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Abstract: In summertime, eastern China experiences severe ozone pollution. Stratosphere-to-
troposphere transport (STT), as the primary natural source of tropospheric ozone, may have a
non-negligible contribution to ground-level ozone. Rossby wave breaking (RWB) is a leading mecha-
nism that triggers STT, which can be categorized as anticyclonic wave breakings (AWBs) and cyclonic
wave breakings (CWBs). This study uses an objective method to diagnose AWBs and CWBs and to
investigate their influence on the surface ozone in eastern China using ground-based ozone obser-
vations, satellite ozone data from AIRS, a stratospheric ozone tracer simulated by CAM-chem, and
meteorological fields from MERRA-2. The results indicate that AWBs occur mainly and frequently
over northeast China, while CWBs occur mostly over the northern Sea of Japan. STTs triggered by
AWBs mainly have sinking areas over the North China Plain, increasing the ground-level ozone
concentrations by 5–10 ppbv in eastern China. The downwelling zones in the CWBs extend from
Mongolia to the East China Sea, potentially causing an elevation of 5–10 ppbv of ozone in both central
and eastern China. This study gives an overview of the impacts of AWBs and CWBs on surface
ozone in eastern China and helps to improve our understanding of summertime ozone pollution in
eastern China.

Keywords: tropospheric ozone; stratosphere-to-troposphere transport; Rossby wave breaking;
eastern China

1. Introduction

Tropospheric ozone (O3), a harmful gas for the Earth’s inhabitants, has been a focus of
global research for decades [1,2]. Despite the implementation of Phase 2 of the Clean Air
Action Plan in 2018, recent studies indicate an increase in ground-level O3 concentrations
in China [3]. The primary cause of surface O3 pollution is photochemical generation [4,5].
However, stratosphere-to-troposphere transport (STT) also contributes significantly to this
issue [6–8].

Studies have shown that Rossby wave breaking (RWB) is one of the most important
pathways of STT [9–11]. RWB is characterized by a reversal in the gradient of poten-
tial vorticity (PV) in the meridional direction, indicating the irreversible exchange of air
mass between the stratosphere and troposphere [12–14]. The occurrence of RWB is asso-
ciated with the transport of momentum between transient eddies and mean flow, and is
accompanied by the equatorward or poleward shift of a westerly jet [15,16]. RWBs can
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be categorized into two types based on the direction of wind shear: anticyclonic wave
breakings (AWBs) and cyclonic wave breakings (CWBs) [17,18]. Previous studies have
shown that wave activity fluxes can be used to distinguish between AWBs and CWBs, i.e.,
AWBs are accompanied by southward wave activity fluxes, while CWBs are accompanied
by northward fluxes [15,16]. CWBs with equatorward asymmetry often form strong cut-off
lows downstream [19], and the equatorward AWBs may also accompany the cut-off lows
and tropopause foldings [13]. Through these processes, O3 can be transported from the
stratosphere to the troposphere [20,21]. Research shows that AWBs and CWBs can account
for 20–30% of elevated O3 in the upper troposphere and lower stratosphere region [14],
and the regions with the highest frequency of RWB occurrence coincide with the regions
with the strongest STT [9]. During violent atmospheric fluctuations, RWB-induced STT
may penetrate deep into the troposphere, and sometimes even reach ground level and
elevate the concentration of surface O3 through processes such as turbulent mixing, frontal
circulation, and rain showers [22–25].

In China, several experiments and case studies have been conducted to gain insight
into the impact of RWB on ground-level O3 through STT [20,24,26,27]. With advancements
in satellite data algorithms, there has been a significant improvement in the visualization of
the distribution and changes in O3 concentrations from the stratosphere to the troposphere.
Since 2013, observational datasets from ground monitoring sites have become available
in China, enriching the available data to understand the effect of RWB on surface O3
concentration on a larger spatiotemporal scale and with more precision. The North China
Plain (33–40◦N, 113–122◦E) and Yangtze River Delta (30◦N, 121◦E) in eastern China are
areas where O3 pollution is particularly severe [5]; therefore, it is essential to study the
effect of RWB-related STTs in these regions, including the location, frequency, and amount
of O3 concentration increase they can cause. Previous studies have shown that RWB occurs
frequently in both boreal spring (MAM) and summer (JJA) [28,29]. However, the summer
season, characterized by higher ground-level O3 concentrations due to more intense photo-
chemical reactions [30,31], experiences more frequent O3 pollution events [5,32]. Therefore,
it is worth exploring how much of the summertime ground-level O3 concentration can be
attributed to RWB-related STTs.

