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Stratospheric ozone intrusion plays an important role in affecting the tropospheric ozone
concentrations in the troposphere through stratosphere to troposphere transport (STT).
Nevertheless, there are very limited studies on the quantification of the effect. Focusing on
a typical event on 9–12 May 2015, when STT occurs over the northeastern Qinghai–Tibet
Plateau of China, the observations and reanalysis data indicate that STT is accompanied
by high potential vorticity and low specific humidity. In order to quantify the extent to which
the STT may elevate the ozone concentrations, an inert tracer is added to the boundary
conditions of the Community Multiscale Air Quality (CMAQ), which is driven by theWeather
Research and Forecasting (WRF) model. The meteorological conditions simulated byWRF
nicely reproduce the distributions of potential vorticity (PV) and water vapor in the upper
troposphere. Through the physical processes of diffusion, advection, and dry and wet
deposition, the ozone tracer concentrations simulated from CMAQ well capture the spatial
propagation and evolution of stratospheric ozone intrusion over Qinghai–Tibet Plateau,
warranting the confidence in interpreting the simulated results in quantifying the STT. The
STT event indicates the near-surface ozone enhancement of approximately 10–20 ppbv
covering half of Qinghai province, even spreading to a broader area of eastern China. For
the typical remote mountain such as Waliguan, clear ozone enhancement is obtained over
the lower level of the troposphere. The method used in this study is applicable to other
regions as well, which can be applied in the future to detect the STT at a wider
spatiotemporal scale and help the policymakers identify the ozone sources and make
efficient strategies for the ozone pollution control.
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1 INTRODUCTION

Ozone in the stratosphere protects Earth’s life system from the threat
of high-energy ultraviolet radiation (Ramanathan and Dickinson,
1979; Zhang et al., 2018). While in the troposphere, ozone may have
a significant impact on human health and the ecosystem
(Manisalidis et al., 2020; Landry et al., 2013). For instance, high
concentrations of near-surface ozone can induce human respiratory
and immune system diseases or even directly threaten life and
jeopardize the physiological function of crops (Mills et al., 2018;
Lefohn et al., 2018). Moreover, with high global warming potential,
tropospheric ozone is an important greenhouse gas, which
contributes substantially to global warming in the short term
(Krupa and Kickert, 1989; Staehelin et al., 2001; Gauss et al., 2003).

From a global perspective, there are twomain sources of ozone in
the troposphere. One of the primary pathways is through the
photochemical reactions in the planetary boundary layer,
triggered by hydroxyl radicals with precursors such as volatile
organic compounds (VOCs) and nitrogen oxides (NOx) (Sillman,
1999). The other one is the downward transport of ozone-rich air
from the stratosphere (Xu et al., 2008; Holton et al., 1995; Lelieveld
and Dentener, 2000). The first pathway mainly occurs in the areas

with dense anthropogenic emissions, for example, the
Beijing–Tianjin–Hebei region, Yangtze River Delta, and Pearl
River Delta (Cheng et al., 2017; Lu et al., 2019), which have been
intensively studied. In contrast, the tropospheric ozone through the
stratosphere to troposphere transport (STT) may result in
unexpected ozone pollution events even in remote areas (Hu
et al., 2011; Xu et al., 2015). STT can transport ozone-rich
stratospheric air down into the upper troposphere rapidly. In
particular, deep STT can even transport ozone to the planetary
boundary layer, subsequently inducing an increase in near-surface
ozone concentration (Solomon, 1999; Stohl et al., 2003; Chen et al.,
2013). The occurrence of STT is often associated with complex
weather dynamical processes, such as Brewer–Dobson circulation

TABLE 1 | Parameterization scheme of the WRF model.

Physical process Parametric scheme

Microphysical process Morrison two-moment scheme
Radiation scheme RRTMG scheme
Cumulus parameterization Grell–Freitas scheme
Boundary layer scheme YSU scheme

FIGURE 1 | Spatial distribution of potential vorticity at 340 K (shading, unit: PVU, 10–6 m2 K kg−1 s−1) at 12:00 UTC on 9–12 May 2015 based on ERA5. The black
triangle in each panel indicates the location of WLG.
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(BD circulation), tropopause folding, and cut-off low (Sprenger et al.,
2003; Brewer, 1949; Dobson andMassey, 1956; Traub and Lelieveld,
2003; Appenzeller and Davies, 1992).

