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ABSTRACT

An intensive and persistent regional ozone pollution event occurred over eastern China
from 25 June to 5 July 2017. 73 out of 96 selected cities, most located in the Beijing-Tianjin-
Hebei and the surrounding area (BTHS), suffered severe ozone pollution. A north-south
contrast ozone distribution, with higher ozone (199 + 33 pg/m?®) in the BTHS and lower
ozone (118 + 25 pg/m®) in the Yangtze River Delta (YRD), was found to be dominated by the
position of the West Pacific Subtropical High (WPSH) and mid-high latitude wave activities.
In the BTHS, the positive anomalies of geopotential height at 500 hPa and temperature at
the surface indicated favorable meteorological conditions for local ozone formation. Pre-
vailing northwesterly winds in the mid-high troposphere and warm advection induced by
weak southerly winds in the low troposphere resulted in low-moderate relative humidity
(RH), less total cloud cover (TCC), strong solar radiation and high temperatures. Moreover,
southerly winds prevailing over the BTHS aggravated the pollution due to regional trans-
portation of O3 and its precursors. On one hand, the deep sinking motion and inversion
layer suppressed the dispersion of pollutants. On the other hand, Os-rich air in the upper
layer was maintained at night due to temperature inversion, which facilitated O; vertical
transport to the surface in the next-day morning due to elevated convection. Generally,
temperature, UV radiation, and RH showed good correlations with O; in the BTHS, with
rates of 8.51 (ug/m?/°C (within the temperature range of 20—38°C), 59.54 (ng/m?)/(MJ/m?)
and —1.93 (ug/m?)/%, respectively.
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Introduction

Surfaceozoneisknownasanimportantsecondaryair pollutant
with potentially detrimental impacts on the environment and
human health. Respiratory and cardiovascular mortality canbe
induced due to short-term exposure to high ambient ozone.
Ozone is mainly formed via the photochemical reaction of
volatile organic compounds (VOCs), carbon monoxide (CO), and
nitrogen oxides (NOx = NO + NO,) in the presence of sunlight,
specifically the UV spectrum (Xuetal.,2011; Wangetal., 2014; Li
et al., 2018). Thus surface ozone, especially in urban areas, is
usually influenced by anthropogenic emissions, and ozone
concentration levels can be reduced by controlling its pre-
cursors (NOx and VOCs) to a certain extent (Tu et al., 2007; He
etal., 2012; Wanget al., 2017; You et al., 2017).

The severity of O3 pollution has been revealed to be not only
strongly dependent on emissions and corresponding chemical
reactions but also closely related to meteorological conditions
(Fan et al., 2008; Pu et al., 2017; Zhao and Wang, 2017). High
ozone pollution episodes are mainly dominated by high tem-
perature, low total cloud cover, moderaterelative humidity and
low wind speed (Heetal., 2012; Dingetal., 2013; Lietal.,2017; Pu
et al.,, 2017). Since meteorological factors are dominated by
synoptic-scale circulation patterns, extensive research has
been conducted on the relationships between surface O3 and
synoptic systems (Liu et al., 2019). High ozone pollution usually
occurs under the control of a high-pressure system in favor of
relatively clear skies and strong solar radiation, which can
resultinanenhanced O; concentration through photochemical
reactions (Pu et al.,, 2017; Li et al., 2019). Located before a low-
pressure system or in front of a high-pressure system, where
the prevailing wind favors pollutant transposition, the influ-
enced region can also meet elevated ozone concentrations
(Tang et al., 2010; Shen et al., 2015).

The WPSH plays an important role controlling the weather
and climate over East China. Determined by the spatial pat-
terns of diabatic heating, the migration of the WPSH always
occurs in a stepwise fashion with two distinct northern jumps
in mid-June and mid-July. The shift in the WPSH has a close
relationship with East Asian monsoon and the rain belt over
the Yangtze River Delta (YRD). Generally, the rain belt is
located 8—10°N higher than the WPSH ridge, where the quasi-
stationary front commonly stagnates at the sea surface layer.
It has been revealed that WPSH is responsible for East Asian
monsoon formation, precipitation over the YRD and air tem-
perature and precipitation in North and South China (Zhang,
2001; Zhao and Wang, 2017). Zhao et al. analyzed the impact
of WPSH intensity on surface ozone variability over eastern
China based on empirical orthogonal function (EOF) analysis
and found the variability in the WPSH is closely related to the
meteorological conditions impacting ozone formation.

