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HIGHLIGHTS GRAPHICAL ABSTRACT

e O3 concentration changes in the East
Asian regions due to ocean emissions
during the KORUS-AQ and SIJAQ Effects of ocean emissions on O; concentration
campaign periods are investigated. /

o The influence of ocean emissions on the
production and loss of O3 varies by re-
gion and season.

e The ocean emissions could result in the
transition of the O3 sensitivity regime in
some ocean areas.

e The seasonal transport of ocean emis-
sions to BVOC-rich inland regions can
contribute to the increase in Os
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ARTICLE INFO ABSTRACT
Keywords: This study analyzed the impact of shipping emissions on ozone (O3) concentrations in East Asia during the Korea-
KORUS-AQ United States Air Quality (KORUS-AQ) and the Satellite Integrated Joint monitoring for Air Quality (SIJAQ) 2021

SIJAQ campaign
CMAQ

O3

Shipping emissions

campaign period. Numerical simulations were performed during the KORUS-AQ (May 2016, the KORUS case)
and the SIJAQ 2021 (October-November 2021, the SIJAQ case) using Community Multi-scale Air Quality
(CMAQ), the three-dimensional chemical transport model. We additionally simulated an experiment without
shipping emissions to compare the impact with and without shipping emissions. Using the validated simulation
results, the average O3 concentrations in inland regions were found to be 35.63 ppb and 20.62 ppb in the KORUS
and SIJAQ cases, respectively. The average O3 concentrations were higher in the KORUS case owing to the
difference in weather conditions between the two cases in various seasons. The results of examining the impact of
shipping emissions on Os concentrations in the ocean area indicate that both the KORUS and SIJAQ cases
resulted in a decrease in O3 concentrations in the Yellow Sea region, while the O3 concentrations increased in the
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East Sea and North Pacific regions. In particular, in the Yellow Sea and East China Sea, where the O3 concen-
trations decreased in the KORUS case, Os sensitivity results showed volatile organic compounds (VOC)-sensitive
regime when the shipping emissions were removed but changed to nitrogen oxide (NOy)-sensitive regime when
the shipping emissions were added. Meanwhile, in the inland regions, the SIJAQ case decreased O3 concentra-
tions in most areas, whereas the KORUS case showed an increase in O3 concentrations in the Korean Peninsula
and Japan. Analysis of Og sensitivity revealed that the regions of the Korean Peninsula and Japan, where O3
concentrations increased, exhibited a NOy-sensitive regime. Particularly, in the case of the Korean Peninsula, the
initial transport of shipping emissions in the western part led to a decrease in O3 concentrations. However, as
shipping emissions were further transported from west to east, they became more diluted, and additional NOx
generated by Og titration reactions was also transported, gradually increasing O3 concentrations. Furthermore,
we found that during seasons with abundant BVOC emissions, the transport of shipping emissions could
contribute to additional O3 production. These results confirmed that shipping emissions in East Asia primarily
reduce O3 concentrations, however, differences in seasonal and regional Os sensitivity and transportation pat-

terns can contribute to Og production.

1. Introduction

East Asia has reported the largest growth in anthropogenic emissions
worldwide owing to rapid industrial growth over the past few decades
(Jung et al., 2022; Lee et al., 2019; Singh et al., 2021). Countries in East
Asia have been endeavoring to reduce the concentrations of pollutants
through national O3 reduction plans and emissions reduction, among
other strategies (Lee and Woo, 2020; Lin and Zhu, 2019; Qi et al., 2022;
Sugiyama et al., 2019; Xu et al., 2019). Nevertheless, O3 concentrations
show an increasing trend (Chang et al., 2017; Takahashi et al., 2020),
and among East Asian countries, O3 concentrations in China and South
Korea are increasing rapidly (Kim et al., 2018; Lee et al., 2020; Mun
et al., 2023). In particular, the concentrations of O3 vary depending on
the emissions of precursors and atmospheric conditions. Therefore,
exploring the processes of O3 production and destruction is crucial for
the implementation of policies to reduce the negative effects of Os.

In recent times, several studies have been conducted to investigate
the factors contributing to this increase in O3 concentrations in East
Asia. T. Wang et al. (2019) analyzed the long-term trends of O3 in East
Asia as a function of emissions and meteorological patterns over 25
years. [tahashi et al. (2022) used satellite-measured column densities of
formaldehyde (HCHO) and nitrogen dioxide (NO2) to diagnose the
sensitivity of Og in East Asian countries. Lee et al. (2022) examined the
O3 formation regime across nine megacities in East Asia using O3 col-
umns, NO2, and HCHO from measurements by ozone-monitoring in-
struments (OMI). Song et al. (2022) used the summer daily
meteorological data and surface O3 concentrations of the Coupled Model

Intercomparison Project Phase 6 (CMIP6) to investigate changes in O3
concentrations under synoptic climate types. Furthermore, the National
Institute of Environmental Research (NIER) in South Korea, in collabo-
ration with the National Aeronautics and Space Administration (NASA),
conducted the Korea-United States Air Quality (KORUS-AQ) field study
from May to mid-June to identify the main controlling factors of O3
produced in South Korea (Choi et al., 2019; Crawford et al., 2021;
Peterson et al., 2019).

