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Abstract. This research introduces the cloud retrieval algorithm for Geostationary Environmental Monitoring Spectrometer
(GEMS), the first geostationary orbit satellite, and shows the validation of its cloud products through comparison with other
satellites: OMI, TROPOMI, AMI, and CALIOP. The purpose of GEMS cloud products is to correct the impact of clouds on
atmospheric components retrieval, which use the O2-O2 absorption band to retrieve the effective cloud fraction (ECF) and
cloud centroid pressure (CCP). The GEMS cloud retrieval algorithm showed similar cloud retrieval performance to OMI.
We analyzed the cloud retrieval characteristics for cases of air pollution, typhoons, and fog in the East Asia region to
evaluate whether GEMS cloud products can represent various cloud features. The present cloud validation results would

initiate to improve the GEMS cloud retrieval algorithm in the future.

1 Introduction

Since the start of Total Ozone Mapping Spectrometer (TOMS) in 1978 to monitor ozone layer changes, satellite remote
sensing of atmospheric composition have been continuously operated. TOMS was followed by Ozone Monitoring
Instrument (OMI), Global Ozone Monitoring Experiment (GOME), SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY (SCIAMACHY), and the recent Tropo-spheric Monitoring Instrument (TROPOMI) (Hsu et al.,
1997; Burrows et al., 1999; Bovensmann et al., 1999; Levelt et al., 2006; Veefkind et al., 2012). Recently, various satellites
such as GHGSat, Greenhouse gases Observing SATellite (GOSAT), and Orbiting Carbon Observatory-2 (OCO-2) have been
developed and operated to observe greenhouse gases to cope with climate change (Yoshida et al., 2011; Frankenberg et al.,
2015; Jervis et al., 2021) Capabilities of satellite monitoring of atmospheric environ-ment was extended to observe air
pollutants including NO,, SO, and aerosols, in addition to Oz with spectrometers, using different spectral regions within the
ultraviolet (UV)-visible (VIS) range of 240-790 nm with varying spectral resolutions of 0.2-0.4 nm depending on each
satellite (Hsu et al., 1997; Burrows et al., 1999; Bovensmann et al., 1999; Levelt et al., 2006; Veefkind et al., 2012).

Satellites are now employed to observe global warming by monitoring greenhouse gases(GHG) such as carbon dioxide and
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methane using use spectrometers GHGs in the near-infrared and shortwave infrared regions (Yoshida et al., 2011;
Frankenberg et al., 2015; Jervis et al., 2021).

In order to precisely retrieve concentration of atmospheric composition, it is necessary to accurately estimate the beam path
length of the radiation that reaches the satellite. The beam path length represents the process of solar energy emitted from the
sun being reflected on Earth and reaching the satellite, which is also determined by geometric factors such as solar zenith
angle and satellite viewing angle. Clouds usually have a higher reflectance than most surfaces (excluding snow and ice) and
exist above the surface. Therefore, cloud pixels have higher reflectance compared to clear-sky pixels, and the beam path
length becomes shorter blocking the path of atmospheric composition below, which can result in errors in the observation of
atmospheric environmental variables (Hong et al., 2017; Chimot et al., 2018). Therefore, it is necessary to evaluate and
quantify the effects of clouds in order to obtain accurate atmospheric components’ concentrations.

The cloud exhibits significant spatiotemporal variability, and its characteristics vary greatly depending on the spectral band.
Therefore, to accurately estimate atmospheric components, it is necessary to derive real-time cloud information that reflects
satellite instrument characteristics. Satellites for monitoring the atmospheric environment also operate their own algorithms
to derive cloud information from each satellite. Thus, in previous studies, bands that mainly include phenomena by gases
with relatively constant proportions in the dry atmosphere, such as Rotational Raman Scattering (RRS) (Joiner et al., 2006;
Vasilkov et al., 2008), O,-O; absorption (Acarreta et al., 2004; Stammes et al., 2008; Veefkind et al., 2016; Vasilkov et al.,
2018), and O»-A absorption bands (Wang et al., 2008; Wang et al., 2014; Loyola et al., 2018; Compernolle et al., 2021; Yang
et al., 2021; Taylor et al., 2021), were mainly used for cloud retrieval. GOME, SCIAMACHY, and TROPOMI utilize the
O2-A band to retrieve cloud information, while OMI without the O2-A band retrieves cloud information using two methods:
the Raman scattering region and the O,-O; absorption band (Acarreta et al., 2004; Joiner et al., 2006; Stammes et al., 2008;
Vasilkov et al., 2008; Wang et al., 2008; Vasilkov et al., 2018; Veefkind et al., 2016; Wang et al., 2018; Loyola et al., 2018;
Compernolle et al., 2021). GOSAT and GHGSat utilize channels, including the O2-A band, for observing thin clouds and
aerosols, and perform cloud screening and cloud cover estimation to consider the influence of clouds. The OCO-2 satellite
also includes the O2-A band, which is used for cloud screening (Taylor et al., 2011; Yang et al., 2021).

