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A B S T R A C T   

Near-ground ozone in the Yangtze River Delta (YRD) region has become one of the main air pollutants that 
threaten the health of residents. However, to date, the transport behavior and source areas of ozone in the YRD 
region have not been systematically analyzed. In this study, by combining the ozone observational record with a 
HYSPLIT (hybrid single-particle Lagrangian integrated trajectory) model, we tried to reveal the spatiotemporal 
regularity of the airflow transport trajectory of ozone. Spatially, high ozone concentrations mainly clustered in 
industrial cities and resource-based cities. Temporally, the center of the ozone pollution shifted westward of 
Nanjing from 2015 to 2021. With the passage of time, the influence of meteorological elements on the ozone 
concentration in the YRD region gradually weakened. Marine atmosphere had the most significant impact on the 
transmission path of ozone in Shanghai, of which the trajectory frequency in 2021 accounted for 64.21% of the 
total frequency. The transmission trajectory of ozone in summer was different from that in other seasons, and its 
transmission trajectory was mainly composed of four medium-distance transmission paths: North China-Bohai 
Sea, East China Sea-West Pacific Ocean, Philippine Sea, and South China Sea-South China. The contribution 
source areas mainly shifted to the southeast, and the emission of pollutants from the Shandong Peninsula, the 
Korean Peninsula-Japan, and the Philippine Sea-Taiwan area increased the impact of ozone pollution in the 
Shanghai area from 2019 to 2021. This study identified the regional transport path of ozone in the YRD region 
and provided a scientific reference for the joint prevention and control of ozone pollution in this area.   

1. Introduction 

Ozone is a typical secondary pollutant in the atmosphere, which is 
produced by the photochemical reaction of primary pollutants (such as 
volatile organic compounds (VOCs) and nitrogen oxides (NOx)) under 
sunlight (Atkinson, 2000; Klemm et al., 2000). Surface ozone has strong 
oxidizing properties and is one of the main pollutants of photochemical 
smog (Dommen et al., 1995). It seriously affects the physiological pro-
cesses of vegetation, grain crops, and human health (Yi et al., 2018; Xu 
et al., 2020). For example, high concentrations of near-ground ozone 
(120 μg m− 3) can significantly reduce the release of VOCs from flowers 
(by 25%–30%) over a distance of 4.5 m, making flowers less attractive to 
pollinators (Farre-Armengol et al., 2016). In addition, tropospheric 

ozone strongly stimulates the respiratory tract of organisms, thereby 
increasing residents’ risk of developing upper and lower airway 
inflammation, asthma, allergic rhinitis, and even premature mortalities 
(Eastham and Barrett, 2016; Krishna et al., 1996). Over the past 30 
years, there has been a downward trend in troposphere ozone concen-
trations in some regions (North America, Europe, etc.) (~3%), due to 
continuous efforts to control emissions (Schultz et al., 2017). Mean-
while, 100.6 million U.S residents are currently exposed to high levels of 
surface ozone concentrations (>70 μg m− 3) (Zhang et al., 2014). Several 
studies have reported increasing ozone trends of 1–2 ppbv•a− 1 at urban 
and background sites in eastern China (Li et al., 2019; Ma et al., 2016). 
Therefore, the prevention and control of tropospheric ozone pollution 
becomes particularly important under the current environmental 
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conditions. 
Urban areas are considered hotspots for ozone pollution due to their 

concentrated transportation and industrial activities (Hu et al., 2021; 
Pedruzzi et al., 2019; Shu et al., 2020). In addition, against the back-
ground of global warming, human activities have led to the long-term 
emission of high concentrations of air pollutants and VOCs in urban 
areas (Huy and Oanh, 2020; Narumi et al., 2009). The 
stratosphere-troposphere exchange in subtropical cities would bring 
ozone rich stratospheric air into the troposphere, leading to increased 
urban ozone pollution (Barrett et al., 2019). Therefore, urban areas have 
become the main source of ozone pollution. The previous study has 
shown that the death rate caused by ozone pollution in cities in different 
regions of the world varies by ~10 times, of which 77% of deaths caused 
by ozone pollution in the world occur in urban areas of South and East 
Asia (Malashock et al., 2022). Zheng et al. (2010) confirmed that the 
daily variation in ozone concentration in the Pearl River Delta metro-
politan area was larger than that in rural areas. In addition, the ozone 
pollution in the Pearl River Delta area has regional and super-regional 
characteristics. Many studies have suggested that it is challenging to 
describe the dynamic characteristics of ozone pollution in urban areas 
due to varied local surface characteristics in different regions (e.g., 
Franco et al., 2019). Therefore, it is of great practical significance to 
specifically analyze the temporal and spatial dynamic evolution char-
acteristics of ozone in urban areas to identify the migration process of 
local ozone pollution. 

