps, supplemented by Baidu Maps panoramic
imagery, and augmented by on-site and online research to add missing building footprints.
In this case, the drawing of acquired building outlines and building floors is also refined
so that more complete and accurate building information data in the study area is finally
formed, with a total of 3171 individual buildings acquired.

2.3. Field Measurement
2.3.1. Monitoring Route Design

The data of the street-level particulate matter concentration are obtained by using
fixed and mobile monitoring in the field. The monitoring activities were carried out for
7 days, including three typical particulate pollution situations in this area, to ensure the
representativeness of the monitoring data. The specific monitoring steps are as follows:

(1) Instrument setting: The detection instrument is a Sniffer4D Lingxiu V2 atmospheric
monitoring system (made by Kefei Technology Co., LTD., Shenzhen, China, purchased
from the network official platform), which can record the concentration of PM1, PM2.5,
and PM10 particles with a time resolution of 1 s.

(2) Layout of the monitoring points: Determine the layout of the monitoring points by
combining field investigation and remote sensing. Considering the uniformity and
representativeness of the distribution, 37 mobile monitoring stations are set up, which
cover all LCZ types and are mainly located in the middle of intersections and roads
for easy measurement.

(3) Make the mobile monitoring route: The mobile monitoring is carried out at time
intervals. These routes are connected in a series with all the monitoring points.
Considering the monitoring length and staffing, four monitoring routes are designed
(Figure 3) to ensure that the monitoring data of the particulate matter concentration
in different LCZ can be obtained in the same time period.

(4) Field measurement: The monitoring activity is from October 2022 to March 2023, and
the times with good weather conditions are selected for actual measurement. The
monitoring height is 1.5 m, and the time resolution is 1 s. The method of multi-cycle
continuous repeated measurement is adopted, in which every 1.5 h is designated as
a cycle, and the monitoring time is 8:00–11:00 in the morning and 14:00–17:00 in the
afternoon, with four cycles measured every day. The specific implementation process

https://www.cnemc.cn
https://aqicn.org
https://sthj.ln.gov.cn
https://www.resdc.cn/
https://map.baidu.com/
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is as follows: after the instrument is turned on, let it stand for 5 min to start measuring
activities. Fix the monitoring instrument at the front of the electric vehicle, drive on
the route during the monitoring period, stay at each monitoring point for 1 min, and
repeat the measurement in multiple periods after completing a closed route.
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2.3.2. Quality Assurance and Quality Control of Particulate Matter Data

Before the monitoring activity begins, all instruments are placed in the same stable
environment for three days for relative calibration. After the monitoring activities, all in-
struments were placed in the same stable environment for 3 days and absolutely calibrated
with the public data of the Wenhua Road Meteorological Monitoring Station in the study
area, and the obtained particulate matter concentration was fitted and corrected according
to the calibration data. The collected data are visualized through a GIS platform, and
the monitoring data within five minutes of startup are eliminated. At the same time, the
abnormal high value and abnormal low value of each monitoring route in different time
periods are eliminated, and the missing values are interpolated and replaced to ensure
the integrity of the data. Overall, given these operations, the data in this study can be
considered reliable and valid.

2.4. Research Methods
2.4.1. LCZ Construction in the Block

To map the LCZ for the Wenhua Road block, the study processed the acquired 30-m
resolution land use data and building vector data of Shenyang City, referring to the LCZ
mapping method based on ArcGIS [28] and combining the current status and research
requirements of the study area. First, the collected data were integrated into the GIS
platform for spatial extraction of the study area data. Second, considering the strongest
correlation between the LCZ and PM pollution data at the 200-m grid scale revealed in
the subsequent experimental calculations, the research scale was determined to be in a
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200-m grid. At this scale, building indicators for the street block were calculated, including
average building height and building density. Then, the land use data were categorized into
construction land, green space, and water bodies and coupled with the building indicators
for LCZ classification. Finally, the block LCZ was classified into six built-up environment
types and two natural environment types.

