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Abstract

Purpose. The purpose of the study is to assess the errors in satellite measurements of atmospheric
optical characteristics and remote sensing reflectance of the Sea of Japan in the presence of dust aerosol
in the atmosphere.

Methods and Results. To perform acomparative analysis and to assess the error in satellite
measurements of atmospheric optical characteristics and remote sensing reflectance, the following
information was used: photometric measurement data from the AERONET international aerosol
monitoring network, the MODIS/Aqua spectroradiometer, and the VIIRS radiometer on the Suomi
NPP satellite; data from NOAA-20 and NOAA-21 on the concentration of suspended particles PM2.5
and PM10 derived from modeling of atmospheric dynamics (data of the HYSPLIT and SILAM
models). A comparative analysis of satellite and in situ data made it possible to identify the dates of
anomalous dust impact on the remotely determined optical characteristics of water. Besides, different
estimates of the area covered completely and partially by dust were obtained on one and the same day.
This confirms different aerosol loading in the atmosphere over the Sea of Japan, as well as the spatial
variability of the main aerosol optical characteristics during dust transport from the Asian deserts.
Conclusions. A comparative analysis of satellite and in sifu photometric data has supported the fact that
in the presence of dust transport, the error of standard atmospheric correction increases sharply in
the UV part of the spectrum. Calculation and approximation of the obtained values using a power-law
function show that for the entire region of the Sea of Japan, the value of atmospheric correction error
is of the form 7. As for the studied dust episode, the analytically assessed error in the VIIRS/NOAA
satellite measurements of the sea remote sensing reflectance constitutes approximately 70% in
the shortwave part of the spectrum, up to 47% in the visible part of the spectrum, and 24% in the long-
wave part of the spectrum, relative to the in situ-measured values of this characteristic.
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Introduction
According to data available online and in the press, severe dust storms from
the Gobi Desert affected East Asia at least four times during the spring of 2023,
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starting on 10 March 2023. One such dust outflow event, accompanied by strong
winds, was recorded from April 8 to 13, 2023. During this period, due to
the influence of an active cyclone in Mongolia, which arose from a high-altitude
frontal zone formed to the south, an intensive outflow of dust and sand occurred,
affecting most of the Yangtze River basin in China, the Korean Peninsula, Japan,
and other areas. The dust cloud moved towards China and South Korea on April 11,
which was confirmed by anomalously high air quality index values corresponding
toan extremely hazardous level of suspended particles (PM10 and PM2.5).
Subsequently, the dust storm was noted in Fukuoka, Japan, on the morning of
April 12. According to data from the World Meteorological Organization Regional
Specialized Meteorological Center for Sand and Dust Storms and the Air Self-
Defense Force (ASDF), the maximum concentration of PM10 particles exceeded
2000 pg/m® in many parts of Northern China, reaching 1500 pg/m® in Beijing
(https://meteoinfo.ru/novosti/99-pogoda-v-mire/19174-pylnaya-burya-v-azii).

A massive dust cloud was recorded in satellite observations in the atmosphere
towards Hokkaido Island, as well as over Sakhalin Island. Yellow-brown dust was
also recorded over the Kuril Islands.

It is worth noting that a number of studies have previously been conducted
considering the influence of dust aerosols on the ecosystem of this region [1-4];
however, an analytical assessment of this influence on the error of atmospheric
correction has not been provided. The frequent occurrence of large amounts of
absorbing dust aerosol over the sea surface significantly complicates satellite
measurements of spectral sea color in the study region, making the stated task
relevant [5, 6]. Russian scientists from the V.I. Ilyichev Pacific Oceanological
Institute, Far Eastern Branch of RAS, are actively engaged in studying the Sea of
Japan using satellite andin situ (shipboard) measurements of its optical
characteristics. In studies [7—10], which present a number of quasi-analytical bio-
optical regional algorithms, along-term analysis of shipboard measurements
indicates that at the beginning of the spring period, maximum chlorophyll
a concentrations are observed in the surface layer. Work [9] mentions the occurrence
of significant errors in the presence of absorbing aerosol in the atmosphere.
An overestimation of satellite estimates of chlorophyll a concentration after aerosol
enters the surface layer of the Sea of Japan in spring is described in [10].