Ozone pollution has significant regional characteristics. The con-
centration level of regional ozone is related not only to the emission of 
local pollution sources, meteorological conditions, terrain and other 
factors, but also to pollutant diffusion and transport between regions, 
which play a crucial role in the ozone concentration (Yang et al., 2020; 
Zhao et al., 2018). The transmission and interaction of ozone between 
regions should not be completely neglected when exploring and 
revealing the formation process and occurrence mechanism of urban 
ozone. Therefore, it is crucial to analyze the transmission, source, and 
influencing factors of ozone migration between regions (Hu et al., 2021). 
In general, remote sensing observations and numerical models are 
widely used to carry out quantitative studies of regional atmospheric 
pollutant transport (Grell et al., 2005). The numerical simulation model 
is a practical pathway to reveal the dynamic transport processes and 
diffusion trajectories of ozone (Jeon et al., 2014; Ranmar et al., 2002). 
However, studies of ozone transport trajectories and source regions 
based on numerical simulation models have not been systematically 
carried out at the micro-scales (urban agglomerations). Further studies 
are still needed to analyze the distribution characteristics and migration 
behavior of ozone in micro-scale regions by different meteorological and 
socio-economic factors. 

As the economic growth pole of mainland China, the Yangtze River 
Delta (YRD) region has one of the most developed industries and the 
highest population density in China. However, dense populations, 
agglomerated industries, and heavy traffic have stimulated the occur-
rence and rapid development of local air pollutants (Huang et al., 2017; 
Zhao et al., 2019). Studies have shown that in the YRD region, the ozone 
concentration suggested an increasing trend of 1–3 ppbv•a− 1 during 
2013–2017 (Li et al., 2019). Even during the COVID-19 lockdown, a 
noticeable the daily maximum 8-h average (MDA8) ozone increase of 
44% (from 26 to 38 μg m− 3) was observed in the YRD region (Zhu et al., 
2021). In addition, in eastern China in May and July, the surface ozone 
responses to climate variability could have an equal or even greater 
importance than emission changes of gaseous pollutant (Li et al., 2021a; 
Shu et al., 2020). Thus, it is important to know the main reason for the 
increase in ozone concentration in the YRD region. 

In summary, this study aims to explore the dynamic characteristics, 
sources, and transport processes of ozone distribution in urban ag-
glomerations at the meso-micro regional scale. To achieve these goals, 
the rest of this work contains three subsequent steps: (1) analysis of the 
variation characteristics of ozone concentration in 41 prefecture-level 

cities in the YRD region on the temporal and spatial scales; (2) clarifi-
cation of the influence process of different natural and socio-economic 
factors on the differences in the spatial distribution of ozone; and (3) 
elucidation of the transport process and main sources of regional ozone, 
based on numerical simulation models, taking Shanghai as the research 
subject. 

2. Data and methods 

2.1. Study areas 

The YRD region is located in the lower reaches of the Yangtze River 
in China, bordering the Yellow Sea and the East China Sea (Fig. S1). 
Specifically, there are 41 cities across Shanghai, Jiangsu Province, 
Zhejiang Province, and Anhui Province in the YRD region. The YRD 
region is mainly in a subtropical monsoon climate, with abundant 
rainfall and a humid climate. Complex weather and monsoons can have 
a major impact on the formation and transport of ozone pollution in the 
region (Ding et al., 2013). 

2.2. Data resources 

Ozone concentration and meteorological data were collected simul-
taneously in 41 cities in the YRD region from January 1, 2015 to 
December 31, 2021. The ozone concentration data were collected from 
the national real-time city’s air quality release platform in the China 
National Environmental Monitoring Center (http://106.37.208.233:200 
36/). We adopted the daily maximum 8-h average (MDA 8) ozone 
concentration from 195 monitoring stations from 41 cities in the YRD 
region (Fig. S1). The meteorological data used in building the backward 
trajectory were the 2015–2020 Global Data Assimilation System (GDAS) 
(ftp://gus.arlhq.noaa.gov./pub/archives/) provided by the National 
Center for Environmental Prediction (NCEP), with a spatial resolution of 
0.5◦ × 0.5◦ and a temporal resolution of 6 h. The sources, types, specific 
descriptions of land use types, meteorological elements, and socioeco-
nomic elements were shown in Table S1 in Supplementary Materials 
(SI). A quality control process was conducted on the data at individual 
sites to remove problematic data points before calculating average 
ozone concentrations and related parameters for ozone dynamics (spe-
cific details were shown in Text S1 of the SI). 

2.3. Methodology 

2.3.1. Standard deviational ellipse (SDE) analysis 
The function of SDE quantitatively describes geographic elements 

with the center, major axis, and minor axis as the basic parameters (Guo 
et al., 2021). In this study, the spatial distribution and movement 
characteristics of the ozone distribution in the YRD region were revealed 
through the variation in the center of gravity, major axis, and minor axis 
of the SDE. The SDE formula is expressed by (1) - (3). 