This study has two main purposes. Firstly, we seek to identify regions with a higher
probability of RWB, and the frequency of its occurrence, particularly how it impacts
eastern China. Secondly, the study aims to analyze the mechanisms behind RWB-related
STTs and to quantify the impacts. We utilized MERRA-2 (the Modern-Era Retrospective
analysis for Research and Applications, Version 2) reanalysis data to diagnose RWB and
perform meteorological field analysis. Additionally, we also conducted CAM-chem (The
Community Atmosphere Model with chemistry) experiments to obtain the simulated
stratospheric ozone (O3S), which can help us evaluate the impact of STT processes together
with the satellite ozone data from AIRS (Atmospheric Infrared Sounder) and ground-level
ozone observations. This article is structured as follows: Section 2 provides detailed
information on the datasets used and the objective RWB diagnosis method. Section 3
includes case studies of an AWB and a CWB event, along with a composite analysis of the
impact of all the RWB-related STTs on summertime O3 concentrations in eastern China
(28–40◦N, 112–123◦E) between 2013–2020. Finally, Section 4 presents the conclusions and
discussions.

2. Data and Methods
2.1. Data
2.1.1. Site Monitoring Data

The Ministry of Ecology and Environment (MEE) of the People’s Republic of China
provides hourly pollutant concentrations observed at over 1400 sites across China, in-
cluding ozone, nitrogen dioxide, carbon monoxide, and sulfur dioxide, and particulate
matters with an aerodynamic diameter less than 2.5 µm, which can provide information
on overall and detailed changes in pollutants. In this study, we averaged the data from
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monitoring sites within the same city and ultimately obtained a time series of ozone pol-
lution for over 360 cities. Then, we used nighttime average (20:00 p.m.–07:00 a.m. local
time) O3 concentrations from 2013 to 2020 (JJA) to analyze the impact of RWB events on
ground-level O3.

2.1.2. Satellite Data

Three-dimensional O3 dataset from Atmospheric Infrared Sounder (AIRS) Version
7 Level 3 standard daily product (JJA, 2013–2020) was used in this study to understand
the vertical transport of O3. This product has 24 pressure levels from 1000 hPa to 1 hPa
with a horizontal resolution of 1.0◦ × 1.0◦, which can provide detailed global distribution
and changes in ozone concentrations in the whole atmosphere [33]. AIRS have been used
to study the distribution and transport of tropospheric ozone, and its relationship with
other atmospheric constituents [34,35]. This dataset has ascending and descending orbits
corresponding to local daytime and nighttime, respectively. We used the descending orbits
in this study to minimize the influence of daytime solar radiation. The satellite data may
contain missing values caused by factors such as cloud cover, instrument issues, orbits and
scan lines, and other sources, resulting in blanks in Figures 4 and 7.

2.1.3. Reanalysis Data

The meteorological fields used in this study were from MERRA-2 (The Modern-Era
Retrospective analysis for Research and Applications, Version 2), including horizontal wind
(U and V), vertical velocity (Omega), temperature, radiation flux, and geopotential height
(GpH). MERRA-2 assimilates a wide variety of observational datasets, including satellite-
based observations of atmospheric temperature, water vapor, aerosols, clouds, and winds,
as well as in situ measurements from radiosondes, aircraft, and surface weather stations [36].
It also incorporates information from reanalysis products and forecast models to produce a
comprehensive and high-resolution picture of the Earth’s atmospheric conditions. The data
we retrieved have 42 pressure levels from 1000 hPa to 0.1 hPa with 1.25◦ × 1.25◦ horizontal
resolution, covering JJA from 2013 to 2020 (daily means). Potential vorticity (PV) and wave
activity flux (T-N flux) [37] we used in this study were calculated using this dataset.

2.2. Method
2.2.1. Model Simulations

To investigate the impact of stratospheric intrusions related to RWB, we conduct simu-
lations using CAM-chem (Chemical Lagrangian Model of the Stratosphere), a component
of the NCAR Community Earth System Model (CESM) version 2.2.0 [38]. The simulations
were performed for boreal summers in 2013–2020, using the specified dynamics mode,
within which the meteorological fields were forced by MERRA-2. The default meteorology
for the specified dynamics was MERRA2 with 56 levels. However, as described in the
CAM-Chem Wiki (https://wiki.ucar.edu/display/camchem/Meteorology (accessed on
1 April 2023)), MERRA2 regridded to the CESM2, 32-layer grid could produce better results
because the internal model physics were consequently better aligned with the nudged
meteorology. Therefore, we used 32-layer specified dynamics in this study. The horizontal
resolution of the model was 0.9◦ × 1.25◦. O3S is a variable that represents the stratospheric
ozone tracer and can be simulated by CAM-chem. To verify the accuracy of the simulated
O3S, we compared the distribution of O3 from AIRS and O3S on 300 hPa (Figure S1). Here,
300 hPa is a layer located in the upper troposphere close to the tropopause, where the
ozone concentrations are basically considered to come from the stratosphere. The pattern
of O3S and O3 is relatively consistent, which means CAM-chem can properly simulate the
change in stratospheric ozone. In this study, we primarily used O3S to analyze the influence
pattern and quantify the contribution of STT.