In addition, the Satellite Integrated Joint Monitoring for Air Quality
(SIJAQ) is being conducted for the second phase to compensate for the
short study period of KORUS-AQ and try to identify the causes of
increasing O3 concentrations in the East Asian region. However, owing
to the nature of O3, which can be produced from various sources, more
detailed research is needed to understand the production and dissipation
of 03.

Emission sources that affect O3 production and dissipation can be
broadly categorized as inland and ocean. Of these, ocean sources can be
divided into natural sources that emit directly from the ocean and
anthropogenic sources, such as emissions from the movement and
anchoring of ships. The East Asian region is densely populated with
countries adjacent to the sea. Over the course of several decades, ocean
trade has experienced significant growth, leading to continuous devel-
opment in shipping and ports. Consequently, this region has been wit-
nessing an increasing discharge of anthropogenic pollutants into the
ocean. According to the 2022 Review of Ocean Transport (UNCTAD,
2022), the Asia region accounts for 42% of global exports and 64% of
global imports in world ocean trade. Furthermore, it holds a significant
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Fig. 1. Left panel shows the domains for Weather Research and Forecasting (WRF) and Community Multi-scale Air Quality (CMAQ) numerical simulations. In the left
panel, the blue box represents the CMAQ domains, and the black box represents the WRF domains. The right panel is Domain 2 and includes detailed nominations for

the analysis of O3 concentrations caused by shipping emissions.
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Fig. 2. Spatial distribution of EDGARv6.1 emission in the analysis area during the analysis periods of the KORUS case (left) and SIJAQ case (right). Emissions over
the analysis period were summed up, and substances represent NOy ((a) and (b)), VOC ((c) and (d)), SO> ((e) and (f)), and PM, 5 ((g) and (h)).

share of 64.3% in cargo loading and handling, and the volume of in-
ternational ship movements continues to increase annually. Ships emit
pollutants such as carbon monoxide (CO), methane (CHy), black carbon
(BC), sulfur dioxide (SO3), nitrogen oxide (NOy), and non-methane
volatile organic compounds (NMVOC) (EEA and EMSA, 2021). NOx
and NMVOC are the main precursors to Og formation, and O3 produced
from ocean sources can affect neighboring countries.

Therefore, this study examined the impact of shipping emissions on
O3 concentrations during the KORUS-AQ, a field study on air quality in
South Korea, one of the countries in East Asia, and the SIJAQ 2021
campaign, a follow-up study to the KORUS-AQ. The shipping emissions
data from EDGARv®6.1, an anthropogenic emissions dataset used in the

air quality numerical model, were utilized to simulate O3 concentrations
in East Asia for each case. Furthermore, we analyzed the changes in O3
concentrations attributed to shipping emissions for both inland and
ocean regions during each period.

2. Methodology
2.1. Overview of the study area
East Asia, the target region of this study, is a mid-latitude region

located in the eastern part of the Asian continent and includes countries
such as China, South Korea, and Japan, as shown in Fig. 1. This region is
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Table 1
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The total amount of EDGARv6.1 emission (Total) and the total amount of shipping emissions (Shipping) during the KORUS case in Domain 2. Shipping/Total indicates

the percentage of shipping emissions in total emissions.

co BC oc SO, NOy NH; NMVOC PMyo PM, 5
Total (10~ "'kg/m>/s) 175,678 1497 3125 55,712 43,483 8133 37,162 23,558 16,821
Shipping (10~ 'kg/m?/s) 7263 143 155 6903 7959 206 3772 1580 1247
Shipping/Total (%) 413 9.54 4.96 12.39 18.30 2.53 10.15 6.71 7.41

influenced by both continental and ocean climates and characterized by
hot and humid weather in summer and cold and dry weather in winter.
Moreover, long-distance transportation between countries is frequent
owing to the monsoon zone (Griffith et al., 2020; Li et al., 2016; Shi-
madera et al., 2013; Uranishi et al., 2019; Vogel et al., 2016; Wang et al.,
2016). In this region, various pollutants are emitted from industrial
areas and ports located along the coasts of the Pacific Ocean, South
China Sea, Yellow Sea, and East Sea, as well as from ships traveling to
these ports (Ducruet et al., 2010; Wang et al., 2010, 2014). Furthermore,
approximately half of the area constitutes boreal forests, and other
vegetation, such as cropland and grassland, account for approximately
30% of the area (Fu et al., 2022; Luo et al., 2020). Therefore, the com-
plex chemical processes of anthropogenic and natural emissions cause
various air quality pollution phenomena.

