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Abstract: The effects of meteorological changes on particulate matter with a diameter of 10 microns or
less (PM10, referred to as PM in this study) and aerosol optical depth (AOD) in Seoul were investigated
using observational and modeling analysis. AOD satellite data were used, obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS), and PM concentration data were used from in-situ
observations. The Modern-Era Retrospective Analysis for Research and Applications (MERRA) and
MERRA Version 2 (MERRA-2) were used for meteorological field analysis in modeling and observation
data. The results from this investigation show that meteorological effects on PM and AOD were strong
in the month of June, revealing a clear decreasing trend in recent decades. The investigation focused
on the underlying mechanisms influencing the reduction in PM resulting from meteorological changes
during the months of June. The results of this study reveal that decreases in atmospheric stability and
humidity induced the aerosol change observed in recent decades. The changes in atmospheric stability
and humidity are highly correlated with changes in the intensity of the East Asian summer monsoon
(EASM). This suggests that the unstable and drying atmosphere by weakening of the EASM in recent
decades has improved PM air quality in Seoul during the summer. The effects of atmospheric stability
and humidity were also observed to vary depending on the aerosol species. Humidity only affects
hydrophilic aerosols such as sulfate, nitrate, and ammonium, whereas atmospheric stability affects all
species of aerosols, including carbonaceous aerosols.

Keywords: particulate matter (PM) variability; aerosol optical depth (AOD) variability; East Asia
summer monsoon (EASM); atmospheric stability; climate change

1. Introduction

Particulate matter with a diameter of 10 microns or less (PM10, referred to as PM in this study) is
a representative indicator of air pollution that is known to affect human respiratory health [1] and
cause lung cancer [2]. Seoul has developed rapidly since the 1960s and is characterized by a high
population and dense vehicular traffic [3]. Along with its rapid economic and industrial development,
Seoul concurrently exhibited a steep increase in PM concentration [4]. To improve air quality, the
government of South Korea has implemented policies such as the Clean Air Conservation Act [5] and
Special Act on the Improvement of Air Quality in Seoul Metropolitan Area [6], aimed at reducing the
amount of emissions in order to decrease PM concentration in Seoul.

Owing to the enforcement of such government policies, PM concentration has decreased over the
past few decades. However, episodes of high PM are still reported in Seoul [7]. Kim et al. [8] identified
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the decline in wind speed as one of the reasons for this phenomenon. This indicates that PM levels
are affected by both local emissions and meteorological conditions on a synoptic scale. Wind and
air temperature gradient affect the horizontal and vertical ventilation of aerosols [9]. Wet deposition,
hygroscopic growth, and a change of the aerosol formation by precipitation [10,11] and humidity [12,13]
have also been reported as crucial factors affecting aerosol concentration.

Previous studies investigated the effect of meteorological factors on PM concentration in
Seoul [8,11,14–19]. Most related studies have focused on the cold season (October–March) [7,17,18,20–22]
because the episodes of high PM in Seoul occur most frequently in winter [17]. However, atmospheric
aerosols show clear differences in summer and winter. The aerosol optical depth (AOD) is highest in
summer, owing to the increasing hygroscopic growth of aerosols and formation of secondary aerosols,
weak ventilation by meteorological effects, and transported pollution accumulated due to biomass
burning from eastern China [23–27]. Constituents of aerosol also differ due to seasonal meteorological
factors. In summer, sulfate is dominant by active photochemical processes due to strong solar flux,
high temperature, and humidity, while nitrate and organic aerosol is highest in winter due to low
temperature [28–32]. Although high aerosol concentration has been noted in cold season [33,34],
aerosol changes in summer might also have a relationship with seasonal weather conditions; moreover,
the weather system in East Asia is largely affected by the summer monsoon system. The mechanisms
of meteorological effects on PM during summer might be different from those during winter. Therefore,
the meteorological effect on PM and AOD in summer should be investigated.

Few studies have investigated the effect of the East Asian summer monsoon (EASM) on the PM
level in East Asia and suggested that strong EASM decreases aerosol concentration in eastern China
through precipitation and wind change [35–38]. These studies focus on the relation between EASM and
PM, but not on the long-term changes in PM owing to variations in meteorological fields. However,
recent changes in climate should affect the PM concentration in East Asia not only in winter but also in
summer. Thus, in this study, we investigate the long-term variation of the meteorological effect on
aerosol concentration in the Seoul Metropolitan Area during the month of June, when AOD is highest,
using station observations, satellite data, reanalysis dataset, and model simulation results.

2. Data and Method

2.1. Data

We used the monthly observation data on the PM concentration and AOD to investigate the
impact of meteorological change on PM in Seoul from 2003–2017. The PM data were obtained from
27 air quality monitoring stations constructed by the South Korea Ministry of Environment (MOE) in
Seoul [39]. The observation stations are presented in Figure 1. Measurement of PM concentrations used
the β-Ray absorption method, which observes the β-Ray absorption and dissipation when the β-Ray is
passed through filter tape to collect dust. The PM was measured hourly for 24 h a day. The monthly
PM concentration is calculated using arithmetic average of hourly PM.

We used the satellite dataset from the Moderate Resolution Imaging Spectroradiometer (MODIS)
instrument onboard the National Aeronautics and Space Administration (NASA) Earth Observing
System Aqua satellite to investigate the AOD changes in the Seoul Metropolitan Area, which is available
for 2003–2017. Aqua passes at 13:30 local time. The data were extensively validated. The monthly
averaged MODIS collection 6.1 level 3 products at 550 nm with 1◦ × 1◦ horizontal resolutions were
used in this study [40].

Additionally, we employed a reanalysis dataset from the Modern-Era Retrospective Analysis
for Research and Applications, Version 2 (MERRA-2) to estimate the long-term change in synoptic
and climate patterns in (1980–2015) in East Asia [41]. MERRA-2 features approximately 0.5◦ × 0.625◦

resolution and 72 hybrid-eta levels from the surface to 0.1 hPa. MERRA-2 is computed on a
latitude–longitude grid at the same spatial resolution using a 3-D variation data assimilation (3DVAR)
algorithm based on the gridpoint statistical interpolation (GSI) with a 6-h update cycle using the
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Goddard Earth Observing System Model, Version 5 (GEOS-5) with Atmospheric Data Assimilation
System (ADAS), version 5.12.4. We used monthly averaged instantaneous 3-D collections of assimilated
meteorological fields in single and pressure level, which is interpolated into 42 levels [42].
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Figure 1. Monitoring stations of the surface PM concentration (blue dots) in Seoul. This map from
Google Earth Pro. Compass of Seoul is [37.36◦–37.74◦ N, 126.71◦–127.34◦ E].

2.2. Model Description

We used the Goddard Earth Observing System (GEOS)-Chem v9-01-02 model, a global 3-D chemical
transport model (CTM) for atmospheric composition [43], to simulate fully coupled oxidant-aerosols in
the long-term in East Asia [44,45]. The GEOS-Chem model has been simulated in several air chemistry
studies and evaluated against observation data in Asia, the United States, and Europe. Version 9-01-02
of GEOS-Chem uses assimilated meteorological data obtained from MERRA by NASA, which was
completed in February 2016. The horizontal resolution of MERRA in the model was 0.5◦ × 0.667◦,
and the vertical level was divided into 72 hybrid sigma-pressure levels from the surface up to 0.1 hPa.
The temporal resolutions of the MERRA were set at 3 h for wind, temperature, precipitation, and other
3-D variables, and at 1 h for surface variables. We interpolated the meteorological fields to a horizontal
resolution from 0.5◦ × 0.667◦ to 2◦ × 2.5◦ and reduced the 72 vertical levels to 47 hybrid sigma-pressure
vertical levels for computational expediency.

The model features more than 80 species and 300 reactions to allow for the detailed
O3-NOX-hydrocarbon activity involved in aerosol chemistry. In the aerosol simulation, the model
includes the aerosol thermodynamics of secondary aerosols, primary black carbon (BC), organic
carbon (OC), and H2SO4-HNO3-NH3 [46–48]. To estimate SO4

2−, NO3
−, and NH4

+ aerosols for the
formation of H2SO4-HNO3-NH3 aerosols, ISORROPIA II, which is the thermodynamic equilibrium
model, was applied in the model [49]. Fountoukis and Nenes [49] demonstrated that ISORROPIA
II was appropriate for use in a large-scale air quality and atmospheric transport model because of
this computational performance by optimizations in the activity coefficient calculation algorithm.
The simulations of BC and OC have been described by Park et al. [47]. The dust entrainment and
deposition (DEAD) mobilization scheme [50] and the Goddard Chemistry Aerosol Radiation and
Transport (GOCART) model are used for calculating soil dust [51,52]. Sea salt in this simulation follows
Alexander et al. [53]. Liu et al. [54] describe the wet deposition scheme in the model considering
the effects of scavenging by convective updrafts, as well as rainout and washout by large-scale
precipitation [55]. Dry deposition uses the size-segregated particle scheme by Zhang et al. [56]. The dry
deposition scheme estimates particle dry deposition velocities using a function of particle size, density,
and meteorological variables to accurately obtain realistic deposition velocities of sub-micron particles.
We fixed anthropogenic emission in East Asia for the year 2006 as described by Zhang et al. [57] to
isolate only the meteorological effect on aerosols after eliminating the effect of anthropogenic emissions
in the long term. The anthropogenic emission dataset from Zhang et al. [57] was created for the
Intercontinental Chemical Transport Experiment—Phase B (INTEX-B) project. INTEX-B emission is
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designed to improve understanding of climate and aerosols conducted by NASA. INTEX-B emission
inventory has been evaluated by numerous studies by comparing against aircraft observation, satellite
data, and station observation [58–61].

