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H I G H L I G H T S  

• Interpretation of variations in optical properties in terms of those in aerosol components. 
• Comparing the results with those based on in-situ measurement data. 
• Long-term trends during the past decade in which numerous measures were implemented. 
• Potential source regions for both high and low values of optical properties.  
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A B S T R A C T   

We investigated the variations in major aerosol components using optical properties from a SKYNET site 
downwind of metropolitan Seoul under prevailing westerlies. The study period was March 2007 through 
February 2017 during which numerous measures to reduce air pollutants were implemented in both Korea and 
China. Major aerosol components, including mineral dust (MD), secondary inorganic ions (SII), and carbona-
ceous materials were estimated from optical properties, such as fine mode volume fraction (FMVF), single 
scattering albedo (SSA), and the difference of absorption aerosol optical depth (dAAOD) between 400 and 870 
nm. Monthly variations in aerosol characteristics estimated from the optical properties were mostly consistent 
with the previous studies based on in-situ measurement data. As many studies reported the reduction of par-
ticulate matter (PM) in Northeast Asia, AOD also decreased along with the reductions of MD and SII. Secondary 
formation during the long-range transport played an important role in elevating AOD. However, for the specific 
case of high FMVF, high SSA, or low dAAOD, potential source regions of aerosols tended to be distributed in the 
eastern Korean Peninsula and over the East Sea, as the effects of local emissions became larger than those of long- 
range transport. Although AOD variations successfully revealed the overall characteristics of PM on the whole, in 
some cases, the variations of optical properties were not clearly related to those of aerosol components.   

1. Introduction 

Over the past few years, particulate matter (PM) has become a major 
societal issue in Korea. The public’s concern about PM2.5 was triggered 
by the nationwide high concentrations in early 2013 (Kim et al., 2016; 
Koo et al., 2018; Ghim et al., 2019) following unprecedented high 
concentrations in Beijing, China (Cheng et al., 2016; Fu and Chen, 2017; 
Huang et al., 2014; Ji et al., 2014; Tian et al., 2014; Wang et al., 2014a, 
2014b). In the meantime, PM10 and PM2.5 forecasts began (https 
://www.airkorea.or.kr/web/dustForecast?pMENU_NO=113, accessed 

November 2019); countermeasures that had been taken against partic-
ulate matter were reorganized (http://www.korea.kr/special/policyCur 
ationView.do?newsId=148864591, accessed November 2019); and a 
special act for particulate matter was legislated (http://www.me.go.kr 
/home/web/board/read.do?menuId=286&boardMasterId=1&board 
CategoryId=39&boardId=939205, accessed November 2019). National 
air pollution monitoring networks are also being strengthened, a 
representative example being the expansion of the intensive monitoring 
network (KME , 2019). The intensive monitoring network is useful for 
investigating atmospheric processes involved in secondary productions 
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as well as primary emissions, using online measurements of PM2.5 
components and particle size distribution (NIER , 2009). However, the 
burden is that both the installation and operation of the equipment re-
quires a considerable amount of expenses and skilled personnel. 

During the past two decades ground-based remote sensing networks, 
such as Aerosol Robotic Network (AERONET) and Skyradiometer 
Network (SKYNET), have been rapidly expanded throughout the world 
(Holben et al., 1998, 2001; Nakajima et al., 2003, 2007; Campanelli 
et al., 2012; Zhang et al., 2012; Li et al., 2014; Hamill et al., 2016; Yoon 
et al., 2016; Arola et al., 2017). The strength of these networks is the 
ease of acquiring information from the ground through the standardi-
zation of measurements and data processing, which allows multi-year 
studies. This advantage is particularly important in East Asia, because 
most countries, including Korea, have only started monitoring PM2.5 in 
recent years, whereas the trend analysis using aerosol optical properties 
from remote sensing networks could use much longer data (de Meij 
et al., 2012; Collaud Coen et al., 2013; Li et al., 2014; Yoon et al., 2016). 
Furthermore, several research teams have attempted to identify chem-
ical properties as well as physical properties, such as major aerosol types 
and chemical composition, from optical properties (Russell et al., 2010; 
Giles et al., 2012; Li et al., 2013, 2019; Choi et al., 2016; Choi and Ghim, 
2016; Schuster et al., 2016; Xie et al., 2017; Zhang et al., 2018). 
Although the results from these studies are rough compared to those 
from in-situ measurements, they are useful enough in that they can 
provide information on chemical and physical properties of aerosols 
without much cost and efforts. 

