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Abstract: We estimated fine-mode black carbon (BC) concentrations at the surface using AERONET
data from five AERONET sites in Korea, representing urban, rural, and background. We first obtained
the columnar BC concentrations by separating the refractive index (RI) for fine-mode aerosols from
AERONET data and minimizing the difference between separated RIs and calculated RIs using a
mixing rule that can represent a real aerosol mixture (Maxwell Garnett for water-insoluble components
and volume average for water-soluble components). Next, we acquired the surface BC concentrations
by establishing a multiple linear regression (MLR) between in-situ BC concentrations from co-located
or adjacent measurement sites, and columnar BC concentrations, by linearly adding meteorological
parameters, month, and land-use type as the independent variables. The columnar BC concentrations
estimated from AERONET data using a mixing rule well reproduced site-specific monthly variations
of the in-situ measurement data, such as increases due to heating and/or biomass burning and
long-range transport associated with prevailing westerlies in the spring and winter, and decreases
due to wet scavenging in the summer. The MLR model exhibited a better correlation between
measured and predicted BC concentrations than those based on columnar concentrations only, with a
correlation coefficient of 0.64. The performance of our MLR model for BC was comparable to that
reported in previous studies on the relationship between aerosol optical depth and particulate matter
concentration in Korea. This study suggests that the MLR model with properly selected parameters is
useful for estimating the surface BC concentration from AERONET data during the daytime, at sites
where BC monitoring is not available.

Keywords: black carbon; AERONET; columnar concentration; mixing rule; surface concentration;
multiple linear regression

1. Introduction

Black carbon (BC), the strongest light-absorbing aerosol, can positively contribute to radiative
forcing of climate change, semi-directly affect changes in the albedo of snow and ice, and indirectly
act as cloud condensation nuclei (CCN), which can alter cloud albedo [1,2]. In addition, BC is more
significantly associated with health issues, including respiratory, lung, and cardiovascular disease [3–5],
than PM2.5 (particulate matter having an aerodynamic diameter less than 2.5 µm; [6,7]). In general,
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BC is emitted from the incomplete combustion of carbon-based fuels from vehicles (mainly diesel
engines), residential solid fuels, and open burning [2]; thus, the BC concentration is related to not only
the level of urbanization but also the fuel types.

Compared to the BC emissions in the Emissions Database for Global Atmospheric Research
(EDGAR version 4.3.2) in 1970, when the Annex I countries (parties to the United Nations Framework
Convention on Climate Change listed in Annex I of the Convention) accounted for ~36% of the global
total burden (2.71 Tg), the contributions of Annex I countries significantly decreased to ~10% in 2012
because of the considerable increase in BC emissions from developing countries to the global total
emissions (4.52 Tg). The contribution of non-Annex I countries to the global BC burden is much higher
than their contribution to global PM2.5 emissions [8]. Considering that emissions from wildfires are
excluded from EDGAR, BC emissions from developing countries and forested areas, which are mainly
emitted from stove ovens and biomass burning from natural sources, respectively, have become more
important in predicting and understanding BC behavior on a global scale. Nevertheless, BC monitoring
has been less widely and continuously conducted compared to PM monitoring, even in developed
countries, which is mainly performed by governments in relation to national air quality standards.
The lack of BC concentration and distribution data can hinder the understanding of BC behaviors
because validation of BC emission inventories and model results were conducted based on measured
BC concentrations [1,9–13].

With the increasing number of sites over the world, AErosol RObotic NETwork (AERONET)
products have become a ground truth value by providing detailed information on aerosol physical and
optical properties with finer temporal/spatial resolutions compared to satellite data. The wavelength
dependency characteristic of light-absorbing properties, i.e., absorption Angstrom exponents (AAE),
has been widely used for the classification of light-absorbing aerosol types, including BC, organic carbon
(OC), and mineral dust (MD) [14–16]. AAE is also used to separate BC and OC on the basis of
the absorption aerosol optical depth (AAOD) obtained from AERONET or absorption coefficients
obtained from multi-wavelength light-absorbing instruments (e.g., aethalometer) to validate simulated
carbonaceous aerosols from models [17,18] and to estimate their proportions [19,20]. However,
these approaches can provide only approximate BC information by assuming AAE ~ 1 for BC,
which could vary depending on the coating thickness and materials of BC [21–23].

Several research groups have attempted to estimate the concentrations of aerosol components
using a complex refractive index (RI) and volume concentrations from AERONET data by assuming
various mixing rules. Different chemical components, including carbonaceous components [24–27],
MD, ammonium sulfate [28–31], and even water-soluble organic carbon (WSOC) [32,33], have been
considered depending on the research purpose. To overcome the inherent limitations of columnar
aerosol optical properties in providing information on both fine- and coarse-mode aerosols, some studies
have attempted to separately determine the components of fine- and coarse-mode aerosols, given that
carbonaceous aerosols (BC and OC) and MD are mostly present in fine- and coarse-mode aerosols,
respectively [33,34]. Among the considered chemical components, BC is the essential component
used to estimate the column concentration (mg m−2), but validation of the columnar BC concentration
by comparison with in-situ measured concentrations has been limited to short-term measurements,
less than three months [25,28,29,32]. In contrast, to derive long-term surface PM concentration at the
area that lacks a monitoring station, many previous studies have been carried out using their relationship
between PM and ground-based and/or satellite-derived aerosol optical depth (AOD) [35–41]. One of
the most common approaches is multiple linear regression (MLR) by considering the additional
environmental predictors, such as geographical and meteorological variables, which can improve
estimation performance; the correlation coefficients (R) were higher than 0.7 and the slopes of best-fit
line were close to 1 [42–47].

This study attempts to estimate the columnar BC concentration from AERONET inversion products
at five sites in Korea during 2010−2018 by considering only the fine mode aerosol information through
the breakdown method and proper mixing rules. To attain the study goals, the variations of the



Remote Sens. 2020, 12, 3904 3 of 24

estimated major components depending on the study sites and the monthly variation in the columnar
BC concentration estimated from AERONET, which is compared with the in-situ BC concentration,
are discussed. Afterwards, the relationship between the hourly based columnar and in-situ BC
concentration according to different meteorological conditions is described. Finally, we establish an
MLR model to derive the surface BC concentration from estimated BC columnar concentration from
AERONET along with meteorological parameters, season, and land-use type [35–40].

