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Abstract: Ozone (O3) pollution has become an increasing concern in China since elevated surface O3

concentrations were observed in recent years. In this study, five provincial cities (Beijing, Shanghai,
Guangzhou, Xi’an, and Hefei) located in different regions of China were selected to study the
spatiotemporal variations and affecting factors of O3 concentrations during 2014–2015. Beijing,
Shanghai, and Guangzhou had suffered more severe O3 pollution, yet Beijing had the highest number
of days that exceeded the Chinese MDA8 (maximum daily 8 h average) standard of 160 µg m−3.
MDA8 O3 exhibited different seasonal patterns among the five cities. In Beijing and Xi’an, MDA8
O3 showed the highest in summer and lowest in winter. Guangzhou also had the highest O3

concentration in summer, but had similar levels in other three seasons. The O3 levels were similarly
high in Shanghai during spring, summer, and autumn, while in Hefei, O3 concentration peaked in
autumn. No significant difference between weekend and weekday O3 levels was observed in all
the five cities. The diurnal cycle reached a maximum in the afternoon and a minimum in the early
morning, which was consistent in the five cities. Correlation analyses showed that the associations
between O3 and the other five criteria air pollutants, as well as meteorological parameters, were
substantially different among the five cities. Air mass cluster analyses during episodic days revealed
that the short-distance transport of O3 and its precursors had a greater impact for high O3 pollution
in the five cities. Overall, our results demonstrate that O3 pollution exhibited great divergence among
different regions and thus region-oriented control measures are suggested to reduce O3 pollution
in China.

Keywords: surface ozone; meteorological parameter; air pollution; China

1. Introduction

Tropospheric ozone (O3) plays important roles in air quality, climate change, and ecosystem
health [1,2]. O3 is a critical photochemical oxidant in the troposphere and affects atmospheric chemistry
and air quality [3]. It is also one of several important greenhouse gases contributing to climate change
due to its absorption of the Earth’s infrared radiation at 9.6 µm [4]. Moreover, excessive ozone is
recognized to be a threat to human health and vegetation [5]. There is evidence that surface O3 can
cause cardiovascular and respiratory dysfunction and contribute to increased levels of mortality [6–8].
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Ozone near the surface is a secondary air pollutant, mainly generated by photochemical reactions
involving nitrogen oxides (NOx = NO + NO2), carbon monoxide (CO) and volatile organic compounds
(VOCs) in the presence of sunlight. Due to the increase of anthropogenic emissions of O3 precursors, a
steady rise of O3 level has been observed around the world since the 1950s [9]. The increasing trend
has been extensively alleviated in Europe and the United States owing to stringent emission control
measures since the 1990s [10,11]. However, the O3 level in Asia, especially in China, is still increasing
due to rapid urbanization and industrialization [12].

However, China has suffered from severe fine particulate matter (PM2.5) pollution in winter.
Research and control have prioritized PM2.5 over the past few years. In contrast, less is known about
ozone pollution, partly due to a lack of monitoring of atmospheric ozone and its precursors. Extensive
ozone monitoring has begun to be established in urban and rural locations by national and local
environmental and meteorological agencies since 2012 [12]. With the establishment of a national air
quality monitoring network, large-scale real-time O3 monitoring data became available [13]. A few
studies therefore have investigated the spatial and temporal distribution of surface O3 on a nationwide
scale or city scale [13–16]. In particular, it was found that particulate pollution has been alleviated due
to strict emission control policies, while nationwide O3 levels were increasing during 2013–2017 [17,18].

In order to further evaluate the characteristics of O3 pollution in major cities of China after the
implementation of the “Air Pollution Prevention and Control Action Plan” from 2013 [19], we selected
the period 2014–2015, i.e., two years’ dataset immediately after the plan and five provincial cities
to discuss in detail in this study. The period of 2014–2015 was selected in order to investigate the
characteristics of O3 pollution and the relationships between O3 and the other criteria air pollutants
and meteorological conditions after the decrease of other criteria air pollutants [18]. The cities selected
in this work were encountering severe air pollution and are located on the regions that air pollution
control policies are being focused. Additionally, these cities are located in different regions of China
(see Figure 1) and have different geographies, climates, as well as economic development levels.
The spatiotemporal variations and weekly and diurnal cycles of O3 in the five cities were analyzed,
and the associations between O3 and its affecting factors (e.g., precursors and meteorological factors)
were discussed.
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2. Methods and Data 

Figure 1. Map showing the locations of five studied cities and two-year averaged MDA8 ozone
concentrations (µg m−3) during 2014–2015.

