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Abstract: Simultaneous measurements of atmospheric volatile organic compounds (VOCs), conven-
tional gases and meteorological parameters were performed at an urban site in Jinan, East China, in
June 2021 to explore the formation and evolution mechanisms of summertime ozone (O3) pollution
events. O3 Episode I, O3 Episode II, and non-O3 episodes were identified based on the China Ambient
Air Quality Standards and the differences in precursor concentrations. The O3 concentrations in
Episode I and Episode II were 145.4 µg/m3 and 166.4 µg/m3, respectively, which were significantly
higher than that in non-O3 episode (90 µg/m3). For O3 precursors, VOCs and NOx concentrations
increased by 48% and 34% in Episode I, and decreased by 21% and 27% in Episode II compared to
non-O3 episode days. The analysis of the m,p-xylene to ethylbenzene ratio (X/E) and OH exposure
demonstrated that the aging of the air masses in Episode II was significantly higher than the other
two episodes, and the differences could not be explained by localized photochemical consumption.
Therefore, we speculate that the high O3 concentrations in Episode II were driven by the regional
transport of O3 and its precursors. Backward trajectory simulations indicated that the air masses
during Episode II were concentrated from the south. In contrast, the combination of high precursor
concentrations and favorable meteorological conditions (high temperatures and low humidity) led
to an excess of O3 in Episode I. Positive matrix factorization (PMF) model results indicated that
increased emissions from combustion and gasoline vehicle exhausts contributed to the elevated
concentrations of VOCs in Episode I, and solvent usage may be an important contributor to O3

formation. The results of this study emphasize the importance of strengthening regional joint control
of O3 and its precursors with neighboring cities, especially in the south, which is crucial for Jinan to
mitigate O3 pollution.

Keywords: volatile organic compounds; source apportionment; OH exposure; regional transport

1. Introduction

In recent years, the air pollution problem has been increasingly exposed due to the
accelerated urbanization in China. To achieve better air quality, the Chinese government
has implemented a series of actions to control air pollution since 2013 [1,2]. PM2.5 pollution
has been significantly reduced throughout China; however, ozone (O3) concentrations have
continued to increase in urban areas due to the combination of increased emissions of
volatile organic compounds (VOCs), decreased emissions of nitrogen oxides (NOX) and
reduced aerosol effects [3–5]. The pollution of O3 is already an important constraint to the
continuous improvement of China’s air quality.

Tropospheric O3 formation is mainly dominated by photochemical reactions of VOCs
and NOX [6]. In addition to precursors, O3 pollution is also associated with meteorological
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conditions such as relative humidity, sunlight, temperature and atmospheric pressure [7,8],
and is also affected by transmission in the vertical direction or from neighboring cities [9,10].
These factors make O3 pollution control complex.

Unlike “hot spots” such as Beijing-Tianjin-Hebei [11–13], Yangtze River Delta [14,15]
and Pearl River Delta [16,17], studies on O3 pollution in Shandong Province are relatively
limited. As one of the “2+26” cities in Beijing-Tianjin-Hebei and neighboring areas, Jinan,
the capital city of Shandong Province, is facing serious air pollution problems, and was
ranked 154th among 168 key cities in the country’s air quality ranking in June 2021 (https://
www.mee.gov.cn/ywdt/xwfb/202107/t20210719_848943.shtml, accessed 9 August 2023).
A comprehensive analysis of ozone pollution in Jinan is urgently needed in order to mitigate
adverse effects on ambient air quality in the Beijing-Tianjin-Hebei region.

In this study, O3 and its precursors were continuously monitored at an urban site in
Jinan. The pollution characteristics of O3, VOCs, NOX as well as the differences in meteoro-
logical conditions in different O3 pollution episodes were analyzed; the aging degree of air
masses was identified based on specific VOC ratios; the influence of regional transport on
ozone pollution was explored by backward trajectory, and source apportionment of VOCs
using the PMF model was performed. This study reveals the characteristics of different
types of O3 pollution and their formation mechanisms, which can provide scientific support
for O3 pollution control in Jinan.

