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Abstract

Context Air pollution significantly impacts urban
sustainable development and public health. Urban
ozone pollution (UOP) is currently one of the most
challenging tasks for urban air pollution control, and
is possibly linked to urban morphology. However,
the effect of urban two-dimensional (2D) (coverage
or density, etc.) and three-dimensional (3D) (den-
sity +height, etc.) morphology on the UOP concen-
tration remains unclear.

Objectives The objective of this study was to
explore the influence of urban morphology on UOP
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concentration and provide useful information to con-
trol urban air pollutants.

Methods First, based on building height and
remotely sensed UOP data from 68 Chinese cities, the
general spatial pattern of urban 3D morphology and
UOP was detected across different climate zones in
China. Then, this study used variance decomposition
to investigate the contribution of 2D and 3D urban
morphology to UOP in China.

Results The study showed that China’s urban mor-
phology was dominated by Medium Rise & Medium
Density (MRMD). Large cities had higher UOP lev-
els in summer, especially for the urban morphology
with Low Rise & High Density (LRHD). Further,
UOP concentrations were substantially higher in
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the southern temperate zone than in other climatic
zones. Anthropogenic factors (rather than natural fac-
tors) were always the dominant factors influencing
UOP across different seasons; specifically, urban 2D
and 3D morphology can explain 40% of UOP varia-
tion. The effects of urban 3D and 2D morphologies
on UOP concentrations varied seasonally. Urban 2D
morphology dominated in spring, whereas 3D mor-
phology dominated in winter.

Conclusions Our study elucidates the effect of
urban morphology on UOP and provides insights for
sustainable urban development.

Keywords Ozone - Urban 3D morphology -
Building height - Anthropogenic factor

Introduction

Urban air pollution is the most serious environmental
problem faced by countries around the world, and has
seriously impacted urban public health and sustain-
able social development (Ghasempour et al. 2021).
Rapid urbanization has drastically exacerbated urban
environmental problems such as air pollution (Stros-
nider et al. 2019; Hao et al. 2020). Urban ozone pol-
lution (UOP) has become a serious environmental
problem in many cities and poses a serious threat to
the health of urban residents (Yazdi et al. 2019). The
average surface UOP concentrations in the summer in
major Chinese cities increased by approximately 20%
in 2016-2017 compared to 2013-2014 (Xiao et al.
2018), and the percentage of days with ozone as the
primary pollutant in some Chinese cities in 2017 was
43.1% (Ministry of Ecology and Environment of the
People’s Republic of China 2018). High UOP concen-
trations can cause asthma in children and hyperten-
sion in people who exercise in the open air (Gasana
et al. 2012; Li et al. 2021a, b; Zhang et al. 2022b).
An increase of 10 pg/m® in the average UOP concen-
tration led to statistically significant increments of
0.42%, 0.44%, and 0.50% in nonaccidental, cardio-
vascular, and respiratory mortality, respectively (Yan
et al. 2013). In the past five years, all air pollutants
have sharply decreased in China, except for increas-
ing UOP pollution (https://t.ynet.cn/baijia/33094433.
html). Ozone has also become a challenging environ-
mental problem because, in European and USA cities,
O; is increasing more than at rural sites, while peak
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values are decreasing (Paoletti et al. 2014). There-
fore, exploring the spatial patterns of UOP and its key
drivers is crucial for understanding the formation of
UOP, revisiting strategies for controlling air pollu-
tion and contributing to achieving urban sustainable
development goals.

Many studies have focused on urban air pollutants,
such as PM, 5 and SO, (Lim et al. 2020; Ren and Ki
2020). Nevertheless, only a few studies have exam-
ined ozone, especially its formation mechanisms in
cities (Guan et al. 2021). Some studies have attributed
the increase in ozone concentrations to natural factors
(such as temperature and humidity) (Ezimand and
Kakroodi 2019; Chen et al. 2020; Guan et al. 2021).
High temperatures accelerate ozone production,
whereas precipitation and humidity reduce ozone
concentration (Chen et al. 2022). High wind speeds
accelerate ozone dispersion and are negatively cor-
related with ozone concentration, whereas low wind
speeds cause ozone stagnation and sustained photo-
chemistry and are positively correlated with ozone
concentration (Wang et al. 2016). Therefore, natural
factors may account for 89% of ozone concentration
changes (Wang et al. 2011). However, anthropogenic
factors can also impact ozone pollution (Wang et al.
2019), especially in cities (Paoletti 2009; Paoletti
et al. 2014). Levels of urban electricity consump-
tion, transportation, and secondary industries can also
influence ozone concentrations by generating ozone
precursors (Li et al. 2019; Liu et al. 2020; Xiang et al.
2020). Some studies have found that anthropogenic
pollution can contribute 50% to severe ozone pollu-
tion events in eastern China (Li et al. 2017). Others
highlight the risks of some plant-derived precur-
sors, such as biogenic volatile organic compounds
(BVOCs), possibly contributing to ozone pollution
(Wang et al. 2022a). Therefore, the relative contribu-
tions of natural and human factors to ozone formation
remain uncertain.