2. Methods and Data

2.1. Study Cities

The field experiments were conducted in five provincial capital cities of China located in different
regions (see Figure 1), i.e., Beijing (BJ, Northern), Shanghai (SH, Eastern), Guangzhou (GZ, Southern),
Xi’an (XA, Northwestern), and Hefei (HF, Southeastern).
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Beijing is the capital of China, situated at the Northwestern periphery of the densely populated
North China Plain. The climate characteristics of Beijing is hot, humid in summer due to the East
Asian monsoon, and cold, windy and dry in winter, which reflects the influence of the vast Siberian
anticyclone [20]. Beijing is an important transportation hub with five ring roads, nine expressways,
eleven national highways, and ten conventional railways linking to all parts of China [14].

Shanghai is located in the Yangtze River Delta (YRD) and is bounded to the East by the East
China Sea. It is the largest city in China by population with a population over 24 million in 2014
(http://www.stats.gov.cn/tjsj/ndsj/2015/indexeh.htm). It also has China’s largest petrochemical complex,
steel manufacturer, seaport, and over 2 million vehicles [21]. Shanghai has a humid subtropical
climate with cold and damp winter and hot and humid summer, susceptible to thunderstorms and
typhoons [14].

Guangzhou is a representative megacity in the Pearl River Delta (PRD) region in Southern China.
It is a major trading port, which has been a “world factory” for a wide range of consumer products [21].
Guangzhou has a humid subtropical marine climate influenced by the East Asian monsoon, spanning
from April through September [22].

Xi’an, the capital city of Shaanxi province in Northwestern China, is located in the Guanzhong
Plain area with a topographic basin surrounded by the Qinling Mountains to the South and the
Loess Plateau to the North [23,24]. This region is currently encountering severe air pollution due
to rapid increase of motor vehicles and the growth in energy consumption. Xi’an has a temperate
climate as it is situated on the borderline between a semi-arid climate and humid subtropical climate
(http://rgd29.org/miscellaneous/about-xian).

Hefei, the capital city of Anhui province and the sub-center of YRD region, is planning to be
focused on the next development in China. Similar to Shanghai, Hefei, as an inland city, also features a
humid subtropical climate with cold and damp winters, and hot and humid summers.

2.2. Data Collection

Hourly monitoring data of O3, as well as other five criteria pollutants, i.e., CO, SO2, NO2, PM2.5,
and PM10 in five studied cities, were obtained from China National Environmental Monitoring Centre
for the period from January 2014 to December 2015. All the measurements were conducted at the
national air quality monitoring sites located in each city. There were 19, 9, 10, 13, and 10 air quality
monitor sites in BJ, SH, GZ, XA, and HF, respectively. The air pollutants concentrations reported in
this study were calculated by averaging the concentrations at all sites in each city. Note that a sanity
check was conducted on the hourly data at individual sites to remove problematic data points before
calculating the average concentrations. The detailed data monitoring techniques have been described
in previous studies [25]. Briefly, automated monitoring systems were installed and used to measure
the ambient concentrations of SO2, NO2, O3, and CO according to China Environmental Protection
Standards HJ 193-2013 (http://www.es.org.cn/download/2013/7-12/2627-1.pdf), and of PM2.5 and PM10

according to China Environmental Protection Standards HJ 655-2013 (http://www.es.org.cn/download/

2013/7-12/2626-1.pdf). Maximum daily 8-h average (MDA8) is a widely used daily ozone metric for air
quality regulation and human health impact studies in many regions including China [17]. Therefore,
we calculated an MDA8 for O3 concentration in this study. MDA8 O3 concentrations were calculated
when there were valid data for at least 5 h for every 8 h [13].

