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Abstract we investigated the springtime variability of ozone in the upper troposphere and lower
stratosphere (UTLS) over East Asia using data from the Infrared Atmospheric Sounding Interferometer (IASI)
onboard the Metop satellite series (Metop-A, Metop-B, and Metop-C), complemented with ozonesonde
observations and MERRA-2 reanalysis data. The accuracy of the IASI ozone profiles was confirmed through
validation against ozonesonde measurements, demonstrating their reliability for monitoring UTLS ozone
dynamics. An empirical orthogonal function analysis revealed that the first principal component explained more
than half of the variance in UTLS ozone during springtime, with strong positive correlations in regions
influenced by the East Asian jet stream (EAJS). The analysis showed that the strengthening of the jet stream was
associated with increased ozone concentrations, likely driven by enhanced baroclinic wave activity and
stratospheric intrusion. Moreover, the intensification of the EAJS was associated with strengthening of the local
Hadley Cells and the meridional temperature gradient over the upstream region even during springtime.

Plain Language Summary Ozone in the atmosphere plays an important role in air quality and
climate. In this study, we investigated how ozone levels change during springtime over East Asia using satellite
observations and reanalysis data. We found that most of the ozone variability occurs in the upper troposphere
and lower stratosphere, where the jet stream has a strong influence. More than half of the ozone variability in this
region can be linked to changes in the jet stream. When the jet stream strengthens, ozone levels increase in the
upper atmosphere because more ozone-rich air from the stratosphere moves down into the troposphere.
Additionally, a stronger jet stream is linked to changes in large-scale circulation patterns and temperature
differences between northern and southern regions. Our findings highlight the important role of atmospheric
circulation in controlling ozone levels over East Asia, even during the spring season.

1. Introduction

Ozone is an important atmospheric component that contributes to the radiative balance in the atmosphere
(Manabe & Moller, 1961). Variation in stratospheric ozone can modify hemispheric-scale temperature and
precipitation patterns, thereby influencing atmospheric circulation through both radiative and dynamical pro-
cesses (Jeong et al., 2021; Kang et al., 2011; Son et al., 2009). The representation of stratospheric ozone in climate
models is therefore crucial to accurately estimate climate sensitivity (Nowack et al., 2015). Stratospheric ozone
can be transported into the troposphere through a process known as stratospheric intrusion, which most commonly
occurs at mid-latitudes and is associated with tropopause folding in the upper troposphere and lower stratosphere
(UTLS) (Akritidis et al., 2021; Gettelman et al., 2011; Holton et al., 1995; Skerlak et al., 2014). Stratospheric
ozone intrusions predominantly occur near the jet stream core, where jet-frontal zone dynamics play a key role in
facilitating vertical mixing across the tropopause (Shapiro, 1980). Over East Asia, several studies have high-
lighted the role of the jet stream in modulating tropospheric ozone through such intrusions. For instance, Austin
and Midgley (1994) demonstrated that the climatological jet stream core over Japan could significantly influence
tropospheric ozone levels through the intrusion process during winter and spring. Moreover, Hwang et al. (2007)
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found that the occurrence of a secondary ozone peak in Pohang was strongly correlated with strong zonal wind
speeds near the jet stream based on a 10-year record of ozonesonde data. Park et al. (2012) further confirmed that
this secondary ozone peak was associated with the deepening of troughs in the upper troposphere and its
occurrence was also correlated with an increase in total ozone. Despite these insights, the detailed three-
dimensional structures and dynamic processes governing the coupling between the East Asian jet stream and
ozone variability in the UTLS remain insufficiently understood.

Recently, significant increases in surface and tropospheric ozone have been observed despite emissions control
policies in East Asia (Lee et al., 2021, 2022). In addition, background ozone levels in East Asia remain high at 55
ppb, even under a scenario with zero anthropogenic emissions (Colombi et al., 2023). The cause of this phe-
nomenon remains unknown and the underlying mechanisms driving the general increase in tropospheric ozone
over East Asia are also not fully understood, highlighting the need for further investigations. Although several
processes have been proposed using model simulations, there is a need for observational studies over East Asia to
substantiate the suggested mechanisms (e.g., Pan et al., 2024).

