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A B S T R A C T   

Various numerical experiments using WRF (Weather Research & Forecasting Model) and CMAQ (Community 
Multiscale Air Quality Modeling System) were performed to analyze the phenomenon of rapidly high concen
tration PM2.5 after the passage of a cold front in an area with limited local emissions. The episode period was 
from January 14 to 23, 2018, and analysis was conducted by dividing it into two stages according to the 
characteristics of changes in PM2.5 concentrations during the period. Through the analysis of observational data 
during the episode period, we confirmed meteorological impacts (decrease in temperature, increase in wind 
speed and relative humidity) and an increase in air pollution (PM10 and PM2.5) attributed to the passage of a cold 
front. Using CMAQ’s IPR (Integrated Process Rate) analysis, the contribution of the horizontal advection process 
was observed in transporting PM2.5 to Gangneung at higher altitudes, and the PM2.5 concentrations at the surface 
increased because the vertical advection process was influenced by the terrain. Notably, in Stage 2 (64 μg⋅m− 3), a 
higher contribution of the vertical advection process compared to Stage 1 (35 μg⋅m− 3) was observed, which is 
attributed to the differences in synoptic patterns following the passage of the cold front. During Stage 2, 
following the cold front, atmospheric stability (dominance of high-pressure system) led to air subsidence and the 
presence of a temperature inversion layer, creating favorable meteorological conditions for the accumulation of 
air pollutants. This study offers the mechanisms of air pollution over the Korean Peninsula under non-stationary 
meteorological conditions, particularly in relation to the passage of the cold front (low-pressure system). 
Notably, the influence of a cold front can vary according to the synoptic patterns that develop following its 
passage.   

1. Introduction 

Air pollution is a significant public health issue, negatively impacting 
human health and ecosystems (Cohen et al., 2017; Apte et al., 2018; 
Agathokleous et al., 2020). The primary causes of air pollution are 
known to be emissions of pollutants primarily originating from human 
activities and are influenced by meteorological conditions and topo
graphical factors. In particular, meteorological conditions have been 
shown to contribute more than 30–50% to the occurrence of severe air 
pollution events (Zhang et al., 2018; Ma et al., 2020). Meteorological 
conditions, such as wind, planetary boundary layer (PBL) heights, 

relative humidity, temperature, and air stagnation, affect the transport, 
accumulation, dispersion, and chemical reactions of pollutants (Tai 
et al., 2010; Pateraki et al., 2012; Chen et al., 2018). 

Air pollution frequently occurs under meteorological conditions 
dominated by high-pressure systems. The dominance of high-pressure 
systems leads to meteorological stagnation characterized by low wind 
speeds and absence of precipitation. These meteorological conditions 
create a favorable environment for the surface accumulation of pollut
ants, contributing to the occurrence of air pollution (Liu et al., 2013; Li 
et al., 2015; Liu et al., 2019; Bei et al., 2020; Jun and Gu, 2023). 

Air pollution can occur under strong winds or non-stagnant 
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meteorological conditions (Yu et al., 2020). In East Asia, where pre
vailing westerly winds dominate, strong winds in the lower atmosphere 
can cause the long-range transport of pollutants from upwind areas, 
leading to air pollution in downwind areas (Itahashi et al., 2017; Lu 
et al., 2019; Yu et al., 2020; Hu et al., 2021; Mo et al., 2021). The 
development of lee trough-induced low-pressure systems at high alti
tudes enhances pollutant transport through strong winds (Yoo et al., 
2022). 

Additionally, low-pressure systems with cold fronts during the 
winter can influence air pollution. Cold fronts are formed when cold air 
moves in and pushes under warmer air, resulting in rapid changes in 
meteorological conditions, including temperature, wind, and air pres
sure. The increased wind speeds accompanying the passage of cold 
fronts can promote the dispersion of pollutants into adjacent areas, 
potentially resulting in improved air quality (Hu et al., 2018). 

