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Abstract: This study examined the seasonal variations and influencing factors for black
carbon (BC) concentrations and aerosol optical depth (AOD) at the Socheongcho Ocean
Research Station (SORS) on the Korean Peninsula from July 2019 to December 2020.
An AOD algorithm was developed and validated using the Geo-KOMPSAT-2A (GK-
2A) satellite. The GK-2A AOD demonstrated comparable performance to that of Low
Earth Orbit satellites, including the Terra/MODIS (R? = 0.86), Aqua/MODIS (R? = 0.83),
and AERONET AODs (R? = 0.85). Multi-angle absorption photometry revealed that sea-
sonal average BC concentrations were the highest in winter (0.91 4 0.80 pug-m~3), fol-
lowed by fall (0.80 £ 0.66 ug-m’g’), wet summer (0.75 + 0.55 ug~m’3), and dry summer
(0.52 £0.20 ug~m’3). The seasonal average GK-2A AOD was higher in wet summer
(0.45 £ 0.37 ug-m’3 ) than in winter. The effects of meteorological parameters, AERONET
AOD wavelength, and gaseous substances on GK-2A AOD and BC were investigated.
The SHapley Additive exPlanations-based feature importance analysis for GK-2A AOD
identified temperature, relative humidity (RH), and evaporation as major contributors.
BC concentrations were increased, along with PM;5 and CO levels, due to the effects
of combustion processes during fall and winter. Analysis of high-aerosol-loading cases
revealed an increase in the fine-mode fraction, emphasizing the meteorological effects on
GK-2A AOD. Thus, long-range transport and local BC sources played a critical role at
the SORS.

Keywords: aerosol optical depth; satellite; black carbon; Socheongcho; Geo-KOMPSAT-2A

1. Introduction

Aerosols significantly influence the Earth’s radiation balance, as well as its hydrological
and biogeochemical cycles [1]. Among these, carbonaceous aerosols, including black
carbon (BC), are notable for their strong optical absorption properties, and are the key
anthropogenic components of the atmospheric aerosol system. The levels of carbonaceous
aerosols have risen significantly since preindustrial times, primarily due to emissions
from the incomplete combustion of fossil fuels, various types of biomass and biofuels,
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and exhaust from automobiles and aircraft, among other sources [2,3]. BC absorbs solar
radiation, resulting in positive radiative forcing at the tropopause and negative forcing at
the surface [4,5].

Recent research on the properties of BC and its influence on the atmosphere has been
extensive, highlighting BC’s significant role in climate change [6-9]. Understanding BC
emissions from ocean research stations is particularly important for studying haze forma-
tion, regional carbonaceous particulate emissions, and transport, and assessing regional
climate forcing [10]. The average atmospheric lifetime of BC in the lower troposphere is
approximately one week, and is strongly influenced by meteorological conditions such as
wind speed (WS), planetary boundary layer height (PBLH), and relative humidity (RH). No-
tably, BC’s strong absorption properties reduce solar radiation, altering surface temperature
and PBLH, which subsequently impacts cloud formation [11,12].

Aerosol optical depth (AOD), a key measure of aerosol optical properties, is an essen-
tial parameter for estimating direct aerosol radiative forcing. AOD is defined as the vertical
column across the entire atmospheric column, from the Earth’s surface to the top of the
atmosphere (TOA), representing the attenuation of solar radiation due to aerosol scatter-
ing and absorption. Typically, AOD is obtained through ground-based or satellite-based
observations. Ground-based observations offer high temporal and spectral resolutions
with relatively simple retrieval methods; however, they only represent a localized area
around the observation site. In contrast, satellite-based remote sensing provides systematic
retrieval of optical aerosol properties over broader spatial scales.

Satellite-based AOD measurements have the advantages of wide spatial coverage
and continuous observations, making them valuable for monitoring long-distance aerosol
transport and concentration changes [13,14]. However, these retrieval algorithms are
more complex and less accurate compared to ground-based methods, often leading to
overestimation due to variations in surface reflectivity across spectral bands [15-18]. This
issue is particularly pronounced in regions with high surface albedo during winter, such
as basins, deserts, and snow-covered areas. Therefore, to maximize the utility of the
satellite data’s wide spatiotemporal coverage and minimize uncertainties in aerosol effect
estimations, satellite observations must be validated against ground-based measurements.

We developed a visible AOD algorithm using the Geo-KOMPSAT-2A Advanced
Meteorological Imager (GK-2A /AMI) for aerosol monitoring in East Asia, significantly
improving its accuracy through the integration of GK-2A cloud data [19-23]. The GK-2A
AOD algorithm reduced errors by employing high-accuracy cloud detection outputs across
multiple channels (visible, infrared, and water vapor). However, uncertainty increased in
regions with high surface reflectivity, such as deserts.

To validate the accuracy of satellite-derived aerosol data, previous studies have
extensively utilized ground-based observations (e.g.,, AERONET) and other satellite
datasets [19-23]. This study advances on such approaches by directly comparing satellite-
derived data with ground-based BC observations, enabling a detailed assessment of
aerosol characteristics, including scattering and absorption. Socheongcho, strategically
located within a pathway of long-range atmospheric inflow and with a background at-
mosphere, provides an optimal site for investigating meteorological factors influencing
high-concentration aerosol events.

These findings are expected to contribute substantially to policy initiatives aimed at
mitigating air pollution, such as Korea’s fine dust seasonal management system, particularly
for addressing the seasonal transport of long-range pollutants. Furthermore, the results
offer valuable recommendations for improving satellite AOD products to enhance their
applicability in environmental monitoring and policy development.
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2. Materials and Methods
2.1. Site Description and Surface Meteorological Conditions

The Socheongcho Ocean Research Station (SORS), located in the northern Yellow Sea
(Figure 1), was established by the Korea Institute of Ocean Science and Technology (KIOST)
in October 2014 [24]. It was constructed on a rock formation at a depth of 50 m, approxi-
mately 37 km south of Socheong Island (37°25'N, 124°44'E). The station currently houses
43 types of equipment, including 12 for weather observation, 22 for marine observation,
and 7 for environmental monitoring. These instruments support oceanographic research,
the identification of air pollutant transport routes, and investigations into typhoon structure
and characteristics. Data from the SORS have been used to assess background fine dust
concentrations on the Korean Peninsula and track changes in fine dust originating from
external sources, underscoring the station’s strategic importance in analyzing air pollution
in Northeast Asia. KIOST has actively promoted international joint research on fine dust
and established SORS as a key base for ground-based observations. In particular, air pollu-
tant data from the station are critical for forecasting fine and ultrafine dust, which directly
impact metropolitan areas. This study utilized SORS measurements of surface aerosol
mass concentrations, aerosol optical properties, tropospheric gasses, and meteorological
parameters collected between July 2019 and 31 December 2020.
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Figure 1. The location of the Socheongcho Ocean Research Station (SORS), marked with a red star, is
shown in the Yellow Sea.

