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A B S T R A C T

Coastal cities experience persistent air pollution episodes driven by mesoscale circulation such as land-sea 
breezes, which can recirculate pollutants and intensify near-surface concentrations. This study quantitatively 
evaluated the impact of pollutant recirculation influenced by land-sea breeze circulation and ship emissions on 
high PM2.5 episodes in Busan, South Korea. The Recirculation Index (RI) from 2016 to 2024 was analyzed, and 
April had the highest values, indicating a high potential for recirculation-related air pollution. April 2019 was 
selected, when recirculation events coincided with high PM2.5 concentrations. Weather Research and Forecasting 
(WRF) and Community Multiscale Air Quality (CMAQ) simulations for two high pollution cases (April 7 and 21) 
revealed that PM2.5 was recirculated between land and sea by diurnal land-sea breeze circulation, sustaining high 
concentrations in both cases. However, differences in boundary layer development, sea breeze direction, and 
vertical mixing intensity influenced by synoptic conditions and Busan’s coastal geography with southern and 
eastern coastlines altered the transport pathways and spatial patterns of elevated PM2.5. Integrated Process Rate 
(IPR) analysis showed that a deeper boundary layer (April 7) enhanced vertical mixing, whereas a shallower 
boundary layer (April 21) trapped pollutants near the surface, prolonging high concentrations. Source appor
tionment indicated that ship emissions contributed 0.2–14 % to PM2.5, and recirculation enhanced PM2.5 and 
sulfate concentrations by 1.4 and 3.6 %, respectively. The RI is practical for evaluating the recirculation po
tential. These findings highlight the role of land-sea breeze recirculation in amplifying ship emissions and un
derscore the need for targeted coastal emission-control strategies.

1. Introduction

Emissions and meteorological factors influence the occurrence of 
episodes of high air pollution (Jacob and Winner, 2009; Chen et al., 
2018; Chang et al., 2021). Stagnant or weak-wind conditions frequently 
constrain horizontal and vertical mixing, thereby facilitating pollutant 
accumulation near the surface (Zhong et al., 2017; Huang et al., 2018; 
Lin et al., 2022; Shao et al., 2023; Han et al., 2024; Yoo et al., 2024a; Qu 
et al., 2024). Although the general influence of these factors has been 

well established, the relative importance of specific meteorological re
gimes remains uncertain in coastal regions, where local circulation in
teracts with synoptic systems.

Synoptic-scale circulation plays a critical role in regional air quality 
by modulating pollutant transport, atmospheric stability, and stagnation 
(Jeong et al., 2023; Oh et al., 2024). Weakened synoptic pressure gra
dients across the Korean Peninsula produce stagnant conditions that 
favor pollutant accumulation and secondary aerosol formation (Chang 
et al., 2021; Chae et al., 2025). Yoo et al. (2024b) demonstrated that cold 
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front passages and synoptic patterns significantly influenced pollutant 
transport over the Korean Peninsula. Under non-stagnant conditions, 
pollutant episodes can result from regional or long-range transport (Yu 
et al., 2020), and Yoo et al. (2022) showed that low-pressure systems 
associated with lee troughs enhance long-range pollutant inflow. More 
recently, quasi-biweekly variations in large-scale atmospheric circula
tion have been identified as another important driver of PM2.5 vari
ability in East Asia (Lee et al., 2025).

Mesoscale circulation strongly influences coastal air quality by 
controlling of pollutant transport and sea breeze-induced recirculation. 
Choi et al. (2024) linked mesoscale wind regimes to high PM2.5 episodes 
over the Korean Peninsula. Yoo and Lee (2025) demonstrated that 
recirculation driven by land-sea breeze circulation intensified ozone 
pollution during stagnant summer periods in the Korean Peninsula. 
Land-sea breeze occurrences have been increasing across East Asia due 
to stronger land-sea thermal contrasts and weaker background winds 
(Meng et al., 2024; Huang et al., 2025). However, the combined effects 
of recirculation and local emission sources on coastal PM2.5 pollution 
remain poorly understood.

