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Introduction
Surface or ground-level O3 is a secondary air pollutant generated mainly through photochemical oxidation in the presence
of volatile organic compounds (VOCS ) and nitrogen oxides
(NOX = NO + NO2 ), which negatively impacts human health
and vegetation growth. Severe ozone pollution in many European and U.S. urban areas has been significantly alleviated
due to the stringent emission control since the 1990s. However, in recent decades, China has experienced industrialization advancement and rapid economic growth, causing significant increases in anthropogenic ozone precursor emissions
(Li et al., 2018). Previous studies have reported significant increases in O3 in eastern China, especially in the Yangtze River
Delta (YRD) and the North China Plain (NC) (Mao et al., 2020).
More recently, the summertime surface O3 pollution has gradually become the primary concern of air pollution in China
(Wang et al. 2017).
In addition to the abundant anthropogenic emissions of O3
precursors, the impacts of meteorological fields on O3 have
been extensively studied. Though regional differences could
exist in the primary influencing meteorological predictors
(Li et al., 2018), a low total cloud cover (TCC), a low relative humidity (RH) and a high temperature are essentially beneficial
to the O3 pollution in summer. High ozone levels were found
accompanied by warmer temperatures worldwide (Porter and
Heald, 2019; Wang et al., 2018). Pu et al. (2017) found that ozone
level increases with a rate of 4-5 ppb/K when temperature in
between 28 and 38°C during a heat event over YRD region in
2013. S. Solberg et al. (2008) found that the extreme heat waves
and drought that Europe experienced in 2003 contributed to
the record-high surface ozone values due to the surface dry
deposition reduction. Based on long-term measurements and
numerical experiments, Rasmussen et al. (2012) considered
temperature as a proxy to synthesize the complex effects of
several temperature-dependent meteorological and chemical
processes impacting O3 concentrations, for example, the stagnant conditions enabling accumulation of local chemistry precursors that feed O3 formation. Additionally, higher temperatures can also increase the photolysis reaction rates involved
O3 formation (Gong and Liao, 2019).
Because the regional meteorological fields are basically determined by the synoptic circulations (Wu et al., 2017), O3 concentrations are also influenced dynamically by large-scale circulations. Previous studies indicate that an anomalous anticyclone and the associated enhanced surface solar radiation can
induce extremely hot summers over the NC (Zhong et al., 2019;
Chen and Lu, 2014a; Lu and Chen, 2016). Usually, warm summers are associated with local positive geopotential height
(HGT) anomalies (Pan et al., 2004; Chen and Lu, 2014b). The
local circulation anomalies related to the temperature variability over the NC may be linked with large-scale teleconnection patterns. For instance, the teleconnection patterns over
the Eurasian continent can induce anomalous temperatures
over the NC (Li and Ruan, 2018). In addition, the variability
of the northern circumpolar vortex (Gu and Yang, 2006) and
that of the Okhotsk high (Sato and Takahashi, 2007) have also
been suggested to be associated with NC summer temperatures. These studies highlighted the important roles of mid-
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high-latitude teleconnections and their associated circulation
anomalies in modulating the regional meteorological conditions pertaining to the surface O3 variation.
Along with the rising of global surface temperature
(Plattner and GianKasper, 2014), the substantial increasing
temperatures led to a higher risks of extreme heat wave events
in North and Northeast China (NNEC) (Li et al., 2019; Pu et al.,
2017), especially in 2017 and 2018 (Fig. 1). Although high ozone
concentrations do not always occur at high temperatures, unusually high temperatures are usually associated with high
concentrations of ozone pollution. In 2018, an record-breaking
summer occurred over NNEC (Xu et al., 2019), with surface air
temperature being 1.2°C higher than its climatological mean
(1979-2010). Under the abnormal high temperatures, regional
O3 pollution occurred over the NNEC during 2-3 August 2018,
and approximately 2/3 of the cities experienced O3 pollution
with a maximum value of 268 μg/m3 .
In this study, considering the high-level O3 pollution itself, we paid a close attention to the relationship between
ozone pollution and high temperatures under the background
of global warming, and further interpreted the deep-seated
meteorological mechanism of this high-temperature process
from a joint perspective of weather dynamics and wave energy
transportation.

1.

Data and methods

1.1.