In situ measurements for atmospheric parameters used data from stations of
the international aerosol monitoring network AERONET (Level 1.5 and Level 2)
[11]. In April 2023, AERONET stations near the coast of the Sea of Japan were
operational, as shown in Fig. 1. For acomprehensive assessment of the dust
acrosol impact on the Sea of Japan waters, satellite data with the highest quality
(Level 2) were selected, as only these allow for high-quality cloud screening (pixel
screening) and correction for cloud contamination. For the comparison of satellite
and in situ measurements, data from MODIS/Aqua [12], VIIRS [13, 14], and
AERONET were chosen. Consequently, to assess dust transport over the Sea of
Japan during the study period, this paper provides an analysis of optical
characteristics  for the following AERONET stations: Gangneung WNU (37.8°N,
128.9°E) [Gangneung, Korea], KORUS UNIST Ulsan (35.6°N, 129.2°E) [Ulsan,
Korea], Noto (37.3°N, 137.1°E) [Noto, Japan], Niigata (37.8°N, 138.9°E) [Niigata,
Japan], Hokkaido University (43.1°N, 141.3°E) [Sapporo, Japan]. For clarity,
AERONET stations with Level 2 processing are highlighted in red in Fig. 1.
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Fig. 1. AERONET stations map for the Sea of Japan region, April 2023 (https://acronet.gsfc.nasa.gov/)

This work aims at assessing the error in satellite measurements of atmospheric
optical characteristics and remote sensing reflectance of the Sea of Japan waters in
the presence of dust aerosol in the atmosphere.

Research methods and instruments

The following types of data were applied in the work: photometric
measurements from stations of the international AERONET network,
the MODIS/Aqua spectroradiometer, the VIIRS/Suomi NPP radiometer, and
NOAA-20 and NOAA-21 [15, 16]; and data from the kinematic models Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) and System for
Integrated Modeling of Atmospheric Composition (SILAM). Suspended particles
are among the atmospheric pollutants most commonly characterized by mass
concentrations.

Work [17] shows the calculation of the error () in standard atmospheric
correction of satellite data arising from non-uniform aerosol distribution
(stratification) under weak light absorption. It is important to note that the spectral
properties of aerosol absorption are directly related to its microphysics, which, in
turn, depends on dust sources and atmospheric processes.

To calculate aerosol optical depth (AOD) in this study, measurements from
the CIMEL photometer in the spectral range 3401020 nm are used. It is important
to note that the channel at 936 nm is not used for AOD calculation but serves to
determine atmospheric water vapor content [11, 18].

The source of satellite data is the suite of VIIRS radiometers within the Joint
Polar Satellite System (JPSS). VIIRS provides Deep Blue NASA Standard Level-2
(L2) aerosol products, including daily satellite measurements of AOD and aerosol
characteristics over land and ocean at 6-minute intervals. To obtain AOD values
starting from February 17, 2018, the VIIRS Deep Blue Aerosol algorithm is applied
[16]. The result of its operation is the L2 Deep Blue dataset, which contains 55 layers
and is referenced at the wavelength of 550 nm [14—16]. Application of this algorithm
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allows identification of atmospheric aerosol type during daytime in the absence of
clouds and snow.

The SILAM software complex, developed by the Finnish Meteorological
Institute, is a modern tool for modeling atmospheric pollution. It is successfully used
for analyzing the impact of forest fires, volcanic eruptions, dust transport, and other
natural and anthropogenic disasters on the state of the atmosphere as a whole.
The calculations are based on a combined Lagrangian—Eulerian model, allowing
simulation of the dispersion of various pollutants, including aerosols, gases, dust,
radionuclides, and allergens. SILAM generates maps of concentrations of fine
(PM2.5) and coarse (PM10) particles at a height of 10 m above ground level,
effectively visualizing global pollution. The modeled range for PM2.5 and PM10 is
0-2500 pg/m? [19-22]. Air quality according to the SILAM model is provided by
the parameters TVOC and AQL

The TVOC parameter allows analysis of air for the presence of volatile organic
compounds, including benzene and styrene. The measurement range for TVOC is
within 0-2.5 mg/m? [19, 23, 24].