In this study, we analyze the variations in aerosol optical properties 
from the Yongin SKYNET site (YGN; 127.27◦ E, 37. 34◦ N, 167 m asl) 
located at the Global Campus of Hankuk University of Foreign Studies 
for 10 years from March 2007 to February 2017. First, we investigate 
monthly variations in major aerosol components from those in optical 
properties based on the known relationships between them. Next, we 
explore the trends in optical properties and major aerosol components 
during the past decade when aerosol characteristics were revealed to 
have changed considerably due to environmental policies targeting 
particulate matter. Finally, we locate the potential source regions for 
high and low values of optical properties using the potential source 
contribution function (PSCF), which has been widely used for air quality 
study in East Asia (Guo et al., 2015; Kim et al., 2016; Jeong et al., 2017; 
Choi et al., 2020b). The last subject was assessed, considering that op-
tical properties of columnar aerosols are more relevant to regional-scale 
variations and more suitable for PSCF analyses than in-situ measured 
properties of surface aerosols. 

2. Methods 

2.1. Skyradiometer and data processing 

The skyradiometer, POM-02 (Prede Co. Ltd.) is an automatic sun-sky 
radiometer enabling the measurement of direct and diffuse solar radi-
ation at 11 wavelengths (315, 340, 380, 400, 500, 675, 870, 940, 1020, 
1600 and 2200 nm). Diffuse radiation was measured on the almucantar 
plane at 24 scattering angles, which was preprogrammed from 3◦ to 
180◦ every 6 or 10 min. Direct radiation was measured at 1 min intervals 
when diffuse radiation was not measured. Among 11 wavelengths, ra-
diation at five wavelengths of 400, 500, 675, 870 and 1020 nm was used 
in this study, because radiation at certain wavelengths is absorbed by 
ozone (315 nm), water vapor (940 nm), and cloud (1600 and 2200 nm), 
and because we need to obtain aerosol optical properties in a range 
similar to AERONET (440–1020 nm). Diffuse aerosol optical depths 
(AODs) were retrieved from almucantar measurements using skyrad. 
pack version 5 (Hashimoto et al., 2012). Direct AODs were obtained 
from direct radiation using the monochromatic direct solar flux density 
equation (Nakajima et al., 1996; Hashimoto et al., 2012), subtracting 
optical depths caused by ozone and Rayleigh scattering. 

To apply a more accurate solar calibration constant (F0 (λ)) to the 

retrieval process, we modified the determination of daily F0 and its use. 
In SKYNET, daily F0 was determined using the improved Langley plot 
technique (Campanelli et al., 2004; Estelles et al., 2012) from more than 
10 points in a day for m0 (air mass) < 4.5. In addition to the condition for 
air mass, we used the solar constant (F) only for AOD500 ≤ 0.3, because 
F0 can be obscured by uncertainty of imaginary refractive index for 
AOD500 > 0.3 due to scattering angle ranging from 3◦ to 30◦ for the 
determination of F0, which is smaller than a full range of 3◦ to 180◦

(Campanelli et al., 2004, 2007). Then the outliers were removed from 
the daily F0 values using the Chauvenet criterion during the measure-
ment period. Instead of using a single F0 for the entire period, monthly 
mean calculated from the daily F0 values was used by month after 
confirming no significant filter degradation. 

The following are our data processing procedures: (1) Cloud- 
contaminated data were removed using a cloud-screening algorithm 
for direct and diffuse AODs from SKYNET (CSDD; Choi et al., 2020a). 
The CSDD consists of spectral- and temporal-stability tests depending on 
Ångström exponent (AE) at the first stage, and the temporal-smoothness 
test at the second stage. Some 15.3% of the original data were elimi-
nated as being cloud-contaminated. Although both direct and diffuse 
AODs were available, we used diffuse AODs only, which are retrieval 
products, because we should use other retrieval products, such as single 
scattering albedo (SSA), to estimate major components of aerosols. (2) 
We generally adopted AERONET level 2 inversion criteria (Holben et al., 
2006; Sinyuk et al., 2020) including the solar zenith angle ≥ 50◦, to 
ensure the quality of retrieval products. For the threshold of retrieval 
errors, we used the fixed value of 0.07 suggested by Khatri et al. (2014), 
instead of a dynamic value of AERONET that varies from 0.05 to 0.08, 
depending on AOD. (3) The AERONET level 2 inversion employs the 
criterion of AOD ≥ 0.4 for SSA (Holben et al., 2006; Sinyuk et al., 2020). 
However, this criterion is too strict at the study site, because AOD is 
generally lower than 0.4. Thus, we lowered the AOD threshold for SSA to 
0.2, because when AOD ≥ 0.2, the mean error between the retrieval and 
measurement values of the SSA is about 1%, while when AOD decreases 
below 0.2, it becomes significantly larger (Dubovik et al., 2000; 
Hashimoto et al., 2012; Choi and Ghim, 2016). (4) Hourly data were 
calculated from all-point measurements for each hour, whereas daily 
means were calculated from hourly data when three or more data points 
were available. Monthly means and medians were obtained from daily 
means, but median values were considered valid only when more than 
four daily means were available. The total number of daily means for 
retrieval products except SSA was 937, while the total for SSA was 792, 
because of the additional criterion described in the procedure (3). 

