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Abstract: In order to investigate the causes of complex air pollution in coastal cities in the Bohai Rim
of China, a one-month intensive field observation combined with model simulation was carried out in
a typical city named Dongying in September 2022. The results showed that two PM; 5 and O3 complex
pollution episodes occurred in Dongying in the observation period, with the primary pollutant being
O3. Atmospheric photochemical reactions occurring under unfavorable meteorological conditions
led to the production of O3 while at the same time facilitating the generation of nitrate, sulfate,
and other secondary components of PM, 5 by enhancing the atmospheric oxidizing capacity, which
promoted the formation of complex air pollution. It was worth noting that in the context of high
pollutants emission, the occurrence of complex air pollution was more sensitive to the variation in
meteorological conditions than to the change in pollutants emission. To continuously improve air
quality and protect human health in Dongying, it is recommended that an effective regional joint air
pollution prevention and control mechanism with neighboring cities should be established in the
premise of effective local pollutants reduction, and special attention should be paid to the adverse
effect of the air mass transportation from Bohai Bay.
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1. Introduction

With the rapid development of the national economy and the acceleration of urbaniza-
tion, the air pollution problems experienced by developed countries in the past 100 years
have occurred in China in the past two or three decades, and are prominently manifested in
the emergence of complex air pollution [1,2]. Complex air pollution is a system composed
of multiple pollutants of high concentrations at the same time, which are coupled and
added under certain meteorological conditions [3,4]. These pollutants come from gaseous
and particulate primary pollutants emitted from a variety of pollution sources, as well as
secondary pollutants such as sulfate, nitrate, and O3 formed through a series of physical
and chemical processes [5,6]. Under the influence of weather and climate systems, these
pollutants form high concentrations of pollutants, which transport and react with each other
over a wide range of regions. Complex air pollution is characterized by additive effects of
multiple pollution types, coupling of multiple processes, and multi-scale pollution interac-
tions, with a core driving force of atmospheric oxidation, and a representative pollutant of
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O3 [7,8]. PMy 5 and O3 not only harm the ecological environment, but also harm human
health. High concentrations of PM; 5 can cause cardiovascular diseases and respiratory
diseases, and high concentrations of O3 can irritate the human eyes and cause adverse
reactions such as sore throat, chest tightness, shortness of breath, and headache [9-12].
Their interaction can lead to a significant increase in the risk of human death [13].

Since 2013, China has issued air pollution prevention and control measures such as
the Action Plan of Air Pollution Prevention and Control (2013-2017) and the Three-Year
Action Plan for Winning the Blue-Sky Defense War (2018-2020), which have achieved
remarkable results: PM; 5 concentrations have dropped significantly, and the number of
heavy pollution days has decreased significantly. However, the annual average values
of PM;5 in many cities have not yet reached the limit of the secondary standard set
out in the National Ambient Air Quality Standard of China (GB 3095-2012), which is
35 ug/ m?3 [14]. Meanwhile, O3 has become a major pollutant after PM; 5, so that although
PM, 5 concentrations have decreased in many regions of China, the proportion of days
with good air quality has not increased, or has even decreased [7]. On the regional scale,
the level and scope of O3 pollution are expanding; on the temporal scale, O3 pollution is
evident in spring, and the polluted months tend to appear earlier [15]. The results show that
from 2015 to the second half of 2020, under the background that the number of days with
PMj, 5 exceeding the standard limit decreased year by year, there were still 611 complex
pollution station-days with PM; 5 and O3 exceeding the standard limits at the same time,
and O3 was the primary pollutant [16]. In conclusion, PM; 5 and O3 are the main factors
affecting air quality in cities and regions of China, and their coordinated control is the focus
of continuous improvement of air quality in China. The formation mechanism of PM, 5
and Oj3 is an important anchor for further control of PM; 5 and Os.

At present, many studies have been carried out on the formation mechanism of PM; 5
and Os. It is believed that there is homology between PM; 5 and O3 pollution and their
physical and chemical processes are closely related. Firstly, PM, 5 and O3 have common
precursors (NOy and volatile organic compound (VOCs)) and are both affected by mete-
orological factors; therefore, they are closely related in terms of pollution causes [17-19].
Secondly, there is also a notable combined interaction between PM, 5 and O3. O3 has strong
oxidation, which has an important effect on the change of atmospheric oxidation, which
then significantly affects the formation of secondary components of PM,5. And PM; 5
affects O3 formation by regulating temperature, extinction, and heterogeneous reactions of
HO,; radicals on its surface [20-23]. However, the causes of pollution vary, depending on
the geographical locations and industrial structures of different cities. Relevant studies in
different regions and cities are helpful to scientifically formulate response measures.

Dongying, Shandong Province, located in the southwest of the Bohai Bay, east of the
Bohai Sea, is one of the typical coastal cities around the Bohai Sea. It has a large amount of
oil and gas resources, and the petrochemical industry is developed, but it does not have
good conditions for port construction, so the transportation of bulk goods mainly depends
on road traffic. In terms of urban traffic, the motor vehicle use is high, and there are
many transit trucks in the urban area. The typical industrial structure and transportation
mode of Dongying City lead to a large emission of NOy and VOCs [24,25]. Statistically,
complex pollution of PM; 5 and O3 often occurred in March, June, September, and October
(Figure S1), affecting the improvement of the city’s ambient air quality. Therefore, it is
necessary to analyze the causes and sources of the complex pollution of PM; 5 and O3
in Dongying City. In September 2022, a comprehensive observation was carried out in
Dongying City. This study analyzed the concentrations and variations of pollutants in the
process of the complex pollution of PM; 5 and O3, and provided the first comprehensive
analysis of the effects of meteorological conditions, pollutant emissions, local chemical
transformations, regional contributions, and industry contributions on the PM; 5 and O3
complex pollution based on observations and simulations in Dongying. The results of the
study could provide scientific support for the preparation of coordinated prevention and
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control measures for PM; 5 and O3 pollution and the continuous improvement of ambient
air quality in Dongying.