Observations and reanalysis data

Hourly surface O3 concentrations from 23 July to 3 August 2018
were provided by the China National Environment Monitoring
Center Network (http://106.37.208.233:20035/). The maximum
daily average 8-h concentration of O3 (MDA8 O3 ) was calculated on the basis of these hourly data. In this study, 79 cities
were selected to reflect the regional O3 status of the NNEC.
Note that days with O3 concentrations exceeding 160 μg/m3 the Grade II national air quality standard for the protection of
residential areas - are considered pollution days.
Daily reanalysis data were collected 4 times per day
(00:00:00, 06:00:00, 12:00:00, and 18:00:00 UTC) and consisted of
the horizontal wind, HGT, TCC and RH; the downward UV radiation at the surface (UVB) and maximum temperature at 2 meters (MT2M) were collected at 00:00:00 and 12:00:00 UTC with a
3-hour forward step. The reanalysis meteorological data were
provided by the European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis Interim (ERA-Interim) dataset
(Dee et al., 2011) with a horizontal resolution of 0.5° × 0.5°. In
this context, the climatology was calculated based on 30 years
of data from 1981 to 2010.

1.2.

Data analysis

A range of different statistics, including Pearson’s paired correlation coefficient (R), the spatial coefficient of variation (CV)
and the coefficient of divergence (COD), were used to investigate the temporal and spatial characteristics of O3 and its
precursors. The CV was defined as the mean of the standard
deviation of the spatial distributions divided by the distributions’ mean. The COD, characterized by the means of all coeffi-
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Fig. 1 – Daily domain-averaged (110°E-130°E, 35°N-47.5°N) maximum air temperature at 2 meters (a; MT2M) and MT2M
anomalies (b) during the summer of 2014-2018; the climatological means was calculated based on 30 years of data from
1981 to 2010. The color-mapped scatters indicate the maximum daily average 8-h concentration of O3 (MDA8 O3 ), and the
legend represents the individual air quality index graded on the MDA8 O3 concentration according to the Grade II national
air quality standard.

cients of divergence, was calculated according to the following
equation:

CODfh
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where, xif and xih represent the i-th concentrations observed
at the f-th and h-th sites, respectively, and n is the sampling
size of the observations at each site. A COD of 0.2 was usually
used as the threshold to confirm the heterogeneity between
two sites. High correlation coefficients can reflect the homogeneity of the O3 concentrations between two sites, while the
CV and COD indicate the heterogeneity between two sites. In
this paper, if two sites exhibited a high correlation coefficient,
a low CV and a low COD were considered to represent strong
uniformity in O3 and in the concentrations of its precursors.

1.3.

Rossby wave activity flux

In order to investigate the characteristics of Rossby wave during the pollution episodes, we used the TN (Takaya and Nakamura, 2001) wave activity flux (WAF) to diagnose the Rossby
wave energy propagations. Assuming the wave is stationary,
the horizontal T-N wave activity flux was calculated as fol-
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where, U and V represent the steady zonal and meridional
basic flow, respectively; ψ  designates compute perturbation
stream function represented by geopotential anomalies in
Quasi-Geostrophic assumption.

2.

Results and discussion

2.1.

O3 characteristics

Under the background of global warming, an exceptionally
hot summer occurred in 2018 over the NNEC, and the MT2M
is 1.2°C higher than its climatological mean (1979-2010; data
not shown here). The maximum MT2M anomaly even reached
4.4°C on 3 August 2018 (Fig. 2c). In the meantime, a regional
O3 pollution event was observed during the same episode
(Fig. 2d). During 27-29 July, O3 pollution was firstly observed
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Fig. 2 – Temporal distribution of the MDA8 O3 (a), in which the cities are arranged by latitude from north to south; spatial
distributions of the MDA8 O3 concentration (colored markers) and horizontal wind at 1000 hPa (vectors) on 31 July (b1), 1
(b2), 2 (b3) and 3 (b4) August, respectively; MT2M (red line) and MT2M anomaly (blue line) during the event (c); regional O3
concentration (blue line) and the number of cities (red bar) with an MDA8 O3 concentration exceeding 160 μg/m3 (d). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

over north Henan Province. Then the polluted area and O3
concentration sharply increased over most of the NNEC during the first several days of August (Fig. 2a, 2d). From 31 July
to 3 August, the pollution scope first expanded southward to
northern Henan and then extended northwestward to Liaoning with an enhanced intensity (Fig. 2b). On 1 August, Beijing,
Tianjin, northern Hebei and Shandong were the areas that
mostly suffered from O3 pollution; 20 out of 79 cities reached
the Grade II national air quality standard, and the regional