2. Materials and Methods
2.1. Measurements

The field measurements were performed from 1 June to 30 June 2021, on the roof of
the Jinan monitoring station (36.67◦ N, 117.06◦ E) at a height of about 20 m (Figure S1). The
location of the sampling site is on the west side of the Shanda Road and is surrounded
by buildings without any obvious obstructions. The site is mainly affected by traffic and
residential sources and is a typical urban site that can represent the air pollution situation
of Jinan City.

VOCs were monitored with an on-line gas chromatograph mass spectrometer/flame
ionization detection system (GC-MS/FID), with a time resolution of 1 h. Detailed descrip-
tions of this instrument can be obtained from another reference [18]. Briefly, the ambient
air samplings were collected at ultra-low temperatures (−150 ◦C) through two parallel
sampling channels, followed by thermal desorption. Low-carbon hydrocarbons (C2–C5)
were separated with a Al2O3/KCl PLOT column and analyzed using FID, while high-
carbon hydrocarbons (C5–C12), halogenated hydrocarbons and OVOCs were determined
via MS after separation on a DB-624 column. The detection limits were in the range of
0.01–0.10 ppb for all measured species.

Ambient nitric oxide (NO) and nitrogen dioxide (NO2) concentrations were measured
using a commercial NO-NO2-NOX analyzer (Teledyne API, USA, Model 200E). O3 concen-
trations were determined with a commercial instrument using UV absorption (Teledyne
API, USA, Model 400E). Additionally, meteorological parameters were obtained from the
Jinan Meteorological Bureau.

2.2. Ozone Formation Potential (OFP)

The maximum incremental reactivity (MIR) method is widely applied to evaluate the
contribution of individual VOCs to the ozone formation potential (OFP). The formula for
calculating the OFP for each VOC is as follows:

OFP(i) = Conc(i) × MIR(i) (1)

where Conc (i) is the concentration of the ith VOC, and MIR (i) is the maximum incremental
reactivity coefficient of the ith VOC, which can be obtained from [19]. The OFP calculated
with this method only reflects the maximum contribution of a specific VOC species to O3
concentration under optimum laboratory conditions [20], and the OFP does not represent
the absolute amount of O3 contributed by the species in the actual environment [21]. The
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most important implication of this method is to identify the key VOC species for O3
production rather than the amount of O3 specifically produced.

2.3. OH Exposure

Specific ratios of VOCs are commonly adopted to evaluate the photochemical age or
OH exposure of air masses [22–24]. This study calculated OH exposure according to the
ratio of m,p-xylene to ethylbenzene (X/E), and the equation used is shown as follows:

[OH]∆t =
1

kX − kE
×
(

ln

{
[X]
[E]

∣∣∣∣
t=t0

}
− ln

{
[X]
[E]

∣∣∣∣
t=t

})
, (2)

where [OH]∆t represents the OH exposure, i.e., the multiplication of the OH radical
concentration and the reaction time. kX and kE denote the OH reaction rate constants
for m,p-xylenes (X) and ethylbenzene (E), respectively. [X]

[E]

∣∣∣
t=t0

and [X]
[E]

∣∣∣
t=t

are the initial

emission ratio and the observed ratio of X/E, respectively.

2.4. Positive Matrix Factorization (PMF) Model

PMF is commonly applied to evaluate the main sources of VOCs based on an anal-
ysis of the measured data at receptors sites and without direct measurements of source
profiles [25–27]. The EPA’s PMF 5.0 model was adopted in this study to analyze each
source’s contribution to VOCs. The detailed description of this model can be found in the
User Guide (U.S. Environmental Protection Agency, Washington, 2014) and our previous
study [28]. In this work, 24 species were entered into the model, and data completeness
was greater than 75% for each species, with valid data more than 65% (Conc. ≥ MDL) and
signal-to-noise ratio (S/N) larger than 1.5. The factors were tested from 4 to 7. The Q/Qexp
values and the Fpeak values from −1.0 to 1.0 (step of 0.1) were used to obtain the best
solution. Finally, 6 factors were selected.

