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Correlation analysis of urban
building form and PM, 5 pollution
based on satellite and ground
observations
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Fine particulate matter (PM,s) pollution is a key issue affecting the health of urban
residents. To explore the impact of urban building form on PM, 5 pollution, this study
focused on Wuhan, a Chinese megacity. Based on the urban building data, various
building form indices were first calculated in grids to quantitatively present the spatial
distribution of urban buildings. The city-scale PM; 5 distribution was obtained with
satellite remote sensing and ground air pollution monitoring data. The impact of
urban building forms on PM, 5 pollution distribution was then analyzed. The results
show that the changes in PM, s concentration in Wuhan in the north—south direction
have a relatively obvious correlation with the windward area ratio of buildings. The
dense north—south buildings can slow the spread of near-surface particulate
pollution. This finding demonstrates that the building blocking effect of PM,g
diffusion in Wuhan is significant. The results of this study can provide a reference
for urban planning, architectural design, and air pollution control strategies.
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1 Introduction

As urbanization accelerates, environmental pollution is becoming increasingly severe. The
density of urban populations has increased, and various fuel emissions have increased sharply,
resulting in the further deterioration of urban air quality. PM, 5 pollution reduces atmospheric
visibility and has an impact on regional climate, and has a negative impact on public physical
and mental health (Feng et al., 2016; Lu et al., 2019; Yin, 2022). In 2020, 135 of the 337 cities in
China had air quality that exceeded the air quality standard limits, accounting for 40.1% of the
total. The number of days with PM, 5 as the predominant pollutant accounted for 50.1% of the
total number of days above the standard (Zhang et al., 2020; Fang et al., 2021). North and central
China have the greatest PM, s concentrations in the world, with concentrations approaching
80 pg/m’® (van Donkelaar et al,, 2010). PM, 5 pollution has become a major environmental
problem affecting economic development and livelihoods.

In cities, the building form, including the building density, building height, and other
factors, affect air flow, thereby affecting pollution diffusion (Mansfield et al., 2015; Liu et al.,
2018; Zhou et al, 2018; Meichang and Bingbing, 2020). Therefore, improving the urban
building form during construction is critical to promoting the diffusion of urban air pollutants.
However, because urban construction is an irreversible process, urban planning and
architectural design must be more forward-looking. It is not only necessary to meet human
requirements for architectural functions and forms, but it is also necessary to consider the
impact of architectural forms on urban air quality during urban planning and design (Diener
and Mudu, 2021).
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Currently, research on the impact of urban building forms on
particulate air pollution distribution is mostly conducted on three
scales: city scale, block scale, and building scale. Tang et al. found
that PM, 5 particle pollution concentrations were strongly positively
connected with building area and significantly adversely correlated with
green space or forest area at the city scale (Liu and Yu, 2016; Meo et al,,
2021). Using meteorological measuring methods, some scholars have
concluded that there is a considerable association between urban
construction density and plot ratio with windward area. Because city
planners can minimize the windward area density by controlling the
plot ratio and building density, urban pollution waste gas is expelled
with the wind (Bustamante et al., 2011; Mei et al., 2018). Researchers
have concluded that various planning and design strategies, such as the
creation of ventilation ducts, can improve urban air quality in high-
density core metropolitan areas (Fensterstock et al,, 1971; Affum et al,,
2003; Diener and Mudu, 2021). Specifically, it is to reasonable to
construct urban air ducts by control building density, spacing,
height, and size to improve air quality (Ravindra et al, 2019; Bai
et al, 2022). However, at the block scale, the green coverage rate,
road area rate, and relative elevation of measurement points were the
main factors affecting the changes of PM;, and PM, s concentrations. At
the block scale, research on the impact of urban street valley shape on air
quality is relatively considerable. According to several researchers, the
effect of pollution diffusion in urban street valleys is highly dependent
on the shape of buildings in street valleys, i.e., the geometric structure of
streets (Kam et al., 2013; Shi et al,, 2016). The pollutant diffusion
capacity in street valleys can be adjusted based on the sky visibility
coefficient, the height-width ratio, and the length-to-height ratio of the
street valley. The construction of buildings with consistent heights along
a street should be avoided in urban planning. Wang et al. imported data
in Fluent software for fluid mechanics condition setting and iterative
operation by using the CDF numerical simulation approach. They
concluded that the pollution near the ground in the street valley was
quite serious due to the closed spaces on the ground floor below 10 m in
the central urban area, and the longer the continuous interface of the
buildings facing the street, the more serious the pollution (Li et al., 2021;
Ren et al,, 2021). Breaking up the continuous interfaces of street valleys
in urban commercial centers can improve the diffusion of particulate
pollution by adjusting the height of buildings on both sides of the street,
the differences in building shape and density, and the combination of
podium floor and high-rise buildings (Shi et al., 2016). Under the same
meteorological conditions, some researchers conducted measurements
at a height of 1.5 m above the ground on the block scale. The researchers
discovered that, under identical green rate conditions, the building’s
height and layout had a significant impact on the PM, 5 concentration.
When compared to the contiguous pattern of large-scale structures, the
scattered layout of small-scale buildings frequently includes more gaps,
which enables pollution particles to diffuse (Yuan et al.,, 2014).