The Geostationary Environmental Monitoring Spectrometer (GEMS) was launched in 2020 as the first geostationary
environmental monitoring satellite in geostationary Earth orbit (GEO) (Kim et al., 2020). The GEMS is designed to monitor
ozone, aerosols, nitrogen dioxide, sulfur dioxide, formaldehyde, and other atmospheric constituents in the UV-VIS range
over the East Asia region. GEMS observes the wavelength range of 300-500 nm with a spectral resolution of 0.2 nm. As it
operates in GEO, it is capable of observing the same field of view every hour. Previous satellites for atmospheric
environmental monitoring were mainly operated in the sun-synchronous orbit (SSO) keeping the Sun-Earth-satellite angle
constant, whereas GEMS operates in the GEO, making it essential to consider large variations in Solar Zenith Angle (SZA)
and Viewing Zenith Angle (VZA). SZA varies greatly from dawn to noon and to sunset. While satellites in SSO perform
observations close to noon for better illumination of Earth, a geostationary satellite operates throughout the day from dawn

to sunset. Then, this leads to a decrease in the amount of radiation energy reaching the satellite and a longer beam path

2



65

70

75

80

85

90

https://doi.org/10.5194/amt-2023-91 Atmospheric
Preprint. Discussion started: 10 May 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
By

length, which can result in errors in cloud retrieval. Therefore, the development and evaluation of algorithms that take these
factors into account are crucial for accurate cloud retrieval (Kim et al., 2021a). Similarly, due to the wider observation range
of the VZA compared to the low Earth orbit (LEO), errors may occur due to the increase in beam path length with the
increase of the VZA. As this was the first time an environmental monitoring satellite was to be operated from a GEO, studies
were conducted to consider the observation characteristics due to differences in orbit (Kwon et al., 2017; Kim et al., 2018;
Bak et al., 2019; Go et al., 2020; Kim et al., 2021a).

In this study, we introduce a cloud retrieval algorithm for GEMS that takes into account the characteristics of observations
from a GEO, and analyze the cloud properties retrieved from GEMS data. To ensure fast and stable operation, the GEMS
cloud retrieval algorithm is designed based on a look-up table (LUT) that utilizes the O,-O absorption band. The LUT was
created assuming the range of values that can be observed under GEMS observation conditions for variables that affect O»-
O absorption, such as SZA, VZA, surface reflectance, and surface pressure. A detailed description of the cloud algorithm is
provided in Section 2. To verify the performance of the algorithm, input data from OMI and TROPOMI were used, and for
cloud product validation, Advanced Meteorological Imager (AMI) and Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) cloud products were used for the validation. The introduction of the data is presented in Section 3, and the
validation results are shown and discussed in Section 4. Section 5 provides a summary and overall evaluation of the GEMS

cloud algorithm.

2 Geostationary Environmental Monitoring Spectrometer (GEMS) Cloud Algorithm

GEMS is operated onboard the Geostationary Korea Multipurpose Satellite-2B (GK-2B), a geostationary orbit program
launched by South Korea in 2020, located at 128.2°E to provide continuous atmospheric observation of East Asia region. It
is the first geostationary satellite designed to observe the 300-500 nm range with a resolution of 0.2 nm. As a UV-VIS
observation satellite, GEMS observes the East Asian region (5°S - 45°N, 75°E - 145°E) at 1-hour intervals during daytime
(00-09, 22-23 UTC) (Kim et al., 2020). The atmospheric components that GEMS aims to observe, such as ozone, nitrogen
dioxide, sulfur dioxide, formaldehyde, glyoxal, and aerosols, can be affected by clouds, leading to reduced accuracy and
even cases where some outputs are impossible to detect. In this section, the characteristics of clouds that cause errors in the
estimation of atmospheric components’ concentrations are defined (Section 2.1), and the retrieval algorithm is introduced

(Section 2.2).