The Air Quality Index (AQI) is an integrated indicator characterizing the overall
state of atmospheric air. It is a piecewise linear function of concentrations of sulfur
dioxide (SO), nitrogen dioxide (NO;), PM10, PM2.5, carbon monoxide (CO), and
ozone (0O3). National air quality standards for each of these pollutants are set by
the United States Environmental Protection Agency (EPA). AQI calculation is based
on the ratio of the measured average pollutant concentration to its normative
(allowable) level [19-21].

To identify sources of various aerosol types over the Sea of Japan, this work
uses the HYSPLIT software complex of backward air trajectory modeling '.

Results

To determine the optical characteristics of dust aerosol over the Sea of Japan in
April 2023,  the VIIRS/NOAA  instrument with 750 m  resolution
and MODIS/Aqua with 1 km resolution were used. Fig. 2, a presents a satellite
image from VIIRS/NOAA, obtained on April 13, where the area for analysis of
absorption effects due to the presence of dust aerosol in the atmosphere is
highlighted with a red frame. In the figure, an area with a relatively clean atmosphere
compared to the dust-covered one is visualized between dust clouds. Due to identical
observation conditions, it was decided to compare the “clean” part of the image (with
background aerosol dominance in the atmosphere) and the dust-affected area located
on the periphery of the framed area. It can be seen that cloudiness does not overlap
the highlighted area, allowing an assessment of the influence of dust aerosol on
the retrieval of water-leaving remote sensing reflectance (Rrs(A), where A is
the wavelength, nm). Statistical analysis of AOD data, the Angstrom exponent (),
and sea remote sensing reflectance was performed using the SeaDAS program
(Fig. 2, b). Fig. 2, c,dpresents the result of processing satellite data using
the MODIS/AIRS algorithm, which shows dust aerosol loading, and the VIIRS
Deep Blue algorithm for determining atmospheric aerosol type over the highlighted

! Draxler, R.R. and Rolph, G.D., 2013. HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) Model Access via NOAA ARL READY Website. Silver Spring, MD: NOAA Air Resources
Laboratory. [online] Available at: http://ready.arl.noaa.gov/HYSPLIT.php [Accessed: 30 January
2026].
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area; markers indicate the location of AERONET stations. According to
the presented data, on April 13, the dust plume covered several hundred kilometers
of land and sea.
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F i g. 2. Satellite image for April 13, 2023: study area from VIIRS/NOAA data (a); AOD
distribution based on SeaDAS data (b); dust distribution from the MODIS/AIRS algorithm (c);
aerosol-type classification from VIIRS Deep Blue data (d) (URL:
https://doi.org/10.5067/VIIRS/AERDB_L2 VIIRS NOAA20.002)
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For the highlighted area, the following optical characteristics at a wavelength of
870 nm were obtained from satellite data: AOD =0.110 + 0.009, oo = 1.046 + 0.075
for a moderately “clean” atmosphere with background aerosol dominance; AOD =
=0.34+0.034, 0.=0.587 £ 0.04 for an atmosphere polluted with dust aerosol.
According to AERONET station data from April 13, the average AOD(870 nm)
value varied from 0.22+0.02 (Hokkaido University station) to 0.44 +0.03
(Gangneung WNU and KORUS UNIST Ulsan stations). /n situ data from
AERONET stations closest to the dust outflow showed variability of a values from
0.118 to 0.555. The ranges of AOD and a values indicate the dominance of large
dust aerosol particles in the atmosphere over the region under study [17, 22, 25].

