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Abstract: A severe ozone episode occurred in cities along the Yangtze River of Jiangsu Province
(UAYRJS) from 6 to 8 September 2022, with daily maximum 8-h average ozone concentrations in
the range of 65.8-119 ppb, peaking in Nanjing on 7 September. We used the air quality model
WRF-CMAQ-ISAM and the Lagrange trajectory model HYSPLIT to quantify the ozone contribution
of each region and analyze the causes and regional transmission pathways of ozone pollution in
the UAYRJS. Based on simulated emissions, we also estimated the contribution of biogenic volatile
organic compounds. We found that weather has a negative impact on pollution, and ozone pollution
tracks the movement of the Western Pacific Subtropical High. UAYRJS was affected by oceanic
pollution, and there was a mutual influence among the area’s cities. On 6 September, the ozone
in UAYRJS was mostly locally generated (50-98%); on 7 September, it was dominated by extra-
regional transport (50-80%). Isoprene concentrations in UAYRJS increased by 0.03-0.1 ppb on 6
and 7 September compared with 5 September. Sensitivity testing showed that the hourly ozone
concentration increased by 0.1-27.8 ppb (7.6-19.1%) under the influence of biogenic emissions. The
results provide a scientific basis for future ozone control measures.

Keywords: ozone pollution; WRF-CMAQ model; HYSPLIT model; biogenic volatile organic
compounds

1. Introduction

In recent years, fine particle pollution in China has improved annually, but the problem
of tropospheric ozone pollution remains severe. Controlling ozone pollution is crucial, as
excessive ozone concentrations can be hazardous to human health [1,2], affect plant growth,
and reduce crop yields [3-5]. Ozone is mainly generated from precursors such as volatile
organic compounds (VOCs) and nitrogen oxides (NOx) through complex photochemical
reactions [6], and there are significant nonlinear relationships between ozone generation
and its precursors [7]. In addition, ozone production is closely linked to meteorological
conditions [8], and owing to its long atmospheric lifetime, it can be widely dispersed
throughout and between regions [9], complicating ozone pollution control.

Considerable research has been conducted on the characteristics and sources of ozone
pollution. Lyu et al. [10] analyzed the ozone pollution process in Jinan City during summer
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and pointed out that mobile source emissions, such as exhaust from gasoline and diesel
vehicles, contributed the most to ozone production. Hua et al. [11] used the empirical
kinetic model OZIPR to analyze the sensitivity relationship between ozone and precursor
compounds and pointed out that priority control of volatile organic compounds can better
control ozone pollution in northwest China. Zhang et al. [12] analyzed the persistent
pollution process in Northeast China in June 2021 and concluded that there would be
VOCs to NOx conversion in the ozone sensitivity control area. Zhao [13] found that
higher ozone precursor (NOx and VOCs) concentrations in the fall of 2019 compared
to 2018 in Guangzhou city (by 3.0% and 27.0%, respectively), with a 61.0% increase in
ozone concentration, were mainly due to the increase in the concentration of biogenic VOCs
(BVOCs), offsetting the ozone pollution control benefits from the reduction of anthropogenic
VOC (AVOCs) emissions. In their study of the persistent dust event in Shanghai in 2019,
Lu. et al. [14] found that there was a phenomenon of co-pollution between ozone and
particulate matter, and gas-phase oxidation dominated the pollution process. Based on
the impact of BVOCs on ozone formation, Lou et al. [15] simulated and analyzed the
distribution of isoprene emissions and concluded that the average contribution rate of
BVOC:s to ozone concentration was 8.9% in August 2020 in Zhejiang Province. In addition,
Lu et al. [16] analyzed the causes of the 8-h average ozone concentrations (O3;_gp) in
Chinese cities and pointed out that the increase in ozone in 2017 compared with 2016
was mainly due to meteorological conditions conducive to the formation of BVOCs and
photochemical reactions.

In addition, ozone generation and transport are affected by meteorological conditions.
Ge et al. [17] analyzed the temporal and spatial changes of urban ozone pollution in China
from 2016 to 2020 and noted that pollution was affected by multiple factors, such as me-
teorological conditions and other pollutants. Zhang et al. [18] investigated the impact of
the East Asian summer monsoon on surface ozone in eastern China and pointed out that a
strong East Asian summer monsoon is beneficial to the reduction of surface ozone in the
northeast and eastern coastal areas of China. Lei et al. [19] used statistical analysis to study
the effects of a downdraft system on ozone at the periphery of a typhoon. Yi et al. [20]
used statistical analysis to study the effects of meteorological factors such as temperature,
relative humidity, and wind on the ozone concentration in the Yangtze River Delta region.
Zheng et al. [21] used the Weather Research and Forecast (WRF)-Community Multiscale
Air Quality (CMAQ) and Hybrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) models to study the impact of ozone in the Japanese and Korean regions on the
southeastern coastal areas of China under the influence of large-scale circulation. Ying
et al. [22] also analyzed the effects of sea and land breezes on ozone concentration using
the WRF-CMAQ model.