2.5. Backward Trajectory Simulation

The HYSPLIT backward trajectory model (https://www.ready.noaa.gov/HYSPLIT_
traj.php, accessed 7 March 2023) developed by the National Oceanic and Atmospheric
Administration (NOAA) was used in this study to assess the impact of air mass transport on
summer O3 pollution in Jinan. Weather data were obtained from the NOAA Air Resources
Laboratory Global Data Assimilation System (GDAS) archives. The backward trajectory of
air masses 500 m above the ground was simulated for 24 h with a time resolution of 1 h.
Cluster analysis was then performed using the Trajstat module in MeteoInfo 3.3.0 software
to derive the results of the air mass trajectory analysis.

3. Results and Discussion
3.1. Characteristics of Meteorological Parameters and O3 Precursors during Different O3 Episodes
3.1.1. General Description

The time series of trace gases, meteorological parameters and VOCs observed in Jinan
from 1 June to 30 June 2021 are shown in Figure 1. The black line in O3 time series represents
the threshold of the 1 h average O3 concentration according to the Chinese National Air
Quality Standard Grade II (200 µg/m3). As presented in Figure 1, the urban area of Jinan
suffered from severe O3 pollution in June. Episodes with the 1 h average O3 concentration
exceeding the standard limit for more than two continuous days were identified as O3
Episode I: 6–10 June and 19–24 June. Notably, 1 h average O3 concentrations on 11–13 June
and 25–29 June were also significantly above the ambient air quality standard but were
separately defined as O3 Episode II due to the lower precursor concentrations (VOCs and
NOX) and higher O3 concentrations during nights. In addition, other days were classified
as non-O3 episodes. The maximum concentrations of 1 h average O3 reached 330.1 µg/m3

and 273.2 µg/m3 in Episode I and Episode II, respectively.

https://www.ready.noaa.gov/HYSPLIT_traj.php
https://www.ready.noaa.gov/HYSPLIT_traj.php
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Figure 1. Time series of O3, VOCs, NOX and meteorological parameters during the campaign.

The average values of VOCs, conventional gases and meteorological parameters
for different ozone pollution episodes in June 2021 are shown in Table 1. The average O3
concentrations in Episode I and Episode II were 145.4 µg/m3 and 166.4 µg/m3, respectively,
which is about 1.6 and 1.8 times higher than those in the non-O3 episode (90 µg/m3). VOCs
and NOX concentrations increased by 48% and 34% in Episode I compared to the non-
O3 episode. A previous study showed that O3 generation in the urban area of Jinan
was VOC-limited in the morning and shifted to a VOCs-NOX transition regime in the
afternoon [29]. The relatively higher VOCs and NOX concentrations suggested that the
local photochemical reaction formations may significantly contribute to the elevated O3
concentrations in Episode I. It should be noted that the concentrations of VOCs and NOX
in Episode II exhibited opposite variation characteristics with Episode I. The VOCs and
NOX decreased by 21% and 27% in Episode II compared to the non-O3 episode.

Table 1. The average trace gas concentrations and meteorological parameters during different ozone
episodes in June 2021.

O3
µg/m3

VOCs
ppb

NO2
µg/m3

NOx
µg/m3

WS
m/s

RH
%

T
◦C

EP I 145.4 37.1 29.4 36.3 1.59 47.2 30.5
EP II 166.4 19.8 14.7 19.8 1.65 53.5 30.8
NON-O3 96.3 25.0 20.5 27.1 1.59 63.4 26.0
Average 136.0 28.1 21.5 27.7 1.60 55.0 28.9

The average temperatures of O3 Episode I and Episode II were 4.5 ◦C and 4.9 ◦C higher
than the non-O3 episode. The higher temperatures typically accelerate the photochemical
generation of O3. The relative humidity (RH) was lower for ozone episodes than that of the
non-O3 episode, and the low RH favored O3 production. However, it should be mentioned
that the differences in RH between O3 episodes could not fully interpret the differences in
O3 concentrations. For example, 8–10 June was characterized by high RH (the maximum
RH exceeded 80% for three consecutive days) but shows relatively high O3 concentrations.
The wind speeds were comparable in both O3 and non-O3 episodes. The wind direction
varied significantly among different types of O3 episodes, in which the southwestern winds
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were particularly concentrated during Episode II. Combined with the characteristics of O3
precursor concentrations, it was preliminary speculated that the high O3 concentrations in
Episode II might be related to the regional transport from the southwestern direction.