2.2. Study site and period 

Skyradiometer measurement was conducted on the rooftop of a five- 
story building on a hill about 35 km southeast of the center of Seoul 
(Fig. 1). The site is located in a horseshoe-shaped forested valley with 
westward-facing slopes; to the west side is a rural area with small-sized 
buildings, farmland, and open spaces scattered on the sides of a four- 
lane road and a river. Because there are no major sources nearby, 
except for a four-lane road running about 1.4 km to the west, the site is 
ideal to monitor the transport of air pollutants from Seoul and/or the 
Asian Continent associated with prevailing westerlies, as well as the 
secondary formation due to photochemical reactions (Choi and Ghim, 
2016; Lee et al., 2016). Information on meteorological parameters were 
obtained from the Seoul Metropolitan Office of Meteorology (37.27◦ N, 
126.99◦ E, 34.1 m asl; Fig. 1), about 26 km west-southwest of the study 
site. 

The study period was 10 years from March 2007 to February 2017. 
The measurement was conducted except for four periods including six 
months between July 2011 and January 2012 for inspection and 
maintenance. During the study period, PM10 concentration in the Seoul 
Metropolitan Area, which includes Seoul proper and its neighboring 
satellite cities (such as Yongin; Fig. S1 in the Supplement), tended to 
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decrease due largely to meteorology, especially for the last few years, 
but also to emission regulations (Kim et al., 2017; Kim and Lee, 2018; 
Seo et al., 2018). Decreasing trends in emissions and concentrations of 
major pollutants that have been widely observed in China in recent years 
(Li et al., 2017; Wang et al., 2017; Zheng et al., 2018; Zhai et al., 2019) 
should have contributed to this decrease. 

2.3. Total potential source contribution function (TPSCF) 

The total potential source contribution function analysis with mul-
tiple heights was performed (Cheng et al., 1993; Biegalski and Hopke, 
2004; Guo et al., 2015), because the receptor site is a column from 
surface to the top of the atmosphere. Backward trajectories were 
calculated using the Hybrid Single Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) 4 model (Draxler et al., 1999). The meteorological 
data were from the 1◦ × 1◦ Global Data Assimilation System (GDAS) 
archive at 3 h intervals. Trajectories starting at three different heights of 
500 m, 1000 m, and 1500 m above the study site at 09:00 LST (0000 
UTC) were traced back every hour for 5 days. The trajectory segment 
endpoints were assigned to the cells of 0.5 ◦ × 0.5 ◦ geographic co-
ordinates with latitude (i) and longitude (j), and the number of the 
endpoints within the grid cell was counted. It was noted that the un-
certainty of single backward trajectory was similar to, or larger than, 
20% of the travel distance (Stohl, 1998; Gebhart et al., 2005). However, 
the uncertainties in accumulated backward-trajectory endpoints become 
much smaller, because random errors in the single calculations can be 
diminished with increasing the number of calculations (Gebhart et al., 
2005; Jeong et al., 2017). 

The TPSCF at the ijth grid cell can be calculated by the following: 

TPSCFij =
∑

k
mk

ij

/
∑

k
nk

ij  

where nk
ij is the total number of the endpoints over the ijth grid cell for 

height k, and mk
ij is the number of endpoints corresponding to certain 

values of the aerosol optical properties over the same grid cell for the 
same height. If the total number of trajectory segment endpoints in a 
particular cell (

∑
nk

ij) is small, the TPSCF value may be biased, especially 
when these trajectory segments result in the specified ranges of the 
optical properties at the receptor site. To reduce the effect of abnormal 
and large values of TPSCFij with low 

∑
nk

ij, a weight function for 
∑

nk
ij 

suggested by Guo et al. (2015) was applied as follows: 

W(
∑

nk
ij)= {

 1,  for  T0.7 <
∑

nk
ij

 0.7,  for  T0.56 <
∑

nk
ij < T0.7

 0.42,  for  T0.42 <
∑

nk
ij < T0.56

 0.17,  for 
∑

nk
ij < T0.42  

where T is the total number of trajectories at one endpoint height. We 
used this weight function primarily because this function was suggested 
for the TPSCF analysis. However, the use of other weight functions for 
the PSCF analysis, such as those in Hwang and Hopke (2007), Choi et al. 
(2010), and Jeong et al. (2017), also gave similar results since we 
examined the spatial variations in the TPSCF values qualitatively during 
the TPSCF analysis. 