STT is strongly affected by changes in stratospheric circulation,
which is modulated by factors such as El Niño/Southern Oscillation
(Neu et al., 2014), and the impact of STT on the northern
hemisphere could be higher than that in the southern
hemisphere (Greenslade et al., 2017). This phenomenon is
particularly common and important in the mountainous areas,
such as the western United States and the Qinghai–Tibet Plateau
inChina, where the surface ozone ismore vulnerable to the influence
of the upper air due to the high altitude. Lefohn et al. (2012)
investigated the impact of stratospheric transport on near-surface
ozone in the United States from 2007 to 2009, showing that the
influence of stratospheric ozone intrusion on tropospheric ozone
may differ by altitudes, with larger extent and probability at higher
altitudes. In addition, stratospheric ozone intrusion shows
significant seasonal variations. In the mid-latitudes of the
northern hemisphere, stratospheric ozone usually has a greater
impact on near-surface ozone concentration in winter and spring
(Monks, 2000; Cui et al., 2005; Xu et al., 2015).

Recently, stratospheric ozone intrusion has been frequently
reported. For instance, based on reanalysis and aircraft data,

Hongyue Wang et al. (2020) found a clear STT event on 17–18
July 2016, triggering the ozone concentration enhancement over
eastern China (i.e., approximately 15 ppbv over Nanjing). In a
different STT event on 27–28 April 2018, a comparable
magnitude of 15 ppbv is indicated for the surface ozone
enhancement based on reanalysis and numerical modeling
(Yiping Wang et al., 2020). The STT was found to affect the
surface ozone concentrations in the Hong Kong regions, China,
as well (Zhao et al., 2021). In addition, over the remote Mount
Waliguan at the Qinghai–Tibet Plateau, there was an ozone increase
in summer due to stratospheric intrusion (Ding and Wang, 2006).
Starting with a springtime stratospheric ozone intrusion event
accompanied by a strong horizontal trough over Qinghai–Tibet
Plateau, this study comprehensively elucidates the characteristics
and impact of stratospheric ozone intrusion by numerical modeling
and observations.

2 DATA AND MODEL CONFIGURATION

2.1 Data Sources
Ozone concentration was available at China National
Environmental Monitoring Centre (http://www.pm25.in, last

FIGURE 2 | Spatial distribution of specific humidity (shading, unit: g kg−1) and wind vector (arrows, unit: m s−1) at 320 K on 9–12 May 2015 (24 h intervals; UTC),
based on data from ERA5. The black triangle in each panel indicates the location of WLG.
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access: 7 September 2021). Gridded hourly ozone concentration,
potential vorticity, and specific humidity are available from the fifth
generation of ECMWF atmospheric reanalysis global climate data
(ERA5, https://cds.climate.copernicus.eu/cdsapp#!/search?type=
dataset, last access: 7 September 2021), with a horizontal
resolution of 0.1°×0.1° and 13 vertical layers from 1,000 to 100 hPa.

2.2 Model Configurations
In this study, a three-dimensional Weather Research and
Forecasting (WRF) model version 4.1.1 coupled with the
Community Multiscale Air Quality (CMAQ) model version
5.3 is used to conduct the simulations in May 2015. The
lambert conformal conic projection is applied with a spatial
resolution of 36 × 36 km and 34 vertical layers. The initial and
boundary conditions are provided by Climate Forecast System
Reanalysis (CFSR) version 2 (Saha et al., 2014). The
parameterization schemes used are shown in Table 1. The
meteorological field simulated by WRF is processed by
Meteorological Chemistry Interface Processor (MCIP) to
provide a meteorological input to the Community Multiscale
Air Quality (CMAQ) model. For CMAQ, carbon-bond version 6
(CB6) (Luecken et al., 2019) and Aerosol Module Version 7
(AERO7) (Appel et al., 2021) are used to represent the gas
chemistry and aerosol scheme. The anthropogenic emissions
are available from the Multi-resolution Emission Inventory for

China (MEIC) (Li et al., 2017). Biogenic emissions are generated
by the Model of Emissions of Gases and Aerosols from Nature
(MEGAN 2.1) (Guenther et al., 2012), similar to our previous
study (Gao et al., 2022; Ma et al., 2022). The initial and boundary
conditions for CMAQ are derived from the MOZART-4
(Emmons et al., 2010). A chemically inert tracer (O3_BC)
with the same molecular weight as ozone has been added to
the model, as well as the lower and upper boundary conditions, to
track the impact of stratospheric intrusion on ozone
concentration at a lower altitude.