2. Materials and Methods
2.1. Observation Period and Location

Dongying City is located in the southwest of the Bohai Sea and the northwest of
Shandong Province, adjacent to the Bohai Sea in the east and north, to Binzhou city in the
west, and to Zibo city and Weifang city in the south. Its air quality is often affected by
air mass transport over the Bohai Sea, and it can be used as a representative coastal city
in the around Bohai Sea region. The routine pollutant monitoring stations in this study
are the state-controlled stations (6) and the provincial-controlled stations (8) in Dongying.
The enhanced observation station in this study is the Dongying Atmospheric Observatory,
which is located at the Dongying District Branch of the Dongying Ecological Environment
Bureau (118.59° E, 37.45° N) (Figure 1). The station is mainly surrounded by residential
areas and commercial office areas, with convenient transportation and no obvious industrial
pollution sources. It is a typical urban station which can accurately reflect the air pollution
of Dongying city. The observation period is from 1 September to 30 September 2022.
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Figure 1. Geographic location of Dongying and locations of the enhanced observation station.

2.2. Observation Items and Quality Control Quality Assurance

The routine observation items include Oz, CO, SO,, NO, NO,, and PM, 5. The en-
hanced observation items include routine monitoring parameters (O3, CO, SO,, NO, NO,,
and PM; 5), 115 VOCs, OC (organic carbon), EC (elemental carbon), ionic components, ele-
ments in PM; 5, ultraviolet radiation, and meteorological parameters (temperature, relative
humidity, atmospheric pressure, wind direction, and wind speed). All observation items
were continuously monitored with automatic monitoring devices. SO, CO, NO-NO,-NOx,
and O3 were monitored with 43i, 48i, 42i, and 49i (Thermo Fisher Scientific Inc., Waltham,
MA, USA), respectively. Particulate matters were monitored online with BAM1020 (Met
One Instruments Inc., Washington, DC, USA). VOCs were monitored with XHVOC6000
(Hebei Sailhero Environmental Protection Hi-tech., Ltd., Shijiazhuang, Hebei, China). The
OC and EC analyzer model was OCEC-100 (Focused Photonics Inc., Hangzhou, Zhejiang,
China). The elemental analyzer model was CES Xcat625 (Sailbri Cooper Inc., Tigard, OR,
USA). The ion component analyzer model was S—611EG (Zhang Jia Ltd., Taiwan, China).
The ultraviolet radiation observer model was Kipp and Zonen SUV-A, SUV-B (OTT Hy-
droMet B.V.,, Delft, The Netherlands). Meteorological parameters such as temperature and
relative humidity were monitored with MULTI/WS-5P (Shenzhen Flying-wis Instrument
Equipment Co., Ltd., Shenzhen, Guangdong, China). Vertical distribution characteristics
of O3 and PM, 5 were monitored with LGO-01 (Anhui Landun Photoelectron Co., Ltd.,
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Tongling, Anhui, China) and AGHJ-I-LIDAR (Wuxi Zhongke photoelectric Technology
Co., Ltd., Wuxi, Anhui, China), respectively. The emission source data were obtained from
Dongying environmental automatic monitoring and control system.

The frequency and duration of data collection, quality assurance, and quality control
of all observation items met the requirements of the technical specifications such as Auto-
mated Methods for Ambient Air Quality Monitoring (HJ/T193-2005), Specifications and
Test Procedures for Ambient Air Quality Continuous Monitoring System with Gas Chro-
matography for Volatile Organic Compounds (HJ 1010-2018), Technical Specifications for
Continuous Automated Monitoring of Organic carbon and Elemental Carbon in Ambient
Air Particulate Matter (PM; 5) (Draft), Technical Specifications for Continuous Automated
Monitoring of Water-Soluble Ions in Ambient Air Particulate Matter (PM, 5) (Draft), and
Technical Specifications for Continuous Automated Monitoring of Inorganic Elements in
Ambient Air Particulate Matter (PM, 5) (Draft). The values recorded by the devices could
be calculated as hourly arithmetic means. Details of the standard operating procedure are
available from the Ministry of Environmental Protection of the People’s Republic of China
(https:/ /www.mee.gov.cn/, accessed on 6 January 2024).

2.3. Data Processing
2.3.1. Pollution Processes Classification

According to the requirements in the Technical Regulation on Ambient Air Quality
Index (on trial) (HJ 633-2012) (details are in the Supplementary Material), pollution days in
this paper are defined as days with an AQI (air quality index) > 100, while light pollution
days are defined as those with 100 < AQI < 150 and moderate pollution days as those with
150 < AQI < 200. Clean days are defined as having an AQI less than 100. The air quality
level was excellent when 0 < AQI < 50, and good when 50 < AQI < 100. When the AQI
was more than 50, the air pollutant with the highest IAQI (air quality sub-index) was called
the primary pollutant.

Based on the above definition, combined with the monitoring data from the state-
controlled stations in Dongying, there were 15 polluted days and 15 clean days in Dongying
in September 2022. Additionally, it can be seen that there were two long pollution peri-
ods. Episode I was from 8 to 12 September, dominated by light pollution. Episode II
was from 25 to 30 September, dominated by moderate pollution. During the pollution
period, the primary pollutant was Os (the value of maximum daily 8 h average ozone
(MDAS-O3) > 160 pg/m?3), with high concentration of PM, 5 (>35 pg/m?), and the concen-
trations of other pollutants were also at high levels. It was obviously characterized by
complex air pollution.