2.2. Instruments and Data
2.2.1. Ground-Based Studies

[ BC and Pl\/Iz~ 5

Hourly measurements of PM; 5 and BC during 2019-2020 were obtained using the beta
(B)-ray absorption method (FH62C14, Thermo Fisher, 27 Forge Parkway Franklin, MA, USA)
for PM; 5 and a multi-angle absorption photometer (Model 5012 MAAP, Thermo Fisher,
27 Forge Parkway Franklin, MA, USA) for BC. The multi-angle absorption photometer
measured aerosol BC mass concentrations at a single nominal wavelength of 670 nm. The
method determined aerosol optical absorption values by simultaneously measuring the
radiation transmitted through a particle-loaded fiber filter and the scattered radiation [25].
The principle of multi-angle absorption photometry involves measuring signals scattered
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at angles of 130° and 165° during a typical transmission measurement. Radiative processes
were modeled using a radiative transfer scheme incorporating the particle-loaded filter,
aerosol filter layer, and black filter. The model outputs included the single scattering
albedo, wyijser, and optical depth, Tfijy,, Of the aerosol-loaded filter layer, which aligned
with the measured transmitted and reflected signals. Using these values, the multi-angle
absorption photometer absorption coefficient (Byj4 4p) was calculated using the following
equation [26,27]:

A
Bumaar = —v; (1 - wfilter> X Tilter 1)

where By44p is a method-dependent coefficient related to absorption, A is the filter spot
area, and V is the sampled volume.

e AERONET AOD

AERONET (https:/ /aeronet.gsfc.nasa.gov, last accessed 12 December 2023) is a global
ground-based network of sun—sky photometers that provides AOD measurements at seven
wavelengths (340, 380, 440, 551, 675, 870, and 1020 nm). It also supplies information on
aerosol mass size distribution and implements rigorous quality control processes [28].
AERONET data have been widely used for satellite validation and aerosol characterization
in numerous satellite instruments and algorithms [29,30]. The low uncertainty of AERONET
AOD measurements, ranging from 0.01 to 0.02 in visible and near-infrared wavelengths
(340-1640 nm), enhances their reliability [31-34].

This study utilized the AERONET Version 3 (V3) algorithm, which offers fully au-
tomated cloud screening and quality control to address measurement anomalies. Level
2.0 data, representing the highest quality, were employed for direct sunlight measure-
ments [35,36]. The spectral dependence of AOD from AERONET was used to compute the
Angstrom exponent (AE) in this study, a.

AOD, = A )

where AOD, is the approximated AOD at the wavelength A; B is Angstrom’s turbidity
coefficient, equal to AOD at A =1 um; and « is the Angstrom exponent. The Angstrom
exponent serves as a reliable indicator of the ratio of accumulation-mode (r < 1 um) to
coarse-mode (r > 1 um) particles. Although & is commonly assumed to be independent of
the wavelength, it is well-established that « exhibits dependence on A [37,38]. In this study,
o values were calculated for the wavelength intervals of 440-870 nm and 440-667 nm.

° Gasses

Carbon monoxide (CO), carbon dioxide (CO;), and methane (CH,4) concentrations
were measured using cavity ring-down spectroscopy (CRDS; Model G2401, Picarro Inc.,
3105 Patrick Henry Dr. Santa Clara, CA, USA). Cavity ring-down spectroscopy is a direct,
quantitative absorption technique that enhances light-matter interaction through an ex-
tended optical path within a high-finesse optical resonator, enabling ultrasensitive trace
gas detection with high spatial and temporal resolution. Recent advancements in cavity
ring-down spectroscopy technology have expanded its applications to fundamental molec-
ular spectroscopy, atmospheric sensing, exhaled breath diagnostics, plasma diagnostics,
kinetics studies, and aerosol extinction and absorption monitoring [39].

2.2.2. Satellite-Based Studies
e GK-2A/AMI

The Korea Meteorological Administration (KMA) utilized the geostationary meteo-
rological satellite GK-2A to monitor meteorological phenomena, including yellow dust
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and typhoons. To provide detailed hazardous weather forecasts, the satellite observed
the Korean Peninsula every 2 min and the full disk every 10 min, operating continuously.
GK-2A featured 16 channels with central wavelengths ranging from 0.47 to 13.1 um. An
algorithm was developed to account for the unique characteristics of each channel based
on specific weather phenomena. Notably, three visible bands (blue, green, red) and one
near-infrared band (0.86 pm) were employed to effectively monitor the optical properties of
aerosols [40]. In this study, AMI-based AOD products were developed to enhance aerosol
detection accuracy and surface reflectance measurements. The measurement accuracy was
AT = £0.10 £ 0.37t over land, and At = £0.05 & 0.27 over the ocean.

e  Terra and Aqua/Moderate Resolution Imaging Spectroradiometer (MODIS)

The MODIS is a low Earth orbit (LEO) sensor designed to characterize spatiotemporal
global aerosol properties. It operates on the EOS Terra satellite, which follows a descending
orbit over the equator at approximately 10:30 local solar time, and the Aqua satellite,
which follows an ascending orbit at approximately 13:30 local solar time. The MODIS has
consistently acquired daily global measurements across 36 spectral bands (410-1450 nm) at
three spatial resolutions: 250 m, 500 m, and 1 km.

MODIS-based AOD products continue to be widely used in various studies, in-
cluding this one, which utilized the Collection 6 Level 2 (L2) AOD products [41,42].
The MODIS L2 aerosol products (MODO04 for Terra and MYDO04 for Aqua, collec-
tively referred to as M*D04) were generated using two distinct algorithms: Deep
Blue (DB: Deep_Blue_Aerosol_Optical_Depth_550_Land) and Dark Target (DT: Cor-
rected_Optical_Depth_Land and Optical_Depth_Land_And_Ocean) [43,44]. The pre-
dicted uncertainties for the MODIS AOD products were reported as follows: for DT
over land: At = £0.05 &£ 0.157; for DB over land: At = +0.20 + 0.057; and over the ocean:
At =+0.03 + 0.057.

e  Suomi-Polar-orbiting Partnership (S-NPP)/Visible Infrared Imaging Radiometer
Suite (VIIRS)

The VIIRS is a cross-track scanning radiometer sensor onboard the S-NPP satellite [45].
Developed to replace the aging MODIS, the VIIRS is capable of observing a wide swath
(~3000 km), which enhances its ability to monitor multiple areas simultaneously. In this
study, the VIIRS aerosol Intermediate Product was utilized, and data were obtained from
the NOAA National Centers for Environmental Information website (https://www.ncei.
noaa.gov, accessed on 1 January 2019). The data were subjected to continuous assessment
with uncertainty value ranges of [AT = —0.4707 — 0.01 (lower bound), —0.00587 + 0.09
(upper bound)] over land, and [AT = —0.2387 + 0.01 (lower bound), 0.1947 + 0.048 (upper
bound)] over the ocean. The VIIRS aerosol data were utilized to validate the accuracy of
the AOD in this study for high-aerosol-loading events.

2.3. Methods
2.3.1. GK-2A AOD Algorithm

The NMSC developed an algorithm to retrieve the AOD from the AMI clear-sky
spectral reflectance (Figure 2). The output had a spatial resolution of 2 km and a temporal
resolution of 10 min during the daytime. The AMI AOD algorithm performed calcula-
tions after removing bright surfaces, such as sun glint, deserts, and bare soil, to reduce
uncertainty in surface reflection. In particular, it is novel that it included more accurate
cloud detection and bright surface masking via its SWIR and IR channels. Also, it reduced
seasonal temperature differences by using the average aerosol background field for 30 days
before observation.
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Figure 2. Flow chart of Geo-KOMPSAT-2A Advanced Meteorological Imager (GK-2A) aerosol optical
depth (AOD) algorithm.

The multichannel aerosol algorithm’s advantage was its ability to simultaneously
retrieve optical depth and aerosol models by matching the observed TOA reflectance with
pre-calculated values from selected AMI channels. This study used five-channel reflectance
(0.47,0.51, 0.64, 0.86, and 1.61 pum) from the GK-2A to select the appropriate aerosol optical
property model and aerosol loading [19].

Step 1: Aerosol model assumption

The aerosol model, consisting of six categories [46], was derived from statistically
determined aerosol size distributions in the AERONET databases for East Asia (49 stations,
1993-2018). Accurate aerosol optical properties were also determined through statistical
analysis of the available data. The volume size distribution, an important AERONET
inversion product, represents aerosol particle size distribution in a multimodal log-normal
form, as follows:

dlnr = o271 207

where i is the index of the log-normal aerosol mode, and # is the number of modes. For

n . — . 2
V() _ - Co exp[_(lnr Inr,,) ] )

each mode, C, ; isrepresents the volume concentration of the aerosol particles, r,; is
the geometric mean radius, o; is the geometric standard deviation, and r is the particle
radius [47,48].