Xw =

∑

i=1
wixi

∑n
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(1)  

σx =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(wixi cos θ − wiyisin θ)

√

∑n

i=1
w2

i

(2)  

σy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(wixi sin θ − wiyi cos θ)

√

∑n

i=1
w2

i

(3) 

In these equations, (xi, yi) is the spatial region of the research subject; 
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wi is the weight; i is the decision-making unit; x and y represent the 
relative coordinates of each point from the SDE center, respectively; θ is 
the rotation angle of the distribution pattern (reflects the direction of the 
main trends in its ozone distribution); and σx and σy are the standard 
deviations of the x-axis and y-axis, respectively. 

2.3.2. Hybrid single-particle Lagrangian integrated trajectory model 
(HYSPLIT) 

HYSPLIT is a numerical model for atmospheric calculation and 
analysis of air pollution transport and diffusion trajectories. The model 
can systematically analyze the transport, diffusion, and deposition of 
atmospheric pollutants by calculating the input fields of different 
meteorological elements, physical processes, and pollutant emission 
sources. It has been widely used in studying the transport trajectory of 
air pollution in various regions (Du et al., 2020; Guan et al., 2019). The 
central city of the YRD region, Shanghai (31.14◦ N, 121.29◦ E), was 
selected as the simulated receiving point, and the air flow simulation 
height was 500 m. The simulation calculated the 72 h backward tra-
jectory of reaching the receiving point at 0:00, 6:00, 12:00, and 18:00 
every day from 2015 to 2020. Subsequently, the angular distance 
method algorithm was adopted to cluster the backward trajectory of 
ozone. The specific cluster analysis in the backward trajectory model 
was showed in Text S2 of the SI. 

2.3.3. Geographically and temporally weighted regression (GTWR) model 
The temporal dimension was introduced into the GTWR model based 

on spatial heterogeneity, and the time attribute was linked to the spatial 
attribute of geographically weighted regression. Therefore, the results of 
GTWR analysis can better reflect the spatio-temporal dynamic changes 
of geographical elements, making the estimation of regression model 
more accurate and reasonable. This model extends the standard 
geographically weighted regression model with temporal variations and 
can effectively deal with spatiotemporal non-stationarity. The formula 
of GTWR is expressed by (4) (Huang et al., 2010). 

Yi = β0(ui, vi, ti)+Σkβk(ui, vi, ti)Xik + εi , i= 1, 2,⋯n (4) 

In Eq. (4), (u, vi, ti) is the spatiotemporal coordinate of the i-th sample 
point. β0(ui, vi, ti) represents the regression constant of the i-th sample 
point. Xik is the value of the k-th independent variable at the i-th point. εi 

is the residual. βk(u, vi, ti) is the k-th regression parameter of the i-th 
sample point, and its estimation method is as follows ((5)). 

β̂(μi, vi, ti)=
[
XT W(ui, vi, ti)X

]− 1XT W(ui, vi, ti)Y (5) 

In (5), β̂(ui, vi, ti) is the estimate of βk(ui, vi, ti). The superscript T 
denotes the transpose of a matrix, X and Y are the vectors of predictors 
and response variables, respectively, and W(ui, vi, ti) is the space-time 
weight matrix. The Gaussian distance function is chosen as W, and the 
calculation formula of the spatiotemporal distance between samples i 
and j is expressed by (6). 

dij =
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δ
(
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)2
+
(
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)2
+ μ

(
ti − tj

)2
√

(6) 

Among them, the choice of bandwidth affected the establishment of 
space-time weights. In this study, the AICc rule (where AICc represents 
the corrected Akaike information criterion) was used, and the adaptive 
bandwidth was selected (Huang et al., 2010). 

2.3.4. The potential source contribution factor (PSCF) analysis 
The PSCF analysis method for ozone in the YRD region was shown in 

Text S3 of the SI. 