Urban areas are characterized by intense human
activity (Zhao et al. 2018). Urban morphology
including two-dimensional (2D) and three-dimen-
sional (3D) building morphology, is a key anthropo-
logical factor (Zhu et al. 2019; Biljecki and Ito 2021;
Wu et al. 2022). In fact, the 2D urban morphology
form refers to the shape, size, and structure of urban
areas in a flat surface (Millet et al. 2017; Yuan et al.
2017). For example, urban sprawl, land-use con-
figuration, and fragmentary patterns were found to
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dramatically affect pollution concentrations, sup-
ported by evidence from the US, China, and Europe
(Rodriguez et al. 2016; Tian et al. 2020; Li et al.
2021a, b).Urban sprawl and land-use type coverage or
changes may affect ozone concentrations by influenc-
ing vehicle and industrial emissions (Ke et al. 2022).
Changes in the density of the road network affect the
lane layout, which in turn has an impact on ozone
concentrations (Zhang et al. 2022a). Rapid urbani-
zation also leads to the development of urban spatial
morphology with obvious 3D characteristics, such as
building height and volume, making the relationship
between urban morphology and air quality more com-
plex (Luan et al. 2019; Li et al. 2023). The 3D urban
form can directly affect air circulation and urban
pollutant dispersion. More compact cities may be
affected by more severe air pollution (because of heat
islands, sulfur dioxide, etc.) (Buccolieri et al. 2010;
Hee-Sun and Mack 2014). However, compact cities
have been shown to increase the use of urban public
transport, which reduces vehicle emissions and thus
affects ozone pollution (Ewing and Cervero 2010).
Low-density and dispersed urban sprawl is thought
to cause longer commutes, excessive automobile
dependency, and traffic congestion (Zhao et al. 2010).
In addition, urban compactness is linked to urban
heat island effects, which may increase the demand
for cooling energy, particularly in the summer, and
promote the formation of ozone in many cases (Fall-
mann et al. 2016).There is also a close relationship
between building height and ozone pollution, with
taller buildings affecting the dispersion of ozone (Cai
et al. 2022). Therefore, compared with 2D building
morphology, urban 3D building morphology may
better explain the changes in the levels of urban air
pollutants (Ke et al. 2022). Through the current study,
it was found that the influence of urban building fac-
tors on ozone mainly focuses on 2D morphology, and
the influence of urban 3D morphology indicators on
urban ozone concentration is still confusing, espe-
cially on a national scale and it is not clear whether
seasonal changes affect the influence of building fac-
tors on urban ozone pollution.

Based on urban building height and remote-
sensing UOP data from 68 major cities in China,
we investigated the patterns and potential drivers
of UOP. We assume that the UOP level depends
on the urban 3D morphology of building height
and density, irrespective of intercity differences.

The specific objectives were to (1) detect the gen-
eral spatial pattern of urban 3D morphology in
China; (2) quantitatively investigate the spatiotem-
poral characteristics of UOP across different urban
morphologies, different city sizes, and different
climate zones; and (3) clarify the roles of natural
and anthropogenic factors on ozone concentration
change and further analyze in depth the contribu-
tion of urban 3D morphology to UOP variation.
The current study will improve our understanding
of the patterns and driving mechanisms of UOP
and provide useful information for urban planners
and designers to control urban air pollutants and
enhance urban sustainability.

Methods
Study area

China has a vast territory, varied terrain, and a large
range of latitudes with different types of temperate
zones, including nine temperate zones: the highland
climate zone, northern temperate zone, central tem-
perate zone, southern temperate zone, northern sub-
tropical zone, central subtropical zone and southern
subtropical zone, northern tropics zone and central
tropics zone (Zhou et al. 2022) (Fig. 1). In addition,
during the process of rapid urbanization, notable
changes in urban morphology during urban built-
up area expansion can impact urban ozone con-
centrations. Urban ozone pollution causes losses
of approximately 1.27% of the GDP in China, and
some studies also predict that, if not controlled, the
losses caused by ozone pollution will reach 2.27%
of the GDP by 2030 (Xie et al. 2019). Therefore,
it is necessary to explore the factors affecting the
changes in ozone concentrations in urban areas.

In this study, 68 major cities were selected,
including four municipalities directly under the cen-
tral government, 25 capital cities of provincial or
autonomous regions, and 39 prefecture-level cities
(Fig. 1). These cities were selected by considering
the uniformity in the distribution of cities in geo-
graphical space and different urbanization degrees
and can comprehensively reflect the common condi-
tions of Chinese cities.
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Fig.1 Study area

Research framework

Our research framework consists of the following
steps: (1) We obtained the urban impervious surface
data to calculate the urban impervious surface BI
intensity map, and then identified the urban bound-
ary for the study area in each city. (2) Based on the
building data provided by Amap, including building
height and area, we estimated the urban form in the
study area, and mapped the urban 3D morphology
of the 68 cities. (3) Based on the urban ozone con-
centration data from 2017, we detected the chang-
ing patterns of urban ozone concentration across
different climatic zones, different urban morpholo-
gies, and different seasons in China. (4) Based on
the variance decomposition analysis and multiple
linear regression models, we further explored the
relationship between urban 3D and 2D morphol-
ogy indicators and urban ozone concentration,
and calculated the explanation rate of natural and
anthropogenic factors on urban ozone concentration
changes (Fig. 2).
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Data acquisition

Urban boundary: Built-up intensity (BI) maps were
first generated using impervious surface data to
extract the urban areas of each city. Areas with a BI
value of 50% were selected as high intensity building
sites and clustered together to form a compact urban
area (Yu et al. 2021). Areas with no 3D building data
or incomplete building data (e.g., the edges of the
city) were excluded from the urban area because of
limitations in the data sources.