https://wiki.ucar.edu/display/camchem/Meteorology
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2.2.2. Diagnosis of RWB

The diagnostic method of RWB used in this study was mainly based on the method
of Gabriel and Peters [16]. Initially, we calculated the isobaric PV using U, V, and T and
interpolated the results to the isentropic levels. Subsequently, we identified regions with
negative meridional PV gradients (PVy, hereafter), as RWB is indicated by the meridional
overturning of isentropic PV. We then used the sign of meridional T-N flux (Fy, hereafter) to
distinguish between AWBs and CWBs, as AWBs are usually accompanied by equatorward
transport of Fy (negative sign), while CWBs are accompanied by poleward flux (positive
sign) [15,39]. We limited the calculation area to PV > 0.3 PVU to avoid false signals in
the tropics. To filter out small-scale disturbances, we performed nine-point smoothing
on PV, and PVy needed to conform to this formula: 1000 km·|PVy| > 0.2 PVa (where PVa
represents the zonal mean of PV). It is worth noting that we used a threshold of 0.2 instead
of 0.05 as in the paper of Gabriel and Peters because of the different horizontal resolutions
of our data. As for the Fy fields used to differentiate between AWB and CWB, we performed
a nine-point smoothing and used the averages of 100–400 hPa, and required |Fy| > 2.0
to have a strong enough distinction. Finally, to ensure that the calculated RWB was not a
tiny-scale disturbance, on the basis of the above, we added the condition that RWB needed
to cover an area greater than 5◦ × 2.5◦ (longitude × latitude) to be counted as an event.

Gabriel and Peters previously studied RWB during DJF in the Northern Hemisphere,
using PV of 330 K for their calculations. To validate our results, we also calculated RWB
frequency during DJF and compared it to their findings, as shown in Figure S2. Furthermore,
we compared our calculated frequency distributions with those of other studies, which
exhibited relatively good agreement (not shown). In this study, as the focus of our research
was RWB during JJA, we determined that using PV of 350 K was a more appropriate choice
for our calculations [13,40].

2.2.3. Selection of RWB Events

As a planetary-scale process, RWB has a wide range of impacts. The areas that may be
affected by RWB-triggered STT are not limited to the areas where RWB occurs. Therefore,
to focus on eastern China, it is important to determine which areas where RWB occurs are
most likely to have a significant impact on eastern China. Figure 1 shows the correlation
coefficients between the area-average O3S concentrations in eastern China and the monthly
frequency of AWBs and CWBs, respectively. The blue boxes highlight regions with high
correlation coefficients, suggesting that RWBs occurring in these regions are most likely to
affect eastern China. Among the selected regions, we chose RWB events with the top 25%
coverage for the subsequent analysis.

2.2.4. Calculation of Anomalies and Significant Test

To calculate the anomalies for variables, the 2013–2020 JJA (June–July–August) monthly
means were first computed and taken as the climatology. The anomalies were then calcu-
lated for each day of the study period by subtracting the corresponding monthly mean
from the exact daily values. This resulted in a time series of anomalies representing the
deviation of each event from the long-term average.

To determine the statistical significance of the anomalies, Student’s t-test was used.
The null hypothesis was that the values were not significantly different from climatological
means, while the alternative hypothesis was that the values were statistically significant.
The t-test was performed on each selected event day’s values using a significance level of
0.05. If the p-value was less than 0.05, the null hypothesis was rejected, and the values were
considered statistically significant.
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Figure 1. Horizontal distribution of correlation coefficients between regional monthly averaged O3S
(CAM-chem) and frequency of AWBs (a) and CWBs (b) in eastern China, and only the areas that
correlation coefficients passed the significance test (95%) are filled. The black dots mark areas that the
frequency of RWBs exceeds 5. The gray rectangles outline eastern China. The blue rectangles indicate
the regions that have both high correlation coefficients and a high frequency of RWBs.