Pollutant recirculation driven by the land-sea breeze circulation can 
substantially enhance coastal pollution. Pollutants transported offshore 
by nocturnal land breezes may return inland with the onset of daytime 
sea breezes, as observed in coastal regions, such as Busan, Houston, and 
Tianjin, which intensify pollutant accumulation under stagnant meteo
rological conditions (Lee et al., 2015; Chao et al., 2025; Yoo and Lee, 
2025). Chao et al. (2025) reported that PM2.5 concentrations in Houston, 
U.S., were approximately 30 % higher on days with recirculation linked 
to land-sea breezes. During such periods, ship emissions over adjacent 
seas can be advected inland by sea breezes, further deteriorating coastal 
air quality. In East Asian coastal regions, ship emissions increase PM2.5 
concentrations by up to 5 μg m− 3 and account for 1–13 % of total PM2.5, 
depending on season and location (Chen et al., 2017; Lv et al., 2018). In 
Busan, South Korea, ship emissions significantly contribute to air quality 
deterioration in port areas (Kwon et al., 2023), with receptor modeling 
confirming their significant influence on urban aerosol composition 

(Jang et al., 2023). However, despite the growing recognition of these 
mechanisms, few studies have quantitatively evaluated the combined 
effects of recirculation and ship emissions on PM2.5 pollution in coastal 
regions using integrated modeling approaches.

Therefore, using a numerical modeling approach, this study quanti
tatively investigates how land-sea breeze–driven recirculation and ship 
emissions interact to influence coastal PM2.5 pollution over South Korea. 
Although the effects of each factor have been examined individually, 
their combined impact on the complex coastal meteorological condi
tions remains insufficiently understood. A quantitative understanding of 
these coupled processes is essential for elucidating the mechanisms 
governing coastal air pollution and for supporting the development of 
region–specific mitigation strategies.

2. Methods

2.1. Meteorological and air quality observational data

This study assessed the potential pollutant recirculation in Busan by 
integrating meteorological and air quality measurements. The hourly 
wind speed and direction were obtained from the Automated Synoptic 
Observing System (ASOS) station in Busan (green circle in Fig. 1), which 
provided the basis for calculating the Recirculation Index (RI). PM2.5 
concentrations were analyzed using data from 18 Air Quality Moni
toring Stations (AQMS; blue and red triangles in Fig. 1). In addition, the 
major components of PM2.5, such as sulfate (SO4

2− ), nitrate (NO3
− ), and 

ammonium (NH4
+), were collected from three intensive monitoring sites 

(orange stars in Fig. 1) to characterize the chemical composition of the 
fine particles. Observations of hourly 2-m temperature and 10-m wind 
speed from 17 ASOS stations (green and black circles in Fig. 1) were 
employed to evaluate the performance of the meteorological model. To 
evaluate the air quality model performance, hourly PM2.5 observations 
from 18 AQMS, along with sulfate, nitrate, and ammonium data from 
three intensive monitoring sites, were analyzed.

Fig. 1. (a) Modeling domains (d01-d04) used in this study. (b) Terrain height and observational sites in the innermost domain (d04). Black circles and triangles (blue 
and red) denote meteorological observation sites and Air Quality Monitoring Stations (AQMS), respectively. The green circle indicates the Automated Synoptic 
Observing System (ASOS) site in Busan, and orange stars indicate the sites measuring PM2.5 chemical composition. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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2.2. Meteorological and air quality model

The Weather Research and Forecasting (WRF; Skamarock et al., 
2008) and Community Multiscale Air Quality (CMAQ; Byun and Schere, 
2006) models were applied to investigate the influence of land-sea 
breeze circulation on air quality. The initial and boundary conditions 
for the WRF model were obtained from the NCEP FNL dataset (0.25◦ ×

0.25◦, 6-h intervals). To resolve mesoscale circulations, particularly sea 
breeze development, the innermost domain (d04) was configured with a 
1-km horizontal resolution (Fig. 1). The Yonsei University planetary 
boundary layer (PBL) scheme (Hong et al., 2006), which has shown good 
performance in simulating coastal land-sea breeze circulations (He et al., 
2022; Yoo and Lee, 2025), was applied. The Morrison double-moment 
microphysics (Morrison et al., 2009) and RRTMG radiation (Iacono 
et al., 2008) schemes were adopted. The detailed WRF model configu
rations are summarized in Table S1. Terrain and land-use data were 
derived from the default GTOPO30 and MODIS 30 s datasets. Model 
simulations were performed for March 21 to May 2, 2019, which 
included the period with the highest recirculation potential (April 2019) 
identified in Section 3.1. The initial 10 days (March 21–31) were used as 
the spin-up period to minimize the influence of the initial conditions.

The Global Air Pollutant Emissions dataset from the Emissions 
Database for Global Atmospheric Research (EDGAR v6.1; Crippa et al., 
2022) was used for the foreign anthropogenic emissions. The Clean Air 
Policy Support System (CAPSS; National Institute of Environmental 
Research, Republic of Korea) 2019 inventory was used for domestic 
emissions, and the Model of Emissions of Gases and Aerosols from Na
ture (MEGAN v2.1) was used for biogenic emissions. The default initial 
chemical and boundary condition profiles of CMAQ were applied. Car
bon Bond 05 with toluene chemistry (CB05-TUCL; Sarwar et al., 2008; 
Whitten et al., 2010) was used for the gas-phase chemistry, and the 
AERO6 module (Appel et al., 2013) was employed to represent the 
aerosol processes.

