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Stratospheric intrusion (SI) is an important source of tropospheric ozone (O3). Here,
we used the online coupled Weather Research and Forecasting-Chemistry (WRF-
Chem) model to simulate a typical SI event that occurred over eastern China on
15–19 July 2016 and investigate the impacts of SI on near-surface O3 pollution. The
results show that the large-scale circulation of SI was characterized by a deep trough
over central China and South Asia high and Western Pacific Subtropical high located
to the east and west of the deep trough, respectively. With the evolution of the deep
trough, the strong downdrafts behind the trough lead to O3-rich air injected into the
lower troposphere across eastern China. By using a tracer tagging method in WRF-
Chem, we quantified the SI contributed up to 6.5 ppb to the surface O3

concentration. According to the integrated process rate analyses, which were
employed to quantify the contribution of different physical/chemical processes to
O3, the advection process dominated variations in troposphere O3 with positive
contribution ranging from 0.1 to 13.8 ppb h−1. As altitude decreases, the contribution
of advection diminishes as the intensity of the SI gradually weakens. Although the
vertical advection contributed limited O3 that directly reached the ground, we
revealed that the SI has significant impact on near-surface O3 over a large
territory of eastern China through regional transport by horizontal advection
process. Below 691 m, the positive contribution of horizontal advection to O3

ranges from 1.6 to 13.4 ppb h−1. This study highlights the natural effect of SI on
summertime O3 pollution in eastern China and will help the development of a future
O3 pollution alert system.
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1 Introduction

High concentrations of surface ozone (O3) are detrimental to human health (Lelieveld
et al., 2015; Fleming et al., 2018; Xu et al., 2020) and crop yields (Mills et al., 2018). O3

pollution has increased recently in China, surpassing PM2.5 as a major pollutant that
deteriorates urban air quality (Li et al., 2019a; Li et al., 2019b; Zhai et al., 2019; Li et al.,
2020). Near-surface O3 is produced via photochemical reactions involving nitrogen oxides
and volatile organic compounds (Finlayson-Pitts, 1997; Wang et al., 2017). In addition to
anthropogenic and biogenic emissions, stratospheric intrusion (SI), which is characterized
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by O3-rich air in the mid-troposphere with high potential vorticity
(PV) and low relative humidity (RH) (Ganguly, 2012; Greenslade
et al., 2017), can contribute to elevated O3 concentrations (Davies
and Schuepbach, 1994; Stohl et al., 2003a). Such a natural process
complicates the development of emission-reduction strategies. The
dynamical mechanism underlying SI are complex. Previous studies
have revealed that SI are mainly related to weather processes such
as cut-off lows and tropopause folding (Langford et al., 1996; Nieto
et al., 2005; Li et al., 2015; Chen et al., 2021).

Direct observation of O3 pollution caused by SI is challenging
because of the large dynamic variability of the tropopause and the
lack of high-resolution spatial and temporal measurements.
Hocking et al. (2007) detected stratospheric O3 intrusion events
using wind profiler radar and illustrated that wind profile data
could be used to predict the probability of O3 intrusion. By using
the MERRA-2 reanalysis in combination with surface O3 and
satellite observations and GEOS-5 simulated carbon monoxide
and a stratospheric tracer, Knowland et al. (2017) found that SI
events are associated with the tropopause folding under the jet
stream and subsequent isentropic descent of dry, O3-rich
stratospheric air toward the surface. Huang et al. (2022) used
Be7 as a tracer for stratosphere–troposphere exchange to
diagnose SI events. Ou-Yang et al. (2022) use thresholds for
surface O3, carbon monoxide, and RH to detect SI episodes at
Lulin Atmospheric Background Station, a high-altitude site in
East Asia.

