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To investigate the characteristics of ground level ozone (O3) for Henan Province, the ambient air
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quality monitoring data of 2015 and 2016 were analyzed. The result showed that the 8 h-max-O3
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concentrations displayed a distinct seasonality, where the maximum and minimum values,
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averaging 140.41, 54.19 mg/m3, occurred in summer and winter, respectively. There is a signif-
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icant correlation between meteorological factors and O3 concentration. The Voronoi neigh-

Available online 9 November 2019

borhood averaging analysis indicated that O3, temperature, and ultraviolet radiation in Henan
province were decreased from northwest to southeast, while relative humidity and precipita-
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tion displayed the opposite trend. Besides meteorological factors, the chemical processes play

Ground-level ozone

an essential role in ozone formation. Reactions of NO, NO2 and O3 form a closed system, and the

Meteorological parameter

partitioning point of the OX-component (O3 þ NO2) was at 40 and 80 mg/m3 for nitrogen oxide

Photochemical oxidant

(NOX) in winter and summer, respectively, with NO2 dominating at higher NOx pollution and O3

Voronoi neighborhood averaging

being the major component at lower levels. The relationship between oxidant (OX ¼ O3þNO2)

(VNA)

and NOx concentrations were evaluated to understand the regional and local contribution of

Seasonal variation

OX. It showed that high regional contribution occurred in the spring, whereas the highest local
contribution lead to the summer peak of O3 observed in Zhengzhou. This present study reveals
important environment impacts from the photochemical process and the meteorological
conditions in the region with better understanding on the O3 characterization.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Ground level ozone (O3) is a major secondary pollutant produced through photochemical reactions between nitrogen
oxides (NOx) and volatile organic compounds (VOCs) in the

presence of sunlight. As a strong oxidizer, now, O3 is a growing
problem that causes adverse effects on human health and
diverse ecosystems ranging from crops to forests (Jerrett et al.,
2009; Landry et al., 2013; Debaje, 2014; Jung et al., 2016). High
concentrations of ambient O3 have been found in many
metropolitan areas (Chelani, 2009; Xue et al., 2014; Yamasoe
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et al., 2015). It has received worldwide attention from both the
scientific community and governing bodies over the past three
decades.
Recently, due to rapid industrial and urban development,
high peak O3 level and O3 pollution have been extensively
reported in China, especially in the three most developed regions, Beijing-Tianjin-Hebei (BTH) region (Shao et al., 2009;
Chou et al., 2011; Gao and Zhang., 2012), Pearl River Delta
(PRD) region (Zhang et al., 2008; Zheng et al., 2010), and
Yangtze River Delta (YRD) region (Zhang et al., 2006; Ding
et al., 2013; An et al., 2015). Since the beginning of the 21st
Century, several scientific photochemical studies have been
performed on observational experiments. Researchers have
investigated tropospheric O3 characteristics, including ascertaining annual variation and long-term trends of O3 and other
photochemical pollutants (Tang et al., 2009; Ma et al., 2016),
investigating the spatiotemporal patterns of O3 and its precursors (especially NOX and VOCs) (Xie et al., 2016; Tong et al.,
2017), analyzing the meteorological influence on O3 photochemical episodes (Sun et al., 2011; Gao et al., 2016), and
assessing the synergistic relationships between O3 and aerosol O3 production efficiency (Wang et al., 2010; Xue et al., 2011;
Ding et al., 2013; Shi et al., 2015). These studies revealed significant diversity in the spatial distribution and seasonal
variation of O3 due to differences in meteorological conditions
and emission sources at different regions or cities. However,
in China, most of the above studies were focused on metropolitan areas in the aforementioned three regions. Meanwhile
previous studies are frequently made at urban areas using a
small number of monitoring stations. Therefore, large-scale
investigations at different types of sites should be concentrated in regions of China that have received less attention in
the past.
The Henan province is located in central China and has a
large population of 95 million. Recent observation data display
that extreme haze episodes were frequently in this area (Yu
et al., 2016; Wang et al., 2017), meanwhile O3 pollution is
becoming more and more serious (Wu and Xie, 2017). Nevertheless, studies in this region were focused on particulate
matter pollution compared to the fewer investigations for O3.
In order to overcome the gaps and identify the differences in
surface O3 properties in distinct regions, characterization of
regional O3 pollution is urgently needed in Henan province.
In this study, for the first time, the spatial, temporal, and
transport characteristics of ambient O3 were studied at a
regional level in Henan province. In addition, chemical
coupling and regional contribution of NO, NO2, and O3 were
investigated to gain insight into photochemical oxidants. The
purpose of this article is to investigate O3 formation and distribution in the area.