However, the passage of a cold front can induce air pollution in the 
downwind areas as pollutants are transported through advection pro
cesses (Zhang et al., 2022). Zeng et al. (2010) reported that dust events 
occur at high altitudes in northern China due to the strong winds asso
ciated with cold fronts. Furthermore, Hu et al. (2019) found that the air 
quality in downwind areas deteriorates due to the accumulation of 
pollutants along the edges of the cold front. Additionally, more than 
60% of haze occurrences in some regions of China are attributed to 
long-range transport induced by cold fronts (Liu et al., 2021). Jin et al. 
(2021) proposed that the passage of a cold front or a low-pressure sys
tem can induce a strong upward flux through surface convergence, 
leading to the dispersion of surface pollutants into the upper-layer. Air 
pollutants in the upper-layer are then transported over long distances, 
leading to high concentrations in downwind areas (Kang et al., 2021). In 
addition, the atmosphere can be stabilized by a high-pressure system 
developing behind the cold front. Zhang et al. (2018) reported an in
crease in PM2.5 concentrations when a low-pressure system transitioned 
to a high-pressure system. 

Despite their potential to induce air pollution, low-pressure systems 
accompanying the cold front have not received significant attention in 
air pollution issues because of their association with precipitation and 
strong winds. 

The Korean Peninsula is surrounded by seas on three sides and fea
tures complex mountainous terrain. This complexity in mountainous 
and coastline distributions leads to intricate processes related to pre
cipitation development and front formations. In particular, when low- 
pressure systems encounter such complex terrain during their move
ment, they can become a key factor in determining the transport char
acteristics of air pollutants. Therefore, this study aimed to analyze the 
impact and characteristics of the occurrence of high concentration PM2.5 
and changes in concentrations due to the passage of the cold front in the 
complex mountainous and coastal terrain of the Korean Peninsula. 

2. Methods 

2.1. Air quality and meteorological data 

Deterioration in air quality in regions with low local emissions may 
be influenced by long-range transport from upwind areas. We conducted 
an analysis of the Gangneung area, which has low local emissions and is 
located in the downwind area with mountainous terrain to the west, 
where changes in PM2.5 concentrations may occur due to the passage of 
cold fronts (Fig. S1). 

To investigate the air quality in Gangneung, we collected measured 
data on PM2.5 hourly concentrations from the Air Quality Monitoring 
Station (AQMS) network managed by the National Institute of Envi
ronmental Research (http://www.airkorea.or.kr). 

Meteorological observation data were obtained from the Automated 
Synoptic Observing System (ASOS) provided by the Korea Meteorolog
ical Administration (KMA). In this study, we investigated the passage of 
cold fronts and air quality using hourly 2-m temperature and relative 

humidity, and 10-m wind speed during winter (January, February, and 
December) from 2016 to 2022. 

Observation data were collected to evaluate the performance of the 
meteorological and air quality numerical models. The results of the WRF 
(Weather Research & Forecasting Model) and CMAQ (Community 
Multiscale Air Quality Modeling System) models were statistically 
validated using ASOS meteorological observation data from 89 stations 
and AQMS air quality measurement data from 290 stations. 

2.2. Reanalysis data 

To analyze large-scale synoptic patterns during periods of high 
concentration in Gangneung, mean sea-level pressure (SLP) data from 
the winter of 2016–2022 were utilized. SLP data were obtained from the 
Final Operational Global Analysis (FNL) reanalysis dataset with a hori
zontal resolution of 0.25◦ × 0.25◦ and temporal resolution of 6-hour (00, 
06, 12, and 18 UTC) provided by the National Centers for Environmental 
Prediction (NCEP). The reanalysis data was utilized as both the initial 
and boundary data for the WRF model. 

2.3. Model description 

In this study, numerical simulations of meteorology and air quality 
were conducted using the WRF (version 3.9.1.1) model (Skamarock 
et al., 2008) and the CMAQ (version 5.2) model (Byun and Schere, 2006) 
to examine the impact of cold fronts on air quality. The simulation 
consisted of two domains: Domain 1 covered the East Asia region with a 
horizontal resolution of 27 km on a grid of 170 × 110 cells, and Domain 
2 centered on the Korean Peninsula with 9 km resolution on a grid of 
145 × 139 cells. In the vertical, the model was divided into a total of 40 
layers. The WRF model’s initial and boundary conditions are derived 
from the FNL reanalysis data. The simulation period covers from 10–24 
January, with the initial 72-hour as spin-up time to mitigate the impact 
of uncertainties in the initial conditions. 