3. Results and discussion 

3.1. Monthly variations 

Fig. 2 shows the monthly mean variations of aerosol optical prop-
erties and meteorological parameters during the study period. SSA is the 
ratio of scattering efficiency to total extinction efficiency. SSA is high for 
most aerosols, because they effectively scatter light, but is particularly 
high for fine-mode aerosols without carbonaceous materials, such as 
secondary inorganic ions (SII) comprising ammonium sulfate and ni-
trate. Fine mode volume fraction (FMVF) is the ratio of fine mode to 
total volume concentration. We used FMVF for the aerosol size param-
eter instead of the traditionally used AE, because AE does not provide 
clear information in the intermediate range (1–2), which occurs 
frequently for atmospheric aerosols (Schuster et al., 2006; Prats et al., 
2011). dAAOD is the difference between AAOD400 and AAOD870, where 
AAOD is the absorption AOD calculated from AOD multiplied by 
(1-SSA), and the subscript denotes the wavelength. We used dAAOD 
along with FMVF to distinguish light-absorbing aerosol types. For 
example, both mineral dust (MD) and organic carbon (OC) show high 
dAAOD, but MD mostly exists as coarse-mode aerosols, whereas OC 
exists as fine-mode aerosols. In fact, absorption AE is generally used for 
this purpose (Russell et al., 2010, 2014; Giles et al., 2012; Choi et al., 
2016). However, we used dAAOD, considering that the uncertainties of 
SSA from SKYNET tend to be larger at longer wavelengths (Che et al., 
2008; Khatri et al., 2016; Mok et al., 2018). Some studies dealing with 
SKYNET data used AAE only when the correlation between AAOD and 

Fig. 1. Location of the Yongin (YGN) study site at the Global Campus of Hankuk University of Foreign Studies. The Seoul Metropolitan Office of Meteorology 
(SMOM) is about 26 km west-southwest of the study site. The left panel shows potential source regions in China, including the Beijing-Tianjin-Hebei (BTH) region. 
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wavelength was high (Khatri et al., 2010; Irie et al., 2019), but in this 
case, the number of available data should have been greatly reduced. 

Fig. 3 shows how we distinguish aerosol components from optical 
properties. In Fig. 2, AOD is highest in April along with high SSA and 
dAAOD, and low FMVF. Highest AOD along with high SSA represents 
that aerosol loading being highest in the column is mainly due to inor-
ganic ions. High dAAOD accompanying low FMVF suggests the preva-
lence of MD, which is confirmed by high wind speed and low relative 
humidity (RH), which are favorable for the generation of mineral and/or 
fugitive dust (Eck et al., 2005; Kim et al., 2007; Choi et al., 2014; Ghim 
et al., 2015). Despite some decreases in dAAOD and wind speed, FMVF is 
still low in May, indicating that the effects of MD remain. However, in 
the summer months of June to August, in which temperature and RH are 
high, SSA and FMVF are among the highest. This is attributable to the 
production of SII, such as ammonium sulfate and nitrate, from active 
photochemical reactions associated with high temperatures (Pathak 
et al., 2009; Kim et al., 2015; Lee et al., 2016), and also to their hy-
groscopic growth under high RH conditions (Choi and Ghim, 2016; Choi 
et al., 2016). AOD decreases from June to September, as scavenging by 

frequent precipitation inhibits the buildup of pollutants, and westerly 
winds that carry pollutants from the Asian continent are least common 
(Ghim et al., 2001, 2015). After that, AOD increases until the winter 
months, but the increase is insignificant. On the other hand, SSA con-
tinues to decline, reaching a minimum in December and January, 
because carbonaceous materials, such as BC and OC, increase with fuel 
combustion for heating. Unlike SSA, whose variation is relatively sim-
ple, FMVF is low in October and increases, while dAAOD is high in 
November and decreases. Although both BC and OC are present in 
fine-mode aerosols, BC is mainly emitted from high-temperature com-
bustion, resulting in a higher fraction in smaller size and a lower 
dAAOD, compared to OC (Russell et al., 2014; Ding et al., 2017). As a 
result, the variations in FMVF and dAAOD in October and November 
may be ascribed to OC emitted from biomass burning, including the 
incineration of crop residues, which is widespread in fall in Northeast 
Asia (Lim et al., 2012; Shon, 2015; Chen et al., 2017; Yin et al., 2019). 