Although sensitivity varies qualitatively by aerosol type, radiation sensitivity to AOD
is higher in the short-wavelength region and decreases toward the long-wavelength region.
This finding was determined using lookup tables (LUTs) that classified fine particle aerosols
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in East Asia through a radiative transfer model. The radiation sensitivity decreased signifi-
cantly in the shortwave-infrared region; however, it remained high in the visible region
(channels 1 to 4). The aerosol model was developed through optimization based on the
optical and physical properties of different aerosol types, leading to the sub-categorization
of the aerosol-type model.

Step 2: AOD LUT

Six aerosol models were constructed using AERONET data, and LUTs were generated
using a radiative transfer model. Table 1 lists the input variables for the Santa Barbara
Discrete Ordinate Radiative Transfer model, part of the libRadtran software package
(version 2.0.1, http://libradtran.org, accessed 2 February 2022) [49,50]. The LUTs were
constructed as functions of scattering and absorbing AOD, optical properties, wavelengths,
and extinction coefficients [51].

Table 1. The input variables used for the calculation of the aerosol optical depth (AOD) lookup tables.

Variable Number of Entries Entries
Wavelength 7 047, 0 51, 0.64,0.86,1.37,1.61,3.83 Hm
(considering spectral response function)
Solar zenith angle 9 0, 10, 20, 30, ..., 80° (10 intervals)
Satellite zenith angle 17 0,5,10,15,...,80° (5 intervals)
Relative azimuth angle 18 0,10, 20, 30, ..., 170° (10 intervals)
AOD 10 0.0,0.3,0.6,09,1.2,1.5,2.0,3.0,4.0,5.0
ASIA_AEROSOL_AMI_CAT1
ASIA_AEROSOL_AMI_CAT2
AOD model 6 ASIA_AEROSOL_AMI_CAT3

ASIA_AEROSOL_AMI_CAT4
ASIA_AEROSOL_AMI_CAT5
ASIA_AEROSOL_AMI_CAT6

Step 3: Surface reflectance estimation
e Ocean

Radiance from the ocean surface depends on whitecaps, sun glint, and subsurface scat-
tering, which are primarily influenced by WS and absorbing properties. The combination
of these factors (oprpr) leads to the following parameterization [52]:

POBRDF = PFoam ()\) + (1 - AFoam)psunglint + (1 - PPoum)psubwuter (4)

The first term, p_Foam, represents the reflectance of foam patches and streaks
caused by whitecaps, determined by the fraction covered by Ar,sm = 2.951x107° x
Windspeed3‘52 [53]. The second term, (1 — AFoam)psunglint/ represents the specular re-
flectance from the water surface without foam. This component can be calculated using
the Fresnel formula for a flat surface, and depends on the angles of incidence and reflec-
tion, as well as the refractive index of water. In the spectral range, the refractive index
decreases, which broadens and reduces the sun glint in rough ocean conditions [54]. The
weighted factor (1 — Ap,a) represents the area not encompassed by whitecaps, as specular
reflection occurs only in these regions. Additionally, (1 — PFoam )Psubwater describes the
reflectance due to subsurface light. The value of pgppater is influenced by scattering from
water molecules and suspended particles in the water, in the absence of whitecaps [55].

e Land

The surface reflectance for overland aerosol retrievals was inferred using a hybrid
method, based on background images pre-constructed from 30-day minimum reflectance
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composites obtained from the GK-2A COMPADDP. These composites provided clear sky
conditions with the lowest aerosol loading. Composite images, corrected for atmospheric
transmission, served as a surface reflectance database, even for bright surfaces such as
deserts or urban areas.

Step 4: TOA reflectance calculation for LUTs

The aerosol retrieval algorithm used the L1B calibrated reflectance at the TOA from
the visible and near-infrared channels of the AMI as primary inputs. The TOA approach
determines the reflectance at a given AMI band. According to Equation (4), the spectral
reflectance at the satellite level, pro 4, is the combination of three components. The atmo-
spheric contribution includes reflection, scattering, and absorption by aerosols and gasses.

Tirans(A)-psfe(A)
PTOA = PRayleigh + £ Aerosol T 7 fnss(A)ﬁ:;]: (A) ©

where pro4 is the apparent reflectance, psf is the surface reflectance, prayieign is the
Rayleigh reflectance, Tians is the bi-directional transmittance, and s(A) is the spheri-
cal albedo.

Step 5: Retrieval of AOD

The aerosol reflectance was used to derive the AOD by applying the LUT to the
optimal aerosol model. The SSM technique was employed to select the best LUT. This
technique compares the aerosol reflectance from satellite observations with various LUTs
for a given sun-satellite geometry. The first step involved determining the theoretical
AQOD (t35) from the satellite-estimated aerosol reflectance at 0.47 (pi“etr) using the function
AOD (5, = f(p5)). To achieve an accurate match with the observation, a set of p values
within the LUT must align closely with the observed values in each channel. The differences
between the calculated and observed p values were quantified using the root-mean-square
deviation (RMSD).

rumsp — L | Paer (M) — o (M)
N G (A)

(6)

where N is the number of selected wavelengths, p%lf is the p calculated with the radiative

transfer model, p‘/’fjr is the satellite-observed p, and A; is wavelength at 0.47, 0.51, 0.64, 0.86,
and 1.61 pm.

The theoretical aerosol reflectance, p7,,, at three channels (0.64, 0.86, 1.61 um), and the
RMSD between p5% and p?,,, are simultaneously determined in this step. To determine
T350 and p7 . for six aerosol models, the above process was repeated for each model. Finally,
the AOD was determined based on the model that achieved the minimum RMSD [56-58].

2.3.2. Space and Time Coincidence

Spatiotemporal matching is essential for confirming the correlation between ground-
based and satellite data. In this study, based on the SORS, the average satellite AOD value
for a small pixel area was calculated and compared with the ground-based observation
point. For spatial matching with the GK-2A AOD, the 10 km MODIS DB and DT AOD data
were resampled to a 2 km resolution using the nearest-neighbor method [59]. To ensure
temporal alignment, the average satellite observation data were matched to the ground
observation period (1 h), with AERONET data available within a 1 h window centered on
the MODIS overpass time.
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2.3.3. Weighted Potential Source Contribution Function (WPSCF) Analysis

Air mass movement was quantified using a trajectory model, which effectively identi-
fied the transport pathways connecting source and receptor locations. However, the model
involved deviations in air trajectories due to variations in spatial and vertical grids [60]. To
minimize this deviation, the potential source contribution function (PSCF) was applied as a
statistical analysis model. In this study, backward trajectories arriving at the SORS were
traced from an altitude of 1000 m above ground level and ended at 12:00 UTC, with a dura-
tion of 72 h. These trajectories were calculated every 23 h (00:00-23:00 UTC) using NOAA's
version 4 Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [61].
The PSCF method identified potential sources by combining backward trajectories with
defined air pollutant values [62]. The study area was divided into small, equal grid cells,
and the PSCF was calculated as follows:

_ M
= @

PSCF

Here, i and j represent the latitude and longitude, 1;; denotes the total number of
endpoints passing through the ij cell, and m;; represents the number of endpoints in the
same cell associated with samples exceeding the criterion value (75th percentile).

To reduce uncertainty in the cells, the WPSCF was applied. A weight function, W(n;;),
was multiplied by the PSCF values when 7;; was less than three times the average number
of trajectory endpoints (1yeqn) in each cell. The WPSCF and weight function, Wj;, are
defined as follows:

M
WPSCPij = 71] X W(Tli]') (8)
1
1.00 njj > 80
W _ Jo7o 20 < n;j < 80 ©)
7042 10 < nyj <20
0.17 Ifll']' <20

where Average is the average number of endpoints in each cell.