Table 1 presents the average values of remote sensing reflectance and its
standard deviation (SD) for the study region according to VIIRS/NOAA data. From
the presented data, it is seen that the standard deviations of Rrs(A) values for
the “clean” area with background aerosol are minimal across the entire spectral
range, while for dust in the shortwave spectral region they are three times higher.
Nevertheless, SD does not exceed 25% of Rrs(A) even for dust, which allows further
consideration of average remote sensing reflectance values when analyzing
atmospheric correction errors. For dust, calculation results are presented for two
periods, April 12—13 and April 21-22.

Table 1

Remote sensing reflectance for the Sea of Japan at different wavelengths (nm)
allowing for standard deviation, based on the VIIRS/NOAA data for April 13, 2023

Type of Rrs(\) + SD
aerosol 411 | 445 | 489 | 556 | 667

Background| 0.0016+0.0002  0.00235+0.0002  0.0028+0.0002  0.0022+0.0001  0.00054 + 0.0001

Dust —-0.0023+0.0006  0.00022+0.0004 0.0017+0.0003  0.0015+0.0001  0.00043 +0.0001

Upon calculating and approximating the obtained values by a power-law
function for the entire Sea of Japan region, an atmospheric correction error of
the form A7 was obtained (Fig. 3). The atmospheric correction error (ARrs())) equals
the difference between Rrs(A) values for amoderately “clean” atmosphere
and Rrs(A) in the presence of dust aerosol. An additional stage of the study for
amore accurate assessment of the absorbing properties of dust aerosol was
the calculation of the power-law trend of Rrs(A) for April 13 for the AERONET
Gangneung WNU station.

From Fig. 3, it can be seen that the trend of the aerosol absorption power
function for the Gangneung WNU station is close to A2 Consequently,
the atmospheric correction error (in addition to A ™) is affected by aerosol light
absorption, causing the error of standard atmospheric correction to increase
sharply in the ultraviolet spectral region. Thus, the standard algorithm for
processing satellite data under dust-transport conditions requires additional
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atmospheric correction, where a value proportional to the product of aerosol
absorption optical thickness and A~ should be used as an interpolation function.
The proportionality coefficient was determined from the conditions for defining
remote sensing reflectance values in the shortwave spectral region. An additional
error of the form X' can be explained by unfavorable meteorological conditions
for satellite scanning.

0.0045 0.045 T
000 |
0.0035 T 0.035 +
0.003 +° 0.03 1~
<0.0025 ¢ £0.025 1 '
£ 0002t < 002 1
0.0015 + 0.015 +
0.001 + ... 0.01 + ... ®
0.0005 1 e 0005+
0 } S S 0 " }
411 511 611 71 411 711 1011
Wavelength, nm Wavelength, nm
a b

F i g. 3. Variation of the aerosol absorption power function on April 13, 2023 based on
the VIIRS/NOAA satellite data (a) and the international AERONET network data (b) for
the Gangneung WNU station

Two dust transport events from the Gobi Desert were recorded over the Sea of
Japan on April 8-13 and 17-22. Maximum concentrations of dust aerosol according
to satellite data were observed during April 12—13 and 21-22. The next stage of
the research is the analysis of dust aerosol transport using data from the 2378-
channel infrared sounding system AIRS. Maps of atmospheric loading with dust
aerosol particles confirm that the source regions of dust aerosol origin are the Gobi
and Taklamakan deserts (Fig. 4). Analysis of aerosol loading showed that the dust
storm began on April 8 in the Gobi Desert. The peak concentration of dust aerosol
particles (Dust Score) according to MODIS/AIRS data was observed in the Sea of
Japan on April 11 over the eastern AERONET stations Noto, Niigata,
and Hokkaido University (highlighted with markers), and over the entire water area
on April 12 (Fig. 4).