2.2. Study period

In 2016, NIER and NASA measured air pollutants in South Korea,
including fine particulate matter (PM; s), through the KORUS-AQ from
May to mid-June and performed air quality model analyses to identify
key controlling factors of PMy 5 and O3. KORUS-AQ measured the at-
mospheric composition of the Korean Peninsula and surrounding shore
regions to analyze the factors contributing to the deterioration of air
quality in South Korea and sampled various data from multiple airborne
and ground-based remote sensing and in situ measurements to evaluate
air quality forecast results. Although KORUS-AQ provided measure-
ments over an extensive area, both horizontally and vertically, the study
period was insufficient to describe the air quality problems in South
Korea. For this reason, to complement KORUS-AQ and further enhance
the study of atmospheric pollution in the Korean Peninsula and Asia, a
second phase of international collaborative research on air quality,
known as the SIJAQ campaign, is planned to 2024. This initiative aims to
validate the Geostationary Environment Monitoring Spectrometer
(GEMS), South Korea’s geostationary environmental satellite, while
conducting research on atmospheric pollution in South Korea and the
surrounding region. In response, 25 research teams from NIER, NASA,
and other organizations in South Korea carried out the SIJAQ 2021
campaign from October 18 to November 26, 2021, to understand the
distribution of air pollutants in the South Korean metropolitan area. The
SIJAQ 2021 campaign aimed to identify the formation process of PMy 5
in urban areas (particularly nitrate and organic aerosol formation) by
using ground observation equipment to observe air pollutants in the
metropolitan area of South Korea in three dimensions and to improve
the reliability of O3 observation data by GEMS, ultimately preparing
measures to control PM; 5 and O3 pollution.

In this study, we analyzed the impact of shipping emissions on O3
concentrations for the aforementioned KORUS-AQ and SIJAQ 2021
campaign periods. To this end, we simulated the KORUS-AQ period

(October—November 2021, the SIJAQ case) with and without shipping
emissions, respectively. We then analyzed the O3 concentrations in each
modeling period to determine the impact of shipping emissions on O3
concentrations in the East Asian region during the KORUS-AQ and
SIJAQ 2021 campaign periods.

2.3. Modeling system

Air quality numerical simulations were performed to analyze the O3
concentrations in the KORUS and SIJAQ cases, considering the differ-
ences in shipping emissions. The numerical air quality simulation uti-
lized Community Multi-scale Air Quality (CMAQ, v5.3.2, Ching and
Byun, 1999; Appel et al., 2021), a three-dimensional photochemical
model developed by the U.S. Environmental Protection Agency (EPA).
Weather Research and Forecasting (WRF, v4.1.1, Skamarock et al.,
2019) was used to generate meteorological inputs for the CMAQ simu-
lation. The numerical simulation domain utilized observations during
the KORUS and SIJAQ cases. Domain 1 (D1, 165 x 129), with a reso-
lution of 27 km, including China, South Korea, and Japan, and Domain 2
(D2, 213 x 186), with a resolution of 9 km, were established to analyze
the phenomenon more comprehensively using the results of D1 as initial
and boundary fields of accounting for the effects of long-range transport
and shipping emissions between countries (Fig. 1). The vertical grid has
15 layers, with the top layer set to 100 hPa. Grid nudging was utilized to
improve the accuracy of meteorological numerical simulation results
used as input for air quality models (Jeon et al., 2015; Stauffer and
Seaman, 1990; Vincent and Hahmann, 2015). The detailed settings
utilized in the meteorological and air quality numerical simulations are
shown in Tables S1 and S2, respectively. Among the simulated results,
the KORUS case was used for the analysis from May 1, 2016, 00UTC to
June 1, 2016, 00UTC, and the SIJAQ case was used from October 20,
2020, 00UTC to November 21, 2020, O0UTC.

2.4. Emissions

The anthropogenic emissions utilized in the air quality simulations
were obtained from the Emission Database for Global Atmospheric
Research (EDGAR, version 6.1, Crippa et al., 2022), a global emissions
database. EDGARv6.1 emission has a horizontal resolution of 0.1° x
0.1°. It provides yearly emissions from 1970 to 2018 for PMy 5, PM;,
S04, NOy, CO, NMVOC, BC, OC, and NHs. It also provides vertical and
temporal (monthly, weekly, hourly) profiles for 25 sectors, including
agriculture, aviation, power industry, and combustion, to produce
emissions required for air quality models according to regional charac-
teristics. Among the air quality numerical modeling cases conducted in
this study, the KORUS case utilized EDGAR emission data for 2016. The
SIJAQ case, which simulated the year 2021, utilized the most recently
available EDGAR emission data for 2018. Fig. 2 shows the distribution of

(May 2016, the KORUS case) and the SIJAQ 2021 period EDGAR emission data calculated in the D2 area during the analysis
Table 2
Same as Table 1, but for the SIJAQ case.
co BC ocC S0, NO, NH; NMVOC PM;, PMy 5
Total (10~ 'kg/m?/s) 175,006 1465 3009 55,935 43,743 7608 37,335 23,456 16,662
Shipping (10~ ''kg/m?/s) 7045 148 155 7038 8187 203 3809 1632 1286
Shipping/Total (%) 4.03 10.07 5.14 12.58 18.72 2.66 10.20 6.96 7.72
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Fig. 3. Comparison of simulated results from WRF and CMAQ with observations of (a) the KORUS case and (b) the SIJAQ case. Scatterplots for air temperature are on
the left, wind speed in the center, and O3 concentrations are on the right, with the values of statistical parameters (IOA, r, MBE, and NMB) shown in each scatterplot.

period of the KORUS and SIJAQ cases, indicating that NOy, SO3, VOC,
and PMy5 are mainly emitted from megacities, ports, and shipping
lanes. Tables 1 and 2 show the total amount of NOy and NMVOC, which
are the main precursors of Os, in the total amount of emissions for each
case during the analysis period. They showed that the shipping emis-
sions of NOy and NMVOC in the KORUS case were 18.30% and 10.15%
of the total emissions, respectively, and those in the SIJAQ case were
18.72% and 10.20% of the total emissions, respectively. These findings
indicate that the proportion of pollutants emitted from the ocean to the
total emissions in both cases was similar.