2.4.2. Kriging Interpolation

This method was initially employed by Krige for locating gold resources, then was
theorized and systematized by Matheron and was named the Kriging interpolation [29]. It
needs to meet the second stationary assumption: (1) the average mean of random variables
exists and is independent of the distance, and (2) when the distance between any two points
is “h”, the variance of the regional change increment exists and is independent of the coor-
dinates [30]. Through the Kriging interpolation method, the relatively limited monitoring
data in this study can be utilized to estimate the PM concentration at unmonitored points
in the study area, thereby obtaining continuous spatial distribution maps of the three types
of particulate matter concentrations.

2.4.3. Hot Spot Analysis

The Getis-Ord Gi* hot spot analysis model is a spatial analysis tool that detects and
analyzes autocorrelation in a local space to identify regions characterized by significant
high- or low-value clustering [31]. The model accurately determines where clustering
of high- or low-value elements occurs in space by calculating the high-/low-clustering
statistics for each data point in the region and determining whether the point belongs to
the same class as its neighboring points [32]. The Getis-Ord Gi * statistic is calculated as
follows using Equations (1)–(3) [33]:

G∗ =
∑n

j=1 ωijxj − X∑n
j=1 ωij

S

√√√√√
[

n∑n
j=1 ω2

ij −
(

∑n
j=1 ωij

)2
]

n − 1

(1)

X =
∑n

j=1 xj

n
(2)

S =

√
∑n

j=1 xj

n
− X2 (3)

Among them, S is the standard deviation of the PM concentration in the block, and
the G∗ statistic obtained for each element in the dataset is the Z score. Higher G∗

i values
indicate a tighter clustering of hot spots, while lower G∗

i values indicate a tighter clustering
of cold spots.

2.4.4. Grid Spatial Data Integration

This study utilizes ArcGIS’s Create Fishing Grid function to create a fishing grid
matching the study area and integrates three-dimensional building morphology indicators
and spatially interpolated particulate matter concentration distribution into the spatial
grid through multiple grid units. This allows for the acquisition of the average building
indicator values and interpolated particulate matter concentration values at different
pollution levels within each grid unit, thus realizing grid-based spatial connectivity and
facilitating subsequent spatial analysis tasks. Through iterative experimentation and the
comparison of different grid scales concerning the correlation between building indicators
and particulate matter concentration, it is found that the spatial correlation is highest at a
200-m grid scale. Hence, the optimal grid scale is established as 200 m × 200 m.
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2.4.5. Correlation Analysis

The strength of a monotonic relationship between two variables can be determined
using a nonparametric statistic called Spearman’s correlation analysis, or Spearman’s
rho [34]. It does not require data to obey a normal distribution; in contrast, it is applied
to data on a fixed-order scale—that is, the rank or order information of the categorical
variables. It first transforms the data into ranks and then computes the Pearson’s correlation
coefficient between the ranks, as shown in Equation (4) below:

rs =
1 − 6∑ d2

i
n(n2−1)

n − 1
(4)

Among those, rs is the Spearman’s rank correlation coefficient, di is the difference in
the rank order of the corresponding observations of the two variables, and n is the total
number of observations.

2.5. Overall Research Approach

First, the block LCZs are described based on ArcGIS, and the spatial distribution
characteristics of various types of LCZs are analyzed; second, in order to analyze the het-
erogeneity of the spatial distribution characteristics of the three kinds of particulate matter
under different pollution levels, these data obtained from field monitoring are summarized
and classified, and spatially continuous particulate matter pollution maps are drawn based
on the Kriging interpolation. Then, annual particulate matter pollution exposure maps of
the block are developed based on time weighting, and pollution risk zones of the block are
identified through hot spot analysis. Finally, to analyze the correlation between LCZs and
the three kinds of particulate matter concentrations, Spearman’s rank correlation coefficient
is used, and to analyze the results of the differences in the concentrations of particulate
matter in the various types of LCZs and the reasons for the differences, the mean values of
the three kinds of particulate matter concentrations of different LCZ classes are counted
based on the correlation relationship.