2.3. Model Evaluation

We evaluate simulated aerosol concentration using observed near-surface aerosol concentration
from the Acid Deposition Monitoring Network in East Asia (EANET) [62] and MOE. A substantial
number of studies reported that simulated PM from the GEOS-Chem model captured observed PM
under various conditions and observations [63–66]. We only focus on the evaluation of near-surface
simulations of the PM concentration in June 2006 because anthropogenic emissions were fixed in 2006
in our simulation.

We used 17 out of a total of 49 EANET monitoring sites, all used for the PM concentration in East
Asia (100◦ E–170◦ E, 0◦ N–60◦ N). These include 4, 10, and 3 EANET monitoring sites from China,
Japan, and South Korea, respectively. We also used observed PM concentration from the MOE data,
collected from seven metropolitan cities [39]. Figure 2A shows the comparison between observed
and simulated PM concentrations on the surface in East Asia in the month of June. The average
observed PM concentrations in South Korea, China, and Japan were 62.1, 60.0, and 20.8 µg m−3,
respectively. PM concentrations in Japan are generally much lower than those in China and South
Korea because Japan is distant from the major anthropogenic emission sources in China [67]. The surface
concentration in South Korea is higher than that in China because most of the observed stations in Korea
are located in the megacity of South Korea. Among four EANET stations around China, the observed
PM concentrations in Xiang Zhou and Hongwen, which are located in the southern coast in China,
are 25.0 and 57.0 µg m−3, respectively. On the contrary, PM concentrations observed in Jinyunshan
and Weishuiyuan, which are located in inland urban cities, were 73.0 and 85.0 µg m−3, respectively.
Concentrations in Jinyunshan and Weishuiyuan, which are influenced by anthropogenic emission and
dust from the desert area, exhibit significantly higher concentrations of PM than the coastal area [68].
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Figure 2. Comparison between simulated and observed surface PM concentration (µg m−3) in June 2006.
(A) Spatial distribution of surface PM concentration in the simulation over East Asia. Circles indicate
the observed PM concentrations at Acid Deposition Monitoring Network in East Asia (EANET) and
MOE monitoring sites. (B) Scatterplot of observed versus simulated PM concentrations at EANET sites.
The black line indicates a linear trend of scatter plot.

Simulated PM concentrations are consistent with the observed PM concentrations. The simulated
average of PM concentrations from the places where EANET and MOE monitoring stations are located
yielded 59.57, 52.42, and 19.34 µg m−3 in South Korea, China, and Japan, respectively. As with



Atmosphere 2020, 11, 1282 5 of 19

the observed PM concentrations, higher concentrations are observed in South Korea than in China.
In Xiang Zhou and Hongwen in the southern coast region in China, simulated PM concentrations
were 16.37 and 12.55 µg m−3, respectively. In Jinyunshan and Weishuiyuan, which are inland areas,
simulated PM concentrations are 97.83 and 82.96 µg m−3, respectively. Compared with the PM
concentration in the inland area, the coastal area also yields significantly lower values in the simulation
results. These results indicate that the model effectively reproduces the spatial distribution of observed
PM concentration.

Figure 2B shows simulated versus observed monthly mean PM concentrations in all the EANET
and MOE sites. The regression slopes between the observed and simulated values are close to
unity, indicating no significant biases in the models (regression slope = 1.03 and intercept = −4.11).
The coefficient of determination between the observed and simulated PM concentration is 0.76; it is
statistically significant and has a confidence level of ≥99%. The consistency between the observed and
modeled concentrations suggests the successful reproduction of aerosol simulation using GEOS-Chem
in East Asia.

2.4. Meteorological Indices

We calculated the normalized near-surface wind speed index (WSI) and potential air temperature
gradient index (ATGI) reported by Zou et al. [9] using the MERRA2 reanalysis data set to estimate
synoptic atmospheric stability. The equations are as follows:

WSIj
i = (WSj

i −WSj
mean)/WSj

std (1)

ATG = Air temperature 850 hPa − Air temperature 10 m from surface (2)

ATGIj
i = (ATGj

i − ATGj
mean)/ATGj

std (3)

In Equation (1), i represents the i-th year and j represents the grid point in the East Asia region.
WSIj

i is a normalized WSI with no units. WSj
i refers to the monthly average wind speed in each month

at 10 m height. WSj
mean represents the arithmetic mean of wind speed over 35 years, from 1980 to 2015

for the month of June. WSj
std is the standard deviation of wind speed from 1980 to 2015 for the month

of June. Therefore, positive WSI indicates that wind speed is stronger than that of climatology at
near-surface. The ATGI is estimated by normalizing the anomalies in the monthly average atmospheric
temperature gradient (ATG) between 850 hPa and surface 10 m from 1980 to 2015. The ATG represents
atmospheric stability at each grid point and is calculated by subtracting air temperature at 10 m from
air temperature at 850 hPa. The unit for this variable is K. ATGI is calculated consistently with the WSI
method. Thus, positive ATGI represents a more stable atmosphere below 850 hPa compared with that
of climatology.

We also use the normalized near surface relative humidity index (HI) to investigate the effect of
humidity on PM. HI is calculated like WSI. The unit for relative humidity is percent (%).

HIj
i = (Humidityj

i − Humidityj
mean)/Humidityj

std (4)

To estimate the effect of precipitation on PM, we used precipitation index (PREI) through a method
similar to that of WSI calculation, and the unit of this variable is kg m−2 s−1.

PREIj
i = (Precipitationj

i − Precipitationj
mean)/Precipitationj

std (5)

We also applied the East Asian summer monsoon index (EASMI) to quantify the interannual
variability of the EASM in South Korea. The EASMI is calculated by the flow of the 850 hPa lower jet
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stream containing humid, warm air. We use the EASMI using the wind speed of 850 hPa in a specific
area as suggested by Ha et al. [69]. EASMI is expressed as follows:

EASMI = (U850
2 + V850

2)1/2 (6)

Here, U850 represents the zonal wind component (m s−1) at 850 hPa while V850 represents the
meridional wind component (m s−1) at 850 hPa. U850 and V850 are averaged values over 32.5◦–37.5◦ N,
and 127.5◦–147.5◦ E areas, respectively. There is an apparent positive correlation between this index and
rainfall variability in South Korea [69]. Therefore, high EASMI indicates strong monsoon conditions
prevailing near South Korea.

3. Results

Figure 3A shows the observed monthly averaged concentration and average annual percent change
(AAPC) of aerosols for each month during 2003–2017 in Seoul. AAPC is calculated by linear yearly
trend of normalized PM concentration and AOD in each months during 2003–2017. The monthly PM
concentration in summer (June–August) is generally lower than those in other seasons owing to the wet
scavenging of PM through monsoonal heavy rainfall [70]. The AAPC of PM yielded negative values for
all the months due to the strengthening of air-quality policies. Notably, although the PM concentration
decreases in all the months, the magnitude of AAPC of PM (Figure 3A; blue line) is the largest in June,
showing −5.10% yr−1 (2.58 µg m−3 yr−1), which is 2.5 times higher than in winter (−2.02% yr−1).
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Figure 3. Monthly average and average annual percent change (AAPC) of surface PM concentration and
aerosol optical depth (AOD) during 2003–2017 in Seoul. (A) Monthly average (dashed line) and AAPC
(solid line) of surface PM concentration. (B) Monthly average (dashed line) and AAPC (solid line) of
AOD. Unit of PM concentration is µg m−3 and that of AAPC is percent (%). AOD is unitless.

