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ARTICLE INFO ABSTRACT

Keywords: This study investigates the influence of local circulations, specifically stagnation and recirculation, on high ozone
Ozone concentration events in Seoul during the summer (May-August) from 2016 to 2021. Local circulations were

Local circulation classified into Stagnation, Recirculation, and Ventilation types using the recirculation factor (RF), calculated as

lifcgi:::i?ion the ratio of net displacement distance (L) to actual displacement distance (S) based on wind observation data.
Sea breeze Stagnation was the most frequently observed type, characterized by the highest daily maximum ozone con-

centrations and meteorological conditions unfavorable for dispersion, such as weak winds. During stagnation
periods, limited air flow resulted in the accumulation of ozone within the urban area, with horizontal transport
(HTRANS process) identified as a significant contributor to increased ozone concentrations near the surface.
Additionally, nighttime ozone concentrations decreased due to active NO titration, accompanied by an increase
in NO2. In contrast, recirculation periods were marked by the presence of elevated ozone concentrations (~0.07
ppm) at altitudes above 500 m during the early morning. This residual ozone, transported offshore by nighttime
land breezes, was brought back inland by daytime sea breezes and subsequently transported downward to the
surface through vertical transport (VTRANS process), contributing significantly to surface ozone levels. The
differences in ozone formation mechanisms between stagnation and recirculation highlight the role of limited
dispersion in stagnation and the combined effects of sea breeze and vertical transport in recirculation. These
findings emphasize the importance of understanding local circulation patterns, particularly the interaction be-
tween land and sea breezes, in predicting and managing high ozone events during the summer. The study un-
derscores the need for long-term climatological research on local circulations and their impact on urban air
quality to inform effective air quality management strategies.

1. Introduction

Surface ozone is recognized as a critical air quality issue worldwide.
It is a major air pollutant with severe impacts on human health and the
environment. Exposure to ozone can lead to various health issues,
including respiratory and cardiovascular diseases. The risks are espe-
cially grave for vulnerable populations such as children, the elderly, and
individuals with pre-existing respiratory conditions such as asthma
(Silva et al., 2013; Day et al., 2017; Mirowsky et al., 2017). Zhang et al.
(2019) showed that a 10 ppb increase in ozone concentration in China
correlates with approximately 1 % rise in cardiovascular disease mor-
tality. Additionally, ozone adversely impacts photosynthesis in plants,
which reduces crop yield and quality (Hollaway et al., 2012; Grulke and
Heath, 2020). Therefore, effectively managing surface ozone levels is

crucial for air quality management. Ozone is not emitted directly from
sources; rather, it is a secondary pollutant formed via photochemical
reactions between nitrogen oxides (NOx) and volatile organic com-
pounds (VOCs) in the presence of solar radiation. NOy is formed by
sunlight to produce NO and an oxygen atom in Eq. (1), which then
combines with molecular oxygen to form ozone in Eq. (2). Ozone (Os3)
reacts with NO, regenerating NO, and producing oxygen in Eq. (3).

NO, +hv—=NO+ 0 1)
0+0,-0; (2)
03 +NO—-NO, + 0, 3)

Surface ozone is a secondary pollutant formed through
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photochemical reactions involving its precursors, nitrogen oxides (NOx)
and volatile organic compounds (VOCs). Major sources of these pre-
cursors include vehicle emissions and industrial activities. Despite ef-
forts in South Korea to reduce NOx and VOC emissions to control ozone
levels, surface ozone concentrations have continued to rise (Yeo and
Kim, 2021; Colombi et al., 2023). This indicates that effective ozone
mitigation requires not only emission reductions but also a compre-
hensive understanding of the various factors influencing ozone forma-
tion and distribution. As a secondary pollutant, ozone exhibits
significant spatial and temporal variability due to its dependence on
precursor emissions. High ozone concentrations are influenced by
various factors, including anthropogenic emissions of precursors such as
NOx and VOCs (Seo et al., 2014; Kim et al., 2021), long-range transport
of pollutants (Cuesta et al., 2018), changes in ozone chemical regimes
(Sillman, 1999), and stratospheric ozone intrusion (Shin et al., 2020).
During the period from 2015 to 2019, NOx emissions in Seoul decreased
by approximately 30 % (Seo et al., 2021). However, the Seoul Metro-
politan Area (SMA), home to about 50 % of South Korea’s population,
continued to experience frequent exceedances of ozone concentrations
above 0.09 ppm (Miyazaki et al., 2019). This highlights the persistent
severity of high ozone levels in the SMA despite precursor emission
reductions.

