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Abstract. Aerosol optical properties have been provided
by the Geostationary Environment Monitoring Spectrometer
(GEMS), the world’s first geostationary-Earth-orbit (GEO)
satellite instrument designed for air quality monitoring. This
study describes improvements made to the GEMS aerosol
retrieval (AERAOD) algorithm, including spectral binning,
surface reflectance estimation, cloud masking, and post-
processing, along with validation results. These enhance-
ments aim to provide more accurate and reliable aerosol-
monitoring results for Asia. The adoption of spectral bin-
ning in the lookup table (LUT) approach reduces random
errors and enhances the stability of satellite measurements.
In addition, we introduced a new high-resolution database
for surface reflectance estimation based on the minimum-
reflectance method, which was adapted to the GEMS
pixel resolution. Monthly background aerosol optical depth
(BAOD) values were used to estimate hourly GEMS sur-
face reflectance consistently. Advanced cloud-removal tech-
niques have been implemented to significantly improve the
effectiveness of cloud detection and enhance aerosol retrieval
quality. An innovative post-processing correction method
based on machine learning has been introduced to address
artificial diurnal biases in aerosol optical depth (AOD) ob-

servations. In this study, we investigated selected aerosol
events, highlighting the capability of GEMS in monitoring
and providing insights into hourly aerosol optical proper-
ties during various atmospheric events. The performance of
the GEMS AERAOD products was validated against the
Aerosol Robotic Network (AERONET) and Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) data for the
period from November 2021 to October 2022. GEMS AOD
at 443 nm demonstrated a strong correlation with AERONET
AOD at 443 nm (R = 0.792). However, it exhibited biased
patterns, including the underestimation of high AOD val-
ues and overestimation of low-AOD conditions. Different
aerosol types (highly absorbing fine aerosols, dust aerosols,
and non-absorbing aerosols) exhibited distinct validation re-
sults. The retrievals of GEMS single-scattering albedo (SSA)
at 443 nm agreed well with the AERONET SSA at 440 nm
within reasonable error ranges, with variations observed
among aerosol types. For GEMS AOD at 443 nm exceed-
ing 0.4 (1.0), 42.76 % (56.61 %) and 67.25 % (85.70 %) of
GEMS SSA data points fell within the ±0.03 and ±0.05
error bounds, respectively. Model-enforced post-processing
correction improved GEMS AOD and SSA performance,
thereby reducing the diurnal variation in the biases. The vali-
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dation of the retrievals of GEMS aerosol layer height (ALH)
against the CALIOP data demonstrates good agreement, with
a mean bias of −0.225 km and 55.29 % (71.70 %) of data
points falling within ±1 km (1.5 km).

1 Introduction

The regional and global monitoring of aerosol optical prop-
erties (AOPs) was conducted using satellite measurements.
Low-Earth-orbit (LEO) instruments, such as the Advanced
Very High Resolution Radiometer (AVHRR), Moderate Res-
olution Imaging Spectroradiometer (MODIS), Multi-angle
Imaging SpectroRadiometer (MISR), Visible Infrared Imag-
ing Radiometer Suite (VIIRS), and Sea-viewing Wide Field-
of-view Sensor (SeaWiFS), can provide daily aerosol prop-
erties for the global domain (Hsu et al., 2004, 2006, 2017,
2019; Jackson et al., 2013; Jethva et al., 2007; Levy et al.,
2013; Lyapustin et al., 2018; Lee et al., 2012; Martonchik
et al., 2009; Remer et al., 2005). Although significant diur-
nal variations in AOPs have been observed at daily and local
scales (Kassianov et al., 2013; Kuang et al., 2015), emphasiz-
ing the importance of geostationary-satellite measurements
for both air quality and climate studies, the temporal reso-
lution of LEO satellites (typically one satellite per day) has
limitations in terms of investigating the diurnal variation in
and transboundary transportation of aerosols (Lennartson et
al., 2018; Y. Zhang et al., 2016). Geostationary-Earth-orbit
(GEO) instruments, such as the Advanced Baseline Imager
(ABI), Geostationary Ocean Color Imager (GOCI), GOCI-II,
Meteorological Imager (MI), and Advanced Himawari Im-
ager (AHI), have contributed to the operational monitoring
of the continuous spatiotemporal variations in AOPs at conti-
nental spatial scales, with temporal resolutions ranging from
minutes to hours, using visible and near-infrared channels
(Choi et al., 2018; Kim et at., 2016, 2014; Kondragunta et
al., 2020; Lee et al., 2023; Yoshida et al., 2018).

In addition to spatial and temporal resolutions, channel
specification is another critical consideration for satellite
aerosol retrieval. All instruments except the GOCI-II used
only visible (Vis) and near-infrared channels. However, the
near-ultraviolet (UV) spectral region uniquely leverages its
sensitivity to aerosol absorption. Therefore, this study pro-
vides valuable insights into the optical properties of aerosols.
A significant advantage of near-UV measurements is that sur-
face reflectance in the near-UV region is darker than in the
visible region. This enables the derivation of AOPs over a
bright surface, typically aerosol source regions. In addition,
observations from the UV region are sensitive to informa-
tion regarding aerosol radiative absorption and aerosol layer
height (ALH). The contribution of Rayleigh scattering to the
total top-of-the-atmosphere (TOA) reflectance enhancement
is reduced below the aerosol layer due to aerosol attenuation
(Kayetha et al., 2022; Torres et al., 2005).

The Ozone Monitoring Instrument (OMI) serves as an ex-
ample of an LEO sensor that utilizes UV wavelengths for
aerosol retrievals. Since 2004, it has measured radiances in
the 270–500 nm spectral range and offered global coverage
at a spatial resolution of 13× 24 km at nadir (Levelt et al.,
2018). The OMI employs two aerosol algorithms. The first
one, the OMI multi-wavelength aerosol retrieval (OMAERO)
algorithm (Curier et al., 2008), developed and maintained
by the Royal Netherlands Meteorological Institute (KNMI),
is a multi-wavelength algorithm that relies on spectral fit-
ting procedures to derive aerosol properties. The other is
the OMI near-UV aerosol retrieval (OMAERUV) algorithm,
which focuses on retrieving key atmospheric aerosol proper-
ties, including aerosol optical depth (AOD), single-scattering
albedo (SSA), and the Absorbing Aerosol Index (AAI) (Tor-
res et al., 2007).

The OMAERUV algorithm is based on the aerosol re-
trieval algorithm of the Total Ozone Mapping Spectrome-
ter (TOMS). It uses reflectance measurements at 354 and
388 nm to determine AOD and single-scattering albedo
(SSA) using the two-channel inversion method (Torres et al.,
2002, 2007). Global statistics reported by Ahn et al. (2014)
indicate a correlation coefficient (R) of 0.81. However, the
OMAERUV algorithm provided a lower R value (0.63) over
Central and East Asia (W. Zhang et al., 2016). In addi-
tion, the Tropospheric Monitoring Instrument (TROPOMI)
aerosol algorithm (TropOMAER) was developed as an adap-
tation of the OMAERUV algorithm. A comparison between
Aerosol Robotic Network (AERONET) and TropOMAER
AOD at 12 locations yielded an R value of 0.82 and a root
mean square error (RMSE) of 0.19 (Torres et al., 2020).

The Geostationary Environment Monitoring Spectrome-
ter (GEMS) is the first UV–Vis hyperspectral satellite in-
strument in GEO. It is onboard the Geostationary Korea
Multi-Purpose Satellite-2B (GEO-KOMPSAT-2B or GK-
2B), launched on 19 February 2020 (Kim et al., 2020). The
objective of the GEMS mission is to monitor hourly air qual-
ity in Asia (5–45° N, 75–145° E) with a fine spatial res-
olution (3.5× 7.7 km2 in Seoul, Republic of Korea). The
GEMS provides hyperspectral measurements covering 300–
500 nm with a spectral sampling of 0.2 nm and a full-width-
at-half-maximum (FWHM) spectral resolution of 0.6 nm.
The GEMS retrieval domain coverage changes with time due
to the varying GEMS scan patterns with the solar zenith an-
gle (SZA). The GEMS aerosol retrieval (AERAOD) algo-
rithm is based on the OMAERUV algorithm and the optimal
estimation (OE) method; it determines the optimized values
of AOD, SSA, and ALH from GEMS measurements at six
wavelengths (354, 388, 412, 443, 477, and 490 nm). This al-
gorithm employs the two-channel inversion method used in
the OMAERUV algorithm to retrieve AOD and SSA in or-
der to overcome the challenge posed by the limited degrees
of freedom for signals in the GEMS wavelength range. Ac-
cordingly, these retrievals were used as initial estimates for
the OE method (Kim et al., 2018). The six wavelengths in
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the UV–Vis region contained information regarding aerosol
absorption in the UV region and the absorption bands of
the oxygen dimer (O2–O2) at 477 nm. Before the GEMS
was launched, this method was first tested using OMI Level-
1 data and was used to derive key aerosol parameters, in-
cluding AOD, SSA, ALH, the UV aerosol index (UVAI),
and the visible aerosol index (VisAI) (Jeong et al., 2016;
Kim et al., 2018; Go et al., 2020a, b). Kim et al. (2018) re-
ported that a comparison between AERONET and GEMS
AOD at 26 locations in Asia yielded an R value of 0.71
and a root mean square error (RMSE) of 0.46. The per-
centage of GEMS SSA within the expected error range of
the AERONET inversion data (±0.03) was 27.54 %. Spec-
tral variations in aerosol absorption in the UV–Vis region, as
investigated by Go et al. (2020a), were applied to the GEMS
aerosol algorithm to improve AOP retrieval. This adjustment
accounts for the spectral dependence of aerosol absorption,
which had previously been treated as independent of wave-
length. GEMS AOD demonstrated a strong correlation with
AERONET AOD (R= 0.847 and RMSE= 0.285), and the
percentage of GEMS SSA within the expected error range of
±0.03 increased to 41.64 % (Go et al., 2020a). To improve
the accuracy of the GEMS aerosol retrieval, Go et al. (2020b)
tested the use of cloud mask information from MODIS in-
frared (IR) channels to remove cirrus and subpixel cloud
contamination, as well as the total dust confidence index for
the classification of aerosol types. The limitations associated
with the UV–Vis regions of the GEMS were overcome using
the IR channels of other satellites, leading to research being
conducted on the synergistic use of hyperspectral satellite in-
struments and broadband meteorological imagers.