3. Results and Discussion
3.1. Description and Analysis of Block LCZ

From the LCZ classification of the Wenhua Road block (Figure 4), it can be seen that
the road block as a whole has a rich variety of architectural forms, including LCZ1–LCZ3
with a compact layout and LCZ4–LCZ6 with an open type, and there are also LCZP green
areas and LCZG water areas with a natural environment type. The distribution of specific
types of LCZs is characterized as follows: In terms of the built environment type, road
block LCZ1 is mainly distributed on both sides of Qingnian Street and the commercial area
on both sides of Wenhua Road; LCZ2 is mainly distributed on both sides of Wenhua Road,
typically represented by dense mid-rise residential buildings; LCZ3 is mainly distributed
on the north side of the Hunhe River, which consists of low-rise compact villas; LCZ4 is
mainly distributed on both sides of Qingnian Street, which is a high-rise open residential
area; LCZ5 is mainly distributed in the residential area on the north side of Nanta Street,
which is an open mid-rise residential area; and LCZ6 is a relatively small distribution of
open low-rise areas. As for the natural environment type, LCZG waters are represented
by the Hunhe River, which appear as a zonal distribution on the south side of the study
area; LCZP green spaces include Wulihe Park, Popular Science Park, and Nanta Park on
the north side of the Hunhe River.
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3.2. Characterization of the Spatial Distribution of Particulate Matter Concentrations in the Block
3.2.1. Visualization of Measured Particulate Matter Concentrations in the Block

The particulate matter data obtained from field measurements were preprocessed, and
all data within five minutes since startup and outliers were excluded, resulting in a total
of more than 650,000 valid data for the three types of particulate matter concentrations
obtained in this study. The effective data obtained were processed, and the four-cycle data
of each route were superimposed on average to obtain the average daily concentration
of three pollutants on the four routes, which was used as the daily average concentration
of particulate matter. Combined with the air pollution data of Shenyang over the years,
the China Ambient Air Quality Standard (GB3095-2012), and World Health Organization
Air Quality Standard, the measured data are divided into pollution levels according to
research needs:

PM1, 0 µg/m³ < PM1 pollution level 1 ≤ 20 µg/m³ < pollution level 2 ≤ 50 µg/m³ <
pollution level 3;

PM2.5, 0 µg/m³ < PM2.5 pollution level 1 ≤ 50 µg/m³ < pollution level 2≤100 µg/m³ <
pollution level 3;

PM10, 0 µg/m³ < PM10 pollution level 1 ≤ 50 µg/m³ < pollution level 2 ≤ 100 µg/m³ <
pollution level 3.

The data were combined according to pollution levels, in which the visualization of
the measured data of the typical particle matter PM2.5 concentration under three pollution
levels is shown in Figure 5.

At the same time, we verified the accuracy of the measured data. By summarizing the
hourly average data disclosed by the national monitoring stations, our research also counted
the hourly average of the four monitoring routes under the seven-day measurement period.
After fitting, it was found that the accuracy was 0.866 (Figure 6), and the fitting effect was
good. The field measurement data studied were consistent with the trend of the national
public data, and the measurement data had strong confidence. It could represent the
concentration level of particulate matter in the study area.



Atmosphere 2024, 15, 794 10 of 22Atmosphere 2024, 15, x FOR PEER REVIEW 11 of 24 
 

 
Figure 5. Visualization of PM2.5 concentration data measurement in the blocks. 

At the same time, we verified the accuracy of the measured data. By summarizing 
the hourly average data disclosed by the national monitoring stations, our research also 

Figure 5. Visualization of PM2.5 concentration data measurement in the blocks.



Atmosphere 2024, 15, 794 11 of 22

Atmosphere 2024, 15, x FOR PEER REVIEW 12 of 24 
 

counted the hourly average of the four monitoring routes under the seven-day measure-
ment period. After fitting, it was found that the accuracy was 0.866 (Figure 6), and the 
fitting effect was good. The field measurement data studied were consistent with the trend 
of the national public data, and the measurement data had strong confidence. It could 
represent the concentration level of particulate matter in the study area. 