Urban 2D and 3D morphology: Urban build-
ing data from 2017 were obtained using the online
map service platform Amap (https://Ibs.amap.com/),
including the outline and total floor information of
downtown buildings. The number of floors was multi-
plied by three to obtain the building height to analyze
the urban 3D morphology (Cai et al. 2022). Urban 2D
(building density or coverage, etc.) and 3D (height,
volume, congestion, etc.) indicators were calculated
based on the building-occupied area and building
height; these indicators are commonly used in related
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studies and are representative (Table 1). To study
urban morphology, we used high-resolution Google
Earth images, as these data have been freely avail-
able. There are two indicators for urban morphologi-
cal classification: average building height and build-
ing density, which reflect the intensity and pattern
of buildings in 3D and 2D within the city. Building
density is divided into three categories: low (0-0.15),
medium (0.15-0.25), and high (>0.25), and build-
ing heights are classified as low (3—12 m), medium
(12-24 m), and high (>24 m) (Cai et al. 2022). Based
on the combination of these two factors, all cities in
China can be divided into nine categories of urban
morphology: High Rise & Low Density (HRLD),
High Rise & Medium Density (HRMD), High Rise
& High Density (HRHD), Medium Rise & Low
Density (MRLD), Medium Rise & Medium Density
(MRMD), Medium Rise & High Density (MRHD),
Low Rise & Low Density (LRLD), Low Rise &
Medium Density (LRMD), and Low Rise & High
Density (LRHD) (Fig. 3).

Urban ozone pollution: The surface maximum
daily average 8-h (MDAS) O; product of 10X 10 km
was obtained from the China High Air Pollutants
(CHAP) dataset. This was predicted from the solar
radiation intensity and surface temperature, and other
data, including observations, satellites, and mod-
els, by employing the space-time extremely rand-
omized tree machine learning model. The MDAS O,
estimates had a relatively high accuracy with a high
average out-of-sample (out-of-station) coefficient of
determination (0.87), with a root mean square error of
17.10 pg/m* (Mircea et al. 2014; Fusaro et al. 2017;
Wei et al. 2022). We used average ozone concentra-
tion data for the three years from 2016 to 2018. The
National Ambient Air Quality Standards of China
(NAAQS) and the WHO introduced concentration
limits for the maximum daily 8-h average (MDAS) O,
concentrations (Table 2).

Driving factors

To investigate the effects of natural and anthropo-
genic factors on urban atmospheric ozone con-
centrations, key indicators of these factors were
selected in this study. Natural factors included
temperature and precipitation, which have accel-
erated or slowed the effects on ozone concentra-
tions, from the daily meteorological dataset of basic

meteorological elements of the Chinese national
ground-based meteorological stations (V3.0) (http://
www.data.cma.cn/) (Table 3). Anthropogenic fac-
tors included urban morphology (Table 1), high-
way passenger traffic, and population density.
Traffic exhaust is an important precursor to ozone
production, and highway passenger traffic reflects
the amount of urban traffic flow, which is from the
Chinese Urban Statistical Yearbook 2018. (Zhang
et al. 2022a). Urban population density was selected
as a typical factor for urban air quality because it
reflects the density of human activity. Urban popu-
lation data were obtained from LandScan popula-
tion datasets and used to calculate urban population
density data for the study area (Table S1). Accord-
ing to the total permanent population, cities can
also be divided into five sizes: super large city, very
large city, large city, medium city and small city.
(Table 4).

Data analysis

To explore the factors affecting urban ozone con-
centration, several methods have been used to
quantify the contribution of natural and anthropo-
genic factors to urban ozone concentration. Pearson
correlation analysis was first used to calculate the
correlation and significance of natural and anthro-
pogenic factors with urban ozone concentration.
Analysis of variance decomposition was then used
to calculate the relative contribution of natural and
anthropogenic factors to the urban ozone concen-
tration. Finally, factors that may affect urban ozone
concentrations were analyzed using multiple linear
regression models and correlation coefficients. Mul-
ticollinearity was evaluated using the variance infla-
tion factor (VIF), where <5 indicates no multicol-
linearity. In all statistical analyses, natural factors
(Temperature (TEM) and Precipitation (PRE)) and
anthropogenic factors (Average Height (AH), High
Building Radio (HBR), Space Congestion Degree
(SCD), Building Density (BD), Landscape Division
Index (DIVISION), Road Density (RD), Popula-
tion Density (POP), and Road Passenger Transport
(TRA) were used as independent variables, and the
urban ozone concentration was used as the depend-
ent variable (Breiman 2001; Symonds and Mous-
salli 2011).
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«Fig. 2 The framework of our research

Results

Spatial patterns of urban 3D morphology in Chinese
cities

In China, we found that the average building density
(BD) was 0.18, ranging from 0.08 to 0.31 across dif-
ferent cities, and the AH of buildings in cities was
15.69 m, ranging from 5.21 to 27.31 m. The urban
3D urban morphology exhibited obvious spatial het-
erogeneity (Fig. 4). The average height (AH) and
high building radio (HBR) were generally higher in
southwestern cities, with some cities reaching the
highest levels, while northern cities had lower AH
and HBR. In contrast, the values of space congestion
degree (SCD) and BD were high in large cities, such
as Shanghai and Nanjing, and low in small cities,
indicating that higher building densities characterize
large cities. We also found that AH was positively
correlated with GDP, elevation, and relief ampli-
tude and negatively correlated with latitude (Fig. 5).
Building density was positively correlated with GDP
and negatively correlated with longitude (Fig. 5).