3. Results
3.1. Case Studies of STT Associated with the RWB

Before conducting a comprehensive analysis of RWB events, we first examined two
typical STT cases triggered by RWB and sought to understand their mechanisms. Using the
methods described in Section 2.2, we selected two STT cases related to an AWB event and a
CWB event, respectively. The following section presents a detailed analysis of these cases.

3.1.1. Case 1: AWB-Induced STT during 2 to 5 July 2015

Figure 2 displays the PV anomalies at 350 K and O3 anomalies on different altitude lay-
ers for Case 1. The high PV anomalies in Figure 2a indicate the occurrence of stratospheric
intrusions above northeast China and the Korean Peninsula. At the same time, the wide
range of negative PVy and southward T-N flux demonstrate that this event was a relatively
strong AWB. Along with stratospheric intrusion, there was a significant enhancement
of O3S and O3 in the corresponding regions (Figure 2b,c). This enhancement extended
to the lower troposphere (850 hPa) in both model simulations and satellite observations
(Figure 2d,e). Notably, the observed nighttime O3 concentration at the surface also had a
noticeable increase in eastern China (Figure 2f), reaching about 15 ppbv at most sites.
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Figure 2. Composition fields for Case 1 during 2 to 5 July 2015. (a) PV anomalies at the 350 K
isentropic layer. The regions shaded by slashes indicate PVy < 0. The blue vectors show the horizontal
T-N flux at 300 hPa. (b,c) O3S anomalies from CAM-chem at 300 hPa and 850 hPa. (d,e) O3 anomalies
from AIRS at 300 hPa and 850 hPa. (f) Observed nighttime O3 anomalies at the surface.

Further analysis of the meteorological fields shown in Figure 3 provides additional
insight into this process. From 30 June, a strong low-pressure system, initially located
north of 50◦N, started to develop southward, reaching its southernmost extent on 2 July
(Figure 3a). Simultaneously, the formation of an AWB was observed in the PV field (not
shown). As a result of the converging horizontal wave fluxes in northeastern China
(Figure 3e–h), the low-pressure system above northeastern China gradually weakened and
dissipated, while a small high-pressure system, originally located near 45◦N, 110◦E, moved
southeastward and evolved into an anticyclone over eastern China by 5 July (Figure 3a–d).
This atmospheric circulation pattern led the westerlies flowing cyclonically around the
low-pressure system near 40◦N, 120◦E and moving away from it. Then, the flows created a
region of divergence where air masses spread out and subsequently formed a stable sinking
area over eastern China (Figure 3e–h). The downward flow resulted in clear skies and dry
weather, as shown in Figure S3 (left panels); NCP had larger incoming shortwave radiation
fluxes during this event. However, even though eastern China had the highest O3 and
O3S anomalies (Figure 2b,c), there were no significant positive anomalies in incoming solar
radiation and it experienced cooler temperature throughout the period (Figure S3, middle
panels). During 4 to 5 July, there was even less incoming radiation, which led to lower O3
production rates (Figure S3, right panels). Despite this, the O3 concentrations in eastern
China remained high during this event, and Figure S4 clearly illustrates the accumulation
of O3 in this area.
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Figure 3. Time evolution of meteorological fields for Case 1. Left: Distribution of geopotential height
(shaded) and horizontal wind (blue vectors) at 500 hPa from 2 to 5 July 2015 (a–d). The red lines
represent the contour of 5770 gpm. Right: Distribution of Omega anomalies (shaded) at 500 hPa and
horizontal T-N flux (vectors) at 300 hPa from 2 to 5 July 2015 (e–h). The vectors are drawn only in
regions that the fluxes are larger than 15 m2/s2.

To better understand the vertical movements, we presented the vertical transection
of O3 and wind anomalies during Case 1 in Figure 4. It is important to note that the
transections were taken along the red lines in Figure 3a–d, which means the arrows pointing
to the right do not always represent westerly wind. By combining Figures 3 and 4, it is
evident that from 2 to 5 July, there was a continuous stratosphere-to-troposphere O3
transport pathway, resulting in the accumulation of O3 over 120◦E. Furthermore, due to
the appearance of a closed anticyclone over eastern China on 5 July, the sinking air current
split into two branches near 120◦E, one continuing eastward and the other joining the small
high-pressure system (Figure 3d). This caused the local transport and dispersion of O3 in
eastern China, and could responsible for the high O3 concentrations in southern China. In
summary, this STT process was triggered by an AWB event in northeast China. As the wave
energy propagated and AWB dissipated, a stable pathway for STT formed over eastern
China, persisting for 4 days and causing an average increase of approximately 10–15 ppbv
in ground-level O3 concentrations in eastern China during this period.
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MERRA2) for Case 1 from 2 to 5 July 2015 (a–d). The transections were taken along the contour line
at 5770 gpm, which are outlined by red lines in the right panels in Figure 3. The vertical velocities are
multiplied by 50 times.