mean O3 concentration was 143 μg/m3 . With the expanded
pollution scope, 41 cities in Inner Mongolia, Liaoning Province
and Henan Province were affected by O3 pollution on 2 August, and the regional mean rocketed up to 161 μg/m3 . On 3
August, as O3 pollution further intensified; a total of 48 cities
experienced the pollution with a regional mean concentration
of 166 μg/m3 . And the maximum value occurred in Cangzhou
city as 268 μg/m3 .
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Table 1 – Intersite uniformity statistics for the two categories of O3 cities.
Site Category
R
Category 1
Category 2

NO2
CV (%) COD R

0.40 42.5
0.33 38.4

CO
CV (%) COD R

0.24 0.41 49.8
0.24 0.33 42.3

O3
CV (%) COD

0.26 0.73 24.7
0.24 0.67 23.6

0.17
0.13

During 1-3 August, the regional O3 pollution over the
NNEC significantly exacerbated despite the scope and intensity (Fig. 2d). The regional O3 concentration increased by 23
μg/m3 in only two days, reaching a maximum of 167 μg/m3
on 3 August. Meanwhile, the number of O3 -polluted cities had
more than doubled to 48, and over 63% of the selected cities
were exposed to O3 pollution. It is worth noting that the regional MDA8 O3 showed significant positive correlations with
the MT2M and MT2M anomaly during this pollution process,
with correlation coefficients of 0.69.
According to the previous studies, ozone concentrations
have been determined by a combination of precursor emissions and meteorological conditions. The precursor emissions are fundamental drivers for O3 formation (Jin and Holloway, 2015), based on which synoptic meteorological conditions have an important effect on regional ozone distribution
and variation (Shen et al., 2015; Yin et al., 2019). A set of statistics, including R, CV and COD, were applied to investigate the
relationships between O3 and its precursors. Since VOCs observations are lacking, CO was selected to reflect the VOCs
concentration due to its high correlation with VOCs . The cities
are divided in two main categories based on factor analysis results of MDA8 O3 variation (category 1: cities located north of
38.5°N; category 2: cities located south of 38.5°N). As shown
in Table 1, the average intersite correlation for MDA8 O3 was
the strongest, ranging between 0.67 and 0.73. The MDA8 O3
also exhibited the least variability with a mean CV ranging
from 23.6% to 24.7%. Moreover, the intersite mean COD was
below 0.20, indicating homogenous O3 variability among each
city group. However, the statistics of NO2 and CO were more
heterogeneous than those of the MDA8 O3 with CV and COD
values ranging from 38.4% to 49.8% and from 0.24 to 0.26, respectively. The average intersite correlations of NO2 and CO
reached only up to 0.40 and 0.41, respectively.
The MDA8 O3 concentration showed great homogeneity
among each group, while no such uniformity was shown for
either NO2 or CO. The result indicates the response of O3 to its
precursors was highly nonlinear (You et al., 2017; Wang et al.,
2013). In this study, we focus on the uniform variation trends
of O3 in each city group. Since the precursor concentration
variations did not determine the variation trends of O3 , the
distribution of meteorological conditions was supposed to be
the primary reasons for the homogeneous variations in O3 ,
which will be mainly discussed in the following section.

2.2.

Meteorological fields

During the pollution process, MT2M was revealed highly correlated with the MDA8 O3 concentrations (Figs. 2c, 2d), which