3. Results and discussion 

3.1. Temporal variation in the ozone concentration in the YRD region 

On the interannual scale, the ozone concentration in the YRD region 
showed a fluctuating downward trend from 2015 to 2021 (Table S2). 
Among them, the mean ozone concentration (the 90th percentile of 
MDA8) peaked in 2017, and its concentration (mean ± one standard 
deviation) was 151–191 μg m− 3. From 2017 to 2020, the ozone con-
centration exhibited a downward trend, among which, from 2019 to 
2020, the decline rate (5.59%) of the ozone concentration was higher 
than that of other years. On the seasonal scale, the ozone concentrations 
in spring and summer were higher than those in autumn and winter in 
the YRD (Fig. 1a). Besides, summer had the highest ozone concentration 
of all seasons from 2015 to 2020 (Fig. 1b). On the monthly scale, the 
ozone concentration in May and June was the highest of all months, and 
the ozone concentration in July was the lowest in summer, with a 
concentration of 69 μg m− 3 (Fig. 1b). On a daily scale, the variation 
characteristics of ozone concentration did not show significant regu-
larity (Fig. 1c). However, high concentrations of ozone showed an ag-
gregation phenomenon in a short period of time, by analyzing the figure 
of continuous ozone daily variation characteristics (Fig. S2). The reason 
for this phenomenon was mainly due to high temperatures and weather 
changes (e.g. temperature inversions, quasi-stationary peaks, etc.) over 
a short period of time (Mao et al., 2020; Mousavinezhad et al., 2021). On 
the hourly scale, regardless of the season, the surface ozone concentra-
tion increased rapidly after noon, peaked at 18:00 (CST (China Standard 
Time, UTC+0800)), and then gradually decreased (Fig. 1d). The results 
indicated that under strong illumination, the ozone concentration lag-
ged in the YRD region, and the lag time was ~6 h. Compared with the 
ambient air quality standards of China (GB3095-2012), the surface 
ozone concentration on selected days each year exceeded the secondary 
standard value (160 μg m− 3) from 2016 to 2021 (Table S3). However, in 
the context of the decline in the ozone concentration in the YRD, there 
were 17 days in 2021 when the ozone concentration exceeded 160 μg 
m− 3. These results showed that the ozone pollution in the YRD might 
tend to expand over time. 

As precursors, nitrogen oxides (NOx) and volatile organic compounds 
(VOCs) directly affect local near-ground ozone concentrations (Krupa 
and Legge, 1995; Sillman, 1995; Xu et al., 2021). In general, since 2017, 
the near-ground ozone concentration in the YRD region has shown a 
downward trend, which was due to the concentrations of ozone pre-
cursors (NOx and VOCs) emitted in 2017 were at their peak during this 
time period (Fig. S3). High concentrations of NOx and VOCs directly 
contribute to elevated urban ozone concentrations (Sun et al., 2022). In 
addition, the COVID-19 epidemic after 2019 has also directly weakened 
the total emissions of NOx and VOCs in China, which improved local air 
quality (Li et al., 2021b; Qi et al., 2021). On the seasonal scale, due to the 
intensified stratospheric-tropospheric exchange and stronger photo-
chemical reactions in spring and summer (Sahu et al., 2021), the ozone 
concentration in the YRD region in spring and summer was higher than 
that in autumn and winter. On the other hand, high temperature also 
promoted biogenic volatile organic compounds (BVOCs) emissions 
(such as isoprene and terpenes) and enhanced ozone chemical produc-
tion (Gong et al., 2021; Lu et al., 2019). Previous studies showed that the 
contribution rate of BVOCs emissions to the local ozone concentration 
(MDA8) was ~15 ppbv in summer over eastern China (e.g., Lu et al., 
2019). The highest ozone concentration in the YRD region occurred in 
May and June, because May and June were the time periods with the 
largest urban NOx emissions in the region, compared with other times 
(An et al., 2015). In addition, this phenomenon was closely related to the 
climate of this region. Before June, the local area was mainly controlled 
by cold high pressure, and NOx and VOCs were not easy to diffuse and 
migrate. After June, the YRD region was affected by the marine atmo-
sphere, and the effect of precipitation and wind could directly affect the 
formation of ozone (Tang et al., 2013). 
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The daily and hourly variation characteristics of ozone concentration 
in the YRD were closely related to local radiation and meteorological 
conditions, such as typhoons, sea-land breezes, and anticyclones in 
summer (Xu et al., 2021). Particularly, Xu et al. (2021) found that the 
sea breeze brought by typhoons leads to a decrease in cloud cover 
(− 25%) and an increase in solar radiation (11%) in the YRD region, 
resulting in a rapid increase in the ozone concentration in the morning 
and worsening ozone pollution in the noon and afternoon. On the other 
hand, the concentration of VOCs released by vegetation also had a sig-
nificant temporal effect. Intense solar radiation and high temperature 
aggravated the physiological activities of plants, resulting in the emis-
sion of high concentrations of VOCs by vegetation (Gong et al., 2021). 

3.2. Spatial variation in the ozone concentration in the YRD region 

In general, the spatial distribution of near-ground ozone exhibited 
planar characteristics in the YRD region (Fig. 2). From 2015 to 2018, the 
high-concentration ozone area rapidly expanded from the eastern region 
to the entire YRD region. After that (from 2018 to 2021), there was a 
shrinking trend in high concentration areas; however, the ozone con-
centration was still above 120 μg m− 3 in all areas. Among them, the 
highest value of ozone concentration appeared in Huzhou City in 2016 
(201 μg m− 3). There were two main reasons for this phenomenon. On 
the one hand, Huzhou was surrounded by Hangzhou, Jiaxing, Suzhou, 
Wuxi and Nanjing. These cities were the major cities that emit by NOx 
and VOCs. The high concentration of ozone precursor was the 