2. Materials and Methods

2.1. Study Sites and Periods

Among more than 10 AERONET sites in Korea, five were selected by considering the availability
of long-term measurements since the 2010s and co-located in-situ BC concentration data (Figure 1
for the location; Table 1). The five sites are representative of the land-use type of urban (Seoul),
rural (Yongin and Anmyon), and background (Baengnyeong and Gosan). Seoul (Yonsei University;
126.93◦ E, 37.56◦ N, 88 m asl) is a metropolitan city with a population exceeding 10 million along
with significant transportation and industrial emission sources, resulting in high levels of urban
pollution [48,49]. Yongin (Hankuk_UFS; 127.27◦ E, 37.34◦ N, 167 m asl) is suitable for monitoring the
pollutants transported from Seoul because the site is located in a downwind region (~37 km from
Seoul city hall) and has no major emission source except for a four-lane road nearby (~1.8 km) [32,50].
Anmyon (126.33◦ E, 36.54◦ N, 46 m asl) is one of World Meteorological Organization (WMO) Global
Atmosphere Watch (GAW) stations, located on the west coast of South Korea. Although the site is
regarded as a background site in Korea [51,52], without major emission sources nearby, it is affected
by the transport of anthropogenic pollutants from China associated with the prevailing westerlies.
Moreover, pollutants from nearby coal power plants and industrial complexes (46 km to the north) have
continuously influenced the measurement site; as a result, the Anmyon site is a polluted continental
site with similar amounts of fine- and coarse-mode aerosols, unlike the typical background sites [14,53].
Both Baengnyeong (124.63◦ E, 37.97◦ N) and Gosan (127.27◦ E, 37.34◦ N) are representative background
sites in Korea and are located in the western region of the Korean Peninsula, with similar longitudes
but different latitudes. Thus, these sites are suitable for monitoring pollutant transport from China,
North Korea (especially Baengnyeong), and South Korea [12,54]. The Baengnyeong site is one of
the intensive measurement stations operated by the Korean National Institute for Environmental
Research, and the east and south are subject to local emissions from agricultural sources and small
towns [55,56]. The Gosan site has been a supersite in many international campaigns, such as the Aerosol
Characterization Experiments in Asia (ACE-Asia; [57]), the Atmospheric Brown Cloud (ABC; [58]),
and the Cheju ABC Plume–Monsoon Experiment (CAPMEX; [59]).
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Figure 1. Locations of five selected AErosol RObotic NETwork (AERONET) sites in Korea.
The background map was obtained from© Google Maps.

Table 1. Information on five selected AERONET sites in Korea.

Location AERONET Site Name Land Use Period

Seoul Yonsei_University Urban 2011.03–2018.12
Yongin Hankuk_UFS Rural 2015.01–2018.12

Anmyon Anmyon Rural 2014.03–2017.04
Baengnyeong Baengnyeong Background 2010.08–2016.08

Gosan Gosan_SNU Background 2012.03–2015.12

The measurement periods mainly began in the 2010s but slightly differed among the sites,
with the longest measurement period in Seoul (2010–2018), followed by Baengnyeong (2010–2016),
Yongin (2015–2018), Gosan (2012–2015), and Anmyon (2014–2017).

2.2. AERONET Sun-Sky Radiometer

CIMEL Electronique CE-318 sunphotometers were used for measurements at several wavelengths,
typically centered at 0.34, 0.38, 0.44, 0.50, 0.67, 0.87, 0.94, and 1.02 µm, enabling direct radiation
measurements during clear-sky conditions in the daytime [60,61]. The spectral AOD was obtained from
direct radiation measurements with a high accuracy (±0.01 to 0.02) [62]. All of these spectral bands
were utilized in the direct sun measurements, while four of them (0.44, 0.67, 0.87, and 1.02 µm) were
used for the sky radiance measurements according to a fixed zenith angle and varied azimuth angle up
to 180◦ on both sides [60]. From those sky radiance measurements, other aerosol optical properties,
such as single scattering albedo (SSA), RI, and volume size distribution (VSD), were retrieved from
an inversion of the combined sky radiance and AOD measurements [63–65]. The diffuse radiation
measurements were conducted at optical air masses of 4, 3, 2, and 1.7 in the morning and afternoon,
approximately once every hour [66]. In this study, we used the recently developed version 3 AERONET
level 2 products (L2), which passed an improved cloud screening process and were quality assured
by applying post-field calibration [67,68], resulting in the allowance of a high level of fluctuation in
fine-mode aerosols, which were misidentified as clouds in version 2.
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It should be noted that the level 2 criterion of the AOD at 440 nm (AOD440) ≥ 0.4 for inversion
products (e.g., the SSA and VSD) is often too strict, considering that the AOD440 is smaller than 0.4 at
many sites. Therefore, we used a lower AOD440 threshold of 0.2 by replacing the inversion products
from level 1.5 (cloud- screened data) for 0.2 ≤ AOD440 < 0.4, which passed other quality-assured
level 2 criteria referred to as ‘L2*’ [32], same with Arola et al. [27] and Schafer et al. [69]. The threshold
(AOD440 ≥ 0.2) is relaxed compared to AERONET recommendation, but stricter than Andrews et al. [70]
and van Beelen et al. [71] who used all AOD range when corresponding L2 AOD exists. Because the
stable performance of the inversion algorithm was illustrated in sensitivity studies performed by
Dubovik et al. [64], the mean error between the retrieval and measurement values of the SSA is
approximately 1% when AOD ≥ 0.2. Choi and Ghim [32] also showed reasonable results by applying
the same criteria for AERONET inversion products. Applying the loosen threshold, we can obtain the
increased number of data points from 3158 for L2 to 5813 for L2*.