3.1.2. Case 2: CWB-Induced STT during 30 to 31 August 2016

The average PV and O3 anomalies during Case 2 are presented in Figure 5. The
widespread negative PVy and the positive Fy in northeast China suggest that this is a CWB
event (Figure 5a). In the upper troposphere (350 K), regions with significant positive PV
anomalies appear as a band from Inner Mongolia to the Sea of Japan. These areas also exhib-
ited high O3S and O3 anomalies (Figure 5b,c), indicating the occurrence of STT. In the lower
troposphere, the area impacted by this STT process was considerably larger, encompassing
nearly the entire eastern and southern regions of China (Figure 5d,e). Correspondingly,
the ground-level observations of O3 also demonstrated high concentrations (Figure 5f).
The evolution of meteorological fields shown in Figure 6 sheds light on the development
of this process. On 28 August, there was a strong high-pressure system in southwestern
China, while the cut-off low was situated over the Korean Peninsula. In the following
days, the high in southwestern China weakened while the cut-off low deepened gradually
(Figure 6b–d). Vectors in Figure 6e–h show that a strong wave train emanated from the cut-
off low and propagated toward the northeast, which corroborated the occurrence of a CWB
event and was responsible for the deepening of the cut-off low and the strengthening of the
high near 50◦N, 145◦E. Combining the left and right panels in Figure 6, it can be seen that
the southwest side of the low-pressure system exhibited clear positive omega anomalies,
indicating constant downward transport of the air masses. The sinking areas experienced
higher solar radiation fluxes, but lower temperature (Figure S5), which was likely due to
the passage of a front during the formation and development stages of the cut-off low,
resulting in cooler but clearer weather. Ozone production rates in the entire southern and
eastern China were slightly lower than the common condition (Figure S5, right panels),
which means the significantly high O3 concentrations here might not have been caused
by more intense photochemical reactions. Such STT processes triggered by a cut-off low
were observed by Song et al. Their study showed that the column concentrations of ozone
increased significantly when the cut-off low occured [41].
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Figure 5. Composition fields of Case 2 during 30 to 31 August 2016. (a) PV anomalies at the 350 K
isentropic layer. The regions shaded by slashes indicate PVy < 0. The blue vectors show the horizontal
T-N flux at 300 hPa. (b,c) O3S anomalies from CAM-chem at 300 hPa and 850 hPa. (d,e) O3 anomalies
from AIRS at 300 hPa and 850 hPa. (f) Observed nighttime O3 anomalies at the surface.
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Figure 6. Time evolution of meteorological fields for Case 2. Left: Distribution of geopotential
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Right: Distribution of Omega anomalies (shaded) at 500 hPa and horizontal T-N flux (vectors) at
300 hPa from 28–31 August 2016 (e–h). The vectors were drawn only in regions where the fluxes
were larger than 15 m2/s2.
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The dynamic movements of this STT process can be observed clearly from the tran-
sections shown in Figure 7. From 105◦E to 120◦E, there was a continuous downward and
eastward flow of air, transporting O3-rich air into the lower troposphere and leading to O3
enrichment in eastern China. The accumulation of ground-level O3 is demonstrated clearly
through the time evolution in Figure S6. Based on the above discussion, we conclude that
Case 2 was a CWB-induced STT process affecting both eastern and southern China, with
ground-level O3 concentrations rising by about 10–15 ppbv.
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Figure 7. Vertical transection of ozone anomalies (shaded, from AIRS) and wind (vectors, from
MERRA2) for Case 2 from 28–31 August 2016 (a–d). The transections are taken along the 35◦N. The
vertical velocities are multiplied by 50 times.

3.2. Impact of RWB Events on Ground-Level O3 in Eastern China

Using the method described in Section 2.2.3, we identified a total of 33 AWB events and
18 CWB events that had the potential to impact eastern China during the boreal summer
(JJA) from 2013 to 2020. These events were analyzed using a composite approach and the
results are presented in the following section.

