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Abstract This study investigates an ozone intrusion event observed during the Pre‐Asian Summer
Monsoon Chemical and Climate Impact Project in August 2021, using 26 consecutive daily ozonesonde
measurements over South Korea. A pronounced enhancement in total column ozone was observed between 17
and 19 August, which can be largely attributed to an ozone intrusion in the upper troposphere–lower
stratosphere (UTLS), accounting for approximately 60% of the increase. The upper tropospheric circulation
patterns demonstrate a clear signature of anticyclonic Rossby wave breaking (AWB) on the northeastern edge of
the Asian summer monsoon anticyclone, aligned with the summertime jet stream. This AWB, accompanied by a
cut‐off low and tropopause folding, facilitated downward transport of stratospheric ozone into the upper
troposphere. In addition, the ozone variability is investigated in two chemical reanalysis data sets: Modern‐Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA‐2) and European Centre for
Medium‐RangeWeather Forecasts (ECMWF) Atmospheric Composition Reanalysis 4 (EAC4). MERRA‐2 and
EAC4 capture the ozone intrusion event with relevant synoptic‐scale circulation patterns and ozone variability.
However, discrepancies of ozone data in the chemical reanalyses were found in vertical ozone structures and
persistence in the troposphere. MERRA‐2 better represented the secondary ozone peak in the UTLS but
underestimated lower‐tropospheric ozone. In contrast, EAC4 showed a systematic positive bias particularly in
the stratosphere and near the surface. Continued integration of temporally high‐resolution ozone measurements
is beneficial for understanding synoptic‐scale ozone variability and evaluating emerging chemical reanalyses.

Plain Language Summary This study used 26 daily balloon‐borne ozone sensors launched in South
Korea during August 2021. These observations captured a rapid ozone increase caused by stratospheric air
intrusion into the upper troposphere. Analysis reveals that the increase in ozone was directly induced by wave
breaking and mixing processes between the troposphere and the stratosphere near the Asia summer monsoon
anticyclone. We used these measurements to evaluate two widely used chemical reanalyses (Modern‐Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA‐2) and European Centre for
Medium‐Range Weather Forecasts (ECMWF) Atmospheric Composition Reanalysis 4 (EAC4)) ozone. The
reanalyses captured the ozone enhancement event qualitatively, however they showed notable quantitative
differences vertically. The EAC4 tended to overestimate ozone in the stratosphere and near the surface. The
MERRA‐2 also overestimated ozone in the stratosphere, but underestimated ozone closer to the surface. These
differences are likely related to how satellite data is used and how the atmospheric chemistry is handled in the
reanalyses. Our results emphasize that daily ozonesonde measurements are useful for evaluation of the synoptic
variabilities in the chemical reanalyses.

1. Introduction
The upper troposphere–lower stratosphere (UTLS) is a dynamically complex region in which stratospheric and
tropospheric air masses frequently interact, exerting influence on global atmospheric composition, radiative
forcing, and climate variability (Gettelman et al., 2011; Manney et al., 2011; Riese et al., 2012; Tao et al., 2018).
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This transition zone is characterized by sharp gradients in temperature and chemical composition, making it a
critical interface for the exchange and transport of trace gases, notably ozone and water vapor (Fueglistaler
et al., 2005; Gettelman & Forster, 2002; Pan et al., 2016). In particular, ozone transport within the UTLS is
important because the impacts of ozone differ markedly depending on its vertical location in the atmosphere. In
the stratosphere, ozone serves as a vital shield against harmful ultraviolet radiation, playing a key role in sus-
taining life on Earth (Crutzen, 1970; McKenzie et al., 2011; Molina & Rowland, 1974; Solomon, 1999). In
contrast, in the troposphere, it acts as a major environmental pollutant that impacts human health and vegetation
(Fleming et al., 2018; Monks et al., 2015). Understanding the UTLS dynamics is essential, as the transport and
mixing processes in this region drive substantial ozone variability, with substantial implications for atmospheric
composition and radiative forcing.

Stratosphere–troposphere exchange (STE) is a bidirectional transport process that regulates ozone distribution,
water vapor balance, and radiatively active species in the UTLS (Fueglistaler et al., 2009; Holton et al., 1995;
Stohl, Bonasoni, et al., 2003; Zhang et al., 2024). STE frequently occurs in the mid‐latitudes when baroclinic
waves are breaking (Thorncroft et al., 1993). Early studies identified tropopause folding as the primarymechanism
for STE, particularly at mid‐latitudes (Danielsen, 1968; Holton et al., 1995; Hoskins et al., 1985). At mid‐latitudes,
STE in these regions is commonly associated with Rossby wave breaking, cut‐off lows, and jet stream dynamics,
which facilitate the ozone transport from the stratosphere to the free troposphere (Homeyer & Bowman, 2013;
Postel & Hitchman, 1999; Price & Vaughan, 1993). Downward STE transport introduces substantial amounts of
ozone into the troposphere, with implications for short‐term air quality and ozone‐driven radiative forcing (Cooper
et al., 2014; Gaudel et al., 2018; Yorks et al., 2009; Škerlak et al., 2014). These processes were noted to be most
effective in springtime. However, during field campaigns with daily sonde launches over North America in 2004
and 2006 summers (Thompson et al., 2007a, 2007b, 2008), analyses of wave signatures in sonde data showed that
STE influences are present after spring as well, alternating with impacts of local pollution, lightning and advected
ozone in determining free tropospheric ozone structure. The classification of ozonesonde profiles with Self‐
Organization Maps (Stauffer et al., 2018, 2024) also pointed out that correlating vertical structure with meteo-
rological influences is a more accurate way to interpret ozone variability than sorting by season. Ozone profiles in
the tropics and subtropics are well known to exhibit signatures of STE, sometimes related to deep convection
(Clain et al., 2010; Diab et al., 2004; Leclair De Bellevue et al., 2006; Portafaix et al., 2003). The convection‐STE
linkage has also been noted in the extratropic regions (Homeyer et al., 2014; Pan et al., 2016).