In this study, the Process Analysis module of CMAQ was applied to 
quantify the relative influence of physical and chemical processes on 
variations in PM2.5 (Gipson and Young, 1999). To analyze the mecha
nisms of pollutant recirculation under land-sea breeze conditions, we 
applied the Integrated Process Rate (IPR) method, which enables a 
detailed attribution of changes in PM2.5 to individual physical and 
chemical processes. The assessment accounted for transport and mixing 
pathways, including horizontal advection (HADV), vertical advection 
(ZADV), horizontal diffusion (HDIF), vertical diffusion (VDIF), and 
emissions (EMIS). This approach enabled the identification of the 
dominant processes responsible for the changes in PM2.5 concentrations. 
IPR calculations were performed for grid cells covering Busan, and the 
results were averaged to represent regional-scale characteristics.

2.3. Calculation of the Recirculation Index

To quantitatively assess the potential for pollutant recirculation 
associated with land-sea breeze circulation, the RI was calculated ac
cording to Allwine and Whiteman (1994). The RI expresses the ratio of 
the total travel distance to the net displacement of air parcels using 
hourly wind observations at a single location, and is defined as 

L=
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where T is the total time period (24 h); uj and vj represent the zonal and 

meridional wind components at each hour, respectively; L is the net 
displacement; and S is the total distance traveled. RI values approaching 
zero indicate predominantly linear transport, whereas values 
approaching one reflect a high potential for recirculation. Although this 
method does not explicitly account for vertical mixing, it provides a 
widely used quantitative metric for characterizing the horizontal recir
culation under land-sea breeze conditions (Wang et al., 2022). This 
approach has been extensively applied in coastal air quality studies in 
the U.S. (Li et al., 2020), Portugal (Russo et al., 2016), China (Li et al., 
2018; Wang et al., 2022; Huang et al., 2025), and the Korean Peninsula 
(Lee et al., 2015; Yoo and Lee, 2025) to investigate the relationship 
between recirculation events and air pollution.

In this study, the RI values were calculated using wind data from the 
Busan ASOS station for 2016–2024. Months with frequent recirculation 
events were identified based on the RI, and representative high-RI cases 
were selected for detailed numerical simulations.

2.4. Experimental design

In this study, numerical simulations using the WRF and CMAQ 
models were conducted from March 21 to May 1, 2019. The period from 
March 21 to March 31 was designated as the spin-up period, and the 
analysis focused on the simulation results for April 2019.

According to the 2019 CAPSS emissions inventory, the annual 
emissions from the Busan region were estimated to be 47,811 tons of 
NOx, 9,098 tons of SOx, 5,888 tons of PM10, and 2,469 tons of PM2.5. Of 
these, ship emissions accounted for approximately 40 %, 75 %, 21 %, 
and 46 % of NOx, SOx, PM10, and PM2.5, respectively (Fig. S1), indi
cating a potentially significant contribution of ship emissions to the air 
pollution in Busan.

Three numerical experiments were conducted to quantitatively 
assess the impact of ship emissions under conditions of high recircula
tion potential: 

(1) Base experiment: Simulation including all emissions from do
mestic (including Busan), foreign, and ship sources

(2) BusanShip experiment: Simulation including emissions from 
Busan and ships, excluding foreign sources

(3) BusanOnly experiment: Simulation including emissions from 
Busan only, excluding foreign and ship sources

The source contributions were calculated using the concentration 
differences among the three experiments, as defined below: 

Contributionexternal(%)=
CBase − CBusanShip

CBase
× 100 (4) 

Contributionship(%)=
CBusanShip − CBusanOnly

CBase
× 100 (5) 

Contributionbusan(%)=
CBusanOnly

CBase
× 100 (6) 

where C represents the simulated PM2.5 concentrations in each 
experiment.