The trend of the field measurement data in the study is consistent with that of the 
national public site data., and in view of the fact that the reliability of the national moni-
toring site data has been fully demonstrated in previous research work [35,36], and has 
been widely used in related studies [37,38], we believe that the mobile measurement data 
in this study verified with the officially released particulate matter detection data have 
sufficient confidence to represent the concentration level of particulate matter in the study 
area. 

 

 
Figure 6. Verification of the measurement data accuracy. 

3.2.2. Spatial Interpolation Results of Particulate Matter in the Block 
Due to the limited number of measuring points in the field, the acquired point data 

of three kinds of particulate matter concentrations were spatially interpolated, which gen-
erated spatially continuous distribution maps of average particulate matter mass concen-
trations under different pollution levels (Figure 7). The results showed that the spatial 
distribution characteristics of the three particulate matter concentrations under the same 
pollution level were relatively similar, while the spatial heterogeneity of the same partic-
ulate matter distribution under different pollution levels was high, but there were also 
local spatial similarities. 

Figure 6. Verification of the measurement data accuracy.

The trend of the field measurement data in the study is consistent with that of the
national public site data., and in view of the fact that the reliability of the national monitor-
ing site data has been fully demonstrated in previous research work [35,36], and has been
widely used in related studies [37,38], we believe that the mobile measurement data in this
study verified with the officially released particulate matter detection data have sufficient
confidence to represent the concentration level of particulate matter in the study area.

3.2.2. Spatial Interpolation Results of Particulate Matter in the Block

Due to the limited number of measuring points in the field, the acquired point data
of three kinds of particulate matter concentrations were spatially interpolated, which
generated spatially continuous distribution maps of average particulate matter mass con-
centrations under different pollution levels (Figure 7). The results showed that the spatial
distribution characteristics of the three particulate matter concentrations under the same
pollution level were relatively similar, while the spatial heterogeneity of the same particu-
late matter distribution under different pollution levels was high, but there were also local
spatial similarities.

At pollution level 1 (Figure 7a), the concentration of PM1 was in the range of
11–18 µg/m³, concentration of PM2.5 was in the range of 17–28 µg/m³, and the concentra-
tion of PM10 was in the range of 21–33 µg/m³. The concentration values were enhanced
with the increase in the diameter of particles, and the overall spatial distribution char-
acteristics among the three particles were relatively similar, but the spatial distribution
heterogeneity within each particle was high. The high pollution indices of the three pol-
lutants are distributed on the west side of Qingnian Street and the east side of Shenshui
District, Xinghuiyunjin District of the Yuexiu Group, and Yijingyuan District on the bank of
South Canal, presumably related to the surrounding high-rise buildings shading, and the
lower spatial openness leads to local deposition phenomenon. The low pollution index is
distributed in the Mixc, Shenyang Pharmaceutical University, Popular Science Park, and
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Nanta Park, places with better spatial openness, and the parks here are equipped with
more greenery, smoothing the transmission of particulate matter.
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At pollution level 2 (Figure 7b), the concentration of PM1 was in the range of
25–42 µg/m³, the concentration of PM2.5 was in the range of 53–70 µg/m³, and the concen-
tration of PM10 was in the range of 54–87 µg/m³. The high pollution indices of the three
pollutants are located in the central areas of the block, including the Shenyang Conservatory
of Music, Shimao Wulihe River Road block, Popular Science Park, and Nanta Road block.
The central areas of the block as a whole show a high pollution phenomenon, mainly due to
the influence of the Wulihe River Park of Hunhe River in the south and Qingnian Park and
South Canal in the north, coupled with the dense construction in the central areas of the
block, which makes it difficult for pollutants from the north and the south to be transported
outward. The area with a low pollution index is distributed in the southern part of the
study area, Wulihe River Park, the business district of the Mixc north of the study area,
and the South Canal block; these two blocks are affected by the adsorption of pollutants
from the park’s greenery, and coupled with high spatial openness, the pollutants diffuse
relatively quickly; thus, the pollution here is relatively low.