is consistent with the results of previous studies (Pu et al.,
2017). High temperatures typically associated with stagnant
and sunny weather conditions, usually lead to high O3 events
(Li et al., 2017; Wang et al., 2013; Lin et al., 2008). However,
MT2M didn’t isolatedly impact the O3 concentrations. Fig. 3
depicts the distributions of other meteorological elements associated with MDA8 O3 , including TCC, UVB, MT2M and RH at
1000hPa (Gong and Liao, 2019; Li et al., 2017; Lu et al., 2018).
During the first period during 23-26 July, the NNEC was
under the control of a high RH at approximately 80% with a
high TCC and a small UVB. Over the following days until 3
August, the upward motion over the NNEC gradually turned
into downward motion with less TCC, resulting in a higher
UVB, a higher temperature and a diminished RH. Generally,
a decrease in RH correlates with a smaller TCC, allowing more
downward solar radiation to reach the surface and thus warming the lower-tropospheric air by increasing upward thermal
radiation. As the photochemical reaction relevant to O3 formation greatly depends on the availability of solar radiation,
the increased solar radiation and surface air temperature are
responsible for the high O3 concentration during the last two
periods. In particular, high temperatures can not only increase
the photolysis reaction rates but also affect the rate constant
involved in all O3 precursors (Xu et al., 2011). High temperatures and low RH have been shown to be important features
for elevated O3 concentrations.
As shown in Fig. 3, solar radiation, temperature and RH are
the key meteorological factors for O3 formation. Considering
that O3 is produced mainly through a photochemical reaction
in the presence of sunlight with its peak occurring at noon, we
further performed a quantitative analysis of the relationships
between the O3 concentration and MT2M and RH in the afternoon (at 14:00 local time) during the pollution period. Fig. 4 depicts scatter plots between the daily MDA8 O3 and the MT2M
and RH at 1000 hPa over the 79 selected cities. The O3 formation through photochemical reaction was positively related to
the MT2M with the R and slope of 0.55 and 8.27, respectively.
However, the O3 concentration was not simply linearly correlated with the RH (Crutzen, 1979; Tan et al., 2019), high values generally occurred when the RH was between 40% and
55%. Generally, high O3 concentrations were related to high
temperatures and low RH levels (40%˜55%). In the following
text, we will investigate the favorable circulation patterns contributing to the extremely high temperatures and the low RH.

2.3.

Circulation patterns

As shown in Fig. 3b and 3c, the regional decrease in the TCC
and the associated increase in the UVB over the NNEC were
dynamically connected with large-scale descending motion,
implying a linkage with synoptic-scale weather patterns. Fig. 5
shows the HGT field at mid- and high-tropospheric altitudes.
The center of a local high (LH) at 500 hPa was persistent near
the Korean Peninsula and extended to the NNEC. At the same
time, a deep trough was observed over 60°E-70°E upstream
of the center of this high, showing a wavier flow in the midlatitudes over the Eurasian continent. Moreover, the center of
this high intensified substantially during July 31-August 3 (the
third period), and the regional mean HGT over the large positive anomaly region (35°N-42.5°N, 112.5°E-132.5°E) was 5914
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Fig. 3 – Spatial distributions of the daily average relative humidity (RH) (a) at 1000 hPa, total cloud cover (TCC) (b), downward
UV radiation at the surface (UVB) (c) and MT2M (d) at local time 14:00 in period of 23-26 July, 27-30 July and 31 July-3 August
(from 1 to 3) 2018, respectively. Vertical velocity is marked by dark red contours and negative values are dashed. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

gpm. We also checked the mean HGT of the above region during the same period in NCEP/NCAR reanalysis 1 (Kalnay et al.,
1996) and found that it is the largest value over the past 60 yrs.
Correspondingly, the regional anomalous decent of air was
clearly identified over the NNEC, Korean Peninsula and Japan
due to Ekman pumping in this anomalous high-pressure zone
(Watanabe 2004; Sun et al.2008).
The 200 hPa HGT displayed a dominant strong South Asian
high over subtropical Eurasia and extended to Middle and
East Asia, as denoted by the areas with high values (>12500
gpm). The center of a high presented over South Asia during 23-26 July and then split into two centers located in the
southern Caspian Sea and Northwest China, showing a clearly
northeastward strengthening trend. The eastern part of the
center of this high finally moved to Northeast China during 31 July-3 August. Correspondingly, the mid- and uppertropospheric anticyclones near the NNEC overlapped, suggested a local deep and strong high. This can be better shown
by the longitude-height cross-section of the zonally asymmet-