Overthe past5years, stringentair pollution control strategies
have mainly targeted fine particulate matter. In 2013, China is-
sued the Air Pollution Prevention and Control Action Plan to
reduce anthropogenic emissions (www.gov.cn/zwgk/2013-09/
12/content_2486773.htm). Compared to the decreasing trend of
PM, s, there is enough evidence indicating that eastern China,
especially North China Plain (NCP) and YRD, has experienced
severe Oz pollution in recent years, especially in summer, due to
rapid urbanization and industrialization (Cheng et al., 2018; Liu
et al., 2019). Previous studies on meteorological mechanisms
for ozone pollution have mainly examined the effects of meteo-
rological factors on ozone at a single or several sites (Lin et al.,
2008; Ding et al., 2013; Tan et al., 2018). In addition, most previ-
ous studies focused on the relations among daily or annual var-
iationsand ozone to those meteorological factors (Fanetal.,2008;
Wang et al., 2008; Zhang et al., 2008; Wang et al., 2009; Xu et al.,
2011, Ding et al., 2013). The evolution of a large-scale persistent
regional ozone pollution episode has not been deeply explored
due to the scarcity of O3 datasets in China before 2013.

Regional meteorological conditions can significantly in-
fluence ozone production and distribution, the impacts of
primary synoptic patterns on regional ozone characteristics
should be studied in depth. However, insufficient research has
been carried out to reveal the temporal and spatial evolution
of ozone pollution on a large scale with observational data.
During the summertime (June-July-August) from 2014 to 2017,
ozone pollution episodes exceeding 10 days only occurred
twice over Beijing-Tianjin-Hebei and surrounding area (BTHS)
and YRD. These two episodes were 11-21 June 2017 and 25
June - 5 July 2017 (Fig. S1). Through collecting in situ O3 data,
ground-based meteorological data and reanalysis meteoro-
logical datasets, the regional evolution characteristics and the
meteorological formation mechanism (synoptic circulation
dynamics and local meteorological conditions, as well as at-
mospheric boundary layer structure) of a large-scale persis-
tent O; pollution episode over 96 cities (485 sites) during 24
June to 6 July 2017 over eastern China have been investigated.
The results of this study can be important in providing a sci-
entific basis for predicting regional Os pollution and formu-
lating air quality control strategies over eastern China.

1. Data and methods
1.1. Data source

Hourly surface ozone and PM, s concentrations from 24 June
to 6 July 2017 were provided by the China National Environ-
ment Monitoring Center Network (http://106.37.208.233:20035/
) established by the Ministry of Ecology and Environment of
China. The original unit of ozone observations is ng/m?, which
can be converted to mixing ratios (units: ppbv) using a
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constant (e.g., 0.5 at a temperature of 25°C and pressure of
1013.25 hPa). In this study, we still used the original unit for
ozone. According to the technical regulation for ambient air
quality assessment (HJ 663—2013, http://www.mee.gov.cn/),
the maximum daily 8-h average surface ozone (MDA8 O5) of a
single station is defined with at least 14 valid hourly values
from 8:00 to 24:00. The results are still valid if the MDA8 O3
exceeds the national concentration limit standard (160 pg/m?)
with less than 14 valid values. The ambient air quality
assessment for an urban city is the corresponding average
over all the sites within the city range. In this study, 96 urban
cities (485 sites) were selected to reflect the regional ozone
status of eastern China, covering provinces and cities
including Beijing, Tianjin, Hebei, Shanxi, Henan, Shandong,
Anhui, Jiangsu, Zhejiang, and Shanghai, which is usually
regarded as one of the most densely populated areas in China
as shown in Fig. 1b. The locations of these cities are shown in
Fig. 1a and Table S1.

The daily observational meteorological data of each station
were obtained from the China Meteorological Administration
(CMA, http://www.data.cma.cn/), including wind speed, sur-
face pressure and precipitation. Since MDA8 O; usually
occurres in the afternoon due to intensive solar radiation, the
temperature (Tem), relative humidity (RH) and total cloud
cover (TCC) in the afternoon were averaged from two mea-
surements (at local hours 14:00 and 17:00) per day from China
Meteorological Administration in the Meteorological Infor-
mation Combine Analysis and Process System (MICAPS). The
meteorological data of each city were retrieved from the
closest meteorological station. Sounding data were down-
loaded from the website (http:/www.weather.uwyo.edu/
upperair/sounding.html) in Beijing, Zhanggiu, Taiyuan and
Zhengzhou (Fig. 1a).