Fig. 1. The average concentration of near-ground ozone at different time scales in the YRD region, 2015–2021 (a), and detailed variation in the ozone concentration 
at the monthly scale (b), daily scale (c), and hourly scale (d). 
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fundamental reason for the increase of local ozone concentration (Wang 
et al., 2021). On the other hand, Huzhou City was located in the basin 
terrain, with continuous mountains in the west and southwest. The 
difficulty in dispersion of air pollutants emitted locally and from 
neighboring cities has led to a concentration of air pollutants in this 
region. As a result, ozone in Huzhou City showed high concentration 
levels. Furthermore, to clearly identify the main cities with ozone 
pollution, the ozone concentration of all cities in the YRD was extracted 
from 2015 to 2020 and plotted in Fig. 3. The results showed that the 
areas with a high ozone concentration were mainly clustered in indus-
trial cities (including Changzhou, Wuxi, Suzhou(a), Nanjing, and 
Hangzhou) and resource-based cities (including mainly Huaibei 
(Coal-resource-based city)). In addition, between 2015 and 2021, ozone 
pollution in these cities was not alleviated. 

The spatial distribution of ozone in the YRD region had a significant 
orientation along southeast-northwest from 2015 to 2021 (Fig. 4). 
Overall, the ozone pollution in the YRD region was discrete and spanned 
throughout the region. From 2015 to 2021, the center of the ozone 
standard deviation ellipse was located in Nanjing, Jiangsu Province, but 
the center point tended to shift westward. In addition, the area of the 
ellipse also showed a tendency to expand (from 151683.12 km2 to 
158253.82 km2 from 2018 to 2021, listed in Table S4). This result also 
confirmed our above-mentioned finding that the ozone distribution in 
the YRD region presented the characteristics of planar pollution. From 
2015 to 2021, ozone pollution continued to move westward. Although 
the concentration had a decreasing trend, the pollution area was 
expanding via dispersion. 

The direction of the spatial distribution of ozone in the YRD region 

Fig. 2. Evolution of the spatial distribution characteristics of the ozone concentration in the YRD region from 2015 to 2021.  
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was similar to the local prevailing wind direction (southeast wind in the 
summer and northwest wind in the winter). Moreover, cities with high 
ozone concentrations were mainly concentrated in the downwind di-
rection, including populated and industrialized cities. Prevailing winds 
and land-sea breezes have important effects on ozone transport in 
coastal areas (Stauffer et al., 2015; Wang et al., 2001). High concen-
trations of ozone and its precursors were exported continuously from 
their emission sources to receptor regions far downwind on regional, 
intercontinental, and even hemispheric scales (Monks et al., 2009; Xu 
et al., 2021). As mentioned above, the concentration of ozone was 
directly related to NOx from fossil fuel combustion and VOCs emitted 
from anthropogenic and biogenic sources (Xu et al., 2021). The eastern 
part of the YRD region (including three provinces: Shanghai, Jiangsu, 
and Zhejiang) has remained one of the most densely populated and most 

industrially developed urban areas in mainland China (Zhang et al., 
2017). Therefore, the ozone concentration in this region has always 
been high. With the development of industrialization and urbanization 
in the western part of the YRD regions (Anhui Province), the ozone 
concentration in Anhui Province also showed an upward trend (Sulay-
mon et al., 2021). Compared with the NO2 concentration distribution 
from 2005 to 2010, the NO2 concentration in Anhui from 2011 to 2016 
increased by 13.9%–19.9% (Xie et al., 2018). Based on the 
above-mentioned analysis, the efficient prevention and control of urban 
ozone pollution in the YRD region should not only focus on key cities 
located mainly on the east of the region (such as Shanghai, Nanjing, 
Hangzhou, etc.), but also prevent ozone pollution from spreading to the 
west of the region. 

Fig. 3. Variation characteristics of the annual average ozone concentration in different cities in the YRD region in 2015–2020.  
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3.3. Different driving factors affecting the ozone concentration in the YRD 
region 

Twelve potential drivers were selected (including meteorological 
and socio-economic factors) as explanatory variables of the principal 
component analysis model, and they were used to explain main causes 
affecting ozone concentrations in the YRD region. (Tables S5 and S6). 
Four main factors were screened out, where the largest contribution to 
ozone concentration in the YRD area was made by industrial elements 
(e.g. GDP per capita, urbanization rate, NOx emissions and number of 
industrial enterprises) (32.23%) (Table S6). In additions, the meteoro-
logical elements of rainfall, temperature, relative humidity and sunshine 
duration had a significant contribution to ozone concentration 
(22.48%). Local wind speed (11.79%) and SOx emissions (6.31%) also 
had an impact on local ozone. 