Meteorological conditions, such as solar radiation, temperature,
cloud cover, relative humidity, and wind, also play a critical role in
ozone formation. Particularly, Os distribution is significantly influenced
by these meteorological factors, which are closely related to regional
transport and chemical formation (An et al., 2015; Li et al., 2018).
Moreover, atmospheric circulation patterns, including synoptic and
mesoscale circulations, significantly influence the transport and distri-
bution of ozone (Duenas et al., 2002; Martins et al., 2012; Han et al.,
2020). For example, in the Pearl River Delta region of China, strong
downdrafts associated with typhoons have been observed to vertically
transport residual ozone from the upper layers to the surface, leading to
elevated ozone levels (Liu et al., 2023). Additionally, the increased
frequency of high-pressure systems over Eurasia and North America,
driven by climate change, has contributed to atmospheric stagnation
and exacerbated summer ozone episodes. The influence of cold fronts
and lee troughs, which are accompanied by strong winds and enhance
horizontal transport of pollutants from upwind regions, further impacts
downwind air quality and surface ozone levels (Yoo et al., 2022; Yoo
et al., 2024a).

In urban areas, mesoscale circulations, such as land-sea breezes and
mountain-valley winds, are particularly important in determining the
diurnal variation and spatial distribution of surface ozone. These cir-
culations drive the transport and accumulation of ozone and its pre-
cursors during the daytime and facilitate their redistribution at night
(Hu et al., 2018). For instance, Zhang et al. (2024) demonstrated that
mountain-valley winds in mountainous regions contribute to a 14.8 %
increase in surface ozone concentrations by transporting ozone and its
precursors. In coastal areas like the Houston-Galveston region, sea
breezes during the summer are reported as a major factor in elevated
ozone levels (Caicedo et al., 2019; Li et al., 2020). Strong sea breezes can
mix upper atmospheric pollutants down to the surface, further
increasing ozone concentrations (He et al., 2022). Additionally, ozone’s
low solubility allows it to recirculate inland via sea breezes the following
day, with the alternating action of land and sea breezes resulting in
pollutant recirculation and accumulation (Caicedo et al., 2019). In New
York, weak synoptic winds enhance land-sea breeze circulations, mixing
newly emitted pollutants with recirculated ones, which degrades air
quality and increases surface ozone concentrations (Nauth et al., 2023;
Wu et al., 2010; Martins et al., 2012; Loughner et al., 2014). Similarly,
Monteiro et al. (2012) identified that ozone recirculation driven by
mountain breezes and sea-breeze circulations leads to elevated ozone
levels in mountainous regions.

Atmospheric stagnation, characterized by weak winds and stable
meteorological conditions, also plays a critical role in high ozone
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episodes. Stagnation typically occurs within high-pressure systems,
where horizontal dispersion and vertical mixing are suppressed, result-
ing in pollutant accumulation (Jacob and Winner, 2009; Garrido-Perez
etal., 2018; Yoo et al., 2024b). This effect is particularly pronounced in
urban areas with high emissions. For example, the Western Pacific
Subtropical High has been shown to create inversion layers and weak
winds in China, limiting pollutant dispersion and causing ozone accu-
mulation near the surface (Liu et al., 2023). Additionally, the increased
frequency of dry tropical synoptic patterns (hot and dry conditions) has
been closely linked to enhanced ozone formation (Kim et al., 2021).

Understanding the mechanisms behind high ozone concentrations
under complex meteorological conditions is essential for effective ozone
pollution management. Local circulations, such as land-sea breezes, are
particularly important in shaping the diurnal variation of ozone levels in
urban areas. This study focuses on the role of local circulations in high
ozone formation by classifying summer winds in Seoul into the Recir-
culation, Stagnation, and Ventilation types. Through observational data
and numerical simulations, the study quantitatively assesses the con-
tributions of these local circulation types to surface ozone levels,
providing valuable insights into the mechanisms underlying urban
ozone pollution in the SMA.

2. Methods
2.1. Recirculation factor
In this study, we applied the L and S indices and the recirculation

index proposed by Allwine and Whiteman (1994) to classify local winds.
The method for calculating the recirculation index is as follows:

i—+1 2 i—r+1 2
L= (ZTXUJ) +<ZT><Vj>
=i =

i—741

S= g\/(Txuj)z—ﬁ—(Txvj)z

L
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7 represents 24, T is the time interval (24 h), and u; and v; represent
the east-west and north-south wind components, respectively. L rep-
resents the net displacement distance of the air parcel over 24 h, while S
represents the actual distance traveled. The recirculation factor (RF) is
determined by the ratio of L to S; a value closer to 1 indicates a shorter L,
suggesting a higher likelihood of air recirculation. Conversely, a value
closer to 0 indicates that the air has moved in a straight line over a longer
distance, suggesting a lower likelihood of recirculation and more
favorable ventilation conditions. A low RF value indicates a low prob-
ability of horizontal recirculation, but it does not rule out the possibility
of vertical recirculation (Levy et al., 2008). The assessment of horizontal
recirculation likelihood enables a straightforward explanation of
pollutant transport conditions (Russo et al., 2016). Previous studies,
using the calculated RF, have confirmed that ozone concentration in-
creases during recirculation events (Levy et al., 2008; Lee et al., 2015).
In this study, L, S, and RF were calculated using ground-based obser-
vational data, and thus are considered as indicators of regional-scale
wind fields near the observation site. Nevertheless, this approach pro-
vides valuable insights for investigating the climatological characteris-
tics of regional-scale airflows and pollutant transport in various areas in
an intuitive manner (Levy et al., 2008; Russo et al., 2016).