Under pollution level 3 (Figure 7c), the concentration of PM1 is in the range of
66–76 µg/m³, the concentration of PM2.5 is in the range of 109–125 µg/m³, and the con-
centration of PM10 is in the range of 126–144 µg/m³. The high pollution index area is
located in the Shenyang Conservatory of Music, Shimao Wulihe block, the interchange of
Wanliutang Road and Culture Road, Shenshui District, and the South Canal block. The
main reason for this difference is the layout of the building. On the one hand, these areas
are built environmental LCZs, often showing higher pollution than natural environmental
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LCZs. On the other hand, a high building height or high building density in the region are
the causes of high pollution, because a high building height and building density hinder
the diffusion of particulate matter, making the local building layout not conducive to the
diffusion and transmission of particulate matter. The low pollution index area is mainly
distributed in the building complexes facing the Hun River and the vicinity of Popular
Science Park, mainly due to the reduction and adsorption of particles by the green space
and the relatively weak shading of the buildings, which makes the transmission of particles
unaffected by the shading.

3.2.3. Identification of Particulate Matter Risk Areas Based on Time Weighting

Due to the high spatial heterogeneity of particulate matter distribution under different
pollution levels, this study attempts to construct a time-weighted annual particulate matter
pollution distribution map based on the proportion of different pollution levels throughout
the year. By statistically categorizing the meteorological data of Shenyang, capital city of
Liaoning Province, in 2022, it was found that pollution level 1 accounted for one-tenth
of the year, pollution level 2 accounted for five-tenths of the year, and pollution level 3
accounted for four-tenths of the year. According to such a time-weighted ratio, the three
kinds of particulate matter pollution data values were weighted and summarized in terms
of time share, and the spatial distribution map of particulate matter in the study area for the
whole year was obtained by the Kriging interpolation method. Then, the hot spot analysis
method based on the GIS platform was used to identify the cold and hot spots analysis
map of particulate matter in the study area for the whole year.

The results showed (Figure 8a) that the time-weighted pollution level of PM1 in blocks
was in the range of 44–51 µg/m³, PM2.5 was in the range of 75–86 µg/m³, and PM10 was in
the range of 87–99 µg/m³, which all belonged to pollution level 2. The distribution of the
year-round high-pollution areas for the three particulate matters is relatively similar, and
they are all located in the middle of the block, from Culture Road in the north to Shenshui
Road in the south. Low-pollution areas are located in the south and north of the block,
including Wuli River Park along the Hunhe River, the Mixc near Qingnian Park, South
Canal close to Wanliutang Park, and other places that are particulate matter low index
areas, and the overall air quality is relatively good.

As can be seen from the three particulate matter cold and hot spots analysis map
(Figure 8b), the overall cold and hot spots spatial distribution of the three particulate
matters is relatively similar, and the spatial distribution of the high-risk and low-risk zones
of particulate matter with different diameters is consistent, which is also consistent with
the similarity of the spatial interpolation results. The hot and cold spots of the three kinds
of particulate matter are all in a piecewise distribution, which is related to the spatial
transmission distribution mode of the particulate matter. Specifically, the hot spots of
particulate matter throughout the year are mainly distributed in two major areas: namely,
the Dongbei Riza Market and the Shimao Wulihe area; the cold spots are mainly distributed
in the Mixc near Qingnian Park, the South Canal, the Shengjing Grand Theater, and the
Wulihe Ice and Snow Paradise area. From the difference between the hot and cold spots, it
can be seen that the hot spot areas are urban construction land, and the buildings there are
compact and dense with a large flow of people, while the cold spot areas are urban parks
and the surrounding blocks.
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3.3. Effect of LCZ on Particulate Dispersion
3.3.1. Correlation between LCZ and Particulate Matter