2.3.2. Inverse Distance Weighted

In order to analyze the spatial distribution of PM; 5 and O3 during the pollution process
in September, the PM, 5 and O3 monitoring data from the state-controlled and provincial-
controlled stations in Dongying were analyzed by using Inverse Distance Weighted (IDW)
in ArcGIS. The principle of IDW is to use surrounding measurements to predict the value
at any unsampled location. The method assumes that the closer the distance, the closer
the values.

2.3.3. Ozone Integrated Source Apportionment Method

In this paper, source apportionment for Oz was conducted using air quality model Re-
gional Atmospheric Modeling System-Community Multiscale Air Quality (RAMS-CMAQ),
combined with Integrated Source Apportionment Method (ISAM) based on enhanced
observational data.

For ISAM, O3 was identified using tracer methods to track various processes (including
source emission, deposition, transmission, diffusion, and chemical changes) of O3 and
its precursors (NOy and VOCs) in the atmosphere, and then tracer factors were set for
different geographical areas or different types of pollution sources according to the needs
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of the study [26,27]. For this purpose, four classes of tracers, Nj, Vi, O3Nj, and O3V, were
used in ISAM. N;j and V; were used to trace the nitrogen-containing species and VOCs
components, respectively, emitted from source type i (i.e., a certain type of source in a
certain area, which can also denote the initial or boundary conditions of the model). O3N;
and O3V; represented the contribution of source type i emissions to O3 formation under
NOx control and VOCs control, respectively.

The simulated regions set in this study are shown in Figure 52, where the regions
within the black box are the main regions of interest, while the 16 regions filled with colors
are the marked regions selected for ISAM source apportionment.

2.3.4. Observation-Based Model

Based on enhanced observational data, Observation-Based Model (OBM) was used to
simulate the net O3 formation rate and its sensitivity mechanism in Dongying City. The
model uses the Regional Atmospheric Chemistry Mechanism (RACM) v2.0 mechanism to
describe 363 chemical reactions of over 50 species and has been widely used in atmospheric
chemistry observation and sensitivity simulation studies [28-31].

Relative incremental reactivity (RIR) is defined as the ratio of the percentage change
in the net O3 formation rate (or amount) to the percentage change in the concentration
(emission) of a particular species and is used to assess the impact of reduction of specific
precursor on the net O3 formation rate (concentration). In this study, a sensitivity test was
performed based on the assumption that each precursor class, such as NOy, anthropogenic
hydrocarbons (AHCs), and biogenic hydrocarbons (BHCs), would be reduced by 20%. The
equation for calculating the RIR is as follows:

Pnet—03 (X) _Pnet—O:; [X_AS(X)}
Pnethg, (X)
AS(X)
5(X)

RIR(X) =

where Ppet—03(X) and Ppret—03(X) [X — AS(X)] are the net O3 formation rate before and after
target precursor emission reduction, respectively, in 1072 h™~!; §(X) is the concentration
of target precursor before emission reduction, in pg/m?; AS(X) is the concentration of
target precursor after emission reduction, in pg/m3. When RIR is positive, it indicates that
reducing the target precursor emissions can effectively reduce O3 generation. The higher
RIR value is, the more sensitive O3 formation is to the target precursor. This is reversed for
negative RIRs.

2.3.5. Transformation Rate of Sulfates and Nitrates

To further verify the promoting effect of atmospheric oxidation capacity on the trans-
formation of secondary pollutants in ambient air in Dongying, SOR (transformation rate
of sulfates) and NOR (transformation rate of nitrates) were used to determine the trans-
formation status of gaseous precursors such as SO, and NOy to form secondary inorganic
aerosols. The higher the values of SOR and NOR, the higher the degree of secondary
transformation of SO, and NO; in the atmosphere. The equation is as follows:

NOR = N; /(Nj + Ny)

SOR = S/ (S + S2)

where Nj and N are the concentrations of NO3 ™~ and NO,, respectively, in mol/ m3; §;
and S, are the concentrations of SO42~ and SO,, respectively, in mol/ mS.
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2.3.6. Calculation of Secondary Organic Carbon

In this study, the OC/EC ratio method was used to estimate the mass concentration of
SOC (secondary organic carbon) based on the measured concentrations of OC and EC in
PM; 5. The calculation formula is as follows:

SOC = TOC — OCpy;
OCpri = EC x (OC/EC) in
where TOC, EC, and OC,,; are the concentrations of OC, EC, and primary organic car-

bon in PMjy 5, respectively, in pg/ m3; (OC/EC)min is minimal ratio of the measured OC
concentration to the EC concentration [32].

2.3.7. Backward Trajectory

Among meteorological trajectory model software, the TrajStat model calculates air flow
trajectories from meteorological data. There are various air flow tracks at the observation
sites. The cluster analysis method can be used to distinguish the trajectories according to
their correlation. The air trajectories with higher similarity can be divided into one group
in order to obtain the direction and transmission distance of the dominant air during the
pollution of the observation site [33].