2.2. Classification of local circulation pattern

Allwine and Whiteman (1994) proposed critical values using the S
and RF indices to classify airflows in the Grand Canyon region of the
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United States into categories of recirculation, stagnation, and ventila-
tion. Although this method considers only the horizontal movement of
the atmosphere, it has been proven effective for analyzing pollutant
dispersion (Wang et al., 2022).

S < 170km (WS ~ 2ms™") : site is prone to stagnation
RF > 0.4 : stie is prone to recirculation
S > 250km and RF < 0.2 : site is prone to ventilation

Where WS is the average daily wind speed.

In South Korea, days with an average wind speed of less than 2 m s~
are classified as stagnation, similar to the critical values proposed by
Allwine and Whiteman (1994). Meanwhile, Levy et al. (2010) proposed
a critical value based on the average recirculation index and standard
deviation, using data from multiple observation sites. Additionally,
Russo et al. (2016) suggested empirical critical values for different scales
of atmospheric circulation by employing K-means clustering and recir-
culation index calculation. However, these critical values were devel-
oped based on wind data observed in specific regions, which may not be
suitable for application in other areas. Therefore, Russo et al. (2018)
proposed critical values that take into account both wind fields and
regional characteristics.

1

S < S,y : site is prone to stagnation
RF > RF,, : stie is prone to recirculation
S > S., and RF < RF,, : site is prone to ventilation
Sev = P75(S), RF., = P25(RF)

where S,,; and RF,,, are the average values of S and RF, S, and RF., are
the critical values of S and RF, and P75 and P25 represent the 75th and
25th percentiles, respectively.

In this study, we referenced previous research to calculate the daily
L, S, and RF indices for Seoul using hourly wind speed data from May to
August during the 2016-2021 period. Based on these calculations, we
classified the local circulation in Seoul into the Stagnation, Recircula-
tion, and Ventilation types as outlined below:

WS < 2ms™ : site is prone to stagnation
RF > RF,, : stie is prone to recirculation
S > S, and RF < RF,, : site is prone to ventilation
S = P75(S), RF,, = P25(RF)

2.3. Observational data

To classify the local circulation in Seoul, we used meteorological
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observations and ozone and NO, concentration measurements from May
to August (total of 738 days) during 2016-2021, excluding precipitation
days. The meteorological data for Seoul were obtained from the Korea
Meteorological Administration (KMA)’s Automated Synoptic Observing
System (ASOS) stations, which provided hourly 10-m wind speed and
direction, as well as relative humidity data (Yellow star in Fig. 1).
Additionally, ozone concentration measurements were drawn from 25
Air Quality Monitoring Stations (AQMS) across Seoul, managed by the
National Institute of Environmental Research (Red circles in Fig. 1).
Additionally, to evaluate the performance of the WRF meteorological
model results, hourly 2-m temperature (T2) and 10-m wind speed
(WS10) data observed at 39 ASOS stations within the d03 domain were
used (Yellow star and black triangles in Fig. 1). For the evaluation of the
CMAQ air quality model results, ozone concentration data from 191
AQMS stations were utilized (Red and blue circles in Fig. 1).

2.4. Meteorological and air quality models

In this study, meteorological and air quality numerical simulations
were conducted to investigate the transport of ozone under local cir-
culation conditions. The Weather Research and Forecasting (WRF,
version 3.9.1.1) model (Skamarock et al., 2008) is the meteorological
model applied in this study. The Community Multiscale Air Quality
Modeling System (CMAQ, version 5.2) model (Byun and Schere, 2006) is
the air quality model used. Three domains were set up in total, with the
innermost domain, d03, centered over Seoul and configured with a
horizontal resolution of 3 km (Fig. 1). Initial and boundary conditions
for the WRF model were provided by the Final Operational Global
Analysis (FNL) reanalysis data from the National Centers for Environ-
mental Prediction (NCEP), with a horizontal resolution of 0.25° x 0.25°
and a temporal resolution of 6 h. Detailed physics options are listed in
Table S1. In this study, grid nudging was applied to the U and V wind
components, potential temperature, and water vapor mixing ratio in the
d01 and d02 domains to more accurately simulate local circulations.