Recently, the application of reanalysis data has become more 
extensive with the help of improved reanalysis techniques. The monthly 
variations of major aerosol components derived from the Modern-Era 

Fig. 2. Monthly mean variations in aerosol optical properties and meteorological parameters.  

Fig. 3. Flowchart to distinguish major aerosol components from optical properties. For “Mixed,” refer to Choi et al. (2016) and Schuster et al. (2016) for details.  
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Retrospective analysis for Research and Applications version 2 (MERRA- 
2; Randles et al., 2017; Buchard et al., 2017) are shown in Fig. S2 in the 
Supplement. Above all, the variation in total mass concentration agrees 
well with that in AOD in Fig. 2, and the variations in major components 
are generally comparable to those mentioned above. 

3.2. Long-term trends 

Fig. 4 shows the trends in selected aerosol optical properties during 
the study period. Linear trends were estimated from the Theil-Sen slope 
(Theil, 1950; Sen, 1968), which has been used to analyze long-term 
temporal variations in air quality data, because it is robust to outliers, 
and applicable to non-normal and heteroscedastic data series (Collaud 
Coen et al., 2013; Munir et al., 2013; Li et al., 2014; Font and Fuller, 
2016; Masiol et al., 2017; Coskuner et al., 2018). The Theil-Sen slope 
was calculated from monthly medians excluding the effects of monthly 
variations using the R function ‘TheilSen’ included in the package 
‘openair’ (Carslaw, 2014). 

During the past decade, AOD, SSA, and dAAOD decreased, but FMVF 
increased. Negative slopes are statistically significant with p-values less 
than 0.01, whereas the p-value of positive slope for FMVF is larger at 
0.09. Although AOD decreases in many parts of the world, variations in 
other optical properties differ. For example, AOD decreased uniformly 
for both North America and Europe, but AE trends were opposite (Li 
et al., 2014). They presumed that both AOD and AE (or FMVF in this 
study) decreased in Europe, likely because fine-mode anthropogenic 
emissions reduced, while AOD decreased but AE increased in North 
America, likely because natural sources, such as those for producing 
coarse-mode MD, reduced. The increasing trend in FMVF in Fig. 4 in-
dicates that the optical properties in this study are closer to those for 
North America. The decreasing trend in dAAOD could support the hy-
pothesis that MD reduced because dAAOD increases with MD according 
to high wavelength dependency of MD on light absorption (Russell et al., 
2010, 2014; Giles et al., 2012). This hypothesis is also supported by 
many studies on Asian dust that have reported the decrease in occur-
rences over the source region (Ginoux et al., 2004; Wang et al., 2008; Xi 
and Sokolik, 2015). 

Table 1 shows the Theil-Sen slopes of aerosol optical properties by 
season along with those of meteorological parameters. Whereas monthly 
medians were used to calculate the slope for optical properties, monthly 

means were used for meteorological parameters except precipitation 
(for which monthly totals were used), because there was no missing 
data. If MD has reduced, the variations in indicators, such as decrease in 
dAAOD and increase in FMVF, should be large in spring, but is largest in 
summer. The decline of AOD is also largest in summer, along with the 
reduction of the scattering AOD (SAOD). It is probable that the dimi-
nution of SII is primarily responsible, but their decrease in hygroscopic 
growth with temperature rise and RH decrease could also contribute to 
this reduction of AOD. However, Table 1 exhibits the increase in FMVF, 
whereas FMVF should be lowered with reducing SII. The lowering of 
FMVF with reducing SII is likely outweighed by the elevation of FMVF 
with reducing coarse-mode MD. 

The variations of optical properties in spring are similar to those in 
summer. SII and MD may also diminish in spring although the smaller 
magnitudes of the slopes indicate that the diminutions are smaller 
compared to summer. In fall, AOD declines only slightly, while SAOD 
increases along with lowering of FMVF and dAAOD. SAOD could in-
crease with increasing SII, but in this case, FMVF should be elevated. 
This elevation of FMVF could be outweighed by the lowering of FMVF 

Fig. 4. Temporal variations in monthly medians of aerosol optical properties during March 2007 to February 2017. Red solid and dotted lines denote the Theil-Sen 
slope and 95 % confidence intervals, respectively. The percent changes are shown in the lower left corner along with the p-value: ** p < 0.01, * p < 0.05, + p < 0.1. 