Hourly reanalysis data including sea surface pressure,
geopotential height, horizontal wind (U-wind and V-wind),
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divergence, air temperature, downward UV radiation (UV) and
planetary boundary layer height (PBLH) were provided by the
fifth generation European Center for Medium-Range Weather
Forecasts (ECMWF) reanalysis dataset (ERAS) at different ver-
tical levels, with a spatial resolution of 0.5° x 0.5°. It should be
noted that in section 2.2.2, we extract the nearest grid UV data
for each city with a resolution of 0.25° x 0.25°.

1.2. Methods

To refine our understanding of O3 evolution characteristics
over eastern China, several different statistics were utilized.
Factor analysis (FA) was applied to sort 96 cities into different
categories (Sousa et al., 2007; Langford et al., 2009; Zhenget al.,
2010). According to the ozone variability in each city during
the selected pollution episode, cities with similar variations
were considered as one category.

Pearson's paired correlation coefficient (R) was calculated
to investigate the linear relationships among the cities in each
category. The spatial coefficients of variation (CV) and the
coefficients of divergence (COD) were calculated to analyze
the spatial and temporal variations of the MDA ozone in each
category (Cyrys et al., 2008; Krudysza et al., 2008; Sarnat et al.,
2010; Tang et al., 2012). The CV was defined as the mean of the
standard deviation of the spatial distribution divided by the
mean of the distributions and finally averaged over the sam-
pling days. The COD was calculated according to the
following:

N
CODy, = ,Z< i m)

n = \Xxj + Xin
where x;r and xj, represent the i-th concentration observed at
the f-th and h-th sites, respectively, and n is the sampling size
of the observations at each city. The COD of each category was
calculated as the mean of the pair-wisely values. These two
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Fig. 1 — The topography and locations of the 96 urban cities (a) and population distribution (b) over eastern China. The
selected cities are divided into three categories: the Beijing-Tianjin-Hebei and the surrounding area (BTHS), the northern (23
cities) areas of the Yangtze River Delta (YRDN) and the southern (21 cities) areas of the Yangtze River Delta (YRDS), marked
by brown, red and blue dots, respectively. Red crosses represent cities with sounding meteorological data; the red

rectangular box represents the core BTH area.
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statistics can reflect the heterogeneity of sites in the same
region to some extent. Low CV and COD values indicate a
strong uniformity of the ozone characteristics in one category.

2. Results and discussion
2.1. Overview of regional ozone variability

Fig.2 depicts the daily distribution of O3 and PM, s for 96 cities,
with cities arranged by latitudes from north to south (from top
to bottom). The legend represents the different air-quality
levels for excellent (green), good (yellow), lightly polluted
(orange), moderately polluted (red) and heavily polluted days
(purple). It is obvious that the severe large-scale ozone pollu-
tion displayed a north-south contrast distribution. Cities
located in the higher latitudes experienced more serious
pollution, with the maximum value up to 314 pg/m®. Due to
rigorous emission control regulations, the PM, s concentra-
tions of the 96 urban sites range from 10 to 99 ug/m? (Fig. 2b)
during the same period, which are lower than those during
2013-2015 (Wang et al., 2018). The decrease in PM,s may
result in intensified ozone pollution as it can facilitate the
increase in UV radiation at the surface and slow down the sink
of hydroperoxy radicals, thus speeding up ozone production
(Li et al., 2018). Considering the north-south contrast in MDAS8
O3 variation and distribution over eastern China (Fig. 2a), FA
was first applied to identify cities with homogeneous ozone
variation trends. The classification standards are shown in
Table S1. Three factors exhibited 31.8%, 25.4% and 17.6% of the
variability in the total MDA8 O; concentrations; finally, three
homogenous groups were identified (Fig. 1a). The first group
included 52 cities located in the BTHS; the northern (23 cities)
and southern (21 cities) areas of the Yangtze River Delta (YRD)
were the second and third categories (including several
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Table 1 — Intersite uniformity statistics of ozone for
different regions.