2.3. Separation of the Refractive Index (RI) into Real and Imaginary Parts for Fine- and Coarse-Mode Aerosols

As aforementioned, since the aerosol optical properties derived from the AERONET inversion
algorithm represent the total size of both fine- and coarse-mode aerosols, we attempted to separate
the AERONET RI into fine and coarse modes using two major assumptions: (1) the AERONET VSD
(µm3 µm−2) can be fitted in accordance with multi-peak log-normal modes, and (2) the RIs of the fine-
and coarse-mode aerosols are associated with their components.

First, we identified the multi-modal log-normal distributions fitting the AERONET VSD (dV/dlnr)
using the following equation:

dV(r)
d ln r

=
m∑

i=1

Ci
√

2π|ln σi|
exp

−1
2

(
ln r− ln ri

ln σi

)2 (1)

where Ci, ri, and σi, are the modal volume concentration, median radius, and standard deviation,
respectively, for each log-normal mode, and m is the number of modes. The AERONET VSD has two
typically defined modes (fine and coarse; i.e., m = 2), whereas the m in this study was increased to
identify the representative AERONET VSD by applying size distribution breakdown methods [72,73].
Based on 1.0 µm of the ri, smaller and larger ri were considered for the fine and coarse modes,
respectively. Figure 2a shows an example of the breakdown results of the VSD retrieved from
AERONET, which is separated into fine and coarse modes when applying the optimal number of
modes of two for each fine and coarse mode.

Second, to separate the RIs for fine- and coarse-mode aerosols according to the predetermined
VSD from the first step, we assumed that the real part (n) of the RIs is constant from the UV to the NIR
region, whereas the imaginary part (k) of the RIs has a large spectral variability and is divided into
440 nm and the remaining wavelengths (675, 870, and 1020 nm) depending on the light-absorbing
chemical components [24,34]. Details regarding the separation of the RI method can be found in
Zhang et al. [73]. The six RI outputs (two n, two k at 440 nm, and two k at 675–1020 nm for both
fine and coarse modes) were optimized by comparing the corresponding AOD and AAOD at each
wavelength from AERONET with those calculated using the RIs and VSD according to Mie theory
(Figure 2b,c). In this step, the limited-memory optimization algorithm (L-BFGS; [74]) was used by
constraining both AOD and absorption AOD with AERONET products.
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Figure 2. (a) The AERONET volume size distributions and corresponding breakdown results according
to fine- and coarse-mode peak fitting. Estimated wavelength-dependent complex refractive indices
for both fine and coarse modes; (b) real and (c) imaginary parts. Red circles and blue squares with a
solid line indicate the estimated complex refractive index for the fine and coarse modes, respectively.
Open diamonds with a dotted line represent data retrieved from AERONET.

2.4. Determination of the Volume Fractions for Chemical Components in Fine Mode

The RI of the fine mode mixture was estimated according to the mixing rule, which depends on
the water solubility of each chemical component. The volume fractions of the chemical components
were determined by comparing the RI of the mixture to that estimated for fine-mode RIs in Section 2.3.
The RI at short and remaining wavelengths and the density of the chemical components considered in
this study are summarized in Table 2. The k of MD shows significantly higher absorption at 440 nm due
to the presence of hematite and goethite [34,75]. In addition, the k of OC shows less spectral variation,
while that of the BC mixture also has a much smaller spectral range. Although the mixing rules were
established mainly according to water solubility (soluble vs. insoluble), aerosols in the real world exist
in mixtures with both homogenous and heterogeneous components. Therefore, we distinguished the
considered chemical components based on water solubility to apply the proper mixing rule that can
represent their properties. The BC, MD, and water-insoluble organic carbon (WIOC) particles were
regarded as insoluble particles suspended in a solution of secondary inorganic ions (SII) and WSOC
within water as a host medium. For water-insoluble particles, the effective dielectric constant (square
of RI) for the mixture (εmix) can be estimated by the Maxwell Garnett (MG) mixing rule, which is
appropriate for a mixture of insoluble spherical particles embedded in the host matrix using the
following Equation (2) [26,32,76].

εmix(λ) = εhost(λ)

1 +
3

3∑
j=1

f j

(
ε j(λ)−εhost(λ)

ε j(λ)+2εhost(λ)

)
1−

3∑
j=1

f j

(
ε j(λ)−εhost(λ)

ε j(λ)+2εhost(λ)

)
 (2)

where λ and εhost represent the wavelength and dielectric constants for the host matrix, respectively,
and εj and fj are the dielectric constants and volume fraction of component j, respectively. The variable
j varies from 1 to 3, corresponding to BC, MD, and WIOC, respectively.
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Table 2. Complex refractive indices and densities of selected components used to estimate the columnar
mass concentration (mg m−2).

n K Density Reference

440 nm 675 nm 870−1020 nm (g cm−3)

BC 1.95 0.79 0.79 0.79 1.8 [77]
WSOC a 1.53 0.0232 0.0032 0.001 1.2 [24]
WIOC 1.53 0.063 0.005 0.001 1.2 [25,78]
SII b 1.53 10−7 10−7 10−7 1.76 [79]
MD 1.57 0.01 0.004 0.001 2.3 [29]

Water 1.33 1.96 × 10−9 1.96 × 10−9 1.96 × 10−9 1 [76]
a The same density as that of WIOC was assumed. b Secondary inorganic ions including ammonium sulfate and
ammonium nitrate. The density and RI values of ammonium sulfate were assumed for those of ammonium nitrate,
considering the similarity of these ions.