The anthropogenic emissions data for the CMAQ model were sourced
from The Emissions Database for Global Atmospheric Research (EDG-
ARv6.1; https://edgar.jrc.ec.europa.eu/dataset ap61, last accessed:
June 2023) for international data and the Clean Air Policy Support
System (CAPSS) for domestic data. The biogenic emissions were calcu-
lated using the Model of Emissions of Gases and Aerosols from Nature
(MEGAN version 2.1). The chemical mechanism used was the Carbon
Bond 05 (CB05) mechanism with updated toluene chemistry (CBO5tucl),
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Fig. 1. The modeling domain for simulations. Black triangles and blue circles represent the Automated Synoptic Observing System (ASOS) and Air Quality Moni-
toring Station (AQMS) sites, respectively. Yellow star and red circles represent the meteorological observation and O3 measurement sites in Seoul, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and the AERO6 aerosol module was employed for the gas-phase and
aqueous-phase chemistry mechanisms.

The Integrated Process Rate (IPR) method (Gipson, 1999) of the
CMAQ model was used to investigate the contributions of processes to
surface ozone concentration in Seoul. IPR is a Process Analysis (PA)
method that calculates the physical and chemical processes affecting
pollutant concentrations in each grid cell, enabling a quantitative
comparison of their contributions. This process includes horizontal and
vertical advection (HADV and ZADV) and diffusion (HDIF and VDIF),
emissions (EMIS), gas-phase chemistry (CHEM), aerosols (AERO),
deposition (DDEP), and cloud processes (CLDS). In this study, horizontal
advection and diffusion were combined and calculated as horizontal
transport (HTRANS), while vertical advection and diffusion were com-
bined and calculated as vertical transport (VTRANS) to analyze their
contributions to ozone concentration.

3. Results
3.1. Classification results of local circulation

The local circulation in Seoul were classified into the Stagnation,
Recirculation, and Ventilation types using the hourly wind speed ob-
servations from May to August, covering the period from 2016 to 2021.
Days classified as the Stagnation type accounted for 251 days (34 %),
making it the most dominant type of local circulation observed in Seoul.
Days classified as the Recirculation type accounted for 113 days (16 %),
while those classified as the Ventilation type accounted for 38 days (5
%).

Fig. 2 presents the box plot of daily maximum ozone levels for
classified local circulation types. A comparison of ozone concentration
distributions for each type shows that the Stagnation type exhibits the
highest variability, with a mean value of 0.072 ppm. Additionally, the
daily average wind speed for this type is 1.65 ms ™}, indicating very weak
winds that can lead to ozone accumulation and elevated concentrations
due to atmospheric stagnation. The Recirculation type demonstrates
relatively uniform ozone concentrations, with a mean value of 0.066
ppm, and a daily average wind speed of 2.34 ms™!. For the Ventilation
type, although outliers are observed, their frequency is very low, and the
mean value (0.067 ppm) is comparable to that of the Recirculation type.
Moreover, the daily average wind speed for the Ventilation type is 2.43
ms ", significantly stronger than other types, suggesting that pollutants,
including ozone, are dispersed and diluted more effectively, potentially
lowering concentrations.

Fig. 3 illustrates the diurnal variations of ozone and NO:z concen-
trations for different local circulation types. A consistent pattern is
observed across all types, with higher ozone concentrations during the
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Fig. 2. Box plots of daily maximum ozone concentration by local circula-
tion type.
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daytime due to increased photochemical activity driven by rising tem-
peratures. The highest daily ozone concentration was recorded under
the Stagnation type at 17:00 LST, reaching 0.067 ppm, while the
Recirculation and Ventilation types recorded 0.063 ppm and 0.058 ppm,
respectively, at 16:00 LST. Interestingly, the Stagnation type, which
exhibited the highest peak ozone concentration, also had the lowest
nighttime ozone concentration. This is due to significant anthropogenic
NOx emissions in metropolitan areas, which lead to the NO titration
effect at night, causing rapid ozone depletion (Ghim and Chang, 2000;
Hu et al., 2012). During stagnation, weak winds (Fig. S1) prevent the
dispersion of locally emitted pollutants, leading to the accumulation of
NOx within the urban environment. This results in reduced ozone levels
through chemical loss processes, particularly during the early evening
when local emissions remain active. The corresponding increase in NO2
during these periods further supports the occurrence of NO titration
(Fig. 2). In contrast, the Ventilation type, characterized by the highest
average daily wind speed, exhibited the lowest peak ozone concentra-
tion and the highest trough concentration. This suggests that stronger
winds in the Ventilation type enhance the dispersion and dilution of
pollutants, preventing the buildup of ozone and NOx.

Fig. 4 presents the average ozone mixing ratio at 09:00 LST at 925
hPa, derived from the ERAS reanalysis data, for days classified as the
Stagnation, Recirculation, and Ventilation types. The ozone mixing ratio
included in the ERAS reanalysis data (horizontal resolution of 0.25° x
0.25°) is linearly estimated considering temperature, stratospheric
chlorine concentration, altitude, and season (Cariolle and Teyssedre,
2007). As shown in Fig. 3, the ozone mixing ratio at 09:00 LST is higher
for the Recirculation type compared to the Stagnation type. Notably,
regions west of Seoul, including coastal and ocean regions, exhibit
relatively higher ozone mixing ratios compared to the Stagnation type.
This suggests that the interaction between sea breeze and land breeze in
the Recirculation type may serve as a critical factor contributing to the
increase in daytime ozone concentrations in Seoul.