3. Results and Discussion

3.1. Performance of the GK-2A/AMI AOD Algorithm
3.1.1. Validation of GK-2A AOD

To quantitatively validate the GK-2A /AMI AODs, Terra and Aqua MODIS AODs were
compared with ground-based observations (AERO_AOD) (Figure 3). One AERONET site,
SORS, was selected for the analysis from July 2019 to December 2020. Standard deviations
of the AERONET AODs, GK-2A AODs, and MODIS AODs (DT and DB) were calculated.
The AODs from the GK-2A product developed in this study tended to slightly overestimate
compared to LEO satellite AODs. However, the GK-2A AOD retrieval demonstrated strong
agreement with ground-based AERONET data (R? = 0.85, slope = 1.01), outperforming the
MODIS Aqua AODs, which showed lower accuracy (R? = 0.83, slope = 0.76). Moreover, the
GK-2A AODs provided a higher temporal resolution (10 min) and spatial resolution (2 km)
compared to the MODIS products. This allowed for the highest number of collocation-
matching pixels (counts) to be obtained with AERONET. Consequently, the GK-2A AOD is
highly effective for monitoring aerosol information in East Asia, due to its superior data
acquisition capabilities compared to the other AOD products evaluated in this study.

The MODIS sensor, a polar-orbiting satellite (LEO), observes the Korean Peninsula
twice daily. Consequently, the number of collocations is limited due to sampling constraints
and cloud cover. Despite these limitations, the Terra MODIS exhibited a strong correlation
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with ground observations (R? = 0.86, slope = 0.78), indicating high accuracy. However, the
GK-2A AODs over the SORS were significantly overestimated, especially during episodes
of high aerosol loading. Similar trends were observed with the Terra and Aqua MODIS
AODs [63]. When precision was assessed using the RMSE with AERONET data as the true
values, the following results were obtained: (a) GK-2A RMSE = 0.279, (b) Terra MODIS
RMSE = 0.074, and (c) Aqua MODIS RMSE = 0.091. These findings demonstrated that
the GK-2A AOD had a lower accuracy than the polar-orbiting MODIS products. Seasonal
analysis (Figure 4) revealed an overestimation trend for the GK-2A AOD during wet
summers, winters, and springs, coinciding with high aerosol concentrations. Despite
this, the correlation between the AERONET and GK-2A AODs remained consistent across
seasons: wet summer (R? = 0.84), winter (R? = 0.73), and spring (R? = 0.74). However,
in dry summers and falls, the GK-2A AOD continued to overestimate low AOD values
(0-1), and their relationship with the AERONET data was weaker, as evidenced by lower
correlation coefficients in fall (R* = 0.76) and dry summer (R? = 0.67).
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December 2020. Dotted line shows linear regression, and black line is 1:1 line.
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Figure 4. Seasonal scatterplots of GK-2A /AMI aerosol optical depth (AOD) against ground-based
reference AERONET data for 40 sites from July 2019 to December 2020. Dotted line shows linear

regression, and black line is 1:1 line.

3.1.2. Seasonal Distribution of AOD

The intra-annual variability of the GK-2A AOD and AE values at the SORS is pre-
sented as box-and-whisker plots in Figure 5a,b. The AOD values exhibited pronounced

seasonality, peaking during the wet summer and reaching their lowest levels in the fall. The

highest seasonal means of both the AOD and AE were observed in the wet summer season
(0.448 + 0.367 for AOD and 1.221 £ 0.353 for AE; monsoon, July—August-September),
followed by fall (0.394 + 0.199 for AOD and 1.181 £ 0.354 for AE, October-November),
winter (0.407 % 0.288 for AOD and 1.171 £ 0.365 for AE, December—January-February),
spring (0.361 £ 0.246 for AOD and 1.209 + 0.390 for AE, March—-April), and dry summer
(0.395 +£ 0.228 for AOD and 1.282 £ 0.338 for AE, May-June). Monthly analysis (Figure 5c,d)
revealed a rapid decrease in AOD values starting in September, reaching a minimum in

November. Conversely, the AOD values increased sharply from April, peaking in July.
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Atmospheric variability was the highest during the dry summer (June) and wet
summer (July—August), particularly when the surface RH and temperature were elevated.
These conditions accelerated the conversion of gasses to particulate matter and promoted
the hygroscopic growth of water-soluble aerosols, resulting in elevated AOD levels [64].
In contrast, the AOD values were lower in August and September (0.6-0.7), primarily
due to rain washout during the monsoon period. During winter, dry weather and low
humidity further reduced the AOD values. However, high AOD levels were observed in
cases of aerosol accumulation from fine dust generated in winter. These elevated AOD
levels persisted for longer in industrial regions, such as densely populated areas of northern
China, due to urbanization and land-use changes.

The low AE values (<1.0) during winter indicated the presence of mixed aerosols dom-
inated by fine particles, which gradually increased to 1.0 due to enhanced anthropogenic
activities. In spring (March—April), higher AOD values, coupled with lower AE values
compared to other seasons, were partially attributed to yellow dust from long-distance
transport. The SORS region provided a suitable location for assessing the impact of pollu-
tants during spring, characterized by minimal dust storms and precipitation in northern
China, serving as a background atmosphere [65]. Similar seasonal patterns were observed
at the SORS, with one of the lowest AOD values recorded in fall (0.341 4+ 0.195 in October
and 0.338 £ 0.203 in November). This reduction in aerosol concentration was likely due to
rapid atmospheric removal via precipitation [66].

3.2. Seasonal and Monthly Variations in BC Mass Concentration
3.2.1. Seasonal BC Characterization

During the analysis period, BC mass concentrations at the SORS, a background mon-
itoring location, ranged from 1.5 ug-m‘q’ during summer to 4.0 ug~m’3 during winter.
These variations were influenced by local emissions and meteorological factors, including
boundary layer dynamics, wind patterns, RH, and long-range transport. Seasonal BC trends
at the SORS were evident (Figure 6), with higher concentrations in winter and lower con-
centrations in summer. The seasonal mean BC concentrations were 0.908 4- 0.804 pg-m 3
(winter), 0.518 £+ 0.199 ug~m_3 (pre-monsoon), 0.753 % 0.549 ug~m_3 (monsoon), and
0.801 = 0.655 pg-m~2 (post-monsoon). No data were available for spring (March—April
2020) due to instrument malfunction. The lowest monthly BC concentration occurred
in August 2019, with an average value of 1.0 pg-m~3, which was approximately 50% of
the October concentration (Figure 5b). BC concentrations across seasons were primarily
influenced by emissions and meteorological conditions. High scavenging efficiency during
summer likely reduced BC loadings. Additionally, anthropogenic BC emissions from fossil
fuel usage in China were comparatively lower in summer and higher in winter, resulting in
minimal BC concentrations during summer and significantly elevated levels in winter [67].

(a) (b)

© ° 8
° 2

it e isiii
i g: ‘%:5;
Lo=dnsEs EELQEEQ

8

H

o g o
I

g §

No data

Black Carbon (BC)
Black Carbon (BC)

2

201907 201909 201911 202001 202003 202005 202007 202009  2020-11

Season Date

Figure 6. Seasonal (a) and monthly (b) variation in BC at the Socheongcho Ocean Research Sta-
tion (SORS).
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The shallow PBLH during winter, as determined by the Unified Model, increased
pollutant concentrations near the Earth’s surface by trapping them and limiting their dis-
persion compared to in the summer conditions. During winter at the SORS, northwesterly
winds transported anthropogenic pollutants, primarily from northern China. The increased
fossil fuel combustion during winter, driven by colder temperatures, led to a marked rise
in open biomass burning for warmth. This combination of fossil fuel emissions, additional
biomass burning, and a shallow PBLH resulted in elevated BC mass concentrations.

In contrast, BC mass concentrations decreased during the pre-monsoon period due to
higher WSs and stronger shifts in the source region and wind direction. During this period,
air masses originated from and traveled through less polluted regions in the west (marine
areas). Back-trajectory analysis showed that over 80% of the air masses during this season
originated from southern China, where BC emissions were relatively weaker compared to
northern China [68].