In addition, in the East Asian region, approximately 70% of the land
area in South Korea is forested (Song and Park, 2021), and more than
60% of the land area is forested in North Korea and Japan (Morisada
et al., 2004; Oh and Park, 2023). Biogenic emissions were considered
because O3 is highly influenced by biogenic volatile organic compounds
(BVOC) emitted from trees (Calfapietra et al., 2013; Liu et al., 2018).
Biogenic emissions were simulated using the Model of Emissions of
Gases and Aerosols from Nature v2.1 (MEGANv2.1, Guenther et al.,
2012) for isoprene, monoterpenes, and other substances that make up a
large proportion of BVOC.

2.5. Aircraft measurements

To evaluate the results of the air quality numerical model in three
dimensions, we utilized flight observations conducted during the
KORUS-AQ and SIJAQ 2021 campaign periods (Figs. S1 and S2). The
KORUS-AQ field study conducted 20 flight observations (total flight
time of approximately 150 h) in conjunction with the NASA DC-8
airborne research laboratory to identify the factors affecting air qual-
ity deterioration in South Korea (LeBlanc et al., 2022; Park et al., 2020).

NASA’s DC-8 conducted flight observations over the Korean Peninsula
and surrounding shore regions. Through the observations of the main
meteorological periods (i.e., “dynamic”, “stagnation”, “extreme pollu-
tion”, and “blocking™) that occurred during the study period, the air
quality in South Korea was observed and quantified. In the case of SIJAQ
2021, 15 flight observations centered on the Seoul metropolitan area
and the Yellow Sea coast were conducted (approximately 41 h of flight
time) to elucidate the distribution of air pollutant concentrations in the
South Korean metropolitan area. An imaging sensor with hyperspectral
resolution developed by NASA was mounted on the aircraft to observe
11 types of air pollutants, including VOC, NHs, NOy, SO5, CO, PM3 5, and
O3, as well as meteorological factors such as temperature, humidity, and
wind speed.

3. Results and discussion
3.1. Model performance evaluation

3.1.1. Evaluation of weather and air quality simulations based on ground
observations

Before utilizing the results of the numerical simulation, we per-
formed the simulated results, which were quantitatively verified to
ensure their suitability for the analysis of the phenomenon. The obser-
vation data used for the verification were obtained from 257 weather
stations of the Korea Meteorological Administration (KMA) in South
Korea and 583 air quality monitoring stations of the NIER. The tem-
perature, wind speed, and O3 concentrations observations were used to
verify the weather and air quality numerical model data. To quantita-
tively evaluate the results of the numerical model, we used the statistical
indices used in previous studies: the index of agreement (IOA), the
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Fig. 4. Time series of O3 concentrations (gray shading) measured through
flight observations. (a) and (b) represent the O3 concentrations values measured
on May 24 and 30 during the KORUS-AQ period, respectively, while (c) rep-
resents the O3 concentrations measured during the entire SIJAQ 2021 campaign
period. The solid blue line represents the time series of O3 concentrations
simulated by CMAQ, and the gray dashed line indicates the altitude of the
aircraft corresponding to the observation time.

correlation coefficient (r), the mean bias error (MBE), and the normal-
ized mean bias (NMB). The formulas for the statistical indices used are
presented in Table S4. The r represents the amount of agreement be-
tween predicted and observed variability (Emery et al., 2017), the IOA
describes the error and concordance of the variability between model
and observation, and the MBE and NMB indicate the quantitative errors.
(Kim et al., 2022). According to previous studies, when evaluating
simulation of accuracy, model results adequately describe the phe-
nomenon if the ris > 0.5, the NMB is +30% (Emery et al., 2017), and the
I0A is > 0.5 (Willmott et al., 1985; Hurley et al., 2001), the performance
is considered to be excellent if the r is > 0.75 and the NMB is within
+15% (Emery et al., 2017). The respective IOA values of air tempera-
ture, wind speed, and O3 in the KORUS case were confirmed to be 0.949,
0.736, and 0.701; the r values were 0.87, 0.70, and 0.66; the MBE values
were —0.272, 1.368, and —5.553, and the NMB values were —2.92,
23.99, and —26.53. The SIJAQ case yielded IOA values of 0.92, 0.75, and
0.74, r values of 0.90, 0.67, and 0.58, MBE values of 1.08, 1.01, and
—5.83, and NMB values of —6.11, 23.04, and —13.85 (Fig. 3) for air
temperature, wind speed, and Os, respectively. In both cases, tempera-
ture and O3 concentrations were underestimated, and wind speed was
overestimated. However, the results of each numerical model met the
reference values according to the accuracy evaluation results presented
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in previous studies.

3.1.2. Evaluation of air quality simulation based on aircraft measurement
data

Using the O3 concentrations of the KORUS and SIJAQ cases simu-
lated by CMAQ and the aircraft measurements mentioned in Section 2.5,
the variability of O3 concentrations with time and altitude changes was
checked in three dimensions. As shown in Fig. S1, during the KORUS
case, on May 24 (Fig. 4(a)), an aircraft flew over the Yellow Sea coastal
area, and on May 30 (Fig. 4(b)), an aircraft flew over the inland area and
south coast of the Korean Peninsula. O3 concentrations were observed
for altitudes ranging from <100 m to 8 km. Comparing the flight ob-
servations with the numerical simulations, the KORUS case period
generally underestimated O3 concentrations. However, the variability of
O3 concentrations during the observation period was adequately
simulated.