Category CvV COD
Category1 (BTHS) 18% 0.13
Category2 (YRDN) 25% 0.13
Category3 (YRDS) 29% 0.15

coastal cities over Shandong and Hebei), named YRDN and
YRDS, respectively. The COD pairwise values of each ozone
group were calculated to validate the rationality of the clas-
sification. A COD of 0.2 served as the threshold to identify the
heterogeneity between two sites (Krudysza et al., 2008). As
shown in Table 1, MDA8 Oj exhibited strong homogeneity
among each group, with the CV and COD ranging from 18% to
29% and 0.07 to 0.15, respectively. The CV and COD were both
the lowest in the BTHS, which experienced the most severe
ozone pollution.

Fig. 3 and Table S1 show the temporal variation in and
spatial distribution of the regional means and exceeding oc-
currences of MDAS8 ozone in each city. Generally, cities in the
BTHS experienced a more intensive and successive pollution
period. On 25 June, 38 out of 52 cities exceeded the grade II
national air quality standard (160 pg/m?), and the regional
mean ozone concentration was up to 182 + 30 ug/m®. In the
next few days, ozone pollution was further intensified
regardless of the scope and intensity. The maximum regional
mean ozone concentration up to 221 + 32 ug/m> occurred on 27
June, and over 98% of the cities suffered heavy ozone pollu-
tion. The ozone concentration began to decrease after 3 July
and reached its minimum value on 6 July at 89 + 28 pg/m>,
indicating the end of this pollution event. During the pollution
process, 51 out of 52 cities in the BTHS were exposed to ozone
pollution, with the regional daily mean concentration and

PM, 5 (ug/m’)
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Fig. 2 — Time series of the maximum daily 8-h average surface ozone (MDAS Os) (a) and PM2.5 (b) concentrations for 96 cities
from 24 June to 6 July. Cities are arranged by latitude from north to south; the legend represents the different air-quality
levels for excellent (green), good (yellow), lightly polluted (orange), moderately polluted (red) and heavily polluted days

(purple) with cut off concentrations of 100, 160, 215, 265 ug/m?>.
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Fig. 3 — Time series of regional averaged MDAS8 ozone concentration over each region (a) from 24 June to 6 July; spatial
distribution of mean MDAS ozone (b) and the number of ozone pollution days (c) during the pollution event from 25 June to 5

July.

averaged exceedance being 199 + 33 ug/m® and 9.3 days,
respectively. In contrast, cities located in the YRD experienced
relatively weak pollution. The regional ozone concentration of
the YRDN ranged from 140 to 160 ug/m3 from 25 to 29 June,
followed by a sudden drop on 30 June at 94 + 38 pg/m>. The
maximum regional ozone concentration of the YRDS reached
144 + 56 pg/m> and the ozone concentration gradually
increased after 2 July. The domain-averaged MDA8 ozone
concentrations in the YRDN and YRDS were 119 + 38 pg/m?
and 117 + 20 ug/m?, respectively. The averaged exceedances of
YRDN and YRDS were 2.7 and 1.9 days, respectively.

Ozone concentrations have been determined by a combi-
nation of precursor emissions and meteorological conditions.
To investigate whether the variability in ozone precursors or
meteorological conditions mainly contributed to the severe

regional ozone pollution in the BTHS (the most polluted re-
gion), Pearson's paired correlation coefficient (R), CV and COD
are shown in Table 2. Due to the lack of VOC observations, CO
was used to reflect the VOC concentration because it has a
high correlation with VOC. The intersite correlation for MDAS8
ozone was the strongest at 0.67, compared to 0.05 and 0.27 for

Table 2 — Intersite uniformity statistics for cities in the

BTHS.

Pollutants R (@Y COD
O3 0.64 18% 0.13
CO 0.04 52% 0.21
NO, 0.29 32% 0.19
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CO and NO,, respectively. MDAS8 ozone also exhibited the least
variability, with mean CV and intersite mean COD values of
18% and 0.13 respectively, indicating homogenous ozone
variability among each city. However, the CVs of NO, and CO
were 31% and 48%, respectively. The CODs for NO, and CO
were 0.19-0.21, showing the heterogeneous variability in
ozone precursors. The homogeneity of ozone and the het-
erogeneity of NO, and CO among the sites in the BTHS indi-
cated that the response of O; to precursors was highly
nonlinear (Tang et al., 2012; Wang et al., 2013; You et al., 2017),
and the precursor concentrations could not determine the
variation trends of Os.