3.1.2. Diurnal Variations

Diurnal variations of O3, NO2, NO, VOCs, RH and temperature during different
O3 episodes are shown in Figure 2. As can be seen, the daily variations of O3 showed
a single-peaked distribution for both O3 and non-O3 episodes. The O3 concentrations
reached their lowest values at 06:00, with 58.8 µg/m3, 114.8 µg/m3 and 66.1 µg/m3 in
Episode I, Episode II and non-O3 episode, respectively. With the enhancement of solar
radiation, the O3 concentrations started to increase rapidly, peaking at around 15:00, and
then decreased, with relatively lower concentrations at night. Compared with Episode I
and non-O3 episode, the nighttime (00:00–06:00) O3 concentrations increased by 66% and
107% in Episode II. Lower NO concentrations may have contributed to the high nighttime
O3 levels in Episode II, since they can mitigate the titration effects of O3.
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Figure 2. Diurnal variations of meteorological parameters, O3 and its precursors during different
O3 episodes.

The diurnal variations of VOCs and NO2 showed different patterns with O3. Relatively
high concentrations of VOCs and NO2 were identified in the morning (07:00) and evening
(20:00) rush hours, which implied the influence of vehicle emission sources. The photo-
chemical consumption of VOCs and NO2 increased with the solar radiation enhancement,
and the minimum values occurred around 15:00. The overall VOCs and NO2 concentra-
tions were lower in Episode II, and the variations were more moderate in the morning and
evening rush hours. This may be due to the fact that Episode II was mainly concentrated
during weekends, with significantly less traffic during rush hours. The temperature was no-
ticeably lower, and the RH was higher during non-O3 episodes compared to ozone episodes.
In addition, Episode II was influenced by several rainfall events. Overall, meteorological
factors were unfavorable for ozone production in non-O3 episodes.
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3.2. Aging of Air Masses in Different O3 Pollution Episodes

The m,p-xylene to ethylbenzene ratio (X/E) was widely applied to evaluate the photo-
chemical aging of air masses [23,24]. The emission sources of m,p-xylene and ethylbenzene are simi-
lar [30], but the reactivity of m,p-xylene with OH radicals (kOH = 18.9 × 10−12 cm3 molecule−1 s−1)
is much faster than that of ethylbenzene (kOH = 7 × 10−12 cm3 molecule−1 s−1) [31]. Therefore,
the lower X/E ratio indicates the higher level of air mass aging. As shown in Figure 3a–c,
the initial emission ratios of X/E in Episode I, Episode II and non-O3 episode were 3.18, 2.66
and 2.88, respectively, and the mean values of X/E were 1.88, 1.41 and 2.01, respectively.
The lowest X/E value for Episode II demonstrated the highest aging of the air masses
compared to other periods. From the daily variations, the X/E decreased significantly
from 9:00 to 15:00 during Episode I and the non-O3 episode, which suggested a substantial
photochemical consumption of VOCs during these periods. In contrast, the variations of
X/E for Episode II was not clear, meaning a weaker local photochemical consumption of
VOCs. The daily variations of OH exposure was negatively correlated with X/E ratios
(Figure 3d–f). Episode II had the maximum average OH exposure, but the daily variation
was not remarkable compared to other episodes. Overall, the highest aging of the air
masses in Episode II could not be explained by local photochemical depletion, and we
speculate that this may be driven by the long-distance transport of the air masses.
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3.3. Relationship of VOC/NOX Ratios to O3 Generation Regime