2.1 GEMS Cloud Products: Effective Cloud Fraction and Cloud Centroid Pressure

Visible and infrared region has been commonly used for cloud property retrieval mostly from weather satellites. It is very
challenging to produce cloud properties in the UV-VIS region such as cloud top pressure and cloud phase. In the GEMS

cloud algorithm, cloud products that can be corrected for the influence of clouds in a limited spectral range are defined and



95

100

105

110

115

120

125

https://doi.org/10.5194/amt-2023-91 Atmospheric
Preprint. Discussion started: 10 May 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
By

produced. GEMS spectral range is limited to represent various cloud properties, therefore, it is assumed that the cloud is a
simple reflective surface, rather than using a Mie scattering model that takes into account cloud phase, effective radius, etc.
In the GEMS spectrum, clouds have higher reflectance compared to the surface except for snow and ice and are typically
located at higher altitudes than air pollutants that GEMS is retrieveing. Therefore, cloud products for atmospheric
components estimation should be defined to correct for increased reflectance and beam path length. Thus, for the GEMS
cloud retrieval algorithm, cloud products are defined using two parameters: Effective Cloud Fraction (ECF) and Cloud
Centroid Pressure (CCP), which are also used in the O2-O; band algorithm (OMCLDO2) of OMI (Acarreta et al., 2004;
Stammes et al., 2008; Veefkind et al., 2016; Vasilkov et al., 2018).

The ECF is calculated (Eq. 1) by assuming a Lambertian Equivalent Reflectivity (LER) of 0.8 for clouds (Accareta et al.,
2004; Stammes et al., 2008), and comparing the observed reflectance (Robs) at a pixel with the simulated reflectance under

clear-sky (Rcrir) and cloudy-sky (Rcig) conditions.

ECF = Rops—Rcir (1)
Reta—Rcir

A LER cloud model with a reflectivity of 0.8 is assumed to represent a sufficiently thick cloud with an optical thickness of
approximately 30, and the effects of reflection within the cloud and multiple scattering that occurs beneath the cloud are
ignored. The cloud model that defines the radiance of observed pixels by combining clear sky and cloudy sky pixels,
assuming a reflectance of 0.8 for clouds and independent relationships between the two types of pixels (independent pixel
approximation (Acarreta et al., 2004; Stammes et al., 2008; Veefkind et al., 2016; Vasilkov et al., 2018)), is called the Mixed
LER (MLER) model. The pressure at which reflection occurs due to the cloud is defined as the CCP. In addition, GEMS
cloud algorithm defines cloud radiative fraction (CRF) for the wavelengths at which atmospheric components are retrieved,
which provides the ratio of the radiance reflected by clouds to the observed radiance for the atmospheric components.
Although GEMS produces three types of cloud products, this study only focuses on the comparison and verification of ECF

and CCP excluding CRF, for the verification with other satellites.

2.2 GEMS Cloud Algorithm Description

In the GEMS cloud retrieval algorithm, the observed radiance (RAD) and irradiance (IRR) values, as well as the angle
geometry information including SZA, VZA, and relative azimuth angle (RAA), and surface information such as surface
pressure and surface reflectance are used as input values. During the operational testing of the GEMS cloud product
algorithm, issues with the charge coupled device (CCD) in GEMS instrument were identified in some areas that were
different from the original design, making observations above 485 nm impossible. Therefore, the algorithm was developed
using the 460-485 nm range instead of the originally planned 460-490 nm range as input data for cloud retrieval algorithm.