3.2. Episode description

To investigate the impact of atmospheric stagnation and air recir-
culation on ozone concentration in Seoul, we selected days with high
ozone levels for each type of stagnation and recirculation. July 5, 2019,
was classified as a stagnation day in Seoul due to its low average daily
wind speed of 1.5 ms™ . On this day, the daily peak ozone concentration
was notably high, reaching 0.121 ppm. The weather on this day was
clear under the influence of high pressure over the East Sea (Fig. S2), and
the maximum temperature in Seoul reached 35.0 °C. This high tem-
perature acted as a key factor in promoting photochemical reactions,
leading to active ozone formation. Consequently, the daily peak ozone
concentration on this day was exceptionally high, recorded at 0.121
ppm. Observational data analysis reveals that from 00:00 to 14:00 LST, a
range of wind directions, including weak north winds with speeds of 1.5
ms ., as well as east and west winds, were observed. Although westerly
winds were present during the day, the characteristics of a sea breeze,
such as increased relative humidity, were not evident (see Fig. 5 (a)). To
examine air mass movement on the case study day, the FLEXPART-
WRFV3.3 model (Brioude et al., 2013), developed by the Norwegian
Institute for Air Research, and was utilized. The simulation involved
releasing 1000 particles from 0 to 20-m above ground level in Seoul at
18:00 LST on the case-study day and performing a 24-h backward tra-
jectory analysis, with results presented at 6-h intervals (see Fig. 6). On
the stagnation date, particles released in Seoul were observed to remain
in the surrounding area of the city until 18 h later, indicating extremely
short particle travel distance because of atmospheric stagnation. The
recirculation date was selected as May 3, 2017, when the average daily
wind speed in Seoul was 2.0 ms™! and the daily maximum ozone con-
centration was 0.115 ppm. Additionally, the RF was 0.51, indicating a
high probability of a recirculation event. On this day, Seoul was under
the influence of high pressure over the East Sea, with widely spaced
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Fig. 3. Diurnal variation of ozone and NO, concentrations by local circulation type.
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Fig. 4. The horizontal distribution of ozone mixing ratio (kg-kg™!) from ERA5 reanalysis data at 950 hPa.

isobars reducing the impact of synoptic-scale winds (Fig. S2). These
conditions were favorable for the development of mesoscale winds, such
as land-sea breezes. Furthermore, the maximum temperature in Seoul
was recorded at 30.2 °C, with an average wind speed of 2.0 ms™!,
contributing to a high peak ozone concentration of 0.115 ppm. Unlike on

the stagnation day (Fig. 5 (a)), the recirculation day exhibited less
variation in wind direction, with easterly (land breeze) and westerly (sea
breeze) winds persisting for relatively extended periods (Fig. 5 (b)). In
the morning, southerly and easterly winds were observed. By 14:00 LST,
the increase in wind speed and relative humidity, along with the
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Fig. 5. Temporal variation of ozone concentration, wind speed and direction, and relative humidity on (a) stagnation day and (b) recirculation day in Seoul.

presence of westerly winds, suggested that these changes were likely due
to the arrival of a sea breeze. Additionally, an increase in ozone con-
centration of 0.023 ppm was observed compared with that at 13:00 LST.
In the 24-h backward trajectory analysis, particles that were moving
southwest at 12:00 LST on May 3, 2017, were found to have moved back
toward Seoul by 00:00 LST on the same day, 18 h earlier.

In other words, particles that were transported to sea due to night-
time land breezes (easterly and northeasterly winds) were brought back
to Seoul by westerly winds during the recirculation day, indicating the
occurrence of a recirculation phenomenon. Therefore, this case is suit-
able for studying the impact of air recirculation on ozone concentration
in Seoul.

3.3. Model evaluation

To evaluate the performance of the WRF model, we used 2-m tem-
perature (T2) and 10-m wind speed (WS10) from 39 ASOS sites within
Domain 3. The statistical metrics for performance evaluation included
the Mean Bias (MB), Index of Agreement (IOA), and Correlation Coef-
ficient (R). Values of R and IOA closer to 1 and MB closer to 0 indicate
greater similarity between the model results and the observations.