The monsoon period also contributed to a decline in BC concentrations, with peak
rainfall facilitating the efficient removal of aerosols through wet deposition. Additionally,
strong thermal vertical convection and the full development of the PBLH in summer
promoted the uplift of surface pollutants to higher altitudes, further reducing surface-level
BC concentrations. As a result, BC levels decreased during summer 2019, but showed a
significant increase throughout fall and winter. A similar seasonal pattern was observed
in 2020. The seasonal variation in BC concentrations followed a regular pattern due to
atmospheric dynamics, including PBLH, wind direction, WS, and long-range transport.

3.2.2. Analysis of GK-2A AODs and BC Concentrations

The SORS observations were influenced by urban pollution, dust, and biomass/biofuel
burning from various sources. To understand the transport pathways of the GK-2A AOD
and BC distributions, pollutant concentrations were analyzed based on wind direction
and WS, focusing on the percentage of time concentrations that fell within specific ranges.
This analysis utilized pollution rose plots to determine the dominant wind directions
contributing to the overall concentrations (Figure 7). The GK-2A AOD and BC distributions
displayed contrasting patterns. The GK-2A AODs exhibited higher concentrations in the
southwest (SW), south (S), and southeast (SE) wind directions, with values exceeding 3—4.
In contrast, BC concentrations were the highest in the northwest (NW) and west (W) wind
directions, reaching 6.0-8.0 g m 3. Seasonal analyses confirmed a correlation between the
elevated GK-2A AOD levels and SW, S, and SE winds during the wet summer (Figure 6b).
Conditioning analyses were conducted to provide a more comprehensive understanding of
these seasonal patterns. In winter, the GK-2A AOD concentrations increased in the NW
wind direction, ranging between 1.5 and 2.0 pg m 3, influencing both wet summer and
winter patterns. However, the BC concentrations during fall and winter were significantly
affected by NW, NNW, and north (N) winds, with notable increases observed in the west
during winter and the north during fall.

To analyze the influence of source regions on the GK-2A AOD and BC distributions,
72 h backward airmass trajectories from the SORS were calculated for the analysis period.
These trajectories validated atmospheric flow patterns at the observation point based
on wind fields, and assessed the impact of long-distance transport. The WPSCF was
employed to evaluate the seasonal distribution of pollutant sources at the SORS across
various atmospheric layers. Seasonal WPSCF analyses were performed to investigate
differences in air mass trajectories and potential aerosol source regions for the GK-2A AOD
and BC levels. The mean GK-2A AOD concentrations during the analysis period were
0.5 & 0.31. Seasonal variations in concentration were examined using trajectory analyses,
with a focus on high AOD thresholds of 0.5 (Figure 8) and 1.0 (Figure 9). Similarly, the



Remote Sens. 2025, 17, 382

14 of 33

mean BC concentration was 1.0 + 0.31 ug m~3. Seasonal changes were analyzed by setting
BC thresholds of 1.0 ug m—3 (Figure 10) and 2.0 pg m—3 (Figure 11). The color scale in the
figures represents the contributions from different aerosol emission sources.
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Figure 7. Pollutant distribution by wind direction and speed in Socheongcho Ocean Research Station
(SORS): (a) GK-2A aerosol optical depth (AOD) and (b) BC. Seasonal distribution of (c) GK-2A AODs
and (d) black carbon (BC).

The SORS was influenced by marine air masses from the Yellow Sea during the mon-
soon season (wet summer 2019), contributing to elevated AOD levels. Notably, high AOD
values (>1.0, Figure 9a) were predominantly observed in the Yangtze River Delta (YRD)
region and nearby cities, including Nanjing and Hangzhou, suggesting significant local
contributions. The WPSCF values in the YRD exceeded 1.0, indicating that local emissions
significantly influenced BC concentrations (Figure 11a). The YRD region, characterized
by rapid industrial and urban development, has been a major source of BC emissions,
impacting neighboring countries [69].

Seasonal analysis revealed that BC concentrations at the SORS exhibited strong season-
ality, with high levels in autumn and low levels in summer. Both the GK-2A AODs and BC
were transported over long distances from southern China during this period. However,
during the post-monsoon season (fall 2019), aerosol sources diversified due to shifts in
wind direction. Observations of BC concentrations at thresholds of 1.0 and 2.0 pg m—3
(Figures 10b and 11b) indicated that most inflows originated from Beijing in the northwest
and Manchuria in the north, with Manchuria having a more significant impact during
high-concentration events.
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The GK-2A AODs, in contrast, were strongly influenced by emissions from NW and
SW China. A particularly high AOD concentration in autumn, driven by extensive paddy
crop residue burning, was comparable to the levels recorded during the wet summer of
2019 (Figures 8a and 9a) [70]. Additionally, industrial emissions from southern Jiangsu

Province, including Shanghai, contributed to elevated BC levels, reaching 4.5 ug m=.
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Figure 8. (a—h) Weighted potential source contribution function (WPSCF) results of 3-day back-
trajectory of HYSPLIT Model for GK-2A aerosol optical depth (AOD) > 0.5 at Socheongcho Ocean
Research Station (SORS) (standard).

The air pollutant trajectories during the winter of 2019 (Figures 10c and 11c) were
classified into three clusters based on their source regions and transport paths. Cluster 1
represented dust sources originating in northwestern China, passing through central Inner
Mongolia, and moving directly eastward toward the SORS. Cluster 2, which contributed
more significantly to pollution at the SORS, followed an indirect route, originating from
northern China, the south-central Beijing-Tianjin-Hebei region, and the central Shandong
Peninsula, before heading southwest toward the SORS. Cluster 3 consisted of pollutants
originating in northwestern China and traveling through eastern Inner Mongolia.

The WPSCF analysis (Figure 10) revealed that the Beijing—Tianjin—-Hebei region was
the most significant source of BC, with WPSCF values exceeding 1.0 pg m~3. Contributions
from northeastern China were relatively minor in comparison. For GK-2A AOD concen-
trations above 0.5 (Figure 8), the WPSCF model identified northwest China, including
Anshan and Fushun, as key source regions. Northeast China, known as a heavily industri-
alized region, particularly in Anshan, experiences persistent pollution due to steel industry
emissions [71].
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The air masses from the northwest carried aerosols with similar characteristics to those
observed during the post-monsoon period (fall 2019, Figures 8b, 9b, 10b and 11b). These air
masses were transported over long distances from northwestern Asia; however, they were
not heavily enriched with dust, due to the infrequency of yellow dust episodes during the
analysis period.

In spring 2020, only AOD analysis was conducted, due to the unavailability of BC
data. The WPSCF analysis for AOD concentrations exceeding 1.0 (Figure 9d) indicated that
yellow dust influenced the SORS, primarily following the trajectory of cluster 1. During the
dry summer of 2020, the pollutant trajectories (Figures 8e, 9¢, 10e and 11e) were notably
shorter than those in other seasons, highlighting a stronger regional influence compared
to long-distance pollutant transport. The BC analysis (Figures 10e and 11e) revealed
that high pollutant concentrations originating from Nagasaki, Japan, traveled through
the Shandong Peninsula in China before reaching the SORS. This pattern suggests that
many pollutants were locally generated within the Korean Peninsula, and that BC sources
exhibited significant regional dependence during this period [72].
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Figure 9. (a—h) Weighted potential source contribution function (WPSCF) result of 3-day back-
trajectory of HYSPLIT Model for GK-2A aerosol optical depth (AOD) > 1.0 at Socheongcho Ocean
Research Station (SORS) (standard).

The analysis of GK-2A AOD values >0.5 (Figure 8e) during the same period revealed
an increase in AOD concentrations as pollutants generated in Japan traveled across the
ocean, similar to the BC transport pattern. For AOD values >1.0 (Figure 9¢), the SORS was
affected by contaminants originating from Qingdao, located on the Shandong Peninsula,
where coal energy sources are a significant contributor to air pollution [73]. A comparison
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of the wet summers of 2019 and 2020 (Figures 8f, 9f, 10f and 11f) indicated that although
the AOD and BC concentrations in 2020 were lower than in 2019, the pollutant transport
pathways were similar. In 2020, AOD concentrations increased notably as pollutants passed
over the Yellow Sea, exhibiting stronger scattering characteristics due to higher aerosol
levels influenced by RH and hygroscopic growth factor, f(RH). Unusually, the SORS was
also affected by pollutants from northwestern China, including Anshan and Fushun.