However, because the testbed for the GEMS algorithm was
on the LEO platform, a time-dependent retrieval bias was not
previously observed. The diurnal variations in the satellite-
retrieved AOPs may differ from the actual diurnal variations.
This discrepancy can be explained by the different patterns
of bias observed over time among different GEO satellites
and retrieval algorithms (Choi et al., 2018; Lennartson et al.,
2018; Wei et al., 2019; Zhang et al., 2020). This diurnal bias
in AOP measurements can originate from various factors,
such as errors in the surface reflectance assumption used in
the retrieval algorithm, calibration issues in the Level-1 data,
or the presence of short light paths at noon (Ceamanos et al.,
2023).

To address this, Zhang et al. (2020) developed an em-
pirical AOD-bias-correction algorithm that utilized the low-
est AOD values observed within a 30 d period in conjunc-
tion with background AOD to obtain a smoothed bias curve
for each pixel of the ABI AOD data. This approach helps
mitigate the impact of diurnal bias in satellite AOD re-
trievals to improve accuracy by removing artifacts from the
retrieval. By applying bias-correction methods, more reli-
able diurnal variations in AOD can be explained. In addi-
tion to traditional statistical methods, bias-correction meth-
ods based on machine learning have also been proposed.

Model-enforced post-processing correction involves the use
of a machine-learning-based model to predict errors in con-
ventional aerosol retrievals (Lipponen et al., 2021, 2022).
This method was developed to identify the relationship be-
tween the input parameters of satellite measurements and the
associated retrieval errors. This approach provides a practical
and effective method for enhancing the accuracy of aerosol
retrieval without requiring extensive modifications to exist-
ing retrieval algorithms. It leverages machine learning ca-
pabilities to improve the reliability and precision of hourly
aerosol measurements obtained from GEO satellite observa-
tions.

In this study, we report on AOPs, including AOD, SSA,
and ALH, derived from GEMS operational observations us-
ing the GEMS aerosol retrieval algorithm. The remainder of
this paper is organized as follows. Section 2 describes the
GEMS data and aerosol retrieval algorithm. It also highlights
the algorithm updates made after the GEMS in-orbit test
(IOT) period. Section 3 discusses the post-processing cor-
rection for near-real-time retrievals. Section 4 discusses the
GEMS aerosol-monitoring results for dust, biomass burning,
and absorbing-aerosol events over Asia. Section 5 presents
an evaluation of the GEMS AOD, SSA, and ALH retrievals
against AERONET and Cloud-Aerosol Lidar with Orthogo-
nal Polarization (CALIOP) data and discusses directions for
future work. Finally, Sect. 6 presents a summary.

2 Data and GEMS aerosol algorithm

2.1 Data description

2.1.1 GEMS normalized radiance

The National Institute of Environmental Research (NIER) in
Korea provides the GEMS Level-1C (L1C) dataset, which
includes various auxiliary variables necessary for retrieval to
improve the efficiency of the Level-2 algorithm. In this study,
the aerosol retrieval algorithm used radiances only with the
quality flags of 0 (good) or 2 (interpolated radiances), deter-
mined by the “bad_pixel_mask” variable. Instead of employ-
ing the GEMS irradiance, we used the KNMI solar reference
spectrum to calculate the GEMS normalized radiance (Dob-
ber et al., 2008). The GEMS irradiance is within the range
of −5 % to −20 % compared with the KNMI solar reference
spectrum. Further improvements in Level-1 (L1) processing
are ongoing. The KNMI solar reference spectrum was con-
volved with a GEMS spectral-response function (Kang et al.,
2020). GEMS-measured irradiances will be employed when
the NIER releases an improved version of the Sun L1C prod-
uct.

Normalized radiances are defined in the following equa-
tion:

Nλ =
Iλ

ESD×Eλ
, (1)
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where I , E, ESD, and λ are the GEMS radiance, KNMI so-
lar reference spectrum, Earth–Sun distance correction factor,
and wavelength (354, 388, 412, 443, 477, and 490 nm), re-
spectively. Spectral radiance and irradiance were spectrally
binned and averaged within ±2.2 nm of each wavelength to
enhance the measurement signals. Additionally, Earth–Sun
distance correction was used to calculate the normalized ra-
diance.

2.1.2 AERONET

AERONET is a global ground-based remote sensing network
that measures aerosol optical, microphysical, and radiative
properties (Giles et al., 2019; Holben et al., 1998; Sinyuk et
al., 2020). The measurement systems use Cimel Sun pho-
tometers to measure solar irradiance at eight wavelengths
ranging from 340 to 1020 nm and sky radiances at four wave-
lengths ranging from 440 to 1020 nm. The AERONET data
provide global aerosol information, including spectral AOD
and inversion products, such as SSA, aerosol size distribu-
tion, and the refractive index. The uncertainties in AODs
are dependent on wavelength – approximately 0.01 (Vis) to
0.02 (near-UV) for direct Sun measurements (Dubovik et
al., 2000). The uncertainty in SSA is ±0.03 when AOD ex-
ceeds 0.4 at 440 nm (Dubovik et al., 2000). For the evalu-
ation of GEMS AOD and SSA data from November 2021
to October 2022, we used AERONET V3 Level-2.0 data for
AOD and AERONET V3 Level-2.0 hybrid-inversion data for
SSA from all sites within the entire GEMS domain, ensur-
ing higher quality compared to Level 1.5. However, we used
AERONET V3 Level-1.5 data for AOD and AERONET V3
Level-1.5 hybrid-inversion data for SSA for post-processing
correction to ensure a sufficient volume of data during the
modeling and near-real-time processing.

2.1.3 CALIOP

The CALIOP instrument is a two-wavelength polarization-
sensitive lidar onboard the Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation (CALIPSO) satellite.
It was launched on 28 April 2006 (Winker et al., 2009). The
CALIOP instrument monitors the global vertical profiles of
aerosols and clouds by measuring two signals: backscatter
intensity at 1064 nm and the orthogonally polarized compo-
nents of the backscattered signal at 532 nm.

Quantitative scattering information from the CALIOP in-
struments was used as reference data to validate the ALH ob-
tained from passive sensors (Xu et al., 2017, 2019; Nanda et
al., 2020; Park et al., 2023). We used data from the CALIPSO
Lidar Level-2 Aerosol Profile (V3-41) to validate the GEMS
ALH. CALIOP profiles of the extinction coefficient (β) at the
532 nm channel were utilized to calculate the CALIOP ALH
using the following equation:

Zaer =

n∑
i−1

H(i)

 βext(i)
n∑
i=1
βext(i)

 , (2)

where (i) is the CALIOP profile of the 532 nm extinction
coefficient at height H(i) and n is the number of layers.

2.2 The GEMS AERAOD algorithm

2.2.1 AOP retrieval algorithm for GEMS

The GEMS AERAOD algorithm produces AOD, SSA,
and ALH data using the OE method. An early version
of the GEMS AERAOD algorithm was developed using
OMI Level-1B (L1B) normalized radiance (Kim et al., 2018;
Go et al., 2020a, b). After the launch, the algorithm was
tested using GEMS observations during the IOT period, and
several parts of the algorithm were updated. This section
briefly describes the GEMS AERAOD algorithm, AERAOD
Level-2 (L2) data, and updates, including the lookup table
(LUT), the cloud-masking procedure, surface reflectance es-
timation, and post-processing after the IOT period. The gen-
eral flow of the GEMS AERAOD algorithm is illustrated in
Fig. 1.

The GEMS algorithm adopts an LUT approach to optimize
computation efficiency. The LUT was calculated assuming
the AOPs of three aerosol types using a radiative-transfer
model (RTM), specifically the Vector Linearized Discrete
Ordinate Radiative Transfer (VLIDORT) code (Spurr, 2006).
The highly absorbing fine (HAF) aerosols, dust aerosols,
and non-absorbing (NA) aerosols are integrated from the
AERONET inversion data and applied to the RTM sim-
ulation. The details of the updated LUT are described
in Sect. 2.1.2. The preliminary algorithm used the OMI
Lambertian-equivalent reflectance (OMLER v003) datasets
for surface reflectance (Kleipool et al., 2008). However,
for the GEMS AERAOD algorithm, GEMS L2 surface re-
flectances at 354, 388, 412, 443, 477, and 490 nm were ob-
tained using the minimum-reflectance method. The details of
the surface reflectance estimation are described in Sect. 2.1.3.