Currently, the impact of urban building form on the distribution of
particulate air pollution has been studied at various scales both in China
and abroad, providing a solid foundation for urban planning and design
strategies for PM, 5 air pollution. Data from ground-based atmospheric
monitoring stations were used in all of the studies above to obtain the
characteristics and sources of regional and urban atmospheric PM, 5
pollution. However, ground-based monitoring stations have a high
construction cost, a small number, an uneven distribution, and
limited coverage. In addition, it is difficult to quantify the complex
and dynamic architectural shapes at the fine scale. All of these factors
restrict the study of the correlation between the shape of urban buildings
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and the distribution of PM, 5 concentrations. As a result, it has been
difficult to clarify the impact of urban building forms on PM, s pollution,
which complicates urban air pollution prevention and control.

To conduct comprehensive research on the impact of urban
building forms on PM, 5 concentrations, PM, 5 distribution data that
seamlessly cover the entire city must be obtained. As satellite remote
sensing technology advances, related methodologies are increasingly
being applied in urban environment research (Crosbie et al, 2014;
Braggio et al., 2020). Therefore, based on the urban building outline
data, this study calculated a grid (5 km?) of various building form indices
to quantitatively express urban building forms. The PM, s monitoring
data used in this study seamlessly covers urban areas and is generated by
combining satellite remote sensing and ground air pollution monitoring
data, as well as integrating other meteorological parameters. This
research analyzes the impact of urban building form on PM,5
distribution, with the goal of providing guidance for urban planning,
architectural design, and air pollution control.

2 Study area and data
2.1 Study area

This study focused on Wuhan, a metropolis in central China with
a major PM,s pollution problem and typical metropolitan
characteristics. 'Wuhan is an important industrial base and
transportation center in central China, located in the east of
Jianghan Plain, at the confluence of the Yangtze River and the
Han River. Wuhan has a north subtropical monsoon climate with
frequent rain throughout the year and four distinct seasons. PM, 5
was determined to be the predominant pollutant for 86 days of the
year in the Wuhan urban area in 2020, accounting for 32.3% of days
in the year (http://hbj.wuhan.gov.cn/fbjd_19/xxgkml/zwgk/hjjc/
hjzkgb/). Wuhan was ranked 87th out of 168 cities in the country
in terms of monthly average PM, s concentrations in November
2021. Wuhan’s built-up area was 812.39 km? as of 2019, ranking 10th
in China (https://www.mohurd.gov.cn/gongkai/fdzdgknr/sjfb/tjxx/
index.html).

2.2 Experimental data

2.2.1 Building data

The building data in this article are in vector format, and include
information on the shape, height, and position of surface buildings in
the Wuhan urban region. Figure 1 depicts the regional building
distribution. The
sharing platform (https://udparty.com), and were collected in the

data were obtained from the network data

fourth quarter of 2018. To facilitate the calculation of architectural
form factors, the experimental scope was limited to the area with
relatively concentrated buildings, mainly within the second ring road
of Wuhan. For the convenience of subsequent calculations with PM, 5
data in raster format, the building data was converted to raster with the
“Conversion Tools” from ArcGIS.