Cloud detection is based on the reflection and scattering properties of clouds, making it possible to determine the presence of
clouds throughout the GEMS spectrum. Cloud pressure is quantified by changes in the absorption or filling phenomena due

to variations in the beam path length caused by clouds. However, it becomes difficult to quantify the impact of clouds when

4
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the concentration of gases undergoes significant changes. Therefore, it is essential to select areas with minimal variation in
trace gas concentrations.

The GEMS cloud retrieval algorithm assumes the MLER cloud model, which is the same as the cloud model assumption
used in the OMI cloud product. Similarly to the O»-O, band-based cloud retrieval of OMI, the algorithm runs a radiative
transfer model with inputs of angle geometry, surface information, ECF, and CCP. The algorithm uses a simulated result
with a 0.6 nm interval in the 460-485 nm range to create a LUT. The detailed input values for the LUT are presented in
Table 1. While OMI defines nodal points for angle geometry based on the angle spacing, GEMS defines nodal points for the
LUT based on the cosine value of angle geometry to have a linear relationship with beam path length. This approach allows
for the simulation of the LUT to be performed with a better linear interpolation scheme. For the radiative transfer simulation
used to create the LUT, the Vector Linearized Discrete Ordinate Radiative Transfer (VLIDORT) NGST version (Spurr et al.,
2006) was utilized and atmospheric profile is assumed by the profiles of the Deriving Information on Surface conditions
from Column and Vertically Resolved Observations Relevant to Air Quality (DISCOVER-AQ) campaign (Flynn et al.,
2014). The simulated radiance in the 460-485 nm range was converted to reflectance assuming the observed reflectance (R;)
in Eg. 1 is the ratio between the simulated radiance and the irradiance.

The observed reflectance spectrum with a 0.6 nm interval in the 460-485 nm range are used as input data for the Differential
Optical Absorption Spectroscopy (DOAS) method (Platt et al., 1979), as described by Equation (2), which quantifies O,-O;
absorption.

ln(_Rﬂ_) = C1 + Cz X l + N5f02_02 X 002_02 + NS,03 X 0-03 (2)

In equation (2), R; represents the 43 input observed reflectance spectra, 4 represents the wavelength for the 43 reflectance
spectra, and C; and C; are the offset and slope of the linear component, respectively. Ns represents the Slant Column Density
(SCD), and o refers to the absorption coefficient. In this study, only the effects of O,-O; and O3 absorption were considered
(Brion et al., 1998; Thalman et al., 2013). Therefore, only the column densities for O2-O2 (Ns, 02-02) and O3 (Ns, 03) absorption
were calculated. The DOAS method separates the contribution of each gas's absorption coefficient as a weighting factor in
regions where absorption occurs, providing a linear element and the SCD of each absorption coefficient from the input
reflectance spectrum. The absorption coefficients of nitrogen dioxide also exist in the spectral range of the input reflectance,
but the absorption by nitrogen dioxide is linear, so it was not considered as it has little effect on the quantification of O,-O;
absorption. In contrast, absorption coefficient of 0zone has a peak around 480 nm, and its absorption line is prominent in the
case of upper-level clouds, affecting the quantification of O,-O, absorption, so it should be considered and removed.

The LUT was constructed based on two intermediate products. The first intermediate product is the continuous reflectance

(CR, R¢) obtained by calculating the values of linear elements obtained through DOAS using equation (3).

R,=C + C,xA,A=477nm ©)
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The second intermediate product was based on the O»-O, SCD values obtained through DOAS. In the GEMS cloud retrieval
algorithm, when the observed reflectance spectrum is provided, the intermediate products are first calculated via DOAS.
These intermediate products are then fed into a LUT along with angle geometry and surface information. Through a linear
interpolation process, the final products, which are the ECF and CCP, are then produced.

Although GEMS cloud retrieval algorithm is generally similar to OMI cloud retrieval algorithm, there are significant
differences in the process of generating LUT. As mentioned, since GEMS is located on a GEO, the VZA is constant for each
location, but varies significantly across the observation area. On the other hand, the SZA varies significantly with time.
Therefore, in order to minimize the error of linear interpolation during the algorithm process, we defined the LUT using the
cosine values of the zenith angle. In addition, different models were used to generate the LUT for the two algorithms. OMI
used the DAK model (Acarreta et al., 2004; Stammes et al., 2008; Veefkind et al., 2016; Vailkov et al., 2018), while GEMS
used the VLIDORT NGST version. To account for the CCD issue that occurs in some observation areas of GEMS, the range

of wavelengths for the input data in the DOAS analysis was adjusted to 460-485 nm.