The GEMS AERAOD algorithm provides UV and visible
AIs to indicate qualitative radiative absorptivity and parti-
cle size information, respectively (Torres et al., 2002). The
GEMS UV aerosol index (UVAI) and visible aerosol index
(VisAI) were calculated using the following equation:

AI=−100

[
log

(
Nλ1

Nλ2

)
meas
− log

(
Nλ1

(
LERλ1

)
Nλ2

(
LERλ2

))
calc

]
, (3)

where Nλ1 and Nλ2 represent the normalized radiances for
the 354 and 388 nm (477 and 490 nm) wavelength pair for
the UVAI and VisAI, respectively. The subscripts “meas” and
“calc” represent the measured and calculated normalized ra-
diances, respectively.
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Figure 1. A flowchart illustrating the GEMS AERAOD and the
modifications made in the study (shown in the bolded boxes).

The HAF, dust, and NA aerosol types were selected us-
ing the UVAI and VisAI. A negative UVAI value was de-
tected for the NA type. The dust and HAF types were distin-
guished using the VisAI. The HAF type was selected when
the UVAI was positive and the VisAI was negative. The dust
type was selected when both AIs were positive. Sun glint and
cloud masking ensure that only pixels suitable for aerosol re-
trieval are left. The glint mask was applied for glint angles
less than 35°. The details of the cloud-masking procedure
are described in Sect. 2.1.4. The a priori states of AOD and
SSA at 443 nm were obtained through two-channel inversion
using neighboring wavelengths (354 and 388 nm) over both
land and ocean, while a priori states of ALH were based
on the climatology of CALIOP ALH. The a priori states
of AOD and SSA were supplied to solve the Levenberg–
Marquardt equation (Rodgers, 2000). The optimal ALH was

determined by fitting the normalized radiance between the
measured and calculated values for the OE routine. Details
of the GEMS aerosol inversion procedure are described in
Kim et al. (2018).

To improve the accuracy of near-real-time GEMS AOD re-
trieval, a model-enforced post-processing correction step was
implemented using a random forest (RF) model. By combin-
ing GEMS aerosol retrieval with this post-processing correc-
tion model, more reliable and accurate near-real-time AOD
estimates can be obtained.

2.2.2 LUT calculation

In this study, the AOPs were determined using the method
described by Kim et al. (2018) and Go et al. (2020a). How-
ever, the dimensions of the LUT varied from those in Kim
et al. (2018; Table 1). The nodes for the 412 nm SSA for
the NA type were added. In addition, the nodes for AOD
in the LUT were extended to include the values at 5.0 and
10.0°, enabling the retrieval of exceptionally severe aerosol
events during GEMS observations. The early version of the
GEMS AERAOD algorithm utilized normalized radiance at
six specific monochromatic wavelengths (354, 388, 412, 443,
477, and 490 nm). However, satellite measurements averaged
over a specific wavelength range produce more stable val-
ues than those obtained at individual monochromatic wave-
lengths, which is due to the averaging of random errors (i.e.,
instrument noise).

Consequently, a spectral-binning LUT approach was em-
ployed to reduce random errors and improve measurement
stability. This enabled more reliable and consistent ob-
servations. Compared to monochromatic wavelengths, the
spectral-binning method is computationally intensive. There-
fore, the calculations were performed using a forward RTM
coupled with Mie theory. The aerosol parameters used to
generate the LUT included the mean radii and standard de-
viations of the fine and coarse modes of the aerosol bimodal
number size distribution, the fine-mode particle fraction with
respect to the total number concentration, and the real part of
the refractive index (Kim et al., 2018).

The spectral-binning LUT approach in the GEMS aerosol
algorithm involves three steps. (1) A reference spectrum is
generated using an RTM, which provides a spectral interval
of 0.1 nm. (2) The calculated spectrum is convolved with the
GEMS spectral response function and resampled to the tar-
get spectral grids with a resolution of 0.2 nm (Kang et al.,
2020). (3) The resampled spectrum is averaged at intervals
of ±2.2 nm at six central wavelengths (354, 388, 412, 443,
477, and 490 nm) and saved in the LUT. Intervals of±2.2 nm
are selected to account for the calculation capacity and re-
duce the impact of random errors. During the retrieval pro-
cess, the GEMS L1C normalized radiances, after being aver-
aged at intervals of ±2.2 nm at six central wavelengths, are
compared with the calculated spectrum in the LUT. Through

https://doi.org/10.5194/amt-17-4369-2024 Atmos. Meas. Tech., 17, 4369–4390, 2024



4374 Y. Cho et al.: First atmospheric aerosol-monitoring results from the GEMS over Asia

Table 1. Dimension of the LUT in the GEMS aerosol algorithm. VZA: viewing zenith angle. RAA: relative azimuth angle.

Variable name (unit) Number of Entries
entries

Wavelength (nm) 6 354, 388, 412, 443, 477, 490

SZA (°) 12 0.01, 5, 10, 15, 20, 27, 34, 41, 48, 55, 62, 69

VZA (°) 12 0.01, 5, 10, 15, 20, 27, 34, 41, 48, 55, 62, 69

RAA (°) 11 0.01, 15, 30, 45, 60, 80, 100, 120, 140, 160, 180

Surface reflectance (–) 4 0.0, 0.05, 0.1, 0.2

AOD at 443 nm (–) 8 0.0, 0.1, 0.4, 0.8, 1.5, 2.0, 2.8, 3.6, 5.0, 10.0

SSA at 443 nm (–) 8 1.0, 0.98, 0.96, 0.94, 0.91, 0.88, 0.85, 0.82 for the HAF and dust types
1.0, 0.99, 0.98, 0.97, 0.96, 0.94, 0.92, 0.90 for the NA type

ALH above the surface (km) 5 0.5, 1.5, 3.0, 4.5, 6.0

Elevation (km) 3 0, 3, 6

these steps, the spectral-binning LUT aims to generate more
stable retrieval results for aerosol properties.

2.2.3 Surface reflectance estimation

Several improvements were introduced in this study, includ-
ing an updated GEMS surface reflectance estimation method.
An early version of the GEMS AERAOD algorithm used
the OMI surface reflectance climatology data product (OM-
LER v003) (Kleipool et al., 2008), with a spatial resolution
of 0.5× 0.5°, which is too coarse compared with the GEMS
pixel size, resulting in discontinuities in the GEMS AOPs.
The updated GEMS surface reflectance had a finer spatial
resolution (0.1× 0.1°) to address this limitation, aligning
closely with the pixel resolution of the GEMS. This en-
hancement enabled more accurate aerosol retrieval at the
pixel level. The compiled hourly surface reflectance data in-
directly reflect the effect of the bidirectional reflectance dis-
tribution function (BRDF). In addition, a new hourly sur-
face reflectance database was generated using the minimum-
reflectance method based on GEMS data (Herman and Celar-
ier, 1997; Hsu et al., 2004). The algorithm adopts the clima-
tological minimum-reflectance method for each pixel over
a ±15 d window spanning 2 years. Several tests were per-
formed to evaluate different time windows and methods for
constructing accurate surface reflectance. These tests evalu-
ated the effectiveness of using a ±15 d window as well as
alternative options, such as a previous 30 d window. In addi-
tion, different methods, including the minimum-reflectance
and second-minimum-reflectance approaches, were evalu-
ated to determine the most suitable method for generating
appropriate surface reflectance values (not included in this
study).

Background AOD (BAOD) was considered in the retrieval
algorithm. BAOD represents the baseline level of AOD that

is consistently present in a region. This was then used to
derive the surface reflectance dataset. Rayleigh scattering,
gaseous absorption, and BAOD were corrected during the
process of atmospheric correction to create a surface re-
flectance dataset. Recent studies have shown that incorporat-
ing BAOD into an algorithm can reduce the uncertainty asso-
ciated with satellite-based AOD retrieval (Kim et al., 2014,
2021). H. Zhang et al. (2016) estimated BAOD as corre-
sponding to the lowest fifth percentile of AERONET AOD
over 2 years and improved the performance of the VIIRS
aerosol algorithm. It has been observed that Asia experiences
relatively high BAOD values with seasonal variation. For ex-
ample, at the Dhaka University site, monthly BAOD over the
past 2 years has varied from a minimum of 0.124 in Au-
gust to a maximum of 0.685 in April. Therefore, consider-
ing seasonal variations in BAOD for atmospheric correction
can help mitigate the uncertainty in satellite-derived AOD
retrieval, particularly over Asia. The monthly BAODs were
calculated using the following equation for each 0.1× 0.1°
box from November 2020 to October 2021:

τgrid,b,m (lat, long)=
∑

i
Wiτb,m,i/

∑
i
Wi, (4)

where (insert variable) is the interpolated BAOD at 443 nm at
(lat, long) in month m; Wi is the inverse distance-weighting
function; (lat, long) is the distance between the AERONET
site and the GEMS pixel and is a constant; and τb,m,i is the
lowest fifth percentile of AERONET AOD over 2 years at
AERONET site i in month m.