Extensive research has established a theoretical framework for STE pathways, with earlier studies identifying
synoptic‐scale processes as key drivers of cross‐tropopause transport (Holton et al., 1995; Stohl, Wernli,
et al., 2003). Climatological studies have refined this understanding by highlighting midlatitude storm tracks as
hotspots for frequent tropopause folding and deep stratospheric intrusions (Sprenger et al., 2003; Škerlak
et al., 2014). Observational and trajectory‐based analyses have demonstrated that stratospheric ozone influx is
highly variable and episodic, often modulated by regional meteorological conditions (Gettelman et al., 2011;
Tarasick et al., 2019). High‐frequency in situ measurements have proven essential for capturing these transient
ozone transport events, reinforcing the strong influence of synoptic‐scale variability on STE dynamics.

Chemical reanalysis data sets, such as the Modern‐Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA‐2; Gelaro et al., 2017) from the National Aeronautics and Space Administration (NASA) and
European Centre for Medium‐Range Weather Forecasts (ECMWF) Atmospheric Composition Reanalysis 4
(EAC4; Inness et al., 2019) provide long‐term, globally consistent ozone distributions by assimilating satellite
and in situ observations into chemical transport models. These products are widely used to investigate STE, ozone
transport, and long‐term atmospheric trends (Akritidis et al., 2022; Shangguan et al., 2019). They are particularly
useful for complementing ozone observation networks, which have limited spatiotemporal coverage (Tarasick
et al., 2021).

However, chemical reanalyses have inherent limitations, including systematic biases arising from the coarse
resolution of underlying models and incomplete observational constraints, particularly under dynamically
complex conditions such as STE events (Wargan et al., 2017). MERRA‐2 and EAC4 have been extensively
evaluated against both in situ and satellite observations (Boynard et al., 2009; Hulswar et al., 2020; Miyazaki &
Bowman, 2017; Ryu & Min, 2021). These evaluations have focused on their ability to represent spatiotemporal
ozone variability (Bak et al., 2022; Huijnen et al., 2020; Park et al., 2020) and dynamic processes, such as
tropopause folding (Akritidis et al., 2021, 2022; Liu et al., 2020). By incorporating chemical transport models,

Journal of Geophysical Research: Atmospheres 10.1029/2025JD044492

KANG ET AL. 2 of 17

 21698996, 2025, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

044492 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [26/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



these data sets generally offer improved representations of ozone distribution and variability. Nevertheless,
uncertainties remain in the representation of dynamic processes and short‐term ozone variability, emphasizing the
need for ongoing observational constraints and model refinements to improve the reliability of chemical rean-
alysis products.

High‐resolution observations are crucial for advancing our understanding of ozone variability and STE processes.
While satellites provide global coverage, their limited temporal and vertical resolutions are often insufficient for
capturing the rapid and localized variations associated with STE events (Barré et al., 2012; Xu et al., 2024). In
contrast, ozonesonde observations offer high vertical resolution (∼100–150 m) from the surface to the lower
stratosphere, making them essential instruments for investigating short‐term ozone fluctuations and validating
satellite and reanalysis data (Park et al., 2020; Tarasick et al., 2021).

This study aims to understand STE‐driven ozone transport processes using high‐resolution ozonesonde mea-
surements obtained during the Pre‐Asian Summer Monsoon Chemical and CLimate Impact Project (Pre‐
ACCLIP) campaign in August 2021, which is directly connected to the broader objectives of the ACCLIP (Pan
et al., 2022, 2025). First, the synoptic and vertical characteristics of an ozone intrusion event are examined
using the ozonesonde profiles in the UTLS. Then, the ability of two chemical reanalysis data sets to represent
the vertical ozone structure and transport associated with this intrusion event is evaluated through comparison
with daily in situ observations. Although long‐term ozonesonde records are available at other East Asian sites
with seasonal coverage, the daily high‐resolution observations conducted during the Pre‐ACCLIP campaign
provide a unique opportunity to capture the synoptic evolution and vertical structure of the strong STE event in
the summer monsoon season. Section 2 describes the data sets; Section 3 presents the observed ozone dis-
tribution and synoptic characteristics; Section 4 evaluates MERRA‐2 and EAC4; Section 5 summarizes
conclusion and discussion.