As shown in Fig. S2, the SIJAQ case flew over the metropolitan area
of South Korea and parts of the Yellow Sea and observed O3 concen-
trations up to a maximum altitude of 3 km, which is slightly lower than
the KORUS case. Comparing the simulation results of the SIJAQ case
with the flight observations (Fig. 4(c)), similar to the numerical simu-
lation results of the KORUS case, the O3 concentrations were under-
estimated. In particular, the O3 concentrations were underestimated
during decreasing altitudes (October 24, October 27, November 14,
November 18); however, most of the simulation results of the O3 con-
centrations considering time and altitude changes, including a sharp
decrease in O3 concentrations on November 13, were accurate.

The results of the vertical validation indicate that both cases slightly
underestimated the O3 concentrations, but the observed and simulated
O3 concentrations patterns are considerably similar. Therefore, based on
the validation of the ground observations and flight observations, it was
determined that the numerical simulation results are sufficient to
explain the phenomenon.

3.2. Horizontal O3 concentrations distribution characteristics for the
KORUS and SIJAQ cases

Using the validated simulation results, the hourly average O3 con-
centration distributions of the KORUS and SIJAQ cases were examined.
First, the O3 concentrations in the inland regions of the SIJAQ case, both
in Fig. 5(a) with shipping emissions and in Fig. 5(b) without shipping
emissions, were low in the South Korea and East China regions with high
NOy emissions compared to the Japan and North Korea regions with low
NOy emissions. The distributions of O3z concentrations in the ocean re-
gions were similar regardless of shipping emissions, with a somewhat
lower O3 concentration distribution in the Bohai Sea region. This is
because pollutants emitted from an adjacent area to the Bohai Sea were
transported to the Bohai Sea, and NOy in the transported substances
contributed to the Os titration reaction (NO + O3 — NO3y+0s, Jiménez
et al., 2005; Akimoto et al., 2015), resulting in lower O3 concentrations
compared to other ocean areas (Fig. 5(c)).

In contrast, the O3 concentrations in the KORUS case (Fig. 5(d) and
(e)) were higher on average compared to the SIJAQ case, despite the
high NOy emissions. The average inland O3 concentrations in the KORUS
case were 35.63 ppb, thereby exceeding the average inland O3 con-
centrations of 20.62 ppb in the SIJAQ case. This is attributed to the
difference between the simulation period in the KORUS case, which is a
period of high monthly average O3 concentrations, and the simulation
period in the SIJAQ case, which is a period of low monthly average O3
concentrations (Zhao et al., 2015). Meteorological conditions were
different between these two cases (relatively high temperature and
intense insolation in the KORUS case), resulting in higher average O3
concentrations in the KORUS case (Paraschiv et al., 2020; J. Wang et al.,
2019). In the ocean regions, when considering shipping emissions, O3
concentrations in the Bohai Sea and East China Sea noticeably
decreased. This is because one of the largest port clusters in the world is
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located in the Bohai Sea (Dong and Wang, 2012; Wan et al., 2020).
Consequently, pollutants such as NOy emitted from ships navigating
through the Bohai Sea and the East China Sea contributed to Os
decomposition through transportation and dispersion.

3.3. Differences in O3 concentrations caused by shipping emissions -
ocean area

The simulation results of the KORUS and SIJAQ cases analyzed

earlier were used to analyze the changes in O3 concentrations caused by
shipping emissions. The precursors of O3 emitted from the ocean can
make a greater contribution to the production and destruction reactions
of O3 more than the effects of substances transported from inland. As
shown in Fig. S3, the distribution of shipping emissions varies according
to region. Therefore, the impact of shipping emissions on O3 concen-
trations may also vary according to region.

Fig. 6 shows the distribution of O3 concentrations changes in ocean
areas due to the difference in shipping emissions in the KORUS and
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SIJAQ cases (i.e., the case includes shipping emissions minus the case
excluding shipping emissions). First, the distribution of O3 concentra-
tions changes in the SIJAQ case, Fig. 6(a) shows that the difference in
shipping emissions resulted in a decrease in O3 concentrations in parts of
the Yellow Sea and East China Sea but an increase in O3 concentrations
in the North Pacific and East Sea. The notable observation here is that
despite the increase in emissions, there are areas where O3 concentra-
tions have decreased. The decrease in O3 concentrations in those areas is
attributed to the decomposition of O3 by shipping emissions, suggesting
that shipping emissions contributed primarily to the Os titration reac-
tion rather than Oz production (Geng et al., 2009; Zhang et al., 2021).
Furthermore, the maximum increase in O3 concentrations in the ocean
region was +2.85% (+1.30 ppb), whereas the maximum decrease was
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—26.97% (8.24 ppb), indicating that more O3 was decomposed in the
ocean region than was produced by shipping emissions (Fig. 7). In other
words, in the SIJAQ case, shipping emissions contributed more to the
destruction of O3 in the ocean region than to its production.