Additionally, hourly meteorological parameters including ambient temperature, relative humidity
(RH) and wind speed between January 2014 and December 2015 were obtained from Weather
Underground (https://www.wunderground.com/). Note that the meteorological data from Weather
Underground is monitored at the airports of each city. The meteorological data at the airports may not
be fully representative for the citywide average data.

http://www.stats.gov.cn/tjsj/ndsj/2015/indexeh.htm
http://rgd29.org/miscellaneous/about-xian
http://www.es.org.cn/download/2013/7-12/2627-1.pdf
http://www.es.org.cn/download/2013/7-12/2626-1.pdf
http://www.es.org.cn/download/2013/7-12/2626-1.pdf
https://www.wunderground.com/
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2.3. Back Trajectory Analysis

Air mass back-trajectory was calculated using TrajStat to trace the sources and transport pathways
of O3 or its precursors. TrajStat is a free software with various trajectory statistical functions [26].
It can do PSCF (Potential Source Contribution Function) and CWT (Concentration Weighted Trajectory)
analyses to identify pollution sources from long-term air pollution measurement data. Back trajectory
analysis was performed at 1000 m height for selected ozone episodic days, and two-day (48 h) back
trajectories were used to perform the cluster analysis.

3. Results and Discussion

3.1. Overview of MDA8 O3 Levels

The average concentrations of surface MDA8 O3 during 2014–2015 were 98.4, 100.1, 91.5, 61.6, and
43.7 µg m−3 in BJ, SH, GZ, XA, and HF, respectively (Figure 1 and ). BJ, SH, and GZ are the top three
megacities in China with dense populations and well-developed economies. The averaged MDA8
O3 levels were similar in these three cities and much higher than that in XA and HF. This result may
indicate a high contribution of anthropogenic activities on O3 pollution in Chinese major cities. For
example, it was suggested that higher vehicle numbers [27,28] and serious traffic congestion in BJ, SH
and GZ, resulting in higher emissions of NOx and VOCs, which is suggested to be a major cause of O3

formation in these cities [21]. Furthermore, BJ (311.9 µg m−3), SH (272.8 µg m−3), and GZ (285.6 µg m−3)
had higher values for maximum MDA8 O3 than XA (205.4 µg m−3) and HF (235.6 µg m−3) (Table 1).
However, it should be noted that all these maximum values exceeded the Chinese Grade II national air
quality standard of 160 µg m−3 for MDA8 O3 [29]. The exceedance days during the two years for BJ,
SH, GZ, XA, and HF were 118, 52, 64, 20, and 28, respectively.

Table 1. The MDA8 O3 concentrations in five provincial capital cities during 2014–2015.

City O3 (µg·m−3) Exceedance
(days) 2

Mean S.D. 1 Min Max

Beijing 98.4 64.0 1.0 311.9 116
Shanghai 100.1 43.0 14.4 272.8 52

Guangzhou 91.5 49.7 2.0 285.6 64
Xi’an 61.6 44.2 3.0 205.4 20
Hefei 43.7 44.0 5.0 235.6 28

1: standard deviation. 2: Number of days with MDA8 O3 exceeding the Chinese Grade II national air quality
standard (160 µg·m−3) during 2014–2015.

3.2. Seasonal and Monthly Variation

Figure 2 shows the seasonal and monthly variations of MDA8 O3 concentrations in the five cities.
The averaged surface O3 concentrations were higher in warm seasons, but the temporal patterns were
different in these cities. Seasonal MDA8 O3 concentrations in BJ peaked in summer (June to August),
followed by spring (March to May), autumn (September to November), and were lowest in winter
(December to February). A similar trend was found in XA. However, in XA, a distinctly high MDA8
O3 concentration was in summer (Figure 2a), corresponding to that in July and August (Figure 2b).
Meanwhile, the MDA8 O3 concentrations in BJ showed similar levels from April to August, resulting
in a smaller difference between spring and summer. It is worth noting that the averaged MDA8 O3

concentrations in BJ during May to August were in the range of 151–161 µg m−3, which were close
to or even a bit higher than the Chinese Grade II national air quality standard of 160 µg m−3 [29].
The MDA8 O3 concentrations in SH were comparable in spring, summer, and autumn, but summer
had wider concentration ranges. The minimum MDA8 O3 was in winter. In GZ, the MDA8 O3 also
peaked in summer with a broad range, and the MDA8 O3 peak value was comparable with other three
seasons. Multiple peaks were found in the monthly distribution of MDA8 O3 in GZ. Some peaks were
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not within May to October as the patterns in the other four cities, e.g., a peak occurred in January.
In HF, unlike the other four cities, seasonal MDA8 O3 concentrations peaked in autumn. The other
three seasons showed similar averaged MDA8 O3 concentrations. Correspondingly, the peak value of
monthly MDA8 O3 concentrations reached in September, followed by August and October, and other
months, showed comparably low MDA8 O3 concentrations.