3. Results

3.1. Monthly variation of RI and PM2.5 (2016–2024)

Fig. 2a shows the monthly variations in the RI and PM2.5 concen
trations in Busan from 2016 to 2024. The RI was the highest in April 
(0.29) and lowest in July (0.19). PM2.5 concentrations peaked in 
January and March (24.67 μg m− 3) and were lowest in September 
(13.22 μg m− 3). April exhibited the highest average RI among all 
months, suggesting favorable conditions for pollutant recirculation 
associated with land-sea breeze circulation. Sea breeze events occur 
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most frequently from spring to early summer, when land surfaces warm 
more rapidly than the sea owing to increased solar radiation (Viner 
et al., 2021). These seasonal characteristics indicate that April provides 
an optimal period for examining recirculation mechanisms and the 
associated PM2.5 variability.

Following Russo et al. (2018) and Yoo and Lee (2025), the recircu
lation days were defined as the days when the daily RI exceeded the 
long-term mean RI calculated for the study period. In this study, recir
culation days were defined as days with an RI equal to or greater than 
the long-term average (0.254) calculated from 3,288 days between 2016 
and 2024.

Fig. 2b illustrates the annual variation in the number of recirculation 
days and the mean PM2.5 concentrations on recirculation and non- 
recirculation days in April for 2016–2024. Although the number of 
recirculation days fluctuated annually, >10 such days were consistently 
identified each April, with particularly high frequencies in 2016, 2019, 
and 2020. In most years, PM2.5 concentrations were higher on recircu
lation days than on non-recirculation days, with the largest differences 
observed in April 2016 (8.0 μg m− 3) and April 2019 (7.4 μg m− 3). These 
findings suggest that recirculation processes contributed significantly to 
particulate matter accumulation during these periods.

April 2016 included five days affected by Asian dust, which likely 
increased the PM2.5 concentrations during this period. In contrast, no 
Asian dust events occurred in April 2019, allowing the differences be
tween recirculation and non-recirculation days to be distinguished more 
clearly. Therefore, April 2019 was selected as the case study period for 
detailed simulations aimed at investigating land-sea breeze associated 
recirculation and its contribution to PM2.5 pollution in Busan.

Fig. 3 shows the daily variation in the RI and PM2.5 concentrations in 
Busan and Seoul during April 2019. Seoul was included in the analysis 
because it is strongly influenced by transboundary pollution (Choi et al., 

2024), thereby providing a reference point for distinguishing trans
boundary sources from local emissions in Busan. By comparing the two 
cities, the influence of land-sea breeze circulations and associated 
pollutant transport on high PM2.5 episodes in Busan can be elucidated. In 
Fig. 3, daily RI values are represented as vertical bars, with green and 
orange bars indicating days below and above (recirculation days) the 
mean threshold of 0.254, respectively. April 2019 had 14 recirculation 
days. A correlation coefficient (R) of approximately 0.41 was identified 
between PM2.5 concentrations and the RI in Busan, suggesting that 
higher RI values are associated with higher PM2.5 concentrations. This 
relationship indicates that enhanced recirculation may promote the 
transport and accumulation of pollutants, leading to higher PM2.5 con
centrations under certain meteorological conditions. However, this 
correlation should be interpreted cautiously, given the limited temporal 
scope of the one-month analysis.

On April 7 and 21, RI values exceeded 0.5 and daily mean PM2.5 
concentrations in Busan surpassed 35 μg m− 3. Meanwhile, PM2.5 con
centrations in Seoul were substantially lower (16 and 24 μg m− 3, 
respectively), confirming that the high pollution in Busan was primarily 
driven by local circulations rather than transboundary transport. 
Therefore, these days were selected for detailed analysis, as they clearly 
demonstrated the influence of mesoscale circulations, specifically land- 
sea breeze recirculation, on PM2.5 buildup under weak synoptic forcing.

3.2. Model performance evaluation

Before the detailed modeling analysis of the April 2019 case, we 
evaluated the performance of the WRF and CMAQ simulations to ensure 
that the meteorological and air quality conditions were realistically 
reproduced. The statistical metrics used in this study included the mean 
bias (MB), which represents the average difference between the modeled 
and observed values; root mean square error (RMSE), which measures 
the magnitude of the overall error; index of agreement (IOA), which 
quantifies the level of agreement on a scale from 0 to 1, and R, which 
indicates the linear correlation, with values closer to 1 denoting stronger 
correlation.

The meteorological simulations satisfied the performance criteria 
suggested by Emery et al. (2001), which require MB ≤± 0.5 ◦C and IOA 
≥0.7 for 2-m temperature, and MB ≤± 0.5 m s− 1 and IOA ≥0.6 for 10-m 
wind speed. The simulated 2-m temperature showed excellent agree
ment with an IOA of 0.95 and R of 0.92, whereas the 10-m wind speed 
simulation showed satisfactory accuracy with an IOA of 0.73 and R of 
0.65 (Fig. S2). Additionally, the RMSEs were 2.05 ◦C for 2-m tempera
ture and 1.68 m s− 1 for 10-m wind speed, further supporting the reli
ability of the WRF simulations.