Detailed physics options include the Morrison double-moment 
scheme (Morrison et al., 2009), the Noah Land Surface Model (Ek 
et al., 2003), the RRTMG shortwave and longwave schemes (Iacono 
et al., 2008), the Yonsei (YSU) University scheme (Hong et al., 2006), 
and Kain-Fritsch cumulus cloud parameterization (Kain, 2004). In this 
study, grid nudging was applied to obtain more accurate meteorological 
simulation results, particularly for synoptic patterns such as high- and 
low-pressure systems and fronts. Grid nudging was applied to both 
Domains 1 and 2 for the U and V wind components, potential temper
ature, and water-vapor mixing ratio above the PBL. 

The anthropogenic emission data used in the CMAQ model were 
retrived from The Emissions Database for Global Atmospheric Research 
(EDGARv6.1), with a horizontal resolution of 0.1◦ × 0.1◦. Additionally, 
biogenic emission data were sourced from the Model of Emissions of 
Gases and Aerosols from Nature (MEGAN version 2.1). 

To quantitatively investigate the relationship between cold fronts 
and air quality, we utilized the Integrated Process Rate (IPR) derived 
from the Process Analysis (PA) module within the CMAQ model (Gipson 
and Young, 1999). IPR is utilized for identifying and quantifying the 
contributions of physical and chemical processes on air pollutants, 
including PM2.5. These processes include (horizontal and vertical) 
advection and dispersion, emissions, chemical, aerosol, deposition, and 
cloud processes. The hourly contribution of each process was computed 
quantitatively. In this study, we analyzed the horizontal and vertical 
advection by considering the inflow and outflow of PM2.5. 

3. Results 

3.1. PM2.5 concentrations during the 2016–2022 winter 

We investigated the temporal variations of PM2.5 concentrations 
during winter from 2016 to 2022 in Gangneung, characterized by low 
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local emissions (Fig. S2). Consequently, we observed a decreasing trend 
in PM2.5 concentrations, with a total of 16 days of severe air pollution 
cases (daily average PM2.5 > 51 μg⋅m− 3) recorded (Table S1). Severe air 
pollution occurred for 3 days in 2016 and peaked at 7 days in 2017. The 
number of occurrence days decreased after 2017, with no severe air 
pollution recorded from 2020 to 2022. The decreasing trend in severe air 
pollution occurrences is attributed to efforts to reduce anthropogenic 
emissions, both in South Korea and foreign countries (Zheng et al., 2018; 
Zhang et al., 2019; Bae et al., 2021). 

To analyze the link between high PM2.5 concentrations events in 
winter and large-scale synoptic patterns in Gangneung, we presented the 
mean sea-level pressure (SLP) distribution for the 8 days of severe air 
pollution occurrences (Fig. 2). Under the influence of high-pressure 
systems, air pollution tends to occur more frequently during elevated 
temperatures and stable atmospheric conditions. However, contrary to 
the expectation of wider isobar spacing due to the influence of high- 
pressure systems, the mean SLP distribution on days of high PM2.5 
concentrations events revealed densely spaced isobars. This result shows 
that the presence of a high-pressure system in the west and a low- 
pressure system in the east. A similar pressure pattern, with a low- 
pressure system present east of the Korean Peninsula, was also 
observed in the surface weather maps for high-concentration days 
(2016.01.04, 2016.12.05, 2017.01.18, 2017.01.19, 2018.01.16, 
2018.01.17, 2018.01.20, 2019.01.15). This suggests that high- 
concentration PM2.5 events can occur not only under well-known sta
ble atmospheric conditions associated with high-pressure systems but 
also under dominant meteorological conditions influenced by low- 
pressure systems. Moreover, on all 8 days when low-pressure systems 
predominated over the Korean Peninsula, a decrease in temperature 
compared to the previous day was observed (Table S1). This suggests 
that severe air pollution may occur in Gangneung due to the influence of 
low-pressure systems accompanied by cold fronts. When considering 
Gangneung’s geographical location in the downwind areas, pollutants 
may be transported from surrounding areas rather than originating from 
local emissions. 