By combining urban building density and height,
we analyzed China’s urban morphology (Fig. 6).
We found that China’s urban morphology in cities is
dominated by MRMD (28%) and MRHD (25%), fol-
lowed by HRMD (12%), LRLD (3%), and MRHD
(3%). The MRMD and MRHD morphologies were
found in most Chinese cities, accounting for 53% of
the total.

Spatiotemporal distribution of UOP in Chinese cities
across different climate zones

The annual average O5 concentration in Chinese cities
was 97.74 pg/m?, ranging from 65.73 to 113.24 pg/
m? (Fig. 7). Cities with UOP concentrations rang-
ing from 0 to 100 pg/m? accounted for 54% of the
total. The quarterly average O;-8 h concentration
had obvious seasonal characteristics, with the high-
est ozone concentration in summer (120.56 pg/m?),
and 11% of the cities had ozone concentrations above
Grade II. In winter, the UOP concentration was the
lowest (68.65 pg/m?), 97% of the cities had ozone

concentrations below Grade I standards (<100 pg/
m?), and the air quality was excellent.

From the perspective of climatic zones, the quar-
terly average urban O; concentrations varied across
different climatic zones (Figs. 7 and 8), particularly in
summer. The highest ozone concentration was found
in the southern temperate zone (105 pg/m?), and 78%
of cities had UOP concentrations of 100160 pg/m?,
followed by the northern subtropical region (102 pg/
m?), central subtropical region (95 pg/m?), and cen-
tral temperate region (92.41 pg/m®). The lowest ozone
concentration was found in the southern subtropi-
cal region, with an average O; concentration of only
90.73 pg/m®, and 98% of the cities had UOP concen-
trations ranging from 0 to 100 pg/m>. In summer, the
UOP concentrations differed more obviously among
the different climate zones. The most serious UOP
in summer was found in the southern temperate zone
with the highest ozone concentration (152.39 pg/m?),
where 29% of the cities exceeded Grade II (> 160 pg/
m?®). The average concentration in the southern sub-
tropical zone was 75.99 pg/m?®, 100% of the cities did
not exceed Grade I (0~ 100 pg/m?), and the air qual-
ity was excellent. The differences in ozone concentra-
tions between climatic zones were less pronounced in
autumn and winter. In autumn, the highest concentra-
tion (90.37 pg/m®) was found in the southern subtrop-
ical zone, and 67% of cities had ozone concentrations
exceeding Grade I, forming a new center of ozone
concentration in the Pearl River Delta region. In win-
ter, urban ozone concentrations in all climatic zones
were lowest in the cities.

The quarterly average urban O;-8 h concentra-
tions varied considerably across cities of different
sizes (Fig. 9). In spring and summer, UOP concentra-
tions increased with city size, with the highest ozone
concentrations in supercities (120.42 pg/m® and
143.62 pg/m?) and 50% of cities had UOP concen-
trations exceeding 160 pg/m® in summer. The lowest
ozone concentrations were in small cities (114.12 pg/
m® and 114.17 pg/m®). In autumn and winter, the
lower the urban size, the higher the UOP concentra-
tion. In autumn, small cities had the highest ozone
concentrations (93.48 pg/mS); in winter, UOP con-
centrations were highest in small cities (74.74 pg/m?),
while the lowest ozone concentrations were found in
super large cities (66.48 pg/m®) and all cities were
Grade I.
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Table 1 The main building morphology indicators in our study

Abbreviation (Metrics) Expression

Description

Categories Reference

AH (Average height) AH=13¥" H,
n = !

HBR HBR = N,;/N
(High building radio)

SCD SCD =Y, (S;xH)/(AXH,
(Space congestion degree)

ax

BD BD = (3, S)/A
(Building density)

Division

DIVISION = 1 - 3 3" (%)
(Landscape Division Index) ’

RD RD=I/A
(Road Density)

The average height of total
buildings

n is the number of buildings in
the study area

H, is the height of the building i

Proportion of buildings over
24 m

N; is the number of buildings
over 24 m

N is the number of buildings in
the study area

) The congestion degree of the
building in three-dimension
space

S; is the bottom area of the
building i

H; is the height of the building i

A is the study area

Hmax is the maximum height of
the total buildings

Degree of congestion in the
study area

S, is the bottom area of the
building i

A is the study area

n is the number of the buildings
in the study area

Degree of connection between
patches

m is number of patch types
present in the landscape,
including the landscape border
if present

a;; is area of building ij

i is area of building type

Jj is area of building number

Road accessibility of the study
area

[ is the total length of roads in
the study area

A is the study area

3D BM Berger et al. (2017)

3D BM Liu et al. (2020)

3D BM Zhang and hu (2013)

2D BM Ke et al (2022)

2D BM Ke et al (2022)

2D BM Zhang et al (2022a)

We also found that the quarterly average urban
0;-8 h concentration varied across different urban
morphologies (Fig. 10). The highest urban ozone
concentration was found in cities with low rise
and high urban building density, such as LRHD
(105.44 pg/m®), followed by LRMD (105.22 pg/
m?). The lower the building height and the higher
the urban building density, the higher the UOP
concentration.