Previous studies have shown that ozone formation is highly non-linear with its precur-
sors [32,33]. Assessing whether O3 is limited by VOCs or NOX concentrations is especially
important for the determination of regional air pollution control strategies. The VOCs/NOX
ratios have been frequently applied to identify O3 formation regimes [34,35]. For instance,
the ozone pollution numerical simulations in Los Angeles during the 1980s revealed that
ozone formation transitioned from VOC-limited to NOX-limited when the ratio of VOCs
to NOX was 8:1 [36]. In China, if the ratio of VOCs/NOX is below 4:1, O3 generation is
mainly regulated by VOCs, and it is mainly limited by NOX when the ratio of VOCs to
NOX is above 15:1. The production of O3 is controlled by both VOCs and NOX when the
ratio of VOCs/NOX is between 4:1 and 15:1 [37]. As shown in Figure 4, the majority of the
VOCs/NOX ratios for different O3 episodes were between 4:1 and 15:1 (averaging 7.5:1,
7.1:1 and 6.3 for Episode I, Episode II and non-O3 Episode, respectively), indicating that the
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generation of O3 in urban Jinan in summer was co-limited by VOCs and NOX. This was
consistent with the results of O3-VOCs-NOX sensitivity studies during O3 pollution days
in urban areas in Zhengzhou [38], Nanjing [39] and Guangzhou [40]. It should be noted
that this study determined the ozone generation regime in the urban area of Jinan using
the VOCs/NOX ratio method based on only one month of observational data. In the future,
photochemical models should be employed to analyze the effects of VOCs and NOX in
relation to O3 formation to obtain more reliable results.
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3.4. Reactivity and Source Apportionment of VOCs
3.4.1. Reactive Species of VOCs

The concentrations of VOCs, OFP and their major group contributions during the O3
and non-O3 episodes are shown in Figure 5. As described above, the highest concentrations
of VOCs were found in Episode I, followed by the non-O3 episode and Episode II. The top
three contributors to the concentrations of total VOCs (TVOCs) were alkanes, OVOCs and
halocarbons during all events, followed by alkenes and aromatics. The contributions of
alkanes, OVOCs and halocarbons to TVOCs were comparable between Episode I and non-
O3 episode, with 47%, 20% and 17% during Episode I, and 45%, 20% and 16% during the
non-O3 episode, respectively. In contrast, the proportion of alkanes decreased in Episode II,
while the contribution of OVOCs was increased by 31% and 35% compared to Episode I
and non-O3 episode, respectively. It was assumed that the high percentage of OVOCs in
Episode II was influenced by the regional transmission of surrounding areas, in addition to
secondary generation through photochemical oxidation of precursors.

Consistent with the TVOCs, the OFP’s order was as follows: Episode I > non-O3
Episode > Episode II. Among all events, the primary contributors to OFP were alkenes
(43–49%), followed by aromatic hydrocarbons (23–25%) or alkanes (20–27%). It should be
noted that alkene concentrations were much lower than those of alkane’s, but the relative
contributions to OFP were much higher, which is consistent with previous studies [41,42].
This was attributed to the higher photochemical reaction reactivity of alkenes. Therefore,
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controlling the emissions of alkenes is an efficient way to reduce the O3 production in the
urban area of Jinan.
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The comparison of the 10 VOC species that contributed most to OFP during different
periods is shown in Figure 6. The OFP of these 10 VOCs contributed 60–66% of the total
OFP, whereas 1-butene and ethene were the top two species in all episodes, covering
23–24% of the total OFP. The major OFP contributors were similar for both O3 and non-O3
episodes, including 1-butene, ethene, m/p-xylene, iso-pentane, isoprene, propene and
toluene, although they were ranked in a different order.
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3.4.2. Sources of VOCs Identified via PMF

In this study, six factors were resolved with the PMF model, including gasoline vehicle
exhausts, industrial processes, solvent usage, biogenic sources, combustion and diesel
vehicle exhausts. Figure 7 displays the source profiles of VOCs and the contributions of
individual species to the identified sources.

Atmosphere 2024, 15, x FOR PEER REVIEW 10 of 15 
 

 

3.4.2. Sources of VOCs Identified via PMF 
In this study, six factors were resolved with the PMF model, including gasoline 

vehicle exhausts, industrial processes, solvent usage, biogenic sources, combustion and 
diesel vehicle exhausts. Figure 7 displays the source profiles of VOCs and the 
contributions of individual species to the identified sources. 

Factor 1 was dominated by isoprene (86.1%), a typical marker of plant emissions, 
which could be considered as a biogenic source. Factor 2 was attributed to an industrial 
source, since it was characterized by high concentrations of styrene (39.1%) and benzene 
(25.8%), both of which are commonly released by the petrochemical industry [43]. Factor 
3 was characterized by a high percentage of low-carbon alkanes, such as iso-pentane (52%) 
and n-butane (52.1%), as well as n-pentane (54.2%), which are all associated with gasoline 
vehicle exhaust emissions according to previous studies [44,45]. Factor 3 contributed to 
low carbon alkenes such as ethylene (18.8%) and propylene (15.8%), indicating that this 
source is associated with gasoline vehicle exhausts. 