Figure S1 in the Supplement shows the monthly BAOD
data obtained based on AERONET AOD data. Additionally,
the fifth percentiles of the values of AERONET AOD at
443 nm at each AERONET site are plotted as circles for ref-
erence. It is evident that regions such as India exhibit a high
BAOD of approximately 0.15 throughout the year, regard-
less of the month. However, seasonal variations in BAOD
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occurred over the Indo-Chinese Peninsula, Korea, and China.
These areas experience heavy pollution as a result of biomass
burning during the dry season and dust events from deserts.
Both of these factors contribute to increased atmospheric
aerosol concentrations. These enhancements, including the
use of hourly GEMS surface reflectance and the incorpora-
tion of monthly BAOD, can improve aerosol retrieval.

2.2.4 Cloud-masking procedure

The GEMS aerosol algorithm only retrieved AOPs for cloud-
free pixels. Clouds exhibit spatial inhomogeneity and higher
brightness than aerosols. This study aimed to enhance the
cloud-masking process in the GEMS aerosol algorithm by
addressing the limitations of previous simple cloud-masking
techniques. The previous method relied on a fixed threshold
for reflectance at 477 nm (step 1) and a standard-deviation
test of reflectance at 477 nm within an area measuring 3× 3
pixels (step 2). An additional cloud-removal technique was
introduced in this study to improve cloud-masking perfor-
mance. These tests included the following steps. Step 3 com-
prised a 470 and 477 nm normalized-radiance ratio test. This
involved a threshold test for the ratio of the normalized-
radiance values at 470 and 477 nm. This method contrasts
with detecting the presence of clouds using O2–O2 ab-
sorption bands as there is a decrease in O2–O2 absorption
at 477 nm in the presence of clouds (step 4; Kim et al.,
2024). The difference between the hourly surface reflectance
database and the calculated scene reflectivity at 412 nm indi-
cates the presence of clouds (Torres et al., 2013). Step 5 in-
volves a standard deviation at 477 nm within an area measur-
ing 3× 3 pixels, where the standard deviation is greater than
f (latitude); the threshold for this test can vary based on the
latitude to account for the regional differences in cloud char-
acteristics. Step 6 involves a standard deviation at 477 nm
within an area measuring 3× 3 pixels, where the standard
deviation is greater than f (latitude, number of cloud pix-
els); the threshold for this test can vary based on the lati-
tude and number of pixels detected as clouds in steps 1 to 4.
A final cloud mask is applied after aerosol retrieval. Step 7
involves filtering out high AOD over the ocean, where the
AOD is greater than f (number of cloud pixels); this thresh-
old is a function of the number of cloud pixels detected as
clouds from steps 1 to 6 in a window measuring 11× 11
pixels (Lyapustin et al., 2021). This helps remove residual
clouds over the ocean. By implementing these new methods,
the proposed algorithm aims to improve the effectiveness of
cloud detection and removal in GEMS pixels.

Quantitative analysis was performed to assess the impact
of these improvements in each section on the retrieval results
of GEMS AOD at 443 nm (Table S1). We analyzed the in-
fluence of each update factor on the AOD validation results.
The validation periods were January, April, and July 2022.
The statistics included R; the RMSE; the mean bias error
(MBE); the slope; the y offset; and the Q value, which indi-

cates the percentage of AOD retrievals falling within the un-
certainty envelope of 0.1 (or±30 % of the AOD error range).
Additionally, the Global Climate Observing System (GCOS)
requirement is defined as the percentage of AOD retrievals
falling within the uncertainty envelope of 0.03 (or ±10 %
of the AOD error range). The early version of the GEMS
AERAOD had an MBE of 0.36, indicating an overestima-
tion of GEMS AOD. By using KNMI irradiance instead of
GEMS irradiance and changing to the spectral-binning LUT
approach, set 1 achieved an MBE of −0.074 (closer to zero)
and an increased Q value of 50.63 %, approximately 30 %
higher than observed in the results of the early version of
the GEMS AERAOD. Set 2 was the result of the analysis
that used GEMS surface reflectance rather than OMI clima-
tology values as the surface reflectance (Sect. 2.1.3). Set 2
showed a slight decrease in the R value but an improvement
in theQ value by over 7 %. Finally, introducing a new cloud-
removal method (set 3) increased the R value and decreased
the RMSE, leading to an increase in the Q value compared
to that in set 2.

3 GEMS post-processing correction for near-real-time
retrieval

GEMS AOD exhibits a diurnal bias pattern that fluctuates
throughout the day. It forms a “U” shape with a mini-
mum at 03:00 UTC (as demonstrated in Sect. 5.1). A model-
enforced post-processing correction step was implemented
using the random forest (RF) model proposed by Lipponen
et al. (2021) to improve the accuracy of near-real-time GEMS
AOD retrieval.

This concept was developed to identify the relation-
ship between hourly GEMS data and AOD errors (GEMS–
AERONET AOD) and to predict AOD errors at the target
time. The proposed method consists of two main parts: mod-
eling and prediction for enabling near-real-time retrieval. In
the modeling part, the input data for the RF model included
GEMS data – i.e., normalized radiances at six wavelengths;
the scattering angle; the viewing zenith angle (VZA); the
relative azimuth angle (RAA); the SZA UVAI and VisAI;
the aerosol type; AOD values; and a clear fraction (Clear-
Frac), which is the ratio of clear-sky pixels to total pixels
within a 0.25° radius from the pixel center. The data also in-
cluded auxiliary information, such as time, land–sea mask,
and elevation data. The target data for training comprised
the AOD errors, which were calculated as the difference
between GEMS AOD and AERONET AOD at the single
GEMS pixel corresponding to the location of the AERONET
site. AERONET data were temporally matched within a
±10 min window of the GEMS measurement time. Data
from three AERONET sites with severe subpixel cloud con-
tamination (i.e., Sorong, Jambi, and BMKG_GAW_PALU)
were excluded from the modeling process to ensure cloud-
contaminated pixels were not included in said process. The
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predictors and target variables were collected for a time win-
dow ranging from N d to 1 d before the target time. After
conducting several tests, N d was determined to be 30 d. In
the prediction part, the input variables, including the GEMS
data and auxiliary information pertaining to the target time,
were used for the pretrained RF model. Using these inputs,
the model predicted the error in GEMS AOD in real time.
This predicted error value was then applied to the first GEMS
AOD value retrieved using the retrieval algorithm. This re-
sulted in the production of post-processed GEMS AOD.

To investigate the performance in areas without
AERONET data, we followed the leave-one-out cross-
validation method. This principle involves excluding data
from one site and training the model using data from all
other sites. The performance of the model was evaluated
using data from excluded sites. The station selected for
evaluation was excluded from the model-fitting process. For
the period from 30 d prior to the current day to 1 h before
the target day, modeling was conducted with data from all
sites except the excluded one. The predictive accuracy of the
model was evaluated for one site on the target day. Figure S2
shows the statistical maps illustrating the results of the
leave-one-out cross-validation method for post-processing-
corrected GEMS AOD for the year from 1 November
2021 to 31 October 2022. In Northeast Asia, there were
notably high R values, indicating a strong relationship
among the AERONET data. However, sites closer to the
Equator tended to exhibit lower R values (around 0.5). The
RMSE followed a similar pattern, with lower values found
in densely populated Northeast Asia, reflecting a better fit
between the predicted values and AERONET values in this
region. The MBE in Northeast Asia tended to be close to
zero, suggesting minimal bias in the predictions. In contrast,
the Indian region shows negative MBE values, indicating
an underestimation, whereas Southeast Asia shows positive
values, signifying an overestimation.

A variable-importance analysis for post-processing cor-
rection of GEMS AOD was conducted (Fig. S3). GEMS
AOD emerged as the most crucial variable, emphasizing its
direct influence on the correction process. The VZA and el-
evation were also highly important. Nevertheless, their sig-
nificance can be attributed not only to their inherent proper-
ties but also to their role in conveying AERONET-location-
related information. The aerosol type appeared to be less sig-
nificant in the RF models. This result contrasts with the no-
table importance of the GEMS UVAI and VisAI. This dis-
crepancy can be attributed to the inaccurate aerosol type clas-
sification in the GEMS aerosol algorithm.

In addition, the diurnal bias pattern in the GEMS SSA
values exhibited fluctuations throughout the day, forming a
bell shape with a minimum at 03:45 UTC, as discussed in
Sect. 5.2. The post-processing method adopted was similar
to that used for AOD. This method was developed to deter-
mine the relationship between hourly GEMS data and SSA
errors (the difference between GEMS SSA at 443 nm and

AERONET SSA at 440 nm) and to predict SSA errors at
the target time. The key difference between the RF model
predicting AOD errors and said model predicting SSA er-
rors is as follows. The second model includes GEMS SSA
as an input variable as well. A variable-importance analysis
for the post-processing correction of the GEMS SSA values
was conducted (Fig. S4). GEMS SSA was the most critical
variable in the correction process. GEMS AOD also emerged
as a highly influential variable in the RF models with re-
spect to GEMS SSA post-processing correction. In addition,
the aerosol types appeared to have relatively low significance
within the RF models regarding SSA correction.