3.2.1. Impact of AWB Events

Figure 8 depicts the averaged data fields of the 33 selected AWB events. The distri-
bution of PV anomalies and horizontal wave fluxes is presented in Figure 8a, where the
regions with positive PV anomalies displayed an overall northeast-southwest orientation,
accompanied by southward wave fluxes. In the upper troposphere, the simulated O3S
(Figure 8b) and satellite O3 (Figure 8c) in the corresponding areas were significantly high,
suggesting that the O3-rich stratospheric air was transported into the troposphere through
strong stratospheric intrusions. The distribution of the O3S and O3 on 850 hPa (Figure 8d,e)
also showed high anomalies in eastern China, which indicated the STTs were strong enough
to reach the lower troposphere. At the same time, nighttime ground-level O3 concentrations
in eastern China increased by an overall average of 5–10 ppbv (Figure 8f). Given that the
observed O3 anomalies corresponded well with the high O3S anomalies, it is likely that
STT played a significant role in the rise in ground-level O3 concentrations.
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weaken over eastern China and bend cyclonically (Figure 9c). Simultaneously, the corre-
sponding regions exhibit positive anomalies of Omega (Figure 9d), indicating the for-
mation of the STT pathway. Figure 9e shows higher incoming solar radiation fluxes near 
the Shandong Peninsula (38°N, 120°E) due to the presence of downward flow, but O3 pro-
duction rates in the whole eastern China decelerated slightly (Figure 9f). This suggests 
that photochemical generation of O3 was not the primary cause of the high ground-level 
O3 concentrations observed. Additionally, the ground-level O3 observations in Figure 8f 
represent nighttime averages, which partially circumvented the effects of daytime O3 pho-
tochemical generation. Therefore, we conclude that STT was the main cause of the increase 
in surface O3 in eastern China during the selected AWB events. 

Figure 8. Horizontal distribution of composited PV, O3, and O3S anomalies for all selected AWB
events (33 days in JJA 2013–2020). (a) PV anomalies at the 350 K isentropic layer (shaded) and
horizontal T-N flux at 300 hPa (vectors). (b,d) O3S anomalies from CAM-chem at 300 hPa and
850 hPa. (c,e) O3 anomalies from AIRS at 300 hPa and 850 hPa. (f) Observed nighttime O3 anomalies
at the surface. The black dots mark areas where the anomalies passed the significance test (95%) in
each panel.

Figure 9 illustrates the meteorological fields associated with the selected AWB events.
The southward T-N flux displayed in Figure 9b confirms the occurrence of AWBs over
northeastern China. The distribution of stream function in the upper troposphere shows
anticyclonic anomalies in northern China and cyclonic anomalies near the Sea of Japan,
which results in weakening of the westerlies near 40–50◦N and strengthening of the wester-
lies on both the south and north sides (Figure 9a). As a consequence, the westerlies weaken
over eastern China and bend cyclonically (Figure 9c). Simultaneously, the corresponding
regions exhibit positive anomalies of Omega (Figure 9d), indicating the formation of the
STT pathway. Figure 9e shows higher incoming solar radiation fluxes near the Shandong
Peninsula (38◦N, 120◦E) due to the presence of downward flow, but O3 production rates in
the whole eastern China decelerated slightly (Figure 9f). This suggests that photochemical
generation of O3 was not the primary cause of the high ground-level O3 concentrations
observed. Additionally, the ground-level O3 observations in Figure 8f represent nighttime
averages, which partially circumvented the effects of daytime O3 photochemical generation.
Therefore, we conclude that STT was the main cause of the increase in surface O3 in eastern
China during the selected AWB events.
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partially attributed to solar radiation enhancement, the elevated O3 concentrations in east-
ern China, including the Yangtze River Delta, were primarily caused by STT processes. 

3.2.2. Impact of CWB Events 
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positive anomalies of PV during CWBs exhibit an overall northwest−southeast distribu-
tion and are accompanied by northward propagating wave fluxes. The high simulated O3S 
and observed O3 anomalies in the regions where CWBs occur, as demonstrated in Figure 
10b,c, indicate that STT processes were triggered by these CWBs. The distributions of O3S 
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Figure 9. Horizontal distribution of composited anomalies of meteorological fields from MERRA-2
for all selected AWB events (33 days in JJA 2013–2020). (a) Zonal wind anomalies (shaded) and
GpH (contour) at 300 hPa. (b) Horizontal T-N flux (vectors) and stream function (shaded) at 300 hPa.
(c) GpH (shaded) and wind (vectors) at 500 hPa. (d) Omega anomalies at 500 hPa. (e,f) Surface
incoming shortwave flux and ozone production rate anomalies. The black dots in (a,d,e) and (f) mark
areas that the anomalies passed the significance test (95%). The vectors in (b) are drawn only in
regions where the fluxes are larger than 5 m2/s2.