The BC transport pathways in 2020 were more diverse than in 2019, with rapidly
moving pollutants originating from Taipei and Japan and slower-moving pollutants
from steel mills in southern Korea. During the fall and winter of 2019 and 2020
(Figures 8g, 9g, 10g and 11g), pollutant pathways and concentrations were similar, al-
though the AOD values were higher in the winter of 2020 (Figures 8h, 9h, 10h and 11h).
Coarse particles dominated in spring due to yellow dust, while fine particles prevailed
in summer due to hygroscopic growth. In fall and winter, a mixture of fine and coarse
particles was observed, depending on the source region [74].
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Figure 10. (a—h) Weighted potential source contribution function (WPSCF) result of 3-day back-
trajectory of HYSPLIT Model for BC > 1.0 pg m~2 at Socheongcho Ocean Research Station
(SORS) (standard).
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Figure 11. (a—h) Weighted potential source contribution function (WPSCF) result of 3-day back-
trajectory of HYSPLIT Model for BC > 2.0 pg m~2 at Socheongcho Ocean Research Station
(SORS) (standard).

3.3. Performance of GK-2A AODs and BC
3.3.1. Comparisons of AOD from Ground-Based and Satellite Observations and BC

The time series of the daily BC and AERONET AOD, GK-2A AOD, Terra/MODIS
AOD, and Aqua/MODIS AOD (yellow circle) observations recorded at the SORS during the
investigation period is presented in Figure 12. Notably, no AERONET AOD observations
were available for July and September 2020, due to a heater system failure in the AERONET.
Overall, the GK-2A AODs exhibited the highest concentration in July 2019 and the lowest
in September 2019. The GK-2A AODs increased again in October 2019, and remained
elevated until April 2020. Although the GK-2A AODs tended to be overestimated, this
pattern was consistent with that of Terra, Aqua/MODIS, and AERONET. Additionally,
the BC concentrations were the lowest in July 2019, and gradually increased, peaking in
January 2020. A consistent distribution was observed, with the highest BC concentration
in December 2020 and the lowest in July 2020. When comparing the AODs and BC, the
GK-2A AODs showed the highest concentration in July 2019, while the BC concentration
was at its lowest, revealing opposite trends for the AODs and BC.
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Figure 12. Time series distribution of BC (blue circle) and aerosol optical depth (AOD) from ground
measurements (AERONET: red triangle) and satellites (GK-2A /AMI: pink circle, Terra/MODIS:
emerald star, Aqua/MODIS: yellow circle) from July 2019 to December 2020.

Seasonal scatterplot analysis was conducted to assess aerosol loading based on aerosol
properties. A scatterplot of the GK-2A AOD versus BC observations for the five seasons
is presented in Figure 13. This analysis facilitated the physical examination of various
aerosols and identified cluster regions with similar properties [75]. All seasons exhibited
a similar relationship between BC and the GK-2A AODs in the 0-1 range. The GK-2A
AODs showed a broad spread, ranging from 0 to 4 for low BC (<1.0 pg m~3). This pattern
was characteristic of the wet summer (yellow triangle, cluster 1), when high temperatures
and humidity likely contributed to secondary effects rather than anthropogenic emissions
(GK-2A AODs > BC). A similar broad spread was observed for BC, ranging from 0 to 4
for low GK-2A AODs (<1.0), which is typical of fall (orange square, cluster 2). Cluster
2 was strongly influenced by BC, which increased due to anthropogenic sources rather
than meteorological factors (GK-2A AODs < BC). Cluster 3 (pink reverse triangle) showed
a similar trend to cluster 2; however, when BC increased in the range of 0-3, the GK-2A
AOD:s also tended to increase, suggesting that this pattern is characteristic of winter.
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Figure 13. Scatter plot of GK-2A aerosol optical depth (AOD) and BC at Socheongcho Ocean Research
Station (SORS) by season. Green triangle: wet summer (July, August), red square: fall (September,
October), lavender triangle: winter (December, January, February), green rhombus: spring (March,
April), and blue circle: dry summer (May, June).

3.3.2. Case Study of Seasonal Aerosol Episodes

To monitor AOD during the daytime, aerosols must be accurately detected using visi-
ble channels. For qualitative evaluation, we used true RGB imagery from the GK-2A/AMI
(developed by Korea Meteorological Administration National Meteorological Satellite Cen-
ter). True RGB imagery is designed to closely resemble human visual perception by using
the red, green, and blue channels, the three primary colors of light. In particular, visible
channels offer higher spatial resolution than infrared channels, enabling detailed observa-
tion; however, their use is limited to the daytime, as they rely on reflection components.
The reflectivity of the visible channel typically exhibits high values on surfaces such as
snow, ice, and clouds, but relatively low values on the Earth’s surface or oceans. This
characteristic allows differentiation between thin and thick clouds, as the surface roughness
and light shading effects vary, even for the same material. An appropriate channel was
selected to detect aerosols, and conversion to R (0.64 pg), G (0.51 + 0.86 ng), and B (0.47 ug)
was performed using the reflectance of the visible channel to monitor aerosol occurrence.

o  Case 1: 1215 July 2019 (wet summer, monsoon)

The 24 h continuous measurements of GK-2A, AERONET AOD, and BC concentrations
at the SORS are shown in Figure 14. This episode illustrates the general characteristics of the
wet summer, with high AOD and f(RH), which is defined as the ratio of the ambient aerosol
scattering coefficient at a given RH to that in dry air conditions, and low BC concentration.
Increases in RH can lead to higher f(RH) and AOD values. Specifically, a decrease in
PBLH can cause an increase in AOD concentration. Thus, RH and PBLH play key roles
in AOD growth, demonstrating an anti-correlated temporal trend. BC was measured at
1 h intervals, while the GK-2A and AERONET AODs were measured at 10 min intervals
and averaged over 1 h. From July 12 to 15, the average values of the GK-2A AOD and
AERONET AOD were 2.13 and 1.68, respectively, with maximum values of 3.31 and 2.76,
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respectively. The high AOD during this episode was primarily attributed to the increase in
the hygroscopic growth factor with rising RH. This caused the particles to become more
spherical as water vapor condensed at higher humidity, thereby enhancing the scattering
coefficient. The hygroscopic properties of aerosols, due to hydrophilic particles in the lower
troposphere, can influence the magnitude of aerosol radiative forcing, both at the TOA and
at the surface. In contrast, low PBLH contributes to an increase in particle numbers, as
aerosols are trapped in the atmosphere. Particularly in summer, pronounced turbulence
further alters AOD concentrations [76].

Episode 1 : 12~15 July, 2019
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Figure 14. Time series of aerosol episode on 12-15 July 2019 and images of high-aerosol event
obtained on 04:00 UTC, 14 July 2019, using (a) GK-2A True = RGB, (b) GK-2A /AMI aerosol optical
depth (AOD), (c¢) Terra/MODIS AOD, (d) Aqua/MODIS AOD, (e) Suomi-NPP/VIIRS AOD, and
(f) Suomi-NPP/VIIRS FMF.
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The average BC concentration was 0.63 ug m~3, with a maximum of 1.71 ug m~3,

suggesting that the pollutants likely originated from local sources or had minimal re-
gional impact. Additionally, the AERONET fine-mode fraction (FMF) was close to 1.0,
indicating a predominance of fine particle aerosols over coarse particles. Therefore, it
was concluded that the SORS during the wet summer had a greater effect on AOD than
on the primary emissions of BC. The higher precipitable water vapor (H,O) in summer
likely accelerated the hygroscopic growth of aerosols, increasing AOD values [77]. During
this episode, aerosols were primarily sourced from local urban/industrial areas due to
infrequent heavy winds, which likely led to the accumulation of local pollutants in a stable
atmosphere [78]. Thus, this episode was characterized by conditions conducive to increased
aerosol concentrations in summer, including a stable, humid atmosphere and the influx of
external pollutants.