2. Data
2.1. Ozonesonde Observations

Ozonesondes are balloon‐borne instruments that measure vertical ozone distributions with fine vertical resolution
(Komhyr, 1969). Ozonesondes have a precision of 3%–5% and overall accuracy of about 5%–10% (Smit &
Thompson, 2021; Tarasick et al., 2021). These in situ observations extend from the surface to the lower
stratosphere and are essential for characterizing ozone variability and assessing long‐term trends (Smit
et al., 2007; Tarasick et al., 2021). Each ozonesonde is equipped with an electrochemical concentration cell
(ECC), in which atmospheric ozone reacts with chemical solutions to generate microcurrents proportional to the
ozone number concentration (Komhyr, 1969). ECC ozonesondes have been used as the global standard instru-
ment for ozone profiling, with calibration guidelines and performance standards established by the World
Meteorological Organization (WMO) Global AtmosphereWatch (GAW) program (Smit & ASOPOS, 2014; Smit
et al., 2007). Progressive improvements in ozonesonde preparation and calibration have enhanced measurement
accuracy and reliability (Tarasick et al., 2021; Thompson et al., 2019). Ozonesonde measurements have been
performed following the Southern Hemisphere Additional Ozonesondes (SHADOZ; Thompson, Witte,
et al., 2007; Thompson et al., 2017, 2019; Witte et al., 2017) preparation procedure to ensure data consistency and
accuracy (Smit & ASOPOS, 2014; Smit & Thompson, 2021). Ozonesondes are launched alongside radiosondes
to simultaneously measure pressure, temperature, and relative humidity, thus providing comprehensive atmo-
spheric conditions (Stauffer et al., 2022).

In this study, ozonesonde observations were conducted at two sites in South Korea, Anmyeon (36.54°N,
126.33°E, 8 m) and Taehwa (37.31°N, 127.31°E, 30 m), as shown in Figure 1a. The Anmyeon site, located on the
west coast of the Korean Peninsula, provides daily ozone profiles from 5 to 31 August 2021 during the Asia
Summer Monsoon season. Ozonesondes were launched daily at 15:00 local standard time (06:00 UTC), except on
23 August when heavy rain prevented data collection. The Taehwa site served as a supplemental observation site
when Anmyeon data were unavailable. A total of 26 ozone profiles were obtained, with 24 from Anmyeon and 2
from Taehwa (Figure 1b).

Most ozonesonde profiles reached approximately 33 km (∼8.1 hPa), except on 8 August when the radiosonde
signal was lost at around 3 km. The highest balloon burst altitude was 35.2 km on 21 August. All ozonesonde
profiles were interpolated to a 100‐m vertical resolution to support fine‐scale analysis of ozone variability and
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structure. Total column ozone (TCO) is also computed by vertically inte-
grating the ozone profiles. Above the balloon burst level, the MLS‐based
climatology (McPeters & Labow, 2012) was appended from the burst level
to the top of atmosphere, contributing 39.6 DU (Dobson Unit) on average
during the campaign. One Dobson unit (DU) corresponds to a 0.01 mm thick
layer of pure ozone compressed at standard temperature and pressure.

2.2. MERRA‐2

MERRA‐2 is NASA Global Modeling and Assimilation Office (GMAO)'s
global meteorology‐composition reanalysis produced with the Goddard Earth
Observing System Version 5 (GEOS‐5; Molod et al., 2015) at 0.5° × 0.625°
horizontal resolution on 72 hybrid sigma model levels from the surface to
0.01 hPa (M2I3NVASM; Gelaro et al., 2017). MERRA‐2 assimilates Solar
Backscatter Ultraviolet Radiometer (SBUV and SBUV/2, Bhartia et al., 2013)
partial column ozone for 1980 to September 2004. From October 2004 on-
ward, Ozone Monitoring Instrument (OMI) total column ozone and vertical
ozone profiles from the Microwave Limb Sounder (MLS) are assimilated,
which substantially improved UTLS structure representation relative to
the pre‐Aura period (see Gelaro et al., 2017; Wargan et al., 2017). In
GEOS‐5, stratospheric ozone is advanced using climatological monthly two‐
dimensional production and loss rates based on Upper Atmosphere Research
Satellite observations (Stajner et al., 2008). In contrast, tropospheric ozone
has no explicit chemistry parameterization, therefore ozone behaves largely as
a transported tracer with dry deposition as the primary sink (Wargan
et al., 2015, 2017). To compare with ozonesonde measurements, this study
uses MERRA‐2 ozone field on the native model‐level rather than interpolated
pressure levels, which preserves the vertical resolution and structure of the
original data. Ozone data are extracted from the grid points nearest to each
ozonesonde launch site to ensures spatial consistency in the comparison.