1.

Data and methods

1.1.

Study area

Henan Province is located in Central and East China with the
area of 167,000 km2. It has subtropical and temperate
monsoon climates with notable seasonal variation and is
surrounded by mountains to the north, west, and south, and

wide plain in the central-eastern region. It contains the provincial capital of Zhengzhou, as well as the 17 prefecture cities
of Kaifeng, Luoyang, Nanyang, Luohe, Xuchang, Sanmenxia,
Pingdingshan, Zhoukou, Zhumadian, Xinxiang, Hebi, Jiaozuo,
Puyang, Anyang, Shangqiu, Xinyang, and Jiyuan, as shown in
Fig. 1. There are 75 ambient national monitoring stations
distributing in all 17 except Jiyuan. The majority of stations
were in urban areas, while four stations were located in suburban and rural area.

1.2.

Pollutants and meteorological data

To investigate the overall surface O3 pollution, hourly data of
O3 and NO2 concentrations performed in 2015 and 2016 from
all stations were collected. They were downloaded from the
Chinese Ministry of Environmental Protection air quality
monitoring platform (http://www.aqistudy.cn/). Sampling
details together with the analysis and validity of the statistics
were based on the ambient air quality standard (GB 30952012).
To evaluate the relationship between air pollutants and
meteorological factors further, the sunshine hours (S-h), air
temperature (T), precipitation (Pr), and relative humidity (RH)
were analyzed. In this study, the monthly meteorological data
was acquired from Henan Meteorological Bureau. A total of
111 meteorological observation stations routinely covered
nearly every county. Meteorological parameters together with
the analysis and validity of statistics were based on quality
control of surface meteorological observational data QX/T
118-2010.

1.3.

Data depth classification analysis

In this paper, for the evaluations of annual O3 pollution levels,
the excess O3 is defined as days with an average 90th
percentile 8 h-max-O3 concentration greater than 160 mg/m3
based on Technical Regulation on Ambient Air Quality Index

Fig. 1 e Map of the observation stations with four different
type sites in Henan of China.
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NO, NO2, NOx, NOy, O3
NO, NO2, NOx, O3
NO2, O3
NO2, O3
NO2, O3
NO2, O3
NO2, O3
EMS
GLR
FTC
ETDZ
WCB
MG
EPB
Urban
Suburb
Rural
Industry
Urban
Urban
Urban
Environmental monitoring stations
Gang li reservoir
Film and television city
Economic and technological development zone
Water-control bureau
Municipal government
Environmental protection bureau
Zhengzhou
Zhengzhou
Jiaozuo
Xuchang
Luohe
Sanmenxia
Nanyang
34.749
34.916
35.259
33.995
33.581
34.777
32.991
1322A
1324A
1830A
2398A
2401A
1835A
2403A
1
2
3
4
5
6
7

113.599
113.611
113.199
113.790
114.01
111.192
112.519

Abbreviate
name
Area
type
Site full name
Municipality
Long.
Lat.
Code

Table 1 e Information of the ambient monitoring stations.

No.

(on trial) (HJ 633-2012). These levels are further divided into
categories of mild, moderate, and severe pollutions with the
corresponding values of 160 mg/m3 < 8 h-max-O3 < 215 mg/m3,
215 mg/m3 < 8 h-max-O3 < 265 mg/m3, and 265 mg/m3 < 8 h-maxO3 < 800 mg/m3, respectively.
To characterize the temporal variations in monthly,
weekly, and diurnal ground-level O3 concentrations, seven
sites were selected. These sites were designated as urban,
suburban, industrial, or rural stations. Table 1 summarizes
their general information. The two background sites, Gang Li
reservoir (GLR) in Zhengzhou and film and television city (FTC)
in Jiaozuo, were selected as suburban and rural representatives, respectively. GLR is situated on the edge of a metropolis
close to the Yellow River National Wetland Park. FTC is located
in the rural region where there has a sparse population and
limited road network. Meanwhile, the station of economic and
technological development zone (ETDZ) in Xuchang is surrounded by more than 200 industrial enterprises, therefore, in
this study, it was chosen to represent the industrial area. To
better reflect O3 pollution characteristics across urban areas,
four urban sites located in different cities were chosen, that is,
Zhengzhou, Nanyang, Luohe, and Sanmenxia. Zhengzhou, the
capital of Henan province, as the regional traffic hub, present
a modern metropolis; Nanyang was chosen as an agricultural
city; Luohe is famous for its well-developed light industry
locating in the southeastern of Henan province; and for Sanmenxia, it is an important heavily industrial city in western
Henan. Meanwhile, it is important to note that the O3 weekend effect (OWE) has been defined differently across studies.
Here, the OWE was defined as a decrease in O3 precursor
concentrations and increase in O3 concentrations during the
weekend compared to weekdays (Wang et al., 2013).
Furthermore, we investigated the spatial characteristics of
O3 concentrations, NO2 precursors, and meteorological parameters. June 2015 and 2016 were selected as the target
month due to the high O3 concentration. Spatial interpolation
approaches were utilized to understand the relationship between pollutants and meteorological factors across the whole
province. Ordinary kriging, universal kriging, Voronoi neighborhood averaging, and inverse distance are widely used to
analyze the spatial interpolation. In this study, Voronoi
neighborhood averaging was performed using MeteoInfo
V0.9.3, which has been previously utilized by others (Wang et
al., 2009). Monthly data of pollutants and meteorological factors in different sites and their geographical location of latitude and longitude were included in the assessment. In
addition, the correlation analysis of daily values of pollutants
and meteorology during the period were investigated by using
SPSS software.
Finally, in Section 3.3 and Section 3.4, Zhengzhou was
selected as a case study for the chemical coupling of NO, NO2,
and O3 as well as the regional contribution to O3 and NOx. The
2016 is the target year. Based on the standard of HJ 193-2013,
O3 concentration data were reselected for further study.
Observation records were filtered to separate out the data
from rainy days to prevent interference from wet scavenging.
This study used NOx as the abscissa, and the pollutants NO,
NO2, and O3 as ordinates to generate scatterplots. The points
of intersection of NO and NO2 and NO2 and O3 represent the
NOx-component and OX-component partitioning points,