To examine the source of severe air pollution in Gangneung, we 
calculated 24-hour backward trajectories for 8 days using the Hybrid 
Single-particle Lagrangian Integrated Trajectory (HYSPLIT) model 
developed by the National Oceanic and Atmospheric Administration 
(NOAA). The analysis of backward trajectories revealed a predominant 
westerly trajectory (Fig. S3). As a result, pollutants from upwind areas 
(South Korea or foreign countries) are anticipated to be transported to 
Gangneung by westerly winds, potentially resulting in severe air 
pollution. Therefore, this study aims to investigate the relationship be
tween meteorological changes due to the passage of cold fronts and the 
occurrence of severe air pollution in Gangneung. 

3.2. Episode description 

To investigate the influence of the cold front (low-pressure system) 
on high-concentration PM2.5 during the winter season in Gangneung, we 
selected the period from January 14–23, 2018, as the study episode. 
During the episode, the daily average PM2.5 concentrations reached a 
maximum of 64 μg⋅m− 3 on the 20th, with an hourly average peaking at 
97 μg⋅m− 3 on the same day. On the 16th, 18th, and 20th, low-pressure 
systems appeared east of the Korean Peninsula (Fig. S4). In this study, 
we excluded the 18th day of precipitation from the analysis to eliminate 
the impact of precipitation on air quality. Therefore, focusing on the 
periods when low-pressure systems were present, we divided the anal
ysis into two stages: (1) Stage 1: January 16, 00:00–1200 LST, and (2) 
Stage 2: January 19, 18:00–06:00 LST (January 20). 

In Fig. 3, we present the observed data for Gangneung during the 
episode period, including PM10 and PM2.5 concentrations as well as the 
meteorological data (2-m temperature and relative humidity, 10-m wind 
speed and direction). The shaded yellow area represents the periods of 
Stages 1 and 2. Fig. 3 reveals that during Stages 1 and 2, the 2-m 

temperature decreased while the 2-m relative humidity and 10-m 
wind speed increased. On January 15, the maximum 2-m temperature 
was recorded at 12.2 ◦C; however, it decreased to 7.0 ◦C on the 20th due 
to the influx of cold air. Additionally, the maximum temperature drop
ped by 0.9 ◦C on the 16th and 2.2 ◦C on the 20th compared to the 
previous day. The overall low relative humidity in Gangneung is 
attributed to the influence of the Siberian high-pressure system during 
winter on the Korean Peninsula. However, on the 17th, the relative 
humidity was higher owing to precipitation. During the passage of the 
cold front, the relative humidity increased from 25% to 41% on the 16th 
and from 20% to 47% on the 20th. Throughout the episode period 
(January 16–20), the daily average wind speed ranged from 1.9 to 3.1 
m⋅s− 1. However, during the cold-front passage, the wind speed 
increased to 2–3 m⋅s− 1. For example, on the 16th, the wind speed 
increased from 1.5 m⋅s− 1 (03:00 LST) to 5.1 m⋅s− 1 (07:00 LST), resulting 
in a wind speed increase of 3.6 m⋅s− 1. Similarly, on the 20th, the wind 
speed increased from 0.7 m⋅s− 1 (17:00 LST) to 4.7 m⋅s− 1 (06:00 LST), 
resulting in a wind speed increase of 4.0 m⋅s− 1. Nevertheless, owing to 
the prevailing westerly winds typical of the Korean Peninsula during 
winter, changes in wind direction during the approach of the cold front 
were not pronounced. Additionally, the low-pressure system caused a 
decrease in the SLP of 3–7 hPa before and after the passage of the cold 
front (not shown). 

During the episode period, three peaks in PM10 and PM2.5 concen
trations were observed in Gangneung, and an increase in concentrations 
occurred during the passage of the cold front. This suggests that the 
passage of the cold front may have affected the transport of pollutants 
and consequently caused the high concentrations in Gangneung. In 
Stage 1 (16th), the PM10 and PM2.5 concentrations increased signifi
cantly from 40 μg⋅m− 3 and 35 μg⋅m− 3 at 22:00 LST on the 15th to 93 
μg⋅m− 3 and 64 μg⋅m− 3 at 11:00 LST on the day of the cold front passage. 
In Stage 2 (20th), the PM2.5 concentration started at 20 μg⋅m− 3 at 00:00 
LST and continued to rise, reaching 97 μg⋅m− 3 at 13:00 LST, indicating 
an increase of 77 μg⋅m− 3. The concentration increase during Stage 2 was 
greater than that during Stage 1 and varied depending on the meteo
rological conditions. 