Monthly AOD (Figure 3B; orange dashed line) is highest in the month of June (0.72), which is
contrary to surface concentration. The high humidity and unstable atmosphere drive the high AOD
through increasing secondary formation, hygroscopic growth of aerosols, and enhancing vertical
dispersion of aerosols, regardless of the heavy rainfall in the month of June [23–27]. The average
ground-level PM concentration and AOD in the month of June show opposite values due to vertically
distributed aerosols. AAPC of AOD also yields the highest reduction in the month of June, showing
−4.49% yr−1 (0.032 yr−1), which is consistent with that of surface PM concentration. Decrease in AAPC
is highest in June for both PM and AOD for 14 y in Seoul. The high reduction of AAPC in the month of
June may be attributable to changes in the meteorological condition rather than changes in emissions,
because air-quality policies are implemented year-round, not focused on a specific month.

Therefore, we focus on the roles of meteorological change in aerosols in the month of June. We first
calculate the linear trends of meteorological indices in Seoul in the month of June for 2003–2017
to estimate the long-term change in each meteorological variable (Figure 4). WSI does not show a
clear linear trend (Figure S1), whereas ATGI, HI, and PREI present clear deceasing trends, showing
−0.16 yr−1, −0.16 yr−1, and −0.11 yr−1, respectively, in Seoul over the 14 years. These linear trends
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may be an indication of the possible correlation between the decrease in PM in recent decades and
reductions in stability, humidity, and precipitation.
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Figure 4. Time-series of PM concentration and normalized meteorological indices in June for 2003–2017
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We also conducted a regression analysis to quantify the effect of each meteorological factor on
the observed change in aerosols during the month of June. Figure 5 exhibits regressed observed PM
and AOD in Seoul against meteorological indices at each grid in the month of June during 2003–2017.
These figures indicate the sensitivity of the PM and AOD in Seoul response to meteorological indices
at each grid. WSI near Seoul is positively correlated with the observed PM concentration in Seoul;
however, the correlations between WSI and PM are not significant in South Korea at a 95% confidence
level (Figure 5A). WSI also shows no clear correlation with observed AOD in South Korea (Figure 5B).
These results imply that the ventilation caused by wind could not have a significant effect on the
concentration of aerosols, which differs from those reported by previous studies that focused on
winter [9,17]. The different mechanisms may be attributable to weak wind speed in the month of
June compared to winter [24]. Weak relationship between PM and WSI might also suggest that the
potential role of long-range transport of PM in June is weaker than that in winter season. Note that,
generally, westerly wind over Korea and Eastern China is weak in summer, owing to expansion of the
North Pacific High [71]. However, our analysis only considers a limited effect of long-range transport
on PM and AOD. Previous studies suggest that change in biomass-burning emissions over Eastern
China significantly affect AOD in Seoul [24,27]; however, biomass-burning emissions over Eastern
China have increased in recent years [72]. Increasing biomass-burning emissions might compensate
the effects of wind on PM and AOD. Our analysis cannot reflect the effect of these changes.
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Figure 5. Regressed normalized PM and AOD in Seoul against meteorological indices at each grid
in the month of June for 2003–2017. (A,B) are regressed PM concentration and AOD in Seoul against
WSI at each grid. (C,D) are regressed PM concentration and AOD in Seoul against ATGI at each grid.
(E,F) are regressed PM concentration and AOD in Seoul against HI at each grid. Black dots indicate
statistical significance at the more than 90% level and red dots indicate statistical significance at the
more than 95% level. Normalized PM concentration and AOD are from station observation and MODIS.
Meteorological indices are calculated from MERRA-2 reanalysis dataset. All variables are unitless.
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In contrast, ATGI clearly exhibits a positive linear correlation with both PM concentration and
AOD in South Korea at the 95% confidence level (Figure 5C,D). The sensitivity of PM concentration
and AOD in Seoul response to ATGI also shows the highest value near Seoul. A previous study insists
that change in vertical atmospheric stability is an essential meteorological factor affecting air pollutants,
especially in winter in East Asia [9]. Our results suggest that the change in aerosols in South Korea is
closely associated with the changes in vertical atmospheric stability in South Korea not only in winter but
also in summer. The decreasing atmospheric stability in recent decades as well as the positive correlation
with aerosols may have led to improvements in the air quality in South Korea through the dispersion of
aerosols, as suggested in previous studies. Moreover, the EASM during summer results in an unstable
atmosphere [73]. Large changes in atmospheric stability resulting from change in EASM may be crucial
for PM air quality in South Korea, implying an underlying mechanism of EASM on PM air quality.

We also found that humidity is a major meteorological variable for PM variation in South Korea in
the month of June. Regressed PM concentration and AOD against humidity indicate a strong positive
linear correlation at the 95% confidence level (Figure 5E,F). Humidity is more sensitive in summer due
to the inflow of humid air by EASM [73]. Humid air transported from Northwestern Pacific promotes
the formation of secondary aerosols such as sulfate, nitrate, ammonium, and organic aerosols as well as
the light extinction of aerosols by hygroscopic growth of hydrophilic aerosols [13,74], thereby increasing
surface PM concentration and AOD. The decreasing humidity over recent decades, which is positively
correlated with aerosols, may result in the improvement of PM air quality, similarly to ATGI.

Precipitation and aerosol concentration are typically negatively correlated owing to the wet
scavenging processes [10,11]; however, the regressed PM concentration and AOD in Seoul against
precipitation exhibit a significant positive correlation in South Korea, which is contrary to general
intuition (Figure S2). Previous studies state that short and light rains in the urban area increase
aerosol concentration because aerosol increase by hygroscopic growth is greater than the removal
of aerosol through wet scavenging [75–77]. An observed campaign in East Asia also reported that
short heavy rains could not sufficiently reduce aerosol concentration through wet scavenging [78].
Thus, these results show that the effect of increased humidity on aerosol is greater than that of wet
scavenging, which is consistent with findings in previous studies.

The effects of meteorological variables on aerosols are related with changes in large-scale EASM
strength, which is a major climatological variation in East Asia as earlier explained. Previous studies
reported that the large-scale variation of EASM affects the PM level through change in the atmospheric
condition in East Asia during summer [35–38]. EASM’s linear trend declined during 2003–2017,
when atmospheric stability and humidity decreased (Figure 6). In this study, we infer that the weakening
of EASM over the past few decades has induced improvements in PM air quality in South Korea.Atmosphere 2020, 11, x FOR PEER REVIEW 10 of 21 
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Figure 6. Time-series of East Asian summer monsoon index (EASMI) from the MERRA2 reanalysis
dataset in the month of June for 2003–2017. Red line is the linear trend of time-series. This variable
is unitless.
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To determine the underlying mechanism of EASM and meteorological variables, we calculated the
linear regressed atmospheric variables against EASM strength. Figure 7 indicates regressed ATGI and HI
against EASMI for the month of June for 1980–2017. Both regressed ATGI and HI have positive signals at a
99% confidence level with EASMI in South Korea. These results indicate that a weakened EASM results in
an unstable and dry atmospheric condition, which may suppress the degradation of aerosols owing to the
unfavorable atmospheric condition of stagnant aerosol growth and formation. To reveal the mechanism
underlying EASM and atmospheric stability, we calculate regressed air temperature at 850 hPa and
10 m against EASMI (Figure S3). The regressed temperature at two layers shows the opposite signal.
Regressed air temperature at 850 hPa was positively correlated with EASMI in South Korea at a 99%
confidence level, whereas no relationship was evident between temperature at 10 m and EASMI. Thus,
weakened EASM hinders the transportation of warm air at 850 hPa from the south, thereby destabilizing
the atmospheric condition in South Korea. We also found that EASM is positively related with humidity
at the 99% confidence level in South Korea, indicating that weakened EASM inhibits the transportation
of humid air into South Korea. Regressed wind against the EASMI shows the southerly wind, indicating
that strong EASM transports wet and warm air from Southeast Asia (Figure S4).
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Figure 7. Regressed (A) ATGI and (B) HI at each grid against normalized EASMI for 1980–2017 during
the month of June. Black dots indicate a statistical significance level of more than 95% and red dots
indicate a statistical significance level of more than 99%. All indices are calculated from MERRA-2
reanalysis dataset. All regressed data are unitless.