Monitored
pollutants
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respectively. For seasonal statistical analysis, according to
meteorological divisions, March, April, and May were
considered spring months, etc. Meanwhile, data of NO, NO2,
and O3 concentrations were used to investigate local and
regional contributions to oxidants during daytime and nighttime, where daytime refers to the time between 8:00 and 18:00
and nighttime is the hours between 18:00 and 8:00.

2.

Results and discussion

2.1.

Overview of ozone pollution in Henan province

The number of days of O3 concentration non-attainment and
the 90th percentile of 8 h-max-O3 concentrations are presented in Fig. S1 in Henan Province in 2016. There were 6205
efficient monitoring days, and 12.1% (750 day) had 8 h-max-O3
concentrations exceeding the ambient air quality standard
(GB 3095-2012) Grade II standard of 160 mg/m3. Mild, moderate,
and heavy pollution levels accounted for 93.8%, 6.1%, and 0.1%
of these 750 day, respectively. For different cities, the average
number of days of non-attainment ranged from 23 day in
Kaifeng to 72 day in Zhengzhou. More O3 exceeding standard
days were observed, which indicated that the photochemistry
pollution in this area was more serious.
The annual average 90th percentile 8 h-max-O3 concentrations ranged from 147.2 mg/m3 in Xinyang to 180.2 mg/m3 in
Luoyang. As shown in Figs. S1 and 11 of the 17 cities assessed
had annual 90th percentile 8 h-max-O3 concentrations higher
than 160 mg/m3. This increasingly severe O3 pollution may be
due to the rapid urbanization, industry, and transportation in
some cities of Henan province. Notably, increased VOCs
emissions might be one of the major driving forces behind O3
pollution (Wu and Xie., 2017).
Furthermore, comparisons of the monthly 90th percentile
8 h-max-O3 concentrations between Zhengzhou and other
cities, such as Shanghai, Guangzhou and Beijing in China, are
shown in Fig. S2. There were clearly different levels of O3
pollution (>160 mg/m3) observed over several months in each

city. Similar to Beijing and Shanghai, relatively serious O3
pollution occurred at times from April through September in
Zhengzhou. However, in Guangzhou, the high values
appeared in late spring and early autumn and were lower than
other three typical cities in summer. O3 pollution in 2016 was
the most severe in Beijing, followed by Zhengzhou and
Shanghai, and the least in Guangzhou. Differences in O3
pollution characteristics in the different cities were dependent on local climate and emission features of pollutants. In
addition, the concentration of NO2 is higher in Henan Province
(Li et al., 2017). The higher emission intensity is one of the
main factors causing serious photochemistry pollution.
Reasonable and effective reduction of O3 precursor concentration is one of the important ways to solve local photochemical pollution.

2.2.

Temporal characteristics of ozone concentrations

2.2.1.