The PM2.5 concentrations simulated using the CMAQ model was 
compared with surface observations (Fig. S3). The observed and 
modeled mean PM2.5 concentrations in April 2019 were 18.79 and 
18.43 μg m− 3, respectively. The statistical indicators showed RMSE =
13.18 μg m− 3, MB = − 0.37 μg m− 3, IOA = 0.72, and R = 0.60, indicating 

Fig. 2. (a) Monthly mean Recirculation Index (RI) and PM2.5 concentrations 
from 2016 to 2024. (b) Frequency of recirculation days and mean PM2.5 con
centrations on recirculation and non-recirculation days in April dur
ing 2016–2024.

Fig. 3. Daily Recirculation Index (RI) and mean PM2.5 concentrations in Busan 
and Seoul during April 2019.
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that the model reasonably reproduced temporal variations with a slight 
underestimation. The major ionic components (sulfate, nitrate, and 
ammonium) were also slightly underestimated but exhibited IOA and R 
values exceeding 0.6, indicating an overall reliable model performance. 
This bias likely resulted from uncertainties in emissions, meteorological 
inputs, and boundary conditions (Miao et al., 2017). In particular, the 
overestimated wind speeds in the WRF model (Fig. S2) may have 
enhanced the horizontal dispersion, leading to lower near-surface PM2.5 
concentrations. Overall, the model reproduced the observed variations 
reasonably well, providing confidence in subsequent source contribu
tion and process analyses.

3.3. Analysis of high PM2.5 episodes under land-sea breeze influence

The synoptic surface weather patterns for April 7 and 21 are shown 
in Fig. S4. On both days, a high-pressure system dominated the Korean 
Peninsula, providing favorable conditions for mesoscale circulation such 

as land-sea breezes. However, differences in the pressure distribution 
and relative positions of the surrounding high- and low-pressure systems 
around the Korean Peninsula likely influenced the direction and strength 
of local sea breeze development and the associated pollutant transport.

On April 7, a high-pressure system extending from northern China 
and a weak low-pressure system extending to the southwest formed a 
weak east-west pressure gradient over the Busan area, favoring the 
development of an easterly sea breeze. This sea breeze circulation could 
have transported pollutants from the sea back toward land, contributing 
to locally elevated PM2.5 concentrations.

In contrast, April 21 was characterized by a broad high-pressure 
system covering the Korean Peninsula, with Busan located near the 
southeastern edge of the system, where widely spaced isobars indicated 
weak synoptic forcing. Although a weak low-pressure system was pre
sent to the east of the peninsula, the pressure difference between the two 
systems was small, resulting in a weak pressure gradient over Busan. 
This synoptic pattern provided favorable conditions for the development 

Fig. 4. Horizontal distribution of PM2.5 concentrations from the BusanOnly experiment on April 7, 2019.
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of local circulation, such as land-sea breezes. The weak cyclonic flow 
associated with the low-pressure system in the east may have enhanced 
the southerly component of the sea breeze. Under this weak synoptic 
forcing, a southerly sea breeze developed over the Busan area, which is 
consistent with previous observations that southerly sea breezes were 
dominant along the southeastern Korean coast (Oh et al., 2006; Park 
et al., 2014). However, southerly and easterly sea breeze components 
can develop under weak synoptic conditions, depending on the local 
topography and coastal orientation. Therefore, the contrasting sea 
breeze directions observed on April 7 and 21 reflect the representative 
behavior of local land-sea breeze circulation under different synoptic 
patterns and coastal topographies.

3.3.1. Case 1: April 7
To investigate the recirculation of pollutants emitted by Busan back 

into the city, we analyzed the horizontal distribution of PM2.5 concen
trations from 07:00 to 12:00 on April 7, 2019, using the BusanOnly 
experiment, which included emissions only from the Busan area (Fig. 4). 
During 07:00–08:00, weak westerly (offshore) winds slowly transported 
pollutants from land toward the sea, leading to elevated PM2.5 concen
trations along the coast and in nearby offshore regions of Busan. Sea 
breeze circulation began to develop around 09:00, and after 10:00, an 
easterly sea breeze became more prominent, recirculating PM2.5 from 
the sea back to land.