For the host matrix, the volume-average dielectric constant mixing rule was used to consider a
homogeneous solution including WSOC, SII, and water [80]:

εhost(λ) =
3∑

j=1

f jε j(λ) (3)

where j also varies from 1 to 3 for SII, WSOC, and water, respectively. It should be noted that SII
comprise ammonium sulfate and nitrate, and the densities (ρ) and RIs of ammonium nitrate were
assumed to be the same as ammonium sulfate based on the similarities between these ions [71]. Because
three components are considered in both Equations (2) and (3), the sum of the volume fraction for

six components should be unity,
6∑

j=1
f j = 1. And we set constraints that each fj in Equations (2) and

(3) would vary between 0 and 1. The estimated dielectric constant for the mixture is also a complex
variable that is calculated according to Equations (2) and (3) and can be converted to the RI as follows:

n(λ) =

√ √
εr2 + εi2 + εr

2
, k(λ) =

√ √
εr2 + εi2 − εr

2
(4)

where n (λ) and k (λ) are the real and imaginary RIs, respectively, and εr and εi are the real and imaginary
dielectric constants. The volume fraction (fj) of each component was determined by minimizing the
following objective function:

χ2 =
4∑

l=1

(
nmix(λl)

n f ine mode(λl)
− 1

)2

+
4∑

l=1

(
kmix(λl)

k f ine mode(λl)
− 1

)2

(5)

where mix denotes the variables calculated from Equations (2)–(4) and fine mode denotes the variables
in fine mode estimated from AERONET in Section 2.3.

To minimize χ2, we used an R function, optimization (‘optim’), included in the standard R package
“stats”, with the option of “L-BFGS-B”, which allows box constraints [81]. The volume fraction of
component j (fj) was converted to a columnar mass concentration, Mj, as follows:

M j = f jρ jV f ine (6)

where ρj and Vfine are the density of jth chemical components and the volume concentration for
fine-mode aerosols. Among the minimized data, we rejected the case that exceeded the χ2 outlier
using first and third quartiles (Q1 and Q3, respectively), 1.5 × [Q3 − Q1] + Q3 (~6 × 10−3), to reduce
the uncertainty from our estimation method. As a result, the total number of hourly data points was
4930 using AERONET L2* products, but this number of data reduced to 3637 (74%) when only data
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smaller than the χ2 outlier were used. The estimated fine-mode n and k were well correlated with those
separated from AERONET data, indicating that the estimated chemical components were plausible
(Figure 3). The reported total relative error of BC was lowest among the other chemical components,
implying that the BC estimation method used in this study should be reasonable [82].

Figure 3. Comparison of calculated and separated fine-mode refractive index from AERONET level
2* (L2*). (a) The real part (n), and the imaginary part (k) (b) at 440 nm and (c) from 675–1020 nm.

2.5. In-Situ BC Measurements and Meteorological Data

To compare the estimated columnar BC concentration from the columnar aerosols, we used in-situ
BC concentrations from co-located (or nearest) and well-validated instruments, including OC– elemental
carbon (EC) analyzers (Sunset Laboratory Inc., Tigard, OR, USA) with optical corrections, multi-angle
absorption photometer (MAAP 5012, Thermo Scientific), an aethalometer (AE31, Magee), and a
continuous light absorption photometer (CLAP), yielding good agreement in the BC concentrations
among the instruments (uncertainty ≤ ±15% except for CLAP ≤ ±20%) [12,83,84]. Hourly PM2.5 EC
was measured with a Sunset OC–EC analyzer with optical correction for Baengnyeong and Seoul.
It should be noted that the BC concentration for Seoul was measured at an intensive measurement
station (126.93◦ E, 37.61◦ N, 67 m asl) that is about 5.6 km northwest of the study site. A MAAP was
used to measure the hourly BC in PM2.5 at Yongin, applying an improved mass absorption efficiency
(MAE) of 10.3 m2 g−1 instead of the default value (6.6 m2 g−1). This value was suggested based on
calibrations using the thermal/optical method and the laser-induced incandescence technique [13,84].
The BC at Anmyon and Gosan was measured with the CLAP with a PM1 inlet and the AE31 with a
PM10 inlet, respectively. The BC data from these two sites were ‘quality assessed level 2 data’ and were
obtained from the European Monitoring and Evaluation Programme and the World Data Centre for
Aerosols database (http://ebas.nilu.no, last accessed: 10 December 2018). We decided to ignore the
uncertainty caused by the different PM inlets for the two sites because BC particles mainly exist in
amounts less than 1 µm [2,85,86]. The CLAP data also showed a good correlation with the co-located
PM2.5 EC concentrations from the Sunset EC/OC analyzer, and the best-fitted line was close to one
(1.17), which was slightly lower than the reported range of uncertainty of ~25% [87].

Meteorological parameters such as temperature, relative humidity (RH), wind speed, and wind
direction were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF)
ReAnalysis 5 (ERA5) hourly data on single and pressure levels at a resolution of 0.25◦ × 0.25◦.
In addition, the planetary boundary layer height (PBLH) was obtained from the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) Model version 4 [88] using ERA5 as the input.

3. Results

3.1. Estimated Column Concentration of Chemical Components of Fine Mode Aerosol at AERONET Sites

Figure 4a shows the estimated column concentration (mg m−2) of the considered chemical
components of the fine-mode aerosols (~PM2.5) in the columns according to site. The total column
concentration was the highest in the urban region (Seoul) because of the large amount of local

http://ebas.nilu.no
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emissions, including those from residences and transportation. Among the chemical components,
the mean with standard deviation of column concentration of SII was high, at 60.2 ± 5.5 mg m−2,
while the light-absorbing aerosols contributed minor amounts (OC [WSOC+WSIC]: 2.96 ± 1.74 mg m−2,
BC: 1.07 ± 0.25 mg m−2, and MD: 0.20 ± 0.09 mg m−2). Choi and Ghim [32] reported that the mean
MD and OC column concentrations (both ~10 mg m−2) were much higher than those from our results.
Because they considered fine-mode dominant aerosols on the basis of the total RI and the measurement
was conducted only in spring (March to May 2012) when MD and carbonaceous pollutants are dominant.
However, previous studies in Northeast China reported the dominance of MD among the chemical
components of the column concentration and volume fraction (20–80%) depending on the study period
and the mixing rules because they considered both fine- and coarse-mode aerosols [28–31,33].

Figure 4. (a) Estimated column concentrations of chemical components (mg m−2) depending on site.
Upper and bottom figures indicate major (SII and water) and minor (BC, WIOC, WSOC, and MD)
components, respectively. (b) Mean aerosol optical properties depending on site, including the aerosol
optical depth (AOD), single scattering albedo (SSA), fine-mode volume fraction (FMVF), and dAAOD
(AAOD at 440–1020 nm).