The decrease in PM concentration in recent decades may have affected the reduction of emissions
over the same period. To examine the effect of climate changes alone on PM air quality, we conducted a
model simulation using GEOS-Chem during 1980–2015 assuming no changes in anthropogenic
PM precursor emissions from the present-day values in 2006. The linear trend of simulated
PM concentration was negative for 1980–2015 during the month of June (−0.20 µg m−3 yr−1; Figure 8A).
However, the decreasing trend of simulated PM is 12 times lower than that of observed PM for
2003–2017 (−2.58 µg m−3 yr−1). This result implies that the effect of climate changes alone on PM is
much weaker than that of the emission changes, since anthropogenic emissions from South Korea and
China have been drastically reduced in recent years [8,79]. ATGI and HI also showed a decreasing trend
during 1980–2015 by −0.041 yr−1 and −0.026 yr−1 in the model, similar with that from the MERRA-2
reanalysis dataset. We also found that decreasing trends of ATGI and HI are much smaller than those
of the MERRA-2 reanalysis data for 2003–2017 (both are −0.16 yr−1), similar to that of PM. These results
might suggest that the weak trend of PM in the model is owing to weak changes in humidity and
stability during a longer period.
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Figure 8. (A) Time series of the PM concentration, ATGI, and HI using simulated dataset (PM
concentration: black solid line; ATGI: red dashed line; HI: blue dashed line) for 1980–2015 in
Seoul. (B) Time series of the PM concentration using observed (black solid line) and simulated
(red solid line) datasets for 2003–2015 in Seoul. Dashed lines indicate the trends of station-observed
PM (black dashed line) and simulated PM (red dashed line). (C) Time series of ATGI using MERRA
reanalysis with 2◦ × 2.5◦ resolution (meteorological field dataset in model; red solid line), and MERRA-2
with 0.5◦ × 0.625◦ resolution (blue solid line) for 2003–2015 in Seoul. Dashed lines indicate MERRA
ATGI (red dashed line) and MERRA-2 ATGI (blue dashed line). (D) Time series of HI using station
observed humidity (black solid line), MERRA (red solid line), and MERRA-2 (blue solid line) for
2003–2015 in Seoul. Dashed lines indicate the linear regression lines between two variables. All indices
are unitless, and the unit of PM concentration is µg m−3.

We compare PM in the model with observed PM during 2003–2015, which is an overlapped period
between model and observation. The linear trend of the simulated PM during 2003–2015 was 12 times
lower than the observed PM trend (−0.27 yr−1 and −3.36 yr−1, respectively; Figure 8B). We also compare
humidity and stability from MERRA reanalysis with 2◦ × 2.5◦ horizontal resolution, which is the
input of GEOS-Chem, against those from MERRA-2 reanalysis with 0.5◦ × 0.625◦ horizontal resolution.
Linear trends (−0.16 yr−1, −0.17 yr−1, for MERRA and MERRA-2 respectively) and variations of ATGI
from the two datasets are close to each other and show significantly similar patterns (correlation
coefficient = 0.88, p-value = 7.34 × 10−5; Figure 8C). However, the linear trend of HI in MERRA
(−0.025 yr−1) is seven times lower than that of MERRA-2 (−0.17 yr−1), although the analysis period
is reduced (Figure 8D). This result suggests that MERRA reanalysis with 2◦ × 2.5◦ resolution has
large discrepancy compared with MERRA-2, especially for humidity, owing to its coarse resolution;
2◦ × 2.5◦ resolution cannot distinguish the effect of sea because Seoul is not far from the Yellow sea
(~40 km). We compared relative humidity using station observations in Seoul. The linear trend of
station observations (−0.085 yr−1) is 3.4 times higher than that from MERRA, indicating that the linear
trend of MERRA is low at the grid of Seoul, owing to its coarse resolution. We conclude that the
decreasing trend of PM might be underestimated in the model due to the lower humidity trend in Seoul.
Despite large discrepancies in magnitude of linear trends, variables in the model exhibited constant
tendencies in the observation and reanalysis dataset. Therefore, we more focused on the relationship
between meteorological variables and PM using regression analysis than the physical magnitude of
the linear trend, because of the limitation of input data of the model due to its coarse resolution.
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Figure 9 displays the map of regressed PM concentration in Seoul against ATGI and HI at each
grid during 1980–2015 in the month of June in the simulation. PM concentration has a significant
positive correlation and high sensitivity against ATGI and HI in the model near South Korea at a 99%
confidence level, which is consistent with results from reanalysis data sets and in-situ observation.
The spatial pattern of the regressed map is slightly different from the observation and MERRA-2
reanalysis dataset result, which shows the westward shift of positive peak in the yellow sea. This
difference between the simulated and observed dataset might be attributable to the coarse resolution
of the model; however, simulated results are generally consistent with those of the observed dataset,
which indicates that the relationship between meteorological variables and PM air quality is robust
and distinct from the effect of emission change. The regressed PM against ATGI in the Seoul is 0.33
in the model during 1980–2015, which is 50% of those observed during 2003–2017 (0.67; Figure 5C).
The regressed PM against HI in the Seoul is 0.15 in the model, which is four times lower than that of
observed PM (0.59). However, the averaged value of regressed PM against HI including downwind
region (123.75◦–128.75◦ E, 35◦–39◦ N; yellow dashed box in Figure 9B) is 0.51, which is 86% of those
from observed. These results suggest that the sensitivity of PM response to ATGI and HI in the model
is similar with that of observed PM, despite a reduction of simulated PM being much lower than
that of observed PM. Considering that the model used fixed anthropogenic emission, meteorology
changes explain 25–86% of the total PM reduction following differences of the regression slope of PM
against meteorological indices in the simulation and observation. These results imply that although
the simulation has limitations owing to its coarse resolution, the decreasing trend of PM is significantly
affected not only by emission changes, but also by changes in atmospheric stability and humidity.
However, we did not conduct simulations with changing emissions, and simulation was only evaluated
against the observation during 2006. Therefore, our analysis has explicit limitations and uncertainty
due to differences between the real world and the model.Atmosphere 2020, 11, x FOR PEER REVIEW 13 of 21 
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Figure 9. Regressed normalized PM in Seoul against (A) ATGI and (B) HI at each grid during the
month of June from 1980–2015. Black dots indicate a statistical significance level of more than 95%,
and red dots indicate a statistical significance level of more than 99%. All data is from GEOS-Chem
simulation and MERRA reanalysis. All regressed data are unitless.

We additionally examined the meteorological effects on each aerosol species. We found that
ATGI was positively correlated with all species, including both secondary inorganic aerosols (SIA;
sulfate, nitrate, and ammonium aerosols) and organic aerosols, which include organic and black
carbon (Figure 10A,B). This result shows that changes in stability affect all the aerosol species through
changes in ventilation. However, HI is only correlated with SIA, suggesting that the humidity affects
hydrophilic aerosols via formation of secondary aerosols (Figure 10C,D). Note that SIA aerosols
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are regarded as hydrophilic in the model, whereas 50–80% of carbonaceous aerosols are emitted as
hydrophobic [47,80]. Therefore, the decreasing trends of SIA are significantly larger than those of black
and organic carbon owing to the effect of humidity on hydrophilic aerosols (Figure S5). These results
indicate that atmospheric stability and humidity have different effects on each type of aerosol.Atmosphere 2020, 11, x FOR PEER REVIEW 14 of 21 
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Figure 10. Regressed normalized (A) SIA and (B) carbonaceous aerosols in Seoul against ATGI at each
grid during the month of June for 1980–2015. Regressed normalized (C) SIA and (D) carbonaceous
aerosols in Seoul against HI at each grid during the month of June for 1980–2015. Black dots indicate a
statistical significance level of more than 95%, and red dots indicate a statistical significance level of
more than 99%. All data is from GEOS-Chem simulation and MERRA reanalysis. All regressed data
are unitless.

We investigated the relationship between EASMI and meteorological factors in the model by
conducting regression analysis to analyze the effect of large-scale climate variation on PM air quality
(Figure 11). Despite the decreasing trend of EASMI during 1980–2015 (−0.006 yr−1) being much weaker
than that of MERRA-2 reanalysis during 2003–2017 (Figure S6A), regressed ATGI and HI against
EASMI have clear positive signals at the 99% confidence level in South Korea, which is consistent with
the results from the MERRA-2 reanalysis dataset. Moreover, the EASMI in the MERRA reanalysis
are well matched with those of MERRA-2 for 2003–2017 (Figure S6B). These results indicate that the
weakening of EASM in recent decades has induced the improvement of PM air quality during the
month of June through the increased instability and dryness of the atmospheric condition, even though
we excluded the effect of emission change.
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Figure 11. Regressed (A) ATGI and (B) HI at each grid against EASMI during the month of June from
1980–2015. Black dots indicate a statistical significance level of more than 95%, and red dots indicate a statistical
significance level of more than 99%. All data is from MERRA reanalysis. All regressed data are unitless.