3.3. Model performance evaluation 

Successful WRF simulation results influence the production, advec
tion, dispersion, and other aspects of air pollutants, thereby affecting the 
accuracy of CMAQ simulation results. Therefore, in this study, we 
compared the 2-m temperature and 10-m wind speed observed at ASOS 
meteorological observation stations in South Korea (red squares in 
Fig. 1) with the simulation results from the WRF to evaluate its perfor
mance (Fig. S5). 

To evaluate the performance of the WRF simulation results compared 
to ASOS observation data, we employed statistical parameters, including 
mean bias (MB), Index of Agreement (IOA), and correlation coefficient 
(R). The 2-m temperature displayed a MB of − 0.42 ◦C, indicating a slight 
underestimation compared to the observations. However, with an IOA of 
0.95 and a R of 0.90, the results satisfied the criteria proposed by Emery 
et al. (2001) (Bias ≤ ±0.5 ◦C; IOA ≥0.7). The simulation results for the 
10-m wind speed slightly overestimated the observations with an MB of 
1.50 m⋅s− 1. However, the IOA, at 0.68, well captured the trends and 
satisfied the baseline criteria suggested by Emery et al. (2001) (Bias 
≤2.0 m⋅s− 1; IOA ≥0.6). Referring to a previous study (Emery et al., 
2001), the meteorological predictions in this study demonstrated an 
overall reasonable model performance by accurately capturing the 
variability in the observed values. However, in this study, the WRF 
simulation results tended to slightly underestimate the 2-m temperature 
and overestimate the 10-m wind speed compared with the observations. 
Notably, the criteria proposed in a previous study (Emery et al., 2001) 
were based on predictions for flat regions. Therefore, they may allow for 
somewhat relaxed standards when applied to the complex terrain of the 
Korean Peninsula. 
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Furthermore, the horizontal distribution of 2-m temperature changes 
over 24-hour showed a decrease of 2–4 ◦C in the central part of the 
Korean Peninsula, indicating that the temperature variations due to the 

passage of the cold front were well simulated (Fig. S6). 
To evaluate the performance of the CMAQ simulation results, a sta

tistical analysis was conducted by comparing the measured PM2.5 

Fig. 1. (a) Study modeling domain for simulations and (b) terrain height (unit: m). Red triangles are the meteorological observation sites and blue circles are air 
quality measurement sites. 

Fig. 2. Spatial distribution of mean sea-level pressure (units: hPa) during the period of exceeding of daily average PM2.5 concentrations over 51 μg⋅m− 3 in Gang
neung from 2016 to 2020 winter. 
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concentrations from the AQMS in South Korea (blue circles in Fig. 1) 
with the CMAQ simulation results. The comparison of the temporal 
variations of the measured and CMAQ-simulated PM2.5 concentrations 
during the episode period indicated that, in general, the model replicates 
the variability of the measured values well (Fig. S7). The performance of 
the simulated PM2.5 displayed a tendency to underestimate with an MB 
of − 12.79 μg⋅m− 3, but it effectively captured the variability with an IOA 
of 0.70. In the Gangneung area, the CMAQ simulation results effectively 
reproduced the PM2.5 concentrations peak on the 16th; however, on the 
20th, it appeared somewhat earlier (Fig. 4). This is believed to be due to 

the WRF simulation results overestimating the wind speed compared to 
the observations, causing PM2.5 to be transported from abroad to South 
Korea more rapidly. The uncertainties in the CMAQ simulation results 
are attributed to uncertainties in the emission data, initial and boundary 
conditions, and meteorological simulation results (Miao et al., 2017). 
Overall, it appears that both the WRF and CMAQ results reasonably 
reproduced the variations in meteorology and PM2.5. In addition, 
considering the similarity in timing between the approach of the cold 
front (low-pressure system) and the peak in PM2.5 concentrations, we 
can infer that PM2.5 was transported to South Korea and triggered high 

Fig. 3. Temporal variations of (a) temperature and Relative humidity at 2-m, (b) wind speed and direction at 10-m, and (c) PM10 and PM2.5 concentrations 
at Gangneung. 