To quantify sea breeze development and the associated PM2.5 
changes, the time series of wind speed, direction, and PM2.5 concen
trations over Busan from the Base experiment were analyzed (Fig. 5a). 
Horizontal distribution analysis showed that sea breezes began to 
develop at approximately 09:00. Accordingly, the PM2.5 peak observed 
at 08:00 is likely attributable to the combined influence of pollutants 
accumulated during the night and early morning hours and local 

emissions within Busan (Fig. 5a). In contrast, the 11:00 peak, which 
occurred after the development of the sea breeze, can be attributed to 
the recirculation of pollutants that had been transported to the sea by 
the nocturnal land breeze, and subsequently recirculated inland by the 
sea breeze. This pattern indicates that high concentrations were gener
ated through the return of pollutants previously transported to the sea, 
driven by land-sea breeze recirculation.

The east-west vertical cross-section along 35.18◦ N (Fig. 4) also re
veals consistent characteristics of land-sea breeze circulation (Fig. 6). 
During 07:00–08:00, weak westerlies transported PM2.5 offshore; how
ever, the wind direction near the coastline gradually shifted inland over 
time. After 10:00, fully developed easterly sea breezes transported of 
PM2.5 from the sea. At 11:00 LST, a sea breeze front formed at the 
location where the potential temperature (Fig. 6) over the sea (308 K) 
intersected with that over land (308 K), and elevated PM2.5 concentra
tions were observed near the front. As the sea breeze front propagated 
inland, the potential temperature in the lower coastal layer decreased to 
306 K, indicating the advection of cooler marine air. In contrast, the 
inland areas maintained higher values of 308–310 K, and exhibited a 
distinct horizontal gradient. The PBL heights developed up to approxi
mately 1.4 km, with a return flow toward the sea observed near the 
upper part of the boundary layer (1.0–1.2 km). This feature is consistent 
with the typical land-sea breeze structure reported in previous studies, 
in which onshore flow in the lower layer (surface to approximately 500 
m) and upward motion above the sea breeze front led to the develop
ment of a return flow near approximately 900 hPa (Crosman and Horel, 
2010; Miller et al., 2003). In this study, PM2.5 was transported from land 
to sea along this return flow, whereas in the lower layer (surface to 
approximately 800 m), the sea breeze transported PM2.5 inland. These 
processes illustrate how horizontal recirculation driven by land-sea 
breeze circulation, combined with boundary layer mixing, contributed 

Fig. 5. Time series of wind speed, wind direction, and PM2.5 concentrations in Busan from the Base experiment on (a) April 7 and (b) 21, 2019. Red and black solid 
lines indicate PM2.5 concentrations and wind speed, respectively, whereas blue dots represent wind direction. In (b), colored dashed lines (P1–P3) denote PM2.5 
concentrations at the three eastern coastal sites shown in Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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to elevated PM2.5 concentrations over Busan.
According to the IPR analysis over Busan (Fig. 7a), during sea breeze 

intrusion (09:00–11:00 LST), positive contributions from HADV were 
found below approximately 400 m (layers 1–4), quantitatively con
firming the inland transport of pollutants from the sea. In addition, 
negative contributions from ZADV appeared in layers 1–5, suggesting 

that the transported pollutants were mixed vertically and dispersed 
upward within the developing boundary layer. The formation of high 
PM2.5 concentrations on April 7 can be attributed to the interaction 
between sea breeze-driven horizontal transport and vertical mixing 
within the boundary layer. This case represents an easterly sea breeze 
that commonly develops along the southeastern coast of Korea under 

Fig. 6. Vertical cross-sections of PM2.5 concentrations from the BusanOnly experiment on April 7, 2019. Gray dashed lines indicate potential temperature, and the 
red line represents Busan. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Integrated Process Rate analysis showing the contributions of horizontal advection (HADV), vertical advection (ZADV), horizontal diffusion (HDIF), vertical 
diffusion (VDIF), and emissions (EMIS) to PM2.5 concentrations changes during the sea breeze period (09:00–11:00 LST) on (a) April 7 and (b) 21, 2019. Height levels 
correspond to 28 m, 98 m, 193 m, 314 m, 466 m, and 659 m. The results represent the average of grid cells covering Busan.
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weak synoptic conditions (Oh et al., 2006; Park et al., 2014).

3.3.2. Case 2: April 21
On April 21, the winds remained weak in the morning, with mean 

speeds of approximately 0.7 m s− 1 in Busan. Under these conditions, 
pollutants were not sufficiently advected offshore by the land breeze and 
the atmosphere stagnated, leading to the accumulation of PM2.5 in the 
coastal region (Fig. 8). After 09:00, southerly to southeasterly sea 
breezes gradually developed under weak synoptic forcing, which was 
consistent with the synoptic pattern described in Section 3.3. These 
locally developed breezes initiated the inland transport of accumulated 
PM2.5. This transport became more apparent after 12:00, resulting in 
high PM2.5 concentrations over the Busan area.