Tropospheric ozone concentrations are governed not only by emissions and chemical processes but also by large-
scale climate variability. In particular, the El Nifio-Southern Oscillation (ENSO) has emerged as a key modulator
of ozone variability across different regions and seasons. Over East Asia, tropospheric column ozone has been
observed to increase 4-5 months after La Nifia events, a response attributed to enhanced cyclonic circulation over
the western North Pacific, increased northerly subsidence, and reduced convection (Wie et al., 2021). Similarly,
in southern China, an increase in summertime surface ozone has been linked to weakened southerly winds during
El Niflo years (Yang et al., 2022). Jeong et al. (2023) further reported that ENSO significantly influences
tropospheric ozone concentrations across East Asia during both spring and summer. Beyond the East Asian
domain, Lin et al. (2015), based on model simulations, showed that springtime high-ozone events in the western
United States during spring are linked to ENSO-induced variations in the polar jet meandering, suggesting a
hemispheric-scale influence of climate variability on ozone transport. These findings collectively underscore the
importance of understanding how interannual climate modes shape ozone distributions, particularly in regions
where background levels are persistently elevated.

Given the crucial role of UTLS ozone transport and stratosphere-troposphere exchange (STE) in explaining these
trends, a comprehensive analysis requires reliable three-dimensional observational data. To achieve this, we
utilized infrared satellite remote sensing, which provides vertical profiles of atmospheric composition. Among the
available thermal infrared (TIR) instruments, we utilized the Infrared Atmospheric Sounding Interferometer
(IASD), which was designed to balance the requirements for high spatial coverage with the need for accuracy and
detailed vertical information (Clerbaux et al., 2009). This study aims to advance our understanding of the UTLS
ozone variabilities in East Asia using TIR information. This method has not been extensively applied in previous
studies and could therefore provide useful new information regarding ozone variation in the East Asia region. In
addition, the large-scale atmospheric conditions associated with UTLS ozone were examined connecting the
behavior of the jet stream and UTLS ozone variability. We focused on the primary factors influencing the
variability of UTLS ozone in East Asia.

2. Data and Methods
2.1. TASI Ozone Profiles

The IASI is a nadir-viewing spectrometer (Clerbaux et al., 2009, 2015), and was launched on the Metop-A
(October 2006), Metop-B (September 2012), and Metop-C (November 2018) satellites. Since 2007, the IASI
instruments have monitored atmospheric composition, ensuring consistent long-term observations. IASI mea-
sures radiance spectra in the thermal infrared, between 645 and 2,760 cm™" with twice-daily coverage. We used
IASI ozone products retrieved using Fast Optimal Retrievals on Layers for IASI (FORLI) (Hurtmans et al., 2012)
based on the optimal estimation method (OEM) (Rodgers, 2000). An a priori variance-covariance matrix was
constructed with ozone climatology by McPeters et al. (2007). The EUMETSAT Level 2 temperature and
pressure profiles retrieved from the IASI are the input for FORLI (Hurtmans et al., 2012). The EUMETSAT data
set is not homogenous because the IASI Level 2 product has been processed using different versions in 2008
(v4.2), 2016 (v6.2), 2019 (v6.5), and 2023 (v6.7) (Boynard et al., 2018; Van Damme et al., 2017). Nevertheless,
current IASI ozone products are homogeneous and reliable for trend studies (Boynard et al., 2018).
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diameter footprint at nadir. Vertical profiles are provided as partial columns in
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20210414 (3 7 . 25°N 12 8.2 5o E) The IASI ozone product provides twice-daily global coverage with a 12 km

41 layers, each with a thickness of 1 km, covering altitudes from the surface to
40 km, with an additional layer extending from 40 km to the top of the at-
mosphere. IASI provides the tropopause altitude based on the World Mete-
orological Organization (WMO) definition, which is determined using the
Lapse Rate Tropopause (Thermal Tropopause). The tropopause altitude is
estimated from the IASI L2 atmospheric temperature profile and is given in
meters. This study used the IASI ozone products retrieved using FORLI-O3
v20151001 between January 2008 and December 2023. Previous studies have
demonstrated the ability of IASI to measure ozone profiles (Boynard
et al., 2016, 2018 and references therein). As recommended in Boynard
et al. (2018), to ensure data quality, only retrievals associated with a general
quality flag (GQF) equal to 1 are used. It is also recommended to exclude data
associated with low total degrees of freedom for the signal (DOFS < 2), as
this limitation often affects polar region data, such as from Antarctica.