The basic cause of O; formation is excessive precursor
emissions (e.g., VOCs and NOx), and a chemistry-intensive
method is usually used for estimating the effects of VOCs
and NOy emission changes on peak Os (Seinfeld, 1988), which
is named as the empirical kinetic modeling approach (EKMA).
The EKMA curve can vary greatly at different sites under
different weather conditions, which revealed the response of
O3 to precursors was highly nonlinear. In addition, previous
studies have indicated that the formation of severe O; pollu-
tion was characterized by a complex interplay among net
chemical production, horizontal advection and vertical tur-
bulence, dry deposition and diffusion processes (Gong and
Liao, 2019). In particular, chemical reactions can be influ-
enced by meteorological conditions, e.g., high temperature
and solar radiation, as well as more stagnant atmospheric
conditions (Pu et al., 2017). Thus, in addition to the emission of
ozone precursors, meteorological conditions also play a key
role in the formation of O; events. The photochemical pro-
duction, horizontal and vertical transportation, and diffusion
processes of O3 are closely related to meteorological condi-
tions (Wang et al., 2017; Gong and Liao, 2019). The meteoro-
logical fields (such as temperature and relative humidity) were
found to have a significant linear relationship with O at both
one-site and regional scales (He et al., 2012; Li et al., 2018;
Wang et al., 2018). In this study, similar variation trends of
O3 among different cities were observed in both the BTHS and
the YRD regions (Section 2.3). Consequently, we focus on the
similar variabilities among different cities in this long-lasting
large-scale O event. Since the precursor concentration vari-
ations did not determine the variation trends of Os, the
meteorological conditions were the primary reasons for the
homogeneous variations in O3 over the BTHS and the YRD (He
et al., 2012; Li et al., 2018; Wang et al., 2018). In the following
section, we will investigate the influencing synoptic patterns
and meteorological conditions accounting for the O; charac-
teristics in different regions.

2.2.  The effects of circulation patterns on regional ozone
pollution

2.2.1. The movements of the WPSH

Meiyu is an important climate phenomenon characterized by
persistent rainfall over the YRD from June to July, which is also
called Changma in the Korean Peninsula and Baiu in mid and
south Japan (Ge et al., 2008). The rain belt over the YRD is
usually related to the location of the WPSH. Fig. 4 shows the
location of WPSH and the corresponding ridge line during the
pollution process. In this context, the WPSH ridge was defined

as the line within the range of 5880 gpm where u = 0 and du/
dy > 0. From 24 to 29 June, with the ridge line maintained at
approximately 22°N, the YRDS was generally located on the
north side of the subtropical high, which is the water vapor
passage. At the surface pressure field, the YRDS was disturbed
by the quasi-stationary front on 24 and 25 June (not shown),
which provided instability for rainfall. In the following four
days from 30 June to 2 July, the WPSH moved east out of the
inland. On 3 July, the WPSH extended to the inland anew and
jumped northward with the ridge line staying at 25°N, and the
YRDS was basically under the control of the WPSH.

The western and northern boundaries of the WPSH are
always closely related to the water vapor passage. High RH
favors increased TCC, which can further influence other
meteorological factors, such as solar radiation. With the
northward movement of the WPSH from 22 to 25°N, the
maximum value of the RH also moved northward from the
YRDS to the YRDN, which accounts for the ozone variability
over YRD region. In section 2.3.1, we will discuss what impacts
the step-fashion movement of WPSH brought on the meteo-
rological conditions over YRD region.

2.2.2. Synoptic circulations over the BTHS

In addition to the WPSH, mid-high latitude wave activities are
also closely related to the meteorological conditions over the
BTHS (Xu et al.,, 2019). During the pollution period, the BTHS
was under the control of the positive geopotential height
anomaly center at 500 hPa (Fig. S2), which is often closely
related to stable weather conditions over BTHS (Zhong et al.,
2019). Thus the mid-high latitude circulation patterns will be
further discussed to investigate their impacts on the meteo-
rological conditions over the BTHS.