Moreover, other atmospheric pollutants can also affect the concentration of ozone.
Shen et al. [23] used the WRF-CMAQ model to conduct a sensitivity simulation experiment
to analyze and study the diurnal variation of NO, concentration and its causes in key urban
agglomerations in eastern China and explore the impact of the increase in diurnal variation
of NO; on ozone pollution. Zhou et al. [24] used the observation-based and WRE-CMAQ
models to simulate the emission reduction of severe pollution processes in Northeast China
and pointed out that an important task for ozone control is the synergistic control of NOx
and VOCs to reduce emissions.

In response to the long-term environmental threat of ozone pollution, Lyu et al. [25]
proposed a climate synergistic ozone pollution control scheme by identifying the new chal-
lenges of global ozone pollution in the last decade and summarizing historical governance
experiences in different countries. In recent years, especially during summer and fall, the
east coast of China has experienced several serious ozone pollution events, and its causes
and control measures have been studied. Zhou et al. [26] analyzed the characteristics of
ozone and precursor concentrations in Hangzhou during the G20 summit and pointed
out that an important task for ozone control is the synergistic control of NOx and VOCs
to reduce emissions. Some scholars analyzed ozone pollution in Jiangsu, quantified the



Atmosphere 2024, 15, 942

3o0f17

contribution of regional transport to ozone concentration using the WRF-CMAQ model
and the Integrated Science Assessment Model (ISAM) traceability analysis module, and
proposed control measures for anthropogenic emissions of air pollutants by combining the
simulation results of different emission reduction scenarios [27-29].

In early September 2022, a severe ozone episode occurred along the eastern coast of
China, with a large area and long duration. From 6 to 8 September, among the 342 cities
in China, ozone pollution was particularly severe in the urban agglomerations along
the Yangtze River in Jiangsu Province (referred to as UAYRJS), including Nanjing (N]),
Zhenjiang (Z]), Yangzhou (YZ), Suzhou (5Z), Wuxi (WX), Changzhou (CZ), Taizhou (TZ)
and Nantong (NT). On 6 September the O3 g1, in NT and YZ reached 112.5 ppb and
105.5 ppb, respectively, ranking second and sixth among the 342 cities. On 7 September the
O3_g1 in NT, WX and SZ reached 119 ppb, 108.7 ppb and 107.3 ppb, respectively, ranking
first, third and fourth in the country. On 8 September the O3 g}, dropped back, but in
S5Z, WX and CZ the O3 g}, was still higher than 84 ppb, and the pollution situation was
very serious. The ozone event was short, but it was one of the worst ozone pollution
events in the past five years, and an in-depth study of the event will allow us to better
understand the causes of the pollution and thus help in the control of ozone pollution in
the region. In this study, we used the meteorological and air quality observation data of the
UAYRJS to analyze the causes of pollution and the sources of air masses, and to quantify
the contribution of ozone sources in each region using the HYSPLIT and CMAQ-ISAM
models. Furthermore, we replicated this ozone pollution process using the WRF-CMAQ
model and designed sensitivity tests to quantitatively assess the contribution of BVOCs
to regional ozone. This study integrates meteorological conditions, regional transport
contributions, and the impacts of biological sources to provide scientific support for urban
ozone pollution management and regional joint prevention and control.

2. Materials and Methods
2.1. Data Source

The study period spanned from 00:00 local standard time (LT) on 5 September to 00:00
LT on 10 September 2022. Hourly ozone observation data for the eight cities along the
UAYRJS were analyzed and obtained from the website of the China National Environmental
Monitoring Station (https://air.cnemc.cn:18007/, accessed on 26 September 2022). Data
quality control was strictly performed based on the requirements of data statistical validity
stated in China’s National Ambient Air Quality Standards (GB3095-2012) [30]. According
to the file, the O3 g}, (daily maximum 8-h average O3) concentration was divided into
different ranges of excellent, good, mildly polluted, moderately polluted and severely
polluted and took 47.1 ppb, 75.1 ppb, 100.8 ppb and 124.1 ppb as the threshold values.
All observations were made using chemiluminescence and differential optical absorption
spectroscopy at the national air quality monitoring sites [31]. The hourly air temperature,
sea level pressure, relative humidity and instantaneous surface wind speed were monitored
by meteorological stations in the UAYRJS region. The concentrations of CO, NO; and
isoprene concentration in each city during the same period was obtained from the Jiangsu
Environmental Monitoring Center at a temporal resolution of 1 h.