3 Data and Method

In this section, four satellite data used for validating GEMS cloud retrieval algorithm are introduced in Section 3.1,
collocation methods for comparison each satellite data in Section 3.2. To evaluate the performance of GEMS cloud retrieval
algorithm, cloud products were produced using OMI radiance data, which has the most similar algorithm design. TROPOMI,
a LEO environmental satellite that operates simultaneously with GEMS, was also used to analyze the characteristics of
clouds that appear during GEMS operation. In addition, AMI cloud data which is operated on the same orbit but with a
different definition of clouds, and CALIOP data which observes the vertical distribution of clouds using an active sensor,

were also used for validation.

3.1 GEMS Cloud Algorithm Description

In this study, the GEMS cloud retrieval algorithm was designed and developed based on the OMI cloud retrieval algorithm,
which is a cloud product produced using O,-O, absorption. Therefore, OMI data was used as input data for algorithm
validation testing. OMI is a UV-VIS observation satellite launched in 2004 and onboard Aura in the A-train, observing the
270-500 nm range at intervals of 0.6 (Levelt et al., 2006). In addition to ozone, it also produces sulfur dioxide, nitrogen
dioxide, and two types of cloud products: OMCLDRRS, which uses RRS near 388 nm (Joiner et al., 2006; Vasilkov et al.,
2008), and OMCLDO2, which uses the O,-O absorption in the 460-490 nm range (Acarreta et al., 2004; Stammes et al.,
2008; Veefkind et al., 2016; Vailkov et al., 2018). The cloud pressure is determined based on the scattering/absorption
characteristics that vary with the presence of clouds in OMCLDRRS and OMCLDO2. RRS determines cloud pressure based
on the phenomenon where absorption lines formed by radiation emitted from the sun are filled by non-elastic scattering as
they pass through the Earth's atmosphere. In contrast, OMCLDO2 determines cloud pressure by utilizing the absorption

6
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characteristics generated by collisions of O, molecules with almost constant mixing ratio in dry air. It is known that the RRS
method produces pressure closer to cloud top pressure than the O,-O, method (Sneep et al., 2008; Joiner et al., 2012).
Additionally, each algorithm is advantageous for detecting high and low clouds, respectively, based on the characteristics of

scattering/absorption used in each algorithm.

OMI observation data can be used as input data to evaluate the characteristics of the GEMS cloud algorithm by excluding
errors caused by satellite orbit, viewing geometry, and resolution (Park et al., 2020; Park et al., 2021). We used OMI RAD
and IRR observed on randomly selected days each month in 2007 as input data for the algorithm. OMI provides surface
reflectivity values for 36 channels, which are essential input data for cloud retrieval, and the GEMS cloud algorithm used
surface reflectivity values at 463 nm adjacent to O,-O, absorption band, the same as the OMI algorithm (Kleipool et al.,
2008).

TROPOMI uses the O,-A absorption around 760 nm to produce cloud products for cloud correction. The cloud products
include Cloud Fraction (CF), Cloud Top/Bottom Pressure (CTP, CBP), cloud optical thickness, and various other cloud
information. TROPOMI, a successor environmental observation satellite of OMI, is equipped with four spectrometers that
observe from UV to shortwave infrared, including 760 nm. Therefore, it can provide higher accuracy in surface and cloud
product compared to GEMS. Launched in 2017, TROPOMI operates on a SSO like OMI and has a spatial resolution of 5.5 x
7 km? similar to GEMS, making it useful for testing and validation of initial GEMS results. This study verifies the retrieved
cloud products using TROPOMI data.

TROPOMI observed the UV-VIS spectrum on the SSO and was mainly used as experimental data and reference for GEMS
algorithms (Wang et al., 2020; Kang et al., 2020; Choi et al., 2020; Lee et al., 2020; Baek et al., 2022). TROPOMI was also
used as input data for cloud products to evaluate the performance of GEMS cloud algorithms. In this study, TROPOMI
provides RAD, IRR, surface reflectance, pressure, and angle geometry were used to evaluate the performance of cloud
algorithms. In addition, to analyze the characteristics of clouds observed from different orbits, GEO and SSO, verification

was performed using data observed on the same day and at the same time (within 15 minutes) as GEMS observations.