Unlike with AOD and SSA, post-processing of ALH us-
ing an RF model is inherently limited by the fact that the
CALIOP instrument is an LEO satellite and that pixels co-
located with GEMS ALH data are only available from 03:45
to 07:45 UTC. This renders it inaccessible as an hourly ref-
erence dataset for the 22:45–02:45 UTC time period. In con-
trast to AERONET, the use of data from ground-based lidars
is severely constrained by the limited number of observation
stations and the restricted geographical areas in which the
lidars are deployed.

4 Aerosol events

4.1 Dust aerosol event (8 April 2022)

Figure 2 presents an example of hourly maps of the GEMS
aerosol product, including AOD, SSA, and ALH, for 8 April
2022. Note that these results pertain to GEMS AOD, SSA,
and ALH before post-processing. A GEMS false-color red–
green–blue (RGB) image is shown using R (477 nm), G
(412 nm), and B (354 nm) bands that are similar to those of
the OMI false-color RGB method (Levelt et al., 2006).

As shown in Fig. 2, the GEMS retrieval domain cover-
age changed with time due to varying GEMS scan patterns
with the SZA. Overall, GEMS AOD showed significantly
good agreement with the AERONET AOD measurements,
capturing higher values in the Beijing–Hebei–Tianjin (BTH)
region and lower values in the Republic of Korea and Japan.
High GEMS AOD values were evident along the dust plume,
reaching 2.0 at 06:45 UTC. Regarding SSA, the retrieval re-
sults demonstrated relatively lower accuracy (notably in the
BTH region) compared to AOD. In general, from 22:45 to
05:45 UTC, the SSA values displayed good agreement with
both the AERONET and GEMS SSA values. However, from
06:45–07:45 UTC, the SSA numbers did not match those
for Beijing. Compared with the Beijing region, the results
were more consistent for the dust plume. The SSA values
remained relatively stable over time, ranging from approxi-
mately 0.92 to 0.96. However, the GEMS SSA values tended
to exhibit a positive bias compared with the AERONET val-
ues, as discussed in Sect. 5.2. The GEMS ALHs were ∼ 3–
4 km for the dust plume over the Taklamakan Desert and
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Figure 2. Hourly GEMS aerosol products for the dust case on 8 April 2022 over northwestern China. Time series maps illustrating AOD at
443 nm, SSA at 443 nm, and ALH (km) from 22:45 to 07:45 UTC. Each circle represents an AERONET station, and the color of the circle
indicates AERONET AOD and SSA values at 443 nm in the AOD and SSA columns. GEMS SSA and ALH only are displayed when GEMS
AOD> 0.2.
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∼ 1.0 km over the Beijing region. The GEMS ALH values
exhibited continuous spatial and temporal patterns.

4.2 Biomass-burning event (19 March 2022)

Figure 3 shows maps of the GEMS aerosol product at
06:45 UTC on 19 March 2022, representing a biomass-
burning event in mainland Southeast Asia. These results were
obtained for GEMS AOD and SSA before post-processing.
Fine pollution particles are prevalent in this region during
the dry season (Yin et al., 2019). GEMS AOD exceeded 1.6,
indicating significant aerosol loading and enhancement dur-
ing the event. GEMS SSA was approximately 0.88, indicat-
ing aerosol absorption during this event. The ALH values
ranged from 2 to 3 km within the biomass-burning plume.
The GEMS ALH was not retrieved along the east-to-west
straight line at ∼ 22.5° N, which corresponds to a bad pixel
in the CCD. The GEMS UVAI revealed hotspots and fine fea-
tures associated with this event, capturing the aerosol absorp-
tion in the ultraviolet spectrum. The GEMS VisAI did not
clearly show signals from small particles caused by biomass
burning, indicating that signals from the surface were not
completely removed. There may be limitations with respect
to considering aerosol size information using the GEMS Vi-
sAI (Go et al., 2020b). This case study demonstrates that the
GEMS provides valuable insights into aerosol properties dur-
ing specific events, such as biomass burning, and can cap-
ture temporal and spatial variations in AOD, SSA, ALH, the
UVAI, and the VisAI.

Figure 3g shows a comparison of the CALIOP extinction
coefficients at 532 nm, the CALIOP ALH values, and the
GEMS ALH values along the CALIOP path (green line in
the GEMS false-color RGB image in Fig. 3a). Figure 3g il-
lustrates the precise relationship between the GEMS AOD
values and the accuracy of the GEMS ALH values. Accu-
rate retrieval of ALH requires a sufficient amount of aerosol
in the atmosphere. The GEMS ALH values closely followed
the latitudinal variation in the CALIOP ALH values. As the
latitude increased from 18 to 21° N, the GEMS ALH values
followed the CALIOP ALH values and exhibited an increase
in altitude. In the latitude range of 24–28° N, as GEMS AOD
decreased, GEMS ALH exhibited scattered variations due to
weaker signals. In the scatterplot comparing CALIOP ALH
and GEMS ALH (Fig. 3h), 39.88 % of the pixels fall within
the expected error range of 0.5 km, and 68.10 % of the pixels
are within the expected error range of 1 km. As the GEMS
AOD values decreased, the likelihood of the GEMS ALH
pixels falling outside the expected error range increased.

4.3 Absorbing-aerosol event (4 December 2021 and
23 December 2021)

Figure 4 shows examples of GEMS AOD before and after
post-processing for an absorbing-aerosol case over the Indo-
Gangetic Plain (IGP) at 04:45 UTC on 4 December 2021.

Atmospheric haze is prevalent in this region during the win-
ter (Ram et al., 2012). Recent studies have shown that pri-
mary aerosols and precursors of secondary aerosols emitted
from fossil fuel combustion and biomass burning are released
into the atmosphere (Singh et al., 2021). Figure 4a shows
a GEMS false-color RGB image with the AERONET sta-
tions represented by circles. The colors indicate AERONET
AOD values. Two distinct aerosol plumes were observed.
The northwestern plume showed an AOD of approximately
0.8, whereas the southeastern plume showed a value of ap-
proximately 1.3. Figure 4b shows the GEMS AOD data. The
spatial distribution of GEMS AOD was similar to that of
AERONET AOD, as shown in Fig. 4a, although the val-
ues were marginally lower than the AERONET AOD val-
ues. However, the post-processed AOD values were elevated,
particularly in the original moderate AOD range (∼ 0.7),
bringing the GEMS AOD values closer to the AERONET
AOD values (Fig. 4c). Specifically, at the Gandhi College
site (25.871° N, 84.128° E) and the Lahore site (31.480° N,
74.264° E), post-processing resulted in more reasonable val-
ues.

Figure 5 shows maps illustrating GEMS SSA and GEMS
SSA after post-processing for an absorbing-aerosol case
over India, Bangladesh, and mainland Southeast Asia at
03:45 UTC on 23 December 2021. The GEMS false-color
RGB image featuring AERONET stations, represented by
circles, is shown in Fig. 5a. The colors of the circles indi-
cate the AERONET SSA values at 440 nm. The AERONET
SSA values are ∼ 0.9 in India and Bangladesh and ∼ 0.93
in Thailand. Before post-processing, the GEMS SSA values
reached ∼ 0.96 in the Indian region and ∼ 1.0 in other ar-
eas. However, after post-processing, the GEMS SSA values
converged and became more similar to the AERONET SSA
values. Nonetheless, a marginal tendency towards overesti-
mation remained.

5 Validation in the GEMS AERAOD product

This section evaluates GEMS AOD and SSA at 443 nm
according to the aerosol type and measurement time us-
ing AERONET data across the entire GEMS domain. We
used data from AERONET Version 3 Level 2.0 to vali-
date the AOD and SSA values as they are quality-assured
data. Figure 6 illustrates a map of the AERONET sites
used for GEMS AOD and SSA validation, along with site-
specific data counts. The AERONET AOD data generally
showed higher counts in the Republic of Korea and Taiwan.
Sites in South Asia and Southeast Asia typically had fewer
data points. The distribution of AERONET SSA data points
was similar to that of the AOD values. In addition, we re-
trieved the GEMS ALH values and compared them with the
CALIPSO Level-2 extinction coefficient profiles at 532 nm,
as well as with the CALIOP ALH values defined in Eq. (2).
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Figure 3. An example of GEMS aerosol products for biomass burning over mainland Southeast Asia. The maps illustrate (a) GEMS false-
color RGB, (b) AOD, (c) SSA, (d) ALH, (e) the UVAI, and (f) the VisAI. The green line in the GEMS false-color RGB image indicates the
overpass path of the CALIOP instrument. GEMS SSA and ALH are displayed only when GEMS AOD is over 0.2. (g) GEMS ALH compared
with CALIOP extinction coefficient in the domain. The background color represents the CALIOP extinction coefficient. The black-outlined
circles denote the CALIOP ALH values, whereas the red-outlined circles represent the GEMS ALH values. The blue squares represent
GEMS AOD. (h) Comparison of GEMS ALH and CALIOP ALH when GEMS AOD> 0.2. The dashed and dash-dotted lines indicate an
uncertainty envelope of ±1 and ±0.5 km, respectively, in ALH values. The dotted lines represent the 1 : 1 lines. The various colors of the
circles represent different GEMS AOD values. EE: expected error.