The 500 hPa upper-air meteorological data were obtained from the fifth generation
European Center for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis
of the global climate (ERA-5) with a temporal resolution of 1 h and a spatial resolution of
0.25° x 0.25° (accessed on 28 September 2022) [32].

The input meteorological data for the WRF model were obtained from the NCEP
FNL (Final) Operational Global Analysis data (http://rda.ucar.edu/datasets/ds083.2/)
(accessed 28 September 2022) with a horizontal resolution of 1.0° x 1.0° and a time interval
of 6 h.
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2.2. WRF-CMAQ Model

In this study, we used the WRF model (version 4.0) [33,34] and the CMAQ model
(version 5.0.2) [35] to simulate the ozone concentration. The ISAM [36,37], which was
coupled with the CMAQ v5.0.2 model, was used to simulate the source apportionment
of ozone. CMAQ-ISAM has been well-applied in the resolution of air pollution sources,
such as ozone and fine particulate matter (PM; 5), which could improve tracer advection
and precursor tracing methods and increase the flexibility of the module application by
minimizing data processing.

The WRF-CMAQ model was nested in two domains. Domain 01 covered most of the
east-central part of China, with a resolution of 27 x 27 km and a grid number of 170 x 130.
Domain 02 took UAYRJS as the center, including Jiangsu and its neighboring provinces,
such as Shandong, Anhui, Zhejiang, Jiangxi, Fujian and the ocean, with a resolution of
9 x 9 km and a grid number of 112 x 118. In this study, the contributions of the two main
ozone precursors, NOx and VOCs, from Nanjing, Zhenjiang, Yangzhou, Suzhou, Wuxi,
Changzhou, Taizhou and Nantong, and five cities in northern Jiangsu, Shandong, Anhui,
Henan, Zhejiang, Jiangxi, Fujian and others (including D02 other land areas and oceans)
were computed using ISAM. The locations of the labeled regions are shown in Figure 1.
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Figure 1. Domain 02’s setting of WRF-CMAQ-ISAM model.

The vertical stratification of the model system was divided into 35 layers. The top of
the model was 50 hPa, of which there were 14 layers within the boundary layer (within
2 km). The specific parameter settings of the model are listed in Table 1.
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Table 1. Configurations for physical and chemical parameterization in WRF-CMAQ.

Scheme Name Scheme Settings
Microphysics Purdue Lin scheme
Cumulus convection Kain-Fritsch (new Eta) scheme
Longwave radiation RRTM scheme
Shortwave radiation Goddard shortwave
Sticky layer Monin-obukhov
Surface layer Noah Land Surface Model
Boundary layer Yongsei University (YSU) scheme

The CMAQ-ISAM was driven by WRE. The model version and model parameter
settings in this study were consistent with those of Zheng [21], whose simulation results
were also verified in this study.

2.3. Emission Inventory

During CMAQ modeling, anthropogenic emissions within China were obtained from
the 2017 Multi-resolution Emission Inventory for China (MEIC2017; http:/ /meicmodel.
org/, accessed on 16 September 2022) [36,37] released by Tsinghua University, which has
a resolution of 0.25° x 0.25°. The MEIC2017 inventory included five emission sectors
(industry, power, transportation, residential and agriculture) and ten major atmospheric
pollutants, including SO,, NOx, CO, NMVOC (non-methane VOCs), NH3, CO,, PM; 5,
PM;, black carbon (BC) and organic carbon (OC). Biogenic emissions were calculated
using a model of natural gas and aerosol emissions (MEGAN v2.04). MEGAN is a global
biogenic emissions model suitable for both regional and global simulations of gas and
aerosol emissions from terrestrial ecosystems into the atmosphere [38]. In this study, the
MEGAN model was run with the same model domain and spatial resolution as the CMAQ
model and was driven by hourly WRF outputs.

2.4. HYSPLIT Model

The HYSPLIT model is a professional model used to calculate and analyze the transport
and diffusion trajectories of atmospheric pollutants and has been widely used in the study
of the transport and dispersion of multiple pollutants in various regions [39]. In this study,
we used HYSPLIT version 4.9. We chose the center of each city in the UAYRJS as the release
point, and the simulation’s top height was 500 m relative to the ground; the backward
retrograde was 96 h, and the simulation time was 16:00 on 6 September 2022.