Because of the IASI spatial and temporal non-uniform sampling, the data
were interpolated onto a uniform grid to generate global daily maps. We
regridded all daytime IASI (IASI-A, IASI-B, and IASI-C) ozone profiles into
a 0.5° X 0.5° common grid using the inverse distance weighting (IDW)
method (see Figure 1). IDW is a widely used spatial interpolation technique
that estimates values at unsampled locations based on the values of nearby
sampled points. Interpolated value at a given location is computed as a

N N TN T N T Y T T N T T T N T S T Y N S T T T N T N T |

weighted average of the surrounding data points.
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2.2. Ozonesonde Data
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Ozone (D u/ km) An ozonesonde is a balloon-borne instrument that measures the vertical

profile of ozone from the surface up to approximately 35 km using an elec-

Figure 1. Original ozone profiles from the IASI (gray lines) and aregridded  trochemical concentration cell (ECC) sensor, with an effective vertical res-
ozone profile (blue line) on 14 April 2021, at 36.25°N, 128.25°E. olution of 100150 m (Tarasick et al., 2021; Thompson et al., 2019). Data

collected by an ECC-type ozonesonde has an uncertainty of 5%—10%
depending on altitude (Kivi et al., 2007; Smit et al., 2007). Ozonesonde measurements were used to validate the
IASI ozone profile in the UTLS layer over East Asia. Data from four ozonesonde stations in East Asia for the
period from 2008 to 2023 were downloaded from the World Ozone and Ultraviolet Radiation Data Centre
(WOUDC). The stations used were Pohang (36.03°N, 129.38°E), Tsukuba (36.06°N, 140.13°E), Sapporo
(43.06°N, 141.33°E), and Naha (26.21°N, 127.69°E), as shown in Figure S1 in Supporting Information S1. These
stations launch ozonesondes approximately once a week. The Pohang and Tsukuba stations covered ozonesonde
observations from 2008 to 2023, whereas the Sapporo and Naha stations provided data only until 2018.

2.3. Comparison Methodology

To ensure the reliability of the IASI ozone profiles, a comprehensive validation was conducted using ozonesonde
measurements from four stations in East Asia. Ozonesonde measures ozone concentration every second, with an
inherent response time of approximately 20—30 s. This response time corresponds to a vertical resolution of about
80-150 m (Smit & Kley, 1998; Tarasick et al., 2021). Therefore, ozonesonde profiles were interpolated with
0.1 km intervals to minimize small-scale perturbations and random observation errors (Park et al., 2012). Then,
these profiles were compared to IASI ozone profiles, employing a coincidence criterion that covered a 50 km
search radius and +6 hr. A convolution process based on Rodgers (2000) was used to validate satellite ozone
profiles, accounting for the differences in vertical resolution. This convolution process is represented by the
equation below:

Xsmoothed = Xa + A(Xsonde—Xa)
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Figure 2. Wind climatology at 200 hPa for the boreal spring (MAM) in MERRA-2. The three boxes represent the EAJSI regions.

where X, omeq 1S the smoothed ozonesonde profile, x4, is the ozonesonde profile interpolated on the IASI
vertical grid, x, is the IASI a priori profile, and A is the IASI averaging kernel matrix. An example of the IASI
averaging kernel is shown in Figure S2 in Supporting Information S1. If ozonesonde measurements do not cover
the entire atmosphere, the profile may be extended using an a priori profile.

IASI exhibits high sensitivity in the UTLS layer (see Figure S2 in Supporting Information S1), corresponding on
average to the 8—15 km altitude range (Boynard et al., 2018). Its maximum sensitivity is typically located near the
midpoint of the layer, offering approximately one piece of information within this region (Boynard et al., 2018;
Wespes et al., 2016). In this study, we define the UTLS partial column for each grid as extending from 4 km below
to 2 km above the climatological tropopause of that grid, encompassing the 1 km vertical grid level that includes
the tropopause itself. Given a vertical grid resolution of 1 km, this corresponds to a total of seven vertical grid
levels encompassing the tropopause level.

2.4. Reanalysis Data

We used other atmospheric variables from reanalysis data sets to evaluate the jet stream mechanisms that in-
fluence UTLS ozone. Monthly mean data for horizontal winds, potential vorticity, temperature, and thermal
tropopause were provided by the Modern-Era Retrospective analysis for Research and Applications version 2
(MERRA-2) reanalysis (Gelaro et al., 2017). We used monthly mean assimilated data (instM_3d_asm,
instM_2d_asm) with a horizontal resolution of 0.5° X 0.625° and 42 pressure levels ranging from 1,000 to
0.01 hPa. All variables were analyzed for the March—April-May (MAM) season from 2008 to 2023 to examine
interannual variability. To minimize discrepancies across data sets, all variables were analyzed in their original
grid size. To ensure consistency in our analysis, we note that the IASI data set utilizes a z-coordinate system (in
meters), whereas the MERRA-2 reanalysis data set employs a pressure coordinate system (in hPa). This
fundamental difference in vertical representation poses challenges for direct intercomparison between the two
data sets. Therefore, we conducted separate analyses for each data set to account for their respective coordinate
frameworks.