5.1 Aerosol optical depth

In this section, GEMS AOD at 443 nm was validated against
AERONET data across the entire GEMS domain from
1 November 2021 to 31 October 2022. The GEMS AOD
data were spatially collocated within a 0.25° radius of

the AERONET stations and temporally collocated within a
30 min window of the GEMS measurement time. When a
specific aerosol type in the GEMS was present in more than
90 % of the pixels within the validation radius, aerosol type
validation was conducted.
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Figure 4. Examples of GEMS AOD before and after post-
processing for an absorbing-aerosol case over the Indo-Gangetic
Plain at 04:45 UTC on 4 December 2021. (a) A GEMS false-
color RGB image. The circles denote AERONET stations, and the
color of each circle indicates the AERONET AOD value at 443 nm.
(b) GEMS AOD and (c) GEMS AOD after post-processing correc-
tion.

Figure 7 presents the results for all pixels and each aerosol
type (HAF, dust, and NA). The total GEMS AOD values
demonstrated a good correlation with the AERONET AOD
values, with an R value of 0.781, an RMSE of 0.221, and
an MBE of 0.047 (Fig. 7a). The Q value was calculated
as 52.93 %, with 18.17 % of the AOD values satisfying the
GCOS requirements. However, the slope and y intercept
were 0.572 and 0.202, respectively. This indicates an over-

Figure 5. Examples of GEMS SSA and GEMS SSA after post-
processing for an absorbing-aerosol case over India, Bangladesh,
and mainland Southeast Asia at 03:45 UTC on 23 December 2021.
(a) A GEMS false-color RGB image. The circles denote AERONET
stations, and the color of each circle indicates the AERONET SSA
value at 440 nm. (b) GEMS SSA and (c) GEMS SSA after post-
processing correction.

estimation of low AERONET AOD values and an under-
estimation of high AERONET AOD values. There is ev-
idence of cloud contamination effects in the case of low
AERONET AOD. This results in an overestimation of the
retrieved GEMS AOD.

The validation showed differences according to aerosol
type. The HAF type showed the highest R and Q values
compared with the other aerosol types (Fig. 7b). Pixels that
deviated beyond the error range due to GEMS AOD underes-
timation were notably observed in two main categories: sites
in the Indian region (which still showed bias despite the con-
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Figure 6. AERONET sites used for the GEMS AOD and SSA validation. The red-colored triangles indicate the sites where validation points
exist for both AOD and SSA. The green-colored triangles indicate the sites where validation points exist only for AOD. The list of station
names is shown in conjunction with the number of AERONET AOD and SSA data points used for validation at each station.

Figure 7. Comparison of GEMS AOD and AERONET AOD for
(a) all aerosol types and (b–d) individual aerosol types (HAF, dust,
and NA, respectively). The dashed lines indicate an uncertainty en-
velope of up to 0.1 (or 30 %) in the AOD values. The dotted lines
represent the 1 : 1 lines. Data from 1 November 2021 to 31 October
2022 are used for comparison.

sideration of BAOD) and sites located in Beijing with an
AERONET AOD value of approximately 2.0 and a GEMS
AOD value of approximately 1.0. Among the three aerosol
types, the dust type had the fewest samples, accounting for
1/15 of the NA type (Fig. 7c). The R value was 0.821, and
the slope was the highest among the three types. Pixels that
deviated beyond the error range due to GEMS AOD under-
estimation were primarily observed in the Indian region. In
contrast, pixels exceeding the error range due to GEMS AOD
overestimation were located in Northeast Asia. Currently, the
GEMS uses the same aerosol model (i.e., the same num-
ber size distribution parameters and refractive index) over
the entire domain for each aerosol type. However, given the
varying bias patterns observed in the dust types, it is nec-
essary to consider regional variations in the GEMS aerosol
model (and, thus, the LUT) in future studies. The NA type
was selected most frequently among the three aerosol types
(Fig. 7d). Figure 7d shows that a significant number of pix-
els were influenced by cloud contamination, which was par-
ticularly evident in regions with low AOD values for the
NA type. The GEMS aerosol cloud-masking process requires
further improvement, particularly over the ocean. The cur-
rent cloud-masking process may not effectively distinguish
small clouds (i.e., broken clouds) near the equatorial regions.
This has resulted in an overestimation of the AOD values
due to cloud contamination. This phenomenon has frequently
been observed at AERONET stations located near the Equa-
tor. The underestimation of high AOD values by the GEMS
aerosol algorithm can be attributed to the effects of the cur-
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rent aerosol model assumptions used in the algorithm. This
emphasizes the importance of understanding AOPs to better
characterize them in the atmosphere, particularly in the UV
region.

Figure S5 and Table 2 present the hourly AOD validation
results and statistical metrics for N , R, the slope, the y in-
tercept, the RMSE, the MBE, Q, and the GCOS. It is impor-
tant to note that the E–W scan profile of the GEMS varied
depending on the SZA. Therefore, the sites used for the val-
idation may not have remained consistent over time. For ex-
ample, the AERONET stations around 22:45 and 23:45 UTC
were mainly used for validation in the eastern region of the
GEMS, whereas those around 06:45 and 07:45 UTC were ex-
pected to be located in the western region of the GEMS. A
systematic error analysis is planned for future studies. Nev-
ertheless, the hourly validation results of GEMS AOD pro-
vide significant insights. The hourly slopes of GEMS AOD
exhibited diurnal variations, starting with an initial value of
0.725 at 22:45 UTC, decreasing to 0.490 and 0.533 at 01:45
and 02:45 UTC, respectively, and subsequently increasing to
0.606 and 0.632 at 06:45 and 7:45 UTC, respectively. How-
ever, the R values remained relatively stable over time. Most
time intervals exhibited R values of approximately 0.7 or
higher except at 00:45 UTC. Figure S5 and Table 2 show that
the diurnal variation in GEMS AOD does not precisely reflect
the actual diurnal AOD variation. Thus, it is necessary to cor-
rect and produce a consistent dataset over time to investigate
diurnal variations in aerosol properties. A machine learning
model using RF was employed to train the error characteris-
tics that vary hourly, remove artifacts from the retrieval pro-
cesses, and maintain the physical signals.

Figure 8a shows the comparison results for GEMS
AOD after model-enforced post-processing correction with
AERONET data was applied. Figure 8a shows that all statis-
tical metrics improved. In particular, the slope was closer to
1 at 0.857, and the y intercept was closer to zero at 0.049.
Additionally, R, the RMSE, and the MBE were 0.920, 0.135,
and −0.001, respectively. The Q value and GCOS require-
ments improved by 82.17 % and 37.29 %, respectively. The
bias near low AOD values of approximately zero was signifi-
cantly reduced. Furthermore, high AOD values were closer to
the 1 : 1 line. Figure 8b shows the bias of GEMS AOD values
before and after post-processing correction with respect to
time for all AOD pixels. After applying the model-enforced
post-processing correction to the GEMS AOD data, signif-
icant improvements in bias were observed over the diurnal
cycle. The original GEMS AOD exhibited a bias that varied
hourly. It formed a U shape, with a minimum value near noon
at 03:45 UTC. However, with the implementation of model-
enforced post-processing correction, the diurnal bias was ef-
fectively mitigated. This resulted in a bias value close to zero
throughout the day and decreased standard deviation. Fig-
ure 8c illustrates the diurnal variation in the bias of low AOD
(AERONET AOD< 0.4). GEMS AOD (red circles) exhib-
ited a positive bias of∼ 0.1. It was mainly corrected to values

close to zero after post-processing (blue circles). However, a
positive bias was observed at approximately 22:45, 23:45,
06:45, and 07:45 UTC. Figure 8d shows the diurnal varia-
tion in the bias of high AOD (AERONET AOD> 0.4). The
diurnal variation in GEMS AOD (red circles) shows a clear
U-shaped pattern with a maximum negative bias of approx-
imately −0.2 at 03:45 UTC. However, after post-processing,
the bias was still negative but less than −0.1, which is sig-
nificantly closer to zero. By incorporating the predicted er-
ror, we obtain an improved GEMS AOD value that consid-
ers the uncertainties and biases inherent in the retrieval pro-
cess. This approach helps reduce these biases, including the
overestimation of low AOD values, the underestimation of
high AOD values, and artificial diurnal bias in near-real-time
AOD retrievals. A reduction in artifactual diurnal bias is cru-
cial for ensuring the reliability of hourly GEMS AOD data.
This eliminates time-dependent discrepancies and provides
a more representative hourly aerosol distribution. Users can
now rely on corrected GEMS AOD data for various applica-
tions without the influence of diurnal variations in the origi-
nal measurements.