To assess the scale of dust impact on the surface layer of the Sea of Japan,
publicly available satellite pseudo-color images on the EOSDIS platform, as well as
remote sensing reflectance, were analyzed (Fig. 5). The dust concentration over
the water area is so high that satellite data processing algorithms for all days
considered cannot retrieve sea reflectance for the entire water area even in
the absence of clouds, recognizing dust areas as dense cloud layers. This effect is
particularly evident in the satellite image from April 12, when with an almost
completely cloud-free Sea of Japan, remote sensing reflectance values determined
by satellite algorithms are absent for the entire water area (Fig. 5, ¢, d).
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Fig. 4. Dust aerosol loading based on MODIS Aqua/AIRS data on: a — April 7, b — April 8, ¢ — April
9, d — April 10, e — April 11, f — April 12, g — April 13, and & — April 14, 2023
(https://aqua.nasa.gov/modisonet.gsfc.nasa.gov/)
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Fig. 5. Survey area in the Sea of Japan derived from VIIRS/NOAA satellite imagery. Sea areas
in pseudo-colors (left column) and remote sensing reflectance (right column) on various dates:
a, b — April 10; ¢, d - April 12; e, f — April 13; g, h — April 21
(https://doi.org/10.5067/VIIRS/AERDB_L2_VIIRS NOAA20 NRT.002)
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To determine the altitude of dust aerosol transport, an analysis of backward air
mass trajectory data using the HYSPLIT model for the study period was carried out
(Fig. 6). Note that dust transport occurred at all altitudes from 500 to 3000 m (red
color indicates 500 m, blue — 1500 m, green — 3000 m). It is evident that on almost
all dates considered, aerosol transport over the Sea of Japan water area originated
from the Gobi and Taklamakan deserts.

NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 0000 UTC 10 Apr 23 Backward trajectories ending at 0000 UTC 12 Apr 23
GDAS Meteorological Data §DAS Meteorological Data

Source » at 40.82N 13451E

Source » at 40.82N 134.51E
; g
P T 1T §

- : -l
o} o}
< <
@ 2]
2 2
[ [
s =
00 00 00 00 00 00 00 00 00 00 00 00 00 00
04/09 04/08 04/07 04/06 04/05 04/04 04/03 04/11 04/10 04/09 04/08 04/07 04/06 04/05
a b
NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 0000 UTC 13 Apr 23 Backward trajectories ending at 0000 UTC 21 Apr 23
GDAS Meteorological Data GDAS Meteorological Data
K R SAeard TR g
N e o e

Source » at 40.82N 134.51E
Source #» at 40.82N 134.51E

4000
3000
2000
1000

Meters AGL
Meters AGL

00 00 00 00 00 00 00 00 00 00 00 00 00 00
04/12 0411 04/10 04/09 04/08 04/07 04/06 04/20 04/19 04/18 04117 04/16 04/15 04/14

c d

Fig. 6. Back trajectories of airflow transport based on the HYSPLIT modeling results: a — April 10,
b — April 12, ¢ — April 13 and d — April 21, 2023 (https://www.ready.noaa.gov/HYSPLIT.php)

Data on the concentration of suspended particles (PM10 and PM2.5) from
the SILAM model showed elevated (relative to the monthly average) values for
the Sea of Japan region (Fig. 7). According to the analysis of the AQI characteristics,
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high  values (AQI= 175) were recorded on Aprii 10 over
the Hokkaido University station and on April 11 over the Gangneung WNU station.
However, these were local maxima, and over most of the water area and
coast, AQI =100 + 10 corresponded to a satisfactory level of air pollution.

Fig. 7. Concentration of PM10 particles in the atmosphere based on SILAM model data: @ — April 10, 5 — April
12, ¢ — April 13 and d — April 21, 2023 (https:/thredds.silam. fimi.fi/thredds/catalog/catalog html)

Based on an array ofin situoptical characteristics  obtained
at AERONET stations, it was shown that the maximum AOD values in April at all
wavelengths coincided with the dates of dust aerosol transport, April 13 and 21. Dust
aerosol has the greatest effect on the longwave part of the spectrum. In the graphs of
Fig. 8, from the peaks of AOD values at wavelengths of 870 and 1020 nm, it is seen
that the entire period from April 10 to 26 is characterized by a turbid atmosphere.
On the dust transport days of April 12—13 and 21-22, AOD(870) and AOD(1020)
reached values of 0.5-0.6, which is more than 5 times higher than AOD values
observed in the same month on days with a clean atmosphere.

