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ABSTRACT
With the rapid development of industry and economy, the problem of ozone (O;) pollution in China is of
increasing concern in recent years. The problem of ozone pollution has become worse in Baicheng City which
belongs to the province of Jilin. We analyze the spatial and temporal distribution of surface ozone and its
correlation with precursors and meteorological factors during 2015 and 2019 using data from the automatic
Atmospheric Environmental Quality Monitoring Station located in Baicheng. Results showed that the daily
and monthly mean values of O; concentration were both single-peak patterns, and interannual variation
presented a inverted ‘V’ pattern in Baicheng. The high concentration of O; in a year generally occurs from
May to July, with the highest daily concentration occurring in the afternoon. The total number of days with
O; concentration exceeding the limits was 35days from 2015 to 2019, among which the number of days
exceeding the maximal daily average eight-hour (MDAS) O3 of 100 ug/m> was the highest in 2018, and the
90th percentile MDAS showed an overall growth pattern. Seasonal variations in O; concentration in 2018

and 2019 were not consistent with the three previous years.
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1. Introduction

In recent years, China’s air pollution has received increas-
ing amounts of attention (Li et al., 2019). Among numer-
ous photochemical pollutants, O; concentration has
become one of the most important pollutants besides
PM, s (Moghani et al., 2018). Although most O3 concen-
tration is located in the stratosphere, which has a protect-
ive effect on the environment and human health (Anton
et al., 2011), near-surface O; concentration in the tropo-
sphere can damage the human respiratory system and
destroy the leaf tissue of plants (Wang et al., 2017). At
the same time, it is also one of the initiators of the green-
house effect and photochemical smog (Young et al.,
2018; Wang et al., 2019). Tropospheric ozone (O3) is pro-
duced via a series of cyclic reactions between nitrogen
oxides (NOy) and volatile organic compounds (VOC;)
under solar radiation (Wang et al., 2009; Li et al., 2016),
and its concentration is affected by many factors, such as
and chemical

precursors, meteorological conditions,

cycles (Huang et al., 2018).

*Corresponding author. e-mail: wangju@jlu.edu.cn

Foreign scholars have done a lot of research on the
process, transmission routes, and concentration predic-
tion of O3 concentration pollution (Simon et al., 2015;
Fang et al., 2019). The O; concentration research of
China is mainly concentrated in economically devel-
oped cities such as the Yangtze river delta and
Beijing-Tianjin—Hebei (Huang et al., 2019). There is
very little research on Oj concentration pollution in
Northeast China. This paper focuses on analysis of the
variation of O; concentration in the city of Baicheng.

2. Research methods
2.1. Research area

The research area of this article is Baicheng, which is
shown in the upper-left corner of Fig. 1, northeast of
Jilin province. The total area of Baicheng is about 26,000
square kilometers. The terrain from the northwest to the
southeast is low mountains, hills, and plains, and the
southwest is a submerged desert area. The two sampling
points used in this article are relatively close, and there
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Table 1. Comprehensive indicators of various pollutants
in 2015-2019.

Pollutant Min Max Mean SD
0; (ug/m?) 17 213 83 31
SO, (ug/m?) 1 69 12 10
NO, (ug/m®) 2 67 18 9
CO (mg/m?) 0.1 1.9 0.6 0.3
PM,, (ug/m?) 4 873 62 46
PM, 5 (ug/m®) 2 313 38 29

are major roads and enterprises with serious pollution in
Baicheng near the sampling points.

The sampling points in this article are Taobei District
Environmental Baicheng
Environmental Protection Bureau. There are several
major point sources within 8 kilometers of the monitoring
site, nickel industry and bar companies. Three thermal
power plants are distributed within 3 kilometers and
13 kilometers.

Baicheng is located in the northwest of Jilin province,
west of the Nenjiang plain, and east of the Horqin grass-
land. It has a temperate continental monsoon climate,
with sufficient light time and less rainfall. In recent years,
the problems of soil salinization, desertification, and
grassland degradation have become serious in Baicheng.
O; concentration there has gradually increased over the
past five years. However, the increase in 2018 was the
most significant, and the variation pattern have been
abnormal since 2018 (Figs. 1 and 4). Therefore, on the
basis of analysis of the five-year O; concentration-vari-
ation characteristics of Baicheng, we focused on analyzing
the characteristics of O3 concentration changes in 2018
and their causes by combining them with meteoro-
logical factors.