At 08:00, a peak in PM2.5 concentrations was observed, similar to the 
early-morning enhancement on April 7 (Fig. 5b). However, despite the 
development of a southerly sea breeze at approximately 11:00, the mean 

PM2.5 concentration in Busan did not increase pronouncedly. Following 
the development of the sea breeze, concentrations gradually increased at 
the eastern coastal sites (P1–P3). The increases began after 09:00 at P1, 
10:00 at P2, and 11:00 at P3 (Fig. 5b). These elevated concentrations 
were largely confined to the eastern coastal area. This indicates that sea 
breezes transported pollutants inland from the eastern coastline, pro
ducing localized high concentrations. Consequently, on April 21, the 
southerly sea breeze primarily influenced the eastern coastal zone, 
resulting in localized pollution, while on April 7, the easterly sea breeze 
transported pollutants more broadly inland, leading to a citywide in
crease in mean concentrations. These findings suggest that the locations 
of high PM2.5 concentrations can vary depending on the sea breeze di
rection and the associated transport pathways.

The north-south vertical cross section along 129.13◦ E confirms the 
inland transport of cooler air from the sea (Fig. 9). The sea breeze on 
April 21 extended up to an altitude of approximately 600 m, with a 

Fig. 8. Horizontal distribution of PM2.5 concentrations from the BusanOnly experiment on April 21, 2019.
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return flow toward the sea forming near 800 m, indicating a relatively 
shallow vertical structure of sea breeze circulation. On April 7, the 
boundary layer developed to a higher altitude and stronger vertical 
mixing dispersed pollutants more effectively into the upper layers, 
which weakened the horizontal transport toward the sea by the return 
flow. In contrast, on April 21, the lower boundary layer height limited 
vertical mixing, causing pollutants to remain concentrated in the lower 
layer and enabling the return flow to transport more PM2.5 toward the 
sea. These differences suggest that variations in boundary layer devel
opment and vertical mixing intensity can substantially affect the amount 
of PM2.5 transported from land to sea by the return flow, which in turn 
can influence its horizontal distribution during recirculation events.

The IPR analysis over Busan (Fig. 7b) showed that from 09:00–11:00 
LST, positive HADV contributions were present, although they were 
limited to layers (1–2). This indicated that pollutant recirculation pri
marily occurred near the surface. The ZADV contributions were weakly 
negative in layers 1–4, suggesting shallow and limited vertical mixing, 
which limited the upward dispersion of pollutants. Consequently, the 
recirculated pollutants likely remained near the surface for longer pe
riods, sustaining high concentrations. This is consistent with the PM2.5 
time series (Fig. 5b), which showed that, unlike those on April 7, where 
concentrations declined after noon, the high concentrations on April 21 
persisted in the afternoon.

This case was not characterized by a typical land-to-sea breeze 

transition but by weak land breezes under stagnant meteorological 
conditions, followed by the development of a daytime sea breeze. On 
April 7, an easterly sea breeze developed, whereas on April 21, the sea 
breeze was southerly, reflecting the influence of synoptic conditions and 
Busan’s geographic location, which is situated along the southern and 
eastern coastlines.

In both cases, land-sea breeze circulation contributed to PM2.5 
recirculation and high concentrations. However, variations in the 
boundary layer development, sea breeze intensity and direction, and 
vertical mixing conditions influenced the persistence and spatial distri
bution of elevated concentrations. Although high RI values are generally 
associated with recirculation events, similar values can also occur under 
stagnant conditions with weak winds, making it difficult to clearly 
identify recirculation. Therefore, incorporating additional criteria, such 
as wind speed, along with RI thresholds may improve the accuracy of the 
recirculation day classification.

3.4. Source contribution analysis

To quantify the contribution of different sources to PM2.5 and its 
major components (sulfate, nitrate, and ammonium), April 2019 was 
categorized into recirculation and non-recirculation days. The relative 
contributions of external sources, ship emissions, and Busan emissions 
were estimated (Table S2). The contributions were estimated as relative 