2.3. EAC4

EAC4 reanalysis is a global atmospheric composition data set developed and maintained by the ECMWF using
the Integrated Forecasting System (IFS, CY42R1). It provides three‐dimensional fields of reactive gases, aero-
sols, and greenhouse gases in 3‐hr intervals on a 0.75° × 0.75° horizontal grid with 60 hybrid model levels up to
0.1 hPa (Inness et al., 2019). EAC4 covers the period from 2003 to present and is continuously updated. Reactive‐
gas chemistry is treated online: Carbon Bond 2005 chemistry scheme (CB05) treats tropospheric chemistry within
IFS (Flemming et al., 2015), while stratospheric ozone is represented by the Cariolle scheme (Cariolle and
Teyssèdre, 2007). Chemical tendencies from the two schemes are merged across the diagnosed tropopause to
ensure consistent coupling between chemistry and meteorology (Flemming et al., 2017). EAC4 is successor to the
previous Monitoring Atmospheric Composition and Climate (MACC) reanalysis (Inness et al., 2013), and pro-
vides improvements in spatial and temporal resolution, data assimilation techniques, and model chemistry
(Wagner et al., 2021). Ozone fields in EAC4 are constrained through the assimilation of satellite retrievals from
multiple instruments, including TCO from OMI and Global Ozone Monitoring Experiment‐2, vertical profiles
from MLS, partial columns from SBUV/2, and profile and column data from Infrared Atmospheric Sounding
Interferometer (IASI; Boynard et al., 2009; Inness et al., 2019). Surface and fire emission are taken from
MACCity anthropogenic (Granier et al., 2011) and GFAS v1.2 daily biomass burning emissions (Kaiser
et al., 2012). Biogenic emissions from MEGAN2.1 (Guenther et al., 2006), and selected natural sources are
employed in IFS‐CB05 (Flemming et al., 2017). For this study, ozone field were extracted from the native model‐
level at 06 UTC for the grid points nearest to each ozonesonde launch location.

2.4. ERA5 and Satellites

Additionally, the ECMWF Reanalysis v5 (ERA5), developed by the ECMWF, is used to analyze synoptic‐scale
meteorological conditions relevant to STE events (Hersbach et al., 2020). Geopotential height (GPH), wind, and

Figure 1. (a) Locations of Anmyeon (lat: 36.54°N, lon: 126.33°E, 8 m) and
Taehwa (lat: 37.31°N, lon: 127.31°E, 30 m) ozonesonde measurement sites
in South Korea. Shading denotes elevation (unit: m). (b) Profiles of ozone
partial pressure (unit: mPa) from ozonesonde measurements at Anmyeon
(blue) and Taehwa stations (green) in South Korea during pre‐ACCLIP
period (5–31 August 2021).
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potential vorticity (PV) fields are analyzed to characterize UTLS dynamical structures relevant to ozone transport.
For TCO time series, three satellite instruments were used to compare the TCO with ozonesonde measurements:
OzoneMapping and Profiler Suite (OMPS, Flynn et al., 2014; Jaross et al., 2014), OMI (Kroon et al., 2011; Levelt
et al., 2006; McPeters et al., 2008), and Geostationary Environment Monitoring Spectrometer (GEMS, Bak
et al., 2013; Kim et al., 2020). For the polar‐orbiting instruments (OMPS/OMI), daily gridded TCO data from the
NOAA Global Monitoring Division (https://gml.noaa.gov/grad/neubrew/SatO3DataTimeSeries.jsp, last access:
29 September 2025) were used. The point values were computed from the gridded data using a bi‐linear inter-
polation. For GEMS, which provides hourly daytime TCO with high horizontal resolution (Δx: 7–8 km; Kim
et al., 2020), the nearest value at 06 UTC were used for day‐to‐day comparison.

3. Observed STE Structure
Figure 2 presents the day‐to‐day TCO variability from ozonesondes and the three satellites products (OMPS,
OMI, and GEMS) throughout August 2021. The strong consistency between the data sets confirms the reliability
of both the balloon‐borne and satellite‐based ozone measurements. The TCO ranged between 262 and 353 DU,
with an average of 301 DU, which closely aligns with the long‐term August mean of ∼295 DU recorded in South
Korea (Pohang ozonesonde station, Shin et al., 2020). A significant TCO enhancement of approximately 40 DU
was observed between 16 and 18 August peaking at 353 DU on 18 August. This sharp increase was consistently
captured by all satellites. Such temporal variability in TCO is typically driven by synoptic‐scale weather patterns
that are related to transport and mixing processes (Akritidis et al., 2018; Greenslade et al., 2017; Trickl
et al., 2010).

Figure 2. Time series of total column ozone (unit: DU) from ozonesonde measurements (black solid line), (a) polar‐orbit
satellites (dashed lines; OMPS: green, OMI: orange), and (b) geostationary‐orbit satellite (GEMS: blue).
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To further investigate the source of this enhancement, Figure 3 compares the TCO and the 50–200 hPa layer
(hereafter referred to as the UTLS) column ozone. The UTLS ozone closely mirrored the TCO temporal pattern,
with a pronounced peak on 18 August which coincides with the TCO maximum. Notably, this UTLS layer ex-
hibits the greatest variability throughout the observation period, indicating that ozone changes in this region
significantly influence TCO variabilities. The UTLS ozone increased by over 23 DU during this period, ac-
counting for approximately 60% of the TCO enhancement. This result aligns with previous findings highlighting
the key role of UTLS processes in TCO variability (Gettelman et al., 2011; Hoor et al., 2010). This contribution on
daily variability implies that synoptic‐scale atmospheric processes are involved in the UTLS transport and
mixing. The observed enhancement is related to STE, through which ozone‐rich stratospheric air intrudes into the
troposphere (Holton et al., 1995; Stohl, Bonasoni, et al., 2003; Škerlak et al., 2014). Although STE events are
more frequent in winter and spring due to stronger baroclinicity (Akritidis et al., 2021; Sprenger et al., 2003), this
summer event exhibits a comparably deep and strong ozone intrusion (Figure 4) This event is also scientifically
valuable because the fine temporal resolution of the ozonesonde measurements helps to clearly capture the
structure and timing of the STE process.