2.5. Evaluation of the Model Results

The simulated concentration by the WRF-CMAQ model was tested using the ozone
concentration monitored by the national control points, and the evaluation indicators in-
cluded the correlation coefficient (R) and root mean square error (RMSE) (see
Equations (1) and (2)).

¥, (Sim; — Sim) (Obs; — Obs)

R= - (1)
\/ YN (Sim; — Sim)z\/ YN, (Obsi — @)
N s 2
RMSE = \/Zil (Slmz\l] Obsl) (2)

where N is the number of samples; Sim; and Obs; are the model simulation results and
monitoring data results at i time, respectively; and Sim and Obs are the averages of the
simulation and monitoring results at i time.
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Sim—Temperature (°C)

Sim—CO concentration (ppb)

3. Results and Discussion
3.1. Model Simulation Evaluation

As outlined in Section 2.1, this study utilized hourly data on air temperature, sea
level pressure, relative humidity and instantaneous surface wind speed monitored by
meteorological stations in the UAYRJS region between 00:00 on 4 September and 23:00 on
8 September 2022. The data were employed to assess the efficacy of the WRF simulation.
Additionally, the hourly concentrations of CO, NO, and O3 were obtained from air pollutant
monitoring stations to evaluate the effectiveness of the WRF-CMAQ simulation. Figure 1
illustrates the locations of UAYR]JS cities.

For the study period, statistical analysis was conducted for each variable, including
mean deviation, mean absolute error (MAE), root mean square error (RMSE) and correlation
coefficient (R). The averaged results for the UAYRJS region are presented in Figure 2 and
Table 2. Overall, the simulated wind speeds were slightly higher than the observed values,
with a mean deviation of 1.06 m/s. The simulated air temperatures and sea level pressures
generally agreed with the monitored values, exhibiting a mean deviation of less than 0.5%.
However, the other variables showed slightly lower values compared to the observations,
with mean deviations ranging from 10% to 20%.
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Figure 2. Evaluation of the simulations of each variable hourly value in UAYRJS from 5 to 8 September
2022.

Table 2. Evaluation of the simulations of each variable hourly value in UAYRJS from 5 to 8 September
2022. (Abbreviations were as follows: MAE, mean absolute error; R, coefficient of determination;
RMSE, root mean square error).

Mean
Variabl MAE R RMSE
ariables Observation Simulation
Temperature (°C) 26.0 25.9 —0.09 091 2.09
Sea level pressure (hPa) 1011.0 1010.2 —0.81 0.99 1.63
Relative humidity (%) 74.4 67.2 —7.23 0.92 11.53
Wind speed (m/s) 3.3 43 1.06 0.86 1.73
CO (ppb) 571.4 512.5 —58.92 0.85 102.44
NO2(ppb) 9.2 7.5 -1.71 0.64 411
O3(ppb) 125.9 106.6 —19.32 0.94 26.41
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The R for all variables was greater than 0.6. In particular, the R values for sea level
pressure, O3 concentration, relative humidity and air temperature were 0.99, 0.94, 0.92 and
0.91, respectively. These high R values indicate that the WRF and WRE-CMAQ models
effectively reproduced the weather processes and characteristics of atmospheric pollutants.
The biases of the simulated O3 concentrations in this study are comparable to or even
smaller than previous studies [15,21,22,24,40].

3.2. Analysis of the Variation Characteristics of Pollutants and the Weather Situation during the
Contamination Process

The O3 g}, in UAYR]JS from 5 to 8 September 2022 is shown in Figure 3, and ozone
pollution was the most serious on 6-7 September, in which CZ, SZ and NT were moderately
polluted on two consecutive days, and YZ and WX were moderately polluted on one day.
On 8 September, O3_g1, was lower than that of the previous two days, but there were still
five cities with light pollution.

Data~_City NJ YZ VAl TZ CzZ WX NT

9/5

105.0 103.1

105.9 104.1 107.3

Figure 3. O3_g}, pollution calendar map in UAYRJS from 5 to 8 September 2022 (unit: ppb). (Note:
Green, yellow, orange and red represent excellent, good, light and moderate pollution under the
ozone air quality sub-index standards, respectively).