Monthly variations

The monthly distribution of 8 h-max-O3 concentrations and
associated uncertainties for the seven selected stations in
2015 and 2016 is shown in Fig. 2. The O3 levels clearly experienced significant monthly variation. Similar to many cities
in northern China, the monthly average 8 h-max-O3 concentrations were ordered summer > spring and autumn > winter
(Zhang, 2015; Guo et al., 2017). The O3 concentrations were
higher in May and June (in late spring and early summer) at all
chosen sampling stations in both 2015 and 2016. With the
monsoon, more precipitations lead to lower O3 concentration
in July and August in the area. For the record, straw burning is
a potential source of pollution in this area, as a big province in
agriculture development, especially in June. This may be one
of the factors contributing to higher O3 concentration.
By comparison, the lowest occurred in winter, perhaps
because of the weaker sunlight and lower temperatures in
winter inhibiting the formation of O3. However, NO2 concentrations displayed the opposite seasonal variation, where
concentrations ordered winter > spring and autumn > summer
(Table 2). Emissions and meteorological factors may be the

Fig. 2 e Monthly variations of 8 h-max-O3 concentrations for selected sites.

33

j o u r n a l o f e n v i r o n m e n t a l s c i e n c e s 9 0 ( 2 0 2 0 ) 2 9 e4 0

main reasons behind this seasonal variation. For example,
stagnant meteorological conditions and combustion of additional fossil fuel sources in heating season may aid in the
accumulation of NO2 (Wu and Xie, 2017).
The seasonal distribution of NO2 and 8 h-max-O3 concentrations at different types of sites is presented in Table 2.
Generally, urban areas have more sources of NOx emissions
than rural and suburban areas. Due to an abundance of O3destroying reactions from plenty of fresh NO emissions, the
lifespan of O3 in urban areas tends to be brief (Sillman, 1999).
This might be one of the main reasons that there are lower O3
concentrations in urban sites than in rural and suburban sites.
For example, for the suburban site of GLR, the annual NO2 and
8 h-max- O3 concentrations in 2015 were 36.2 and 104.0 mg/m3,
respectively. For the urban area of EMS, the annual NO2 concentration was approximately twice that of GLR, while the
annual 8 h-max-O3 concentration was almost ten percent
lower than that of GLR. This has been reported by other
scholars (Xie et al., 2016; Tong et al., 2017). However, the rural
area of FTC did not have a higher monthly average concentration in the summer of 2015, especially in July, with the
averaged value of 123.5 mg/m3 only. This may due to special
weather conditions in the area. In this mouth of JiaoZuo, more
than half of the days in summer were rainy or cloudy and
these meteorological conditions prevent solar radiation.
Furthermore, O3 and its precursors may have been removed
by precipitation.
As compared to 2015, O3 pollution worsened during certain
months at the chosen sites in 2016. A remarkable increase in
O3 was observed at the majority chosen sites, although NO2
slightly decreased. This might due to a remarkable decreased
PM and increased VOCs emissions (Li et al., 2017). However, as
shown in Table 2, although the urban site of Luohe (WCB) was
the most severely polluted site in 2015, no notable increases
were observed in 2016 and the concentration even dropped in
summer from 152.3 to 127.1 mg/m3. This could be attributed to
different meteorological elements and/or pollutant emissions.

2.2.2.

Weekly variations

OWE, characterized by an increase in O3 and decrease in NOx
concentrations during weekends compared to weekdays, is a
phenomenon that was first reported in the 1970s. Subsequently, this phenomenon has been reported by scholars
around the world, including the United States (Fujita et al.,
2003; Koo et al., 2012), Europe (Pont and Fontan, 2001;
Paschalidou and Kassomenos, 2004), and Beijing, Tianjin of
China (Wang et al., 2009).
The daily 8 h-max-O3 and NO2 levels during 2015 and
2016 at the chosen sites were calculated. As displayed in
Fig. S3, weekly variations in pollutants displayed a marked
seasonal cycle at each of the clusters. On average, the summer
had higher O3 and lower NO2 concentrations on weekends
than weekdays for all sites. However, there was no consistent
variations during the other seasons. This is similar to other
metropolises in China, such as cities of the PRD region (Zheng
et al., 2010).
Furthermore, diurnal variations in summer of O3 and NOx
levels between weekdays and weekend were investigated to
characterize the relationship between the timing of O3 and
NO2 levels (Fig. 3). In general, NO2 concentrations were slightly
lower on weekends than weekdays for the chosen sites.
Meanwhile, the surface O3 concentrations were higher on
weekends than weekdays. However, the OWE varied with
some site-dependent differences. It should be noted that O3
concentrations were obviously higher on the weekend in the
rural sites with an OWE of 4.7%. At the urban sites, the OWE
ranged from 2.1% in the site of Zhengzhou (EMS) to 8.95% in
Sanmenxia (MG). However, the industrial and suburban stations had only small differences in diurnal O3 levels between
weekdays and weekends. In addition, NO2 concentrations
were lower on weekends than weekdays at these sites. A
reduction of emissions on weekends may lead to a greater
reduction in NOx compared to VOCs, while higher VOC/NOx
ratios may lead to O3 differences between weekdays and
weekends (Schipa et al., 2009).