The CALIOP satellite, which is often used for qualitative cloud verification, produces a vertical feature mask of clouds
through active sensors. CALIOP is a lidar satellite instrument that was launched in 2006 as part of The Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO) program, which aims to observe clouds and aerosols that have a
significant impact on Earth's weather and climate (Winker et al., 2009). It receives backscattered energy from two bands at
532 nm and 1064 nm using three receivers, providing information on the vertical distribution of clouds and aerosols. In this
study, we qualitatively compared the cloud products produced by different bands using the L2-VFM data, which is a cloud-

aerosol profile.

The comparison of cloud detection characteristics between meteorological and environmental satellites with different

spectral range, which operate in GEO, can provide insights into the differences in cloud properties depending on the spectral
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bands. AMI, which produces the most diverse cloud products such as cloud pressure, cloud phase, cloud optical thickness,
and effective particle radius, is a meteorological sensor onboard GK-2A, which observes 16 bands in the 0.5 to 13.3 um
range. Since the main purpose of weather observation is to observe various weather phenomena, various cloud properties are
defined and produced, where cloud detection is performed by simultaneously utilizing the visible and infrared regions. CTP
is mainly based on the infrared channels (Kim et al., 2019), and cloud pressure in this case has a less sensitive characteristic

to low clouds due to reduced thermal contrast (Miller et al., 2012).

3.2 Validation Method

Validation was conducted in two ways: one to evaluate the performance of the algorithm itself, excluding the differences in
observation sensors, and the other to understand the characteristics of the cloud products produced from actual observations
in GEMS. For evaluating algorithm performance, radiance data and cloud products from OMI and TROPOMI, which
observe spectrum in the UV-Vis range, were used. For comparing the characteristics of GEMS cloud products, TROPOMI,
CALIOP, and AMI, which provide cloud products and data observed at the similar time to GEMS, were used as validation
data (Sneep et al., 2008; Kim et al., 2019).

For the evaluation of the GEMS cloud algorithm performance using OMI and TROPOM I spectrum, a collocation process is
not required. In addition, for OMI, which is based on the same cloud model as GEMS, the cloud definitions derived are
identical in terms of ECF and CCP, making it possible to compare without any preprocessing. However, for TROPOMI,
although clouds are assumed to be LER like GEMS, the cloud albedo is assumed to be 1.0, not 0.8, so the TROPOM CF
needs to be converted to cloud effective amount prior to the comparison using the equation (4) and ECF of GEMS (Loyola et
al., 2018).

ECF = CF x =2 (4)
0.8

Moreover, the cloud pressure from TROPOMI is provided as separate cloud top and cloud base pressures, thus, to compare

with GEMS, which only provides cloud center pressure, the median value was calculated for validation.

To verify various cloud characteristics, cases of high aerosol concentration, typhoons, and fog were selected when the
GEMS, AMI, TROPOMI, and CALIOP satellites passed over the Korean Peninsula. To validate satellite data from different
orbits, a spatiotemporal collocation was necessary. TROPOMI and CALIOP passed the Korean Peninsula around local time
13:30. Since GEMS observes the Korean Peninsula at ~ 45 minute past every hour during daytime, data observed at 13:45
was selected as the validation data. AMI observed the Korean Peninsula every 10 minutes, using data observed at 13:40 for

validation.

AMI provides cloud detection results with a spatial resolution of 2 km x 2 km. To compare with ECF, collocation was
performed to select pixels that are included in the GEMS observation pixel, and the CF was calculated by counting the

number of cloud pixels for comparison. CTP is the mean CTP value of cloud pixels. However, it is difficult to perform

8
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quantitative verification of CCP from GEMS and CTP from CALIOP or AMI, as they represent cloud pressure with different
definition. VFM can evaluate the validity of cloud detection and estimation as it provides cloud vertical distribution. CCP is

converted to Cloud Centroid Height (CCH) using Equation (5) for qualitative verification of cloud pressure.

cCcp
CCH = —hseaieIn (5) + kg 5)

with ps the surface pressure and hs the surface altitude of GEMS pixel. The value of 7710 m was obtained by fitting to the
atmosphere profile from DISCOVER-AQ campaign (Flynn et al., 2014), which is used as a reference in the GEMS cloud
retrieval algorithm. For spatial collocation, the nearest neighbor method was based on the CALIOP observation pixels which
has the narrowest swath. The same method was applied for GEMS and TROPOMI collocation, with comparison performed

between the nearest pixels.