Usually, the position of the 588 dgpm isopotential height line (referred to as the
588 line) is used to represent the intensity change of the western Pacific subtropical high
(WPSH) [41]. In this study, the ozone polluted cities in the UAYRJS on different days,
all located in the area encompassed by the contour 588 line, which was impacted by the
WPSH, and it showed a good relationship between the control range of the WPSH and the
ozone pollution area. We examined the changes in the 588 line at 16:00 every day from 5
to 8 September (Figure 4) and combined them with the ozone hourly concentration and
surface wind field of the UAYRJS at 16:00 every day from 5 to 8 September, simulated
by WRF-CMAQ (Figure 5). On 5 September, line 588 was located in the East China Sea.
The ozone concentration was below 69.5 ppb and the dominant wind direction was north.
On 6 September, the WPSH strengthened, and line 588 moved northward to 30° N. The
ozone concentration generally exceeded 93.3 ppb and all of the UAYRJS cities exceeded
the ozone standard (75.1 ppb); YZ, CZ, SZ and NT even showed moderate pollution that
exceeded 103.1 ppb. The winds shifted to the south, and their speed was generally lower
than 2 m s~!. At low wind speeds, air masses do not spread easily. It mainly affected the
cities in the center of the region and the downwind cities, such as YZ, CZ, SZ and NT, so
there was more serious ozone pollution in those cities. On 7 September, line 588 continued
to move northward to 34° N and covered all of UAYR]JS. In addition, all eight cities in the
UAYRJS suffered light and moderate ozone pollution; and for CZ, WX, SZ, NT, all four
cities exacerbated pollution by 0.9-8.4 ppb, with the highest reaching 107.3 ppb, showing a
stable polluted state in the UAYR]JS. The northern cities in UAYR]JS, such as YZ, NJ and TZ,
had a north wind, but in the southern cities, such as NT, SZ and WX, south winds prevailed,
with wind speeds below 1 m s~!. South and north winds converged in CZ, WX, SZ and
NT, so ozone concentrations were higher in these cities than in others. On 8 September, the
WPSH weakened, and line 588 retreated to 30° N and the ozone concentration in UAYRJS
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dropped to 56 ppb; only SZ and the south of WX were still higher than 93.3 ppb, and the
north wind gradually strengthened to about 4 m s~ 1. During the ozone event, in NJ and
Z] for example, located in the westernmost part of the UAYRJS, were less affected by the
transmission of polluted air masses in the UAYRJS, and their ozone concentrations were
lower than those of neighboring cities, such as CZ.

40°N

30°N

20°N

110°E 120°E 130°E

Figure 4. Height distribution of 588 dgpm potential at an altitude of 500 hPa on 16:00, 5 to 8 September
2022.

3.3. Transmission Path Analysis

As shown in Section 3.2, it is clear that 6 September was the first polluted day of
UAYRJS, and there was an enhanced WPSH process from 5 to 6 September. Furthermore,
the main wind direction changed from north on 5 September to south on 6 September. The
daily anthropogenic emission sources usually stayed in a steady state, but the weather
conditions changed day by day, especially the air mass source. In order to analyze why the
pollution event was triggered on 6 September, we used the HYSPLIT model to analyze the
air mass transport paths of pollution in the UAYRJS at 16:00 on the day (Figure 6). The air
masses arriving at the research area at the time were all from the Yellow Sea and the Bohai
Sea first of all; second, they passed through Shandong Province and to the north of Jiangsu
Province, and got to UAYRJS; finally, they returned to UAYRJS after passing through Anhui
Province in a southerly direction.

According to the air mass path estimate, pollution may have a transmission impact in
the ocean, Shandong, northern Jiangsu and Anhui.

3.4. Ozone Sources

To further quantify the impact of anthropogenic emissions and regional pollution
transport, we evaluated the hourly contributions of neighboring provinces (Shanghai,
Henan, Anhui, Shandong, Jiangxi, Zhejiang and Fujian), five cities in northern Jiangsu
and other regions (including the ocean) to ozone concentrations in the UAYRJS from 5
to 8 September using the CMAQ-ISAM module (Figure 7). From the observed data, the
ozone hourly concentrations in UAYR]JS ranged from 36.4 to 92.6 ppb during the daytime
(7:00-17:00) and from 37.7 to 74 ppb during the nighttime (18:00-6:00 the next day), and the
average nighttime concentration was lower than that of the daytime average concentration
by 13.3 ppb.