@ Springer

Contribution of natural and anthropological factors to
ozone concentrations

We found that natural (temperature and precipita-
tion) and anthropogenic factors jointly influenced the
urban ozone concentration during different seasons
(Fig. 11). Natural and anthropogenic factors had the
most notable influence on the urban ozone concentra-
tion in summer (R?=0.5) and the least influence in
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Fig. 3 The nine categories and the percentage of 3D urban MRMD (Medium Rise & Medium Density), MRLD (Medium

morphology in China (HRHD (High Rise & High Density), Rise & Low Density), LRHD (Low Rise & High Density),
HRMD (High Rise & Medium Density), HRLD (High Rise LRMD (Low Rise & Medium Density), LRLD (Low Rise &
& Low Density), MRHD (Medium Rise & High Density), Low Density))

Table 2 The different O pollution levels based on the NAAQS standard

Ozone pollution level Grade [ Grade 11 Grade 111 Grade IV Grade V
Ozone concentration index ~ 0~100 pg/m®  101~160 pg/m*>  161~215 pg/m®  216~265 pg/m’ 265 ~800 pg/m?
Category excellent good Mild pollution Moderate pollution heavy pollution

Table 3 Information of all data

Data Time Type Resolution(m) Source

OSM road network 2017 Shapefile - https://wordpress.org/plugins/osm/
Global artificial impervious area 2017 Grid 30 https://www.x-mol.com/

Urban population 2017 Grid 1000 https://landscan.ornl.gov
Meteorological data 2017 Statistical - https://data.cma.cn/

Building data 2017 Shapefile - https://Ibs.amap.com/

Highway passenger traffic (Built-up area) 2017 Statistical - http://www.stats.gov.cn/

Table 4 The different classifying cities in our study

City size Small city Medium city Large city Very large city Super large city

Urban population 0~500,000 people 500,000~ 1,000,000 1,000,000 ~5,000,000 5,000,000~ 10,000,000 > 10,000,000 people
people people people

@ Springer
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Fig. 4 The spatial distribution of 3D landscape metrics in 68 cities in China (AH: average height; BD: building density; HBR: high

building ratio; SCD: space congestion degree)

autumn (R?=0.36). Overall, anthropogenic factors
are the main factors influencing urban ozone concen-
tration, with an explanation rate above 20% in all sea-
sons, which is two times higher than that of natural
factors. Natural factors (16%) had a greater influence,
and it was closest to the influence of anthropogenic
factors (20%) only in autumn. Therefore, we can see
that in cities, the urban ozone concentration is mainly
affected by anthropogenic factors.

We further investigated the factors affecting urban
ozone concentrations and found that building fac-
tors contributed substantially to UOP concentrations
(Fig. 12). The building factor had a relative explana-
tory power of more than 40% in all seasons and was
the main influencing factor. In spring, the 2D building
factor had the highest relative explanatory power for
ozone concentrations (39%) and was the main influ-
encing factor, three times more than the 3D building

@ Springer

factor (13%). Urban ozone concentrations showed
a positive correlation with BD (18%, P <0.005)
and a negative correlation with DIVISION (19%,
P <0.005). In summer, the relative explanatory power
of the 2D building factor was 23%, comparable to
the 3D building factor (19%), where the urban ozone
concentration showed a positive correlation with
HBR (5%, P<0.01) and a negative correlation with
DIVISION (15%, P<0.05). In spring and summer,
DIVISION was the most influential building factor.
In autumn and winter, the relative explanatory power
of the 3D building factors (30% and 31%, respec-
tively) was significantly higher than that of the 2D
building factors (13% and 23%, respectively). HBR
(16%, P <0.05) showed a significant negative correla-
tion with ozone concentration in winter and was the
most influential building factor in autumn and winter;
SCD and BD had a higher relative explanatory power
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in winter (15%, P<0.05 and 16%, P <0.05) than in
autumn (8%, P<0.01 and 9%, P<0.01), and both
were positively correlated with UOP concentration.