In this study, the software MeteoInfo 3.7.6 and the TrajStat 1.5.3 plugin were used
to investigate the effect of long-distance air mass transport [34]. The 48 h backward
trajectories of the sampling site were calculated and clustered, with a height of 100 m.
The meteorological data used in the analysis (GDAS) were from ftp://arlftp.arlhq.noaa.
gov/pub/archives/gdasl (accessed on 6 September 2023), mainly including data like
temperatures, atmospheric pressures, and wind speeds. The starting time in each day was
00:00 UTC. The simulation frequency was 1 h, and a total of 24 trajectories were calculated
each day to obtain the backward trajectories. After the trajectory calculation was completed,
cluster analysis of the airflow trajectories was performed using the clustering method in
software TrajStat 1.5.3 and the Euclidean distance algorithm. Then, combined with the
corresponding pollutant mass concentration characteristics, the statistical analysis was
carried out.

3. Results and Discussion
3.1. Air Quality and Meteorological Conditions

In September 2022, there were 15 days of air pollution in Dongying City, of which
11 days were light pollution (5, 8, 10-12, 17, 21-22, 25, and 30 September) and 5 days were
moderate pollution (9, 26-29 September) (Figure S3). O3 was the primary pollutant on all
polluted days.

In September 2022, the hourly concentrations of O3 and PM; 5 in the Dongying varied
from 8 to 275 ug/m> and 2 to 86 ug/m?, respectively (Figure 2). Continuous high concen-
trations of PM; 5 were observed during the period of O3 pollution from 8 to 12 September
and from 25 to 30 September (Figure 2). NO, and SO, concentrations were also high, with
hourly values ranging from 2 to 95 ug/ m? and from 4 to 58 ug/ m3, respectively (Figure 2).
In the early stage of complex pollution, the hourly concentrations of NO, and SO, increased
significantly, and the peak concentrations reached several times of those before complex
pollution (Figure 2). During the pollution period, the wind speeds of Dongying City were
between 0.1 and 1.9 m/s, which was small, and the dominant wind direction was variable,
which was not conducive to the diffusion of pollutants (Figure 3). The temperatures and
relative humidities ranged from 14.0 °C to 34.4 °C and from 22.8% to 96.7%, respectively,
with typical characteristics of high humidity at night and high temperature in daytime,
which was conducive to the complex pollution process of PM; 5 and O3 (Figure 3).
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Figure 2. Time series diagram of pollutant concentrations in Dongying in September 2022. The grey
part in the figure represents polluted days.
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3.2. Characteristics of Complex Air Pollution
3.2.1. Temporal Variation

In the view of daily variation, the range of PM; 5 and MDAS8 O3 were 3-49 pug/m?3
and 82-259 pg/m? in Dongying in September 2022, respectively. The maximum values of
PM, 5 and O3 appeared on the 28th. During the pollution period from 25th to 30th, the
daily values of PM, 5 were higher than 35 pg/m?, and the values of MDAS O3 were higher
than 160 pg/m3, showing an obvious complex pollution process (Figure S1).

In the view of hourly concentration (Figure 2), the hourly concentration of O3 ranged
from 8 to 275 pg/ m? in Dongying in September 2022, which was lower in the beginning
and middle of the month and higher at the end of the month. On 1-7, 13-16, 18-20, and
23-24 September, the hourly concentration of O3 was low, with peaks around and below
150 pg/m3. On 8-12, 17, 21-22 and 25-30 September, the hourly concentration of O3 was
high, with peaks of approximately 250 pg/m? on 9 and 26-28 September. The hourly
concentration of PM; 5 ranged from 2 to 86 pg/m?, which was lower at the beginning
and the middle of the month, and higher at the end of the month, which was consistent
with the hourly concentration of O3. PMj,5 concentrations were low on 2—4, 7, 15-17,
19-20, and 23 September. On 1, 5-6, 8-14, 18 and 21-22, and 24-30 September, hourly
PM, 5 concentrations were high, with peaks exceeding 40 ug/m?>. The highest hourly
concentration of PM; 5 was observed from 26 to 28 September, with a peak of 86 ng/ mS.
The highest concentrations of O3 and PM; 5 showed a consistent correlation on the polluted
days, especially on the moderately polluted days from 26 to 28 September.

In terms of PM; 5 components, the concentrations of organic matters, NOs~, SO,4% and
NH4* in PM, 5 ranged from 0.02 to 29.00 pg/m3, 0.06 to 34.07 pg/m?3, 0.15 to 19.66 pug/m?,
and 0.29 to 15.97 pg/m? in September 2022, respectively (Figure 4). Organic matters
accounted for the largest proportion (29.69%), followed by NO3 ™~ (18.32%), SO,4%~ (15.01%),
and NHy* (18.32%) (Figure 4).

Episode I Episode I

OCx1.8 mm EC mm CI° mm NO,” mm SO’ —PM,s
Na NH,' K' mm Mg» mm Ca”

Concentration (pg/m*)

9/01 9/03 9/05 9/07 9/09 9/11 9/13 9/15 9/17 9/19 9/21 9/23 9/25 9/27 9/29
Date

Figure 4. Time series variation of PMj; 5 components in Dongying in September 2022.

The diurnal variation of O3 on both polluted and clean days showed a single peak,
starting to rise at 07:00 and peaking from 16:00-17:00 before declining (Figure 5a). The
solar radiation lasted from 07:00 to 18:00 during the day and decreased to 0 W/m? at 19:00.
The similarity between the diurnal variation of O3 concentration and the intensity of solar
radiation confirmed that Oj is strongly influenced by photochemical production (Figure S4).
At 9:00, the hourly concentration of O3 on the polluted and clean days were similar. Before
9:00, the hourly concentration of O3 on clean days was higher than that on polluted days.
After 9:00, the hourly concentration of O3 was lower on clean days than that on polluted
days. In the morning of pollution days, it increased rapidly and reached the peak at 16:00
(over 200 pg/m?3). On the clean days, it increased slowly and peaked at 16:00 and 17:00
(about 100 pg/m?).