In the past two years, Baicheng has focused on the
development of special products such as petroleum
machinery, electrical machinery, automobile production,
logistics machinery, vigorously promoted oilfield develop-
ment, and construction projects, resulting in increased
emissions of local hydrocarbons. In addition, the number
of local motor vehicles in 2018 was 296,000, an increase
of 6.7% over 2017.

Protection  Bureau and

2.2. Pollutants and season division

The research period in this paper is from 2015 to 2019,
and the used data come from real-time monitoring
released by the official website of the Baicheng Ecological
Environment Bureau. The involved area is the entire city
of Baicheng. Except when otherwise stated, all O; con-
centrations in this paper are given as ozone maximal
eight-hour daily average (MDAS, O3-8 h), and the annual

evaluation index is the ozone 90th percentile MDAS (Os-
8h-90). The concentration standard in Oj concentration
of environmental-quality assessment is deemed to exceed
the standard when the Os-8 h concentration value exceeds
160 ug/m* according to the Environmental Air Quality
Index (AQI) Technical Regulations (Trial) (HJ, 2012)
issued by the Ministry of Environmental Protection. The
validity of the data statistics was implemented in accord-
ance with the Ambient Air Quality Standards (GB3095-
2012) and the Technical Specifications for Environmental
Air Quality Assessment (Trial) (HJ663-2013) (HJ, 2013).
In this paper, all monitoring data were selected according
to the Ambient Air Quality Monitoring Specifications
(HJ, 2005) for abnormal values; unreasonable values were
removed and data-quality control was performed. Values
less or greater than three times the standard deviation of
the geometric mean were classified as unrealistic or data-
entry errors. The data used in this paper include Oz con-
centration hourly value (O3-1h), Os-8h, sulfur dioxide
(SO,), nitric oxide (NO), nitrogen dioxide (NO,), carbon
monoxide (CO), and particulate matter. Meteorological
data used are data such as temperature, relative humidity,
and wind speed in 2018. The seasonal division of
Baicheng refers to the meteorological industry standard
Climate Season Division (QX/T152-2012) (X/T, 2012).
On the basis of this standard, adjustment was made
according to the annual situation. The spring of Baicheng
is 15 April- 14 June (61 days), summer is from 15 June to
24 August (71days), autumn is from 25 August to 24
October (61days), and winter is from 25 October to 14
April (172 days).

2.3. Data analysis

The statistics of the correlation between various pollu-
tants, meteorological factors, and O3z concentration were
all compiled with SPSS' (Statistical Product and Service
Solutions) software. The 24hour stacked graph of O;
concentration was completed by Surfer 13.2

3. Results and discussion
3.1. Overall pollution status

Figure 1 shows that, different from the adjacent cities,
annual mean O; concentration in Baicheng has increased in
the past five years, especially in 2018. Baicheng’s O; concen-
tration ranked second in Jilin province in 2018, second only
to the city of Jilin, which is more developed in industry.

As shown in Table 1, the daily concentration of O;
during 2015 and 2019 was a minimum of 17 yg/m> and
maximum of 213 ug/m®, with an average of 83 ug/m®.
Among the mean concentrations of pollutants in the
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table, O3 had the highest mean. In addition, the concen-
tration deviation of the pollutants was large, of which
PM,, had the largest deviation, the range between min-
imum and maximum concentrations is 4-873 ug/m°.

3.2. Analysis of ozone variability

3.2.1. Diurnal variation. Figure 2a shows that daily
mean O3 concentration has a single-peak characteristic,
that is, Os; concentration increase from around 7 am
reaching a maximum between 13 and 16 pm and starts to
decrease from 16 pm reaching a minimum between 5 and
7 am in the next morning. The accumulation of O3 con-
centration generally involves three processes: the photo-
chemical cycle reaction of the precursor, the participation
of O3 in the cycle reaction, and O3 depletion (Liu et al.,
2017). After sunrise, as the light intensity gradually
increases, the O3 gradually accumulates and peaks in the
afternoon. After sunset, the intensity of solar radiation
decreases, resulting in weak photochemical intensity and
ultimately a reduction in Oz concentration. (Faridi et al.,
2018; Yusoff et al., 2019). After nightfall, O; concentra-
tion continues to decrease due to the NO titration effect
(Xu et al., 2019) and reaches a minimum before sunrise
(7:00) the next day. In areas with limited VOCs, an
increase in NOx concentration causes a decrease in Oz
concentration (Gao et al., 2016). O3z pollution is related
to human activities and industrial production (Wang
et al., 2020).