The variation in each chemical component showed different site dependencies. The coefficient of
variation (CV; the ratio between the standard deviation and the average) of the scattering aerosols
(SII and water) was very low among sites (0.09 and 0.14, respectively), whereas the light-absorbing
components (BC, OC, and MD) had slightly higher CV values (0.24, 0.59, and 0.45, respectively).
These results could be indicated that secondary formation was occurred uniformly over Korea,
while light-absorbing aerosols were mainly influenced by local emissions. However, among the
light-absorbing components, the CV of OC (especially WSOC) was higher than that of MD and BC,
indicating a large spatial variability between urban/rural and background sites. In particular, the CV
of WSOC (0.94) was two times higher than that of WIOC (0.50). Freshly emitted OC is primarily
insoluble (WIOC), while WSOC is formed either by the chemical aging of WIOC or secondarily in the
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atmosphere [89]. The ratio between WSOC and OC was the highest in Yongin among the study sites,
with a value of 0.56, indicating a considerable role of chemical aging and/or secondary formation in
the downwind region [90]. Moreover, similar ratios that identified at Yongin were found in previous
studies, with a value of 0.53 at the same location [32], 0.40–0.56 in Gwangju, Korea [91,92], and 0.51 in
Beijing, China [33]. The ratio found in Seoul (0.30) was similar to reported values of 0.41 for Seoul [93]
and 0.23–0.42 in Tokyo, Japan [89], but the ratio for the background sites (0.14–0.22) was slightly lower
than the reported value of 0.37–0.59 in Gosan [94]. BC had the lowest CV among the light-absorbing
components, with a value of 0.24, indicating relatively low spatial variation among sites, but a more
detailed discussion for the variation in BC will be discussed in the next section.

The overall mean aerosol optical properties had similar characteristics to the estimated column
concentration despite the aerosol optical properties representing total size aerosols, not fine-mode
aerosols (Figure 4b). AOD was the highest in Seoul, with a low deviation between the sites due to the
low CV of SII and water. The SSA varied according to the fraction of OC column concentration (high in
Seoul and Yongin with low SSA and vice versa in other sites) along with a slightly constant BC amount.
The high dAAOD in Seoul and Yongin also confirmed the high proportion of wavelength-dependent
light-absorbing aerosols, especially OC, because only OC shows a spectral dependency of light
absorption among the fine-mode aerosol components when considering the dominance of fine-mode
aerosols (fine-mode volume fraction >~0.5).

3.2. Monthly Variation in the Columnar BC Concentration Estimated from AERONET

In this section, we also compared the columnar and in-situ BC concentrations from the Modern-Era
Retrospective analysis for Research and Applications version 2 (MERRA-2; [95]), which is regarded as
a proxy for global BC information. The mean columnar BC concentration estimated from AERONET
was highest in Seoul (1.40 mg m−2), followed by Yongin (1.33 mg m−2), Anmyon (0.99 mg m−2),
Baengnyeong (0.88 mg m−2), and Gosan (0.76 mg m−2). The columnar BC concentrations from the
five sites were within a reasonable range compared to those observed in previous studies (Table 3)
according to the pollution levels of the sites (lower than Beijing, China, and higher than Cabauw,
the Netherlands), although the previous studies did not consider only fine-mode aerosols, except for
Zhang et al. [33]. However, while the in-situ BC concentrations also showed a similar order, the order
of Anmyon (1.05 µg m−3) and Yongin (0.87 µg m−3) were switched. This could be partially explained
by the difference in the temporal window of measurement because the in-situ measurements were
conducted for 24 h regardless of the weather conditions, in contrast to the AEROENT data, which is
only available for cloud-free conditions during the daytime. For this reason, the MERRA-2 BC
concentrations showed a similar order to the in-situ BC concentrations, but the ranges of both column
and surface concentrations from MERRA-2 were 1.9–3.6 times higher than those of the estimated
column concentration from AERONET and in-situ concentration.
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Table 3. Summary of comparison results between the column and the in-situ black carbon (BC) concentrations using linear regression (y = ax + b).

Study Sites Column Concentration a In-Situ Concentration b R Period Instrument Reference

Seoul, Korea 1.40 1.36 0.39 2011.03–2018.12 Sunset OC/EC This study
Yongin, Korea 1.33 0.87 0.18 2015.01–2018.12 MAAP

Anmyon, Korea 0.99 1.05 0.35 2014.03–2017.04 AE31
Baengnyeong, Korea 0.88 0.78 0.48 2010.08–2016.08 Sunset OC/EC

Gosan, Korea 0.76 0.51 0.21 2012.03–2015.12 CLAP

Yongin, Korea 2.33 1.08 0.78 2012.3–2012.5 MAAP [32]

Beijing, China 4.24 - 0.73 2014.10–2015.1
(2014.10.15–2014.11.13) AE31 [33]

3.70 1.44 0.79 2014.10.16–2015.1.29 AE31 [31]
6.84 4.33 0.80 2012.10.11–2012-10.31 AE51 [29]

- - 0.77 2012.2.11–2.29 AE51 [28]
Cabauw, the
Netherlands 0.87 0.92 0.37 2008.5.1–2008.5.15 MAAP [71]

a mg m−2; b µg m−3.
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Figure 5a,b shows the monthly variation in the columnar BC concentration estimated from
AERONET and in-situ BC concentration for each site. The overall columnar and in-situ BC
concentrations began increasing in fall and peaked in winter due to house heating and/or biomass
burning and were lowest in summer because of wet scavenging as a result of frequent precipitation.
For each site, the monthly variation in the columnar and in-situ BC concentrations showed a slightly
different pattern. In the case of Yongin, located near farmland, the columnar BC concentration was
pronounced in October compared to that at the other sites. It might be attributable to biomass burning
of agricultural residues, which are ubiquitous in Korea during those months [96,97]. In contrast,
the columnar and in-situ BC concentrations in Gosan was the highest in May because BC might be
transported from eastern China due to crop residue burning after harvest, as crop burning is prevalent
in May–June rather than October–November [98].