4 GEMS Cloud Algorithm Results Using OMI and TROPOMI Radiances
4.1Comparison with OMI Clouds

To evaluate the performance of the GEMS cloud algorithm, which was designed based on the same theoretical background
as the OMI's OMCLDO?2 algorithm. Figure 1 examines the characteristics of cloud products according to the season using
observational data for random days of each month in 2007. To represent the seasons, the analysis was performed using
observational data for January, February, and December (DJF) for winter, March, April, and May (MAM) for spring, June,
July, and August (JJA) for summer, and September, October, and November (SON) for autumn. We draw density scatter
plots for comparison of the two products, and analyzed the correlation between them through linear regression. The x-axis
represents the cloud products calculated and provided by OMI, while the y-axis represents the cloud products calculated by
the GEMS cloud algorithm using OMI level1B data as input. The top panel of Figure 1 shows a density scatter plot of ECF,
while the bottom panel shows a density scatter plot of CCP, and the solid line represents the 1:1 line.

The ECF showed similar values between GEMS and OMI across the entire study area, regardless of cloud amount. The
correlation coefficient was high, ranging from about 0.92 to 0.95, and the regression line slope was also close to 1, ranging
from 0.9 to 0.94, indicating a strong agreement between GEMS and OMI. The Root Mean Square Error (RMSE) and Mean
Bias Error (MBE) were 0.12 and -0.01, respectively, and large errors were mainly observed in areas with small ECF values.
Overall, the correlation coefficient and slope for ECF between the two satellites did not show significant seasonal differences,
indicating that the algorithm design did not result in significant seasonal bias in the performance of the cloud retrieval
algorithm.

Similar to ECF, GEMS also produced CCP values similar to OMI for the entire domain. However, for areas with ECF less
than 0.2, the accuracy of CCP retrieval using O»-O. absorption is significantly lower (Vasilkov et al., 2008; Sneep et al.,

2008; Loyola et al., 2018; Compernolle et al., 2021). Therefore, validation is for only pixels with ECF greater than 0.2. Both
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OMI and GEMS had approximately 50% of the pixels with ECF greater than 0.2. The correlation coefficient was around
0.95 for all seasons, and the regression line slope was above 0.9, indicating that GEMS produced CCP similar to OMI
regardless of the season.

Figure 2 shows the retrieved ECF and CCP over the GEMS FOV using OMI data from March 25th, 2007. Three swaths
which covered through from 03 to 06 UTC of OMI data covering the GEMS FOV were selected for analysis. (a) and (b)
show the ECF retrieved by OMI and GEMS, respectively. The (c) shows the difference between the ECF retrieved by OMI
and GEMS. (d) and (e) show the CCP retrieved by OMI and GEMS, respectively, while (f) shows the difference between the
CCP retrieved by the two algorithms. The retrieved ECF showed similar errors in each swath, with the errors being most
prominent in areas with low ECF and the edge in RAA. These errors were found to be strongly correlated (~0.8) with RAA.
Since GEMS is operated from a geostationary orbit, consideration of RAA was minimized in the algorithm, because the
discontinuous azimuth angle observed by polar-orbiting satellites such as OMI is reduced in geostationary orbit. This could

be a major source of the differences between the two algorithms.