3.2.2. Monthly and seasonal variation. The overall vari-
ation trend of the five years (Fig. 2b) shows a inverted
‘V’ pattern, which is similar to the distribution of the pre-
vious studies (Li et al., 2018). From the 24 hours contour
map of Baicheng (Fig. 3), we can see that there are obvi-
ous elliptical red areas in the map. Figure 4 successively
shows the seasonal variation pattern of O3z concentration
between 2015 and 2019. In these five years, the model cal-
culated daily variation of O; was similar, with high con-
centrations in the 13:00-16:00 period. This is consistent
with the observations shown in Fig. 2a.

In 2015-2017, the high O; concentration appeared
from May to July, the peak shows a law of summer >
spring > autumn > winter. In 2016, Oz concentration in
summer was higher than that in spring during the period
from 15:00 to 20:00. It showed the same pattern at
11:00-20:00 in autumn and winter, which may have been
caused by temperature. In 2017, O3 concentration was
higher in spring than in summer from 6:00 to 8:00, it was
higher in winter than in autumn at 7:00-8:00, and it pre-
sented as summer > spring > autumn > winter the rest of
the time, which could also have been caused by tempera-
ture. In addition to 12:00-18:00 in 2018 and 2019,

characteristics of total O3 concentration variation in each
period were shown as spring>summer > winter > au-
tumn. In 2018 and 2019, high O3 concentration appeared
from April to June (spring in Baicheng).

Usually, O; pollution is a problem in summer. O; pro-
duction is usually restricted by the supply of non-methane
volatile organic compounds (NMVOCs) and NOx
(Society, 2008). The generation of ozone is greatly
affected by temperature. High temperature is often
accompanied by strong solar radiation, which is condu-
cive to photochemical reactions to produce large amounts
of O3 (Choi and Souri, 2015). From the variation trend
of the seasonal average temperature in the past ten years
(Fig. 5), it can be seen that the temperature in spring,
autumn and winter increased significantly, and the tem-
perature in summer decreased in 2018 and 2019. The tem-
perature in spring of 2018 and 2019 has been relatively
high in the past decade. From Fig. 6, we can know that
the NOx concentration decreased significantly in the
spring of 2018 and 2019. Other studies found that when
tropospheric folding occurs, intrusion of stratospheric O3
increases tropospheric O3 concentration (Ahammed et al.,
2006; Ordonez et al., 2007; Nopmongcol et al., 2017).
These factors may contribute to higher O; concentrations
in spring than in summer.

In addition to 12:00-18:00 in five years, O3 concentra-
tion in winter is basically higher than that in autumn.
Solar radiation is related to ground-reflection radiation.
When ground reflection increases, solar radiation accord-
ingly increases (Li, 2017). High solar radiation and tem-
perature are often accompanied by high O; concentration
(Yi et al., 2017). When entering winter, the accumulation
of snow in Baicheng increases surface reflection and the
amount of solar radiation, thus increasing the concentra-
tion of O;. Due to the low temperature and the weak
photochemical intensity in Baicheng in winter, O3 concen-
tration from 12:00 to 18:00 was low in the winter.
Moreover, emissions of NOX increase due to the increas-
ing consumption of coal and oil so increased NOx titra-
tion results in reduced O3 concentrations.

3.2.3. Annual variation. From the Fig. 1, we can also
clearly find that the Oz concentration increased year by
year and reached the maximum in 2018. In addition to
the impact of interannual meteorological variability, local
pollution sources may have also contributed. The MDAS
of Oz between 2015 and 2019 is shown in Fig. 7. The
peak of Os-8h concentration significantly advanced since
2018; it appeared in August 2017. O3-8 h exceeded 100 ug/
m® for 134 days in 2018, and 113, 96, 87, and 86days in
2019, 2017, 2016, and 2015, respectively. The value of Os-
8h-90 was 124,119, 123, 134, and 119,ug/m3 in
2015-2019, respectively, and the total number of days
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Fig. 2. Diurnal (a) and monthly (b) mean O; concentration in five years.



exceeding the standard for three years is 35 days, of which
the maximal number of days in 2016 was 12.