Fig. 9. Vertical cross-sections of PM2.5 concentrations from the BusanOnly experiment on April 21, 2019. Gray dashed lines indicate potential temperature, and the 
red line represents Busan. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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percentages based on the differences between the model experiments.
Ship emissions accounted for an average of 3.5 % of PM2.5, with a 

maximum contribution of 14.0 %. Notably, the contribution from ships 
was higher on the recirculation days, averaging 4.3 %, which was 1.4 % 
greater than that on the non-recirculation days (2.9 %). Similar trends 
were observed for sulfate and ammonium. During active recirculation, 
the pollutants that remained over the sea were likely transported inland 
by sea breezes, thereby enhancing the impact of ship emissions. The 
average contribution of ships to sulfate was 4.6 %, peaking at 42.3 %. On 
recirculation days, the average increased to 6.5 %, 3.6 % higher than 
that on non-recirculation days. Similarly, ammonium showed an 
average ship contribution of 3.7 % on recirculation days, which was 1.9 
% higher than that on non-recirculation days. In contrast, nitrate 
showed lower ship contributions on the recirculation days. This may be 
attributed to the relatively strong influence of land-based emission 
sources, such as vehicle NOx, on non-recirculation days. These sources 
promote the formation of nitrates, thereby reducing the relative con
tributions of ship emissions. Additionally, under humid sea breeze 
conditions, weakened photochemical activity may suppress gaseous 
HNO3 production, further limiting secondary nitrate formation (Ding 
et al., 2021; Lu et al., 2023). Overall, these results indicated that recir
culation events combined with ship emissions elevated PM2.5 concen
trations in Busan, particularly sulfate and ammonium.

According to the 2019 CAPSS inventory, approximately 75 % of SOx 
emissions in Busan originate from ships, which is significantly higher 
than the proportions of NOx and PM2.5 (Fig. S1). Therefore, when 
meteorological conditions, such as sea breezes, enhance the inland 
transport of coastal pollutants on recirculation days, the impact of ship 
emissions on sulfate and ammonium concentrations is amplified. These 
findings highlight the importance role of ship emissions in pollutant 
recirculation events and suggest that SOx emissions from ships, coupled 
with recirculation-related meteorological processes, can significantly 
contribute to high PM2.5 concentrations in Busan. This emphasizes the 
need for emission control strategies targeting ship emissions, particu
larly under conditions conducive to recirculation, to improve air quality 
and mitigate pollution.

4. Conclusions

This study examined how land-sea breeze-driven recirculation and 
ship emissions interactively affect PM2.5 pollution in Busan, South 
Korea, using the WRF and CMAQ models. The RI analysis indicated that 
April exhibited the highest potential for recirculation throughout the 
year. Two high PM2.5 recirculation cases in April 2019 showed that sea 
breeze circulations transported pollutants inland, increasing PM2.5. 
Variations in boundary layer development and sea breeze direction are 
influenced by synoptic forcing, coastal topography, controlled pollutant 
transport, and return flows within sea breeze circulation.

During recirculation events, ship emissions contributed approxi
mately 4 % of the total PM2.5 on average and up to 14 % at the peak, with 

sulfate contributions increasing from 4.6 % to 6.5 %. These results 
exhibit patterns consistent with those of other coastal cities, such as 
Qingdao (1.5–13.1 %) and Houston (30 % higher on recirculation days). 
However, the overall influence appeared to be weaker, likely reflecting 
the short study period (April) and the use of citywide averages. Never
theless, the findings consistently suggest that meteorological conditions 
favorable for sea breeze recirculation amplify the influence of ship 
emissions and promote secondary aerosol formation in coastal areas.

These findings highlight the practical value of the RI for identifying 
recirculation potential and forecasting pollution episodes. Integrating 
the RI and short-term weather forecasts into early warning systems 
could support the timely control of ship emissions in port areas. How
ever, its broader application may be constrained by limited wind data, 
complex topography, and variability in the boundary layer 
development.

Future work should refine the RI by introducing wind speed 
thresholds to better distinguish between recirculation and stagnation. 
Comparative analyses across coastal regions would help clarify its gen
eral applicability under diverse climatic and emission conditions and 
improve forecasting and emission-control strategies for coastal cities.
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Glossary

Abbreviations
ASOS Automated Synoptic Observing System
AQMS Air Quality Monitoring Stations
CB05TUCL Carbon Bond 05 with Toluene Chemistry
CMAQ Community Multiscale Air Quality model
EDGAR Emissions Database for Global Atmospheric Research
EMIS Emissions
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(continued )

HADV Horizontal Advection
HDIF Horizontal Diffusion
IOA Index of Agreement
IPR Integrated Process Rate
MB Mean Bias
MEGAN Model of Emissions of Gases and Aerosols from Nature
PBL Planetary Boundary Layer
R Correlation Coefficient
RI Recirculation Index
RMSE Root Mean Square Error
VDIF Vertical Diffusion
WRF Weather Research and Forecasting model
ZADV Vertical Advection
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