2.2.2 PM, 5 data

The PM, 5 monitoring data used in this study were obtained from
the national urban air quality real-time release platform of the China
Environmental Monitoring Station (https://air.cnemc.cn:18007/).
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FIGURE 1
Building distribution of Wuhan.

There are 10 state-controlled air quality automatic monitoring stations
in Wuhan, and the monitoring frequency is once per hour. To
correspond to the building outline data, this paper selected the air
quality monitoring data for the whole year of 2018.

2.2.3 Satellite data

Himawari-8 is a Japanese weather satellite operated by the Japan
Meteorological Agency. The primary instrument Advanced Himawari
Imager (AHI) has 16 multispectral channels and an observation
frequency of 10min (Yumimoto et al, 2019). The satellite is
designed for disaster prevention monitoring, monitoring features
such as storm clouds, typhoon trends, and continuously erupting
volcanoes. In this study, the 5km, Level 1B, full-disk calibrated
reflectance products were obtained from the Japan Aerospace
Exploration Agency website. Band 1, band 6, and four observation
angles were selected as part of the input data. The cloud-contaminated
region of the Top of Atmosphere (TOA) reflectance data were
removed with the reference of level 2 cloud products.

2.2.4 Meteorological data

In this study, the Goddard Earth Observing System Data Assimilation
System GEOS-5 Forward Processing (GEOS 5-FP) meteorological data
were introduced. The PM, 5 concentration related factors such as the
planetary boundary layer height (PBLH), surface pressure (PS), and
relative humidity (RH), the temperature at 2 m (TEMP) and the wind
speed components at 10 m (WS) were selected. All the meteorological
data were resampled to 5 km resolution to match the resolution of satellite
data with the bilinear interpolation method.

3 Methodology

This paper intends to conduct from three aspects: the extraction of
building forms in Wuhan, the inversion of PM, 5 concentration in
Wuhan, and the correlation analysis between them above. The overall
technical flowchart is shown in Figure 2.

Frontiers in Environmental Science

3.1 Three-dimensional urban building forms

Windward area ratio: The windward area ratio is the ratio of the
front windward area of the building to the plot acreage. The windward
area represents the total area of the windward surface blocked by the
front of the building in the direction of incoming wind. The
calculation method is as follows:

Ao = j:—i M

In the formula, Af represents the sum of the front windward area
of the buildings in the plot, which represents the @ direction of
incoming wind; and At represents the area of the plot.

Building volume density: The building volume density is the
numerical value of the total building volume divided by
the volume value, which multiplies the height of the tallest
building in the plot by the plot area. This value reflects the
spatial density of the buildings in the plot. The calculation
method is as follows:

2SiH;
SOH max

Vs = (@)

In the formula, VB stands for building volume density, Si stands
for the bottom acreage of the ith building, H; stands for the ith
building’s height, SO stands for the area of the plot, and Hy,,y stands for
the height of the tallest building.

Building density: The building density is the ratio of the total area
of the building base in the plot to the total occupied area. The
calculation method is as follows:

_S

Dy =
B S()

(©)

In the formula, Dy stands for the building density in the plot, Sy
stands for the total area of the building base in the plot, and Sy stands
for the area of total occupied plot.
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FIGURE 2
Technical flowchart.

FIGURE 3

Fine particulate matter (PM, s) concentration distribution of 2018 in downtown Wuhan.

Plot ratio: The plot ratio is the ratio of the gross floor area of the
building on land to the net land area. The calculation method is as
follows:

Ra=&

s, (4)

In the formula, R, represents the plot ratio, Sg represents the gross
floor area of the building on land, and Sy represents the net land area.
Building height standard deviation: The building height standard
deviation is the standard deviation of all building height values in the
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plot and reflects the level of dispersion of the data. It also reflects the
degree of difference and the staggering of building heights in the
vertical direction of the plot. The calculation method is as follows:

8=\ D (6 -0 %)

In the formula, S represents the building height standard
deviation, N represents the number of buildings in the plot, x;
represents the height of the ith building, and X represents the
average height of buildings in the plot.
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FIGURE 4

area ratios in the north—south and (F) east—west directions.