Figure 12 displays the linear slope of regressed normalized PM concentration at each grid against EASMI
for 1980–2015. We found that EASM and aerosol concentration have a negative relationship in China but
have a positive relationship in South Korea. Our results suggest that the mechanism between the EASM and
PM level is different in China and South Korea. Several studies have reported that the EASM and aerosol
concentration are negatively correlated in the whole of East Asia, which is contrary to our results [37,38].
The different sign between the EASM and PM level in South Korea may be related to different vertical
resolutions of the meteorological dataset in the model. We used a MERRA dataset with 47 vertical levels,
whereas previous studies used the GEOS of the NASA GMAO version 4, which features 30 vertical levels and
a significantly coarser vertical resolution than those of MERRA, especially near the surface. Considering that
our results are consistent with in-situ observation and reanalysis datasets, previous studies cannot capture
the mechanism between PM and EASM in South Korea owing to their coarse vertical resolutions.
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Figure 12. Regressed normalized PM concentration at each grid against EASMI during the month
of June for 1980–2015. Black dots indicate a statistical significance level of more than 90%, and red
dots indicate a statistical significance of more than 95%. All data is from GEOS-Chem simulation and
MERRA reanalysis. All regressed data are unitless.
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4. Conclusions

PM concentration in Seoul has been decreasing owing to the government’s emission reduction
policies since the 2000s. Aerosols exhibit a sharp, and the largest, reduction in the month of June.
The highest reduction of aerosols in the month of June may be influenced by changes in meteorological
factors because air-quality policies are implemented throughout the year. We investigated the effect of
meteorological factors on aerosol in the month of June over recent decades using in-situ observations,
satellite data, reanalysis data, and modeling.

We found that the observed PM concentration and AOD in Seoul are correlated with increasing
unstable and dry conditions in the month of June during 2003–2017. Increases in unstable and dry
atmospheric conditions are attributed to the weakened EASM, which inhibits the hot and humid
southwesterly wind. We also conducted simulation to isolate the effect of climate change on PM
air quality, assuming no changes in anthropogenic PM precursor emissions. Simulated trends of
meteorological variables and PM concentration were consistent with those of observed PM, despite the
magnitude of linear trends in simulation being lower than those of the observation owing to the coarse
horizontal resolution of the model. We found that unstable and dry atmospheres exhibit a significant
positive correlation with aerosol concentration in Seoul, indicating the robustness of the mechanism of
aerosol reduction in the observation.

Relationships among PM, meteorological variables, and strength of EASM in the simulation also
correspond with those observed, indicating that the strength change in EASM in recent decades has
improved the PM air quality in Seoul. We also investigated the meteorological effects on each aerosol
species in Seoul. The effects of humidity and atmospheric stability on aerosol varied depending on the
type of aerosol. The changes in stability affect all the aerosol species, whereas humidity only affects
SIA via promotion of aerosol generation.

Our results suggest that long-term meteorological changes in the month of June might accelerate
the reduction of aerosols owing to emission control policies in Seoul. We also found that long-term
meteorological changes were closely correlated to the strength of EASM. We should pay attention to
future changes in large-scale variability including EASM to determine future air quality policies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/12/1282/s1,
Figure S1, Time-series of WSI June for 2003–2017 in Seoul. This index is calculated from the MERRA-2 reanalysis
dataset. WSI is unitless. Figure S2, Regressed normalized PM and AOD in Seoul against meteorological indices
at each grid in the month of June for 2003–2017. (A) and (B) are regressed PM concentration and AOD in Seoul
against PREI at each grid. Black dots indicate statistical significance at the 90% level and red dots indicate
statistical significance at the 95% level. Normalized PM concentration and AOD are from station observation
and MODIS. Meteorological indices are calculated from MERRA-2 reanalysis dataset. All variables are unitless.
Figure S3, Regressed normalized temperature at (A) 850 hPa and (B) 10 m for each grid against normalized
EASMI in the month of June for 1980–2017. Black dots indicate statistical significance at the 95% level and red
dots indicate statistical significance at the 99% level. Normalized EASMI and temperature are calculated from
MERRA-2 reanalysis dataset. All variables are unitless. Figure S4, Regressed normalized wind vector (zonal wind;
meridional wind) and normalized surface pressure (shading) at each grid against EASMI in the month of June for
1980–2017. Expressed wind vectors indicate statistical significance at the 95% level. Unit of wind vector is m s−1.
Normalized EASMI, wind vector, and surface pressure are calculated from MERRA-2 reanalysis dataset. Figure S5,
(A) Time series of the secondary inorganic aerosols (SIA), (B) organic carbon (OC), and (C) black carbon (BC) using
MERRA reanalysis dataset at Seoul in the month of June for 1980–2015. Red lines indicate linear regression lines
of each index. The unit of aerosol concentration is µg m−3. Figure S6, Time-series of EASMI at Seoul in the month
of June. (A) is time series of the EASMI using the MERRA reanalysis dataset at Seoul in the month of June for
1980–2015. Red line is the linear regression line of the EASMI. (B) is time series of the EASMI using the MERRA
reanalysis dataset at Seoul in the month of June for 2003–2015 (red solid line). Blue line is the time-series of EASMI
using MERRA-2 reanalysis during the month of June for 2003–2017. All variables are unitless.

Author Contributions: Conceptualization, investigation, formal analysis, methodology, S.H.Y., M.J.K.; Software,
J.I.J. and R.J.P.; Writing—original draft preparation, S.H.Y. and M.J.K.; Writing—review and editing, S.H.Y., M.J.K.,
J.I.J. and R.J.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (No. NRF-2020R1C1C1008898).

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2073-4433/11/12/1282/s1


Atmosphere 2020, 11, 1282 16 of 19

References

1. Seo, J.H.; Ha, E.H.; Lee, B.E.; Park, H.S.; Kim, H.; Hong, Y.C.; Yi, O.H. The Effect of PM10 on Respiratory-related
Admission in Seoul. J. Korean Soc. Atmos. Environ. 2006, 22, 564–573.

2. Fajersztajn, L.; Veras, M.; Barrozo, L.V.; Saldiva, P. Air pollution: A potentially modifiable risk factor for lung
cancer. Nat. Rev. Cancer 2013, 13, 674–678. [CrossRef] [PubMed]

3. Kim, H.M.; Han, S.S. Seoul. Cities 2012, 29, 142–154. [CrossRef]
4. Jang, K.S.; Yeo, J.H. The Effects of Korean and Chinese Economic Growth on Particulate Matter in Korea:

Time Series Cointegration Analysis. J. Environ. Policy Adm. 2015, 23, 97–117. [CrossRef]
5. Korea Ministry of Government Legislation; National Law Information Center. Available online: http://www.law.

go.kr/LSW//lsInfoP.do?lsiSeq=5001&chrClsCd=010203&urlMode=engLsInfoR&viewCls=engLsInfoR#0000
(accessed on 2 September 2020).

6. Korea Ministry of Government Legislation; National Law Information Center. Available online: http://www.law.
go.kr/LSW//lsInfoP.do?lsiSeq=98477&chrClsCd=010203&urlMode=engLsInfoR&viewCls=engLsInfoR#0000
(accessed on 2 September 2020).

7. Oh, H.R.; Ho, C.H.; Kim, J.; Chen, D.; Lee, S.; Choi, Y.S.; Chang, L.S.; Song, C.K. Long-range transport of air
pollutants originating in China: A possible major cause of multi-day high-PM10 episodes during cold season
in Seoul, Korea. Atmos. Environ. 2015, 109, 23–30. [CrossRef]

8. Kim, H.C.; Kim, S.; Kim, B.U.; Jin, C.S.; Hong, S.; Park, R.; Son, S.W.; Bae, C.; Bae, M.A.; Song, C.K.; et al.
Recent increase of surface particulate matter concentrations in the Seoul Metropolitan Area, Korea. Sci. Rep.
2017, 7, 4710. [CrossRef]

9. Zou, Y.; Wang, Y.; Zhang, Y.; Koo, J.H. Arctic sea ice, Eurasia snow, and extreme winter haze in China.
Sci. Adv. 2017, 3, e1602751. [CrossRef]

10. Kim, S.; Hong, K.H.; Jun, H.; Park, Y.J.; Park, M.; Sunwoo, Y. Effect of Precipitation on Air Pollutant
Concentration in Seoul, Korea. Asian J. Atmos. Environ. 2014, 8, 202–211. [CrossRef]

11. Park, S.; El-Askary, H.; Sabbah, I.; Kwak, H.; Prasad, A.K.; Lee, W.K.; Kafatos, M. Studying air pollutants origin and
associated meteorological parameters over Seoul from 2000 to 2009. Adv. Meteorol. 2015, 2015, 704178. [CrossRef]

12. Qu, W.J.; Wang, J.; Zhang, X.Y.; Wang, D.; Sheng, L.F. Influence of relative humidity on aerosol composition:
Impacts on light extinction and visibility impairment at two sites in coastal area of China. Atmos. Res. 2015,
153, 500–511. [CrossRef]

13. Seinfeld, J.H.; Pandis, S.N. Atmospheric Chemistry and Physics: From Air Pollution to Climate Change; John Wiley
& Sons, INC.: New York, NY, USA, 1998; p. 1326. ISBN 0-471-17815-2.