Discussion

Urban 2D and 3D morphology in China and its
impacts on ozone concentration

Our study found that the average building height
in China is 15.69 m. In contrast, the average global

40% 60% 80% 100%

MRHD MRMD MRLD LRHD LRMD LRLD

building height is 6.16 m, with taller buildings being
present in high-income countries such as the United
States and Oceania. Cities with high buildings and
densities are mainly located in the United States,
Europe, China, and the Middle East, mainly related
to the region’s affluence and different individual con-
tributions to global competition for land (Li et al.
2022). In this study, we found that AH and HBR
show a trend to be high in Southwest China and low
in Northeast China. Building height is positively cor-
related with topographic relief and altitude, indicat-
ing that building height also increases as mountain
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Fig.7 Spatial distribution of O3-8 h annual mean concen-
tration in China (a) and the percentage of cites with differ-
ent O3-8 h concentration across different seasons and climate

undulation and altitude increase. This is due to the
many mountains and few plains in Southwest China,
limiting the horizontal expansion of the city, which
can only develop vertically. North China is dominated
by plains or low hills, with open terrain, and is also
influenced by precipitation and mostly has low-rise
bungalows (Zhou et al. 2019; Huang et al. 2022). On
the other hand, urban building height and density are
closely related to a city’s economic development. The
average height and BD increase with GDP; the higher
the level of urbanization is, the larger the proportion
of building land, and the taller the buildings. Wealthy
cities continue to build upward and outward to gain
more space for growth (Huang et al. 2022). As many
people move into better-developed cities, land prices
rise, and buildings can only increase upward. We also
find that AH is negatively correlated with latitude and
BD is negatively correlated with longitude (Fig. 5).
China’s topography is high in the west and low in the
east, showing a 3-step ladder (Ren et al. 2022), with
rolling hills in the west and a more extensive plain
terrain in the east, with an overall slope toward the
sea. At the same time, the south has more mountain-
ous terrain, while the north is flatter, and the flat and
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zones (b). (CTZ: Central Temperate Zone; STZ: South Tem-
perate Zone; NSZ: Northern Subtropical Zone; CSZ: Central
Subtropical Zone; SSZ: Southern Subtropical Zone)

open terrain allows more space for cities to expand
horizontally. China’s urban morphology is dominated
by medium-rise and medium-density buildings and
dominates all urban centers (Taubenbock et al. 2020).
Notably, dense and highly built-up cities are increas-
ing, whereas Low Rise & Low Density (LRLD) cit-
ies are decreasing. This is mainly due to urbanization
and the influx of population into urban centers, where
urban sprawl does not increase as rapidly as popula-
tion growth, driving cities to higher and denser levels
(Kuang 2020; Huang et al. 2022).

Buildings are the main bodies of a city. Urban 2D
building morphology refers to urban structures with
a planar, 2D character in terms of size, shape and
structure. Among the 2D building morphology indi-
cators, BD was significantly and positively correlated
with ozone concentration, whereas; DIVISION was
negatively correlated, as in previous studies (Ke et al.
2022). The building density represents the density
of building coverage and DIVISION is the degree of
fragmentation of the city’s building sites. The density
and fragmentation of building sites are closely related
to the industrial layout and traffic planning (Cao et al.
2021). Dense building sites are suitable for industrial
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layout and urban construction for traffic lane plan-
ning, while fragmented building sites are the oppo-
site. Industrial and traffic emissions are direct sources
of ozone production, so building sites indirectly affect
ozone concentrations (Zhang et al. 2022a). In addi-
tion, the relative importance of the same building
factors in explaining the effects of UOP varies con-
siderably from season to season. For example, BD
has the greatest relative importance among building
factors for spring ozone concentrations, which can be
attributed to two factors. First, the increase in build-
ing density increases the demand for transport routes
(Lu and Liu 2016), which indirectly increases traffic
flow, thus increasing the emission of ozone precur-
sors and the generation of ozone pollution. Second,
in spring, temperature factors are the most important
factor influencing the relative importance of ozone
concentrations. BD affects airflow, and the higher the
BD is, the higher the temperature (Lee 2019), which
accelerates the rate of reaction of ozone precursors,
and the higher the UOP.

The density, height, and form of buildings affect
the ventilation and heat dissipation of the city, and
the layout of buildings affects the planning of urban
industries and transportation. The clustering of build-
ings is a manifestation of urbanization, resulting in
a large population concentration, all of which sub-
stantially the impact urban ozone concentration (Li
et al. 2019; Zhang et al. 2020; Jedwab et al. 2021).
Our study found that the AH and BHR of 3D build-
ing morphology indicators were negatively corre-
lated with ozone concentrations, with taller build-
ings resulting in lower ozone concentrations, most
significantly in autumn and winter. Within a specific
height range near the ground, the higher the floor
is, the higher the wind speed, accelerates the dis-
persion and weakens the ozone concentration. The
shading effect of the higher floors weakens the solar
radiation in the city, therefore weakening the average
temperature in parts of the city and slowing ozone
production. On the other hand, tall buildings in cit-
ies are mainly located in urban centers, and the main
sources of ozone production are the industrial areas
of cities. In contrast, industrial emissions from cities
generally do not spread to urban centers; therefore,
ozone concentrations in high-floor locations are low.
However, the results of our study differ from those of
previous studies; for example, taller floors increase
wind-blocking and thus inhibit the dispersion of

urban ozone concentrations (Taseiko et al. 2009), and
the effect of average building height on air pollutants
is quite ambiguous (Yang et al. 2020). Therefore, the
analysis of the distribution and dispersion of ozone
concentrations must be combined with the height and
density of buildings, which requires a comprehensive
analysis.