SIs have also been extensively investigated in modelling studies.
Based on the GFDL AM3 model, Lin et al. (2015) highlighted that SI
can frequently occur during spring when the polar jet stream is
abnormally contorted to conflict with the attainment of the
national ambient air quality standard at high-elevation western US
regions. Through the use of the ECHAM5/MESSy Atmospheric
Chemistry model simulations, Akritidis et al. (2016) found a high
correlation between interannual variability of near-surface O3 and
tropopause folding in the Eastern Mediterranean. During selected
intrusion events, the air masses moved in a southeasterly direction.
Using WACCM6 model simulations, Wang X. et al. (2020) found a
significant 18% average contribution of SI to O3 extreme events in the
western United States. The weather research and forecasting coupled
with chemistry (WRF-Chem) was utilized by Zhao et al. (2021a) to
investigate a SI that occurred in Hong Kong in spring. They found that
the subtropical high-level jet stream was the primary driver of this SI.
Zhao et al. (2021b) used the process analysis technique in WRF-Chem

to examine the occurrence of SI and concluded that vertical advection
is the predominant cause of the increase in O3 in the lower
troposphere. Based on observations and model simulation, Zhang
et al. (2022) estimated the mean magnitude of SI contribution was
1.5–10 ppb in the North China Plain. Meng et al. (2022) used
reanalysis data, observations and LaGrange models to investigated
the effect of SI on summer O3 in the North China Plain. The results
showed that the contribution of SI to surface O3 was estimated to be
5.7%–18.8% and it is closely related to the high-altitude westerly
circulation over the Asian region. These findings suggested an
important role of SI in O3 enhancement episodes, and more
observations are needed to properly constrain and quantify its
impacts.

Eastern China is one of the most developed regions in China
and has become an economic center in recent years. However, the
fast economic development also resulted in a substantial rise in
air pollutant emissions, leading to severe photochemical
pollution (Dang and Liao, 2019; Tang et al., 2022). Some
studies have revealed transportation can induce O3 pollution
in the eastern China (Gong et al., 2020; Dai et al., 2021; Dang
et al., 2021; Qian et al., 2022), but few have linked wide-spread
transportation to SI. Here we used air quality observations and
the WRF-Chem model to simulate a SI event in eastern China in
summer and explore its dynamical processes. The integrated
process analysis was used to quantify the contribution of SI to
surface O3 concentration.

2 Data and methods

2.1 Observational data

Near-surface O3 observations were obtained from the China
National Environmental Monitoring Center (CNEMC,
http://106.37.208.233:20035/). The days with maximum daily 8-h
average (MDA8) O3 concentrations exceeding 82 ppb were defined
as O3 pollution episodes based on the National Ambient Air Quality
Standard (GB 3095–2012) Grade Ⅱ issued by the Ministry of Ecology
and Environment of China. Surface meteorological observations,
including temperature, RH and wind vectors are downloaded from
http://www.Meteomanz.com/.

2.2 Model configurations

WRF-Chem (v3.9.1) is an open-source regional chemical
transport model developed by the US National Center for
Atmospheric Research (NCAR). WRF-Chem is capable of
simulating air quality with fully coupled meteorology and
chemistry (Grell et al., 2005). Initial and boundary
meteorological conditions were derived from FNL reanalysis
data (https://rda.ucar.edu/datasets/ds083.2/) by the National
Centers for Environmental Prediction (NCEP). The
anthropogenic emissions were obtained from the Multi-
resolution Emission Inventory for China (MEIC, http://
meicmodel.org/), which was developed by Tsinghua University
(Li et al., 2017). Online biogenic and real-time biomass burning
emissions were calculated from the Model of Emissions of Gases
and Aerosols from Nature (MEGAN, v2.1) tool (A. Guenther et al.,

TABLE 1 Parameterizations used in the WRF-Chem model.