14. Ahmed, E.; Kim, K.H.; Shon, Z.H.; Song, S.K. Long-term trend of airborne particulate matter in Seoul, Korea
from 2004 to 2013. Atmos. Environ. 2015, 101, 125–133. [CrossRef]

15. Lee, J.Y.; Han, J.S.; Kong, B.J.; Hong, Y.D.; Lee, J.H.; Chung, I.R. Variation of PM10 Concentration in Seoul in
Association with Synoptic Meteorological Conditions. J. Environ. Impact Assess 2007, 16, 351–361. [CrossRef]
[PubMed]

16. Lee, J.; Kim, K.Y. Analysis of source regions and meteorological factors for the variability of spring PM10

concentrations in Seoul, Korea. Atmos. Environ. 2018, 175, 199–209. [CrossRef]
17. Lee, S.; Ho, C.H.; Choi, Y.S. High-PM10 concentration episodes in Seoul, Korea: Background sources and

related meteorological conditions. Atmos. Environ. 2011, 45, 7240–7247. [CrossRef]
18. Lee, S.; Ho, C.H.; Lee, Y.G.; Choi, H.J.; Song, C.K. Influence of transboundary air pollutants from China on

the high-PM10 episode in Seoul, Korea for the period October 16–20, 2008. Atmos. Environ. 2013, 77, 430–439.
[CrossRef]

19. Seo, J.; Park, D.S.R.; Kim, J.Y.; Youn, D.; Lim, Y.B.; Kim, Y. Effects of meteorology and emissions on urban
air quality: A quantitative statistical approach to long-term records (1999–2016) in Seoul, South Korea.
Atmos. Chem. Phys. 2018, 18, 16121–16137. [CrossRef]

20. Koo, Y.S.; Yun, H.Y.; Choi, D.R.; Han, J.S.; Lee, J.B.; Lim, Y.J. An analysis of chemical and meteorological
characteristics of haze events in the Seoul metropolitan area during January 12–18, 2013. Atmos. Environ.
2018, 178, 87–100. [CrossRef]

21. Oh, H.R.; Ho, C.H.; Park, D.S.R.; Kim, J.; Song, C.K.; Hur, S.K. Possible relationship of weakened Aleutian
low with air quality improvement in Seoul, South Korea. J. Appl. Meteorolog. Climatol. 2018, 57, 2363–2373.
[CrossRef]

http://dx.doi.org/10.1038/nrc3572
http://www.ncbi.nlm.nih.gov/pubmed/23924644
http://dx.doi.org/10.1016/j.cities.2011.02.003
http://dx.doi.org/10.15301/jepa.2015.23.1.97
http://www.law.go.kr/LSW//lsInfoP.do?lsiSeq=5001&chrClsCd=010203&urlMode=engLsInfoR&viewCls=engLsInfoR#0000
http://www.law.go.kr/LSW//lsInfoP.do?lsiSeq=5001&chrClsCd=010203&urlMode=engLsInfoR&viewCls=engLsInfoR#0000
http://www.law.go.kr/LSW//lsInfoP.do?lsiSeq=98477&chrClsCd=010203&urlMode=engLsInfoR&viewCls=engLsInfoR#0000
http://www.law.go.kr/LSW//lsInfoP.do?lsiSeq=98477&chrClsCd=010203&urlMode=engLsInfoR&viewCls=engLsInfoR#0000
http://dx.doi.org/10.1016/j.atmosenv.2015.03.005
http://dx.doi.org/10.1038/s41598-017-05092-8
http://dx.doi.org/10.1126/sciadv.1602751
http://dx.doi.org/10.5572/ajae.2014.8.4.202
http://dx.doi.org/10.1155/2015/704178
http://dx.doi.org/10.1016/j.atmosres.2014.10.009
http://dx.doi.org/10.1016/j.atmosenv.2014.11.024
http://dx.doi.org/10.1007/s10661-006-9539-4
http://www.ncbi.nlm.nih.gov/pubmed/17342440
http://dx.doi.org/10.1016/j.atmosenv.2017.12.013
http://dx.doi.org/10.1016/j.atmosenv.2011.08.071
http://dx.doi.org/10.1016/j.atmosenv.2013.05.006
http://dx.doi.org/10.5194/acp-18-16121-2018
http://dx.doi.org/10.1016/j.atmosenv.2018.01.037
http://dx.doi.org/10.1175/JAMC-D-17-0308.1


Atmosphere 2020, 11, 1282 17 of 19

22. Kim, M.J. Changes in the Relationship between Particulate Matter and Surface Temperature in Seoul from
2002–2017. Atmosphere 2019, 10, 238. [CrossRef]

23. Kim, H.S.; Chung, Y.S.; Kim, J.T. Spatio-temporal variations of optical properties of aerosols in East Asia
measured by MODIS and relation to the ground-based mass concentrations observed in central Korea during
2001∼2010. Asia Pac. J. Atmos. Sci. 2014, 50, 191–200. [CrossRef]

24. Kim, S.W.; Yoon, S.C.; Kim, J.; Kim, S.Y. Seasonal and monthly variations of columnar aerosol optical
properties over East Asia determined from multi-year MODIS, LIDAR, and AERONET Sun/sky radiometer
measurements. Atmos. Environ. 2007, 41, 1634–1651. [CrossRef]

25. Koo, J.H.; Kim, J.; Kim, M.J.; Cho, H.K.; Aoki, K.; Yamano, M. Analysis of aerosol optical properties in Seoul
using skyradiometer observation. Atmosphere 2007, 17, 407–420.

26. Park, S.; Kim, S.W.; Lin, N.H.; Pani, S.K.; Sheridan, P.J.; Andrews, E. Variability of Aerosol Optical Properties
Observed at a Polluted Marine (Gosan, Korea) and a High-altitude Mountain (Lulin, Taiwan) Site in the
Asian Continental Outflow. Aerosol Air Qual. Res. 2019, 1272–1283. [CrossRef]

27. Nam, J.; Kim, S.W.; Park, R.J.; Park, J.S.; Park, S.S. Changes in column aerosol optical depth and ground-level
particulate matter concentration over East Asia. Air Qual. Atmos. Health 2018, 11, 49–60. [CrossRef]

28. Choi, J.K.; Heo, J.B.; Ban, S.J.; Yi, S.M.; Zoh, K.D. Chemical characteristics of PM2.5 aerosol in Incheon, Korea.
Atmos. Environ. 2012, 60, 583–592. [CrossRef]

29. Kim, Y.; Seo, J.; Kim, J.Y.; Lee, J.Y.; Kim, H.; Kim, B.M. Characterization of PM2.5 and identification of
transported secondary and biomass burning contribution in Seoul, Korea. Environ. Sci. Pollut. Res. 2018, 25,
4330–4343. [CrossRef]

30. Kim, Y.; Yi, S.M.; Heo, J. Fifteen-year trends in carbon species and PM2.5 in Seoul, South Korea (2003–2017).
Chemosphere 2020, 261, 127750. [CrossRef]

31. Park, E.H.; Heo, J.; Kim, H.; Yi, S.M. Long term trends of chemical constituents and source contributions of
PM2.5 in Seoul. Chemosphere 2020, 251, 126371. [CrossRef]

32. Yu, G.H.; Park, S.S.; Park, J.S.; Park, S.M.; Song, I.H.; Oh, J.; Shin, H.J.; Lee, M.D.; Lim, H.B.; Kim, H.W.; et al.
Pollution Characteristics of PM2.5 Observed during Winter and Summer in Baengryeongdo and Seoul.
J. Korean Soc. Atmos. Environ. 2018, 34, 38–55. [CrossRef]

33. Bae, C.; Kim, B.U.; Kim, H.C.; Yoo, C.; Kim, S. Long-Range Transport Influence on Key Chemical Components
of PM2.5 in the Seoul Metropolitan Area, South Korea, during the Years 2012–2016. Atmosphere 2019, 11, 48.
[CrossRef]

34. Choi, Y.; Ghim, Y.S. Variations in major aerosol components from long-term measurement of columnar
aerosol optical properties at a SKYNET site downwind of Seoul, Korea. Atmos. Environ. 2020, 245, 117991.
[CrossRef]

35. Cheng, X.; Zhao, T.; Gong, S.; Xu, X.; Han, Y.; Yin, Y.; Tang, L.; He, H.; He, J. Implications of East Asian
summer and winter monsoons for interannual aerosol variations over central-eastern China. Atmos. Environ.
2016, 129, 218–228. [CrossRef]

36. Wu, G.X.; Li, Z.Q.; Fu, C.B.; Zhang, X.Y.; Zhang, R.Y.; Zhang, R.H.; Zhou, T.J.; Li, J.P.; Li, J.D.; Zhou, D.G.; et al.
Advances in studying interactions between aerosols and monsoon in china. Sci. China Earth Sci. 2016, 59,
1–16. [CrossRef]

37. Zhang, L.; Liao, H.; Li, J. Impacts of Asian summer monsoon on seasonal and interannual variations of
aerosols over eastern China. J. Geophys. Res. Atmos. 2010, 115, D00K05. [CrossRef]

38. Zhu, J.; Liao, H.; Li, J. Increases in aerosol concentrations over eastern China due to the decadal-scale
weakening of the East Asian summer monsoon. Geophys. Res. Lett. 2012, 39, L09809. [CrossRef]

39. Korea Environment Corporation. Airkorea. Available online: https://www.airkorea.or.kr (accessed on 2 September 2020).
40. Platnick, S.; Hubanksl, P.; Meyer, K.; King, M.D. MODIS Atmosphere L3 Monthly Product (08_L3); NASA MODIS

Adaptive Processing System, Goddard Space Flight Center: Greenbelt, MD, USA, 2015. Available online:
http://dx.doi.org/10.5067/MODIS/MOD08_M3.006 (accessed on 27 November 2020).