For the KORUS case, we examined the change in O3 concentrations
due to the addition of shipping emissions, we found that the distribution
of O3 concentrations was similar to that of the SIJAQ case (Fig. 6(b)).
Similar to the SIJAQ case, O3 concentrations decreased in the Yellow Sea
and increased in the North Pacific and East Seas. However, the KORUS
case was characterized by a greater influence of shipping emissions than
the SIJAQ case, leading to an increase and decrease in O3 concentration
of up to +14.56% (+6.61 ppb) and —66.14% (—28.48 ppb), respec-
tively, in different areas (Fig. 7). The distribution of O3 concentration
differences in both cases is similar, but the variation in the levels of
increase and decrease is attributed to the difference in O3 concentrations
between the SIJAQ and KORUS cases, which was identified in Section
3.2. Because of the KORUS case, with higher O3 concentrations
compared to the SIJAQ case, the amount of O3 decomposition increased,
leading to more change in O3 concentrations attributed to shipping
emissions.

The differential impacts of shipping emissions on different regions
can be observed in both cases through the Os indicator. To analyze the
influence of shipping emissions on O3 concentrations in ocean areas, the
H30,/HNO3 ratio proposed in previous studies was utilized (Sillman,
1995; Li et al., 2011; Shen et al., 2023). Sillman (1995) illustrated that
the Os sensitivity of a particular region could be classified into a NOx--
sensitive regime and a VOC-sensitive regime based on the Hy02/HNO3
ratio (If a region has HyO2/HNO3 < 0.35, it is a VOC-sensitive regime; if
H205/HNO3 > 0.60, it is a NOy-sensitive regime; if 0.35 < H,02/HNOg3
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Fig. 8. Spatial distribution of the H,0,/HNOj3 ratio in the SIJAQ case ((a) and (b)) and the KORUS case ((c) and (d)). The left panel shows the H,O,/HNOj ratio in
the ocean region, including shipping emissions, and the right panel shows the results excluding shipping emissions.
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Fig. 9. Spatial distribution of O3 concentrations changes in inland regions due to differences in shipping emissions in (a) the SIJAQ and (b) the KORUS cases.

< 0.60, it is a NO,—VOC mixed sensitive regime).

Fig. 8 shows the distribution of the HyO2/HNOj3 ratio for the ocean
region in the SIJAQ case and the KORUS case, and the distribution of O3
sensitivity with and without shipping emissions in the SIJAQ case is
similar. A comparison of the distribution of O3 concentrations changes
according to shipping emissions in Fig. 6 showed that the regions with
decreased O3 concentrations were distributed in the VOC-sensitive
regime, and the regions with increased O3 concentrations were distrib-
uted in the NOy-sensitive regime (Liu and Shi, 2021). This indicates that
shipping emissions can lead to increased O3 production in areas where
O3 is produced and destroy more Os in areas where O3 is destroyed. As a
result, the O3 indicator analysis shows that NOy in shipping emissions
mainly contributes to O3 concentrations in ocean areas.

The results of the O3 indicator analysis in the KORUS case show that
O3 sensitivity changes depending on the presence or absence of shipping
emissions. In the Yellow Sea and East China Sea, O3 sensitivity changed
from a NOy-sensitive regime (H2O2/HNO3 > 0.60) in the absence of
shipping emissions to a VOC-sensitive regime (Hy02/HNO3 < 0.35) as
shipping emissions were added, and in some areas of the East Sea, O3
sensitivity changed from the NOy-sensitive regime to the NO,-VOC
mixed sensitive regime (0.35 < Hy02/HNO3 < 0.60). These regions
exhibited a NOyx-sensitive regime in the absence of shipping emissions
due to the influence of substances emitted from inland areas transported
to the ocean region. However, with the addition of shipping emissions, a
large amount of NOy was emitted into the ocean areas, and the Os
sensitivity in the regions was consequently changed to the VOC-sensitive
regimes.

Therefore, the combined analysis of O3 concentrations change and
sensitivity in the two cases reveals that NOy in shipping emissions is the
main influence on Os concentrations in ocean areas when shipping
emissions are added. We also found that NOy from shipping emissions
can influence the production and destruction of additional O3 and
change the Og sensitivity of ocean areas.

3.4. Differences in O3 concentrations caused by shipping emissions — land
area

Analysis of the change in O3 concentrations in response to shipping
emissions in ocean areas showed that the distribution of the difference in
O3 concentrations was similar in both cases, and the impact of shipping
emissions on ocean areas varied according to region. In areas with high
NOy emissions, shipping emissions contributed to Oz destruction,
whereas in areas with low NOy emissions, they contributed to O3 pro-
duction. However, unlike the oceans, inland regions must account for
shipping emissions as well as inland emissions, and if shipping emissions
are transported inland, inland Os concentrations can be altered by
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Fig. 10. The same as Fig. 7, but in land area.

complex chemical processes (Khalil, 2018; Lien and Hung, 2021).
Therefore, we further analyzed the changes in O3 concentrations caused
by shipping emissions over inland regions.