Atmosphere 2024, 15, 942 9o0f17

20220905 16:00 20220906 16:00
34°N 34°N
33°NF q:; 33°N |
_H
1 t | Sm/s
32°N - B | 32°N}
) Y 120
31°N | 31°N| 100
; ; ; ; i | 80
118E  119°E  120°E _ 121°E  122°E 118°E  119°E  120°E  121°E  122°E
20220907 16:00 20220908 16:00 o
34°N 34°N 60 =
40
33°Nt 33°N}+
20
32°Nt 32°NF
0
31°N} 31N}
1I8E  119°E  120°E _ 12I°E_ 122°E 1I8°E_ 1I9°E _ 120°E__12I°E _ 122°F

Figure 5. Spatial distribution of ozone concentration changes in UAYR]JS from 5 to 8 September 2022.
(Note: The shades represent the concentration distribution, and the vector arrows represent the wind
direction and speed).
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Figure 6. 96 h backward trajectories of UAYR]JS at 16:00 on 6 September 2022. (Note: The dots
represent the simulated release position; the lines represent the spatial distribution of traceable
trajectories).
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Figure 7. Hourly series of ozone source analysis in UAYRJS from 5 to 8 September 2022. (Note: The
superimposed slash mask area represents the nighttime, with no mask for daytime. The coloring map
depicts the relative contribution from different regions represented by different colors to the hourly
concentration in a given city; they add up to a total of 100%. The highly saturated colors represent
the UAYR]S, and relatively low saturation represents other areas).

From the daytime hourly contribution results, NJ, YZ, Z], TZ and NT were mainly
affected by local generation on 5 September, with a contribution share of 30-70% and a
contribution concentration range of 9.3-30.3 ppb, followed mainly by the contribution
from the five cities in northern Jiangsu Province and other regions. Suzhou, WZ and
CZ were affected by intra-regional transmission from UAYRJS, contributing 25-65% and
4.7-23.3 ppb; for example, CZ generated 25%, and TZ, Z] and other cities contributed up
to 50%.

On 6 September, ozone in the UAYRJS was dominated by intra-city generation and
intra-regional transmission, which together accounted for 75-98% of the total. Among them,
ozone in NJ was mainly generated in the city, with the highest city hourly contribution of up
to 80%, contributing to the concentration of 37.3 ppb, while the extra-regional contribution
was mainly from Anhui, Shandong and five cities in northern Jiangsu. As for the other
seven cities, the contribution of local ozone generation accounted for 25-75%, and the
concentration contribution was in the range of 9.3-98 ppb; compared with 5 September, the
contribution of intra-regional transmission to local ozone increased to differing degrees, and
the concentration contribution increased by about 2.3-28 ppb (5-20%). Among them, the
intra-regional transmissions from SZ, WX, CZ and TZ were prominent, with a contribution
of up to 60%.

On 7 September, the ozone pollution in UAYRJS was dominated by an extra-regional
contribution, up to 70%, and a contributing concentration in the range of 4.7-70 ppb. Among
them, NJ, YZ, Z] and TZ were mainly affected by the contribution of Anhui Province, and
secondly, by the influences of Zhejiang Province and the five northern cities of Jiangsu
Province; CZ, WX, SZ and NT were mainly affected by Zhejiang Province, followed by
Shanghai, Shandong and other regions (ocean, etc.).
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On 8 September, compared with the previous day, single city contributions were
down to about 20%, intra-regional transmission contributions were in the range of 30-55%,
contributing to a concentration of 2.3-23.3 ppb, and the contribution of extra-regional trans-
mission was mainly from the five cities of northern Jiangsu Province, Shanghai and Zhejiang
Province (accounting for about 50%), contributing to a concentration of 4.7-16.3 ppb.

In the nighttime, the ozone source in the UAYRJS was different from the daytime. On
5 September, ozone in UAYRJS was mainly affected by extra-regional transmission, domi-
nated by transmission from the five cities in northern Jiangsu Province, with a contribution
range of 65% to 90% and a contribution concentration of 9.3-60.7 ppb.

On 6 September, ozone in UAYRJS was dominated by both the city and intra-regional
contributions, with a combined share ranging from 50 to 95% and a contribution concentra-
tion of 18.7-88.7 ppb. Extra-regional transmission was dominated by Zhejiang Province,
with a contribution share of 20-70% and a contribution concentration of 2.3-32.7 ppb.

On 7 and 8 September, ozone in UAYRJS was dominated by extra-regional transmis-
sion, with a contribution share of 50-80% and a contribution concentration of 14-65.3 ppb,
which was dominated by the five cities in Jiangsu Province, Shanghai and Zhejiang Province
and an intra-region contribution share of 10-25%, with a contribution concentration of
0.9-3.7 ppb. The contribution from cities in UAYRJS was less than 15%, with a contribution
to the concentration of 0.5-3.7 ppb.