41. Gelaro, R.; McCarty, W.; Suárez, M.J.; Todling, R.; Molod, A.; Takacs, L.; Randles, C.A.; Darmenov, A.;
Bosilovich, M.G.; Reichle, R.; et al. The Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2). J. Clim. 2017, 30, 5419–5454. [CrossRef] [PubMed]

42. Global Modeling and Assimilation Office (GMAO). MERRA-2 instM_3d_asm_Np: 3d, Monthly Mean, Instantaneous,
Pressure-Level, Assimilation, Assimilated Meteorological Fields V5.12.4.; Goddard Earth Sciences Data and
Information Services Center (GES DISC): Greenbelt, MD, USA, 2015. [CrossRef]

http://dx.doi.org/10.3390/atmos10050238
http://dx.doi.org/10.1007/s13143-014-0007-8
http://dx.doi.org/10.1016/j.atmosenv.2006.10.044
http://dx.doi.org/10.4209/aaqr.2018.11.0416
http://dx.doi.org/10.1007/s11869-017-0517-5
http://dx.doi.org/10.1016/j.atmosenv.2012.06.078
http://dx.doi.org/10.1007/s11356-017-0772-x
http://dx.doi.org/10.1016/j.chemosphere.2020.127750
http://dx.doi.org/10.1016/j.chemosphere.2020.126371
http://dx.doi.org/10.5572/KOSAE.2018.34.1.038
http://dx.doi.org/10.3390/atmos11010048
http://dx.doi.org/10.1016/j.atmosenv.2020.117991
http://dx.doi.org/10.1016/j.atmosenv.2016.01.037
http://dx.doi.org/10.1007/s11430-015-5198-z
http://dx.doi.org/10.1029/2009JD012299
http://dx.doi.org/10.1029/2012GL051428
https://www.airkorea.or.kr
http://dx.doi.org/10.5067/MODIS/MOD08_M3.006
http://dx.doi.org/10.1175/JCLI-D-16-0758.1
http://www.ncbi.nlm.nih.gov/pubmed/32020988
http://dx.doi.org/10.5067/2E096JV59PK7


Atmosphere 2020, 11, 1282 18 of 19

43. Atmospheric Chemistry Modeling Group at Harvard University. GEOS-Chem Wiki. Available online:
http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_v9-01-02 (accessed on 2 September 2020).

44. Bey, I.; Jacob, D.J.; Yantosca, R.M.; Logan, J.A.; Field, B.D.; Fiore, A.M.; Li, Q.; Liu, H.Y.; Mickley, L.J.;
Schultz, M.G. Global modeling of tropospheric chemistry with assimilated meteorology: Model description
and evaluation. J. Geophys. Res. Atmos. 2001, 106, 23073–23095. [CrossRef]

45. Park, R.J.; Jacob, D.J.; Kumar, N.; Yantosca, R.M. Regional visibility statistics in the United States: Natural
and transboundary pollution influences, and implications for the Regional Haze Rule. Atmos. Environ. 2006,
40, 5405–5423. [CrossRef]

46. Heald, C.L.; Jacob, D.J.; Park, R.J.; Russell, L.M.; Huebert, B.J.; Seinfeld, J.H.; Liao, H.; Weber, R.J. A large
organic aerosol source in the free troposphere missing from current models. Geophys. Res. Lett. 2005, 32, L18809.
[CrossRef]

47. Park, R.J.; Jacob, D.J.; Chin, M.; Martin, R.V. Sources of carbonaceous aerosols over the United States and
implications for natural visibility. J. Geophys. Res. Atmos. 2003, 108, 4355. [CrossRef]

48. Park, R.J.; Jacob, D.J.; Field, B.D.; Yantosca, R.M.; Chin, M. Natural and transboundary pollution influences
on sulfate-nitrate-ammonium aerosols in the United States: Implications for policy. J. Geophys. Res. Atmos.
2004, 109, D15204. [CrossRef]

49. Fountoukis, C.; Nenes, A. ISORROPIA II: A computationally efficient thermodynamic equilibrium model
for K+-Ca2+-Mg2+-NH4

+-Na+-SO4
2−-NO3

−-Cl−-H2O aerosols. Atmos. Chem. Phys. 2007, 7, 4639–4659.
[CrossRef]

50. Zender, C.S.; Bian, H.; Newman, D. Mineral Dust Entrainment and Deposition (DEAD) model: Description
and 1990s dust climatology. J. Geophys. Res. Atmos. 2003, 108. [CrossRef]

51. Chin, M.; Chu, A.; Levy, R.; Remer, L.; Kaufman, Y.; Holben, B.; Eck, T.; Ginoux, P.; Gao, Q. Aerosol
distribution in the Northern Hemisphere during ACE-Asia: Results from global model, satellite observations,
and Sun photometer measurements. J. Geophys. Res. Atmos. 2004, 109, D23S90. [CrossRef]

52. Ginoux, P.; Chin, M.; Tegen, I.; Prospero, J.M.; Holben, B.; Dubovik, O.; Lin, S.J. Sources and distributions of
dust aerosols simulated with the GOCART model. J. Geophys. Res. Atmos. 2001, 106, 20255–20273. [CrossRef]

53. Alexander, B.; Park, R.J.; Jacob, D.J.; Li, Q.B.; Yantosca, R.M.; Savarino, J.; Lee, C.C.W.; Thiemens, M.H. Sulfate
formation in sea-salt aerosols: Constraints from oxygen isotopes. J. Geophys. Res. Atmos. 2005, 110, D10307.
[CrossRef]

54. Liu, H.; Jacob, D.J.; Bey, I.; Yantosca, R.M. Constraints from 210Pb and 7Be on wet deposition and transport in
a global three-dimensional chemical tracer model driven by assimilated meteorological fields. J. Geophys.
Res. Atmos. 2001, 106, 12109–12128. [CrossRef]

55. Mari, C.; Jacob, D.J.; Bechtold, P. Transport and scavenging of soluble gases in a deep convective cloud.
J. Geophys. Res. Atmos. 2000, 105, 22255–22267. [CrossRef]

56. Zhang, L.; Gong, S.; Padro, J.; Barrie, L. A size-segregated particle dry deposition scheme for an atmospheric
aerosol module. Atmos. Environ. 2001, 35, 549–560. [CrossRef]

57. Zhang, Q.; Streets, D.G.; Carmichael, G.R.; He, K.B.; Huo, H.; Kannari, A.; Klimont, Z.; Park, I.S.; Reddy, S.;
Fu, J.S.; et al. Asian emissions in 2006 for the NASA INTEX-B mission. Atmos. Chem. Phys. 2009, 9, 5131–5153.
[CrossRef]

58. An, X.; Sun, Z.; Lin, W.; Jin, M.; Li, N. Emission inventory evaluation using observations of regional
atmospheric background stations of China. Atmos. Environ. 2013, 25, 537–546. [CrossRef]

59. Boersma, K.F.; Jacob, D.J.; Bucsela, E.J.; Perring, A.E.; Dirksen, R.; van der, A.R.J.; Yantosca, R.M.; Park, R.J.;
Wenig, M.O.; Bertram, T.H.; et al. Validation of OMI tropospheric NO2 observations during INTEX-B and
application to constrain NOx emissions over the eastern United States and Mexico. Atmos. Environ. 2008, 42,
4480–4497. [CrossRef]