5.2 Single-scattering albedo

This section presents a comparison of GEMS SSA at 443 nm
with AERONET SSA at 440 nm over the entire GEMS do-
main. The validation period and collocation criteria for the
AERONET sites were identical to those used for GEMS
AOD. Similar to the approach for AOD, when a particular
aerosol type in the GEMS was detected in over 90 % of the
pixels within a 0.25° radius, we performed aerosol type vali-
dation. Figure 9 and Table 3 show the validation results for all
pixels and each aerosol type. Statistics, including N values
and percentages, were within the expected error ranges (0.03
and 0.05). The uncertainty in the SSA values was ±0.03
when AERONET AOD at 440 nm was over 0.4 (Dubovik
et al., 2000). The dashed gray lines indicate an uncertainty
envelope of ±0.03 in the SSA values, whereas the dashed
black lines indicate an uncertainty envelope of ±0.05 in the
SSA values. These reference lines help to assess the agree-
ment between the GEMS SSA and AERONET data within
a reasonable error range. Capturing SSA signals from satel-
lite observations is challenging when atmospheric aerosols
are not abundant. Therefore, for validation, separate analy-
ses were conducted for cases where GEMS AOD exceeded
0.4 (indicated by the red circles) and GEMS AOD exceeded
1.0 (as indicated by the blue circles). Despite the significant
uncertainties associated with the satellite measurements, the
GEMS aerosol product showed good overall agreement with
the AERONET SSA values. When GEMS AOD exceeded
0.4, the percentage of GEMS SSA values within the expected
error range of±0.03 was 34.22 %, and the percentage within
the expected error range of ±0.05 was 61.38 %. When the
aerosol signal was strong (when GEMS AOD exceeded 1.0),
the percentage of GEMS SSA values within the expected er-
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Table 2. Statistics illustrating the hourly comparison of the GEMS AOD and AERONET AOD values shown in Fig. S5.

Time N Slope y intercept R RMSE MBE Q GCOS
(UTC) (%) (%)

22:45 801 0.725 0.177 0.738 0.181 0.094 60.42 24.97
23:45 1413 0.728 0.193 0.752 0.187 0.115 53.93 19.89
00:45 2879 0.600 0.221 0.698 0.218 0.112 48.32 15.56
01:45 3345 0.490 0.211 0.715 0.209 0.063 52.68 16.95
02:45 3718 0.533 0.193 0.780 0.214 0.039 52.66 17.86
03:45 3504 0.577 0.171 0.830 0.238 −0.011 53.48 16.67
04:45 3556 0.592 0.176 0.824 0.238 −0.001 53.12 17.97
05:45 3186 0.518 0.233 0.725 0.043 0.043 50.00 18.33
06:45 2117 0.606 0.241 0.766 0.239 0.069 52.01 19.79
07:45 1299 0.632 0.227 0.754 0.245 0.063 54.89 19.86

Figure 8. (a) Comparison of GEMS AOD after undergoing machine-learning-based post-processing correction with AERONET AOD. The
dashed lines indicate an uncertainty envelope exceeding 0.1 (or ±30 %) in the AOD values. The dotted lines represent the 1 : 1 lines. The
difference between GEMS AOD and AERONET AOD over time for (b) all pixels, (c) pixels when AERONET AOD< 0.4, and (d) pixels
when AERONET AOD> 0.4. The red circles represent GEMS AOD, and the blue circles represent GEMS AOD after post-processing
correction. The error bars correspond to the standard deviation. Data from 1 November 2021 to 31 October 2022 are used for comparison.

ror of ±0.03 (0.05) increased to 48.85 % (84.48 %). How-
ever, the percentages within the expected error range and
scatterplots varied depending on the aerosol type. For the
HAF type, SSAs exhibited the largest spread, indicating a
lower accuracy. This is likely a result of ineffective aerosol
type selection (red circles). However, when the AOD values

exceeded 1.0, they tended to approach the 1 : 1 line (blue cir-
cles). Moreover, the percentage of values falling within the
expected error range of±0.03 increases significantly. For the
dust type, the GEMS SSA values exhibited a positive bias of
approximately 0.04 compared with the AERONET SSA val-
ues (red circles). Similarly, when the AOD values exceeded
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Figure 9. Comparison of GEMS SSA and AERONET SSA for
(a) all aerosol types and (b–d) individual aerosol types (HAF,
dust, and NA, respectively). The red circles represent the pixels
when AOD> 0.4, and the blue circles represent the pixels when
AOD> 1.0. The dashed gray lines indicate an uncertainty envelope
of ±0.03 in the SSA values, the dashed black lines indicate an un-
certainty envelope of ±0.05 in the SSA values, and the dotted lines
represent the 1 : 1 lines. Data from 1 November 2021 to 31 October
2022 are used for comparison.

1.0, these biases decreased, approaching the 1 : 1 line (blue
circles). However, the systematic bias observed in the GEMS
SSA values for the dust type indicates a need to refine the as-
sumed dust AOPs in the LUT. The NA type in the GEMS
was observed to exhibit significantly lower variability than
the AERONET SSA values. The GEMS SSA values were
close to 1 compared to the AERONET data. According to
Lee et al. (2010), the NA type is identified when the SSA
value is above 0.95. However, many NA-type pixels were
observed as having AERONET SSA values below 0.9. This
indicates potential inaccuracies in the classification of the ab-
sorbing and NA GEMS aerosol types. However, when AOD
was high (blue circles), these classification errors tended to
decrease. This resulted in values closer to AERONET SSA
values.

Figure S6 and Table 4 present the hourly SSA valida-
tion results and statistic metrics, including the N values
and percentages within the expected error range of ±0.03
(±0.05). GEMS SSA and AERONET SSA exhibited vary-
ing distributions over time. The difference between GEMS
SSA and AERONET SSA was most significant at 03:45
and 04:45 UTC, showing a positive bias. This difference de-
creased at 22:45, 23:45, 05:45, and 06:45 UTC (Fig. S6).
Similar to GEMS AOD, the GEMS SSA exhibited diurnal

Table 3. Comparison of GEMS SSA and AERONET SSA for the
different aerosol types shown in Fig. 9. N represents the number of
data points, and EE% denotes the percentage of data points within
the expected error range of ±0.03 (±0.05).

GEMS AOD> 0.4 GEMS AOD> 1.0

Aerosol N EE% ±0.03 N EE% ±0.03
type (±0.05) (±0.05)

All 1841 34.22 (61.38) 174 48.85 (84.48)
HAF 764 31.68 (62.43) 136 54.41 (89.71)
Dust 71 12.68 (45.07) 15 13.33 (66.67)
NA 536 32.46 (56.72) 7 42.86 (57.14)

Table 4. Statistics illustrating the comparison of GEMS SSA and
AERONET SSA shown in Fig. S6.

GEMS AOD > 0.4 GEMS AOD > 1.0

Time N EE % ±0.03 N EE % ±0.03
(UTC) (±0.05) (±0.05)

22:45 49 67.35 (89.80) 13 61.54 (92.31)
23:45 76 64.47 (82.89) 18 77.78 (94.44)
00:45 100 62.00 (87.00) 21 90.48 (100.00)
01:45 138 57.25 (81.16) 29 72.41 (96.55)
02:45 190 31.58 (56.84) 72 31.94 (56.94)
03:45 391 18.67 (44.76) 206 15.05 (46.60)
04:45 406 22.41 (52.46 209 23.44 (58.85)
05:45 223 30.49 (61.88) 94 28.72 (65.96)
06:45 175 37.14 (69.71) 83 40.96 (75.90)
07:45 93 53.76 (73.12) 46 54.35 (76.09)

variations. These values are also reflected in the EE % val-
ues shown in Table 4. At 22:45 and 23:45 UTC, the percent-
age within the expected error range of ±0.03 exceeded 64.
However, it decreased to less than 19 % at 03:45 UTC before
rising to 23 % at 04:45 UTC and subsequently increasing fur-
ther. Further studies are required to understand the bias and
accuracy variations in the SSA values and improve the re-
trieval results. These variations can also be attributed to the
shorter path length in the observation geometry when the in-
fluence of surface reflectance increases, similar to the behav-
ior seen in AODs.

Figure 10a presents the comparison results for the
GEMS SSA values after post-processing correction and the
AERONET data. The validation period was from 1 Novem-
ber 2021, to 31 October 2022. Notably, all statistical metrics
demonstrated improvements. Specifically, the percentage of
GEMS SSA values falling within the expected error range
of ±0.03 was 68.54 %, whereas the percentage within the
range of ±0.05 was 88.95 %. Furthermore, SSA exhibited
closer alignment with the 1 : 1 line. Figure 10b depicts the
difference between GEMS SSA and AERONET SSA over
the measurement time. Notably, the bias pattern observed
in the GEMS SSA values exhibited artifactual characteris-
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Figure 10. (a) Comparison of GEMS SSA after undergoing post-processing correction and AERONET SSA. The dashed gray lines indicate
an uncertainty envelope of ±0.03 in the SSA values, the dashed black lines indicate an uncertainty envelope of ±0.05 in the SSA values,
and the dotted lines represent the 1 : 1 lines. (b) The difference between GEMS SSA and AERONET SSA over time. Data from 1 November
2021 to 31 October 2022 are used for comparison.

tics, forming a bell-shaped curve. In particular, during the
time interval from 01:45 to 05:45 UTC, the mean bias of
GEMS SSA consistently surpassed the expected error range
of ±0.03. However, the implementation of model-enforced
post-processing correction was highly effective in mitigat-
ing this artificial diurnal bias. This correction methodology
significantly improved the GEMS SSA values within the ex-
pected error range. Therefore, it enhanced the overall accu-
racy of the SSA retrieval.