Table 2 e Statistical summary of concentration of 8 h-max-O3 and NO2 at the chosen sites in different seasons during 2015
and 2016 (mg/m3).
Site

EMS
GLR
FTC
MG
ETDZ
WCB
EPB

Trace gas

8 h-max-O3
NO2
8 h-max-O3
NO2
8 h-max-O3
NO2
8 h-max-O3
NO2
8 h-max-O3
NO2
8 h-max-O3
NO2
8 h-max-O3
NO2

Winter

Spring

Summer

Autumn

Total

2015

2016

2015

2016

2015

2016

2015

2016

2015

2016

52.2
73.7
41.7
52.5
66.9
55.9
42.2
60.2
53.1
70.7
63.4
49.6
59
37.5

54.6
69.1
73.8
53.8
65.2
41.2
56.1
55.4
63.4
73.2
65.2
52.4
66.9
44.6

102.6
58.8
115.3
32.4
139.1
38.1
111.8
44.1
108.5
50.8
126
30.2
123.3
34.7

125.9
63.4
161.3
47.7
133.9
25.3
131.3
45.4
120.7
65.1
121.4
54.8
124.4
37.2

142.4
51.3
157.6
22.8
131.4
17.4
140.4
34
129.4
40.8
152.4
23.8
139
31.8

154.2
39.2
147.5
24.6
168.7
16.1
144.6
33.6
123.3
47
127.1
35.4
153
22.2

76.5
66.1
93.2
39.2
103.7
31.4
77
48.2
78.3
55.9
100.9
44.4
96.7
37.4

83.6
69.7
77.9
37.4
102.7
31.8
77.8
47.8
82.6
65.8
94.6
41
93.1
31.1

93.6
62.4
104
36.2
110.9
35.7
92.7
46.6
91
54.8
110.8
36.8
104.8
35.3

104.4
58.3
115.2
37.9
117.9
31.2
102.4
40.2
97.7
51.6
102.1
42.2
109.3
33.1
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Fig. 3 e Weekly hour variations in O3 and NO2 concentration for the selected sites in summer.

2.2.3.

Diurnal variation

The diurnal variation in O3 and NO2 concentrations are presented in Fig. 4 at selected sites in 2015 and 2016. The O3
concentrations typically presented with a single peak at the
diurnal variation curves characterized by a valley in early
morning (7:00 or 8:00) and a peak around afternoon (15:00 or
16:00) at selected sites. However, the amplitudes of the variations differed, where amplitude refers to the difference between the peak and valley O3 concentrations, and were higher
at suburban sites and lower at rural sites. For example, the
largest diurnal variations were observed at suburb site of GLR,
which ranged from 24.1 to 127.3 mg/m3 in 2016. The O3 concentrations at the rural site (FTC) ranged from 64.8 to 115.3 mg/
m3 in the same year.
The diurnal variations in the O3 precursor NO2, as depicted
in Fig. 4, were different than those observed for O3. The NO2

amplitudes were smaller than that for O3. At urban sites, NO2
had two peak concentrations: one during the early morning
rush hours (7:00e9:00) and one during late evening
(20:00e22:00). During the morning and evening peaks, the NO2
minimum occurred at 15:00e16:00, when O3 concentrations
were highest. The NO2 level valley could be due to lower traffic
emissions, strong photochemical consumption, and vertical
mixing of NO2 (Xie et al., 2016). At the economic and technological development zone, NO2 concentrations were higher
than at other types of sites. Meanwhile, the highest amplitudes for diurnal variation of NO2 were observed at the industrial sites. A sharp decrease in NO2 levels also occurred in
the afternoon, similar to urban sites. At rural and suburban
sites, a slight morning peak occurred around 10:00 or 11:00,
which was a later peak than at the urban sites. The morning
peak could perhaps be attributed to regional transmissions

Fig. 4 e Diurnal variations in 8 h-max-O3 and NO2 concentration for the selected sites.
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from urban sources. It is important to point out that O3 concentrations increased almost simultaneously with increases
in NO2 concentrations during the afternoon in rural sites.
Meanwhile, no significant trough was observed in the afternoon for NO2 concentration, similar to results published in
several other studies (Zheng et al., 2010; Tong et al., 2017).