Furthermore, these twelve potential driving factors also were 
selected as the explanatory variables of the GTWR model, and they were 
used to explain the reasons affecting the spatial distribution of ozone 
(Text S4, Table S7, and Fig. 5). Specifically, industrial NOx emissions 
(with the regression coefficient of 2.07), urbanization rate (1.04), sun-
shine hours (0.50), temperature (0.27), and wind speed (0.25) had 
stimulatory effects on the increase in the ozone concentration in most of 
the YRD region. Relatively, relative humidity (− 0.35) was negatively 
correlated with the spatial concentration of ozone. The formation of 
urban tropospheric ozone was a secondary pollutant formed by a series 
of photochemical reactions of NOx and VOCs in the presence of solar 
radiation (Fishman and Crutzen, 1978). The specific chemical process of 
ozone formation is as follow (Sun et al., 2022): 

RH +OH → R + H2O (R1)  

R+O2(+M)→RO2(+M) (R2)  

RO2 +NO → RO + NO2 (R3)  

RO+O2 → R′ CHO(R′COR′′) + H2O (R4)  

H2O+NO → OH + NO2 (R5)  

NO2 +〈v+O2 → O3 + NO (R6) 

As seen in R6, NOx emissions and light intensity were direct factors in 
ozone formation. Therefore, NOx concentration and sunshine hours 
were positively correlated with ozone concentration. The inverse cor-
relation between relative humidity and ozone concentration was 
explained in three main ways. Firstly, a moist, cool environment, weak 
solar radiation and wet deposition by water vapor reduced ozone con-
centrations in YRD region. Studies have shown that marine atmosphere 
aided water vapor transportation to the YRD region. Combined with 
significant upward air flow, more clouds formed at the medium and low 
levels, and precipitation was enhanced in the YRD region (Yin et al., 
2019). The above results led to a reduction in ozone concentrations in 
the YRD region (Yin et al., 2019). Secondly, the active species (HO2•

(peroxyhydroxy radicals), HO• (hydroxyl radicals), etc.) in the atmo-
sphere quickly decomposed the ozone into oxygen molecules, reducing 
the ozone concentration. Finally, the higher the relative humidity is, the 
stronger the wet scavenging of ozone generation precursors (Gaur et al., 
2014). 

It was different in the effects of various driving factors on the ozone 
concentration among regions (2015–2021) (Fig. 5). For example, for 
Anhui Province, local temperature, sunshine hours, and NOx concen-
tration showed significant positive effects on ozone accumulation. The 
contributions of wind speed, SO2 concentration, and industrial activity 
to the ozone concentration in Zhejiang Province were greater than those 
of the other driving factors. The ozone aggregation characteristics in 
Jiangsu Province were mainly driven by temperature and industrial 
activity. The driving factors of ozone in Shanghai were different from 
those in the other three provinces. The clustering of ozone in Shanghai 
was mainly driven by the level of urbanization and industrial soot 

Fig. 4. Time series of the mean center and standard deviational ellipse of the ozone ground-level concentration in the YRD region in 2015–2021 by standard 
deviational ellipse model. 
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Fig. 5. Influence characteristics of different factors on the spatial distribution of ozone in the YRD region. a: wind speed; b: precipitation; c: temperature; d: sunshine 
hours; e: relative humidity; f: GDP per capita; g: urbanization rate; h: industrial SOx emissions; i: industrial NOx emissions; j: Number of industrial enterprises above 
designated size; k: industrial soot (dust) emissions; and l: General solid waste utilization rate. The value plotted in this map is regression coefficient of GTWR. 
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emissions. Compared with other provinces, Anhui Province had a less 
level of industry and lower emissions of air pollutants. The production of 
ozone in the atmosphere mainly came from the emission of NOx in the 
province and the photochemistry of the atmosphere. Additionally, 
elevated temperatures and greater solar radiation were related to higher 
ozone concentrations in Anhui Province (Fig. S4). For Zhejiang Prov-
ince, the distribution of ozone was related to the emission of its own 
pollutants. Driven by meteorological elements, transport of ozone in the 
YRD region also affected the variations in the ozone concentration 
(Wang and Liao, 2020). Jiangsu and Shanghai are the central and core 
industrial areas in the YRD region. The distribution characteristics of 
local ozone pollution were driven by the local urbanization level, air 
pollutant emissions, and meteorological factors. However, the contri-
bution rate of the outer regions to the ozone concentration in Shanghai 
and Jiangsu is unclear and requires further study due to the dynamic 
transport of ozone. 

There were spatial differences in the influence of various driving 
factors on the concentration distribution of ozone in different periods 
(2015–2020) (Fig. S5). With the passage of time, the influence of 
meteorological elements on the ozone concentration in the YRD region 
gradually weakened (Figs. S5a–e). In particular, temperature and pre-
cipitation dropped from 0.54 (Regression coefficients of GTWR) and 
0.36 to 0.06 and 0.07, respectively. In general, the impact of socioeco-
nomic factors on ozone distribution is more stable than that of meteo-
rological factors (Fig. S5f-l). However, the driving effect of industrial 
SOx, NOx, and soot emissions on ozone distribution showed an 
increasing trend (Fig. S5h, i & k). 