3.3. Impact-factor analysis

3.3.1. Relationship with meteorological factors. Since
seasonal changes in ozone began to differ from in 2018
and 2019. Figure 8 lists the correlations between O3-8h
and NO, NO,, CO, SO,, and PM;, meteorological fac-
tors in 2018, where red indicates negative correlation,
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Fig. 3. 24-hour average monthly concentration change chart for 2015-2019. Y axis represents month, X axis represents time.

green indicates positive correlation, and the length of the
data bar indicates the magnitude of the correlation. O3
correlation coefficients with temperature, wind speed, and
relative humidity were 0.455, 0.232, and —0.162, respect-
ively, of which O3 concentration had the highest positive
correlation with temperature.

The photochemical reaction generating O; has higher
intensity when temperature is high and the solar radiation
is strong (Jacob and Winner, 2009), which leads to an
increase in Oz concentration and a decrease in the
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concentration of CO, NO,, and other precursors. When
temperature is low and solar radiation is weak, the
photochemical reaction is weakened, leading to the accu-
mulation of the concentration of CO, NO,, and other
precursors (Fig. 9). This shows that temperature is an
important factor affecting O3 concentration in Baicheng.
05 concentrations are also affected by wind diffusion and
humidity interference. Wind speed has a diffusion and
transport effect on Oz (Bloomfield et al., 1996). The

prevailing wind direction in Baicheng is west, which may
bring particulate matter there that leads to the increase of
O3 concentration. Higher humidity facilitates the dry
deposition of O3z, and may however improve the uptake
of O3 in plants (Chen et al., 2019; Clifton et al., 2020).

3.3.2. Relationship with other species. Based on the
above, we analyzed the correlation between ozone and
local pollutants. In the case of significant significance, we
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obtained a negative correlation between O; concentra-
tions and concentrations of SO,, NO, NO,, and CO.
Figure 7 shows that O3 concentration decreased with the
increase of NOy, NO, and NO, concentration. A negative
correlation with NOx is a result of ozone titration. In the
NOx cycle, NO and NO, act together on O3 concentra-
tion (Mukherjee et al., 2018). For SO,, it had a positive
correlation with NO and NO,, so the negative correlation
between Oz and SO, is probably because SO, is emitted
from the same (or nearby) sources as NOx. O; had no
significant correlation with PM, s and PM .

4. Conclusion

The daily and monthly mean values of O; concentration
in Baicheng are both single-peak patterns. The daily high
O3 concentration appeared in the time period between
13:00 and 16:00, decreasing between 16:00 and 07:00 the
next day, reaching the lowest value between 5:00 and 7:00
in the morning. The minimal value of O; was 17 ug/m?®,
the maximal value was 213 ug/m>, and the average value
was 83 ug/m® during the three years. The number of days
in which O;-8 h exceeded 100 ug/m> in 2018 is the highest
year of 134days. The Os-8h-90 value increased in the
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order of 124, 119, 123, 134, and 119 ug/m> between 2015
and 2019, with a total of 35days exceeding the standard
in five years.

The high O; concentration in Baicheng generally
appeared from May to July, while it advanced to March
in 2018 and 2019. Seasonal variation in the graph showed
that O; concentration basically follows the rule of sum-
mer > spring > autumn > winter at the peak of 2015 and
2017. Beginning in 2018, the valley was spring> sum-
mer > winter > autumn. Overall Oz concentration was
spring > summer > winter > autumn. The abnormal situ-
ation in 2018 was related to the Oj precursor and other
meteorological factors. In addition, we found O; had
negative correlation with SO,, NO, NO,, CO, and rela-
tive humidity, and positive correlation with, temperature,
and wind speed in 2018, among which temperature had
the strongest correlation. This result differs from those of
previous research, and it may have been affected by vari-
ous factors. This provides a basis for future research.
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Notes

1. SPSS is a general term for a series of software products and
related services for statistical analysis operations, data
mining, predictive analysis and decision support tasks
launched by IBM. It is the world’s leading statistical analysis
and data mining tool, and one of the most widely used
professional statistical and data modeling software.

2. Surfer is a software developed by American Golden

Software company to draw 3D images. It can produce base

maps, data point bit maps, classified data maps, contour

maps, wire frames, topographic maps, trend maps, vector

diagrams, and 3D surface maps.
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