Figure 4 presents the time‐height cross section of ozone mixing ratio (unit: ppbv) from ozonesonde measurements
during the observation period. The thick black contour highlights the 100 ppbv level, which serves as a visual
threshold to distinguish ozone‐rich air masses. The lapse‐rate defined tropopause is markedwith green dots (World
Meteorological Organization, 1957) to indicate the boundary between the stratosphere and troposphere. Enhanced
ozone concentrations were distinctly observed in the mid‐to‐upper troposphere between 17 and 19 August
temporally coinciding with the TCOmaximum in Figure 2. During this period, ozone mixing ratios exceeded 100
ppbv and locally reached up to 560 ppbv below the tropopause. These values are substantially higher than the
typical summertime range of 80–100 ppbv in mid‐to‐upper troposphere over the mid‐latitude regions, including
South Korea (Gaudel et al., 2018; Zbinden et al., 2013). This substantial enhancement represents a significant
deviation from the seasonal ozone variability, indicating that this enhancement was most likely driven by a
stratospheric intrusion rather than regional photochemical processes. This result is further supported by the
simultaneous time‐height cross section of relative humidity (RH; see Figure S3 in Supporting Information S1),
which reveals the descent of extremely dry air from the upper troposphere to themid‐troposphere during the period.
This concurrent feature of high ozone and low RH strongly indicates that the air has a stratospheric origin (e.g.,
Müller et al., 2024).

To examine the impact of the stratospheric air intrusion on the vertical ozone structure, the ozonesonde profiles
are categorized into the STE and background cases, as shown in Figure 3. Days with both TCO and UTLS column
ozone values exceeding their respective one standard deviation (+1 σ) thresholds were defined as STE cases,
corresponding to 17, 18, and 19 August. Figure 5 shows the vertical ozone distributions for those cases. A distinct
difference between the STE and background cases appears in the UTLS (50–200 hPa), where ozone partial
pressures are significantly higher during the STE event (Figure 5a). A prominent secondary ozone peak (SOP;
Hwang et al., 2007; Hoor et al., 2010; Park et al., 2012) was observed within the UTLS, with a maximum mean
ozone partial pressure of ∼6 mPa, and it coincided with the region of greatest standard deviation (Figure 5c; at

Figure 3. Time series of ozonesonde total (blue solid line) and 50–200 hPa (red solid line) column ozone (unit: DU).
Horizontal dashed lines present the standard deviation of total (blue, 321.9 DU) and 50–200 hPa (red, 55.8 DU) column
ozone, respectively. Gray shading indicates the stratosphere‐troposphere exchange periods.
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∼200 hPa). The SOP represents stratospheric ozone intruding into the upper troposphere isentropic surfaces
during tropopause folding (Holton et al., 1995). This intrusion not only reshapes the vertical ozone profile but also
contributes significantly to the observed increase in TCO. Rossby wave breaking contributes to the downward
mixing of ozone‐rich air masses from the lower stratosphere, thereby facilitating the formation of SOPs

Figure 4. Time‐height cross section of ozone mixing ratio (shading, unit: ppbv) from ozonesonde measurements. The black
contour indicates the 100 ppbv level. The green dots represent the lapse‐rate tropopause defined by World Meteorological
Organization (1957).

Figure 5. Vertical profiles of ozone partial pressure (unit: mPa) from ozonesonde measurements for (a) STE case, (b) background, and (c) their averages. Thick orange
and green lines indicate the mean profiles for each case. Thin gray lines show the individual profiles. Orange and green shadings indicate one standard deviation (±1 σ).
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(Lemoine, 2004; Reid & Vaughan, 1991). This dynamically driven deformation intrusion of ozone‐rich lower
stratospheric air into the upper troposphere leads to the formation of a SOP in the UTLS region (Park et al., 2012).
Since this additional ozone is incorporated into the TCO, the occurrence of SOPs is closely linked to observed
TCO enhancements. Therefore, identifying SOP signatures in vertical ozone profiles provides insight into the
strength of Rossby wave breaking and the associated STE activity.

The synoptic‐scale evolution of the STE event is analyzed using the GPH (Figure 6) and PV (Figure 7) at 200 hPa
from 16 to 19 August. Figure 6 shows the progressive deepening of an upper‐level trough over northeastern China
and Korea with an expanding anticyclone, which is known as the Asia summer monsoon anticyclone (Pan
et al., 2016, 2024). On 18 August a notable cut‐off low developed over the Korean Peninsula, coinciding with a

Figure 6. Spatial distributions of 200‐hPa geopotential height (shading, unit: m) and wind (gray vector, unit: m s− 1) fields
over Asia from ERA5 reanalysis at 06 UTC (15 KST) (a) 16, (b) 17, (c) 18, and (d) 19 August 2021.