Atmosphere 2024, 15,73

9 of 21

—=— Polluted days—e— Clean days
70

2501 a b
60

N :///\\J/

e ol oo
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 18 20 22
Time Time

& %3
S S

0O, (ng/m’)
P

PM, 5 (ng/m’)

[ ]
=

o

Figure 5. Diurnal variation of the O3 (a) and PM; 5 (b) concentrations on the polluted and clean days
in Dongying in September 2022.

The hourly concentration of PM; 5 showed a diurnal variation of first rising and
then decreasing (Figure 5b). The hourly concentration of PM; 5 on the polluted day was
significantly higher than that on the non-polluted day, with a difference of about 25 ug/m?3.
On pollution days, PM, 5 concentrations peaked at 57 pg/m3 at 9:00 a.m. On clean days,
PM, 5 concentrations peaked at 31 ug/ m? at 8:00 a.m. The peak PM; 5 concentration on
polluted days lagged one hour behind that on clean days, and the increase was significantly.

On polluted days, the proportions of PM; 5 components in decreasing order were
organic matter (30.81%), NOs ™~ (20.47%), 5042~ (15.09%), NH,* (13.98%), others (9.95%),
EC (3.97%), Ca®* (2.55%), C1~ (1.22%), K* (1.16%), Na* (0.50%), and Mg?* (0.30%) (Figure 6).
On clean days, the proportions of PM; 5 components in decreasing order were organic
matters (29.55%), SO4%~ (15.82%), NO;3~ (15.67%), NH4* (12.74%), others (10.49%), EC
(6.16%), Ca>* (4.61%), C1~ (1.86%), K* (1.36%), Na* (1.09%), and Mg?* (0.65%) (Figure 6).
The level of NO3 ™ on polluted days were higher than those on clean days, with a difference
of about 5%. The proportions of organic matters and NHy* were about 1% higher on
polluted days than those on clean days. The level of EC and Ca?* on clean days were higher
than those on polluted days, with a difference of about 2%. The proportions of C1~, K,
Na*, and Mg?* on clean days were higher than those on polluted days.
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Figure 6. Proportions of PM; 5 components on the polluted and clean days in Dongying in Septem-
ber 2022.

3.2.2. Spatial Variation

During episode I (Figure 7), the daily concentration of O3 in Dongying showed a
distribution characteristic of “low in the north and high in the south” from 7 to 10 September.
The O3 concentration increase began in the south of Dongying. With the development
of O3 pollution, it reached more than 232 pg/m? in the southern areas on 9 September,
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which was seriously polluted. On 10 September, the overall pollution situation improved,
but it still exceeded 196 pg/ m?3 in most areas. On 11 September, the levels of O3 were
160-178 ng/m? in all areas except in the north-central region, which were still 196 pg/m3.
On 12 September, the O3 concentration rebounded, showing a distribution characteristic of
“low in the north and high in the south”. On 13 September, it dropped to below 160 pg/m?,
and O3 did not exceed the standard limit. Based on the distribution characteristics of PM, 5
concentration, the variation trend of PM; 5 concentration was consistent with that of O3 in
Dongying from 7 to 13 September. The spatial variation of PM; 5 concentration was low on
7,8, and 13 September, but high on 9, 10, 11, and 12 September. The concentration of PM; 5
on 9 September was high in the north and low in the south, while it was low in the north
and high in the south on 10, 11, and 12 September. The overall concentration distribution
characteristics were similar to those of Oj.

During episode II (Figure 7), the O3 concentration in Dongying was less than 160 ug/m
on 24 September, not exceeding the standard limit. From 25 to 28 September, O3 pollution
gradually increased. On 25 September, the daily high value of O3 appeared in the northeast
region, and then O3 concentration gradually increased on 26 and 27 September, showing
an overall distribution characteristic of “high in the south and low in the north”. On 28
September, the O3 concentration in most areas of Dongying was higher than 232 pg/m3.
From 29 to 30 September, the O3 pollution situation was improved, but the O3 concentration
in the northern area was still higher than 232 pg/m?, with a distribution characteristic of
“high in the north and low in the south”. Based on the distribution characteristics of PM; 5
concentration, the variation trend of PM; 5 concentration was consistent with that of O3
concentration in Dongying from 20 to 30 September. Overall, the concentration of PM; 5 in
Dongying showed a distribution characteristic of “high in the north and low in the south”,
which was similar to the concentration distribution characteristics of Os.
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Figure 7. Spatial and temporal distribution of PM; 5 and O3 from 7 to 13 September 2022 and 24 to 30
September 2022.

3.2.3. Correlation Analysis of PMj 5 and Os

In September 2022, the Pearson correlation coefficient of O3 and PM; 5 was 0.92
in Dongying, showing a strong positive correlation (Figure 8). The Pearson correlation
coefficient between O3 and PM; 5 was 0.84 and 0.64 on polluted and clean days, respectively.
The positive correlation between O3 and PM; 5 was stronger on polluted days. In pollution
days of episode I and II, the Pearson correlation coefficients of O3 and PM; 5 were 0.71 and
0.87, respectively. Compared with Episode I, which was dominated by light pollution, the
correlation between O3 and PM, 5 was stronger in Episode II, which was dominated by
moderate pollution, indicating that the correlation between O3 and PM; 5 was stronger
with the increase in pollution level.
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Figure 8. Correlation analysis of PM; 5 and O3 in Dongying in September 2022.
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3.3. Cause Analysis of Complex Pollutions
3.3.1. Meteorological Conditions of Pollutions

The meteorological factors (temperature, relative humidity, wind speed, air pressure,
and ultraviolet radiation) of polluted days and clean days were comparatively analyzed
in Dongying in September 2022 (Figure 9). The results showed that the daily average
temperature of polluted days (range: 20.0-25.8 °C, mean: 22.6 °C) was slightly higher than
that of clean days (range: 17.3-25.0 °C, mean: 21.0 °C). The daily average relative humidity
(range: 51.9-73.0%, mean: 62.1%) was lower than that of clean days (range: 34.2-94.0%,
mean 64.5%), indicating that high temperature and low humidity were conducive to the
formation of O3 pollution. The humidity at nighttime on polluted days was higher than
that on clean days, which was conducive to the generation of particulate matters.