 
Figure 7. Source profiles resolved with PMF. 

Factor 4 was recognized by high concentrations of acetylene (49.7%), ethylene (45.7%) 
and ethane (39.5%). Acetylene is a well-known tracer for combustion sources, and ethane 
is commonly associated with natural gas use [46]. Coal and biomass combustion can 
release significant amounts of ethylene and acetylene [46]. Therefore, factor 4 was 
identified as combustion sources. Factor 5 was characterized by high contributions of 2-
methyl heptane (48%), nonane (26%) and octane (20.1%), as well as benzene, m/p-xylene 
and other benzene species. Studies have suggested that high-carbon alkanes (C8 or 
higher) can be considered as exhaust tracers for diesel vehicles [47,48]. Therefore, factor 5 
can be considered as a diesel vehicle exhaust source. m,p-Xylene (63.1%) and o-xylene 
(57.2%) were the dominant species in factor 6. Previous studies have demonstrated that 
C8–C9 aromatics are strongly associated with the usage of paints and coatings [49]. Thus, 
factor 6 may be attributed to solvent usage. 

Figure 7. Source profiles resolved with PMF.

Factor 1 was dominated by isoprene (86.1%), a typical marker of plant emissions,
which could be considered as a biogenic source. Factor 2 was attributed to an industrial
source, since it was characterized by high concentrations of styrene (39.1%) and benzene
(25.8%), both of which are commonly released by the petrochemical industry [43]. Factor 3
was characterized by a high percentage of low-carbon alkanes, such as iso-pentane (52%)
and n-butane (52.1%), as well as n-pentane (54.2%), which are all associated with gasoline
vehicle exhaust emissions according to previous studies [44,45]. Factor 3 contributed to low
carbon alkenes such as ethylene (18.8%) and propylene (15.8%), indicating that this source
is associated with gasoline vehicle exhausts.

Factor 4 was recognized by high concentrations of acetylene (49.7%), ethylene (45.7%)
and ethane (39.5%). Acetylene is a well-known tracer for combustion sources, and ethane is
commonly associated with natural gas use [46]. Coal and biomass combustion can release
significant amounts of ethylene and acetylene [46]. Therefore, factor 4 was identified as
combustion sources. Factor 5 was characterized by high contributions of 2-methyl heptane
(48%), nonane (26%) and octane (20.1%), as well as benzene, m/p-xylene and other benzene
species. Studies have suggested that high-carbon alkanes (C8 or higher) can be considered
as exhaust tracers for diesel vehicles [47,48]. Therefore, factor 5 can be considered as a
diesel vehicle exhaust source. m,p-Xylene (63.1%) and o-xylene (57.2%) were the dominant
species in factor 6. Previous studies have demonstrated that C8–C9 aromatics are strongly
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associated with the usage of paints and coatings [49]. Thus, factor 6 may be attributed to
solvent usage.

Figure 8 shows the contribution of different sources to the measured VOCs for dif-
ferent O3 pollution events. Combustion sources and gasoline vehicle emissions were the
dominant sources of VOCs throughout the observation period, contributing to 52–63% of
the VOCs. The contribution of solvent usage to VOCs was 12% higher during the non-O3
episode, probably due to the fact that solvent usage sources emitted mainly aromatic hydro-
carbons with a relatively higher photochemical reactivity, and the higher temperature and
lower humidity during Episodes I and II favored the rapid photochemical consumption
of aromatic hydrocarbons. In contrast, combustion sources and gasoline vehicle exhausts
predominantly emit low-carbon alkanes with relatively lower photochemical reactivities,
resulting in higher contributions of VOCs from these sources during periods of excess O3
pollution. It is noteworthy that the contribution from gasoline vehicle exhausts was slightly
lower during Episode II than the non-O3 episode, which may be related to the fact that
this period was mainly concentrated during weekends with a significant decrease in motor
vehicle activities, which is consistent with the lower NOX concentration in Episode II in
Section 3.1.2. In conclusion, the use of solvents should be controlled in the future to mitigate
ozone pollution, and combustion sources and vehicle emissions could be controlled to
effectively reduce the concentration levels of VOCs.
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3.5. Impact of Air Mass Transport on Different O3 Pollution Episodes