2.3.
Spatial patterns of O3, NO2, and meteorological
parameters
The spatial distribution in June 2016 of O3 and NO2
concentrations, and major meteorological parameters are
shown in Fig. 5. There were significant regional differences in
the spatial distribution of 8 h-max-O3 average concentrations

35

in Henan. Roughly, O3 decreased in concentration going from
northwest to southeast. The highest O3 concentrations (180190 mg/m3) were observed at the borders of Zhengzhou,
Luoyang, and Jiaozuo, while, the lowest levels (100-110 mg/m3)
were in western Xinyang. For NO2, the homology was true, as
shown in Fig. 5b. The spatial distribution of NO2 differed
greatly between regions with higher levels in the northwest
and lower levels in the southeast. Analogous spatial patterns
were observed in satellite remote sensing data (Zhang et al.,
2017). The highest NO2 levels were found in the metropolitan urban areas of Zhengzhou, while the lowest levels had
spatial distributions similar to O3. It should be noted that the
levels of O3 pollution in Nanyang (150-160 mg/m3) were higher
than in other agricultural areas, such as Zhumadian and

Fig. 5 e Spatial distributions of 8 h-max-O3 and NO2 as well as major meteorological parameters in June 2016.
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Zhoukou. However, these agricultural sites, including
Nanyang, had similar levels of NO2. This may be due to special
topographical conditions, where the basin of Nanyang may be
conducive to O3 accumulation (Neemann et al., 2015).
The spatial distribution of O3 was associated with the differences in certain emissions and meteorological conditions.
Therefore, the spatial distributions of major meteorological
parameters in June 2016 were further investigated and are
presented in Fig. 5cef. Overall, the S-h (Fig. 5c) and T (Fig. 5d)
decreased going from northwest to southeast. However, the
lowest temperatures were observed in western Henan, where
the province overlaps with Qingling Mountain. As a secondary
pollutant, O3 formation depends heavily on temperature and
solar radiation. Therefore, the high O3 levels at the borders of
Zhengzhou, Luoyang, and Jiaozuo can be attributed to higher
T and more S-h. In addition, water vapor is a prerequisite for
cloud formation, which may reduce the duration of sunshine
and solar radiation, thus inhibiting photochemical reactions.
As expected, the opposite was true when RH was compared to
S-h, as the concentration increased going from the northwest
to southeast. The highest RH levels were found in Xinyang.
Similarly, the most precipitation was observed in Xinyang.
However, a high Pr was observed north of Xinxiang in an area
with relatively higher RH. This may due to the special
orographic conditions, where the city of Xinxiang is south of
the magnificent Taihang Mountain range, and thus, may be
prone to short-term heavy rainfall.
Comparing the results in 2016 with those for 2015, there
are similar spatial distribution of NO2, O3 and meteorological
elements Henan province (Fig. S4). However, the high-value
zones of O3, with the concentration above 160 mg/m3, only
appeared in some areas of Zhengzhou and Anyang in June
2015, while the region spread to most parts of central and
northwest of Henan Province in 2016. And the O3 pollution is
lighter in 2015 and the average monthly O3 concentration in
study area was only 134.0 mg/m3, which was 14.7% lower than
that in 2016. It should be pointed out that adverse weather
conditions, including lower temperature, shorter light
duration, more precipitation and higher relative humidity,
may be one of the reasons for the low ozone concentration in
2015.
The correlation between meteorological conditions and O3
in Henan Province was analyzed by SPSS software (Table S1).
The results showed that O3 concentration was significantly
correlated with T, S-h, RH, and Pr. Concerning the influence of
meteorological factors on mechanisms of O3 formation,
similar conclusions have been reported in previous studies
(Tu et al., 2007; Shan et al., 2009; Zhang et al., 2015). Furthermore, anthropogenic emission sources, especially containing
precursors of NOx and VOCs, directly affect the degree of O3
pollution. For example, there was less NO2, a lower T, fewer Sh, a higher RH, and more Pr in Xinyang. As expected, Xinyang
had the lowest O3 levels. Meanwhile, for the region with the
most O3, the opposite was true. However, elevated O3 levels
were also found in Puyang of northern Henan, where there
was less NO2 emissions than the surrounding area. The high
O3 levels might be due to special meteorological conditions,
such as more S-h and less Pr. Meanwhile, Puyang, as an
important petrochemical city, has a high VOCs emission,
which is the reason for the high ozone concentration.

2.4.