Overall, there was no ozone pollution on 5 September, and the UAYRJS cities were the
main contributors during the day (accounting for 30-70%), while at night, extra-regional
sources, such as the five cities in northern Jiangsu Province, were the main contributors,
accounting for 65-90%. This was followed by a marked pollution transmission phenomenon
on 6 and 7 September, with predominantly intra-regional contributions from the UAYRJS
cities on 6 September, accounting for 50-98%, and extra-regional transmission dominating
on 7 September, with a contribution of 50-80%. It indicated that the high ozone values
were primarily due to transport; secondary causes have been due to a local accumulation of
ozone due to photochemical reactions. Finally, on 8 September, the city and intra-regional
contributions were further reduced, and the extra-regional contribution of the five cities in
northern Jiangsu Province, Shanghai and other areas dominated, with a contribution of
about 67%.

3.5. BVOCs Contributions

Volatile organic compounds are important precursors for the formation of ozone, and
their sources can be divided into AVOCs and BVOCs. Biogenic VOCs are 2-3 times more
chemically reactive than AVOCs and, once emitted, rapidly react with atmospheric oxidants
(e.g., OH) to produce oxidizing products such as ozone, which can significantly affect air
quality even at low volume fraction levels [42]. The Jiangsu, Zhejiang and Fujian regions
have high vegetation cover and, therefore, higher BVOCs emissions. In addition, this region
has high NOx volume fractions, and some studies have suggested that the potential impact
of BVOCs on ozone may be further amplified [43].

Isoprene is the most abundant non-methane VOC worldwide and one of the precur-
sors of ozone generation [44—46]. It has high atmospheric activity, with a lifetime in the
atmosphere of only 1-2 h [47]. Thus, it is an essential photochemical reagent. In this study,
isoprene was used to represent BVOCs. This study addresses the role of BVOCs in this
pollution process by analyzing the changes in hourly observed isoprene concentrations in
the UAYRJS from 5 to 8 September (Figure 8). Because the eight sites were generally located
in areas with urban, hardened surfaces and less vegetation covered around the sites, the ob-
served isoprene concentrations were lower than 0.4 ppbv. In the countryside, the isoprene
concentrations could be higher than 1 ppbv [15]. It was higher than the concentration in
the city center. On 5 September, the hourly peak isoprene concentrations in SZ, WX and NT
were around 0.09 ppb, and the other cities were below 0.06 ppb. On 6 September, the peak
hourly isoprene concentration in NT was the highest, reaching 0.32 ppb, followed by NJ
(0.19 ppb); the other six cities all had different degrees of increase compared to the previous
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day. On 7 September, the hourly peak concentrations in NT and SZ were the highest, at
0.29 ppb and 0.26 ppb, respectively, and the peaks in the other cities were close to those
of the previous day. On 8 September, the hourly peak concentrations in all eight cities
decreased, with a maximum below 0.18 ppb. The isoprene concentrations in UAYRJS on 6
and 7 September were higher than those on the other two days by about 0.10-0.20 ppb, and
the contribution of the emissions of BVOCs to the ozone pollution of UAYR]S during this
period was relatively clear.

0.4

—N] —YZ TZ CZ —WX —SZ —NT

Isoprene concentration (ppb)
(=]
[\
T

0.0 L=t .
0905 0906 0907 0908

Figure 8. Hourly observed concentration of isoprene in UAYRJS. (Data for Z] are missing, so only
seven cities” concentration series are displayed).

To further quantify the impact of BVOCs emissions on ozone concentrations in the
study area, we utilized the WRF-CMAQ model in conjunction with the biogenic emissions
model MEGAN to conduct two sets of control experiments: Scenario 1 (S1) was the basic
scenario, which considered both anthropogenic and biogenic emissions to simulate the
emissions of BVOCs during the pollution process; Scenario 2 (S2) was a sensitivity test
that considered only anthropogenic emissions and ignored biogenic emissions. These two
scenarios kept the same parameter settings, except for the difference between biogenic
emissions, and the difference between the simulation results could be used to quantitatively
assess the contribution of BVOCs to ozone pollution. The parameter settings of this
simulation experiment were consistent with prior research by Wang et al. [20].