60. Han, K.M.; Lee, S.; Chang, L.S.; Song, C.H. A comparison study between CMAQ-simulated and OMI-retrieved
NO2 columns over East Asia for evaluation of NOx emission fluxes of INTEX-B, CAPSS, and REAS inventories.
Atmos. Chem. Phys. 2015, 15, 1913–1938. [CrossRef]

61. Wang, S.; Streets, D.G.; Zhang, Q.; He, K.; Chen, D.; Kang, S.; Lu, Z.; Wang, Y. Satellite detection and model
verification of NOx emissions from power plants in Northern China. Environ. Res. Lett. 2010, 5, 044007.
[CrossRef]

62. United Nations Environment Programme Asia and the Pacific Office. The Acid Deposition Monitoring
Network in East Asia (EANET). Available online: https://www.eanet.asia (accessed on 6 September 2020).

http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_v9-01-02
http://dx.doi.org/10.1029/2001JD000807
http://dx.doi.org/10.1016/j.atmosenv.2006.04.059
http://dx.doi.org/10.1029/2005GL023831
http://dx.doi.org/10.1029/2002JD003190
http://dx.doi.org/10.1029/2003JD004473
http://dx.doi.org/10.5194/acp-7-4639-2007
http://dx.doi.org/10.1029/2002JD002775
http://dx.doi.org/10.1029/2004JD004829
http://dx.doi.org/10.1029/2000JD000053
http://dx.doi.org/10.1029/2004JD005659
http://dx.doi.org/10.1029/2000JD900839
http://dx.doi.org/10.1029/2000JD900211
http://dx.doi.org/10.1016/S1352-2310(00)00326-5
http://dx.doi.org/10.5194/acp-9-5131-2009
http://dx.doi.org/10.1016/S1001-0742(12)60082-5
http://dx.doi.org/10.1016/j.atmosenv.2008.02.004
http://dx.doi.org/10.5194/acp-15-1913-2015
http://dx.doi.org/10.1088/1748-9326/5/4/044007
https://www.eanet.asia


Atmosphere 2020, 11, 1282 19 of 19

63. Jeong, J.I.; Park, R.J. Effects of the meteorological variability on regional air quality in East Asia. Atmos. Environ.
2013, 69, 46–55. [CrossRef]

64. Jeong, J.I.; Park, R.J. Winter monsoon variability and its impact on aerosol concentrations in East Asia.
Environ. Pollut. 2017, 221, 285–292. [CrossRef]

65. So, J.; Yeh, S.W.; Lee, J.W.; Jeong, J.I.; Park, R.J.; Moon, B.K. Simple Analysis on the Relationship Between
Sea Salt Aerosols and Precipitation in the North Pacific Ocean Using the Global Chemical Transport Model
Simulation. Asia Pac. J. Atmos. Sci. 2018, 54, 179–186. [CrossRef]

66. Xu, J.-W.; Martin, R.V.; van Donkelaar, A.; Kim, J.; Choi, M.; Zhang, Q.; Geng, G.; Liu, Y.; Ma, Z.; Huang, L.; et al.
Estimating ground-level PM2.5 in eastern China using aerosol optical depth determined from the GOCI
satellite instrument. Atmos. Chem. Phys. 2015, 15, 13133–13144. [CrossRef]

67. Yang, G.H.; Lee, J.J.; Lyu, Y.S.; Chang, L.S.; Lim, J.H.; Lee, D.W.; Kim, S.K.; Kim, C.H. Analysis of the
Recent Trend of National Background PM10 Concentrations over Korea, China, and Japan. J. Korean Soc.
Atmos. Environ. 2016, 32, 360–371. [CrossRef]

68. Qu, W.J.; Arimoto, R.; Zhang, X.Y.; Zhao, C.H.; Wang, Y.Q.; Sheng, L.F.; Fu, G. Spatial distribution and
interannual variation of surface PM10 concentrations over eighty-six Chinese cities. Atmos. Chem. Phys. 2010,
10, 5641–5662. [CrossRef]

69. Ha, K.J.; Park, S.K.; Kim, K.Y. On interannual characteristics of Climate Prediction Center merged analysis
precipitation over the Korean peninsula during the summer monsoon season. Int. J. Climatol. 2005, 25,
99–116. [CrossRef]

70. Yoo, J.M.; Lee, Y.R.; Kim, D.; Jeong, M.J.; Stockwell, W.R.; Kundu, P.K.; Oh, S.M.; Shin, D.B.; Lee, S.J.
New indices for wet scavenging of air pollutants (O3, CO, NO2, SO2, and PM10) by summertime rain.
Atmos. Environ. 2014, 82, 226–237. [CrossRef]

71. Sohn, B.J.; Chung, H.S.; Kim, D.H.; Perkey, D.; Robertson, F.R.; Smith, E.A. Use of Satellite-Derived Water
Vapor Data to Investigate Northwestward Expansion of North Pacific Subtropical High during 1995 Summer.
J. Meteorol. Soc. Jpn. 2001, 79, 1059–1075. [CrossRef]

72. Wu, J.; Kong, S.; Wu, F.; Cheng, Y.; Zheng, S.; Yan, Q.; Zheng, H.; Yang, G.; Zheng, M.; Liu, D.; et al.
Estimating the open biomass burning emissions in central and eastern China from 2003 to 2015 based on
satellite observation. Atmos. Chem. Phys. 2018, 18, 11623–11646. [CrossRef]

73. Eom, H.S.; Suh, M.S.; Ha, J.C.; Lee, Y.H.; Lee, H.S. Climatology of Stability Indices and Environmental
Parameters Derived from Rawinsonde Data over South Korea. Asia Pac. J. Atmos. Sci. 2008, 44, 269–286.

74. Yoon, S.C.; Kim, J. Influences of relative humidity on aerosol optical properties and aerosol radiative forcing
during ACE-Asia. Atmos. Environ. 2006, 40, 4328–4338. [CrossRef]

75. Castro, A.; Alonso-Blanco, E.; González-Colino, M.; Calvo, A.I.; Fernández-Raga, M.; Fraile, R. Aerosol size
distribution in precipitation events in León, Spain. Atmos. Res. 2010, 96, 421–435. [CrossRef]

76. Olszowski, T. Changes in PM10 concentration due to large-scale rainfall. Arab. J. Geosci. 2016, 9, 160. [CrossRef]
77. Sisterson, D.L.; Johnson, S.A.; Kumar, R. The Influence of Humidity on Fine-Particle Aerosol Dynamics and

Precipitation Scavenging. Aerosol. Sci. Technol. 1985, 4, 287–300. [CrossRef]
78. Yoon, S.C.; Kim, S.W.; Choi, S.J.; Choi, I.J. Regional-scale relationships between aerosol and summer monsoon

circulation, and precipitation over northeast Asia. Asia Pac. J. Atmos. Sci. 2010, 46, 279–286. [CrossRef]
79. Wang, J.; Zhao, B.; Wang, S.; Yang, F.; Xing, J.; Morawska, L.; Ding, A.; Kulmala, M.; Kerminen, V.M.;

Kujansuu, J.; et al. Particulate matter pollution over China and the effects of control policies. Sci. Total Environ.
2017, 584–585, 426–447. [CrossRef] [PubMed]

80. Liu, H.J.; Zhao, C.S.; Nekat, B.; Ma, N.; Wiedensohler, A.; van Pinxteren, D.; Spindler, G.; Müller, K.;
Herrmann, H. Aerosol hygroscopicity derived from size-segregated chemical composition and its
parameterization in the North China Plain. Atmos. Chem. Phys. 2014, 14, 2525–2539. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.atmosenv.2012.11.061
http://dx.doi.org/10.1016/j.envpol.2016.11.075
http://dx.doi.org/10.1007/s13143-018-0002-6
http://dx.doi.org/10.5194/acp-15-13133-2015
http://dx.doi.org/10.5572/KOSAE.2016.32.4.360
http://dx.doi.org/10.5194/acp-10-5641-2010
http://dx.doi.org/10.1002/joc.1116
http://dx.doi.org/10.1016/j.atmosenv.2013.10.022
http://dx.doi.org/10.2151/jmsj.79.1059
http://dx.doi.org/10.5194/acp-18-11623-2018
http://dx.doi.org/10.1016/j.atmosenv.2006.03.036
http://dx.doi.org/10.1016/j.atmosres.2010.01.014
http://dx.doi.org/10.1007/s12517-015-2163-2
http://dx.doi.org/10.1080/02786828508959056
http://dx.doi.org/10.1007/s13143-010-1002-3
http://dx.doi.org/10.1016/j.scitotenv.2017.01.027
http://www.ncbi.nlm.nih.gov/pubmed/28126285
http://dx.doi.org/10.5194/acp-14-2525-2014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Data and Method 
	Data 
	Model Description 
	Model Evaluation 
	Meteorological Indices 

	Results 
	Conclusions 
	References