Chemical relationships between O3, NO, and NO2

The relationships between NO, NO2, and O3 in the atmosphere
have been summarized briefly based on the photochemical
reaction as follows by Leighton (1961).
NO2 þ hv/NO þ O

(R1)

O þ O2 þ M/O3 þ M

(R2)

O3 þ NO/NO2 þ O2

(R3)

where, M refers mainly to N2 or O2 and represents classes of
molecules that can absorb the excess energy required to stabilize O3 molecules, O is the active ground state of atomic
oxygen, and hv represents the energy of a photon with a
wavelength l < 424 nm. Generally, NO, NO2, and O3 concentrations reach a photochemical stable state when the solar
radiation intensity changes little during daytime, which obeys
the classic photochemical stability equation (Leighton, 1961):
½NO½O3  J1
¼
½NO2 
K3

(1)

where, J1 is the rate of NO2 photolysis, which affects the intensity of solar radiation, and K3 is the rate coefficient of (R1),
which is air T-dependent and can be summarized by Eq. (2):


1430
K3 ¼ 3:23 exp 
T

(2)

Using NO, NO2, O3, and meteorological data collected at
EMS during 2016, J1/K3 and J1 were calculated based on Eqs. (1)
and (2). Fig. S5 shows the variation in J1/K3 during daytime
(from 8:00 to 18:00). The variation in J1/K3 revealed a unimodal
distribution, where the mean values ranged from 5.65 to 10.75
and the highest value occurred at 14:00. Meanwhile, a similar
trend was observed for variation in J1 (seen in Fig. S6). The
highest NO2 photolysis rate occurred at 14:00, probably due to
solar radiation and photochemistry (Xie et al., 2016).
To analyze the relationship between NO, NO2, O3, and NOx,
this paper performed the following study, as described by R1R3. Fig. 6 displays seasonal scatterplots of these species during
the daytime (from 8:00 to 18:00) at EMS in 2016. As shown in
Fig. 6, O3 concentrations decreased rapidly as NOx increased,
while NO and NO2 concentrations increased as the NOX levels
increased. O3 and NO2 had seasonal differences. Specifically,
the highest and lowest NO2 levels occurred in the winter and
summer, respectively, while the O3 displayed a distinct trend.
Meanwhile, the OX-component partitioning point, i.e., the
crossover points of O3 and NO2, displayed seasonal variation
with values ranging from approximately 40 mg/m3 of NOx in
winter to 80 mg/m3 of NOx in summer. O3 is the dominant form
of oxidant at lower NOx levels, while NO2 dominates at higher
NOx concentrations. The NOx-component partitioning point,
i.e., the crossover points of NO and NO2, appeared at approximately 300 mg/m3 of NOX. Therefore, when [NOx] < 300 mg/m3,
NO2 predominates NOx, while NO dominates over NOX at
higher NOX concentrations.
These curves fully represent the chemical coupling of O3
and NO2 using R1-R3 and this pattern has become a paradigm
to be researched for urban atmospheres around the world.
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Fig. 6 e Variation of the concentrations of NO, NO2 and O3 with the level of NOx during the daytime (from 8:00 to 18:00) at
EMS in 2016.

Table 3 shows the crossover point values of NOx and OX at
different sites. Compared with previous studies, the values of
the crossover points for OX were more moderate than other
cities, while the NOx values were significantly higher. This
may be caused by local meteorological characteristics and
emissions sources.

2.5.
Local and regional contributions to oxidants in
Zhengzhou
In order to investigate the local and regional concentrations of
OX in Zhengzhou, the average daytime and nighttime OX
concentrations in winter of 2016 at EMS were plotted (Fig. 7).
NOx and OX had clear positive correlations during both the
day and night. As shown in Fig. 7, the fitting curve (red line)
divides OX into the slope and intercept, which represent the
local and regional contribution, respectively. Similar studies
have been reported in previous investigations (Clapp and
Jenkin, 2001; Tiwari et al., 2015). Ordinarily, the slope

represents the range of OX with NOx and is relevant to NOx
(NOx-dependent). However, the intercept is NOxindependent, although affected by O3 background levels in
Zhengzhou (Clapp and Jenkin, 2001; Xie et al., 2016).
To perform further quantitative calculation, we used simple linear regression to study the relationship between OX and
NOx concentrations. It was found that regional transport
contributed 95.1 mg/m3oxidant in Zhengzhou during the day
and had a similar contribution of 100.2 mg/m3 at night. Similar
studies have been reported in China and other countries
(Mazzeo et al., 2005; An et al., 2007; Notario et al., 2012; Xie
et al., 2016). Significantly, the values in Zhengzhou were
similar close to those of Beijing and Nanjing, where the intercepts were about 80 and 90 mg/m3, respectively. However,
they were well above those of Iberian Peninsula (about 60 mg/
m3) and Argentina (about 40 mg/m3), implying higher regional
background pollution levels in China. For local contributions
to OX concentrations, the slope was 0.1 during the daytime,
which was 31% higher than at night. This demonstrates the