Atmosphere 2020, 11, x FOR PEER REVIEW 5 of 15 

 

GZ, the MDA8 O3 also peaked in summer with a broad range, and the MDA8 O3 peak value was 

comparable with other three seasons. Multiple peaks were found in the monthly distribution of 

MDA8 O3 in GZ. Some peaks were not within May to October as the patterns in the other four cities, 

e.g., a peak occurred in January. In HF, unlike the other four cities, seasonal MDA8 O3 

concentrations peaked in autumn. The other three seasons showed similar averaged MDA8 O3 

concentrations. Correspondingly, the peak value of monthly MDA8 O3 concentrations reached in 

September, followed by August and October, and other months, showed comparably low MDA8 O3 

concentrations. 

 

Figure 2. Seasonal (a) and monthly (b) variations of MDA8 O3 concentrations in the five cities. The 

boxes represent the 25th percentile (lower edge), median (solid line), mean (dot with dashed line), 

and 75th percentile (upper edge). The whiskers above and below the box indicate the 90th percentile 

and 10th percentile. 

The seasonal patterns of O3 found in this study were also compared to the results from previous 

studies. We found the seasonal patterns in BJ, SH were consistent with the data collected during 

2013 [14], and data collected during 2014–2016 as well [16]. The seasonal pattern of O3 in XA is also 

consistent with previous reported data collected in 2008 [30]. Interestingly, we found the reported 

seasonal pattern of O3 in GZ peaked in autumn for data collected during 2013 [14] or prior to that 

[31]. However, recent studies have reported a maximum O3 concentration in summer in GZ for data 

collected after 2013 [13,16], which is consistent with our study. Further studies are warranted to 

understand which are the underlying mechanisms or if strict emission control measures after 2013 

resulted in the change of seasonal patterns in GZ. Finally, to our knowledge, the seasonal patterns of 

O3 in HF has not been reported previously. 

3.3. Weekly and Diurnal Patterns 

Figure 3 shows the weekly cycles of MDA8 O3 concentration anomalies in the five cities. No 

consistent trend of a weekly pattern was found among cities. Previous studies have proposed that O3 

might display obvious weekend effects, i.e., the occurrence of higher O3 concentrations on the 

weekend, especially in large cities [32–36]. The weekend effect could be due to a higher VOC/NOx 

ratio at weekends as a result of a smaller decrease in VOCs and much lower NOx concentrations on 

the weekend [33]. However, the one-way analysis of variance (ANOVA) tests show that O3 

concentrations between weekends and weekdays were not significantly different (p > 0.05) in the five 

cities during 2014–2015. Here, we define Saturday, Sunday, and Monday as weekends, Wednesday, 

Thursday, and Friday as weekdays, which was suggested in a previous study [33]. The definition of 

Monday as part of the weekend is based on the finding that both the concentrations of O3 and its 

precursors on Monday are still highly affected by the reduced human emissions and lower 

accumulation on Saturday and Sunday [33]. Additionally, the NO2 and CO (as a proxy of VOCs) 

concentrations did not display a significantly weekend effect (p > 0.05, ANOVA test) except CO (p = 

Figure 2. Seasonal (a) and monthly (b) variations of MDA8 O3 concentrations in the five cities.
The boxes represent the 25th percentile (lower edge), median (solid line), mean (dot with dashed line),
and 75th percentile (upper edge). The whiskers above and below the box indicate the 90th percentile
and 10th percentile.

The seasonal patterns of O3 found in this study were also compared to the results from previous
studies. We found the seasonal patterns in BJ, SH were consistent with the data collected during
2013 [14], and data collected during 2014–2016 as well [16]. The seasonal pattern of O3 in XA is also
consistent with previous reported data collected in 2008 [30]. Interestingly, we found the reported
seasonal pattern of O3 in GZ peaked in autumn for data collected during 2013 [14] or prior to that [31].
However, recent studies have reported a maximum O3 concentration in summer in GZ for data collected
after 2013 [13,16], which is consistent with our study. Further studies are warranted to understand
which are the underlying mechanisms or if strict emission control measures after 2013 resulted in the
change of seasonal patterns in GZ. Finally, to our knowledge, the seasonal patterns of O3 in HF has not
been reported previously.