Figure 5. Monthly variation in the (a) estimated AERONET columnar BC concentration (mg m−2), (b) in
situ BC concentration (µg m−3). (c) and (d) MERRA-2 columnar (mg m−2) and surface BC concentration
(µg m−3), respectively.

Figure 5c,d shows the monthly variation in columnar BC and surface concentrations derived from
MERRA-2. In the case of columnar BC concentration, the monthly variation among sites was more
similar than that estimated from the AERONET, being the lowest in summer and the highest in spring,
not in winter. Therefore, the characterized monthly variation depending on site, which was observed
from AERONET and in-situ measurement (i.e., October in Yongin and May in Gosan), was diminished
because MERRA-2 follows the normally well-known variations in AOD. Nevertheless, the monthly
mean showed a good relationship between in-situ and surface BC concentration from MERRA-2,
with high correlation coefficients (R) ranging from 0.45 (Baengnyeong) to 0.80 (Yongin). The range
of R between the two datasets was similar to that found in a previous study (0.55 to 0.90) which
compared 14 China Atmosphere Watch Network sites in East China during 2006–2016, and the ratio of
the monthly mean between MERRA-2 and in-situ measurements (1.02 ± 0.21) showed good agreement
when compared to the average value in this study (2.60 ± 0.49) [99]. The large difference in the ratio
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between Korea and China could be resulted from the much lower BC concentrations from MERRA-2
over Korea (less than 3.5 µg m−3) compared to those over East China (less than ~15 µg m−3).

4. Discussion

4.1. Comparison between Columnar BC Concentration Estimated from AERONET and In-Situ
BC Concentrations

We compare the hourly columnar BC concentration with in-situ BC concentration. Although the
PM standard was based on the daily mean to assess the short-term risk of PM, we used an hourly
timescale to minimize the differences in the parameters under clear-sky conditions in the daytime
and other sky conditions, which can be caused by the clear-sky bias problem [100,101]. The overall R
between columnar and in-situ concentration showed a moderate value of 0.37 (p < 0.01), suggesting that
the hourly relationship was highly influenced by local variabilities, such as meteorological parameters.
By the sites, the highest R was observed at Baengnyeong (0.48), followed by Seoul (0.39), Anmyon (0.35),
Gosan (0.21), and Yongin (0.18), indicating that the variation in in-situ BC concentration at Baengnyeong,
Seoul, and Anmyon might be partially explained by the columnar BC concentration, but Gosan and
Yongin are more complicated than the other sites due to other variables. These values were significantly
lower than those observed in previous studies in Korea and China due to the short-term comparison
periods (Table 3). Therefore, comparison with previous studies is difficult because most studies were
conducted under relatively constant meteorological conditions (e.g., PBLH, temperature, and RH) and
emission sources which showed high seasonal variability.

Among the R between in-situ BC concentration and the meteorological parameters, the temperature
(−0.17), wind speed (−0.28), and PBLH (−0.13) were negative, whereas the columnar BC concentration
and RH showed high (0.37) and low (0.06) positive correlations, respectively. As discussed in the
previous section, it could be easily deduced that in-situ BC concentration was increased by low wind
speeds (stagnant conditions), low PBLH (low vertical mixing), and low temperatures (high emissions
from heating), resulting in accumulated BC at the surface level. The reason for the low correlation
with RH is that freshly emitted BC particles have a hydrophobic property, which is less effective with
RH [54]. Moreover, the growth factor of more hygroscopic BC-containing particles due to aging is
generally lower than that of BC-free particles [102,103].

Table 4 summarizes the statistical parameters of the comparison results according to the different
bins of the meteorological parameters and seasons to identify the conditions that showed a good
correlation between the columnar and in-situ BC concentration. All R of the meteorological parameters
and seasons were also located within significant levels. By season, the R between the hourly columnar
and in-situ BC concentrations varied from 0.26 to 0.51, being high in winter and low in summer,
indicating that the large variability in the BC concentration in winter resulted in a good correlation.
By the same token, a high R was observed under low temperatures (263–278 ◦K) and relatively low
RH (60–70%), which represent a typical cold season in Korea. In the case of wind direction, the west
with relatively high wind speed (2–3 m s−1) showed a high R because westerlies prevail on the
Korean Peninsula, especially during spring and winter, resulting in a large amount of BC particles being
transported from China. It should be noted that a good correlation was observed in the high planetary
boundary layer (1–1.5 km) suggesting that vertical mixing is important because the columnar BC
concentration represents the aerosols in the column, whereas the in-situ BC concentration is constrained
under the PBLH [42].
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Table 4. Summary of statistical parameters for the relationship between the columnar and in-situ BC concentrations depending on the season and meteorological
conditions. The parameters include the mean with standard deviation, correlation coefficient (R), slope, and intercept of the linear regression line (y = ax + b), and the
number of data points. (a) Season, (b) wind direction, (c) wind speed, (d) relative humidity, (e) planetary boundary layer height (PBLH), and temperature.

In-Situ
Concentration

(µg m−3)

Column
Concentration

(mg cm−2)
R a b N

In-Situ
Concentration

(µg m−3)

Column
Concentration

(mg cm−2)
R a b N

(a) Season (b) Wind direction

Spring 1.40 ± 0.85 1.20 ± 0.84 0.34 0.33 0.61 1018 North 1.17 ± 0.71 1.10 ± 0.88 0.28 0.34 0.63 636
Summer 1.04 ± 0.60 0.97 ± 0.73 0.26 0.32 0.65 422 East 1.38 ± 0.86 0.92 ± 0.70 0.41 0.33 0.51 402

Fall 1.47 ± 0.90 1.05 ± 0.88 0.38 0.37 0.48 578 West 1.37 ± 0.84 1.26 ± 0.96 0.44 0.50 0.45 637
Winter 1.72 ± 1.09 1.49 ± 1.09 0.51 0.51 0.41 112 South 1.62 ± 0.99 1.17 ± 0.72 0.39 0.28 0.61 455