Figure 9a,b shows the spatial distribution of the simulated daily contribution values of
biogenic emissions to ozone and the hourly ozone concentration contribution (the difference
between the simulation results of S1 and the ozone concentrations derived from S2) from
5 to 8 September, 2022, in the UAYRJS, respectively. From the spatial distribution, on 5
September, the contribution value of biogenic emissions to ozone was relatively small in
UAYRJS, below 4.7 ppb. On 6 September, the highest contribution was concentrated in the
southern UAYR]JS, exceeding 11.7 ppb, and the contribution of biogenic sources in localized
areas of Z], CZ and WX increased rapidly to about 11.7-25.7 ppb, while the other five cities
contributed to concentrations of between 9.3 and 16.3 ppb. On 7 September, the range of
high-value areas was further expanded, with high value contribution areas occurring in NJ,
5Z, WX, CZ and NT, with concentrations above 23.3 ppb; Z] contributed concentrations
between 11.7 and 21 ppb, and YZ and TZ BVOCs contributed concentrations not exceeding
11.7 ppb. On 8 September, the high contribution value areas showed a tendency to move
to the southeast, with only the southern part of SZ reaching 23.3 ppb, the contribution in
other areas was lower than 9.3 ppb.
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Figure 9. Spatial distribution of daily contribution concentrations (a) and hourly contribution
concentration by city (b) to ozone from simulated sources in UAYR]JS from 5 to 8 September 2022.
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From the hourly BVOCs contribution to ozone concentrations in the UAYR]JS, BVOCs
contributed positively to ozone concentrations in all eight cities from 5 to 8 September. On 5
September, the contribution concentrations of the UAYR]S were below 4.7 ppb, and the daily
average ozone concentration contributed by BVOCs accounted for 1.5-8.3%. The average
hourly contribution was 0.2-19.7 ppb and 0.1-27.8 ppb, respectively, and the contribution
to ozone concentration on that day was 7.6-19.1%. Except for ZJ, the contribution of BVOCs
decreased to below 9.3 ppb on 8 September, accounting for about 6% of the city’s ozone
concentration. The higher BVOCs emissions on 6 and 7 September were an important cause
of the serious ozone pollution in the UAYRJS. However, owing to the significant impact
of emission factors on improving emission estimation and air quality prediction in areas
with rich vegetation, there is uncertainty in the default emission factor [38], and this result
needs to be further considered.

4. Conclusions

The causes of ozone pollution in UAYRJS from 6 to 8 September 2022 were analyzed
from the perspectives of the weather situation, regional transmission contribution and
BVOCs emission contribution. The main conclusions are as follows:

During the ozone pollution event, the weather situation in the region was controlled
by the WPSH, which had an adverse effect on pollution. The backward trajectory of the
air mass indicated that all cities in the study area were affected by polluted air masses
transmitted from the UAYRJS, the regional provinces and the ocean. The results of WRF-
CMAQ-ISAM showed that, on 6 September, the cities in the UAYRJS and the transmission
within the region were the main contributors to the ozone pollution (50-98%), while on
7 September, the contribution of extra-regional transmission was the main contributor,
accounting for 50-80%, with the polluted air mass outside the region aggravating the ozone
pollution in the UAYRJS.

The observed isoprene concentrations in each city on 6 and 7 September were
0.03-0.1 ppb higher than those on 5 and 8 September, and the concentrations in NT, WX,
SZ, CZ and NJ increased significantly. The results of the sensitivity test showed that, first,
the contribution of BVOC emissions to ozone pollution in the UAYR]S was 7.6%-19.1% on
6 and 7 September. Second, the spatial variation of the area with the high concentration of
BVOCs contribution (difference of ozone concentration > 23.3 ppb) from 6 to 8 September
was consistent with that of the ozone pollution area, which was concentrated in SZ, WX
and CZ on 6 September and then expanded to include almost all cities in the region on 7
September and moved to the south of the region on 8 September.

This heavy ozone pollution event was one of the most severe pollutions in the UAYR]S
during the same period in history. This study utilized this prominent case of ozone pollution
as an entry point to investigate the accumulation of ozone concentrations in UAYR]S, with
a particular focus on the influence of the weather situation, inland and coastal transport,
the contribution of upstream cities and the BVOCs contribution. The study demonstrated
that interregional ozone transport in UAYRJS had a greater than 50% impact on influencing
ozone concentration exceedances. Furthermore, in addition to the contribution of AVOCs
to ozone, the BVOCs contribution should not be underestimated (up to 25.7 ppb for the
highest hourly concentration). The findings of this study provide a scientific basis for future
research on the impact of substance emissions on ozone pollution and interregional joint
prevention and control of ozone pollution. The causes of ozone pollution in the UAYRJS
are relatively complex and require further in-depth study.
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