Options WRF-chem

Microphysics option Purdue Lin scheme

Longwave radiation option RRTMG scheme

Shortwave radiation option RRTMG scheme

Photolysis scheme Fast-J

Chemistry option SAPRC99

Aerosol option MOSAIC

Boundary layer option YSU scheme

Cumulus option Grell 3-Densemble scheme
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2006) and Fire INventory from NCAR (FINN, https://www2.acom.
ucar.edu/modeling/finn-fire-inventory-ncar) (Wiedinmyer et al.,
2011) respectively. The initial and boundary conditions of chemical
specials were provided by the global chemical transport model
MOZART (L. K. Emmons et al., 2010). Meanwhile, the Statewide
Air Pollution Research Center (SAPRC99) mechanism was utilized
for the gas phase reaction scheme in our study (Carter, 2000). For
aerosols, we applied the Model for Simulating Aerosol Interactions
and Chemistry (MOSAIC) as the aerosol parameterization (Zaveri
et al., 2008).

Following Barth et al. (2012), we added the upper boundary
condition scheme to overcome WRF-Chem’s inability to simulate
O3 in the stratosphere. This scheme adjusts key chemical species
(i.e., O3, nitrogen oxides, nitric acid, methane, monoxide carbon,
Nitrous Oxide, nitrogen oxide) concentrations to climatological
averages based on the out of a global atmospheric chemical model.
The idealized chemical profile from 50 hPa down to the tropopause
are replaced with these values. The temperature from WACCM is

used to calculate tropopause height, which subsequently serves as
the upper boundary condition in WRF-Chem (Barth et al., 2012;
Lamarque et al., 2012). This upper boundary condition scheme will
enable WRF-Chem to accurately simulate the stratosphere-
troposphere exchanges and quantify the impact of SI on the
concentration of chemical species in the troposphere.

The simulation ran from July 13 to 19 July 2016, with the first 48 h
saved as the spin-up period. TheWRF-Chem domain covers the whole
of China, with a horizontal resolution of 27 × 27 km and 43 vertical
layers from the surface to 50 hPa. Table 1 presented the physical
parameterization for subgrid processes, such as radiation,
microphysics, and the surface layer.

2.3 Statistical methods for comparisons

To statistically quantify the model performance, we used three
indicators, i.e., the index of agreement (IOA), the normalized

FIGURE 1
Topography in Eastern China (A) and the spatial distribution of surface O3 concentrations in major cities in eastern China from 16 to 18 July 2016 (B–E).
The stars are provincial capitals, including Nanjing (the capital of Jiangsu province), Hefei (the capital of Anhui province), Jinan (the capital of Shandong
province), Hangzhou (the capital of Zhejiang province), Fuzhou (the capital of Fujian) and Shanghai.

Frontiers in Environmental Science frontiersin.org03

Chang et al. 10.3389/fenvs.2022.1115746

https://www2.acom.ucar.edu/modeling/finn-fire-inventory-ncar
https://www2.acom.ucar.edu/modeling/finn-fire-inventory-ncar
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1115746


mean bias (NMB) and the correlation coefficient R). IOA
measures the degree of agreement between the model and
observations and ranges from 0 to 1, with one indicating
perfect agreement. The sign of NMB reveals whether the
modeled mean underestimates or overestimates the observed
mean, whilethe values of NMB indicates the magnitude of the
underestimation or overestimation (Jr and Yu, 2012). Generally,
model performance is excellent if NMB is close to 0. R describes
the degree of association between two variables (Asuero et al.,
2007). In model studies, R greater than 0.7 between simulations
and observations is considered to be a good correlation.

IOA � 1 − ∑N
i�1 SIMi − OBSi( )2

∑N
i�1 SIMi − SIM

∣∣∣∣ ∣∣∣∣ + OBSi − OBS
∣∣∣∣ ∣∣∣∣( )2 (1)

NMB � ∑N
i�1 SIMi − OBSi( )

∑N
i�1OBSi

(2)

R � ∑N
i�1 OBSi − OBSi( ) · SIMi − SIMi( )∣∣∣∣ ∣∣∣∣�����������������������������������∑N

i�1 OBSi − OBSi( )2 +∑N
i�1 SIMi − SIMi( )2√ (3)

where SIMi,OBSi, are the hourly observed and simulated data and N is
the total number of hours, andOBS and SIM represent the averages of
observations and model results, respectively.