Table 3 e The crossover points values of NOx and OX in different sites (mg/m3).
Study area
Zhengzhou, China
Nanjing, China
Beijing, China
Delhi, India
Buenos Aires, Argentina

NOx-component partitioning
point

Ox-component partitioning
point

Reference

300
200
200
108
42

80
70
60
158
40

This study
Xie et al. (2016)
An et al. (2007)
Tiwari et al. (2015)
Mazzeo et al. (2005)
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Fig. 7 e Variation of hourly OX concentrations with those of NOx in winter of 2016. Data are presented for hourly values in
January, February and December 2016.

contribution of local pollution to OX was greater during the
day than at night and, therefore, more likely to produce heavy
pollution. In general, the slope was not high in many research
areas, likely owing to fewer chemical reactions in winter.
Meanwhile, the local contribution was lower in this study
than in Nanjing in 2008 and Beijing in 2005, which may be due
to recent severe local particulate pollution.
We also studied seasonal variations in the regional (intercept) and local (slope) oxidant contributions at EMS in 2016
using the daily mean pollutant values. As seen in Fig. S7, the
OX values significantly varied by season. For the regional
contribution, the intercept was highest in the spring (101.2 mg/
m3) with summer (95.7 mg/m3) being second highest and
lowest in winter (77.9 mg/m3). The maximum local value in
spring is consistent with Northern Hemisphere tropospheric
features. Meanwhile, the seasonal slope means varied from
0.10 to 0.46 with an annual average of 0.25. Predictably, the
peak slope occurred in the summer, which has the strongest
light radiation and highest temperatures, which facilitate
active photochemical reactions. The high slope values combined with the intercepts revealed a higher number of O3
concentration non-attainment days in summer than other
seasons.

3.

Summary and conclusions

In this study, O3 and NO2 data collected in 2015 and 2016
were analyzed to characterize ground-level O3 for Henan
province. Specifically, the spatial and temporal variations in
O3 pollution were characterized. Overall, the 17 cities in
Henan province had different degrees of O3 concentration
non-attainment and the O3 pollution had characteristic distributions, especially in Zhengzhou and surrounding cities.
Seven sites from urban, suburban, rural, and industrial areas
were investigated for temporal variation in Henan province.
The urban and industrial sites had less severe O3 pollution
problems than other types of sites in 2016. However, these
types of sites had potentially higher concentrations of NOx
with which to titrate O3. The average monthly 8 h-max-O3
concentrations for the selected sites trended as
summer > spring > autumn > winter. When identifying

weekly patterns, the OWE was found to occur in summer
only, which has high levels of photochemical reactions. At
industrial sites in the summer, the O3 and NOx concentrations differed only slightly between weekdays and weekends,
which may be due to emission sources in the industrial
region.
Overall, the distributions of O3 and NO2 and the meteorological elements T and S-h declined going from northwest to
southeast. Expectedly, the meteorological factors RH and Pr
had different distributions. The highest O3 concentrations
(180-190 mg/m3) were observed at the borders of Zhengzhou,
Luoyang, and Jiaozuo. These areas have high NO2 emissions
and permissive meteorological conditions, such as a higher T
and more S-h. The metropolitan urban areas of Zhengzhou
and its surrounding cities are facing severe photochemical
pollution and controlling O3 precursor emissions is critical to
solving this problem.
Using Zhengzhou as an example, the chemical coupling
of atmospheric pollutants, NO, NO2, NOx, and O3, were discussed for daytime hours in 2016. During this study period, a
main finding was the OX-component partitioning point displayed seasonal variation. For summer, the partitioning
point was approximately 80 mg/m3 for NOx. Essentially,
when NOx concentrations were >80 mg/m3, NO concentrations were higher than O3 levels, while O3 exceeded NO at
lower NOx concentrations. The relationship between OX and
NOx also reflected the regional (NOx-independent) and local
contributions (NOx-dependent) of OX in the forms of intercept and slope, respectively. The maximum value of the
intercept, 101.2 mg/m3, occurred in the spring, while the
slope was highest in summer. In other words, the O3 concentrations in Zhengzhou were vulnerable to regional
transmission in the spring, while O3 pollution in the summer
was often the result of local factors with stronger photochemical reactions.
This work delineated the spatiotemporal characteristics of
surface O3 by combining pollution data and meteorological
parameters in the Henan province. Our study assessed local
features to compensate for a lack in local studies and can aid
in determining the laws underlying O3 pollution, as well as
contribute to the prevention and control of O3 pollution in the
Henan province.
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