Fig. 4. Time series of measured (OBS) and simulated (Model) PM2.5 concentrations Gangneung.  
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concentrations due to the approaching cold front. 

3.4. Horizontal changes in PM2.5 concentrations due to the cold front 
passage 

Fig. 5 depicts the horizontal distribution of PM2.5 concentrations 
over South Korea during and after the passage of the cold front for each 
stage, with the purpose of demonstrating the impact of the cold front on 
Gangneung’s air quality. During both Stages 1 and 2, the PM2.5 con
centrations in Gangneung evidently increased after the passage of the 
cold front. 

Prior to the passage of the cold front during Stage 1, high concen
trations of PM2.5 exceeding 75 μg⋅m− 3 were observed along the western 
coast of the Korean Peninsula. PM2.5 was transported by the south
western winds, resulting in concentrations exceeding 60 μg⋅m− 3 even in 
eastern areas after the cold front’s passage. 

Before the passage of the cold front during Stage 2, low concentra
tions below 30 μg⋅m− 3 were observed in South Korea, excluding some 
regions (including Seoul). However, high concentrations exceeding 50 
μg⋅m− 3 were evident in the northwestern part of the Korean Peninsula. 
Nevertheless, after the passage of the cold front, strong southwestern 
winds transporting high-concentration PM2.5 reached Gangneung, 
leading to concentrations exceeding 75 μg⋅m− 3. Based on the horizontal 

distribution of PM2.5 concentrations, an increase in concentration was 
confirmed in Gangneung after the passage of the cold front during Stages 
1 and 2. 

3.5. Vertical changes in PM2.5 concentrations due to the cold front 
passage 

To examine the vertical changes in PM2.5 due to the passage of the 
cold front, vertical cross-sections of PM2.5 and the equivalent potential 
temperature (EPT) along the A-B line in Fig. 1 are presented (Fig. 6). 

Densely spaced EPT contour lines were present near the surface 
because of the cold air influx from the upper-layer associated with the 
passage of the cold front. Furthermore, during the passage of the cold 
front, Gangneung experienced low PM2.5 concentrations below 30 
μg⋅m− 3, while high concentrations exceeding 70 μg⋅m− 3 were observed 
near the 1 km altitude over the Yellow Sea (longitude 125.2◦–125.7◦) in 
both Stage 1 and Stage 2 over the f areas. After the cold front’s passage, 
PM2.5 concentrations in Gangneung increased to over 50 μg⋅m− 3, sur
passing the concentrations observed before the cold front’s passage, and 
high concentrations were evident up to approximately 1500 m. 

A previous study (Lee et al., 2019) suggested that when air pollutants 
are transported over a long range from upwind areas to the Korean 
Peninsula, they tend to be carried to the upper nocturnal boundary 

Fig. 5. Spatial distribution of PM2.5 concentrations (unit: μg⋅m− 3) before and after the passage of the cold front for (a) Stage 1 and (b) Stage 2. The white circle 
indicates the location of Gangneung. 
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layer. During the episode period, daytime PBL heights were in the range 
of 800–1000 m (not shown). The high PM2.5 concentrations observed at 
an altitude of 1.5 km appear to be influenced by long-range transport, 
considering the emission characteristics of Gangneung, which is located 
in a downwind area with limited local emissions, and the low daytime 
PBL heights. 

Therefore, the high concentration of PM2.5 observed near the 1 km 
altitude over the Yellow Sea appears to result from long-range transport 
from upwind regions. 

Furthermore, the high PM2.5 concentrations in the upper-layer of 
Gangneung are transported to the surface by downdrafts generated as air 
passes over elevated terrain, such as mountains or hills, contributing to 
an increase in surface concentrations. 

3.6. Contributions of horizontal and vertical advection 

A previous study (Zhang et al., 2022) suggested that air pollutants 
are transported downwind through advection during the passage of the 

cold front. Therefore, to analyze the horizontal and vertical advection 
processes that increase PM2.5 concentrations in the Gangneung area 
during the passage of the cold front (Stage 1:06:00 to 09:00 LST on 
January 16, Stage 2:00:00 to 03:00 LST on January 20), an Integrated 
Process Rate (IPR) analysis was performed (Fig. 7). If the value of the 
advection process is positive, it indicates a contribution to the increase 
in PM2.5 concentrations. 