2.4 Tracer method

To track stratospheric air, one tracer was included. In the WRF-
Chem, the stratospheric tracer is defined as a value of one from the

TABLE 2 Model performance in predicting meteorological parameters over cities during the study period. The T, WS, WD, and RH represent temperature, wind speed,
wind direction and relative humidity, respectively.

Cities Observation Simulation IOA NMB

Shanghai T (°C) 28.7 26.5 0.73 −7.8%

WS (m/s) 2.37 2.62 0.57 11.0%

WD 159.7 190.8 0.73 19.4%

RH (%) 77.8 87.2 0.69 12.1%

Nanjing T (°C) 27.6 26.5 0.82 −4.1%

WS (m/s) 2.54 2.48 0.65 −2.3%

WD 175.8 186.7 0.74 6.16%

RH (%) 79.7 86.5 0.70 8.4%

Hefei T (°C) 27.0 24.6 0.68 −9.1%

WS (m/s) 3.23 3.43 0.61 6.2%

WD 173.2 187.9 0.67 8.51%

RH (%) 83.1 87.8 0.69 5.8%

Hangzhou T (°C) 29.1 26.5 0.70 −9.1%

WS (m/s) 2.14 2.88 0.69 34.6%

WD 170.1 189.6 0.71 11.5%

RH (%) 78.3 86.7 0.70 10.8%

Jinan T (°C) 24.7 25.7 0.76 4.5%

WS (m/s) 3.41 4.79 0.81 40.5%

WD 145.9 125.3 0.57 −14.1%

RH (%) 79 76.5 0.70 −3.1%

Fuzhou T (°C) 28.4 27.7 0.76 −2.6%

WS (m/s) 3.63 4.09 0.76 12.4%

WD 207.1 194.6 0.72 −6.0%

RH (%) 80.5 87.8 0.74 8.9%
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height of the tropopause to the top of the model. The stratospheric
tracer in the model was physically transported during the WRF-Chem
simulation. The stratospheric O3 (O3S) is calculated by multiplying the
stratospheric tracer by the tropopause O3 concentration. The
percentage of stratospheric O3 (O3P) is calculated by the ratio of
O3S and surface O3 concentration (Barth et al., 2012; Ni et al., 2019).

2.5 Integrated process rate analysis

The integrated process rate (IPR) analysis has been widely used
to quantify the contributions of different processes to O3 variations
(Gonçalves et al., 2009; Gao et al., 2016; Gao et al., 2018). In this
study, five processes are considered, including vertical mixing

FIGURE 2
Scatter plots of O3 between simulations and observations for the six provincial capitals in eastern China. The IOA, NMB, R represent the index of
agreement, the normalized mean bias and the correlation coefficient, respectively, N denotes the total number of hours.
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(VMIX), sub-grid convection (CONV), net chemical production
(CHEM), horizontal advection (ADVH), and vertical advection
(ADVZ). VMIX is initiated by turbulence and is closely associated
with the development of planetary boundary layer (PBL), which
influences O3 vertical diffusion. CHEM represents the net O3

chemical production (production minus consumption). ADVH
and ADVZ indicate transport by winds (Gao et al., 2016; Ou-
Yang et al., 2022). ADV is defined as the sum of ADVH and ADVZ.
NET is the sum of all physical and chemical processes that
contribute to variations in O3 concentrations.