25 =70
)
g " £ 651
g E
g 260+
5] >
(=P - —
£ 255
= =
[}
10 & 50
Polluted day  Clean day Polluted day  Clean day
20 2.0
< _
= 184 2 1.8 1
g g
S 164 3 1.6
= (5]
£ 14 &4
2 £
S 121 = 1.2 1
gl
10 T T 1.0
Polluted day  Clean day Polluted day  Clean day

Figure 9. Comparison of meteorological conditions on polluted and clean days in September 2022.

The daily average atmospheric pressure on polluted days (range: 1007.0-1018.0 hPa,
mean: 1013.0 hPa) varied a little compared with that on clean days (range: 1004.7-1017.8 hPa,
mean: 1013.5 hPa). Wind speed on polluted days (range: 0.7-2.3 m /s, mean: 1.3 m/s) was
lower than that on clean days (range: 0.8-32.9 m/s, mean: 1.7 m/s). The dominant wind
direction on polluted days was south wind, and the dominant wind direction on clean
days was northeast wind. The diffusion conditions were poor at low wind speeds, and
pollutants continued to accumulate locally. The daily average radiation flux on polluted
days (UV-A: 14.4-19.3 W/m?, mean: 17.1 W/m?) was higher than that on clean days
(UV-A: 6.9-22.7 W/m?2, mean: 16.9 W/m?), and the high radiation flux was beneficial to
the formation of Oj3.

In general, the main meteorological conditions for PM; 5 and O3 pollution in Dongying
in September were higher daytime temperature, nighttime relative humidity and radiation
flux, and lower speed south wind and southeast wind superimposed convergence zone.

3.3.2. Local Emissions

In September 2022, the average daily emissions of NOy, SO,, smoke dust, and total
non-methane hydrocarbons were 22.62, 8.70, 0.99, and 0.55 tons in Dongying, respectively
(Figure S5). The average daily emissions of these four types of pollutants on pollution
days were lower than those on clean days. The emissions of NOy, SO,, and smoke dust in
Episode II with moderate pollution was lower than that in Episode I with light pollution,
indicating that the complex pollution process in September was more likely to be affected
by meteorological conditions and transmission than by local emissions.

Model simulation results show that, in September 2022, O3 in Dongying mainly came
from industrial sources (29% =+ 12%) and transportation sources (18% =+ 10%) (Figure 10).
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The precursor NOy was mainly from industrial sources (49% =+ 12%) and transportation
sources (29% =+ 13%), and VOCs were mainly from industrial sources (59% =+ 13%) and
transportation sources (14% =+ 7%) (Figure 10). During episode I, the industrial sources
were the primary contributors of O3, NOy, and VOCs, with relative contributions of 36%,
48%, and 64%, respectively. Transportation sources were the second contributors to Oz,
NOy, and VOCs, with relative contributions of 23%, 29%, and 17%, respectively. Compared
with the average values in September, the relative contribution of industrial sources to O3
and VOCs during Episode I increased by 5% and 7%, but decreased by 1% for NOy; the
relative contribution of transportation sources to O3 and VOCs increased, and the relative
contribution to NOx remained flat. During episode II, industrial and transportation sources
were still the major contributors to Oz, NOy, and VOCs in Dongying. Compared with the
average values of Episode I, the relative contributions of industrial sources to O3, NOy, and
VOCs decreased by 2—4%, while the contributions of transportation sources increased by
1-5%. It can be seen that the level of O3 and the precursors NOy and VOCs in Dongying is
mainly influenced by industrial and transportation sources.
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Figure 10. Absolute and relative contributions of different sources to the near-surface NO,, VOCs,
and Oj at the Atmospheric Observatory of Dongying in September 2022. OTHR, BCON, and ICON
denote contribution from other areas, boundary condition, and initial condition, respectively.

3.3.3. Chemical Transformation
O3

In September 2022, the O3 formation on polluted and clean days in Dongying was in
the transitional and NOy-limited regimes, respectively (Figure 11). The control of NOy and
VOCs on polluted days could effectively reduce the O3 concentration. The sensitivity of O3
formation to NOy decreased and that to VOCs increased on polluted days compared with
clean days. The diurnal variation of the sensitivity of O3 formation showed that NO, had
an inhibitory effect on O3 formation before 11:00 on the polluted days, which was in the
VOCs-limited regimes, and it was in the transitional regimes after 11:00 (Figure 12). On
clean days, both NOx and VOCs promoted O3 formation in the daytime, and O3z formation
was more sensitive to NOy from 10:00 and in the NOy-limited regimes from 10:00 to 17:00.
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Figure 11. Sensitivity of O3 formation in Dongying in September 2022.
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Figure 12. Diurnal variation of sensitivity of O3 formation in Dongying in September 2022.