The space congestion degree and ozone concen-
tration show an obvious positive correlation—the
more crowded the urban building space, the higher
the ozone concentration in the city; on the one hand,
buildings can function as wind barriers—the nar-
rower the area, the less wind speed and wind force,
and hence the ozone diffusion is weakened (Hoek
et al. 2008; Weber et al. 2014; Peng et al. 2018); on
the other hand, confined buildings make interactions
between single buildings; solar radiation is repeatedly
reflected and absorbed, and the accumulation of solar
radiation leads to a higher temperature, which accel-
erates ozone generation (Xu and Chen H 2021).

Our study showed that anthropogenic factors
are the dominant factors affecting ozone in urban
areas. Studies have shown that the main sources
of ozone are small amounts of natural sources and
large amounts of anthropogenic sources, including
nitrogen oxides and volatile organic compounds (Lu
et al. 2019; Wang et al. 2020). Anthropogenic factors
provide a large number of precursors for ozone pro-
duction, while natural factors accelerate or diminish
ozone production or dispersion (Wang et al. 2020).
Anthropogenic factors are the main source of ozone
production and play a major role in influencing
ozone concentrations, whereas natural factors play a
minor role. Building factors are an important part of
anthropogenic factors, urban 2D building morphol-
ogy influences the industrial layout and transporta-
tion planning of the city, increasing or decreasing the
production of ozone precursors (Cao et al. 2021), and
3D urban building form influences the ventilation and
heat dissipation of the city, accelerating or slowing
down the ozone reaction rate (Li et al. 2019). Build-
ing factors have a significant impact on urban ozone
pollution.

Factors influencing the seasonal and regional
variation in ozone concentration

Our study found that the UOP concentrations
changed substantially across different seasons (Zhou
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«Fig. 8 Seasonal spatial distribution of O;-8 h concentration
in different climate zones in China (a) and the percentage of
cities with different urban O5-8 h concentration across five
different climate zones, China (b) (CTZ: Central Temperate
Zone; STZ: South Temperate Zone; NSZ: Northern Subtropi-
cal Zone; CSZ: Central Subtropical Zone; SSZ: Southern Sub-
tropical Zone)

et al. 2022). The UOP was most severe in China
during spring and summer, and ozone was mainly
concentrated in the southern temperate zone and
the northern subtropical zone (Chen et al. 2020). In
spring and summer, the temperatures rebound, and
the temperature difference between north and south
is small, while precipitation is less in the north than
in the south, and experiences longer daylight hours,
making UOP concentrated in this region. Precipita-
tion has purified ozone concentrations, whereas high
temperatures and intense illumination are sufficient to
accelerate ozone production (Mao et al. 2020). Mean-
while, there are many industrial production bases in
the southern temperate zone and northern subtropi-
cal zone, among which the Beijing-Tianjin-Tangshan
industrial zone and the Yangtze River Delta urban
agglomeration are industrial agglomerations(Yang
et al. 2022). Industrial emissions produce many
ozone precursors, which generate ozone under pho-
tochemical action and cause severe ozone pollution
(Wang et al. 2022b). During autumn and winter,
UOP concentrations changed nationwide owing to
temperature effects. Ozone concentrations in temper-
ate regions fall to the lowest point of the year (Shen
et al. 2022), while UOP concentrations in the south-
ern subtropical region and in the south increase, and
the urban agglomeration of the Pearl River Delta
becomes an ozone center in winter. Urbanization has
led to industrialization and transportation develop-
ment. The influx of large industrial aggregations and
populations has caused an increase in industrial emis-
sions and vehicle emissions. Ozone pollution is the
most severe in this region, as such emissions provide
many precursors for the formation of ozone pollutants
(Symonds and Moussalli 2011; Zhou et al. 2022).
The relationship between ozone concentration
and city class also varied with season. In spring and
summer, ozone concentrations increase with urban
size. However, the ozone concentration decreased in
autumn and winter, with increasing urban size. On the
one hand, urbanization has attracted large amounts of
industry and population, leading to ozone pollution

from industrial and vehicle emissions (Zhang et al.
2022a). On the other hand, in autumn and winter,
straw burning in rural and suburban areas causes
ozone pollution in urban centers. In contrast, urban
areas in small cities are closer to rural areas and are
more vulnerable than larger cities (Zhang et al. 2019).

The relative importance of building factors varied
significantly between seasons; For example, building
factors had the most significant effect on ozone con-
centrations, with 2D building factors being the domi-
nant factor in the spring and 3D building factors being
the dominant factor in the winter, but the factors that
had the greatest effect in each season were tempera-
ture, precipitation, or population density. HBR was
positively correlated with ozone concentrations dur-
ing the summer months and negatively correlated
with ozone concentrations during the other seasons.
These results indicate that both 3D urban character-
istics and climatic conditions cannot be ignored when
conducting urban planning. The relative contribu-
tion of architectural factors to ozone concentration is
influenced by both natural and anthropological fac-
tors, and the climatic and anthropological factors of
the city should be taken into full consideration when
urban planning is carried out. In summer, the effect
of HBR on ozone concentration shows a clear posi-
tive correlation different from other seasons. Because
HBR represents the ratio of high-rise buildings in a
city and represents the level of urban economic devel-
opment, the larger the HBR is, the more high-rise
buildings there are in a city, and the higher the level
of urban economic development (Huang et al. 2022).
In summer, ozone concentration is most significantly
affected by natural factors, traffic and population, and
building factors have the lowest relative influence
on ozone concentration. Most Chinese cities have
the highest ozone concentrations in summer, and the
more economically developed the city is, the more
serious the ozone pollution. At the same time, most
cities in China have the smallest shaded area of the
year in the summer, weakening the shading effect and
adding to the ozone response.