During Stages 1 and 2, the vertical advection (ZADV) process was 
positive up to an altitude of 200 m, whereas the horizontal advection 
(HADV) process displayed positive values above 200 m in altitude 
(Fig. 7). This result indicates that near the surface in Gangneung, PM2.5 
concentrations increased due to the ZADV process, while above 200 m 
altitude, concentrations increased due to the HADV process. During 
Stages 1 and 2, the patterns of the contributions from the HADV and 
ZADV processes were similar; however, the magnitude of PM2.5 con
centrations increases differed. The PM2.5 concentrations increase due to 
the ZADV process near the surface was greater in Stage 2 (64 μg⋅m− 3) 
than in Stage 1 (35 μg⋅m− 3). The contribution difference of the ZADV 

Fig. 6. Vertical cross-section (along the line A-B in Fig. 1) of the PM2.5 concentrations (unit: μg⋅m− 3) and equivalent potential temperature (black dash line, unit: K). 
Red triangle indicate Gangneung. 

Fig. 7. Contribution of horizontal advection (HADV) and vertical advection (ZADV) processes to the PM2.5 concentrations over Gangneung during the cold front 
passage for (a) Stage 1 and (b) Stage 2. 
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process may vary depending on the concentration of upper-layer air 
pollutants or the intensity of downdraft. As air moves over high-altitude 
areas, such as mountains or hills, it undergoes subsidence, resulting in 
the generation of downdraft air currents. These downdrafts can trans
port upper-layer pollutants to the surface, potentially affecting surface 
concentrations. 

Fig. 8 displays the potential vertical temperature profiles for Stages 1 
and 2 to examine the subsidence difference. During the passage of the 
cold front in the potential temperature vertical profiles, the atmosphere 
stabilized at night (indicated by an increase in the potential temperature 
at the same altitude), resulting in subsidence in the air. However, Stage 2 
showed a greater amount of subsidence than Stage 1, and owing to this 
difference in subsidence, it appears that during Stage 2, more air pol
lutants were transported from the upper-layer to the surface via vertical 
advection. 

3.7. Differences in synoptic patterns after the passage of the cold front 

Subsidence airflows often occur under high-pressure systems with 
clear and stagnant meteorological conditions; hence, the amount of 
subsidence can vary depending on the synoptic meteorological condi
tions. Therefore, to examine the synoptic patterns over the Korean 
Peninsula following the passage of the cold front, we presented the 
horizontal distribution of the SLP (Fig. 9). 

Stage 1 was dominated by a low-pressure system following the pas
sage of the cold front, whereas Stage 2 was dominated by a high-pressure 
system. During Stage 1, the influence of a low-pressure system following 
the passage of the cold front resulted in precipitation primarily in the 
southern regions of the Korean Peninsula. The wet deposition effect of 
precipitation led to PM2.5 concentrations below 20 μg⋅m− 3 in the 
southern regions (Fig. 5 and Fig. S8). In contrast, during Stage 2, a high- 
pressure system developed behind the cold front, which accompanied 
the passage of the cold front. 

Furthermore, during Stage 2, at 15:00 LST on the 20th day following 
the passage of the cold front, a temperature-inversion layer was 
observed below 300 m (Fig. S9). This, in combination with the influence 
of the high-pressure system and temperature inversion layer, may 
contribute to the accumulation of air pollutants near the surface. In 
contrast, during Stage 1, a mixed layer with minimal temperature 
variation up to 500 m altitude was observed following the passage of the 
cold front. These meteorological conditions are favorable for the day
time vertical dispersion of air pollutants. 

In summary, the impact of air pollution resulting from the passage of 
a cold front varied according to the synoptic patterns developed after the 
passage of the cold front. Under the influence of high-pressure systems, 
stable atmospheric conditions combined with subsidence caused by 

high-altitude terrain features enhanced the vertical transport of air 
pollutants from the upper-layers to the surface. Additionally, the 
occurrence of temperature inversion near the surface can lead to the 
accumulation of air pollutants and the formation of high concentrations. 