In summary, we conducted a composite analysis of 33 stronger AWB events occurring
in the boreal summers of 2013–2020 using the distribution of tropospheric O3 and meteo-
rological fields. The results suggest that these strong AWBs were accompanied by deep
STTs, leading to a significant rise in O3 concentrations within the troposphere. Additionally,
the ground-level O3 concentrations exhibited an overall increase of 5–10 ppbv during
these events. While the higher O3 concentration in the North China Plain may be partially
attributed to solar radiation enhancement, the elevated O3 concentrations in eastern China,
including the Yangtze River Delta, were primarily caused by STT processes.

3.2.2. Impact of CWB Events

Compared with AWB, CWB occurred less frequently, with only 18 stronger events
selected for analysis during the boreal summer of 2013–2020. As shown in Figure 10a,
positive anomalies of PV during CWBs exhibit an overall northwest−southeast distribution
and are accompanied by northward propagating wave fluxes. The high simulated O3S and
observed O3 anomalies in the regions where CWBs occur, as demonstrated in Figure 10b,c,
indicate that STT processes were triggered by these CWBs. The distributions of O3S and
O3 anomalies in Figure 10d,e reveal that O3 concentrations were elevated by those STT
processes throughout the entire eastern and southern China in the lower troposphere.
Figure 10f shows significant positive ground-level O3 anomalies in both coastal areas of
southeastern China and central China, which matched well with the distribution of positive
O3S anomalies in Figure 10d. Thus, we conclude that STT processes triggered by CWB
events played an important role in the rise in ground-level O3 concentrations.
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around 40°N, which implied enhanced north-to-south transport, including the transport 
of airflow and wave energy fluxes. The cyclonic bending of the westerlies, accompanied 
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also the mechanism of STT processes in CWB events. 

The anomalies of incoming solar radiation flux and O3 production rate during CWB 
events are presented in Figure 11e and Figure 11f, respectively. We can observe that dur-
ing CWB events, there was almost no considerable increase in the incoming solar radiation 
fluxes, but there were notable decelerations in the ozone production rates in most areas. 
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generation was not significant, and the increase in ground-level O3 concentration during 
CWB events was mainly caused by STT. 

Figure 10. Horizontal distribution of composited PV, O3, and O3S anomalies for all of theselected
CWB events (18 days in JJA 2013–2020). (a) PV anomalies at the 350 K isentropic layer (shaded)
and horizontal T-N flux at 300 hPa (vectors). (b,d) O3S anomalies from CAM-chem at 300 hPa and
850 hPa. (c,e) O3 anomalies from AIRS at 300 hPa and 850 hPa. (f) Observed nighttime O3 anomalies
at the surface. The black dots mark areas where the anomalies pass the significance test (95%) in
each panel.

Figure 11 shows the averaged meteorological fields for CWB events. Similar to the
circulation fields of the AWBs (Figure 9), anticyclonic anomalies in the north (50◦N) and
cyclonic anomalies in the south (35◦N) led to a significant weakening of the westerlies
around 40◦N, which implied enhanced north-to-south transport, including the transport of
airflow and wave energy fluxes. The cyclonic bending of the westerlies, accompanied by
strong sinking, was the pathway of STT (positive omega in Figure 11c,d), which was also
the mechanism of STT processes in CWB events.

The anomalies of incoming solar radiation flux and O3 production rate during CWB
events are presented in Figures 11e and 11f, respectively. We can observe that during CWB
events, there was almost no considerable increase in the incoming solar radiation fluxes, but
there were notable decelerations in the ozone production rates in most areas. Additionally,
we used the nighttime average O3 concentrations in Figure 10b to minimize the effect of
daytime radiation. Therefore, we conclude that the effect of photochemical generation was
not significant, and the increase in ground-level O3 concentration during CWB events was
mainly caused by STT.
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nents. Positive GpH anomalies emerged at anticyclonic bending points of the PV con-
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Figure 11. Horizontal distribution of composited anomalies of meteorological fields from MERRA-2
for all selected CWB events (18 days in JJA 2013–2020). (a) Zonal wind anomalies (shaded) and
GpH (contour) at 300 hPa. (b) Horizontal T-N flux (vectors) and stream function (shaded) at 300 hPa.
(c) GpH (shaded) and wind (vectors) at 500 hPa. (d) Omega anomalies at 500 hPa. (e,f) Surface
incoming shortwave flux and ozone production rate anomalies. The black dots in (a,d,e) and (f) mark
areas that the anomalies pass the significance test (95%). The vectors in (b) are drawn only in regions
where the fluxes are larger than 5 m2/s2.