Table 1 
Theil-Sen slopes of aerosol optical properties and meteorological parameters by 
season.a,b   

Spring Summer Fall Winter Overall 

(a) Selected optical properties and meteorological parameters 
AOD500 − 0.016** − 0.023** − 0.001* − 0.009** − 0.010** 
FMVF 0.0023** 0.0069** − 0.0046** 0.0037** 0.0028+

SSA500 − 0.0017** − 0.0035+ − 0.0013 − 0.0032** − 0.0021** 
dAAOD − 0.0016** − 0.0032** − 0.0026** − 0.0009** − 0.0015** 
WS 0.002 0.019** 0.020** 0.049** 0.018** 
Temp 0.17* 0.13** 0.09* 0.07 0.11** 
RH − 0.84** − 0.29** − 0.77** − 1.23** − 0.48** 
Precipc − 3.3** − 21.4** − 3.0* 1.6** − 1.0 
(b) Scattering and absorption AODs 
SAOD500

d − 0.013** − 0.014** 0.005** − 0.002 − 0.008** 
AAOD500 − 0.0004 − 0.0003 0.0006 0.0000** 0.0001  

a p-value: **p < 0.01, *p < 0.05,+p < 0.1. 
b WS, wind speed in m/s/year; Temp, temperature in oC/year; RH, relative 

humidity in %/year; Precip, precipitation in mm/year. 
c Based on monthly total, while the slopes for other meteorological parameters 

were calculated based on monthly means. 
d Scattering AOD calculated from AOD multiplied by SSA at 500 nm. 
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with reduction of OC, which was noted as a key species for the variations 
in FMVF and dAAOD in October and November in Section 3.1. The 
reduction of OC is also plausible, in that it lowers dAAOD as well. 
However, such reduction should diminish AAOD, which contradicts the 
positive trend of AAOD in Table 1, although that trend is statistically 
insignificant. The variations of optical properties in winter are similar to 
those in spring and summer, except that AAOD is not decreased. The 
reduction of SII still seems effective in diminishing AOD. However, the 
elevation of FMVF cannot be explained by the reduction of MD, because 
AAOD is not decreased. Section 3.1 noted that the roles of carbonaceous 
materials, such as BC and OC, are important in the variations of optical 
properties during the winter season. Most variations of optical proper-
ties in winter, including the elevation of FMVF and the declines of SSA 
and dAAOD, can result from the increase of BC. The optical properties of 
OC are similar to those of BC, but dAAOD increases with increasing OC, 
which is different from Table 1. 

Table 2 lists selected trends in major aerosol components identified 
from those in optical properties. AOD declined in all seasons, and the 
reduction of SII was significant, except in fall. Except for fall, FMVF was 
elevated, which was interpreted as a reduction in MD in spring and 
summer, and an increase in BC as well in winter, resulting in the decline 
of dAAOD. In the fall, the slope of SAOD was positive in contrast to other 
seasons, which was presumed to be due to an increase in SII; and the 
diminutions of FMVF and dAAOD were presumed to be caused by the 
reduction of OC. As mentioned earlier, the decline of AOD during the 
study period could be easily understood from the variations in pollutant 
concentrations in both China and Korea (e.g., Seo et al., 2018; Zhai et al., 
2019). On the other hand, the variations in aerosol components are 
uncertain in Korea, because of a few measurement data without a 
distinct trend (Kim and Lee, 2018). Therefore, the Theil-Sen slopes of 
major aerosol components calculated from MERRA-2 and the Tropo-
spheric Chemical Reanalysis version 2 (TCR-2; Miyazaki et al., 2020) for 
the study period are presented in Table 3. The overall variations in 
Table 3(a) are in good agreement with those in Table 2, such as de-
creases in MD and sulfate and insignificant trends in OC and BC. In the 
case of MD, even the seasonal variations are the same. SII increase in fall 
of Table 2 is different from that of Table 3(a), but the magnitude of the 
negative slope is the smallest in Table 3(b). However, the detailed sea-
sonal variations in OC and BC in Table 3(a) are different from those in 
Table 2. 