(c) Wind speed (m s−1) (d) Relative humidity (%)

0–1 1.77 ± 0.98 1.18 ± 0.76 0.34 0.27 0.60 215 10–20 1.17 ± 0.60 1.53 ± 0.82 −0.23 −0.32 1.24 40
1–1.5 1.69 ± 0.90 1.29 ± 0.88 0.25 0.25 0.68 302 20–30 1.17 ± 0.72 1.40 ± 0.83 0.29 0.33 0.72 159
1.5–2 1.51 ± 0.93 1.15 ± 0.83 0.33 0.30 0.61 238 30–40 1.24 ± 0.72 1.27 ± 0.83 0.37 0.43 0.58 236
2–3 1.39 ± 0.86 1.26 ± 1.03 0.43 0.52 0.43 400 40–50 1.46 ± 0.95 1.26 ± 1.05 0.44 0.49 0.44 256
3–4 1.24 ± 0.71 1.10 ± 0.85 0.32 0.39 0.56 332 50–60 1.43 ± 0.86 1.12 ± 0.86 0.33 0.33 0.58 319
4–5 1.11 ± 0.69 1.00 ± 0.73 0.32 0.33 0.63 306 60–70 1.44 ± 0.90 1.00 ± 0.77 0.49 0.42 0.40 311
5–6 1.07 ± 0.68 0.94 ± 0.76 0.40 0.44 0.50 164 70–80 1.40 ± 0.86 1.05 ± 0.76 0.43 0.38 0.50 284

6–15 1.00 ± 0.73 0.90 ± 0.68 0.43 0.40 0.56 173 80–90 1.33 ± 0.95 0.99 ± 0.73 0.37 0.28 0.62 160

(e) PBLH (km) (f) Temperature (◦K)

0.2–0.3 1.40 ± 0.85 0.97 ± 0.73 0.35 0.30 0.57 365 263–273 1.61 ± 0.85 1.50 ± 1.02 0.50 0.60 0.35 30
0.3–0.4 1.57 ± 0.95 1.02 ± 0.70 0.40 0.30 0.55 399 273–278 1.65 ± 0.91 1.22 ± 0.88 0.46 0.45 0.40 167
0.4–0.6 1.40 ± 0.87 1.05 ± 0.78 0.45 0.41 0.46 503 278–283 1.48 ± 0.90 1.04 ± 0.73 0.41 0.33 0.53 324
0.6–0.8 1.33 ± 0.84 1.17 ± 0.90 0.39 0.42 0.53 326 283–288 1.46 ± 0.95 1.09 ± 0.78 0.32 0.27 0.65 444
0.8–1 1.19 ± 0.73 1.19 ± 0.94 0.40 0.51 0.48 231 288–293 1.33 ± 0.84 1.10 ± 0.88 0.42 0.44 0.47 466
1–1.5 1.17 ± 0.79 1.47 ± 1.07 0.51 0.69 0.45 257 293–298 1.22 ± 0.76 1.20 ± 0.97 0.41 0.53 0.46 403
1.5–2 1.12 ± 0.59 1.59 ± 0.89 −0.14 −0.21 1.14 44 298–303 1.16 ± 0.69 1.10 ± 0.76 0.25 0.27 0.71 266
2–2.5 1.23 ± 0.70 1.21 ± 0.60 0.94 0.81 0.18 5 303–313 0.99 ± 0.46 1.37 ± 1.13 0.16 0.38 0.73 29
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4.2. Multiple Linear Regression (MLR) Model for Predicting Surface BC Concentration

To develop a model that can predict surface BC concentration, we used the variables discussed in
the previous section in the following MLR equation [42,46], except for season which is replaced by the
measurement month:

BCin−situ = C1 + C2 · BCcolumn + C3 · Temp + C4 ·RH + C5 · PBLH
+C6 ·WS + C7 ·WD + C8 ·Month + C9 · Land− use type

(7)

where BCin-situ is in-situ BC concentration (µg m−3), C1 is the intercept of the model using MLR,
and C2–C8 are regression coefficients for the predictor variables, including the columnar BC
concentration (BCcolumn), temperature, RH, PBLH, wind speed, wind direction, measurement month,
and land-use type. The reason we replaced the season with measurement month is that measurement
months showed better performance compared to season. It should be noted that the land-use type is also
considered in our equation to reflect the influence of local emissions (high in urban, medium in rural,
and low in background sites). The wind direction, measurement month, and land-use type parameters
were considered as categorical variables and the others were continuous variables. Most estimated
regression coefficients of the model were found to be highly significant (p < 0.05), except for wind
directions and some measurement months (Table 5). Among the considered continuous variables,
the estimated regression coefficients of temperature, PBLH, and wind speed had negative values,
which is similar to the results described in Section 4.1. The columnar BC concentration and PBLH were
the strongest coefficients to estimate the in-situ BC concentration. In the case of categorical variables,
the urban and wintertime showed the highest coefficients suggesting the categorical variables were also
followed well with already-known BC characteristics, except for the southerly wind. The difference in
wind direction (not westerly wind) might be due to the considered time resolution was subdivided
into months instead of seasons which can cause the weaken the wind direction effects. As a result,
the coefficients of wind directions were lower than other categorical variables with insignificant levels
(p ≥ 0.05).

The R between in-situ and predicted BC concentrations using the MLR model was 0.64, which was
much higher than the model that accounted for only the columnar BC concentration from AERONET
(R = 0.37). Moreover, the slope of the linear regression line was also improved from 0.36 to 0.41 when
considering the MLR model. Figure 6 presents the seasonal scatterplots between in-situ and predicted
BC concentrations. The seasonal R converged into a similar range from 0.56 for summer to 0.65 for
fall. Although the available number of data points in winter was significantly lower than that in other
seasons, the performance in winter was comparable, yielding a higher R compared to that in summer.
It should be noted that predicted BC concentrations were underestimated as in-situ concentration was
increased; slopes of linear regression lines were less than unity. This could be resulted from the inherent
difference in characteristics of vertical distribution between column and in-situ BC concentrations
although we tried to reduce the difference by considering the PBLH, which is the indirect indicator for
the vertical distribution of aerosols. The lowest slope of linear regression line in winter could be partial
explained by the inherent difference in vertical distribution because the vertical mixing was restricted
due to low temperature. The slope (a = 0.41) and intercept (b = 0.81) of linear regression lines might be
containing the inherent difference in vertical distribution, thus, we can overcome the underestimation
issue of predicted BC concentration by applying the bias correction method ([y − b]/a) using linear
regression line fitting [104].
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Table 5. Estimated regression coefficients for the multiple linear regression (MLR) model.