To investigate the influence of regional transport on O3 pollution in Jinan, 24 h back-
ward trajectory simulations were conducted for three different ozone episodes. The four
clusters of air masses obtained from the backward trajectory analysis are shown in Figure 9.
For Episode I, more than 90% of the air masses originated from the south, with 36.11% and
27.08% from the southwest and 29.86% from the southeast. In Episode II, the air masses
were also primarily from the south, which was consistent with the monitored wind direc-
tions in Section 3.1.1, with 72.5% of air masses from the south (16.67%, 18.33% and 37.50%,
respectively) and 27.50% from the east. In the non-O3 episode, air masses from the four
directions were more balanced, including east (24.17%), west (23.33%), southeast (35.83%)
and north (16.67%). By analyzing the trajectories of air masses transported during different
ozone pollution episodes, we found that Jinan City was more likely to suffer O3 pollution in
June when the air masses came from the south. The potential sources of O3 in Jinan mainly
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come from short-range transport from cities in southern Shandong Province and long-range
transport from Henan and Anhui Provinces, which have well-developed manufacturing
industries, high traffic flow, and high levels of anthropogenic pollutant emissions.
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4. Conclusions

Based on continuous measurements of VOCs, trace gases and meteorological parame-
ter s in the urban area of Jinan in June 2021, the characteristics and causes of changes in O3
pollution were explored. The results indicated that high concentrations of ozone precursors
and regional transport are the main influencing factors to induce ozone pollution. In
addition, meteorological parameters including high temperature and low relative humidity
also contribute to ozone generation.

The whole observation was divided into O3 pollution days and non-O3 pollution
days according to the China Ambient Air Quality Standards, and the O3 pollution days
were categorized into O3 Episode I and O3 Episode II based on the differences in precur-
sor concentrations. The average concentrations of O3 in Episode I and Episode II were
145.4 µg/m3 and 166.4 µg/m3, respectively, which were 1.6 and 1.8 times higher than
those in non-O3 episode (90 µg/m3). During O3 Episode I, VOCs and NOX concentrations
were 37.1 ppb and 36.3 µg/m3 while the values in the non-O3 episode were 25.0 ppb and
27.1 µg/m3, approximately 48% and 34% higher than those during non-O3 episode. In
contrast, the VOCs and NOX decreased by 21% and 27% in Episode II compared to non-O3
episode days.

By analyzing the ratios of X/E, we found that the aging level of the air masses in
Episode II was significantly higher than those in other episodes. The highest degree of air
mass aging in Episode II could not be explained by local photochemical depletion of VOCs
as indicated by the daily variations of X/E and OH exposure, and we presumed that the
occurrence of high O3 pollution with low O3 precursor concentrations in Episode II can be
attributed to the regional transport of the air mass. Differently, O3 pollution in Episode I
was dominated by local formation, high concentration of O3 precursors, high temperature
and low relative humidity favoring the generation of O3 in Episode I.

The ratios of VOCs/NOX indicating that the formation of O3 in urban Jinan was
co-limited by both VOCs and NOX. Six factors were identified by PMF model, including
gasoline vehicle exhaust, industrial processes, solvent usage, biogenic source, combus-
tion, and diesel vehicle exhaust. Among them, combustion (26–32%) and gasoline vehicle
emissions (22–33%) were the dominant sources of VOCs for the three episodes. There-
fore, fuel combustion and vehicle emissions could be controlled to effectively reduce the
concentration levels of VOCs in Jinan.

Backward trajectory simulations demonstrated that Jinan City was more likely to
suffer O3 pollution in June when the air masses came from the south. In conclusion, in
order to effectively mitigate ozone pollution in Jinan, it is necessary to strengthen joint
control with neighboring cities, especially those in the south, in addition to reducing local
ozone precursor emissions.
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