Relative to other years, the ozone concentration in the YRD region 
showed the highest concentration levels in 2017; therefore, the effects of 
different factors on the ozone concentration in 2017 were separated out 
separately (Fig. S6). Compared to Fig. 5, in the western and northern 
parts of the YRD region, GDP per capita and industrial NOx emissions 
contributed more to ozone concentration than other elements in 2017. 
Besides, For the southeastern part of the YRD region, the urbanization 
rate had a greater effect on the variation of ozone concentration than 
other elements. The results have shown that urbanization and indus-
trialization can directly affect the level of ozone concentration in the 
YRD region. However, the contribution of meteorological elements to 
ozone remained stable both in other years and in 2017. Therefore, the 
control of industrial air pollution emissions is the focus of ozone 
pollution prevention and control in the YRD region. 

3.4. Clusters of ozone backward trajectories in Shanghai 

The HYSPLIT model was adopted to calculate the backward trajec-
tory of ozone in Shanghai from 2015 to 2021 (Fig. 6). Overall, four main 
types of transmission trajectories were clustered. The four transmission 
paths were the Mongolia-North China long-distance trajectory, Japan 
Sea-East China Sea and Bohai Sea oceanic medium-distance trajectory, 
and South China-Central China short-distance trajectory. The formation 
of these trajectories was mainly due to the influence of inland, oceanic, 
and local transport air masses. The dominance of the three air masses 
constantly changed at different times. For example, the transport 
pathway of ozone in Shanghai was dominated by marine atmosphere in 
2016, 2017, 2019, and 2021; however, locally transported air masses 
were the main contributors in 2018 and 2020. It is worth noting that 
among the three types of air masses, marine atmosphere had the greatest 
impact on the transmission path of ozone in Shanghai, of which the 
trajectory frequency in 2021 accounted for 64.21%. High levels of ozone 
pollution came not only from local emission sources but also from 
regional and even super-regional characteristics (Zheng et al., 2010). 
Zheng et al. (2010) found that there were three main ozone transmission 
trajectories in the Pearl River Delta, namely, 29% of the air mass tra-
jectories passed through mainland China, 35% came from the South 
China Sea, and 36% passed through the coastlines of the YRD region, 
Fujian, and Hong Kong. Compared with the ozone transport path in the 

Pearl River Delta, the ozone transport in the YRD region was more 
affected by ozone pollution in the interior of mainland China and the 
Bohai Sea region. 

The tropospheric ozone transport path in Nanjing (central point of 
ozone in the YRD region) has also been further studied (Fig. S7). The 
results showed that the transport path of ozone in Nanjing was similar to 
that of ozone in Shanghai from 2015 to 2021. The main source of ozone 
transport behavior in Nanjing was the marine atmosphere (35%~60%), 
followed by continental air masses and local air masses. Among them, 
the marine atmosphere mainly derived from the East China Sea and 
Bohai Sea area. In addition, consistent with the characteristics of ozone 
trajectories in Shanghai, local air masses were the most important 
contributors to ozone in Nanjing in 2017 and 2018. 

Furthermore, the backward trajectories of ozone airflow for all days 
were calculated during different seasons in Shanghai from 2015 to 2021 
(Fig. S8). The results indicated that the main transport trajectory of 
ozone in Shanghai had significant seasonal variations. There were four 
main transmission routes in spring, autumn and winter, namely the 
Mongolia-Siberia long-distance trajectory, the Northeast-North China 
mid-distance trajectory, the Bohai-Japan mid-distance trajectory, and 
the Central China-South China short-distance trajectory. Among them, 
except in summer, the highest frequency of ozone transmission trajec-
tories in Shanghai came from the Northeast-North China region (18.97% 
~57.78%). However, the transmission trajectory of ozone in summer 
was different from that in other seasons, and its transmission trajectory 
was mainly composed of four medium-distance transmission paths: 
North China-Bohai Sea, East China Sea-West Pacific Ocean, Philippine 
Sea, and South China Sea-South China. Here, an interesting phenome-
non was found: in the summer of low-level ozone concentration years 
(2019–2021), one or two of the four transmission paths dominated, with 
a track frequency of more than 35% (even reaching as much as 61.26%). 
In contrast, in the years with high ozone concentrations (2015–2018), 
the frequencies of the four transmission trajectories were basically 
similar, all approximately 20%. In cities in coastal regions, the local 
tropospheric ozone pollution was becoming worse when the continental 
air mass and the marine atmosphere were controlled alternately. Air 
pollutants from continental sources were further involved in intensive 
photochemical reactions due to continental air masses bringing in large 
amounts of primary pollutants (NOx and VOCs) needed for ozone for-
mation, leading to higher ozone levels in marine atmosphere than in 
coastal cities (Wang et al., 2018a). In addition, when marine atmosphere 
controlled offshore cities, on the one hand, the titration of NO to ozone 
was weaker due to the lower concentration of NO in marine atmosphere; 
on the other hand, the oxidation capacity of marine atmosphere was 
stronger than that of the near-surface atmosphere, resulting in a faster 
rate of oxidation of VOCs by hydroxyl radicals, thus facilitating photo-
chemical reactions to generate ozone in the urban troposphere (Wang 
et al. 2018b, 2019). 