According to the simulated net formation rate of Os, the average net formation rate of
O3 was 25.7 ppbv/h from 9:00 to 17:00 on polluted days, which was significantly higher
than 17.0 ppbv/h on clean days (Figure 13). The maximum net formation rate of O3
on polluted days was 50.6 ppbv/h, which was slightly higher than that on clean days
(48.7 ppbv /h). The local formation promoted the increase in O3 concentration on polluted
days in Dongying.
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Figure 13. Comparison of diurnal net formation rate of O3 concentration on polluted and clean days
in Dongying in September 2022.

PM2_5

In September 2022, with the development of O3 pollution, the concentrations of NO3; ™~
and SO4%~ in PMj 5 increased to different degrees (Figure S6). From the hourly variations
of SO, and NO, concentrations, the variation trend of SO42~ concentration was relatively
consistent with that of SO, concentration, and the Pearson correlation coefficient was 0.21
(Figure 14). The variation trend of NO3 ™ concentration was consistent with that of NO,, and
the Pearson correlation coefficient was 0.32 (Figure 14). In general, with the concentration
increases of precursors NO, and SO, the concentrations of NO3;~ and S042~ in PMy5
increased significantly. The concentration increases of precursors NO, and SO, contributed
greatly to the formation of NO3~ and SO4?~ during the pollution period in Dongying.
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Figure 14. Scatter plot of NO,-NO3 ~ and SO,-SO4%~ in Dongying in September 2022.

In September 2022, when the hourly concentration of PMj; 5 increased, the concentra-
tions of OC and SOC in Dongying increased significantly (Figure S7). The average SOC/OC
was 71.8% =+ 15.4%, with a range of 3.1% to 93.8% (Figure 15). The average proportion of
SOC in PM; 5 was 13.1% =+ 5.2%, with a range of 0.3% to 52.2% (Figure 15). Compared
with clean days, the average proportion of SOC in OC and PM; 5 increased by 14% and
2.3%, respectively, on polluted days. During the two episodes, the proportion of SOC in
OC and PM, 5 also increased; in particular, in episode II, which included four moderate
pollution days, the proportion of SOC in PM; 5 increased by 5.5% compared with the clean
day, indicating that SOC contributed significantly to PM; 5 on polluted days, especially on
moderately polluted days.
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Figure 15. Proportion of SOC in OC and PM; 5 in September 2022.

Effect of Atmospheric Oxidation on the Formation of Secondary Inorganic Components
in PM2_5

The peak hourly concentration of Oy increased from 181 ug/m? to 278 pg/m? from
1 to 8 September and remained at a high level (210-260 pg/m?) from 9 to 12 September
(Figure 16). On 13 September, it decreased to 136 pg/m?. It fluctuated between 85 pg/m?3
and 186 ng/m? from 14 to 24 September, and the peak value was relatively low. The
peak hourly Ox concentration increased again from 25 to 28 September (193-277 pg/m?)
and decreased slightly to 221-223 pig/m? from 29 to 30 September. Overall, the hourly
concentration of Ox varied greatly during the O3 pollution process.
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Figure 16. Time series diagram of NOR, SOR and Ox in Dongying in September 2022.

The variation trends of SOR and NOR were consistent with that of Oy (Pearson corre-
lation coefficients were 0.36 and 0.28, respectively) (Figure 16). In general, the variation
relationship among Ox, SOR and NOR reflected that the process of accelerated transfor-
mation of primary pollutants such as SO, and NO; was caused by strong atmospheric
photochemical reactions. This process led to the conversion of precursors such as NO; and
SO, to NO3 ~ and SO4%~ in the O3 pollution process, which increased the concentration
of secondary inorganic components in PM; 5. In the early stage of Episode I, Ox was at a
high level, indicating that the overall atmospheric oxidation was enhanced, and SOR and
NOR increased accordingly. During Episode II, the Ox, SOR, and NOR all maintained high
levels, indicating that the increase in Ox atmospheric oxidation was an important reason
for the increase in NO3 ~ and SO42~ concentrations in PM; 5.

3.3.4. Air pollution Transportations
In September 2022, O3 pollutions occurred frequently in central and eastern China. Un-
der the influence of southerly wind, Dongying continued to be in the downwind direction

of the polluted area.
The results of backward trajectory cluster analysis showed that it was affected by
air mass transportations in multiple directions during the two episodes in Dongying,
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mainly in the southwest and southeast directions (Figures S8 and S9). Moreover, in one
episode, the source direction of the polluted air masses continuously varied, which made
the formation of a convergence zone easy and the diffusion of pollutants difficult. In
addition, the transportation path of the polluted air masses passed through the Bohai Bay,
which makes Dongying vulnerable to the influence of maritime pollution transportation.
The vertical observations showed that PM; 5 and O3 accumulated near the surface and
were transported vertically during both pollution periods (Figure S10). This indicated that
the complex air pollution in Dongying was not only affected by horizontal transportation,
but also by vertical transportation.