3.3. Potential source regions 

Fig. 5 shows the TPSCF analysis results for the upper and lower 25th 
percentile of aerosol optical properties. The threshold values of the 
upper and lower 25th percentiles were 0.44 and 0.18 for AOD, 0.95 and 
0.89 for SSA, 0.55 and 0.34 for FMVF, and 0.06 and 0.03 for dAAOD, 
respectively. In Sections 3.1 and 3.2, AOD can be high due to both 
anthropogenic and natural emissions, producing major components of 
aerosols such as SII, carbonaceous materials, and MD. Potential source 
regions for the upper 25th percentile of AOD are distributed mostly over 
the Yellow Sea, between the east coast of China centered on the Shan-
dong Peninsula and the west coast of the central Korean Peninsula 

(Fig. 5a). The Beijing-Tianjin-Hebei (BTH) region to the northwest of the 
Shandong Peninsula is a representative polluted area in China (Zhang 
et al., 2015; Zheng et al., 2016; Guo et al., 2017). The distribution of 
potential source regions over the Yellow Sea, which is downwind of the 
highly polluted BTH region, indicates that secondary formation during 
the long-range transport from the northwest played an important role in 
elevating AOD. In the case of the lower 25th percentile of AOD, the 
TPSCF values are high to the north-northwest and northeast of the study 
site, which are representative low-pollution areas around the Korean 
Peninsula (Zhang et al., 2009; Ghim et al., 2001). 

While AOD exhibits the total amount of aerosol loading in the col-
umn, FMVF, SSA and dAAOD signify certain properties of aerosols. 
FMVF increases when SII, BC, or OC are high, but declines when MD or 
sea salt is high. In the case of low FMVF, the TPSCF values are high in the 
west coast off the central Korean Peninsula, and broadly higher to the 
northwest including the Gobi Desert (Fig. 5d), probably associated with 
the effects of sea salt and MD (represented by Asian dust), respectively. 
TPSCF values to the northwest are not noticeable compared to the west 
coast off the central Korean Peninsula, likely because Asian dust is often 
mixed with various species of fine-mode aerosols (Mori et al., 2003; 
Arimoto et al., 2004; Bates et al., 2004; Sullivan et al., 2007), which 
lowers TPSCF values by increasing FMVF. On the other hand, sea salt 
concentration is generally high when AOD is low (Smirnov et al., 2002, 
2011). Because high-concentration sea salt is rarely mixed with 
fine-mode species, the TPSCF values could be high for the case of low 
FMVF by emphasizing the effects of sea salt. dAAOD increases with MD 
or OC, and decreases with BC. In Fig. 5g for high dAAOD, the TPSCF 
values are high along the route both from the northwest where MD is 
transported and from the Shandong Peninsula. The latter is possibly due 
to the contribution of primary and secondary OC resulting from the 
incineration of crop residues over the farmland on the east coast of 
China (Chen et al., 2017; Yin et al., 2019). 

The TPSCF values are high in the eastern Korean Peninsula and over 
the East Sea in Fig. 5c, e, and h for high FMVF and SSA and low dAAOD, 
respectively, which are the characteristics of optical properties in sum-
mer (Fig. 2). Compared to Fig. 5a and g, the effects of local emissions 
stand out because of the typical summer wind patterns with decreasing 
westerly winds that carry pollutants from the Asian Continent. In Sec-
tion 3.1, it was mentioned that high FMVF and SSA is caused by active 
production of SII, but high FMVF and low dAAOD is associated with high 
concentration of BC. Whereas BC emissions from fuel combustion in-
crease in winter for heating, those from vehicles have small seasonal 
variations, and the proportion of BC could be elevated when AOD de-
clines in summer. Since a large portion of BC is locally emitted (Ghim 
et al., 2017; Zheng et al., 2018), the TPSCF values in Fig. 5c and h are 
high to the east of the study site, instead of the west side where the ef-
fects of long-range transport are larger. On the other hand, the TPSCF 
values in Fig. 5e for high SSA are high both to the east and on the west 
coast of the central Korean Peninsula, because SII are produced from 

Table 2 
Selected trends in major aerosol components estimated from those in aerosol 
optical properties by season.a,b   

Spring Summer Fall Winter Overall 

MD ↓ ↓  ↓ ↓ 
SII ↓ ↓ ↑ ↓ ↓ 
OC   ↓   
BC    ↑   

a MD, mineral dust; SII, secondary inorganic ions; OC, organic carbon; BC, 
black carbon. 

b Vertical arrow direction denotes increase (↑) or decrease (↓). 