3 Result and discussion

3.1 Model evaluation

We focused on a SI event that occurred in eastern China on
16–18 July 2016. Figure 1 shows the spatial distribution of

maximum daily 8-h average (MDA8) O3 concentrations for
cities in eastern China during the SI event from 15 to 18 July.
The air quality was generally clean with MDA8 O3 concentrations
being lower than 60 ppb on 15 July. Then, the pollution episode
began to develop with MDA8 O3 concentrations ranging between
60 and 80 ppb in Jiangsu and Shandong. The MDA8 O3

concentrations even reached 100 ppb on July 17, exceeding the
MDA8 O3 national air quality grade Ⅱ standard of 82 ppb (equal to
160 ug m−3 at 298 K and 1,013 hPa. The O3 pollution episode was
gradually mitigated on July 18. We employed the WRF-Chem
model to examine the contribution of SI to near-surface O3

during this widespread pollution.
First, we evaluated the performance of the model in simulating

meteorological parameters, including temperature, RH, wind speed
and wind direction (Table 2). Generally, the model simulated well
in reproducing temporal variations in meteorological parameters
in eastern China, with IOA values ranging between 0.57 and 0.81.
The simulated temperature and RH agreed well with observations,

FIGURE 3
Spatial distribution of geopotential height (shading, unit: gpm) and horizontal winds (vector, unit: m s−1) at 300 hPa over East Asia from 16 to 18 July 2016.
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with absolute NMB lower than 12%. For wind speed, we found high
NMB for Hangzhou (34.6%) and Jinan (40.5%), which may due to
the unresolved topographic features in the surface drag
parameterization and the coarse resolution (Yahya et al., 2015;
Zhang et al., 2015; Chen et al., 2019). The IOA values were in the
range of 0.57–0.74 and the absolute NMB values were in the range
of 6.0%–19.4%, indicating that the WRF-Chem model captured
wind direction fairly well.

Figure 2 shows the scatter plots of simulated versus observed
hourly O3 concentrations and their regression statistics for six
provincial capitals (Shanghai, Nanjing, Hangzhou, Fuzhou, Jinan,
and Hefei) in eastern China. The mean IOA, R and regression slope
is 0.72, 0.73 and 0.78, respectively, indicating a good agreement
between simulation and observation. We also note that surface O3

concentrations were overestimated by 11.8%–54.0%, which might
result from the PBL parameterization scheme (YSU scheme) and
boundary input from the MOZART-4 model. It was suggested that
the YSU scheme overestimated the nighttime PBL, which increased
nighttime surface O3 by enhancing vertical mixing (Žabkar et al.,
2011; Karlický et al., 2017). Abdallah et al. (2016) also found the

boundary conditions from the MOZART-4 model were responsible
for the overestimation of O3 in the Polyphemus chemical transport
model. In addition, the model accuracy is also limited by the
resolution (0.25° × 0.25°) of emission inventory (Gao et al.,
2016). Despite these uncertainties, model simulations were
capable of reproducing the spatial and temporal characteristics
of O3 and meteorological parameters during SI.

3.2 Weather conditions during stratosphere
intrusion

Figure 3 shows the synoptic conditions during SI over East Asia
in the upper troposphere (300 hPa). The large-scale circulation
pattern was characterized by a deep trough over central-to-North
China, the South Asia high and the Western Pacific subtropical
high (Figure 3A). Two cold eddies located around 45–50°N in
northern Xinjiang and Mongolia, respectively, continuously
brought cold air to the deep trough. The deep trough was
developed from 12:00 BJT on 16 July to its peak at 00:00 BJT on

FIGURE 4
Spatial distribution of potential vorticity (PV, unit: 10–6 m2 K s−1 kg−1) at 300 hPa over East Asia from 16 to 18 July 2016.
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17 July, then gradually decayed at 00:00 BJT on 18 July. During the
eastern development of the deep trough, the downdraft in the west
of the upper-level trough were expected to carry O3-rich
stratospheric air into the troposphere across eastern China.

A PV of 2 PVU (10–6 m2 K s−1 kg−1) is referred to as a dynamical
tropopause at the midlatitude (Holton et al., 1995; Stohl et al.,
2003b). Elevated PV in the tropopause can be used as a marker to
indicate stratosphere intrusion which may lead to enhanced O3

concentration in the troposphere. Figure 4 shows the spatial
distribution of PV at 300 hPa. We see that the regions with PV
exceeding 2 PVU coincided with the passage of the deep trough
shown in Figure 3. On 16 July (Figure 4A), high PV values were
identified over northern Xinjiang, eastern Mongolia and northern
China, corresponding to the three upper-level troughs in
Figure 3A. Along with the development of the deep trough in
central China, high PV values were found over eastern China on
17 July, indicating the SI occurred there.