Building form indices of Wuhan: (A) building volume density, (B) building density, (C) plot ratio, (D) standard deviation of building heights, (E) windward

3.2 PM, 5 concentration estimation

In recent years, deep learning based methods have been widely
used to estimate PM,s concentrations with ground and satellite
observations (Meng et al., 2021; Sun et al, 2021; Xu et al,, 2021).
In this study, the Deep Belief Net (DBN) model was employed to
model the complex factors and relationships between the urban PM, 5

Frontiers in Environmental Science

concentration, satellite observations and meteorological data. The
DBN model is a kind of Deep Neural Network, and it is composed
of multiple restricted Boltzmann machine (RBM) layers and a back-
propagation (BP) layer. An RBM is a generative stochastic artificial
neural network that can learn a probability distribution over the input
data. It is composed of two layers connected by weights. The first is a
visible layer and the second is a hidden layer. The hidden layer of the
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FIGURE 5

(A) building volume density, (B) building density, (C) plot ratio, (D) standard deviation of building heights, (E) windward area ratios in the east—west and (F)

north—south directions.

previous RBM is the visible layer of the next RBM. In the experiment,
two RBM layers and one BP layer were selected to estimate the ground
PM, 5 concentration. The PM, 5 estimation model can be presented by

PM,5 = f (TOA, Ang, PBLH, PS, RH, TEMP, WS) (6)

where Ang denotes the satellite observation angles.

4 Results
4.1 PM, 5 estimation

The PM, 5 concentration annual average value of Wuhan central
city in 2018 was obtained through performing inversion according to
the above method. The estimated values were also validated by the
measurements of ground stations. The RMSE is 6.524 pg/m’, which
indicate that the employed estimation method is acceptable. As shown
in Figure 3, the distribution of the PM, s concentration in Wuhan
showed an overall trend of high in the north and low in the south.
Qingshan District and Dongxihu District had obvious high-value
PM, s distribution. Even the number of buildings is not much,
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these two areas are mainly industrial agglomeration areas, which
are more likely to produce particulate pollution due to various
factors such as industrial production, transportation, and ground
dust. These findings show that the overall PM,5 pollution in
Wuhan is significantly affected by industrial-related emissions.
However, there are obvious low-value distribution areas along the
Yangtze River and the areas near East Lake and South Lake. These
areas are less affected by emissions from human activities, and it is
easier for air pollutants to diffuse due to the open terrain and the lack
of buildings.

4.2 Correlation analysis

The calculation results of each building form index are shown in
Figure 4. Figure 4A shows the distribution of building volume density
in Wuhan, revealing that the overall volume density distribution in
Wouhan is relatively evenly, and only some areas in Hanyang District
have higher volume density values. Because the buildings in these areas
are densely distributed and their heights are relatively similar, the
distribution characteristics of such buildings are less correlated with
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FIGURE 6

(A-D) for east—west direction and (E-H) for north—south direction.

the diffusion of air pollutants, so they have no reference value.
Figure 4B shows the distribution of building density. The closer to
the city center, the higher the building density. On the contrary, the
closer to the city edge, the lower the building density value. This
distribution is consistent with common knowledge. The areas with
lower building density in the south of Wuhan are far from emission
sources, and their relatively open surfaces are more conducive to the
diffusion of atmospheric pollutants, resulting in relatively lower PM, 5
concentrations. However, the same factors were considered in the
siting of high-emission industrial areas. This also makes the air
particulate pollution in the north easier to diffuse. The densely
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built area in the middle of the city has become a buffer zone to a
certain extent, absorbing and blocking the spread of near-surface
particles. Figure 4C shows the plot ratio distribution. The spatial
distribution pattern is basically consistent with the building density,
and these two architectural form indices also indicated a similar
situation. Figure 4D shows the distribution of the standard
deviation of building heights. The standard deviation of building
heights showed that most areas with large building standard
deviations had lower PM, s concentrations. This is because areas
with large building standard deviations are usually located on the
banks of rivers and lakes, which not only have lower building density,
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but are also more conducive to the diffusion of air pollutants. Figures
4E, F shows the windward area ratios in the north-south and
east-west directions, respectively. Among them, the high windward
area ratio values mostly appeared in areas with more significant PM, 5
concentration changes. It can be speculated that when the windward
area of a building is relatively large, the diffusion of PM, 5 is affected to
a certain extent.