Figure 7. Same as in Figure 6, but for potential vorticity at 200‐hPa (unit: 10− 6 K m2 kg− 1 s− 1).
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local high in PV (Figures 6c, 6d, 7c and 7d). Since PV is a conserved quantity under adiabatic conditions
(Danielsen, 1968), its spatial distribution is frequently used to trace the air‐mass origin and identify dynamical
tropopause (Holton et al., 1995). Notably, stratospheric air masses are characterized by significantly higher PV
values (typically >2 PVU) than those in the troposphere. Therefore, the presence of enhanced PV at 200 hPa
supports the inference of stratospheric intrusion into the upper troposphere via tropopause folding (Sprenger
et al., 2003; Škerlak et al., 2014). The large‐scale GPH and PV patterns closely resemble the structure of anti-
cyclonic Rossby wave‐breaking (AWB), as described by Thorncroft et al. (1993). Such wave breaking enhances
the downward transport of stratospheric air and facilitates STE processes. While both cyclonic and anticyclonic
wave breaking can contribute to STE, the observed wave pattern during this period displays a clear anticyclonic
signature along the northern edge of the Asian summer monsoon anticyclone. Hence, this observed STE event is
interpreted as dynamically linked to AWB. The relationship between enhanced PV and stratospheric air intrusion
is well‐documented in Thouret et al. (2006), which reported a strong spatial correlation between ozone volume
mixing ratios and potential vorticity in the UTLS region based on the MOZAIC (Measurement of Ozone and
Water Vapor by Airbus In Service Aircraft) data. Our result is consistent with the previous findings and reinforces
the link between STE events and enhanced PV signatures.

Figure 4 reveals that elevated ozone levels (>100 ppbv) were also observed in the mid‐to‐upper troposphere even
prior to the main STE event. To further investigate this enhanced ozone structure, the temporal evolution of the
ozone distribution is investigated using two chemical reanalyses. Figure 8 presents Hovmöller diagrams of the
ozone mixing ratio at 400 hPa for MERRA‐2 and EAC4. Both reanalyses show eastward‐propagating band of
elevated ozone (>80 ppbv) extending from Eastern China (∼100°E) toward the Korean Peninsula, particularly
during 10–20 August. This band coincides with the enhanced ozone detected at Anmyeon station (white line in
Figure 8), suggesting large‐scale horizontal transport of ozone‐rich air likely occurs in the mid‐troposphere by
mid‐latitude westerlies (Lelieveld & Dentener, 2000; Trickl et al., 2003). A similar spatiotemporal pattern is also
found in relative humidity fields at 400 hPa, which coincide well with high ozone values (see Figure S8 in
Supporting Information S1). These findings suggest that the enhanced TCO observed during the campaign period
was influenced by both vertical intrusion through tropopause folding and horizontal advection of air with
stratospheric origin. In particular, the ozone enhancement observed around 16–18 August likely reflects the
combined effect of both mechanisms. This highlights the importance of simultaneously considering both vertical
and horizontal transport pathways when interpreting ozone variability in the upper and middle troposphere,
especially during dynamically active synoptic events.

4. Comparison to Chemical Reanalyses
To evaluate the ability of chemical reanalysis products to capture synoptic‐scale ozone variability during the
campaign period, Figure 9 presents the time‐height distribution of the ozone mixing ratios from MERRA‐2 and
EAC4. The hatched regions indicate the 100–320 ppbv ozone range from the ozonesonde measurements (see

Figure 8. Hovmöller diagrams of the ozone mixing ratio (shading, unit: ppbv) from (a) MERRA‐2 and (b) EAC4 at 400 hPa.
Black solid line indicates 80 ppbv. White dashed line indicates the longitude of Anmyeon station (126.33°E).

Journal of Geophysical Research: Atmospheres 10.1029/2025JD044492

KANG ET AL. 9 of 17

 21698996, 2025, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

044492 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [26/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 4), corresponding to the approximate region of the ozone intrusion. MERRA‐2 and EAC4 successfully
reproduce the key structural features of the STE event, including the downward intrusion of high‐ozone air masses
into the upper troposphere. In the stratosphere, ozone distributions both reanalyses closely follow the vertical
structure and magnitude observed in the ozonesonde measurements (see Figure 10 for quantitative comparison).
However, notable differences emerge in the troposphere. MERRA‐2 generally underestimates ozone mixing
ratios compared to both EAC4 and ozonesonde profiles, particularly in the lower and mid troposphere.

To further quantify these differences in ozone distribution, the vertical profiles of the ozone partial pressure are
examined for the STE and background cases. Both reanalyses generally reproduce the vertical ozone structure
seen in the ozonesonde, particularly in the stratosphere, where the variability is low (Liu et al., 2020; Shangguan
et al., 2019). However, significant differences emerge in the UTLS region. During the STE case (Figure 10a),
strong ozone variability appears in the UTLS, which coincided with the SOP structure. MERRA‐2 captures this
SOP structure more distinctly than EAC4, showing well‐defined ozone peak centered around 200 hPa that closely
aligns with ozonesonde profiles. In contrast, EAC4 exhibits a relatively smooth and distribution with minimal
vertical structure from 500 hPa up to 100 hPa, with a less distinct representation of the SOP feature. In the lower
troposphere, MERRA‐2 underestimates ozone concentrations, while EAC4 generally agrees better with the
ozonesonde measurements.