3.3 The impact of stratospheric intrusion on
tropospheric O3

Figure 5 shows the spatial distribution of O3 at 300 hPa from 16 to
18 July 2016. The simulated O3-rich stratospheric air match well with the
high-PV regions. At 12:00 BJT on 16 July, the O3 concentration in eastern
China was about 80–120 ppb, and the O3 tongue exceeding 110 ppb
moved to 116° E after 12 h. As the deep trough moved eastward, the
maximum center was identified at Jiangsu and Shandong provinces at 12:
00 BJT on 17 July, with high O3 concentration that exceeded 150 ppb
(Figure 5C). Based on the former analysis, the high-O3 concentrations at
300 hPa were attributed to the downward transport of O3 from the
stratosphere during SI.

In order to study the depth of SI, the longitude-pressure cross-
section of WRF-Chem simulated O3 and PV along the latitude of
30°–34°N were shown in Figure 6. Tongue plumes with O3

concentrations exceeding 160 ppb extend from 100 hPa to

FIGURE 5
Spatial distribution of O3 (unit: ppb) at 300 hPa over East Asia from 16 to 18 July 2016. The black contour line indicates the dynamical tropopause of 2 PVU
(1 PVU = 10–6 m2 s−1 K kg−1).
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FIGURE 6
Longitude-pressure cross-section of WRF-Chem simulated O3 (unit: ppb) averaged over the longitude of 30°–34°N from 16 to 18 July 2016. The black
contour line indicates the dynamical tropopause of 2 PVU.

FIGURE 7
Spatial distribution of surface O3S and O3P in eastern China from 16 to 18 July 2016.

Frontiers in Environmental Science frontiersin.org09

Chang et al. 10.3389/fenvs.2022.1115746

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1115746


280 hPa, representing the downward transport of stratospheric O3.
This tongue-like plume moved from 110° E to 118° E with the
development of the upper-level trough. At 12:00 BJT on 16 July, a

band of high O3 concentration of 70–140 ppb extended from the
top of the troposphere to near 800 hPa over eastern China
(116°–120°E). Note that not every SI event can influence the

FIGURE 8
Vertical profiles of the ADVZ contributions (A–D) from four grid points in the northwest direction over Jiangsu province (E) during the intrusion.
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near-surface O3. For example, Wang H. et al. (2020) identified a SI
on 11–12 July 2016 over eastern China, and suggested that the SI
did not reach the ground.

To further confirm the impact of SI on surface O3, we investigated
the stratosphere O3 tracers following the method in Section 2.4.
Figure 7 shows the spatial distribution of O3S and O3P at the
surface from 16 to 18 July 2016. The O3S values in Jiangsu and
Shandong provinces were very low at 12:00 BJT on July 16. After 12 h,
the maximum value of O3S reached 6 ppb (Figure 7B). The larger O3S
values cover almost the whole of Shandong province. At 12:00 BJT on

July 17, the maximum center of O3S moved to Jiangsu province with
values of 2–4 ppb. We then calculated the relative stratospheric
contribution to surface O3 (O3P). O3P reached a maximum of 15%
at 00:00 BJT on July 17. By analyzing the weather condition in Section
3.2, we found that the strongest upper-air trough occurred over
Jiangsu, while the simulated maximum stratospheric contribution
occurred over Shandong. This discrepancy may be partly explained
by the difference in terrain height. In provinces with greater
elevations, such as Shandong, Henan, and Hubei, stratospheric O3

was more easily able to reach the ground (Figure 1A).