3.3. Weekly and Diurnal Patterns

Figure 3 shows the weekly cycles of MDA8 O3 concentration anomalies in the five cities.
No consistent trend of a weekly pattern was found among cities. Previous studies have proposed
that O3 might display obvious weekend effects, i.e., the occurrence of higher O3 concentrations on the
weekend, especially in large cities [32–36]. The weekend effect could be due to a higher VOC/NOx

ratio at weekends as a result of a smaller decrease in VOCs and much lower NOx concentrations on the
weekend [33]. However, the one-way analysis of variance (ANOVA) tests show that O3 concentrations
between weekends and weekdays were not significantly different (p > 0.05) in the five cities during
2014–2015. Here, we define Saturday, Sunday, and Monday as weekends, Wednesday, Thursday, and
Friday as weekdays, which was suggested in a previous study [33]. The definition of Monday as part
of the weekend is based on the finding that both the concentrations of O3 and its precursors on Monday
are still highly affected by the reduced human emissions and lower accumulation on Saturday and
Sunday [33]. Additionally, the NO2 and CO (as a proxy of VOCs) concentrations did not display a
significantly weekend effect (p > 0.05, ANOVA test) except CO (p = 0.04) in XA. Our results are different
with previous studies showing O3 weekend effects in BJ [33], SH [34], and Nanjing (the provincial city
of Jiangsu province, China) [32]. The different findings could be due to different study periods. Since
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our study period is the most recent one compared to the other three studies, it may indicate that the
vehicle restrictions and other mitigation strategies of air pollution in Chinese large cities have been
affecting the weekly pattern of O3. For example, Tong, et al. [37] also showed the difference of O3 levels
between weekdays and weekends was insignificant (p > 0.05) in Ningbo (a sub-provincial city near
Shanghai) during 2012–2015. However, it should be noted that the data in this study is the citywide
average concentrations calculated by averaging the concentrations at all sites in each city, while the
other three studies investigated specific sites in the cities. Hence, the insignificant difference of O3

concentrations between weekends and weekdays could also be partially due to the citywide average
concentration used in this study, since the O3 concentrations and patterns may differ largely among
the urban, suburban, and rural sites.
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Figure 3. The weekly cycle of MDA8 O3 concentration anomalies in the five cities.

The diurnal variations of hourly O3 concentrations in the five cities are displayed in Figure 4.
Similar patterns were observed among the five cities. The diurnal curves show that O3 had a minimum
in the morning around 8:00 and started to increase rapidly, reached the maximum at around 15:00,
and then decreased in the evening. The diurnal cycles observed in this study agreed with many other
studies that have illustrated that these diurnal variations were controlled both by local photochemical
production and changes in boundary layer mixing [1,12,15,16]. Interestingly, a small peak occurred at
2:00 for SH, which was not found in the other four cities. The maximum values were much higher
in GZ (115.7 µg m−3), SH (108.5 µg m−3), BJ (107.9 µg m−3) than that in XA (67.2 µg m−3) and HF
(45.7 µg m−3). The difference between the minimum and maximum of hourly O3 concentrations was
the highest (89.4 µg m−3) in GZ.
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3.4. Effects of Air Pollutants and Meteorological Parameters on MDA8 O3 Levels

Ozone forms photochemically in the presence of NOx and VOCs. Thus, the emissions of precursors
and meteorological conditions have strong impacts on O3 production. Moreover, aerosol can affect
radiation through both absorption and scattering, which can influence O3 formation. We show
the seasonal variations of the other five criteria air pollutants (NO2, CO, SO2, PM2.5, and PM10) in
Figure 5, and the seasonal variations of temperature, relative humidity, and wind speed in Figure 6.
The concentrations of the other five criteria air pollutants exhibited opposite trends to MDA8 O3 in BJ,
SH, and GZ, i.e., the highest values in winter with broad ranges and the lowest values in summer with
narrow ranges. In XA, the five air pollutants showed similar trends, except NO2, which was the lowest
in autumn. However, the seasonal patterns of the five air pollutants in HF were different from the
other four cities. NO2, SO2, PM2.5, and PM10 had the lowest values in summer, while NO2 and PM10

peaked in autumn, and SO2 and PM2.5 peaked in winter. CO exhibited a distinct trend following the
order of autumn > winter > summer > spring. The different seasonal patterns of the five air pollutants
could relate to the different O3 trend in HF.
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Figure 5. Seasonal variations of NO2 (a), SO2 (b), CO (c), PM2.5 (d), and PM10 (e) concentrations in the
five cities. The boxes represent the 25th percentile (lower edge), median (solid line), mean (dot with
das line), and 75th percentile (upper edge). The whiskers above and below the box indicate the 90th
percentile and 10th percentile.
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Figure 6. Seasonal variations of temperature (a), relative humidity (b) and wind speed (c) in the five
cities. The boxes represent the 25th percentile (lower edge), median (solid line), mean (dot with das
line), and 75th percentile (upper edge). The whiskers above and below the box indicate the 90th
percentile and 10th percentile.