Also, according to measurements from the AERONET network, based on data
on the Angstrom exponent, conclusions can be drawn about particle size distribution
from the ratio of different wavelengths (Table 2). As can be seen, the smallest
difference in values between background and dust aerosol in the atmosphere is
observed for a(440-675) at the Noto station. The greatest difference in values
(4 times) is observed for a(500-870) at the Gangneung WNU station. All spectral
values of the Angstrom exponent confirm the dominance of large aerosol particles
during the April dust transport over the Sea of Japan.
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F i g. 8. Spectral variability of AOD values for April 2023 based on AERONET station data:
KORUS_UNIST Ulsan (a); Gangneung WNU (b); Noto (c); Niigata (d); Hokkaido University (e)

V3 inversion products presented on the AERONET network platform contain
data on the variability of single-scattering albedo ( A ). According to the analysis of
albedo values, dust aerosol possesses predominantly absorbing or scattering
properties. The combination of high (1.5-2 times higher than background) AOD
values and low (less than 0.7) values of o and A (especially in the shortwave region)
is an indicator of the presence of absorbing dust aerosol in the atmosphere. On days
with the highest dust concentration over the studied stations, A value at 440 nm
decreased to 0.85.

196 PHYSICAL OCEANOGRAPHY VOL.33 ISS.1 (2026)



Table 2

Spectral values of the Angstrom parameter (o) at the AERONET network
stations for the Sea of Japan in the presence of background and dust aerosol
in the atmosphere

Type of aerosol
AERONET stations Background | Dust | Background | Dust | Background | Dust
a(440-675) a(500-870) a(340-440)
Hokkaido University 1.12 0.62 1.07 0.58 0.92 0.55
Noto 1.04 0.70 0.92 0.60 0.90 0.53
Niigata 1.25 0.58 1.12 0.48 1.11 0.60
Gangneung_ WNU 1.18 0.33 1.12 0.28 0.94 0.31
KORUS_UNIST_Ulsan 1.17 0.41 1.07 0.34 1.04 0.46
Conclusion

A comparative analysis of optical-characteristic values at AERONET stations
located on the coast of the Sea of Japan allowed the identification of dates in April
2023 when dust aerosol had the maximum impact on remotely determined water
parameters of the study region. In situ, satellite, and model data confirmed different
aerosol loading over the “clean” (presence of background aerosol) and completely
dust-covered areas of the Sea of Japan water area, as well as spatial variability of
the main aerosol optical characteristics during the observation of dust transport from
the Gobi and Taklamakan deserts. According to satellite data, at a wavelength of
870nm for thearea with background aerosol AOD=0.110+0.009,
a=1.046 £0.075; for the heavily dust-polluted area AOD = 0.34 + 0.034,
o= 0.587 £ 0.04. In situ data from AERONET stations closest to the dust outflow
showed variability of the Angstrom exponent within the range of 0.118-0.555.

It was indicated that on days with anomalously intensive transport from Asia,
the dust concentration over the water area is so high that it is impossible to retrieve
remote sensing reflectance for the entire water area using satellite data processing
algorithms even in the absence of clouds, as dust areas are recognized as dense cloud
layers.

As a result of a comparative analysis of satellite and photometric in sifu data, it
was confirmed that the error of standard atmospheric correction increases sharply in
the ultraviolet spectral region during dust transport. Approximation of the obtained
values by a power-law function showed an atmospheric correction error of the form
L7 for the entire Sea of Japan region. An analytical assessment of the error in
satellite measurements of sea remote sensing reflectance according
to VIIRS/NOAA data for the studied period constituted approximately 70% in
the shortwave spectral region, up to 47% in the visible spectral region, and 24% in
the longwave region compared to in situ data.
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In subsequent studies, it is planned to analyze a larger number of dust transport

events from Asia and their impact on the hydro-optical characteristics of the Sea of
Japan using not only in situ measurements of atmospheric parameters but also
satellite remote sensing reflectance data.
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