Fig. 5 depicts the sea-level pressure field, geopotential
height, horizontal wind fields and air temperature distribution
at multiple levels. At the beginning of the regional ozone
pollution episode, the BTHS was in front of the high-pressure
system, where dry clean northwesterly winds prevailed at 500
and 200 hPa. The dry air from higher latitudes favors a low
relative humidity and less cloud cover, allowing more solar
radiation to reach the ground and higher temperature. More-
over, the high-pressure ridge at 500 and 200 hPa can impede
the northward movement of the WPSH, inhibiting the trans-
portation of water vapor from the low latitudes. At sea-level
pressure, the BTHS was under the control of a local high-
pressure system on 25 and 26 June, and the O3 concentration
began to increase under stable weather conditions with
downward motion (Fig. 6) and little cloud cover (Fig. S3). On 27
June, the BTHS was at the front of the shallow warm low-
pressure system, the center of which was located in the
Mongolia. Warm advection due to southerly winds prevailing
in the lower troposphere (e.g., surface and 850 hPa layers) can
bring pollutants to BTHS (Zhu and Liang, 2012; Whaley et al.,
2015). Before large-scale Oz pollution occurred over the
BTHS, O3 and its precursor concentrations in the southern
BTHS were high on 24 June. However, during the pollution
process, Os; and its precursor concentrations gradually
increased over the northern BTHS (Figs. 54, S5, S6). When the
episode ended, O3 concentrations pronouncedly decreased in
the southern domain and increased in the northern BTHS. The
results indicate that the regional transport caused by the
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Fig. 4 — Distribution of horizontal wind at 500 hPa (vector), the position of the West Pacific Subtropical High (WPSH) ridge
line (red line), 5880 gpm line (dark line) and relative humidity (RH) (shaded) on 24 June (a), 30 June (b), 1 July (c) and 5 July (d).

southerly winds strengthened O3 pollution, which is consis-
tent with the findings in previous studies (Gong and Liao, 2019;
Liu et al., 2019). From 27 June to 3 July, similar vertical atmo-
spheric circulation pattern controlled BTHS. As the influ-
encing warm ridge continuously moved eastward, the BTHS
was then at the back of the ridge, and the dominant wind
gradually shifted to the south on 4 July (Fig. S7). The wind shift
favored the further northward movement of the WPSH, which
brought water vapor to the BTHS. On 6 July, a strong cold front
came into the BTHS (not shown), facilitating the thorough
dispersion of pollutants and ozone declined quickly.

2.3. Influence of meteorological factors on regional ozone
pollution

2.3.1. Evolution of meteorological factors during regional
ozone pollution episodes

Relative humidity, temperature and solar radiation are all
essential for the chemical reactions involved ozone produc-
tion. Solar radiation can promote NO, photolysis, which is an
important pathway for ozone formation (NO, + hv + 0, —
O3 + NO) (Tan et al., 2018). Temperature can not only increase
the photolysis reaction rates but also influence the rate con-
stant of all the precursors. Water vapor also plays an impor-
tant role in the photochemical reaction due to the generated
OH (O(lD) + H,O — 20H) (Xu et al., 2011; Pu et al.,, 2017; Zhao
et al,, 2019).

The ozone concentration over the BTHS remained high
throughout the pollution process. Higher temperature, mod-
erate humidity, less total cloud cover, and stronger downward
UV radiation in BTHS were responsible for the surface ozone
production. After 3 July, with the northward movement of
WPSH and the influence of the trough, precipitation occurred
in the BTHS, resulting in increased RH and decreased tem-
perature (Figs. 4, 5), and ozone concentration declined (Fig. 3a).
Consistent with the ozone variation trend, the meteorological
conditions in the YRDN also come into two stages. In contrast
to the second stage (30 June - 5 July), the YRDN had a lower
TCC and RH and higher Tem and UV in the first stage (25-29
June). The RH then increased to 92.9% due to the movement of
the WPSH, contributing to the continuous precipitation from
29 June. In YRDS, the ozone concentration remained low,
although the temperature increased after 28 June due to
continuous rainfall. On one hand, precipitation over the BTHS
can scavenge soluble precursors, such as NO,; on the other
hand, the increased TCC and RH, decreased temperature and
UV virtually hinder ozone photochemical reactions.