Statistical evaluation was performed over a total of five days,
including the case day, with a spin-up time of five days excluded. Both
on the stagnation and recirculation days, the WRF model results for T2
showed a tendency to slightly underestimate compared to the observa-
tions. However, the Index of Agreement (IOA) was above 0.9, indicating
that the model effectively simulates the temperature trends important
for photochemical reactions (Table 1). Regarding WS10, although the
WRF model slightly overestimated the observations, it provided

satisfactory results in simulating daily variability. The evaluation of the
WRF model’s performance revealed that it generally satisfied the criteria
proposed by Emery et al. (2001) for T2 (Mean Bias < +0.5 °C, IOA >
0.7) and WS10 (Mean Bias < £0.5 rns’l, I0A > 0.6).

Additionally, the performance of the CMAQ model was evaluated by
comparing the ozone concentration measured at 190 AQMS sites with
the results from the model. Generally, the simulated ozone concentra-
tions were in good agreement with the measured data. The CMAQ model
tended to slightly overestimate ozone concentration on the stagnation
day and slightly underestimate on the recirculation day. However, the
I0A (R) values were 0.81 (0.70) and 0.76 (0.60), respectively, indicating
that the model effectively captured the overall trends. Therefore, based
on the performance evaluation of the meteorological and air quality
models in this study, it was determined that they are suitable for
analyzing local circulation and the resulting variability in ozone
concentration.

3.4. Horizontal distribution of ozone

Generally, ozone levels increase during the daytime due to active
photochemical reactions and decrease at night. At the surface, the hor-
izontal distribution of ozone showed no significant differences between
stagnation and recirculation days, suggesting that the mechanisms
driving high ozone concentrations may appear similar at this level
(Fig. S3). However, previous analysis of the ozone mixing ratio at 950
hPa at 09:00 LST revealed that ozone concentrations were higher over
the ocean than over land on recirculation days (Fig. 4). Based on this
observation, the horizontal distribution of ozone at layer 6 (approxi-
mately 560 m altitude) was analyzed and is presented in Fig. 7. The
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Table 1
Statistical metrics results of simulated temperature at 2 m (T2), wind speed at
10 m, and ozone concentration.

Obs. Model MB IOA R
mean mean
T2 24.17 °C 23.97 °C —0.20 °C 0.96 0.93
. WS10 l'4§1 1.94ms™!  046ms™' 076 0.62
stagnation day ms
ozone 0.042 0.045 0.004 ppm  0.81  0.70
ppm ppm
T2 18.50 °C 17.81 °C —0.69 °C 0.94 0.91
recirculation WS10 ,1,13—21 227ms™!  055ms™! 079 0.68
day
ozone 001 0.048 —~0.003 0.76  0.60
ppm ppm ppm

results showed that, similar to the pattern observed at 950 hPa, ozone
concentrations were higher over the ocean than over land at layer 6 on
recirculation days. This suggests that residual ozone from the previous
day over the sea could be transported inland by the sea breeze,
contributing to the increase in ozone concentrations in Seoul. These
findings highlight the potential role of residual ozone over the ocean in
influencing ozone levels in urban areas such as Seoul through mesoscale
transport mechanisms like sea breeze circulation.

3.5. Vertical distribution of ozone

Fig. 8 illustrates the temporal variations in vertical ozone concen-
tration profiles averaged over Seoul for a stagnation day (July 5) and a
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recirculation day (May 3). On the stagnation day, July 5, surface ozone
concentrations were low in the early morning, below 0.02 ppm. How-
ever, as solar radiation increased during the morning, photochemical
reactions led to a rapid rise in ozone concentration. By the afternoon,
high ozone concentrations (~0.1 ppm) extended up to ~1.5 km altitude
due to the growth of the planetary boundary layer. The highest surface
ozone concentration, 0.11 ppm, was recorded at 18:00 LST. In contrast,
on the recirculation day, May 3, high ozone concentrations exceeding
0.1 ppm were observed from the surface to ~1.5 km altitude after 15:00
LST. Unlike the stagnation day, significant ozone concentrations
(0.05-0.07 ppm) were detected at altitudes of 500 m to 1 km in the early
morning. This residual ozone layer shows a pattern consistent with the
ozone mixing ratio distribution at 950 hPa (Fig. 4), suggesting that
ozone formed during the previous day persisted overnight in the
atmosphere.

To investigate the origin of this residual ozone, the vertical cross-
section of ozone concentration along the A-B line in Fig. 1 was
analyzed (Fig. 9). At 00:00 LST on the recirculation day, ozone con-
centrations exceeding 0.07 ppm were detected above 500 m altitude. At
09:00 LST, residual ozone remained near 500 m altitude over the sea
(near longitude 126.2°). This indicates that ozone formed the previous
day remained in the atmosphere overnight. During the daytime, this
residual ozone could be transported inland by sea breeze, contributing
to elevated ozone concentrations in Seoul. At 17:00 LST, ozone con-
centrations above 1.5 km altitude near longitude 127.0° were observed,
likely as a result of photochemical reactions that had been actively
occurring under strong sunlight throughout the day. Additionally, a
counterclockwise sea breeze circulation was observed in the upper
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Fig. 8. Time series of time-height sections of ozone over Seoul.