The influence of building form on the diffusion of air pollution in
Wuhan was further analyzed. Figure 5 shows the correlation between
the building form indices and PM, 5 concentration. Considering the
windward area ratio is in different directions, the change of PM, 5
concentration in corresponding directions is used instead of PM, 5
concentration. The change of PM, s concentration is calculated by
PM, 5 concentration value of each grid minus the corresponding value
in corresponding direction, and then take the absolute value. In
5A-D, the 0.056,
0.018, —0.061 and —0.158 respectively, and the p values are all
larger than 0.05. It can be found that the four building form

Figures correlation  coefficients  are

indices are not significantly correlated with PM, 5 concentration.
As can be seen from Figure 5E, the correlation between the change
of PM, 5 concentration in the east-west direction and the windward
area ratio of buildings in Wuhan was not significant. The overall
distribution was relatively uniform, and the correlation coefficient was
0.276, and p-value less than 0.001. As shown in Figure 5F, the change
of PM, 5 concentration in Wuhan in the north-south direction had an
obvious correlation with the windward area ratio of the building, and
the correlation coefficient reached 0.483 and the p-value less than
0.001. This phenomenon reveals that the diffusion of PM,5
concentrations in Wuhan is more significantly affected by the
blocking effect of buildings. High-density north-south buildings
can slow the spread of near-surface particulate pollution. These
conclusions provide a reference for subsequent architectural planning.

To further explore the blocking effect of buildings in different
seasons, the correlation coefficients between fine particulate matter
concentration change and windward area ratio are calculated. As
shown in Figures 6A-D, the correlation coefficients between fine
particulate matter concentration and east-west windward area ratio
are 0.164, 0.118, 0.188 and 0.184 respectively. It means that the
blocking effect of buildings in east-west direction is not significant.
However, the blocking effect is still slightly better in autumn than
other seasons. Meanwhile, as shown in Figures 6E-H, the correlation
coefficients are 0.494, 0.452, 0.497 and 0.437 respectively, and the p
values are all less than 0.001. It is indicated that the building form is in
favor of the diffusion of air pollutants in spring and autumn. It can also
be found that the fine particulate matter concentration change is less
related with windward area ratio in winter. It may because that the
main wind direction in winter of Wuhan is north wind, while the steel
factories and chemical factories are mostly located in northern
Wuhan. The combined effect of weather and location makes the
impact of building forms less significant.

5 Conclusion and discussion

To explore the influence of urban building form on PM,;
concentrations, this work calculated and analyzed the PM,;
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concentration distribution and the building form indices in Wuhan
in 2018 based on satellite remote sensing data and building outline
data. The results indicate that this method can reflect the
characteristics of PM,s concentration distribution and building
forms in Wuhan macroscopically. The pollution patterns and
diffusion characteristics of atmospheric particulate matter in cities
can be analyzed based on the above methods and data. As far as
Wuhan is concerned, owing to the influence of industrial emission
factors, the areas with high PM,s concentrations are mainly
concentrated in industrial areas with low building density and floor
area ratio. However, the near-surface atmospheric particulate
pollutants will further diffuse from suburbs to urban areas. During
this process, the terrain and the shape of the buildings have a
significant impact. Open terrain will accelerate the diffusion and
spread of pollutants, while denser buildings will slow the spread of
particulate pollution. Therefore, in the process of architectural design
and urban planning, the direction and height of buildings can be
designed while considering the diffusion characteristics of
atmospheric particulates according to local conditions to minimize
the impact of air pollution on urban residents to the greatest extent

possible.
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