2.3.2. Dependence of ozone on temperature, UV radiation,
and relative humidity

From the discussion above, stronger radiation, high temper-
ature and moderate humidity have been shown to be impor-
tant for elevated O; concentrations. To quantify the
relationship between Os; concentration and meteorological
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Fig. 5 — Distribution of geopotential height field (HGT; red contours) at 200, 500 and 850 hPa; sea-level pressure field;
horizontal wind (200, 500 and 850 hPa and 10 m; vector) and air temperature (Tem; 200, 500 and 850 hPa and 2 m; shaded) at
14:00 local time (LT) on 25 June (from (a) to (d)) and 27 June (from (e) to (h)).

factors, the dependence of ozone on Tem, UV radiation, and

RH are further analyzed in different regions.

Previous studies have revealed that O3 is positively corre-

lated with Tem, which is consistent with the results depicted
in Fig. 7a and d. The Pearson's correlation coefficient (R) for the
BTHS was 0.91; no significant correlations were found in the
YRD area. Compared to Tem, UV seemed to have a more sig-
nificant correlation with O; concentration in each region, with
R values of 0.95, 0.67 and 0.54 in the BTHS, YRDN and YRD,
respectively (Fig. 7b). This is likely because temperature in-
fluences photochemical reaction rates, while UV radiation is
the main driver of photochemical reactions (Xu et al., 2011). In
addition, during this regional ozone episode, high tempera-
ture is not always related to high UV radiation (Fig. S8). Strong
negative correlations between RH and ozone concentration
were commonly found in the BTHS, YRDN and YRDS (Fig. 7c).
The R and slope values in the BTHS, YRDN and YRDS are

~0.92,-0.88, and —0.63 and 2.21, 3.62, and 2.67 (ug/m>)/%,
respectively.

It should be noted that temperature, UV radiation and RH
all had a more significant correlation with O3 concentration
over the BTHS, in which ozone pollution was more intensive.
The relationships among O; and influencing meteorological
factors over the BTHS were further investigated based on the
daily values for all cities. Temperature, UV radiation, and RH
showed good correlations with O; in the BTHS, with R values
0f 0.63,0.73 and —0.7, respectively. The slopes of temperature,
UV and RH were 8.51 (ug/m®)/°C, 59.54 (ng/m?)/(MJ/m?) and
—1.93 (ug/m>)/%, respectively. For UV radiation greater than
2 MJ/m?, Os concentrations increased more significantly with
a slope of 72.36 (ng/m?)/(MJ/m?). The increased slope for UV
radiation indicated that O; concentrations may be more sen-
sitive to UV variation under a threshold value.
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3. Dynamic mechanism

In addition to chemical formation and horizontal trans-
portation, vertical motion is also a significant dynamic factor
in ozone concentration as it has a considerable effect on the
vertical dispersion of pollutants (Shi et al., 2018). Fig. 8 shows
the composite pressure-latitude profiles of the temperature
anomaly, wind divergence and vertical velocity averaged from
36° to 41°N (Fig. 8 a, b and c). The wind displayed a
convergence-divergence-convergence structure: a shallow
convergence at 1000-900 hPa, followed by a divergence at 900-
800 hPa, and a convergence at 800-600 hPa. This vertical
structure favors ozone-benefiting sinking motion according to
the continuous theorem of quality (Wu et al., 2017). The core
BTH region (marked by the red rectangle in Fig. 1) was
completely dominated by deep sinking motion from 1000 to
500 hPa. Next, the daily vertical distributions of temperature,
wind divergence and vertical velocity anomaly are shown in
Fig. 8d, e and f. The temperature, wind divergence and vertical
velocity showed the abovementioned distribution during the
pollution event. The deep sinking motion from 1000 to 500 hPa
can restrain the dispersion of pollutants within a lower layer.