5.3 Aerosol layer height

From 1 November 2021 to 31 October 2022, the GEMS and
CALIOP data were co-located for comparison. In this sec-
tion, Level-2 aerosol extinction coefficients at 532 nm were
used to calculate the CALIOP ALH values. This is expressed
in Eq. (2). GEMS ALH pixels within a 0.05° radius surround-
ing each CALIOP pixel were averaged and compared with
the CALIOP ALH values within a time window of 1 h of
the GEMS observation time. Validation was conducted when
the GEMS AOD values were greater than 0.2. This is be-
cause the error in ALH retrieval increased when the pres-
ence of aerosols in the atmosphere was insufficient. Fig-
ure 11a shows a histogram illustrating the differences be-
tween GEMS ALH and CALIOP ALH. The total number of
co-located data points is 77 318, and the mean difference is
−0.225 km. The median difference is −0.167 km. This indi-
cates that the histogram illustrating the differences follows a
Gaussian distribution, although it is marginally skewed in the
positive direction. Figure 11b shows a comparison between
GEMS ALH and CALIOP ALH. These were distributed pre-
dominantly at altitudes of less than 2 km. The percentage of
data points falling within the expected error of ±1 km was
55.3 %, and the percentage falling within the expected error
range of±1.5 km was 71.7 %. The variability in GEMS ALH
was comparable to that in CALIOP ALH.

Figure 11. (a) Histogram illustrating the difference between GEMS
ALH and CALIOP ALH. (b) Comparison of GEMS ALH and
CALIOP ALH. The dashed lines indicate an uncertainty envelope
of ±1 km in the ALH values. The dash-dotted lines indicate an un-
certainty envelope of ±1.5 km in the ALH values. The dotted lines
represent the 1 : 1 lines. Data from 1 November 2021 to 31 October
2022 are used for comparison.

5.4 Limitations of the current GEMS AOPs and future
work

Figure S7 shows seasonal and regional variations as func-
tions of time (UTC) for each of the following four regions:
Korea (33–39° N and 124–132° E), North China (33–34° N
and 110–124° E), South China (21–33° N and 110–122° E),
and Indo-China Peninsula (8–22° N and 92–110° E). The In-
dian region was excluded from the regional analysis be-
cause the observable area within the entire region of In-
dia varied significantly depending on the GEMS scan pro-
files. After gridding the GEMS AOPs into a 0.1°× 0.1° grid
box, monthly averages were calculated. Then, seasonal av-
erages were calculated for each pixel only when data for all
3 months within a season were available. Regional averages
were calculated when more than 50 % of the available values
were within the domain. For AOD, U-shaped or flat diurnal
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variations were observed in all four regions. For SSA, higher
values were observed during June, July, and August (JJA) in
Korea, North China, and South China, which are considered
to be influenced by aerosol hygroscopic growth due to rela-
tively high atmospheric humidity. However, the Indo-China
Peninsula showed the highest SSA values in SON (Septem-
ber, October, and November) and the lowest values in DJF
(December, January, and February), which is consistent with
the relatively low SSA values observed at the Chiang Mai
AERONET site from 2011 to 2016 during DJF (Liang et al.,
2019). However, there are limitations to investigating diur-
nal variations in ALH. The diurnal variations in ALH were
not consistent with the diurnal variations in the mixing-layer
height. One reason for the uncertainty in the ALH values is
that they were retrieved from the OE routine based on the
uncertainty in the a priori AOD, SSA, and ALH values. Be-
fore post-processing, GEMS AOD and SSA exhibited diur-
nal bias patterns compared to the AERONET data (details in
Sect. 5.1 and 5.2). These uncertainties affect the uncertainty
in the diurnal variation in ALH. Because GEMS ALH can-
not undergo post-processing correction with CALIOP data
(details in Sect. 3), we will consider post-processing correc-
tions of ALH using ground-based lidar observation networks
(i.e., the Korea Aerosol Lidar Observation Network and the
Asian Dust and Aerosol Lidar Observation Network) in fu-
ture studies. Therefore, one of the limitations of this study is
that GEMS ALH has limitations with regard to the detailed
investigation of diurnal variations in ALH.

Several methods can be employed to improve the results of
the GEMS aerosol algorithm. First, additional satellite data
could be integrated for cloud detection. Incorporating data
from other satellite sensors with IR channels, such as the Ad-
vanced Meteorological Imager (AMI), can provide comple-
mentary information for cloud masking. Secondly, it is nec-
essary to consider the AOPs used in the LUT to improve the
GEMS aerosol algorithm. It is essential to incorporate addi-
tional ground-based observations from the UV region, such
as those from the Pandora instrument and the sky radiometer
network (SKYNET). Collecting ground-based observations
from the UV region and incorporating them into the LUT
could enhance the algorithm’s performance. Finally, regional
LUTs with data from diverse regions that consider variability
in AOPs based on regional characteristics are crucial.

6 Summary

In this study, we present the first atmospheric aerosol-
monitoring results from the GEMS over Asia. Given that the
GEMS AERAOD algorithm was developed using the OMI as
the input data before the GEMS launch, modifications were
made to consider the GEO observation characteristics during
the IOT period. A new hourly surface reflectance database
was created using the minimum-reflectance method with a
fine spatial resolution aligned with the GEMS pixel resolu-

tion. In addition, monthly BAOD maps were incorporated
to estimate hourly GEMS surface reflectance. New cloud-
removal techniques have significantly improved the effec-
tiveness of cloud detection and have enhanced the quality
of aerosol retrieval. To avoid discrepancies between the ob-
served and simulated radiances that may arise due to the
monochromatic assumption of the LUT calculation, we ap-
plied a spectral-binning approach to the LUT calculation. Fi-
nally, post-processing correction methods based on machine
learning were used to remove non-physical diurnal biases
from the AOD and SSA retrievals. This reduced the biases
over time and provided more reliable hourly GEMS aerosol
products in near-real time.

The GEMS aerosol products were investigated with re-
spect to three specific events: dust events over Northeast
Asia, biomass burning in Southeast Asia, and absorbing-
aerosol events in India. These events highlight the capabil-
ity of the GEMS in monitoring and providing insights into
aerosol properties during various atmospheric events while
also emphasizing the importance of post-processing for data
accuracy and agreement with ground measurements.

The GEMS aerosol products were validated against
AERONET and CALIOP data across the entire GEMS do-
main for 1 year (from November 2021 to October 2022). The
performance of the GEMS aerosol algorithm was assessed to
verify its applicability in studying the distribution of AOPs
across Asia. The validation results for each product are sum-
marized below.

GEMS AOD showed a good correlation with AERONET
AOD (R= 0.792). However, specific biased patterns were
observed. Notably, the underestimation of high AERONET
AOD values and the overestimation of low AERONET AOD
values occurred because of cloud contamination. Different
aerosol types exhibited varying validation results: the HAF
type had the highest R and Q values, the dust type was un-
derestimated in India but overestimated in Northeast Asia,
and the NA type had cloud contamination issues, particularly
for low AOD values. This indicates the need to improve the
cloud-masking process, particularly over the ocean. Certain
deviations beyond the error range of the GEMS AOD values
were observed in India and Beijing. The underestimation of
the high AOD values can be attributed to the aerosol model.
Diurnal variations in the retrieval performance were evident,
with slopes and other comparison statistics varying through-
out the day. Because the testbed for the GEMS algorithm was
on the LEO platform, a time-dependent retrieval bias was
not previously observed. Therefore, we adopted a model-
enforced post-processing correction method and found that
this enhanced GEMS AOD performance reduced the overall
biases. These corrected data ensure the reliability of various
applications.

GEMS SSA at 443 nm was validated against AERONET
SSA at 440 nm over the entire GEMS region. The agreement
of the GEMS SSA values with the AERONET data was eval-
uated within a reasonable error range of ±0.03 (±0.05). For
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GEMS AOD exceeding 0.4, 42.76 % (67.25 %) of GEMS
SSA values were within an error range of ±0.03 (0.05). This
increased to 56.61 (85.70 %) for the strong aerosol signals
(GEMS AOD> 1.0). However, the accuracy varied among
the aerosol types. The HAF type exhibited higher variabil-
ity and lower accuracy. The dust type had a marginal posi-
tive bias, mainly when AOD was high. Similar to AOD, the
post-processing correction for the GEMS SSA data yielded
significant enhancements in the statistical metrics.

The GEMS data and CALIOP data were compared. GEMS
ALH was compared with CALIOP ALH when GEMS AOD
exceeded 0.2. The results showed a mean difference of
−0.225 km, with 55.29 % of data falling within ±1 km and
71.70 % within ±1.5 km. GEMS ALH exhibited variability
similar to that of CALIOP ALH.

Overall, improvements in the GEMS aerosol algorithm
have advanced our understanding of aerosol properties and
their effects on the environment. Therefore, the algorithm
provides valuable information for diverse applications, in-
cluding air quality monitoring, air quality data assimilation,
and health impact assessments in Asia.
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