2.5. East Asian Jet Stream Index (EAJSI)

The EAJS is strongly linked to atmospheric circulation patterns over East Asia, particularly in the upper levels of
the troposphere (Li & Yang, 2010; Yang et al., 2002). To represent the interannual variability in the strength of the
jet stream during the boreal spring, we used the EAJSI from Lee et al. (2020). The EAJSI was defined based on the
East Asian Winter Monsoon Index (EAWMI) by Li and Yang (2010). The index captures the mean intensity of the
cyclonic circulation anomalies to the north of the jet and the anticyclonic anomalies to the south. The wind
averaging regions have been adjusted to reflect the climatological mean position of the jet stream during boreal
spring, ensuring consistency with its time-mean structure (Lee et al., 2020). The details of the selected regions are
shown in Figure 2. The EAJSI was calculated as follows:
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Figure 3. Scatterplots of IASI data against smoothed ozonesonde UTLS Oj; partial columns at (a) Pohang, (b) Tsukuba,
(c) Sapporo, and (d) Naha. The circle, triangle, and square symbols represent IASI-A, IASI-B, and IASI-C, respectively. The
color of each scatter plot indicates that DOFS values correspond to the UTLS columns.

EAJSI = {[Usg(30°-35°N, 100°=180°E)~Ug0(50°-60°N, 70°~170°E)]
+ [Uspo(30°=35°N, 100°~180°E)~Usgo(5°S—10°N, 90°~160°E)[},/2.

where U, represents the zonal wind at 200 hPa from the MERRA-2 reanalysis data set, and the monthly mean
wind was calculated for the MAM season. The EAJSI was normalized by its standard deviation.

3. Results
3.1. Validation of IASI Results With Ozonesonde Data

Figure 3 shows the validation results of the UTLS partial columns from IASI ozone profiles against the smoothed
ozonesonde data for each of the four stations (Pohang, Tsukuba, Sapporo, and Naha), covering the period from
2008 to 2023. The comparison revealed a strong agreement between the IASI and ozonesonde measurements,
with correlation coefficients ranging from 0.84 to 0.90 across all stations. The slopes of the linear regression lines
ranged from 0.62 to 0.96. The lowest slope was observed at the Sapporo station, likely due to the lower thermal
sensitivity in this region, which may affect the accuracy of ozone measurements by IASI. Snow cover and low
surface temperatures can reduce the spectral signal-to-noise ratio, resulting in lower DOFS values and limited
information content in IASI observations (Boynard et al., 2018). Another possible reason could be the reliance on
a single a priori profile (Boynard et al., 2018; Hurtmans et al., 2012), as FORLI utilizes only one, specifically the
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Figure 4. Standard deviation of UTLS ozone (DU) in East Asia for (a) DJF, (b) MAM, (c) JJA, and (d) SON. Contour lines indicate the climatological zonal wind (m/s) at
200 hPa, with values based on the maximum wind speed, to highlight the location of the climatological jet stream.

global mean profile of the McPeters/Labow/Logan climatology (McPeters et al., 2007). The discrepancies in the
Sapporo data set are primarily observed when the IASI-derived ozone values exceed 90 DU, suggesting potential
retrieval limitations at higher ozone concentrations against a single a priori profile. The reasonable agreement
with ozonesonde data, both in terms of correlation coefficients and regression slopes, underscored the capability
of IASI to provide reliable ozone profiles. In addition, the DOFS values, which correspond to the number of
independent pieces of information that the IASI can provide regarding the ozone profile, varies from 0.6 to 1 with
respect to the UTLS columns. The IASI ozone retrieval demonstrates adequate information content within the
UTLS layer, enabling it to diagnose the dynamical variability of ozone distribution.

3.2. UTLS Ozone Variability Over East Asia (2008-2023)

After the validation process, we analyzed the seasonal variability of UTLS ozone, as defined in Section 2.3, over
East Asia, identifying higher variability in winter and spring, and lower variability in summer and autumn, as
shown in Figure 4. These differences highlight the importance of examining seasonal ozone patterns, particularly
in springtime, which displayed the most significant variability. The seasonal differences were likely driven by the
varying meteorological conditions, including changes in the jet stream and stratosphere-troposphere exchange
processes, which are more pronounced during winter and spring (Akritidis et al., 2021; Holton et al., 1995; Stohl
et al., 2003; Skerlak et al., 2014). The pronounced variability in these seasons underscored the need for a detailed
examination, particularly in springtime (MAM), which had the most significant variability among the seasons
analyzed.