First, based on the data collection of the spatial grid and Spearman’s correlation
analysis, the LCZ calculation results and the particulate matter concentration calculation
results were coupled on the block grid to calculate the correlation between the LCZ and
the concentration of particulate matter of the three diameters. Then, the particulate matter
concentrations of different LCZs were counted to excavate the differences in particulate
matter concentrations caused by LCZ classification. From Table 1, it can be seen that there
is a significant correlation between all three kinds of particulate matter concentrations and
LCZs (p < 0.01), and this correlation is enhanced with the increase in particulate matter
diameters, but the overall difference is not significant. This difference in correlation caused
by the particle diameter is mainly due to the fact that large-diameter particles are more
responsive to changes in the LCZ, thus showing a greater correlation between the LCZ and
large-diameter particles. On the other hand, PM1, a small-diameter particle, is less sensitive
to changes in the LCZ than PM10 because of its smaller diameter compared to PM10; thus, it
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is affected to a weaker extent, and the overall correlation is lower than that between PM2.5
and PM10.

Table 1. Correlation analysis between the LCZ and particulate matter concentration in neighborhoods.

Variables of Analysis
LCZ

Spearman’s Correlation Analysis Sig. (Two-Tailed)

PM1 −0.207 ** 0.000

PM2.5 −0.246 ** 0.000

PM10 −0.265 ** 0.000
Note: ** is a significant correlation at the 0.01 level (two-tailed).

3.3.2. Correlation between LCZ and Particulate Matter

Based on the correlation between the LCZ and three kinds of particulate matter, the
study statistic was the average value of particulate matter concentration under different
LCZ land use classifications (Figure 9). The results show that, among the characteristic
differences in particulate matter concentrations between LCZ classes, the built-up class
always had a larger value of average particulate matter concentration than the natural
class environment.

Further, the built environment class LCZs were divided into height-control and density-
control groups. In the density-control group, first, the elevation of building heights under
the dense building layout had a contributing effect on the concentration of particulate
matter for different diameters. In the case of controlling the constant building density, there
was LCZ1 > LCZ2 > LCZ3 in building height, and the corresponding particulate matter
concentrations showed similar characteristics, which was because the obstruction effect
of low-rise buildings on particulate matter transmission was weaker than the obstruction
effect of high-rise buildings, and the higher spatial openness under the layout of low-
rise buildings was favorable for particulate matter transmission and diffusion. Secondly,
the effect of building height increase on particulate matters of different diameters under
an open building layout was slightly different from that under a dense building layout.
Similarly, in the case of controlling the building density unchanged, the building height
was LCZ4 > LCZ5 > LCZ6, but the average particulate concentration showed the result of
LCZ5 > LCZ4 > LCZ6, and the particulate concentration at LCZ4 produced a difference
and showed a tendency to decrease, which might be due to the fact that the open high-rise
building layout made the local wind speed accelerate, and the formation of local ventilation
corridors was favorable for the diffusion and transmission of particulates, which, in turn,
reduced their concentration. This may be due to the fact that the layout of open high-rise
buildings accelerates the local wind speed and forms local ventilation corridors, which
is favorable for the diffusion and transmission of particulate matter and thus reduces
its concentration.

In the height control group, first, the increase in building density under the high-rise
building layout has a contributing effect on the concentration of particulate matter of differ-
ent diameters. In the case of controlling the constant building height, there is LCZ1 > LCZ4
on the building density, and its corresponding particulate matter concentration shows
the same characteristics. Secondly, the building density under the middle- and low-rise
building layouts of elevation showed a promoting effect on the concentration of particu-
late matter of different diameters, but none of these differential effects were significant.
Under the condition of controlling the constant building height, there is LCZ2 > LCZ5
and LCZ3 > LCZ6 for the building density, the effect of density on particulate matter
is weaker under the same conditions of mid-rise and low-rise building heights, and the
difference in particulate matter concentrations under different densities at the same height
is not significant.
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4. Discussions
4.1. PM2.5 Difference in LCZ Configuration

In the existing research on “urban form particulate matter”, landscape indicators
(such as PLAND, the NDVI, and the SEI) are usually used to express different landscape
patterns [39,40], and the influence of different landscape configurations on the distribution
of urban particulate matter is analyzed. However, landscape classification is often on a
coarse-grained scale, and various architectural areas are regarded as a landscape type,
often ignoring the change in architectural configuration [41]. The LCZ scheme includes the
classification of architecture and landscape, and its research related to particulate matter
has just arisen in recent years [42]. This study also supplemented relatively few pieces
of literature, a further in-depth research scale, the block scale of three kinds of particles
and LCZ scheme, and a comprehensive and intuitive discussion of the LCZ scheme on the
impact of building configuration on particulate matter.