Coefficient

(a) Continuous variables

Intercept −9.533 ***
BCcolumn (mg m−2) 0.330 ***
Temperature (◦K) 0.022 ***

RH (%) 0.050 ***
PBLH (km) −0.162 **

Wind speed (m s−1) −0.041 ***

(b) Categorical variables

Wind direction East -
North 0.025
South 0.085
West 0.043

Season Jan -
Feb 0.15
Mar −0.212
Apr −0.311 *
May −0.574 ***
Jun −1.067 ***
Jul −1.275 ***

Aug −1.126 ***
Sep −0.935 ***
Oct −0.404 **
Nov −0.07
Dec 0.042

Land-use Background -
Rural 0.262 ***
Urban 0.750 ***

p-value: *** p < 0.001, ** p < 0.01, * p < 0.05.

Therefore, as an aspect of R, the performance of our model can be compared with the results from
previous studies that mostly focused on the relationship between the AOD and PM concentrations in
Korea [46,47,105,106]. Choi et al. [105] investigated the seasonal relationship between the MODIS AOD
and PM10 using the 3-D global chemical transport model (GEOS-Chem) for 62 sites over East Asia.
The seasonal R varied from 0.28 in fall to 0.54 in summer using linear regression methods (y = ax + b),
and these values were much lower than those obtained from our model. This difference might have
been due to the use of a simple linear equation and the much wider spatial distribution of monitoring
sites, which showed high regional variability in meteorological parameters and emission factors.
Seo et al. [46] focused on the relationship between AERONET AOD and PM10 from 10 air quality
monitoring stations in Seoul, Korea. They reported a much higher R value (0.68) when using an MLR
model similar to our formula, but the measurement period (March to May 2012) did not cover whole
seasons. Kim et al. [106] demonstrated an improved R (0.82) between AERONET AOD and PM10 at
Gosan for March 2008 and October 2009 using the lidar vertical fraction method, which considers
the haze layer height and hygroscopic growth factor. Similarly, Kim et al. [47] also reported a high R
(0.85; 0.78–0.91) between the GOCI AOD and PM2.5 in Seoul, Korea in 2015 using the MLR model and
lidar vertical profile of aerosols. On the basis of these comparisons, our model has been validated as a
representative method for accurately predicting the in-situ BC concentration from AERONET sites
where BC instruments are not installed, by allowing the real-time monitoring of BC during the daytime
with global coverage.
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Figure 6. Seasonal scatter plots between the predicted BC from the multiple linear regression (MLR)
model and measured in-situ BC concentrations during (a) spring, (b) summer, (c) fall, and (d) winter.

5. Conclusions

Because of the increasing importance of BC emissions from developing countries and forest areas
and the necessity of understanding spatial and temporal variation in BC, we investigated the columnar
BC concentration from five AERONET sites in Korea using mixing rules, which can represent aerosols
in the real world, and then we established an MLR model to predict the in-situ BC concentration
by considering additional relevant parameters. By considering water-insoluble and water-soluble
chemical components for fine-mode aerosols, the column concentrations (mg m−2) were estimated
using (1) breakdown methods for separating the RI between fine and coarse modes and (2) mixing rules
that can represent aerosols in the real world (Maxwell Garnett for water-insoluble components and
volume average for water-soluble components). Among the sites, the total column concentration was
associated with the geographical location; for example, it was highest in the urban area (Seoul) due to a
large amount of local emissions, followed by the rural (Yongin and Anmyon) and background regions
(Baengnyeong and Gosan). Among the chemical components, the mean column concentration of SII
was high, at 60.2 ± 5.5 mg m−2, with a very low CV (0.09), indicating a homogeneous distribution over
Korea. In contrast, OC (2.96 ± 1.74 mg m−2), BC (1.07 ± 0.25 mg m−2), and MD (0.20 ± 0.09 mg m−2)
had slightly higher CV values of 0.59, 0.24, and 0.45, respectively, suggesting the importance of local
emissions. Among the light-absorbing components, WSOC (CV of 0.94) showed the highest spatial
variation, along with WIOC (CV of 0.50), and the WSOC/OC ratio reflected site characteristics similar to
those observed in previous studies. The mean columnar BC concentration was the highest and lowest
in Seoul and Gosan, respectively, similar to the in-situ and MERRA-2 BC concentrations. The monthly
mean columnar and in-situ BC concentrations were high in winter and spring due to house heating
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and/or biomass burning and the lowest in summer because of wet scavenging. The detailed monthly
variation in the columnar and in-situ BC concentrations showed distinct patterns depending on
the site (e.g., high values in October in Yongin and in May in Gosan due to crop residue burning),
but the columnar and surface BC concentrations from the MERRA-2 reanalysis data did not show
such variations and were high in spring rather than winter. When comparing the hourly in-situ BC
concentration with meteorological parameters, BC increased in association with low wind speeds
(stagnant conditions), low PBLH (low vertical mixing), and low temperatures (high emissions from
heating), resulting in accumulated BC at the surface level. The statistical parameters for the relationship
between in-situ and predicted BC concentrations using the MLR model showed similar performance
(R of 0.64) to that observed in previous studies using MLR focused on the relationship between the
AOD and PM concentrations in Korea (R of 0.68−0.91). Therefore, our model could be an effective tool
for accurately predicting in-situ BC concentrations from AERONET data to enhance the understanding
of global BC behavior.
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