To examine the variability of MAM UTLS ozone over East Asia (20°N-50°N, 110°E-170°E) we performed an
empirical orthogonal function (EOF) analysis on monthly MAM data from 2008 to 2023. The first three EOF
modes and their corresponding principal components (PCs) accounted for 53.8%, 10.8%, and 6.4% of the total
variance, respectively. We primarily focused on the first principal component (PC1), which explained more than
half of the total variance. Figure 5a shows the correlation between PC1 and UTLS ozone over East Asia, revealing
a significant positive correlation, particularly north of 30°N, including Korea, Japan, and parts of China. These
regions are heavily influenced by the East Asian jet stream (EAJS), which plays a pivotal role in modulating
tropospheric ozone levels during winter and spring, as previously noted by Austin and Midgley (1994). The jet
stream's influence was evident in the strong correlation observed between PC1 and the EAJSI, with a correlation
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Figure 5. (a) Correlation map of MAM monthly IASI UTLS ozone against PC1. Stippling indicates statistical significance at
the 95% confidence level. (b) Time series of PC1 and the EAJSI. The correlation coefficient between PC1 and EAJSI
was 0.81.

coefficient of 0.81 (Figure 5b). This finding suggests that variability in UTLS ozone is closely linked to the jet
stream, indicating that interannual changes in jet stream strength and position can significantly impact ozone
concentrations in the UTLS layer. Further analysis of synoptic dynamics, including an examination of the specific
patterns, is essential to fully understand the mechanisms behind the observed correlations. The strong linkage
between PC1 and EAJSI underscored the importance of jet stream variability in influencing ozone levels, and
therefore PC1 was used in subsequent correlations and regression analyses to explore the dynamics of ozone
variability in greater detail.

To cross-check the findings from the EOF analysis and further explore the vertical structure of ozone variability,
we conducted a correlation analysis using monthly averaged MAM ozonesonde data and IASI profiles at Pohang
and Tsukuba from 2008 to 2023. Sapporo and Naha stations reported data only until 2018 and were therefore
excluded from this analysis. Figure 6 shows the vertical distribution of the correlation coefficients between PC1
and ozone profiles determined from both ozonesonde (original) and IASI data. The mean correlation coefficients
in the UTLS layer derived from ozonesonde measurements were 0.34 for Tsukuba and 0.30 for Pohang. In
comparison, the corresponding correlation coefficients obtained from IASI data were 0.53 for Tsukuba and 0.55
for Pohang. Ozonesonde observations were launched once a week, so the limited number of samples per month
may have led to a lower correlation when analyzing monthly mean ozone concentrations. Significant positive
correlations were found in the UTLS layer (8—15 km) in both regions, highlighting the meaningful consistency
between PC1 from IASI and the observed ozone profiles. These results further supported the notion that the
variability captured by PC1 was spatially consistent and extended vertically, influencing the UTLS.

3.3. Relationship Between UTLS Ozone Variability and Large-Scale Circulation

To further investigate the spatial distribution of this variability, Figure 7a presents the linear regression co-
efficients of UTLS ozone against PC1 across East Asia. The results indicated that positive (negative) PC1 values
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Figure 6. Vertical distribution of the correlation coefficient of the MAM monthly ozone concentration against the PC1
between 2008 and 2023 in (a) Pohang and (b) Tsukuba. The blue solid line represents the ozonesonde observation, whereas
the red dashed line represents the IASI observation. Triangle symbols denote statistical significance at the 95% confidence
level. The gray region indicates the UTLS (8—-15 km) layer. The dotted line indicates the climatological tropopause
determined from the IASI data.

were associated with increases (decreases) in UTLS ozone, with values ranging from 5 to 10 DU. The results for
the Tibetan Plateau are not shown because the estimation of the tropopause height was not possible with the IASI
L2 temperature profile due to the high elevation in the region. To conduct a more detailed assessment of the ozone
response to PC1 at different altitudes, we performed a zonal averaging of ozone between 125°E and 145°E. The
regression results, shown in Figure 7b, suggest that ozone increased in UTLS over subtropics, with notable ozone
increases observed below the climatological tropopause between 35°N and 40°N, particularly over East Asia.
Weak negative ozone anomalies were observed between 10°N and 20°N, possibly due to tropical upwelling.
These will be further discussed in Section 3.3.2. The positive ozone pattern in UTLS over East Asia may suggest a
possible interaction between the stratosphere and troposphere, where ozone-rich air from the stratosphere could
be transported downward into the upper troposphere. Although stratospheric intrusions are often linked to
tropopause folding events—where isentropic surfaces dip sharply, facilitating the downward transport of
stratospheric air—this study does not explicitly quantify such processes.