Fig. 9(a) shows the distribution of O3 concentrations changes in
inland regions caused by shipping emissions for the SIJAQ case. Most of
the regions within the numerical model area, such as eastern China, the
Korean Peninsula, and Japan, show a decrease in the O3 concentration
caused by shipping emissions (up to —29.58%, in Fig. 10). As shown in
Fig. 2, the inland regions of East Asia, which are predominantly NOy-rich
areas, contribute to the decomposition of already produced Oj rather
than the production of Os when shipping emissions are transported
inland. This ultimately leads to decreased O3 concentrations in inland
regions caused by shipping emissions. On the other hand, in Manchuria
and certain regions of Japan, although Os concentrations slightly
increased, the increase (up to +0.82%) was very small compared to the
amount that decreased. The areas where O3 increased had significantly
lower NOy emissions than other regions, indicating that shipping emis-
sions contributed to O3 production rather than O3 destruction, resulting
in increased O3 concentrations on average. In summary, the changes in
inland O3 concentrations caused by shipping emissions during the SIJAQ
case are mainly attributed to the dissipation of O3 produced by shipping
emissions as it is transported inland, similar to the ocean region
described in the previous section.

In contrast, the change in O3 concentrations due to the difference in
shipping emissions in the KORUS case showed a different distribution
from the SIJAQ case. As shown in Figs. 9(b) and 10, similar to the SIJAQ
case, the O3 concentrations decreased in eastern China up to —38.47%
(—16.79 ppb) owing to shipping emissions but increased in the Korean
Peninsula and Japan up to +11.46% (+4.79 ppb). The decrease in O3
concentrations in eastern China is similar to the previous discussion,
indicating that shipping emissions primarily contributed to the titration
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Fig. 11. Spatial distribution of H;O2/HNOj5 ratio in the SIJAQ case ((a) and (b)) and KORUS case ((c) and (d)). The left panel shows the H;02/HNOj5 ratio in the
inland region, including shipping emissions, and the right panel shows the result without shipping emissions.

reaction of produced O3. However, in contrast with the SIJAQ case, the
Korean Peninsula and Japan in the KORUS case showed a different
distribution of O3 concentrations. This suggests that shipping emissions
may not only reduce O3 concentrations as they are transported inland
but, in some cases, could increase O3 concentrations.

The variation in O3 concentrations in inland regions according to the
different regions can also be explained through the indicators described
in the ocean regions. By utilizing the distribution of the Hy05/HNO3
ratio in Fig. 11, the influence of shipping emissions on inland regions
was examined. In the case of SIJAQ, H,O,/HNOj3 ratios below 0.35 were
observed in most regions, indicating a VOC-sensitive regime. This sug-
gests that when NOy from shipping emissions is transported inland,
similar to ocean regions, O3 can be decomposed through the O3 titration
reactions.

Based on the distribution of the H,O5/HNO3 ratio in the KORUS case,
it has been determined that the regions of South Korea and Japan are in
the NOy-sensitive regime with ratios exceeding 0.60, while the eastern
region of China belongs to the VOC-sensitive regime with ratios below
0.35. In addition, based on the Hy05/HNO3 ratio distribution in the
KORUS case, it is determined that the regions of South Korea and Japan
fall into the NOx-sensitive regime with ratios exceeding 0.60, while the
eastern region of China belongs to the VOC-sensitive regime with ratios
below 0.35. This means that in the eastern inland regions of China, the
transport of NOy that is already saturated and emitted from ships leads
to a decrease in Og concentrations. Conversely, in Japan, which is a NOy-
sensitive region, the transport of shipping emissions could increase O3
concentrations. In the case of the Korean Peninsula, excluding shipping
emissions, Oz sensitivity is predominantly in a NOy-sensitive regime.
However, when shipping emissions are included, the western part of the
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peninsula changes to a neutral. This indicates that if shipping emissions
reach the western part of the Korean Peninsula, there could decrease in
O3 concentrations. Fig. 5(c) shows that the Korean Peninsula is mainly
transported by westerly winds, and if shipping emissions from the East
China Sea and Yellow Sea are initially transported to the downwind
region on the western side of the Korean Peninsula, a significant amount
of shipping emissions can contribute to Oj titration reactions, leading to
a decrease in O3 concentration. Subsequently, shipping emissions were
diluted as they were transported from west to east, and the diluted
shipping emissions and additional NOy generated by the Os titration
reaction in the western part of the Korean Peninsula reacted inland to
increase O3 concentrations. The area of increased O3 concentrations is
where the mountain ranges of the Korean Peninsula are located (e.g.
Taebaek and Sobaek mountains, Jung et al., 2007), which have rela-
tively low NOx emissions, the diluted shipping emissions and the NOx
produced by the Oj titration reaction were transported to the inland
areas of the NOy-sensitive Korean Peninsula and contributed to Oz
production. Consequently, shipping emissions were transported east-
ward, they became gradually diluted, contributing more to O3 produc-
tion than titration reactions, and Os concentrations increased
progressively.