4. Summary and conclusion 

This study analyzed the influence of winter cold front passages on 
PM2.5 concentrations over the Korean Peninsula using WRF and CMAQ 
numerical models. This study investigated the synoptic patterns asso
ciated with high PM2.5 concentration events (a total of 16 days) during 
the winter seasons from 2016 to 2022 in the Gangneung area. This re
gion is characterized by limited local emissions and is located on the 
downwind side of high mountains. 

Unlike the typical occurrence of air pollution under high-pressure 
systems, characterized by air stagnation and no precipitation, a synop
tic pattern exists with a high-pressure system in the west and a low- 
pressure system in the east of the Korean Peninsula. Furthermore, the 
analysis revealed that on some high-concentration days (9 out of 16 
days), the temperature was lower than that on the previous day, which 
was presumably influenced by the passage of the winter cold front. 

The episode period was from January 14 to 23, 2018 and was 
characterized by severe air pollution associated with cold fronts and 
low-pressure systems. We classified this period into two stages: Stage 1, 
from January 16, 00:00 to 12:00 LST, and Stage 2, from January 19, 
18:00 LST to January 20, 06:00 LST. Analysis of observational data for 
the episode period revealed meteorological changes, including 2-m 
temperature decreases and increases in 10-m wind speed and 2-m 
relative humidity, associated with the passage of the cold front. These 
changes were linked to the occurrence of peaks in PM2.5 concentrations, 
suggesting the relevance of the cold front to the high PM2.5 levels 
observed in Gangneung. 

Meteorological changes and an increase in PM2.5 concentrations 
resulting from the passage of the cold front were confirmed using the 
WRF and CMAQ models. The cold front led to a decrease in temperatures 
by 2–4 ◦C, primarily in the central regions of the Korean Peninsula. 
Furthermore, after the passage of the cold front, a high concentration of 
PM2.5 in the nocturnal boundary layer above 1–1.5 km was transported, 
resulting in an increase in PM2.5 concentrations exceeding 30 μg⋅m− 3 in 
Gangneung. In the upper-layer, high-concentration PM2.5 was trans
ported from higher altitudes than the daytime PBL heights. 

Considering the geographical characteristics of Gangneung, which 
has low local emissions and is situated downwind, it appears that high 
PM2.5 concentrations in the upper-layer were transported from altitudes 
higher than the daytime PBL heights. Therefore, the influence appears to 
be due to long-range transport from upwind areas rather than vertical 

Fig. 8. Vertical profile of potential temperature at Gangneung.  
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mixing. The contribution analysis using IPR revealed that PM2.5 was 
transported to Gangneung by horizontal advection (HADV) in the upper- 
layer. Additionally, PM2.5 was transported to the surface through a 
downdraft (vertical advection process, ZADV) due to air subsidence on 
the downwind side of high terrain. Particularly, the contribution of the 
ZADV process was significantly higher in Stage 2 (64 μg⋅m− 3) compared 
to Stage 1 (35 μg⋅m− 3). This can be attributed to the favorable meteo
rological conditions in Stage 2, influenced by the high-pressure system 
expanding behind the cold front, which facilitated air subsidence due to 
high-altitude areas and the accumulation of air pollutants due to tem
perature inversions, resulting in a greater increase in PM2.5 
concentrations. 

This study contributes to a quantitative understanding of the 
advection processes of PM2.5 before and after the passage of the cold 
front and sheds light on the mechanisms leading to high PM2.5 con
centrations in winter over the Korean Peninsula. Additionally, we 
investigated the potential for air pollution over the Korean Peninsula 
under non-stagnant meteorological conditions. Particularly, in Gang
neung, located on the lee side with low local emissions, there was a 
significant increase in PM2.5 transport from the surrounding areas before 
and after the passage of the cold front, resulting in severe air pollution. 
However, it is important to note that the relationship between synoptic 
patterns and air quality may vary depending on factors such as the 
spatiotemporal distribution of air pollutants, local emissions, and 
geographical characteristics. Hence, future studies should aim to 
enhance our understanding of the influence of synoptic patterns on 
regional meteorology and air quality under both stagnant and non- 
stagnant meteorological conditions on the Korean Peninsula. Further
more, additional research is needed to understand the relationship be
tween the decrease in anthropogenic emissions in upwind areas and the 
occurrence of severe air pollution due to the passage of cold fronts. 
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