3.3.1. Jet Stream Intensification and Its Role in UTLS Ozone Variability

The correlation of PC1 with atmospheric dynamics over East Asia during the boreal spring (MAM) is shown in
Figure 8. There was a significant strengthening of the EAJS with positive wind anomalies in response to PC1
(Figure 8a). The enhanced jet stream was consistent with the findings from the EAJSI analysis, which exhibited a
strong correlation with PC1. This response was consistent with the intensity of the EAJSI results reported by
Manney and Hegglin (2018) and Chan et al. (2020), although the region defined for the EAJSI in our study was
more extensive. The strengthening of the EAJS was most pronounced between 30°N and 40°N, with an extension
from central to East Asia. Moreover, two zonally extended negative anomalies were observed on the meridional
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Figure 7. (a) Regression patterns for monthly IASI UTLS ozone (DU) against PC1 over East Asia. Stippling indicates
statistical significance at the 95% confidence level. (b) Regression patterns for the zonal-averaged (125°E-145°E) monthly
IASI ozone concentration (shaded, unit: DU/km) against the PC1. Crosshatched areas indicate statistical nonsignificance at
the 95% confidence level. The thick black lines represent the climatological thermal tropopause estimated from the IASI
temperature profile.

sides of the positive wind anomaly, indicating that a meridional sharpening of the jet occurred with an intensified
jet (Chan et al., 2020; Yang et al., 2002).

The poleward transient eddy heat flux serves as a proxy for the intensity of baroclinic waves because it reflects the
meridional transport of heat and moisture, which indicates baroclinic instability (Chang et al., 2002). Figure 8b
shows the regression pattern of storm track activity, calculated using the poleward heat flux at 850 hPa. The
positive anomalies in storm track activity between 20°N and 40°N suggesting enhanced baroclinic instability.
Tropopause folding is linked to baroclinic developments associated with very strong jet streams (Austin &
Midgley, 1994; Holton et al., 1995; Shapiro, 1980). As baroclinic wave activity develops near the tropopause, it
can influence the breaking of Rossby waves and induce strong subsidence (Lamarque & Hess, 1994; Holton
etal., 1995, and references therein). We found an intensification of baroclinic wave development associated with
the intensification of the EAJS in the mid-latitudes, particularly over the North Pacific and East Asia, during
periods of positive PC1.