Model simulations show that in September 2022, O3 in Dongying was mainly from
local contribution (19% =+ 13%) and Jinan, Tai’an, Zibo, and Weifang (19% =+ 20%) in
Shandong. Precursor NOy was mainly from Jinan, Tai’an, Zibo, and Weifang in Shandong
(20% = 24%) in addition to local contribution (69% =+ 24%). VOCs were also mainly from
Jinan, Tai’an, Zibo, and Weifang in Shandong (24% =+ 25%) in addition to local contribution
(42% =£ 21%) (Figure 17). It has been shown that Zibo, Jinan, and Weifang in Shandong
Province have high emission intensity of VOCs, and Weifang also has high VOCs emissions.
The main sources of VOCs in these cities were solvent usage, industrial processes, and
road-mobile sources. The NOx emission intensities of Jinan and Zibo ranked among the top
three in Shandong Province (25.9 and 19.1 t/km?, respectively), which were higher than the
average value of Shandong Province (18.4 t/km?). NOy in these cities mainly comes from
fossil fuel combustion and road-mobile sources [35]. When the dominant wind direction in
the region was southwest-southeast, the above areas being located upwind of Dongying
meant that Dongying was susceptible to impacts on air quality.
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Figure 17. Absolute and relative contributions of each marked regions to the near-surface NOy, VOCs,
and Oj at the Atmospheric Observatory of Dongying in September 2022. OTHR, BCON, and ICON
denote contribution from other areas, boundary condition, and initial condition, respectively.
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During Episode I, Jinan, Tai’an, Zibo, and Weifang in Shandong had the highest
relative contribution to O3 in Dongying (32%), with an increase of more than 13% compared
to clean days, followed by Dongying’s local generation (20%), with no significant change
compared to clean days. NOx was mainly affected by local emissions (64%), but the relative
contribution decreased by more than 5% compared to clean days, followed by Jinan, Tai’an,
Zibo, and Weifang in Shandong (26%), with an increase of more than 6% compared with
clean days. VOCs were mainly affected by local emissions and Jinan, Tai’an, Zibo, and
Weifang in Shandong, which contributed 35% and 36% to VOCs in Dongying, respectively.
Compared with clean days, the local contribution decreased by more than 7%, and the
influence of Shandong Jinan, Tai’an, Zibo, and Weifang increased by more than 12%.

Compared with Episode I, the contribution of local generation to O3 in Dongying
during Episode II was flat, the contribution of Jinan, Tai’an, Zibo, and Weifang in Shandong
increased by 3%, and the contribution of Heze, Jining, Zaozhuang, Linyi, and Rizhao in
Shandong Province increased from 3% to 12%; the contribution of local generation to NOx
in Dongying decreased to 52%, and the contribution of Jinan, Tai’an, Zibo, and Weifang
in Shandong Province increased to 40%; the contribution of local generation to VOCs in
Dongying decreased by 2%, while that of Jinan, Tai’an, Zibo, and Weifang in Shandong,
and that of Heze, Jining, Zaozhuang, Linyi, and Rizhao in Shandong increased by 8% and
11%, respectively. It can be seen that the contribution of regional transportation to O3 and
precursors NOy and VOCs increased significantly during the pollution period, and regional
joint prevention and control is very important for air pollution prevention and control
in Dongying.

4. Conclusions

Under the background of a widespread regional air pollution process in the central and
eastern regions of China, two complex air pollution episodes with a duration of 5-6 days
occurred in Dongying in September 2022. The hourly concentrations of O3 and PM; 5 were
in the ranges of 8-275 and 2-86 ng/m?, respectively. The causes of pollution are as follows.

e Higher daytime temperatures, higher nighttime relative humidity, high radiative
fluxes, and low-speed southerly and southeasterly winds superimposed on the con-
vergence zone are the main pollution meteorological conditions for the PM; 5 and O3
complex pollution in Dongying in September.

e In the context of pollutant emissions at a high level, compared with the variations
in precursors emissions, the complex air pollution episode in September is more
susceptible to changes in meteorological conditions and pollutant transport.

e  Thenet daytime O3 generation rate in Dongying on polluted days was twice as high as
that on clean days; O3 generation in the daytime was in the transitional regimes, and
in the VOCs-limited regimes in the morning. The concentration increases of precursors
NO; and SO, contributed greatly to the formation of NO3~ and SO42~. When O3 was
formed via atmospheric photochemical reactions, the atmospheric oxidation capacity
was also improved, which promoted the conversion of precursors such as NO, and
SO, to NO3;~ and SO42~. On the polluted days, secondary organic matter contributed
significantly to the increase in PM; 5 concentration, which together led to the increasing
trend of secondary pollutants concentrations in the process of O3 pollution.

e Inaddition, Dongying was frequently in the downwind direction of land and sea and
was often in the convergence zone of air flows during the episodes. The diffusion con-
ditions were very poor, and thus the pollutants formed locally and transported from
the upwind direction, including the Bohai Bay air mass transportation, were easy to
be accumulated. The vertical transportation would further increase the concentration
of pollutants in Dongying.

Synergistic control of complex air pollution is the focus of air pollution management
in China in the future. In order to improve ambient air quality and protect human health,
here are some policy recommendations for Dongying.
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e Interms of control, (1) the synergistic control of NOy and VOCs at the city level should
be further strengthened in Dongying, and in particular, the control of NOy and VOCs
emissions at nighttime needs to be strengthened to minimize the impact on O3 and
PM, 5 complex pollution. (2) It is recommended that Dongying local government
should actively promote the construction of effective air pollution joint prevention
and control mechanisms with the neighboring cities such as Jinan, Tai’an, Zibo, and
Weifang in Shandong Province.

e  Interms of research, attention should be paid to scientific research on the characteristics
of atmospheric pollution in Bohai Bay and its impact on the air quality of coastal cities,
so as to contribute to the effective improvement of ambient air quality in coastal cities
in Bohai Bay Rim.
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ultraviolet radiation in Dongying City in September 2022; Figure S5: Comparison of pollution source
emissions in Dongying in September 2022; Figure S6: Time series of SO, NO,, NO; ™ and SO,42~ in
Dongying in September 2022; Figure S7: Time series diagram of SOC, OC and PM, 5 concentrations
in Dongying in September 2022; Figure S8: Results of backward trajectory cluster analysis during
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