Table 3 
Theil-Sen slopes of major aerosol compositions from MERRA-2 and TCR-2.a   

Spring Summer Fall Winter Overall 

(a) MERRA-2b 

MD − 0.850** − 0.089** 0.061 − 0.294** − 0.164** 
Sulfate − 0.105** − 0.186** − 0.113** − 0.183** − 0.124** 
OC − 0.010 0.048** 0.018** − 0.040** 0.002 
BC 0.001 − 0.012* − 0.016** − 0.029** − 0.012 
(b) TCR-2c 

SII − 0.349** − 0.407** − 0.315** − 0.666** − 0.411**  

a p-value: **p < 0.01, *p < 0.05. 
b Using monthly concentrations at the surface with horizontal resolution of 

0.05 ◦ × 0.625 ◦ (https://daac.gsfc.nasa.gov). 
c Using monthly concentrations calculated from 2-h concentrations at the 

surface with horizontal resolution of 1.1 ◦ × 1.1 ◦ (https://ebcrpa.jamstec.go. 
jp/tcr2/download.html#1-2). 
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long-range transported pollutants as well as locally emitted ones. In 
Fig. 5f for low SSA, the TPSCF values are high to the north-northwest as 
shown in Fig. 5b for low AOD, but not high to the northeast over the East 
Sea. Considering a low SSA in winter (Fig. 2), this is attributable to the 
Siberian-high pressure system that generally dominates to the northwest 
in winter (Lee and Park, 1996; Jhon and Lee, 2004), and to the trajec-
tories from the northeast being rare. 

4. Summary and conclusions 

The variations in aerosol optical properties from the Yongin SKYNET 
(YGN) site, downwind of metropolitan Seoul under prevailing west-
erlies, were analyzed for 10 years from March 2007 to February 2017. 
Monthly variations and long-term trends of major aerosol components 
were estimated from optical properties, such as AOD, FMVF, SSA, and 
dAAOD. The validity of the estimation was assessed by comparing the 

Fig. 5. Potential source regions identified by TPSCF for the upper and lower 25th percentiles (pctls) of aerosol optical properties.  
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results with those from previous studies. Potential source regions for 
high and low values of optical properties were searched to locate the 
possible origins of relevant pollution phenomena. 

Monthly variations in aerosol characteristics estimated from the 
optical properties were mostly consistent with the previous studies 
based on in-situ measurement data. A representative example was 
similar variations in AOD and PM. The prevalence of MD was manifested 
as low FMVF and high dAAOD in spring, and the production of SII was 
manifested as high SSA and FMVF in summer. In winter, BC emissions 
from fuel combustion for heating lowered SSA and dAAOD, and elevated 
FMVF. The effect of MD was presumed to persist in May albeit decreases 
in dAAOD and wind speed, considering low FMVF. Elevation of dAAOD 
along with relatively low FMVF in October and November was attrib-
uted to increase in OC emissions from biomass burning. 

While many studies reported the reduction of PM in Northeast Asia, 
AOD decreased as well in the trend analysis using the Theil-Sen slope. In 
most seasons, FMVF was elevated and dAAOD was declined due to the 
reduction of MD, and SSA and SAOD were lowered due to the diminu-
tion of SII. Despite decreases in both coarse-mode MD and fine-mode SII, 
FMVF was generally raised. It may be interpreted that the declines of 
FMVF and dAAOD in fall were due to OC decrease, and that the elevation 
of FMVF and the reduction in SSA and dAAOD in winter were due to BC 
increase. Because in-situ measurement data for aerosol components were 
insufficient in Korea during the study period, the trend analysis results 
were compared with those from reanalysis data. The overall variations 
in major aerosol components were in good agreement, but for OC and 
BC, detailed seasonal trends differed. 

The distribution of potential source regions from the TPSCF analysis 
exhibited that the effects of long-range transport were important in the 
variation of AOD. Accordingly, the TPSCF values for high AOD were 
mainly high over the Yellow Sea downwind of BTH, a representative 
polluted area in China, indicating that secondary formation was a major 
factor in elevating AOD. On the other hand, the TPSCF values for other 
optical properties were high when the individual property varied inde-
pendently; for example, the TSCF values for low FMVF were high to the 
west-southwest over the Yellow Sea as the effect of sea salt stood out 
while AOD was low. For the specific case of high FMVF, high SSA, or low 
dAAOD, the TPSCF values tended to be high in the eastern Korean 
Peninsula and over the East Sea, as the effects of local emissions became 
larger over those of long-range transport. 

The study period from March 2007 to February 2017 is a decade 
during which numerous measures to reduce air pollutants were imple-
mented in both Korea and China. Although aerosol components are 
presumed to vary significantly, in-situ measurement data are mostly 
insufficient to determine the variations in aerosol components. In this 
study, the variations in major aerosol components were investigated 
using optical properties. Whereas AOD variations successfully revealed 
the overall characteristics of PM, in some cases, the variations in optical 
properties were not clearly related to those in aerosol components. It is 
uncertain whether such ambiguity was derived from the optical prop-
erties themselves, or from the relationship between optical properties 
and aerosol components. Further studies are warranted to ensure the 
reliability of aerosol components from optical properties. 
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