4. Discussion and Conclusions

RWB events have the potential to trigger strong STT processes, which can lead to
increases in tropospheric O3 concentrations. To investigate these events, we analyzed
observational data, including ground-based observations and satellite data, for RWB events
that occurred in East Asia during JJA of 2013–2020. We first analyzed two typical individual
cases (one AWB and one CWB event) that may have had an impact on eastern China, and
then conducted a composite analysis of all the strong AWB and CWB events. Based on our
study, the conclusions are presented as follows:

(1) A total of 33 AWB events and 18 CWB events were selected for analysis, revealing that
AWB events occurred more frequently. Strong AWB events occurred at a frequency of
four per season, while strong CWB events occurred at a frequency of two per season.
These findings are consistent with the study by Jing et al. [9].

(2) Figure 12a illustrates the mechanism of STT triggered by AWB events. In the case of
AWBs, the PV aloft appeared as a high tongue extending from the northeast to the
southwest, while wave activity fluxes headed southeast with southward components.
Positive GpH anomalies emerged at anticyclonic bending points of the PV contour,
indicating positive anomalies of the stream function. Downstream, negative GpH
anomalies emerged where the high PV tongue went deeper. When this synoptic
situation occurred over northeast China (the blue box in Figure 12a), the original
westerly baseflow turned southward over eastern China, followed by a cyclonic bend,
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and then continued eastward. Strong downward air flow was present at the location
where the westerly jet bent cyclonically, guiding the STT and ultimately leading to the
elevation of ground-level O3 concentrations in eastern China.

(3) The mechanism and impact of STT triggered by CWB events differed from those of
AWB. CWBs occurring near the Sea of Japan were more likely to have the potential to
affect eastern China (blue box in Figure 12b). When CWB events occurred, the high
tongue of PV extended from northwest to southeast, and potential height anomalies
were mainly in the vicinity of the Sea of Japan. The wave activity flux had a northward
meridional component within the region where CWB occurred. As a result of the
wide cyclonic circulation from Mongolia to the East China Sea, the sinking region
covered a large area and could lead to a more widespread increase in ground-level O3
concentrations under regional transport and diffusion.

(4) STT processes triggered by strong AWB and CWB events could transport O3-rich air
deeply into the lower troposphere, resulting in an average elevation of 5–10 ppbv
ground-level O3 concentrations in eastern China.
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Figure 12. Schematic diagrams of AWB (a) and CWB (b) events and the subsequent STT processes.
The gray lines indicate the PV contours. Green, blue, and red arrows denote the direction of horizontal
T-N flux, westerly jet, and STT, respectively. The red and blue circles represent regions with positive
and negative GpH anomalies, respectively. The gray and blue rectangles are the same as those in
Figure 1.

These results suggest that the impacts of AWBs and CWBs on atmospheric circulation
and air quality are regionally significant and should be considered in future climate and air
quality modeling efforts.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15102647/s1, Figure S1: Horizontal distribution of O3 from
AIRS (left) and O3S simulated by CAM-chem (right) on 300 hPa on 2nd July, 2015; Figure S2: Left
Long-term means of meridional fluxes Fy at 330 K in DJF, with (upper panel) positive and (lower
panel) negative values, each restricted to areas of negative meridional PV gradient (PVy < 0), which
can reveal the areas that CWB and AWB occur and the frequency (Gabriel and Peters, 2008). Right
CWB (upper panel) and AWB (lower panel) frequency at 330 K in DJF 1980–2020 calculated in our
work; Figure S3: Time evolution of surface incoming shortwave radiation flux (left panels), surface
temperature anomalies (middle panels) and surface O3 production rate anomalies (right panels)
for Case 1 from July 2nd to 5th, 2015; Figure S4: Time evolution of surface ozone anomalies for
Case 1 from July 2nd to 5th, 2015. Left Daily mean ozone anomalies. Right Nighttime (20:00–07:00
local time) ozone anomalies; Figure S5: Time evolution of surface incoming shortwave radiation
flux (left panels), surface temperature anomalies (middle panels) and surface O3 production rate
anomalies (right panels) for Case 2 from August 28th–31th, 2016; Figure S6: Time evolution of surface
ozone anomalies for Case 2 from August 28th–31th, 2016. Left Daily mean ozone anomalies. Right
Nighttime (20:00–07:00 local time) ozone anomalies.
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