At 04:00 UTC on July 14, the true RGB imagery from the GK-2A (Figure 14a) was
observed in detail over the Korean Peninsula, at a resolution of 2 km. It revealed that hazy
smoke from southern China had become entangled with clouds, and remained over the
Yellow Sea. Additionally, a comparative analysis of the AODs from each satellite in the
East Asia region showed that the GK-2A AOD (Figure 14b) at the SORS was >2.0 over
the Yellow Sea. The Terra-Aqua/MODIS and Suomi-NPP/VIIRS AODs exhibited similar
values (Figure 14c,d). Furthermore, the Suomi-NPP/VIIRS (Figure 14e) had a wider swath
(~3000 km) [45] than the Terra- Aqua/MODIS. Despite being a polar-orbiting satellite, its
concentration at the SORS could be qualitatively compared. The FMF (Figure 14f) of the
Suomi-NPP/VIIRS was >0.8, and its AE was >1.25, indicating that small particles, rather
than large ones, were likely responsible for the high AOD. However, the GK-2A failed to
accurately detect the AOD over the Yellow Sea, likely due to excessive cloud masking. In
comparison to polar-orbiting satellites, cloud masking is typically applied more rigorously
to improve accuracy.

e  Case 2: October 30-2 November 2019 (fall, post-monsoon season)

Most episodes occurring in the fall exhibited low AOD concentrations, but high BC
concentrations. Since BC can influence the optical properties of the atmosphere, the diurnal
variation in BC and AOD during this episode was analyzed to assess any correlation
(Figure 15). The BC concentration steadily increased from October 30-31, while the GK-2A
and AERONET AODs showed low concentrations. Specifically, the PBLH was <1 km due
to the stable background atmosphere and minimal AOD range (0.00-0.50), indicating a
stable condition with minimal perturbations. This stability allowed the particles to remain
in the atmosphere longer, facilitating their accumulation [45]. Additionally, the FMF was
<0.5, suggesting that the pollutants were primarily composed of large particles rather
than small ones. Thus, the primary pollutant during this episode was introduced and
accumulated in the SORS, rather than secondary organic matter aerosols. As autumn
light diminishes, photochemical reactions experience a reduction in energy, leading to
fewer secondary aerosol particles [79]. The peak in BC during this episode appears to
result from a combination of atmospheric boundary layer characteristics and anthropogenic
influences. These results suggest that particles formed through gas-particle conversion
in the fall significantly decreased, while coarse-mode aerosols increased due to primary
inflow. Furthermore, at 04:00 UTC on October 31, the true RGB imagery from the GK-2A
(Figure 15a) showed a white cloud of smoke covering the entire Yellow Sea. The AOD from
each satellite ranged between 0.5 and 1, and was centered on the SORS region, as indicated
by the detailed analysis above. The GK-2A AODs (Figure 15b) were similar to those of the
Terra-Aqua/MODIS (Figure 15c¢,d), suggesting high accuracy for the GK-2A. The Suomi-
NPP/VIIRS (Figure 15e,f) was not observed in East Asia at 04:00 UTC. The GK-2A AOD
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concentration distribution exhibited a vortex shape around the SORS, observed from the
satellite as aerosol particles remaining due to the weakening of the wind speed, WS.

Episode 2: 30, October ~ 2, November, 2019
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Figure 15. Time series of aerosol episode on 30 October—2 November 2019 and images of fall aerosol
event obtained at 04:00 UTC on 30 October 2019, using (a) GK-2A True RGB, (b) GK-2A/AMI
AOD, (c) Terra/MODIS AOD, (d) Aqua/MODIS AOD, (e) Suomi-NPP/VIIRS AOD, and (f) Suomi-
NPP/VIIRS FMF.

e  Case 3: 7-10 December 2019 (winter)

On December 7 (Figure 16), a high AOD (>0.5) was observed in the morning, which
gradually decreased, increased at noon, and then decreased again. This pattern could
be attributed to the diffusion process associated with increasing RH and temperature
throughout the day. As the GK-2A and AERONET AODs increased, both the RH and the
hygroscopic growth factor (>2.0) temporarily increased, and the FMF was approximately
0.9, indicating the predominance of small particles. Moreover, the BC concentration began
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to increase during the daytime and after sunset, due to the decrease in temperature and
PBLH, which restricted the dispersion of BC on December 9. Under similar conditions,
high BC (5.78 ug m~3) was observed in the evening due to a steep reduction in WS. On
December 10, the trend of increasing GK-2A AODs and AERONET AODs over time was
consistent, with the hygroscopic growth factor remaining high, at >2.0. However, as
WS rapidly decreased, BC increased as pollutants accumulated, and the FMF was <0.7,
suggesting that BC had a greater influence than AOD. Thus, the simultaneous increases in
the GK-2A AOD and BC led to the accumulation of both coarse- and fine-mode particles.

Episode 3: 07~10 December, 2019
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Figure 16. Time series of aerosol episode on 7-10 December 2019 and images of winter aerosol event
obtained at 04:00 UTC, on 9 December 2019, using (a) GK-2A True RGB, (b) GK-2A /AMI aerosol
optical depth (AOD), (c) Terra/MODIS AOD, (d) Aqua/MODIS AOD, (e) Suomi-NPP/VIIRS AOD,
and (f) Suomi-NPP/VIIRS FMFE.
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The atmospheric conditions in winter were dry and cold, with strong winds that
facilitated aerosol dispersion. However, the hygroscopic growth effect of aerosol particles
was weak due to lower RH, which changed over a wide range. The diurnal pattern was
most pronounced during the winter. At 04:00 UTC on December 9, the RGB of the GK-2A
(Figure 16a) showed smoke rising between clouds centered on the SORS, with turbidity
along the coastline of the Yellow Sea appearing red. Additionally, the AOD analysis
from each satellite indicated that the GK-2A AOD (Figure 16b) and VIIRS (Figure 16e)
showed values >0.8, while the Terra-Aqua/MODIS (Figure 16¢,d) showed values >1.0.
This suggested that the pollution from southern China passed through the Yellow Sea and
remained near the SORS, resulting in high aerosol concentrations. In particular, the FMF
(Figure 16f) for the Suomi-NPP/VIIRS showed a high value (>0.8) over the ocean and a low
value (<0.4) over land, indicating that fine particles were distributed over the ocean, while
large particles originating from pollutants were found primarily over land. Therefore, both
AQOD and BC concentrations increased simultaneously at the SORS in winter, with both
large and small particles coexisting, as observed through ground-based and satellite data.
The primary pollutant source was carried by wind, with secondary reactions occurring
over the ocean.

3.3.3. Influence of Meteorological Parameters

Figure 17 shows the SHapley Additive exPlanations-based feature significance results
for the GK-2A AODs and BC during the analysis period. Each point represents the contri-
bution of each feature to the GK-2A AODs and BC over the analyzed period. For the GK-2A
AOD:s (Figure 17a), the RH feature was dominant, with high values. Atmospheric humidity
influences the size and properties of aerosols, particularly promoting aerosol scattering due
to the hygroscopic growth of particles as RH increases [75,80]. As RH increases, aerosol
scattering rises, leading to an increase in AOD. Temperature also played an important role,
with higher temperatures during the wet summer (especially in July 2019) corresponding to
higher AOD values at the SORS. When temperature increases, local winds produce thermal
differences due to uneven heating, which enhances turbulence, lifting dust into the air and
raising aerosol concentrations. Additionally, increased RH levels in the wet summer were
linked to higher temperatures, which resulted in substantial evaporation from the nearby
Yellow Sea, raising atmospheric water vapor levels. Specifically, the SORS, located on the
coast, exhibited high AOD values, likely due to elevated evaporation rates.