Fig. 9 shows the hourly vertical profiles of temperature in
Beijing based on ERAS data, and Fig. S9 shows temperature
profiles at Beijing, Taiyuan, Zhengzhou and Zhanggiu at 8:00
and 20:00 local time (LT) based on in situ sounding data. It was
observed that temperatures pronouncedly decreased with
height at midday in Beijing, while the vertical lapse rate of
temperatures notably diminished at night and early morning
accompanied by inversions. Temperature inversions can cut
off the mass exchange between the upper and lower layers

Temperature Anomaly (°C)

Divergence (/s)

(Fan et al., 2008). Under this situation, a large amount of NO
emissions at night can only titrate ozone at the surface (NO-
rich layer), and the ozone generated through photochemical
reactions in the daytime can be preserved in the upper layer at
night due to inversion. The vertical distribution of O; revealed
that a higher level of O; was produced in the boundary layer in
the daytime and corresponded to higher O; concentrations in
the upper layer that occurred on the following night (Yan
et al,, 2018; Farris et al., 2019; Zhao et al., 2019). Under this
situation, once the thermal inversion layer is broken as the
sun rises (Figs. 9 and S9), O; in the upper layer (ozone-rich
layer in the night due to the lack of NO titration) can be
transported to the ground with the sinking motion (Zhao et al.,
2019).

Consequently, the favorable meteorological conditions,
sinking motion and temperature inversion jointly determined
the heavy and persistent ozone pollution over the BTHS. A
schematic representation of the meteorological formation
mechanism for persistent regional ozone pollution over the
BTHS is shown in Fig. 10. Located in front of a ridge, the BTHS
was dominated by the dry northwesterly wind in the middle
and upper troposphere, which resulted in stable weather
conditions with low-moderate humidity, less cloud cover, and
higher solar radiation and temperature in the BTHS. Weak
southerly winds in front of the shallow warm low-pressure
system in the low troposphere favored the accumulation of
pollutants, as southerly winds conveyed the aged air mass
from the south to the BTHS. A deep sinking motion and
inversion layer suppressed the vertical dispersion of pollut-
ants. Additionally, the inversion layer in the lower tropo-
sphere facilitated O3 vertical transport from upper boundary
layer to the surface. If the abovementioned conditions remain
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Fig. 8 — Composite pressure-latitude profiles of temperature anomaly (a), wind divergence (b) and vertical velocity (c)
averaged between 116 and 119°N from 25 June to 5 July; vertical distribution of temperature (d), wind divergence (e) and

vertical velocity (f) anomaly of the pollution event from 25 June to 5 July.
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in the BTHS for a long time, the ozone event will be continu-
ously maintained and further exacerbated.

4, Conclusions

In this study, an 11-day regional ozone pollution event in the
summer of 2017 was investigated based on in situ observation
data for 96 cities over eastern China. Seventy-three cities

mainly located in the BTHS experienced ozone pollution with
maximum ozone concentrations up to 314 pg/m?, indicating
the large scope and intensity of this pollution event. The
impact of the meteorological dynamic mechanism on ozone
was analyzed.

The movement of the WPSH (ridge sustained at 20—26°N)
played an important role in the spatial distribution of ozone
over the YRD region, which attributed to amounts of precipi-
tation and insufficient radiation. The persistent high RH did
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not favor ozone formation, thus leading to the relatively low
ozone concentration over the YRD. Under the control of the
anomalous high-pressure system in middle and upper tropo-
sphere, the BTHS was dominated by meteorological condi-
tions favorable for ozone formation (Xu et al., 2019). Warm
advection induced by southerly winds was prevalent in the
low troposphere over the BTHS, which contributed to the
positive temperature anomaly at surface (Fig. S2). Southerly
winds facilitated the transportation of the aged air mass to
north BTHS, contributing to the increased Os; and its pre-
cursors. In addition to the local chemical formation and
regional transportation of pollutants, deep sinking motion in
the mid—lower troposphere and temperature inversion over
the BTHS, which can restrain pollutant dispersion within a
lower layer, also contributed to severe ozone pollution. Due to
the inversion, ozone in the upper layer can be preserved at
night because of the lack of NO titration. Once the inversion
was broken as the sun rose the following day, ozone-rich air
was vertically transported to the ground with the sinking
motion, further aggravating the pollution. Because the
abovementioned conditions remained in the BTHS, the heavy
regional ozone pollution event could be continuously
maintained.

Generally, high ozone pollution is accompanied by high UV
radiation and temperature and a moderate RH at 30%—50%. In
the BTHS and YRD, Os is positively correlated with tempera-
ture and UV radiation and negatively correlated with RH.
Moreover, O3 concentrations increase more significantly with
a slope of 72.36 (ug/m®)/(MJ/m?) when UV radiation is greater
than 2 MJ/m?.
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