Referring to previous related studies, Gao et al. [43] assessed the changes in PM2.5
concentrations in two representative communities in Shanghai by mobile measurements
and found that PM2.5 varied drastically at the community level and that this difference
was mainly caused by the spatial pattern of PM2.5 background levels and traffic volume.
Li et al. [44] found that the Central and Causeway Bay areas in Hong Kong are pollution
hot spots. Due to the street canyon effect, traffic intensity and mixing, and ambient
meteorological conditions, these areas have high PM2.5 concentrations. Ke et al. [45]
conducted field measurements using fixed and mobile monitoring stations in the Xia Sha
Economic and Technological Development Zone in Hangzhou, capital city of Zhejiang
Province, and found that the spatial variability of the distribution of PM2.5 was closely
related to land use types, architectural layout, and building heights. Liu et al. [46] used
mobile monitoring methods to collect PM2.5 concentration data in Wuhan, capital city of
Hubei Province, and found that the urban morphology factor was an important cause of
high PM2.5 concentrations. Combined with the results of established studies, it was found
that there was little difference in the ambient meteorological conditions under the general
background and industrial pollution emissions at the block level and that, controlling for
such variables, the functional differences in the land use and the spatial differences in the
way buildings are laid out between this study area, and other similar studies are the main
reasons for the spatial heterogeneity of particulate matter in the study area, and thus, it
is necessary to dig deeper into the effects of the block based on the LCZs of particulate
matter pollution.

Among the differences in particulate matter concentrations caused by the LCZ config-
uration, it is found that a built environment always has a larger average particulate matter
concentration than a natural environment. This is because natural species and built species
represent emission sources and absorption/desorption sinks of pollutants, respectively, to
a certain extent. In natural LCZs, trees and green spaces can absorb a large amount of air
pollutants, thus reducing the concentration of particulate matter, which is consistent with
previous research results [47,48]. At the same time, water can absorb particulate matter
through evaporation [49,50] and reduce the local particulate matter deposition. In contrast,
built-up LCZs often have high-rise, high-density buildings, which have the greatest impact
on particulate matter concentrations by affecting the rate of particulate matter transport
and diffusion, such as shading by buildings [51]. Similar laws have been found in the
literature, for example, the PM2.5 concentration is negatively correlated with the forest area
ratio and positively correlated with the built-up area ratio [52,53].

In built-up LCZs, the building height and building density are the important factors
causing the difference in particulate matter concentrations. Under the condition of con-
trolling the building density being unchanged, it can be seen that the effect of building
height on particulate matter concentrations is complex and may be influenced by a variety
of factors, including pollutant emissions from ground-level sources, air flow and diffu-
sion conditions, and the design of the building and the surrounding environment [54].
When the building height is controlled unchanged, the increase in the building density
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can promote the particulate matter under the layout of high-rise buildings. It is because
the low-density building layout facilitates the transport of particulate matter, while the
high-density building layout brings about the deposition of localized pollutants, which is
in line with the results of the study by Yang et al. This influence is weak under the layout
of middle-level and low-rise buildings. This may be due to the fact that the buildings as
a whole are low and have little hindering effect on the diffusion of particulate matter, so
there is little overall change in the concentrations of the three kinds of particulate matter.
Therefore, the building density is related to the density of the building and building size,
which can affect the local accumulation of pollutants [55].