The differences between MERRA‐2 and EAC4 in representing ozone distribution are likely influenced by data
assimilation systems as well as how chemical and emissions processes are represented within each model
framework. A fundamental distinction between MERRA‐2 and EAC4 is that MERRA‐2 does not include ozone
chemistry in the troposphere, instead relying on satellite data assimilation and transport processes with dry
deposition (Wargan et al., 2015, 2017). As a result, the discrepancies in the reanalysis of the tropospheric ozone
are more likely to originate from differences in chemical processes. Although both reanalyses assimilate MLS
data, which provides a large volume of ozone information above ∼215 hPa (McPeters & Labow, 2012; Ziemke
et al., 2011), ozone in the middle and lower tropospheric remains weakly constrained due to the limited avail-
ability of direct observation. EAC4 treat tropospheric ozone explicitly using the CB05 chemistry scheme along
with high spatial and temporal resolution anthropogenic and biomass burning emissions (Inness et al., 2019;
Wagner et al., 2021). These features likely contribute to its better agreement with ozonesonde measurements in
the lower troposphere. However, EAC4 consistently overestimates near‐surface ozone concentrations, which may
stem from biases in emissions or chemical reactivity. In contrast, MERRA‐2 tends to underestimate lower
tropospheric ozone but better resolves upper‐level features such as the SOP.

Figure 9. Same as in Figure 4, but for (a) MERRA‐2 and (b) EAC4 chemical reanalyses. The hatching indicates 100–320
ppbv area from ozonesonde measurements (see Figure 4).

Journal of Geophysical Research: Atmospheres 10.1029/2025JD044492

KANG ET AL. 10 of 17

 21698996, 2025, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

044492 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [26/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



To assess the performance of the reanalysis data in reproducing observed TCO, integrated TCO values derived
from MERRA‐2 and EAC4 vertical profiles are compared with ozonesonde measurements (e.g., Figure 11). The
reanalysis TCOs are computed by vertically integrating ozone mixing ratio from the surface to 1 hPa. Both
reanalyses exhibit strong agreement with the observed TCO, with squared correlation coefficients (r2) of 0.88 for
MERRA‐2 and 0.90 for EAC4. These high correlation value indicate that both reanalyses effectively capture the
overall temporal evolution of column ozone. In terms of average TCO, MERRA‐2 shows a mean value of 301.6
DU, closely aligned with the ozonesonde mean of 301.9 DU. In contrast, EAC4 yields a higher mean value of
311.7 DU, suggesting a positive bias relative to the observed TCO. The scatterplot also shows that MERRA‐2 has
a steeper regression slope (0.90) than EAC4 (0.81), suggesting different sensitivities to daily ozone variations.

The regression slope difference between the two reanalyses also reflects how
each reanalysis responds to synoptic‐scale ozone variability. MERRA‐2 has a
higher slope (0.90) compared to EAC4 (0.81), suggesting higher respon-
siveness to synoptic‐scale ozone fluctuations. The residual standard deviation
(rstd) further supports this interpretation. MERRA‐2 shows a larger rstd (6.33
DU) than EAC4 (5.09 DU), indicating that while it tracks short‐term vari-
ability more closely, it also exhibits greater scatter. EAC4, in contrast,
demonstrates a smoother regression fit with reduced sensitivity to high‐
frequency changes. To test the robustness of these patterns, two anoma-
lously low TCO values observed on 5 and 31 August —when ozonesonde
measurements diverged markedly from satellite‐based TCO products (e.g.,
OMPS and GEMS; see Figure 2)—were excluded from the analysis. As
shown in Figure S13 in Supporting Information S1, this pattern could be
improved (Figure S13 in Supporting Information S1; MERRA‐2: 1.01,
EAC4: 0.88) without two days with unusually low TCO values (5 and 31
August; marked with open circles). This difference persists even after
excluding the two lowest TCO values, though the gap narrows to approxi-
mately 1 DU. Both reanalyses demonstrate similarly strong accuracy in
reproducing temporal evolution of TCO, MERRA‐2 shows a stronger
response to daily variability, whereas EAC4 provides a smoother but sys-
tematically biased representation.

To quantitatively assess the vertical contributions to the observed TCO bia-
ses, column ozone is integrated over three atmospheric layers: the strato-
sphere (1–150 hPa), the troposphere (150–1,000 hPa), and the UTLS (50–
200 hPa). Figure 12 presents the time series of layer‐specific column ozone

Figure 10. Mean vertical profiles of ozone partial pressure (unit: mPa) from ozonesonde (black), MERRA‐2 (red), and EAC4 (blue) for (a) STE case, (b) background and
(c) their averages. Gray shading indicates one standard deviation (±1 σ) of ozonesonde measurements. The red and blue horizontal lines indicate±1 σ of MERRA‐2 and
EAC4, respectively.

Figure 11. Scatter plot with regression lines of total column ozone from
MERRA‐2 (red) and EAC4 (blue) against ozonesonde measurements.
Triangles and circles present the STE case and background, respectively.
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from ozonesonde measurements, MERRA‐2, and EAC4. As shown in Figure 12a, EAC4 persistently over-
estimates TCO throughout the entire observation period. A similar amount of overestimation (∼20 DU) appeared
in the stratospheric column for EAC4 (Figure 12b), suggesting that the TCO bias in EAC4 originates predom-
inantly from this layer. MERRA‐2 also shows the same overestimation, which is largely offset by the tropospheric
underestimation. It is worth to note that ozonesonde uses MLS‐based climatology above ∼7 hPa to compute the
stratospheric column, however it doesn't affect the bias pattern. In contrast, EAC4 exhibits relatively good
agreement with ozonesonde values in the troposphere (Figure 12c), minimally contributing to the TCO bias. For
MERRA‐2, a similar overestimation is present in the stratosphere, but it also underestimates in the troposphere.
Although a negative bias is present in the troposphere, its magnitude is insufficient to fully compensate for the
stratospheric overestimation, resulting in a residual positive bias in the TCO. MERRA‐2 tends to overestimate
ozone concentrations compared to ozonesonde data in the UTLS layer (Figure 12d), despite an overall tropo-
spheric underestimation. The remaining TCO bias from MERRA‐2 appears to result from combined over-
estimation in the UTLS and the lower stratosphere, both of which exhibit systematic positive biases relative to
ozonesonde observations.