3.5. Potential source areas for ozone in Shanghai 

Furthermore, potential sources of tropospheric ozone in the 
Shanghai area were analyzed (Fig. 7). Tropospheric ozone in Shanghai 
was mainly derived from four regions, namely North China-Northeast 
China, the Korean Peninsula-Sea of Japan, East and Central China, and 
Taiwan-East China Sea. From 2016 to 2018, the main contributors to 
ozone pollution were North China and East China, and their cumulative 
contribution rate exceeded 50%. However, from 2019 to 2021, the 
contribution source areas mainly shifted to the east and south, and the 
emission of pollutants from the Shandong Peninsula, the Korean 
Peninsula-Japan, and the Philippine Sea-Taiwan area increased the 
impact of ozone pollution in the Shanghai area. The above-mentioned 
areas had become the main sources of ozone in Shanghai for two main 
reasons. On the one hand, the abovementioned regions were urban 
agglomeration areas, and their own tropospheric ozone pollution status 
was not optimistic. For example, in the summer of 2015, the maximum 
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MDA8 ozone concentration in North China was 223 μg m− 3 over the 
most dramatic areas, and the minimum was 87 μg m− 3 (Liu et al., 2021). 
In addition, during 1980–2005, the annual mean surface ozone over 
Japan showed a clear increasing trend with a linear increase of 

approximately 2.70 ppbv per decade (Nagashima et al., 2017). The 
ozone concentrations in South Korea for both E− and L-sites generally 
increased at a rate of 0.68 ppbv/year− 1 from 2005 to 2014 (Jung et al., 
2018). On the other hand, they were all in the upper wind direction of 

Fig. 6. Clusters of backward trajectories of ozone in Shanghai in 2015–2021. A. 2015; b. 2016; c. 2017; d. 2018; e. 2019; f. 2020; and g. 2021.  
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the prevailing wind direction in Shanghai. For example, the winter 
monsoon (northeasterly wind) and the geostrophic deflection force 
induced the transport of ozone from North China and the Korean 
Peninsula to East China. In contrast, the summer monsoon (southwest-
erly wind) accelerated ozone migration from Taiwan and the Philippine 
Sea to Shanghai. 

4. Conclusion 

In this study, Long-term (6 years) ozone data from 41 cities in the 
Yangtze River Delta (YRD) region were collected to analyze the spatio-
temporal dynamics and transport behavior of ozone concentrations in 
the region. In general, on a long time and spatial scale, ozone 

Fig. 7. The potential source contribution for ozone in Shanghai. a. 2015; b. 2016; c. 2017; d. 2018; e. 2019; f. 2020; and g. 2021.  
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concentrations in the region showed a decreasing trend and the center of 
ozone emissions was gradually moving westward. Specifically, tempo-
rally, the mean ozone concentration (the 90th percentile of MDA8) 
peaked in 2017 (151–191 μg m− 3) during 2015–2020. From 2017 to 
2020, the ozone concentration suggested a downward tendency. During 
this period, 2019 featured the highest decline rate (5.59%) of the ozone 
concentration. On the hourly scale, regardless of the season, the surface 
ozone concentration increased rapidly in the afternoon and peaked at 
18:00. Spatially, high ozone concentration areas were mainly clustered 
in industrial cities (inclidng Changzhou, Wuxi, Suzhou, Nanjing, and 
Hangzhou) and resource-based cities (e.g., Huaibei). From 2015 to 
2021, the center of the ozone standard deviation ellipse was shifted 
westward from Nanjing. In addition, the area of the ellipse also showed a 
tendency to expand (from 151683.12 km2 to 158253.82 km2) from 2018 
to 2021. Industrial NOx emissions, urbanization rate, sunshine hours, 
temperature, and wind speed had stimulatory effects on the increase in 
ozone concentration in most of the YRD region. Relatively, relative 
humidity was negatively correlated with the ozone concentration. In 
addition, the influence of meteorological conditions gradually weak-
ened during the process, the driving effect of industrial SOx, NOx, and 
soot emissions on ozone distribution showed an increasing trend. Marine 
atmosphere had a great impact on the transmission path of ozone and 
the trajectory frequency in 2021 accounted for 64.21% of the whole. The 
transmission trajectory was mainly composed of four medium-distance 
transmission paths: North China-Bohai Sea, East China Sea-West Pa-
cific Ocean, Philippine Sea, and South China Sea-South China. The 
contribution source areas mainly shifted to the east and south. The 
emission of pollutants from the Shandong Peninsula, the Korean 
Peninsula-Japan, and the Philippine Sea-Taiwan area increased the 
impact of ozone pollution in the Shanghai area from 2019 to 2021. 
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