3 RESULTS AND DISCUSSIONS

3.1 The Analysis of Stratosphere to
Troposphere Transport on Ozone Based on
ERA5
Previous studies have shown that the potential vorticity on the
isentropic surface of 300–350 K can be used to investigate the
impact of STT on ozone concentrations (Wang et al., 2010; Xu
et al., 2015). Similarly, 340 K isentropic potential vorticity is
utilized by Ding and Wang (2006) to understand the
mechanism modulating the transport of O3-rich air from
the upper level to the surface. Therefore, the spatial

FIGURE 3 | Time evolution of vertical distributions of (A) potential vorticity and (B) ozone concentration on 9–12 May 2015 UTC at WLG. The PV and ozone
concentrations are from ERA5. The thick white dashed line in (A) indicates the dynamical tropopause (2 PVU).
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distribution of isentropic potential vorticity at 340 K on 9–12
May 2015 is shown in Figure 1. On 9 May, a high value of
potential vorticity appeared in Mongolia and Northern China.

The continuous development and movement of the
weather system trigger the formation of a PV trough
eastward, passing the Qinghai–Tibet Plateau of China,

FIGURE 4 | Spatial distribution of potential vorticity at 340 K (left) and specific humidity at 320 K (right) from WRF at 12:00 UTC on 9–12 May 2015. The black
triangle in each panel indicates the location of WLG.
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including the location of Waliguan (black triangle) and eastern
China on 10–11 May, and eventually moving further eastward
on 12 May.

The spatial distribution of specific humidity and wind vector
at 320 K on 9–12 May 2015 is displayed in Figure 2 to further
delineate the influence of stratosphere air on the troposphere

FIGURE 5 | Longitude-height cross-sections of ozone concentration from ERA5 (left) and CMAQ (right) at 36.28°N (the latitude of WLG) at 12:00 UTC on 9–12May
2015. The white square indicates the area without data due to the high topography.
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through the downward transport. The selection of 320 K mainly
considers that the pressure is approximately 300 hPa at Mount
Waliguan. The water vapor over the free troposphere tends to
decrease along with the increase in altitude, and a stratospheric
air intrusion can be inferred when a substantially low value of
water vapor appears, values smaller than 0.08 g kg−1 based on
Shou et al. (2014). Consistent with the spatial distributions of PV,
low specific humidity is concomitant with the atmospheric
circulation over the areas with high PV values (Figures 2 vs.
Figure 1). In particular, the white areas with specific humidity
lower than 0.08 g kg−1 are implicative of the occurrence of
stratospheric air intrusion.

In order to evaluate ozone exchanges between stratosphere
and troposphere, the tropopause should be determined first.
There are usually two methods used in the tropopause
definition and calculation: the thermodynamic and dynamic
tropopause (Hoerling et al., 1991; Wang et al., 2010). The
dynamic tropopause defined based on potential vorticity can
well reflect the conservative feature of the atmosphere in
adiabatic and frictionless circumstances (Yang and Lü, 2004),

which is widely used by the community in STT studies. In this
study, the dynamical tropopause is applied to investigate the
impact of STT on ozone concentration in Mount Waliguan and
eastern China, and PV = 2 PVU (1 PVU = 10–6 m2 s−1 K kg−1) is
used in the determination of dynamic tropopause based on
previous studies (Hongyue Wang et al., 2020; Yiping Wang
et al., 2020).

The vertical profile of PV and ozone concentration at Mount
Waliguan is displayed in Figure 3 on 9–13 May 2015, from the
surface of MountWaliguan (~ 600 hPa) to 100 hPa. The dynamic
tropopause delineated by the 2 PVU isoline (white dashed line in
Figure 3A) indicates a deep invasion of stratospheric air from
200 hPa to almost 400 hPa on 10 May. Accompanied by the clear
PV invasion, the ozone-rich air in the stratosphere was
transported downward into the upper troposphere, resulting in
a substantial ozone enhancement therein (Figure 3B). A similar
phenomenon was observed in other locations, such as Hong
Kong, where the ozone concentrations reached more than
80 ppbv on 24 March 2010 over an altitude slightly above the
planetary boundary layer height (Zhao et al., 2021).

FIGURE 6 | Spatial distribution of simulated hourly surface ozone concentrations on 10 May 2015 (2 h intervals). The observed surface ozone concentrations are
plotted over the simulations. The triangle represents the WLG.
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3.2 Quantification of Stratosphere to
Troposphere Transport on Ozone
Concentration in Qinghai–Tibetan Plateau,
China
WRF-CMAQ simulations were conducted with an ozone tracer
added by including diffusion, advection, and dry and wet
deposition without chemical reactions to quantify the
contribution of stratospheric ozone intrusion to the surface
ozone. We first evaluate how well WRF-CMAQ may reproduce
the meteorological conditions and ozone concentrations. The
spatial distributions of potential vorticity and specific humidity
from WRF are displayed in Figure 4. Compared to the spatial
patterns from ERA5 (shadings in Figures 1, 2), the simulated
results from WRF well reproduced the spatial propagation and
movement of PV and specific humidity, indicative of the capability
of the model in capturing the process of STT.