Figure 8c shows the regression pattern of potential vorticity at 200 hPa on PC1, which can be used as a strato-
spheric tracer, with positive potential vorticity anomalies indicating areas of enhanced subsidence. The observed
significant positive potential vorticity anomalies observed at 200 hPa over East Asia, particularly between 30°N
and 50°N, are indicative of enhanced stratosphere-troposphere exchange processes. The alignment of these po-
tential vorticity anomalies with increases in ozone concentration, as shown in Figure 7a, reinforces the concept of
stratospheric intrusions. The strengthening of the EAJS appears to play a pivotal role in facilitating these
stratospheric intrusions. A stronger jet stream can enhance the baroclinic wave activity, leading to more frequent
and intense tropopause folding events. These events create pathways for stratospheric air to enter the troposphere,
thus contributing to the observed positive potential vorticity anomalies. The enhanced subsidence associated with
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Figure 8. Regression patterns for MERRA-2 (a) zonal wind at 200 hPa (shaded, unit: m/s), (b) storm track activity at 850 hPa
(shaded, unit: K m/s), and (c) potential vorticity at 200 hPa (shaded, unit: PVU) against PC1. The contour lines in (a) are the
climatological zonal wind (interval: 10 m/s) at 200 hPa for the boreal spring (MAM). Stippling indicates statistical
significance at the 95% confidence level.
the potential vorticity anomalies typically leads to the downward transport of ozone-rich air, indicating strato-
spheric intrusion and resulting in the observed increase in UTLS ozone levels.
To further assess the zonal-vertical structure, a regression analysis was conducted on the zonally averaged zonal
wind and potential vorticity between 125°E and 145°E. Figure 9 presents the regression patterns of these variables
against PC1, providing additional insights into the vertical and latitudinal dependencies of the atmospheric cir-
culation anomalies associated with ozone variability. There were significant wind anomalies near the jet stream
core, with a pronounced increase in zonal wind speeds centered around 30°N, particularly between 200 and
100 hPa. This corresponds to the region and pressure levels where the EAJS is typically most intense. The
regression results indicate that positive PC1 values were associated with a strengthening and slight equatorward
shift of the jet stream, reinforcing the findings from the horizontal wind analysis. We also found a significant
positive potential vorticity anomaly between 30°N and 50°N, particularly below the tropopause. This increase in
potential vorticity near the tropopause is a key indicator of the stratospheric air influx, which is typically rich in
ozone. This result supports the interpretation that the increase in the ozone concentration observed in Figure 7b
was the result of stratosphere-troposphere exchanges.
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Figure 9. Regression patterns for zonal-averaged (125°E-145°E) (a) zonal wind (shaded, unit: m/s), and (b) potential
vorticity (shaded, unit: PVU) against PC1. The contour lines shown in (a) are the climatological zonal wind (interval: 10 m/s)
for the boreal spring (MAM). Crosshatched areas indicate statistical nonsignificance at the 95% confidence level. The thick
black lines represent the climatological thermal tropopause in MERRA-2.
In summary, our results prove that the intensification of the EAJS is linked with baroclinic wave development (as
measured using the poleward heat flux at 850 hPa) and is also associated with stratospheric intrusion which
modulates ozone levels during the boreal spring. This suggests that variation in the jet stream's intensity is closely
linked to the observed ozone variability in the UTLS layer. The strengthening of the jet stream likely enhances the
transport of ozone-rich air from the stratosphere into the upper troposphere, contributing to higher ozone con-
centrations in East Asia. Our findings contrast with the situation in the western United States, where Lin
etal. (2015) found that high-ozone events were influenced by stratospheric intrusions associated with meandering
polar jets. However, our findings align with those of Hwang et al. (2007), who found that the secondary ozone
peak in Pohang was closely linked to strong zonal wind speeds near the jet core, as observed in ozonesonde data.
East Asia experiences frequent stratospheric intrusions driven by an intensified jet stream, in contrast to the
pattern observed in the western United States. The observed enhancement of UTLS ozone levels over East Asia
during the positive phase of PC1 may indicate a role for stratospheric intrusions in UTLS ozone variability;
however, further investigation is required to confirm and quantify this mechanism.
3.3.2. Main Drivers Causing Jet Stream Variability
The Hadley circulation and jets are both related to baroclinic instability in tropical and subtropical regions, and the
time-averaged subtropical jet appears at the same location as the boundary of the Hadley circulation (Held &
Hou, 1980). Moreover, when convection over the western tropical Pacific is strong, the EAJS tends to strengthen
KIM ET AL. 11 of 15
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Figure 10. Regression patterns for zonal-averaged (80°E-120°E) (a) mass stream function (shaded, unit: 10" kg/s) and (b) meridional temperature gradient (shaded,
unit: K/deg) against PC1. Stippling denotes statistical significance at the 95% confidence level. The solid and dashed contours indicate the climatological positive mass
stream function (interval: 4 x 10'® kg/s) and negative mass stream function (interval: 4 x 10'° kg/s) for the boreal spring (MAM), respectively.

due to its influence on the local Hadley circulation (Chan et al., 2020; Park & An, 2014). The intensification of the
jet is initiated by angular momentum from convection over the Bay of Bengal-South China Sea and the Pacific
Warm Pool in the upstream region and is maintained by feedback with the Pacific Subtropical oceanfront through
eddy interactions in the downstream region (Chan et al., 2020). To further examine the mechanisms contributing
to EAJS variability, we analyzed the Hadley circulation and meridional temperature gradient. Figure 10a shows
the regression pattern of the mass stream function averaged over the upstream region (80°E-120°E) against PC1,
revealing enhanced upward motion over the tropics and strengthened local Hadley Cells in the Northern
Hemisphere with a positive PC1. These findings support the idea that convectively driven local Hadley cells are
key drivers of the EAJS intensification over the upstream region, even during springtime, which agrees with
previous studies (Chan et al., 2020; Manney & Hegglin, 2018; Park & An, 2014). Moreover, intensified tropical
upwelling can lead to a reduction in ozone over the tropics, as shown in Figure 7b (Butchart, 2014). As most of the
shallow branch is likely located below 70 hPa, this may be attributed to the influence of the shallow branch of the
Brewer-Dobson circulation in the tropics (Butchart, 2014).