4.2. Suggestions for the Optimization of Risk Areas

LCZ interclass optimization strategy: A built environmental LCZ is the most typical
feature of a high particulate matter concentration in the block risk area, which is significantly
different from the low particulate matter concentration caused by a natural environment in
the cold spot area. Therefore, in the optimization of risk areas, increasing the proportion
of natural vegetation or water surface and reducing the impermeable surface as much as
possible are feasible optimization means [56,57]. The construction area of green space in
risk areas can be increased by an appropriate amount, and specific measures can be taken,
including building miniature pocket parks, increasing roof greening and vertical greening,
etc. [58]. To improve the green area of risk areas, optimize the air quality by using the
adsorption effect of green plants on particulate matter, improve the high pollution exposure
of risk areas, and promote the construction of healthy blocks in healthy cities. At the same
time, small water landscapes can also be introduced in risk areas [59]. Make full use of the
advantages of geographical resources adjacent to the Hunhe River in the block and through
the connection of the groundwater system. Increase the water coverage area in risk areas,
give full play to the evaporation of water bodies [60], and dilute or take away particulate
matter with water vapor. Reducing the high-concentration pollution of particulate matter
is of great significance for building a comfortable and livable block with fresh air.

However, the introduction and expansion of natural LCZ in risk areas cannot cover a
large area, which may not be a sustainable optimization scheme. Facing the background
of rapid urbanization, building a built-up LCZ configuration that is conducive to the
diffusion of particulate pollution is the key point that should be considered in architectural
design and urban planning layout [61]. Therefore, the LCZ build-up optimization strategy:
According to the research results, a dense building layout and higher building height will
lead to the increase in the particulate matter concentration. Therefore, the optimization
of the risk area can start from two aspects: improving the building height and building
layout density. Analyzing the characteristics of the building layout in risk areas, it is mainly
the high concentration of particulate matter caused by the combination of high and dense,
so, in the optimization design, we should consider reducing this high and dense building
layout, which is not easy to diffuse pollutants, and adding a more low and scattered
building layout design, so as to promote air circulation and diffusion and the transmission
of particulate matter. By extension, in the urban construction, because it is impossible to
arrange low and scattered buildings on a large scale in China’s urban construction [62], the
relationship between building height, building density, and PM2.5 needs to be expanded,
and the determination of a key height threshold will help urban and landscape planning
achieve a cost-effective state in terms of air pollution [63].

4.3. Limitations

On the whole, the research has carried out a certain depth in spatial-scale and par-
ticulate matter species richness, but there are still the following shortcomings: First, the
time period of field measurement is still short, so it is considered to increase the amount of
field measurement work in the follow-up research to improve the data representativeness.
Secondly, the influence of the LCZ on particulate matter has not been quantified, and
the threshold of the building height and building density on particulate matter is still
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unclear. In the follow-up study, we can consider building a relational model to quantify this
influence relationship. The research has guiding significance for improving air pollution
exposure and promoting the sustainable development of urban blocks.

5. Conclusions

This study conducted the mobile monitoring of three types of particulate pollutants
at the block scale. By classifying building LCZ types, particulate pollution maps were
generated. Subsequently, hot spot analysis was employed to identify particulate matter risk
hot spots and cold spots within the neighborhoods, elucidating the correlation between
pollutant distribution and the LCZ. The conclusion is as follows: Regarding the spatial
distribution characteristics of the three types of particulate matter, under the same pollution
level, the spatial distribution characteristics of the concentrations of the three types of
particulate matter are relatively similar, while, under different pollution levels, there is
higher spatial heterogeneity in the distribution of the same type of particulate matter.
The time-weighted results show that the PM1 pollution level in the block ranges from 44
to 51 µg/m³, PM2.5 ranges from 75 to 86 µg/m³, and PM10 ranges from 87 to 99 µg/m³.
All three types of particulate matter pollution fall within pollution level 2. Regarding
particulate matter risk areas, the spatial distribution of hot spots and cold spots for particles
of different diameters is consistent. Throughout the year, particulate matter hot spots are
mainly distributed in two areas: Dongbei Riza Market and the Shimao Wulihe area. There is
a certain correlation between LCZs and the dispersion of particulate matter pollution. Built-
up LCZs tend to have higher particulate matter concentrations than natural LCZs, while
the building height and density are the key factors contributing to higher concentrations
of particulate matter of different diameters in built-up LCZs. It is necessary to further
investigate their specific mechanisms in subsequent research.
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