The detailed vertical structure (Figure 10) reveals that ozone in both reanalyses is distributed more broadly in the
stratosphere compared to ozonesonde measurements. As a result, overestimations mainly occur near the
lowermost stratosphere (∼100 hPa) and mid‐stratosphere (∼10 hPa), which correspond to the lower and upper
boundaries of the ozone layer. These discrepancies are consistent with previous studies that reanalyses tend to
introduce stratospheric ozone biases due to differences in data assimilation techniques and model representations
of transport and chemistry (Randel & Wu, 2007). In particular, the use of averaging kernels in satellite data
assimilation likely alters the vertical sensitivity of ozone, leading to layer‐dependent positive biases in the
stratosphere (Rodgers & Connor, 2003; Verhoelst et al., 2015). The UTLS region, where steep gradients and
satellite assimilation uncertainties are more prevalent, shows particularly pronounced overestimation
(Figure 12d). These results suggest that residual biases in TCO are primarily driven by systematic overestimation
in the stratosphere.

5. Conclusions
This study examined synoptic‐scale ozone variability by combining daily ozonesonde measurements with
MERRA‐2 and EAC4 chemical reanalyses, focusing on the summertime STE event and associated regional‐scale
ozone transport. A pronounced TCO enhancement was observed between 17 and 19 August with the ozonesonde
measurements revealing that more than half of the increase (∼60%) originated from the UTLS. Dynamical
analysis identified anticyclonic Rossby wave breaking, cut‐off lows, and associated tropopause folding as the key

Figure 12. Time series of (a) total column ozone and column ozone in the (b) stratosphere, (c) stratosphere, and (d) upper
troposphere‐lower stratosphere from ozonesonde measurements (black), MERRA‐2 (red), and EAC4 (blue).
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mechanisms driving the downward transport of stratospheric ozone into the troposphere. This is supported by the
coincident patterns of low relative humidity and elevated PV, which are characteristic tracers of stratospheric air.
Additionally, horizontal advection in the middle troposphere also partly contributed to the ozone enhancement.
These results reveal that the high ozone event in UTLS was driven by STE process with partial support of
horizontal advection.

Both reanalysis data sets qualitatively reproduced the STE structure and captured the day‐to‐day ozone variability
in the UTLS. This ozone variability in the UTLS could potentially be reproduced by the model itself in the
reanalysis system because numerical weather prediction models can simulate upper tropospheric Rossby wave
breaking. However, the strength of mixing by Rossby wave breaking could be different in models. For example,
MERRA‐2 exhibits stronger PV enhancement compared to EAC4 during the event (see Figure S12 in Supporting
Information S1). Thus, the difference in UTLS ozone structure is more likely due to the simulated STE strength.
EAC4 presents smoother vertical structure (Figure 10). Although satellite data assimilation and chemical
parameterization could also affect the day‐to‐day ozone variations in the UTLS, their impacts look secondary.

Systematic biases in the reanalysis of ozone fields remain evident across different atmospheric layers and are
shaped by differences in satellite data assimilation and model constraints. Both MERRA‐2 and EAC4 over-
estimated stratospheric ozone, likely owing to vertical smoothing effects in satellite retrievals and differences in
how stratospheric profiles are assimilated. These biases propagate into the TCO estimates. Reducing these dis-
crepancies will require improved treatment of model error structures, background covariance, and the assimi-
lation of vertically resolved observations.

In the troposphere, differences between two reanalyses appear to be influenced by their chemistry and emission
treatments. MERRA‐2 is yet to include tropospheric chemistry. This likely leads to the persistent underestimation
of ozone in the lower and middle troposphere (Huijnen et al., 2020;Wargan et al., 2015, 2017). Conversely, EAC4
exhibits a persistent positive bias near the surface, which is potentially linked to the model treatment of precursor
emissions and chemical reactivity parameterization that influence ozone formation rates (Wagner et al., 2019).
These findings are consistent with prior intercomparison studies and underscore the need to assimilate both ozone
and its chemical precursors to improve tropospheric ozone accuracy (Sekiya et al., 2025). Overall, these results
demonstrate that the quality of ozone data in chemical reanalysis is influenced by multiple factors: the assimi-
lation of satellite observation, the dynamical transport near the tropopause, and the tropospheric chemistry and
emission inventories.

Finally, this study highlights the critical value of high‐resolution daily ozone profile measurements are essential
for advancing chemical reanalysis accuracy and improving model performance. in situ observations provide fine‐
scale ozone changes, particularly during dynamically active events such as STE and large‐scale transport, which
are often insufficiently resolved by models or satellite retrievals. However, the operational demands and cost of
such measurements limit their widespread implementation. The sustained implementation of specialized field
campaigns, such as ACCLIP, is vital for expanding access to high‐quality vertical ozone information, ultimately
improving the representation of atmospheric composition in global reanalyses.
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