The corresponding anomalous meridional temperature gradient is shown in Figure 10b, where the negative
anomalies are located around 20°N—40°N. Such a gradient is associated with the EAJS strengthening seen in
Figure 8a and is consistent with the thermal wind relationship. The horizontal meridional temperature gradient in
the lower troposphere, as well as the average for the mid-to-lower troposphere (Figure S2 in Supporting Infor-
mation S1), exhibited negative anomalies around 20°N—40°N. These anomalies aligned with storm-track activity,
indicating enhanced baroclinic instability. Therefore, local Hadley cells and the meridional temperature gradient
could contribute to an intensification of the EAJS.
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Jeong et al. (2023) reported a positive ozone anomaly between 300 and 200 hPa and an intensification of the jet
streams over South Korea in springtime after the La Nifia peak, although the underlying mechanisms remain
unknown. In the case of the El Niflo, the EAJS tends to shift eastward, intensifying over the North Pacific while
weakening over East Asia (Li & Yang, 2010; Manney et al., 2021; Trenberth et al., 1998; Yang et al., 2002).
Conversely, during La Nifia periods, when convection over the western tropical Pacific is strong, the EAJS tends
to strengthen due to its influence on the local Hadley circulation (Chan et al., 2020; Park & An, 2014). Our results
indicate that the intensification of the jet stream is associated with increased UTLS ozone. This suggests a partial
linkage of the observed increase in the tropospheric column ozone over East Asia following the La Nifia peak
(Jeong et al., 2023; Wie et al., 2021), which is likely driven by the intensification of the East Asian jet, resulting
from enhanced convection in the western Pacific and the strengthening of the local Hadley cells.

4. Summary and Discussion

We examined the springtime variability of UTLS ozone over East Asia in association with the jet stream using
IASI satellite data, ozonesonde observations, and MERRA-2 reanalysis data. We utilized ozone profile data from
the IASI on the Metop-A, Metop-B, and Metop-C satellites, validated against ozonesonde measurements from
four East Asian stations. The IASI ozone profiles, retrieved using the FORLI-O3 algorithm, were reliable, with
reasonable correlations with ozonesonde data, confirming their suitability for studying UTLS ozone dynamics.
An EOF analysis identified that the PC1 explained more than half of the total variance in UTLS ozone during
springtime, with strong positive correlations observed over regions heavily influenced by the East Asian jet,
including Korea, Japan, and parts of China. The relationship between PC1 and the EAJSI highlighted the pivotal
role of the jet stream in modulating ozone levels in the UTLS layer over East Asia. Strengthening of the East
Asian jet is associated with increased ozone concentrations over East Asia, and is linked to baroclinic wave
activity and enhanced stratospheric intrusion. These findings were supported by a regression analysis, which
demonstrated that positive PC1 phases were associated with increased zonal wind and potential vorticity
anomalies. This was indicative of the downward transport of ozone-rich air from the stratosphere. The results
highlighted the importance of the jet stream as a key driver of UTLS ozone variability over East Asia. Variation in
jet stream strength and position significantly impacts the vertical and spatial distribution of ozone, contributing to
observed seasonal and interannual changes. Moreover, jet stream variability is closely linked to the local Hadley
cell and the meridional temperature gradient, suggesting that further studies are required to determine the impact
of broader climate variability on UTLS ozone concentrations over East Asia.

This study provides valuable insights into the mechanisms driving ozone variability in the UTLS over East Asia,
highlighting the critical role of jet stream variation in influencing ozone distribution. The strong correlations
identified across multiple data sets and methodologies provide compelling evidence that jet stream dynamics
significantly modulate ozone levels, which has important implications for regional climate and air quality. In
addition, this study demonstrated the value of the vertical profile of atmospheric composition from infrared
sounders, such as the IASI, for advancing our understanding of UTLS ozone dynamics. Future research should
continue to leverage these observational tools to explore the impacts of other large-scale climate modes, such as
the ENSO and Pacific Decadal Oscillation (PDO), on UTLS ozone variability.

Data Availability Statement

IASI data are available from the AERIS data portal for each Metop platform: Metop-A (https://iasi.aeris-data.fr/
ozos_iasi_a_arch/), Metop-B (https://iasi.aeris-data.fr/ozos_iasi_b_arch/), and Metop-C (https://iasi.aeris-data.
fr/ozos_iasi_c_arch/). Ozonesonde observations are archived at https://woudc.org’/home.php. MERRA-2 data set
was obtained from https://doi.org/10.5067/2E096JV59PK7 and https://doi.org/10.5067/SESKGQTZG7FO.
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