ric HGT along 40°N during 31 July-3 August (Fig. 6a). The local
intense quasi-barotropic high over the NNEC extended from
the upper troposphere to the mid troposphere. The maximum
values presented near the tropopause (120°E, 200 hPa), and
these values diminished as the height decreased, indicating
that the upper circulation near the tropopause played a driving role. Meanwhile, a regional pronounced increase of the
outgoing longwave radiation (OLR) also display over the LH region (Fig. 6b). The loss of thermal radiation at the upper air
suggests a adiabatic compression and further enhanced sinking motion (Charney, 1975). The deep sinking airflow driven
by the anticyclone observed over 1000-100 hPa could directly
suppress the dispersion of pollutants through dynamic and
thermodynamic effects. This dominant subsidence resulted
in heating and drying effects on the lower-troposphere atmosphere through adiabatic heating. In the meantime, this
downdraft could also determine the divergent wind in the
lower troposphere, which can inhibit the convergence of water
vapor and thus lead to a decreased RH.
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Fig. 4 – Scatter plots between the daily MDA8 O3 and the MT2M (a) and RH (b) at 1000 hPa over 79 cities during 27 July-3
August. The linear fitting line is marked by a red dotted line. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5 – Daily average HGT at 500 hPa (a, c, e) and 200 hPa (b, d, f); the vertical velocity is marked by dark green contours, and
the negative values are dashed. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

To further address the intimate relationship among HGTMT2M-O3 pollution, we also shown the multiyear scatters of
regional means of HGT and MT2M over NNEC during 26 July3 August (Fig. 7a). There is a significant positive correlation
between the HGT and MT2M (r = 0.56, above 99% confidence
level). The regional HGT and MT2M are remarkably high dur-

ing the past 40 years. Furthermore, the HGT during 26 July3 August in 2016 is 5847 gpm (the fourth high) accompanied
with a mean MT2M is 25.9°C (the second high). Coincidently,
a regional O3 pollution occurred during 27 July-29 July in 2016
(Fig. 7b). The coincidence of high regional HGT, MT2M and O3
pollution events in 2016 and 2018 further indicating the driv-
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Fig. 6 – Vertical distribution of the anomalous HGT field (shading) and vertical velocity (contours) (a) from 31 July to 3 August
at 40°N; the distribution of outgoing longwave radiation from 31 July to 3 August (b). The climatology is calculated based on
the mean of 1981-2010.

Fig. 7 – Scatter plots between regional means of HGT and MT2M over NNEC (110°E-130°E, 35°N-47.5°N) during 26 July-3
August from 1979 to 2018 (a), and the linear fitting line is marked by a red dotted line; distribution of MDA8 O3 on 29 July in
2016 (b). The red rectangle box indicates the severe polluted region. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

ing role of local high to O3 pollution over NNEC during midsummer (noted that the O3 data of China is available after
2013). The decreased RH and enhanced downward radiation
and MT2M finally resulted in explosive O3 pollution under meteorological conditions favorable for photochemical reactions.
Consequently, the deep high over the NNEC led to the regional
suppression of ascending airflow and played a physically important role in the regional hot spell and severe O3 event. Considering that the LH was the influencing synoptic system that
determined the O3 distribution and characteristics over the
NNEC, we will next discuss the dynamical formation mechanism for this extreme LH.

2.4.

Possible mechanisms

2.4.1.

WAFs distribution

As shown in Fig. 8 a-c, the deep high over the near the
tropopause was dynamically linked with a localized anticyclonic circulation with two southerly and northerly maxima
near 90°E and 135°E during 27 July-3 August. Meanwhile, the
meridional wind over the mid-latitudes of Eurasia showed
alternating southerlies and northerlies every 2000-3000 km
accompanied by a zonal Asian jet during 23 July- 3 August
(Fig. 8a–c); such a wavy pattern implies the existence of stationary waves and wave energy being transported from up-
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Fig. 8 – The zonal (shaded) and meridional (contours) wind
speeds at 200 hPa in period of 23-26 July (a), 27-30 July (b)
and 31 July-3 August (c) 2018, respectively. Negative
contours are dashed.

stream. Furthermore, the large-scale jet core of the zonal
winds with values exceeding 30 m/s was strong enough to
serve as the waveguide along which stationary Rossby waves
propagated downward (Newman and Sardeshmukh, 1998;
Hosnkis Abbzzi, 1981). The westerly jet was situated on the
northern flank of South Asia high and, to a certain extent, was
intensified by anticyclonic flow. The westerly jet core meandered from the Mediterranean to Mongolia and Middle Asia
during 23–26 July and then shifted eastward to Mongolia and
Northeast China in concert with the variation in the location
of the South Asia high maximum.
Because the direction of the group velocity of stationary
Rossby waves parallels that of the wave activity fluxes, the
WAFs were diagnosed to clarify the propagation characteristics of the wave energy. The distribution of WAFs given in Fig. 9
intuitively depicts the propagation of the Rossby waves. During 27–30 July, pronounced WAFs were found over the NNEC,
and the weak convergence of WAFs was observed over the
Yellow Sea, Korean Peninsula and Japan Sea. In the following
days, the area of the sink of wave energy extended notably to
most of northern China, including the NNEC, and the conver-