In general, although the explanatory power of the
building factor is influenced by other factors that
change with the seasons, the explanatory power of
ozone concentration has been dominant among many
factors and has an important influence on ozone
concentration. Building height and building den-
sity reflect the 3D building form of the city, whereas
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«Fig.9 Seasonal variation of O;-8 h concentration at dif-
ferent city sizes in China (a) and percentage of cities
with different urban O;-8 h concentration for different
city sizes in China (b). The boxes represent the 25th and
75th percentiles, and the horizontal black lines inside the
boxes represent the average (small-size: pop<500,000;

medium-size: 500,000 < pop < 1,000,000, large-
size:1,000,000 < pop < 5,000,000; very large-size:
5,000,000 < pop < 10,000,000 super large-size:

pop > 10,000,000 pop(people)), p<0.05

the 2D building form is more represented by urban
building coverage (Yuan et al. 2019; Hu et al. 2020).
Although studies have compared the effects of 3D
and 2D building indicators on air pollutants (Lu et al.
2016; Li et al. 2019), from the perspective of seasonal
changes, the explanatory power of 3D and 2D indi-
cators on ozone concentration also shows different
explanatory power depending on the season because
the natural factors and human factors on the genera-
tion, diffusion, and weakening effects of ozone con-
centration vary with season. Therefore, cities must
plan their urban layout according to their geographi-
cal location and climatic conditions.

Limitations and prospects

This study has some limitations. The resolution of the
ozone data in our study was 10X 10 km, which may
not be an accurate representation of urban ozone.
There is an error in the actual ozone concentration
in the urban study area, which may affect the corre-
lation between the building morphology metrics and
the UOP concentration. Due to the limited sample of
cities selected for the preliminary study, we analyzed
the effects of building factors on UOP by focusing on
the effects of seasonal variations and simplifying the
effects of regional variations on UOP.

The influence of building metrics on ozone con-
centrations is not only the relationship between den-
sity and height, as described in our study, but is also
influenced by a range of factors, such as building
shape and spatial building pattern. Building 3D indi-
cators only provides a new perspective for studying
urban buildings, and many more complex factors gov-
ern ozone dispersion, transport, and transformation.
Urban green spaces and tree species could also con-
tribute to O5 pollution via BVOCs efflux and direct
leaf absorption (Paoletti 2009; Sicard et al. 2018).
A new criteria and method has been developed for

selecting urban trees to reduce increasing ozone lev-
els in cities (Sicard et al. 2018).

Therefore, in future studies, the precision of ozone
data should be improved to reduce the error between
building data and actual buildings, and to reflect the
influence of building indicators on air quality more
accurately. Including green space will improve urban
forest-based natural solution development (Wang
et al. 2022a). The height and density of buildings can
reflect the 3D shape of a city, and the impact of build-
ing factors on ozone concentration can be affected
by different seasons and spatial locations. Therefore,
in future studies, it is important to pay attention not
only to seasonal variations but also to the influence of
regional factors on UOP. Urban planners should tailor
urban planning to reduce the levels of air pollutants
in cities.

Conclusions

This study examined the spatial and temporal vari-
ation in ozone concentrations from the perspective
of urban building morphology and investigated the
effects of natural and anthropogenic factors on ozone
concentrations. The main findings are as follows.

(1) The average building density and height were
0.18 and 15.69 m, respectively, in China. Taller
buildings and high densities were mostly found in
Southwestern China, particularly in larger cities.
In addition, we found that China’s urban mor-
phology in most (53%) cities was dominated by
MRMD (28%) and MRHD (25%).

(2) Urban ozone pollution was the most severe in
summer, especially in the southern temperate
zone. However, in winter, higher UOP concentra-
tions were observed in the southern subtropical
zone. Urban ozone concentrations vary consid-
erably across cities of different sizes. In spring
and summer, UOP concentrations increased with
city size; in winter, UOP concentrations were the
highest in small cities. We also found that UOP
concentrations varied across different urban mor-
phologies, and the highest urban ozone concen-
tration was found in cities with LRHD.

(3) Anthropogenic factors were the main factors
influencing ozone concentration, and their influ-
ence was more than 55%, with urban morphology
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Fig. 12 Relative explanatory power of natural and human fac-
tors on ozone concentration in different seasons (AH (Average
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accounting for 42%. 2D building factors were
the main factors in spring and summer, while 3D
building factors were the main factors in autumn
and winter.

With rapid urbanization, the number of urban
buildings will continue to increase, and urban ozone
pollution will become more severe. Our study
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Division Index), RD (Road Density), POP (Population Den-
sity), TRA (Road Passenger Transport), TEM (Temperature),
PRE (Precipitation)). The P value of each predictor is given as:
*P<0.05, **P<0.01, ***P<0.001

deepens the understanding of the influence of urban
buildings on ozone concentrations and provides guid-
ance to governments and policy-makers for urban
planning to ameliorate urban ozone pollution.
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