The averages of temperature in all the five cities were the highest in summer and lowest in winter
with narrow ranges, while the values in spring and autumn were close with broad ranges. In BJ,
summer and autumn RH values were higher (~60%) than spring and winter. Howeer, RH values of
all the seasons in SH, GZ, and HF were higher than that in BJ. RH values in SH and HF had similar
seasonal trends with highest values in summer and lowest in winter. In GZ, RH had a decreasing trend
from spring to winter. RH values in XA were in the order of autumn > spring > summer > winter,
with the lowest value of 54% in winter. The averages of wind speed in SH, GZ, XA, and HF were quite
stable in all seasons, with the highest values in SH (3.5 to 3.7 m/s) and similar values (2.0–2.5 m/s) in
other three cities. In BJ, wind speed values showed a distinct seasonal variation, with higher values in
spring and winter and lower values in summer and autumn.

The relationship between MDA8 O3 and other air pollutants as well as meteorological parameters
was quantified using Spearman–Rank correlation coefficient (IBM SPSS Statistics, version 19.0), as
shown in Table 2. The correlations also showed seasonal and spatial variations. In BJ, MDA8 O3

had a good positive correlation with the five criteria air pollutants in summer, and became weakly
correlated with them in spring; meanwhile, it was negatively correlated with the five criteria air
pollutants in autumn and winter. This correlation trend for NO2 and CO could be due to a decreasing
photochemical production from summer to winter, as suggested by Wang, et al. [38]. Note that
examining the variability of O3 in parallel with Ox and NOx can obtain a better understanding of the
atmospheric sources and influencing factors of O3 formation [39,40]. Thus, future studies are suggested
to include monitoring NO concentrations. SO2 does not directly involve O3 formation, but it can act
as an indicator of industrial emissions contributing to O3 formation [41]. The positive correlations
between O3 and PM2.5, as well as PM10, suggested the simultaneous formation of secondary O3 and
PM by photochemical reactions in summer [42]. The negative correlations in winter could be due to
high concentrations of PM formed by other pathways [43], leading to a reduction in solar radiation
needed for O3 formation. In SH, fairly positive correlations in summer and negative correlations
in winter were also found between O3 and the other five air pollutants. In GZ, O3 was positively
correlated with SO2, PM2.5 and PM10 in all seasons. The good correlation with SO2 suggested that
precursors emitted from industry significantly contributed to O3 formation. In XA, the correlations
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between O3 and other air pollutants were weak in all seasons. In HF, O3 was highly correlated with
NO2 (r = 0.97, p < 0.01), but not correlated with CO in autumn.

Table 2. Spearman–Rank correlation coefficient Values of MDA8 O3 with the other five criteria air
pollutants and meteorological parameters.

NO2 CO SO2 PM2.5 PM10 Temp RH WS

Beijing,
MDA8 O3

spring 0.12 0.06 0.08 0.32 ** 0.29 ** 0.73 ** 0.38 ** 0.07
summer 0.52 ** 0.41 ** 0.36 ** 0.61 ** 0.65 ** 0.35 ** 0.05 0.11
autumn −0.58 ** −0.44 ** −0.31 ** −0.22 ** −0.19 ** 0.71 ** −0.21 ** 0.15
winter −0.77 ** −0.68 ** −0.50 ** −0.61 ** −0.47 ** −0.12 −0.40 ** 0.14

Shanghai,
MDA8 O3

spring 0.11 −0.18 * 0.05 0.25 ** 0.36 ** 0.51 ** −0.21 ** −0.01
summer 0.21 ** 0.19 * 0.44 ** 0.58 ** 0.48 ** 0.15 −0.17 * −0.09
autumn −0.21 ** 0.03 0.05 0.10 0.13 0.61 ** −0.15 −0.07
winter −0.44 ** −0.23 ** −0.29 ** −0.17 * −0.18 * 0.10 0.12 0.21 **