layers over Seoul. This circulation, driven by thermal differences be-
tween the sea and land or rural and urban areas, represents secondary
circulation (Abe and Yoshida, 1982; Freitas et al., 2007). In urban areas
such as Seoul, the urban heat island effect can enhance the inland
penetration of sea breezes and strengthen secondary circulation (Freitas
et al., 2007). These secondary circulations enhance mixing between the
upper and lower layers, encouraging the vertical transport of residual
ozone from ~500 m altitude to the surface. Thus, photochemical ozone
production during the daytime and vertical transport of residual ozone
through secondary circulation are likely key mechanisms increasing
ozone concentrations in Seoul on recirculation day. On the other hand,
no significant residual ozone was observed over the sea during nighttime
or early morning on stagnation day. This suggests that the conditions
necessary for residual ozone to form over the sea on recirculation day
are not present during stagnation day. The extremely weak air flow on
stagnation day likely inhibits the transport of pollutants from urban
areas to the sea via the nighttime land breeze, causing them to remain
within the city. As a result, these pollutants accumulate within the urban
area, further contributing to elevated local pollution levels. At night on
stagnation day, the weak air flow leads to the accumulation of ozone
within the city, creating conditions for an intensified NO titration effect
due to elevated ozone levels. As a result, surface ozone concentrations
are significantly reduced, falling below 0.04 ppm in Seoul. By 17:00 LST
on stagnation day, ozone concentrations increased up to ~2 km altitude
due to strong photochemical reactions under intense sunlight. However,
due to atmospheric stagnation, the newly formed ozone is unlikely to
disperse to surrounding areas and remains trapped within the city.
Similar to recirculation day, secondary circulations were observed on
stagnation days, facilitating the vertical mixing of ozone produced by
photochemical reactions from the upper layers to the surface.

In summary, recirculation days are characterized by the transport of
residual ozone from the sea to urban areas through sea breezes, signif-
icantly contributing to increased ozone levels in the city. In contrast,
stagnation days are dominated by the accumulation of newly formed
ozone within urban areas, primarily due to limited dispersion under
weak atmospheric flow. These differences highlight the distinct

mechanisms by which ozone concentrations are elevated on each type of
day.

3.6. Contribution of processes affecting ozone

To investigate the processes contributing to surface ozone level in-
creases in Seoul during stagnation and recirculation days, an analysis of
ozone-affecting processes by vertical layers was conducted. The study
focused on the average IPR results during the daytime hours
(12:00-18:00 LST), when ozone concentrations were elevated. Specif-
ically, the model’s 12th layer (approximately 3 km altitude) was
examined (Fig. 10). The IPR analysis quantified the contributions of
horizontal transport (HTRANS) and vertical transport (VTRANS) pro-
cesses to ozone concentrations. Positive values in the IPR results indicate
that the respective processes (HTRANS or VTRANS) contributed to an
increase in ozone concentration through ozone transport.

On stagnation day, horizontal transport (HTRANS) from the surface
up to layer 6 (approximately 560 m) was identified as a significant
contributor to surface ozone levels. This reflects ozone transported from
upwind areas to Seoul via horizontal advection. However, weak air flow
during stagnation limited advection and dispersion from Seoul to
downwind areas, resulting in the local accumulation of ozone. Conse-
quently, the HTRANS process contributed an average increase of 0.004
ppm in surface ozone concentrations during the daytime. Additionally,
the vertical transport (VTRANS) process also played a significant role on
stagnation day, contributing an average increase of 0.01 ppm to surface
ozone concentrations. As described in Section 3.5, this vertical transport
was driven by secondary circulations, which facilitated the downward
mixing of ozone produced in the upper layers through photochemical
reactions (Fig. S4). These findings indicate that on stagnation day, the
limited dispersion caused by weak air flow plays a dominant role in the
accumulation of surface ozone levels, while horizontal and vertical
transport processes contribute to the localized enhancement of ozone
concentrations. In contrast, recirculation day was primarily influenced
by the vertical transport (VTRANS) process, which became the key
driver of ozone concentration increases in the lower layers (1-2 layers).
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Fig. 9. Vertical cross-section (along the line A-B in Fig. 2) of the ozone (ppm) and wind vectors. The black line indicates the location of Seoul.