The impact of meteorological factors on the GK-2A AOD at the SORS was ranked as
follows: RH > evaporation (H,O) > temperature > hygroscopic growth factor > AERONET
412 nm AOD [81]. For BC (Figure 17b), the PM; 5 feature had the most significant influence,
with concentrations of both PM, 5 and BC increasing during fall and winter under north-
westerly winds. BC, a tracer of primary anthropogenic emissions [82], is associated with the
transport of primary air pollutants produced by combustion processes from surrounding
areas [83]. As observed in the trajectory analysis, BC is generated as a primary emission,
and the wind direction indicates the source region. Feature analysis showed that wind
direction strongly influenced BC concentration, particularly in the northwest direction. BC,
a byproduct of the incomplete oxidation of CO, is a key characteristic of this pollutant.
Notably, large increases in CO were observed during the cold season, suggesting that
domestic coal /biofuel combustion contributed to heating. CO concentrations significantly
increased in winter due to the frequent shifting of air masses from clean continental inte-
riors to heavily polluted urban plumes, particularly during the heating period (normally
from November to March in northern China). The impact of meteorological factors on BC
at the SORS was ranked as follows: PM; 5 > wind direction > CO > AERONET 870 nm,
1020 AOD nm.
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Figure 17. SHapley Additive exPlanations-based feature importance results for (a) GK-2A aerosol
optical depth (AOD) and (b) black carbon (BC) during analysis period.

A heatmap-based analysis is shown in Figure 18. To further investigate the fac-
tors influencing each season, a hierarchical cluster analysis was performed according to
seasonal (Figure 18a), monthly (Figure 18b), optical property, gaseous constituent, and
meteorological parameters [84]. The categorized groups aligned with the known seasonal
characteristics of these parameters. The dry summer group exhibited a high correlation
with AE (a440—670), RH, HyO (evaporation), Terra-Aqua/MODIS AOD, and O3, which
predominantly contributed to the formation of hygroscopic aerosols. AE (x440—¢70) reflects
significant spectral variation in aerosol size distribution, particularly for accumulation-
mode aerosols [33,85]. This factor is believed to have a more pronounced effect on fine
particles than coarse particles during dry summer. Additionally, the strong influence of
LEO satellites in dry summers indicates the high accuracy of polar-orbiting satellites in
detecting fine-mode aerosol particles. Similarly, during wet summer, notable features in the
GK-2A AOD, AE (a449_870), and hygroscopic growth factor were observed. Specifically, AE
(a440—870) measures the relative dominance of fine aerosols over coarse aerosols, with large

values of a440_gy¢ indicating a higher ratio of small to large particles. Like dry summer, the

aerosol composition was predominantly fine-mode particles.
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Figure 18. Results for PHEATMAP-based feature importance analysis by (a) season and (b) month.

As confirmed in Section 3.3.2, the GK-2A AODs reached the highest concentration in
July 2019 during the analysis period. Aerosols, which contained significant evaporation
from the dry summer, showed that their hygroscopic growth was maximized during the
wet summer, influenced by various weather conditions over time. In contrast, in the
fall (three groups), BC, rather than aerosol optical properties, emerged as the primary
influencing factor. For gaseous substances, CH and CO were identified as important
factors, and were considered primary pollutant sources, alongside BC. These pollutants,
produced during incomplete anthropogenic combustion processes, serve as convenient
indicators of anthropogenic influence on air masses [86].
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Winter (four groups) exhibited both BC and AOD effects. The most notable feature was
the highest concentration of total AOD observed for AERONET, with the fine mode having
the greatest influence. The FMF of AERONET was the highest, with its most prominent
characteristic observed at 412 nm, the shortest wavelength. This suggests that smaller
aerosol particles scatter more at shorter wavelengths. The spectral dependence of AOD
values in the UV-VIS range highlights the significance of fine-mode aerosols in scattering
processes, especially during winter [87]. Additionally, BC and CH,4 concentrations were
highest in winter, indicating the coexistence of aerosol scattering and absorption due to
primary combustion.

Spring, the final group, could not be confirmed due to the unavailability of BC data;
however, AOD values were high in the coarse mode of AERONET, which contrasted with
winter. Specifically, the AOD was elevated at 870 and 1020 nm, the longest wavelengths
of AERONET, similarly to the phenomenon observed when large aerosols, such as yellow
dust, are present. The gradient in spectral variability between the AODs at shorter and
longer wavelengths across seasons indicated an asymmetric distribution of aerosol sizes,
highlighting the seasonal shift in the dominance of fine- and coarse-mode aerosols [88].
Additionally, the high values of PM; 5 and PM; provided further evidence of the presence
of large-particle aerosols on the ground.

4. Conclusions

The AODs and BC aerosol mass concentrations were measured at the SORS, a national
monitoring station that tracks the background concentration of fine dust generated in
Korea, as well as long-range external air pollutants, such as those from China. The main
conclusions of the study are summarized as follows:

e The GK-2A AQOD retrieval algorithm utilized five-channel reflectance (0.47, 0.51, 0.64,
0.86, and 1.61 um) to calculate path radiances at three visible channels (0.47, 0.64, and
0.86 um), enabling the selection of appropriate aerosol optical property models and
aerosol loading. In particular, it is novel that it included more accurate cloud detection
of AMI and bright surface masking via its SWIR and IR channels. Also, it reduced
seasonal temperature differences by using the average aerosol background field for
30 days before observation. Therefore, it has the advantage of being able to quickly
monitor aerosol movement over the Korean Peninsula at 2 min intervals, with a high
resolution of 2 km.

e The GK-2A AOD algorithm demonstrated high accuracy, with a strong correlation
(R? = 0.85, slope = 0.12) when compared to AERONET. Its performance was compara-
ble to that of the MODIS (Terra: R% = 0.86, slope = 0.78; Aqua: R% =0.83, slope = 0.76).

e  During the wet summer, the GK-2A AOD values were approximately double (0.63)
those observed in winter (0.31) at the SORS. Similarly, the BC mass concentrations
ranged from 2 ug-m 2 during the wet summer monsoon to 6 pg m ™~ in winter and
the post-monsoon season.

e  Based on WPSCF model analysis and meteorological data, the AOD and BC concentra-
tions were influenced by long-distance transport from China. Lower BC concentrations
during the monsoon season were attributed to wet removal near the surface, while
higher concentrations in winter and post-monsoon periods were associated with
shallow boundary layers, low wind speeds, and northwesterly /northerly winds fa-
cilitating pollutant transport. In contrast, the GK-2A AOD values increased during
the monsoon, due to water vapor transport from the southwest, south, and southeast
winds. The AOD further increased when air stagnated over the YRD region, including
Nanjing and Hangzhou.
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e The GK-2A AOD values were primarily influenced by RH, the hygroscopic growth
factor, and H,O (water vapor), whereas BC concentrations were increased, along with
PMj; 5 and CO levels, during fall and winter

e  Seasonal analysis revealed that pollutant diffusion was limited during winter, with
AOD and BC concentrations increasing due to pollutants lingering near the surface.
This was attributed to lower planetary boundary layer heights (PBLHs) and minimal
rainfall, allowing aerosols to accumulate. During wet summer, high RH and significant
water vapor content promoted hygroscopic aerosol growth, increasing AOD values.
In spring, the inflow of large particles, such as yellow dust, enhanced scattering
properties, thereby raising AOD values.

e  The source of BC concentrations at the SORS was influenced by meteorological fac-
tors. Long-range transport via northwesterly winds increased CO levels, while local
emissions were linked to elevated PM, 5, PMy, and RH.

e  The analysis of the GK-2A AOD and BC aerosol mass concentration data confirmed
that the SORS is impacted by combustion products from both local and remote sources.
However, extended observation periods are necessary to establish definitive conclu-
sions and fully understand variations in AOD and BC levels. Future studies will
expand the network of monitoring sites and conduct long-term continuous measure-
ments for a more comprehensive analysis.
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