Fig. 9 – Distribution of the daily average WAFs (arrows) and
WAFs’ convergence and divergence fields (contours) in
period of 23-26 July (a), 27-30 July (b) and 31 July-3 August
(c) 2018, respectively. Negative contours are dashed. The
positive contours represents the convergence region, and
negative contours represents the divergence region.

gence of WAFs clearly intensified. The wavy circulation pattern and the convergence of WAFs over the NNEC in the upper
troposphere indicate an important role of mid-latitude Rossby
wave activity. The wave energy transferred from upstream to
NNEC contributed to the maintenance of the LH, further leading to the sunny and hot weather over the NNEC during the
study period.

2.4.2.

Intensification of the LH

As shown in Fig. 5, the Tibetan high (also known as South Aisa
high) split into two parts during 27–30 July accompanied by the
deepening of a trough located at the mid-latitudes of 75°E. The
South Asia high split into two parts, and then its eastern part
moved northwestward, establishing an equivalent-barotropic
structure in the geopotential high field over the NNEC and a
pronounced intensification of the LH, which finally resulted in
the severe O3 pollution during 31 July-3 August. In the following context, we will proceed to investigate the possible mechanisms responsible for the intensification of the LH.
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Fig. 10 – Distribution of the PV (1 PV unit = 106 K kg−1 m2 s−1 ) anomaly (shading) and the HGT (contours) at 200 hPa (a, b, c)
and a longitude-height cross-section of the PV anomaly (d, e, f) at 40°N in period of 23-26 July, 27-30 July (b) and 31 July-3
August 2018, respectively. Negative contours are dashed.

(1) Split of the polar vortex during 27 July-3 August
Fig. 10 shows the HGT at 200 hPa and the potential vorticity
(PV) anomaly with its vertical structure in each period. During
23-26 July, the polar vortex center was situated at 40°W. As a
result of the polar vortex activities, a trough appeared downstream near 75°E, and a corresponding weak ridge appeared
near 50°E. The trough near 75°E was associated with a positive
PV anomaly. In this period, weakly negative PV anomaly values were found over the NNEC, leading to the presence of the
LH and a southwest-northeast ridge. During 27 July-3 August,
the polar vortex over Eurasia developed remarkably and further split into a local low vortex near 80°E with high positive
PV values (˜ 4 PVU). Due to the upstream propagation of wave
energy, the downstream LH over the NNEC continuously developed with substantially decreased PV anomalies (˜ -5 PVU)
along with an amplified Rossby wave at the mid-latitudes of
Eurasia during this period. Moreover, negative PV values were
observed from 100 to 500 hPa between 90°E and 120°E during
31 July-3 August. Therefore, the split of the polar vortex over
Eurasia and its associated increase in the upstream accumulation of wave energy played a physically important role in the
substantial intensification of the LH over the NNEC during 31
July-3 August.
(1) Interaction with Typhoon Jongdari
On 23 July, Typhoon Jongdari, a mesoscale synoptic system, appeared in the southeast of Taiwan at 16.9°N, 136.75°E.
The paths and the strengths of typhoon Jongdari were supplied by the website of Weather China for typhoons (http:
//typhoon.nmc.cn/web.html). Typhoon Jongdari first moved
northward during 23 -–27 July and then made a sharp turn
toward the west. Due to the principle of mass conservation,
sinking motion always occurs along a typhoon system’s pe-