Guangzhou,
MDA8 O3

spring 0.10 0.01 0.49 ** 0.32 ** 0.45 ** 0.34 ** −0.37 ** 0.06
summer −0.06 0.07 0.37 ** 0.48 ** 0.63 ** 0.52 ** −0.52 ** −0.39 **
autumn 0.26 ** −0.13 0.40 ** 0.68 ** 0.61 ** 0.00 −0.14 0.24 **
winter 0.06 0.00 0.45 ** 0.48 ** 0.43 ** 0.05 −0.30 ** −0.37 **

Xi’an, MDA8
O3

spring −0.27 ** −0.26** −0.12 −0.06 −0.27 ** 0.56 ** −0.25** 0.13
summer 0.12 −0.15* 0.16 * 0.20 ** 0.15 * 0.54 ** −0.30 ** 0.32 **
autumn −0.23 ** −0.36** −0.26 ** −0.07 −0.17 * 0.60 ** −0.14 0.27 **
winter −0.17 * 0.05 −0.23 ** −0.01 0.06 0.16 * −0.10 0.15

Hefei, MDA8
O3

spring 0.12 0.14 0.73 ** −0.26 ** −0.01 −0.19 ** −0.02 −0.00
summer −0.25 ** 0.03 0.06 0.11 0.34 ** −0.18 * −0.07 0.01
autumn 0.97 ** 0.09 0.42 ** 0.04 −0.15 −0.13 −0.09 001
winter 0.07 0.02 −0.19 * −0.12 0.09 0.02 0.23 ** 0.06

*: p < 0.05; **: p < 0.01.

Meteorological parameters also play important roles in O3 formation. For example, temperature
has direct influences on ozone production through speeding up the rates of chemical reactions and
increasing the emissions of VOCs, such as isoprene from vegetation [44]. In this study, positive
correlations were also observed between O3 and temperature, especially for summer. However, the
correlations were very weak and negative in HF in all seasons. Further studies are warranted to
understand the relationship between O3 and temperature in HF. Relative humidity showed negative
correlations with O3 in most of the seasons in all cities. However, water vapor is needed in the
production of OH, which oxidizes hydrocarbons to produce peroxyl radicals, an intermediate product
that reacts with NOx to produce O3 [30]. The negative correlations suggested that water vapor
would not be a limiting factor in O3 formation as RH was usually higher 40%. Conversely, RH had a
positive correlation with O3 in spring in BJ when RH varied from 17% to 60%. Wind speed can have
multiple influences on O3 levels [45] and thus various correlations were observed between O3 and
wind speed in different seasons in the five cities. With the increase of wind speed, the stability of
the boundary layer starts to decrease with more O3 being transported to the surface layer from the
upper layer [46]. However, increased wind speed can also enhance the dispersion of O3, which will
offset the contributions of O3 from the upper layer [47]. However, increased wind speed can remove
PM and thus increase solar radiation, which enhances O3 formation [14]. In this section, we mainly
discussed the effects of other air pollutants and meteorological parameters on the formation of surface
O3. It should be noted that tropospheric O3 can also influence the concentrations of surface O3 and
therefore should be taken into account in comprehensively understanding the factors influencing the
levels of surface O3. In particular, the tropospheric O3 usually reaches its maxima during summer and
may subsequently influence the concentrations of surface O3 depending on the prevailing synoptic
meteorological conditions [48].
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3.5. Transport Pathways of O3 or Its Precursors during O3 Episodes

Figure 7 shows the results of 48 h air mass back-trajectory calculation with CWT (left panel) and
PSCF (right panel) analyses during O3 episodes in the five cities. Here, the O3 episodes were defined
as 8 h O3 concentrations exceeding 160 µg m−3 or hourly O3 concentrations exceeding 200 µg m−3

(160 µg m−3 for XA and HF). Note that most of the O3 episodes occurred in summer. The detailed
clustering results of the air mass back-trajectory for ozone pollution days in the five cities are shown
in Table 3. The air mass transport was divided into short and long-distance transport according
to transport distance. The lifetime of O3 in the air is short owing to its active chemical properties,
so the effect of air mass transport on O3 mainly reflected in the transport of its precursors. As the
proportion results shown in Figure 7 and Table 3, the impact of short-distance transport was greater
than long-distance transport.

Table 3. Distribution characteristics of air mass backward trajectories during O3 episodes.