We further investigated the effect of BVOC emissions on Os pro-
duction in two cases with different seasons. The difference in growth
patterns of trees between the KORUS case, characterized by vigorous
leaf growth, and SIJAQ, where leaves fall, showed a significant differ-
ence in Leaf Area Index (LAI, Fig. S4), there was a substantial contrast in
BVOC emissions between the two cases (Fig. 12). As a result, the O3
sensitivity of the inland regions of the Korean Peninsula and Japan did
not show a distinct difference with or without the inclusion of BVOC
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Fig. 12. The spatial distribution of BVOC emissions over the entire simulation period and the difference in O3 concentrations due to BVOC emissions in the SIJAQ
and KORUS cases. Panels (a) and (c) represent the SIJAQ case, while panels (b) and (d) depict the KORUS case.

emissions (Fig. S5). This indicates that BVOC does not play an absolute
role in the mechanism of inland O3 production. However, when BVOC
emissions were included, the VOC-sensitive regime in the inland regions
of the Korean Peninsula was more extensive, leading to a further in-
crease in Og concentrations in the inland regions in the KORUS case, as
shown in Fig. 12. These results suggest that the mechanism of O3 pro-
duction could be more distinct in inland regions when including BVOC
emissions.
4. Summary and conclusion
In this study, we analyzed the impact of shipping emissions on O3
concentrations during the periods of the KORUS-AQ (the KORUS case)
and the SIJAQ 2021 campaign (the SIJAQ case). The CMAQ, a three-
dimensional photochemical air quality numerical model, was used to
simulate O3 concentrations, and a case excluding emissions from ocean
areas from the EDGARv6.1 data of the anthropogenic emissions used in
the simulation was additionally simulated and compared to the case
including shipping emissions. The simulation results were verified in
three dimensions using ground-based air quality observations, DC-8
observations conducted by KORUS-AQ, and flight observations con-
ducted by the SIJAQ 2021 campaign. The validated results were then
used to analyze the impact of shipping emissions on O3 concentrations.
A comparison between the Os concentrations in the two cases
simulated by CMAQ showed that the inland O3 concentrations in the
SIJAQ case were lower in South Korea and East China, where NOy
emissions were high. In contrast, Japan and North Korea had relatively
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high O3 concentration distributions compared to these regions. The
KORUS case showed higher O3 concentrations compared to the SIJAQ
case. Although the emissions in the two cases were similar, O3 produc-
tion differed owing to differences in weather conditions (such as high
levels of temperature and insolation).

To analyze the impact of shipping emissions in the two cases with
different O3 production, we divided them into ocean and inland regions.
First, we analyzed the ocean regions and found that O3 concentrations
decreased in the Yellow Sea and increased in the East Sea and North
Pacific caused by shipping emissions, but the amount of increase and
decrease in O3 concentrations was different due to the difference in O3
production in the two cases. In particular, O3 concentrations decreased
in areas with high shipping emissions, such as the Yellow Sea and the
East China Sea, whereas O3 concentrations increased in regions with low
shipping emissions, confirming that differences in emissions can affect
O3 concentrations in ocean regions. Interestingly, the Yellow Sea region
was characterized by changing Os sensitivity due to ship emissions,
when shipping emissions were excluded from the Yellow Sea region,
they changed from a NOy-sensitive regime to a VOC-sensitive regime
with the addition of shipping emissions. This suggests that a large
amount of shipping emissions from the Yellow Sea region affected the O3
sensitivity and that shipping emissions contributed to the Oj titration
reaction, which in turn reduced the O3 concentrations in the ocean
region.

Analyzing the changes in O3 concentrations in inland regions, the
SIJAQ case shows a decrease in O3 concentrations in most parts of East
Asia. When checking the O3 indicator excluding shipping emissions, the
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O3 sensitivity of most inland regions in the SIJAQ case did not change
even though shipping emissions were transported to the VOC-sensitive
regime, indicating that NOy in shipping emissions was transported
inland and decomposed Os. In contrast, the KORUS case showed a
different concentration distribution inland from the SIJAQ case. In
eastern China, O3 concentrations decreased due to shipping emissions,
but interestingly, O3 concentrations increased in the Korean Peninsula
and Japan. Particularly, shipping emissions were predominantly trans-
ported to the Korean Peninsula through westerly winds, resulting in an
initial decrease in O3 concentrations in the western regions of the
Korean Peninsula. However, during the process of transportation from
west to east, the diluted shipping emissions and additional NOx gener-
ated by Og titration reactions led to an increase in O3 concentrations in
the relatively low NOy emission (NOy-sensitive) inland areas of the
Korean Peninsula. Furthermore, examining the influence of BVOC in two
cases with different seasons revealed that in the KORUS case with
abundant BVOC, the transport of shipping emissions contributed to O3
production. These findings indicate that ship emissions in the East Asia
region primarily decrease O3 concentrations. However, differences in
seasonal and regional Og sensitivity and transportation patterns suggest
that ship emissions may contribute to Oz production.

The above results show the impact of shipping emissions on Og
concentrations in East Asia. Shipping emissions had different effects on
the production and destruction of O3 in inland and ocean regions, and
the effects were different in the two cases with different seasons. In
particular, the effects of shipping emissions on Os production and
destruction were quantitatively different, owing to differences in
weather conditions in the two cases with different seasons. The results
confirm that shipping emissions can produce Os when transported
inland in the NOy-rich East Asian region, thereby elucidating the Og
formation process in the region.

However, because this study analyzed the impact of shipping emis-
sions on O3 concentrations in a limited number of regions and cases, and
in the SIJAQ case, emissions for the current year were not available, the
impact of COVID-19 could not be considered. Nevertheless, further
research on various cases and regions based on this study is expected to
elucidate and clarify the impact of shipping emissions on Og
concentrations.
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