FIGURE 9
Changes in O3 during the stratospheric intrusion. The red lines denote the net contribution of all processes (NET; defined as ADV + VMIX + CHEM).
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3.4 Contribution of different processes to O3
variation during stratospheric intrusion

To quantify the contribution of different process on surface O3, IPR
analysis is utilized in this section.We selected four grid points over Jiangsu
province, where the impact of the intrusion is significant (Figure 8E). The
time span used to calculate the contribution of each process is 6 h. Figure 8
depicts the vertical profile of the ADVZ contribution during the intrusion.
A clear positive contribution of up to 12.9 ppb h−1 is found in the upper
troposphere over Xuzhou and extends down to about 13 km (grid point
a). Further to the southeast, the peak of the positive ADVZ contribution
gradually appears at the lower position of the free troposphere. For
example, at grid point b (near Suqian), the maximum contribution is
about 9.9 ppb h−1 at 8 km, and the positive contribution extends from
12 km to 8 km, while grid point c (near Huaian) indicates the maximum
positive contribution of about 15 ppb h−1 at 6 km, and the positive
contribution extends down to near 2 km. Further downstream, grid
point d (near Yancheng) shows a positive contribution of about
10.15 ppb h−1 near 2.5 km. This provides evidence that O3 is
transported vertically towards the surface from the northwest to the
southeast. Although we analyzed only one transport route, similar
transport paths (northwest-southeast) occurred through the Jiangsu
and Shandong provinces during the SI.

Figure 9 shows themean contributions of different physical/chemical
processes to O3 concentration at the four grid points during SI. As shown
in Figure 9A, the contributions from photochemical production were
negligible in the free troposphere, where O3 precursors of nitrogen oxides
and volatile organic compounds are limited. The ADV dominated the
NET variation in O3, with positive contributions ranging from 0.1 to
13.8 ppb h−1. The contribution of ADV reduces as altitude decrease due to
a gradual weakening of intrusion intensity. Undoubtedly, the contribution
of ADV to O3 in the free troposphere was attributed to SI. To further
quantify the influence of SI on near-surface O3, we analyzed the
contribution of ADVZ and ADVH to O3 within the planetary
boundary layer (Figure 9B). We suggested that during a SI, O3 from
the stratosphere does not reach the surface directly but is first transported
vertically to the boundary layer and then influenced downwind areas by
horizontal advection. During this intrusion event, ADVH was the
dominant process contributing to the increase in near-surface O3

(from 30 to 690 m), with values being 1.7–13.5 ppb h−1.

4 Conclusion

In this study, we simulated a typical SI event that occurred over
eastern China from 15 to 19 July 2016 using the regional model
WRF-Chem and examined the impacts of SI on surface O3

pollution. The results indicate that the large-scale circulation
pattern during SI was characterized by a deep trough over
central-to-North China, the South Asia high and the Western
Pacific subtropical high. The downdrafts in the west of the
upper-level trough carried O3-rich stratospheric air into the
troposphere when the deep trough passed across eastern China.
The spatial distribution and longitude-pressure cross-section of O3

at 300 hPa revealed a significant increase in O3 over eastern China
during SI. Using a tracer tagging technique, we quantified the
contribution of SI to surface O3 concentrations of up to 6.5 ppb.
The IPR analysis was used to quantify the contribution of different
physical/chemical processes to O3 variations during SI. The results

indicate that the ADV dominated the NET variation in free
troposphere O3, with positive contribution ranging from 0.1 to
13.8 ppb h−1. The contribution of ADV reduces as altitude
decreases due to a gradual weakening of intrusion intensity.
ADVH was the dominant contributor to the increase in near-
surface O3 (from 30 to 690 m), with values ranging between 1.7 and
13.5 ppb h−1. O3 from SI reached the near surface and then
influenced a larger area through horizontal advection.

SI as a natural factor makes O3 pollution mitigation more
challenging. We argue that, while strictly regulating
anthropogenic emissions, we should strengthen the
identification of SI and develop discriminating criteria to detect
its occurrence.
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