City Short-Distance Transport Long-Distance Transport

Air Mass Source Proportion Transport Pathway Proportion

Beijing
Shijiazhuang 38.5% Mongolia-Inner

Mongolia-Shanxi-Hebei 7.7%

Inner Mongolia 26.9% Russia-Heilongjiang-Inner
Mongolia-Hebei 3.8%

Tianjin 15.4%

Shanghai

Anhui 27.0% Guangdong-Jiangxi-Anhui 24.3%
Yellow Sea 16.2%

Jiangsu 13.5% Mongolia-Inner
Mongolia-Shaanxi-Shanxi-

Henan-Anhui

8.1%
Zhejiang 10.8%

Guangzhou South China Sea 27.3%

South Jiangxi -North
Guangdong; South China

Sea-Hainan Island
22.7%

Chongqing-Hubei-Hunan 9.1%

Hainan 13.6% Dongsha Islands 4.5%

Xi’an Qinling Mountain 25.0%

Mongolia-Inner
Mongolia-Ningxia;
Shandong-Henan

16.7%

Xinjiang-Qinghai-South
Gansu; East Tibet-North

Sichuang
8.3%

Hefei Huainan 30.8%
Shandong Peninsula-Jiangsu 15.4%

Hubei-Jiangxi-South Anhui 11.5%

East Henan-Jiangsu 19.2% Guangdong-Hunan-Hubei 3.8%
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Figure 7. 48 h air mass back-trajectory during O3 episodes. The left column is the clustering analysis
with an 8-h O3 concentrations exceeding 160 µg m−3; the right column is the PSCF with hourly O3

concentrations exceeding 200 µg m−3 in Beijing (a), Shanghai (b) and Guangzhou (c), and hourly O3

concentrations exceeding 160 µg m−3 in Xi′an (d) and Hefei (e).
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In BJ, the trajectory of polluted air mass from Shijiazhuang accounted for 38.5%, followed by Inner
Mongolia (26.9%) and Tianjin (15.4%). Shijiazhuang was one of the most polluted cities in China, which
had high levels of NOx and CO [49] and thus it could be the main source of O3 precursors transported
to BJ. The main short-distance sources of air mass transport in SH was from the provinces around it,
i.e., Anhui (27.0%), Jiangsu (13.5%), and Zhejiang (10.8%). Another main source was from yellow sea
(16.2%), which could indicate a large source of VOC from the ocean during that period [50]. The main
long-distance transport (24.3%) to SH was from Guangdong passing through Jiangxi and Anhui. In GZ,
most of the air mass came from South China Sea and Hainan Island, while the inland sources of air
mass were from Hunan and Jiangxi provinces. In XA, the main air mass was from Southern region of
XA (25%), i.e., the Qinling Mountain areas, which is a lush growth of vegetation region in late spring,
summer and early autumn. The air mass passing through Qinling Mountain areas in the monsoon
season was expected to have higher biogenic VOC [30]. In HF, the highest proportion of 30% of the
polluted air mass was from the Northern region of HF, such as Huainan city. Huainan is an important
industry city known for its coal industry and thermal power plants. Thus, the high concentrations
of NO2 and anthropogenic VOCs in that area [51] could be a major source of precursors transported
to HF.

4. Conclusions

This study analyzed surface O3 concentrations in five provincial cities that locate in different
regions of China during 2014–2015. Our results showed that the top three megacities (BJ, SH, and GZ)
experienced more severe O3 pollution. Different seasonal and monthly patterns of MDA8 O3 were
observed among the five cities. Results from the weekend effect analysis showed that the differences
between weekend and weekday O3 levels were insignificant in all the five cities. The diurnal pattern
was consistent among the five cities with the highest values in the afternoon and lowest values in the
early morning.

Substantially different correlations between O3 and other air pollutants, as well as meteorological
parameters, were observed among the five cities. These results suggested that the contributions of
affecting factors on O3 formation were different in different regions in China, which was consistent
with previous studies showing there were NOx-limited, VOC-limited or mixed-limited regimes of
O3 formation in China (Reference [12] and therein). Air mass cluster analyses during episodic days
revealed that a greater impact for high O3 pollution in the five cities was from short-distance transport
and thus region-oriented air pollution control measures are suggested. The results of this study
demonstrate the complexity of O3 control in Chinese urban area due to the great divergence of air
pollution among different regions. Further studies are warranted for a comprehensive understanding
of O3 production and control in Chinese cities. For instance, besides the field measurements at surface
sites, more vertical measurements of air pollutants and meteorological parameters are needed in future
studies [12]. Additionally, the citywide average data can be classified into a few categories such as
urban traffic, urban background, and rural background, to better understand the seasonal, spatial
trends as well as weekend effects.
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