To further evaluate how well CMAQ reproduces the evolution
of ozone, the cross-section, over the same latitude of WLG, of
simulated ozone tracer was used to compare with that from ERA5

(Figure 5), and the comparable spatial and temporal propagations
of ozone warranted the confidence in interpreting the stratospheric
ozone intrusion. In the early stage of STT, the high ozone
concentration was concentrated at the height of 200–400 hPa
(Figures 5A,B). When STT occurred on 10 May, the high value
of ozone invaded significantly toward the location ofWaliguan at a
longitude of 100°54′E (Figures 5C,D). With the development of
trough of PV and invasion of ozone-rich air (Figure 1), the high
ozone concentrations display consistent eastward movement
(Figures 5E–H).

It is important to understand the extent to which the STT event
may affect the ozone concentration near the surface. To this end,
Figure 6 shows the spatial distribution of surface ozone, based on
the ozone tracer method, every 2 hours in northwestern China on
10 May 2015, overlaid by the observed data from the China
National Environmental Monitoring Centre in dots. The
simulated results are generally consistent with the observations,
despite the existence of biases such as overestimation in the
southern flank of Qinghai, likely attributable to the biases from
the boundary conditions inherited from the global chemistry

FIGURE 7 | Spatial distribution of simulated surface hourly ozone anomalies on 10 May 2015, with the anomaly calculated relative to the mean simulated value in
May 2014–2018, and only values every 2 hours are shown. The triangle represents the location of WLG.
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model MOZART [Figure 2F in Yan et al. (2021)]. At 0:00 UTC
(Figure 6A), ozone concentrations were high in the northern flank
of Qinghai province and gradually shifted southeastward, covering
almost half of the entire province. The STT event lasts for about
12 h, yielding the highest ozone concentrations of 89 ppbv.

In order to determine the contribution of stratospheric ozone
intrusion to ground-level ozone, hourly ozone anomalies were
calculated relative to the mean value in May 2014–2018, and the
results for every 2 hours are shown in Figure 7. It nicely delineates the
spatial coverage expansion along with temporal evolution from the
northwest flank of WLG (02:00 UTC, Figure 7B), propagating
southeastward and invading close to half of the Qinghai province
after 10:00 UTC (Figure 7F). Themean contributions based on ozone
anomalies from STT are approximately 10–20 ppbv, with a maximal
contribution of 32 ppbv during this event. Consistently, based on the
chemical transport model GEOS-Chem, Lu et al. (2019) found an
ozone enhancement of 10–20 ppbv in Qinghai due to STT during
May and June in 2016 and 2017 [second panel in the third row of
Figure 4 in Lu et al. (2019)]. In addition, the influence of STT may
extend to even North China Plain. Although the overall scale is much
smaller, the enhancement of 2–3 ppbvmay deservemuch attention in
the future. It is necessary to further clarify and comprehensively study
the regulatory effect of STT in ozone pollution-prone areas.

CONCLUSION

This study shows a strong STT event occurring inQinghai–Tibetan
Plateau, China, on 9–12 May 2015, associated with a horizontal
trough that brings ozone-rich air from the stratosphere to the
ground and leads to ozone pollution. The observations and
reanalysis data indicate that STT is accompanied by high
potential vorticity and low specific humidity, and the dynamic
tropopause defined by the 2 PVU deeply invaded from 200 hPa to
the level close to 400 hPa on 10 May 2015. Further conducting
numerical simulations ofWRF-CMAQ, the contribution of STT to
the surface ozone enhancement at northeastern Qinghai–Tibetan
Plateau is 10–20 ppbv on average, indicative of substantial
modulation of STT on steering the ozone concentrations at a

high altitude. Moreover, further analysis to cover a wider area
implies that the influence of STT may extend to even North China
Plain, which deserves much future attention to further elucidate
and fully examine the modulation of STT on ozone concentrations
in ozone pollution prone regions.

The World Health Organization (WHO) has recently released
new guidelines for long-term ozone exposure, defined as the six-
month running mean of maximum daily 8 h ozone, with the air
quality guideline of 60 μg m−3 (WHO, 2021). This stresses the
substantial importance of considering STT when dealing with
ozone pollution issues in regions of both high and low altitudes.
Through the evaluation and comparison with observations, this
study first constructs the confidence in warranting the capability
of the regional climate and air quality model (WRF-CMAQ) in
reproducing the evolution of PV intrusion and the associated
stratospheric ozone intrusion. It is implicative of critical
importance in further investigating and quantifying the STT
contribution in a broader region and longer time in particular
of targeting to meet the newWHO air quality guide in the future.
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