riphery with a strong updraft near its center. As Jongdari approached closer to the LH (Fig. 11a) from 23 July to 4th August,
the co-occurrence of the extreme LH and Typhoon Jongdari
suggests a potential interaction between these two weather
systems. Fig. 11b depicts the cross-section of the vertical velocity along the line from the typhoon center (TC; the location of the minimum sea-surface layer pressure in typhoon)
to the local high center (LHC; the location of the maximum
geopotential height on 500hPa in local high) over the NPC.
Strong consecutive updraft and downward flows from the upper troposphere and lower stratosphere (UTLS) to the lower
troposphere were observed in the LHC and TC, respectively.
A conspicuous secondary circulation was fully developed and
well organized between the LH and typhoon system. The
deep downdraft further enhanced the sinking motion over
the NNEC through this secondary circulation, which was conducive to a deep sinking motion, resulting in the development
of the LH. On the other hand, this deep subsidence could have
potentially delivered O3 -rich air from the UTLS to the nearsurface ground and led to the enhancement of O3 over the NC
(Jiang et al., 2015), contributing to the aggravated O3 pollution.
In addition to the photochemically related processes
and horizontal transport in lower troposphere (Gong and
Liao, 2019; Gong et al., 2020), the downward transport of
stratospheric ozone is also an important natural source
of tropospheric ozone, especially in the upper troposphere
(Neu et al., 2014; Lou et al., 2015). In particular, when pollution processes occurred under a deep convective system
or at high-attitude areas (Trickl et al., 2020; Dreessen, 2019),
the injection of stratospheric O3 -rich air into the troposphere
can also significantly increased ground-level O3 (Knowland
et al., 2017). Using the GEOS-Chem chemical transport model,
Lu et al. (2019) found that stratospheric contributions are large
(over 20 ppbv during springtime) in western China due to the
high elevation and can also enhance ozone in northern China
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Fig. 11 – The locations (a) of TC (red dots) and LHC (blue dots); horizontal-vertical circulation along the line from TC to the
LHC on 27 (b1), 29 (b2), 31 July (b3) and 1 August (b4), with the shades indicating the vertical velocity (m/s). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

by over 8 ppbv. In previous studies, numerical simulations
are the most commonly applied approaches to quantify the
stratospheric intrusions contributions to regional O3 pollution, which pays a closer attention to statistical or long-term
characteristics and variations. In this paper, we mainly discussed the impact of the stratospheric transport on the MDA8
O3 variations by the case study.

3.

Conclusions

During the record-breaking summer in 2018, the NNEC region
experienced regional O3 pollution in 27 July-3 August under
extremely high-temperature conditions. The favorable conditions (low RH, strong UVB and extreme high temperatures)
for O3 formation over NNEC were dynamically connected with
the local dominant descending motion. From a dynamical perspective, the subsidence can also suppress the dispersion of
pollutants, confining the air pollutants in a shallow layer.
By analyzing the HGT field in the mid- and high troposphere, we found that the sinking motion was induced by a
quasi-barotropic LH, which was closely related to the propagation of the Rossby wave. The wave energy was transported
from upstream to the NNEC region along the westerly jet. The
favorable mechanisms responsible for the pronounced intensification of the LH during the pollution process were further
investigated. Firstly, the development and splitting of the polar vortex over Eurasia enhanced the amplitude of the Rossby
wave. The associated increased accumulation of upstream
wave energy led to a substantial negative PV anomaly (˜ -5
PVU) over the NNEC. Moreover, Typhoon Jongdari affected the
LH during its approach to the LH during the pollution episode.
Then, due to the established and developed secondary circulation between the TC and LHC, the subsidence over the NNEC
region further intensified. The deep sinking motion not only
was in favor of the intensification of the LH but also could

deliver O3 -rich air from the UTLS to the near-surface ground
and directly led to the enhancement of O3 over the NNEC region. However, the stratospheric intrusions contribution and
its meteorological dynamics yet have not been sufficiently discussed by analysing relevant case studies over NNEC region.
The quantitative contribution of stratospheric intrusions to
surface O3 and its detailed coupling effect with other important synoptic systems should be further discussed in future
work.
In previous case studies for regional O3 pollution
(Mao et al., 2020; Pu et al., 2017), researchers mainly focused on the primary influencing meteorological parameters
and mid-low tropospheric circulation pattern, while its deepseated meteorological dynamics were rarely investigated. In
this particular O3 pollution case induced by extreme high
temperatures, we interpreted the roles of planetary-scale
background circulation, influencing synoptic high-pressure
system and Typhoon Jongdari, respectively. Considering the
ozone events induced by high temperatures may come up
more frequently in the future under the global-warming
background, it is of great importance to illustrate the meteorological mechanisms of the heat wave and its’ connection
between ozone pollution. The result may lead to a better
understanding of the regional O3 pollution over NNEC under
the global-warming background.
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