This was attributed to the vertical mixing of two sources of ozone: re-
sidual ozone present around 500 m altitude from the previous night and
ozone produced in the upper layers through photochemical reactions
during the daytime (Fig. S4). The IPR analysis for upwind areas of Seoul
(near longitude 126.2°) revealed that residual ozone at approximately
500 m altitude was transported to Seoul via horizontal transport
(Fig. S5). This transported residual ozone, when combined with photo-
chemical production, contributed significantly to surface ozone levels
through vertical mixing. On recirculation day, the VTRANS process
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accounted for an average increase of 0.02 ppm in surface ozone con-
centrations during daytime hours. Both stagnation and recirculation
days exhibited the highest positive contributions from the photochem-
ical (CHEM) process, underscoring the critical role of photochemical
ozone production in increasing concentrations (Fig. S4). On stagnation
day, ozone produced in the upper layers by photochemical reactions
contributed 0.01 ppm to surface concentrations through VTRANS. On
recirculation day, while the contribution from CHEM in the upper layers
was comparatively lower, the VTRANS process showed a higher
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Fig. 10. Contribution of horizontal transport (HTRANS) and vertical transport (VTRANS) processes to ozone concentration over Seoul.

contribution of 0.02 ppm, reflecting the influence of residual ozone
transported from the previous day.

These results highlight distinct differences in the mechanisms
driving surface ozone increases between stagnation and recirculation
days. On stagnation day, the accumulation of locally produced ozone,
combined with limited regional transport, was the dominant factor. In
contrast, on recirculation day, the transport and vertical mixing of re-
sidual ozone from the previous day played a more substantial role. The
influence of the sea breeze on recirculation day facilitated the inland
transport of residual ozone, which contributed to the increase in surface
ozone concentrations in Seoul. In summary, the comparative analysis of
stagnation and recirculation days underscores the importance of un-
derstanding the combined effects of local meteorology, transport pro-
cesses, and residual ozone dynamics in explaining high surface ozone
episodes in urban areas like Seoul.

4. Summary and conclusion

In this study, we employed methods based on previous research to
classify local circulations in Seoul during the summer (May-August)
from 2016 to 2021 into the Stagnation, Recirculation, and Ventilation
types using wind observation data. The classification was achieved by
calculating the recirculation factor (RF), defined as the ratio of the air’s
net displacement distance (L) to the actual displacement distance (S).
Among these types, the Stagnation type was the most prevalent, ac-
counting for approximately 34 % of the days. It was characterized by the
highest daily maximum ozone concentrations and the weakest average
wind speeds. Stagnation conditions also exhibited more extreme ozone
concentration ranges, with unfavorable dispersion conditions (weak
winds) contributing to the accumulation of ozone. At the same time, the
rapid titration of ozone due to NOx emissions from local sources resulted
in lower nighttime ozone concentrations. Conversely, the Recirculation
type occurred on 16 % of the days and exhibited relatively lower daily
maximum ozone concentrations compared to stagnation days. To
further investigate the mechanisms driving high ozone concentrations
under stagnation and recirculation conditions, representative case days
for each type were selected based on meteorological and ozone obser-
vation data, supported by backward trajectory analysis using FLEX-
PART. Numerical simulations of meteorology and air quality were
performed using the WRF and CMAQ models. While the horizontal
distribution of ozone concentrations showed a typical diurnal pat-
tern—with higher concentrations during the daytime due to active
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photochemical reactions and lower concentrations at night—the vertical
distribution revealed distinct differences between the two types.

On recirculation day, elevated ozone concentrations (~0.07 ppm)
were observed at altitudes above 500 m during the early morning. This
suggests that ozone transported offshore by nighttime land breezes
remained aloft over the sea and was subsequently transported back
inland by the development of daytime sea breezes. Once transported
inland, this ozone was vertically mixed from the upper layers to the
surface in Seoul, contributing significantly to the increase in surface
ozone concentrations. This transport and mixing mechanism was further
validated by the IPR analysis, which highlighted the critical role of
vertical transport in enhancing surface ozone levels on recirculation day.
In contrast, on stagnation day, no significant ozone accumulation was
observed over the sea during nighttime or early morning. This indicates
that the extremely weak atmospheric flow inhibited the transport of
pollutants offshore via the nighttime land breeze, resulting in their
retention within the urban area.

This study enhances the understanding of how local circulations,
specifically stagnation and recirculation, influence high ozone concen-
tration episodes in Seoul. The findings indicate that on recirculation day,
sea breezes transport pollutants inland, including residual ozone, which
is subsequently mixed vertically to the surface. This process, combined
with ozone production through photochemical reactions, significantly
contributes to elevated surface ozone concentrations. Conversely, on
stagnation day, limited dispersion due to weak air flow and the accu-
mulation of ozone produced by photochemical reactions were the pri-
mary drivers of high ozone levels.

While the results highlight the critical role of local circulations, the
occurrence and intensity of high ozone concentrations are influenced by
additional factors such as synoptic-scale conditions, sea breeze strength,
and proximity to the coastline. Thus, further climatological studies are
needed to assess the variability and long-term impacts of recirculation-
related sea breeze circulations. Additionally, this study focused on
specific case days, and future research should explore whether the
observed mechanisms and patterns are consistent across multiple
events. Expanding the scope to include diverse meteorological condi-
tions will be essential for validating and generalizing these findings,
thereby improving our understanding of urban ozone dynamics.
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