4.2 Comparison with TROPOMI Clouds

We evaluated the performance of the GEMS cloud retrieval algorithm using TROPOMI data, which can be observed
simultaneously with GEMS, taking into account the differences in the orbit and spectral range of observation. Similar to the
experiments in Section 4.1, we conducted quantitative validation (Figure 3) and qualitative validation (Figure 4) for
randomly selected days in March, June, September, and December 2021. Since TROPOMI cloud retrieval products are
defined differently from GEMS, we converted the CF provided by TROPOMI to ECF using Equation (4) to represent the
cloud amount and used the mean values of CTP and CBP (mean Cloud Pressure, mCP) for validation with CCP. We
performed cloud retrieval and analysis for three swaths (observation time 03-06 UTC) covering East Asia, which is the FOV
of GEMS. Figure 3 shows the results for March, June, September, and December from left to right, with the top panels
showing the results for ECF and the bottom panels showing the density scatter plot for CCP. The x-axis in the top panel
represents the converted CF values from TROPOMI to ECF, and the y-axis represents the ECF values obtained from GEMS
using TROPOMI L1B radiance as input. The x-axis in the bottom panel for CCP represents the median values of CTP and
CBP obtained from TROPOMI, and the y-axis represents GEMS CCP using TROPOMI as input. There was no noticeable
difference in the algorithm's performance for each season. However, for the ECF, since we corrected and compared the
products with different definitions, it was found that the linear relationship was not clear and the correlation coefficients
were relatively low compared to Figure 1.

Figure 4 shows the ECF (top) and CCP (bottom) obtained from TROPOMI (left) and GEMS (right) on September 16, 2021.
The difference in ECF is pronounced in the Tibetan Plateau region, and overall, there is a noticeable difference in ECF
between ocean and land areas. This is due to the fact that TROPOMI does not provide surface reflectance at 463 nm and
instead uses surface reflectance at 420 nm as input data. As for CCP, it is difficult to compare with TROPOMI mCP as the
definitions differ significantly, but overall, it was found that GEMS CCP is lower in altitude than TROPOMI mCP.
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5 GEMS Cloud Algorithm Results Using GEMS Radiances

Using observation data from GEMS, the accuracy and usability of the cloud products retrieved by the GEMS cloud
algorithm were evaluated by comparing them with cloud products produced by other sensors and orbits, such as TROPOMI,
AMI, and CALIOP, based on data collected after the in-orbit test completed in 2021. In particular, three cases of high
concentrations of fine dust, typhoons, and sea fog were selected to reflect the atmospheric environment and cloud

characteristics in East Asia. The results of the comparison verification were described in this section.

5.1 Air Pollution Case

The main purpose of GEMS is to monitor air pollutant in the East Asian region, therefore we selected a high air pollutant
case. To analyze the characteristics of clouds that appear during high concentrations of fine dust, which occurred in May
2021, Figures 5 and 6 were used to show cloud detection and cloud pressure, respectively. The data analyzed was taken
around 0430 UTC, when the A-train was passing, and the 0445 UTC data was analyzed based on GEMS FOV. Figure 5(a)
shows the ECF result of GEMS, Figure 5(b) shows the ECF result of TROPOMI, Figure 5(c) shows the CF image of AMI,
and Figure 5(d) shows the aerosol optical depth (AOD) image derived from AMI.

Comparing GEMS and AMI clouds, it is easy to grasp that AMI detects many more areas as clouds compared to GEMS.
AMI is operated to observe meteorological phenomena, particularly those closely related to meteorological phenomena, so it
has the characteristic of detecting clouds very sensitively. When comparing TROPOMI and GEMS cloud fraction in (c), they
are almost similar in shape, confirming that they detect clouds in a similar sensitivity. The GEMS cloud retreival algorithm
uses surface reflectance climatology from OMI as input data, the surface properties in the ECF is revealed as it is since the
surface reflectance data is not updated. In (d), which represents AMI AOD, the high-concentration fine dust belt in the
southern region of the Korean Peninsula can be easily observed. GEMS and TROPOMI both detected a very thin cloud (ECF
< 0.2) in this region. So far, the cloud production algorithms of GEMS and TROPOM I do not provide additional information
on aerosols, and it seems difficult to classify aerosols from cloud and it is challenges in GEMS cloud production algorithm.
Figure 6 shows the CCP validation result observed on the same day as Figure 5. The (a) displays the GEMS CCP, while the
(b) shows the TROPOMI mCP. The (c) shows the CTP provided by AMI, and the (d) is an image overlaying the cloud
products of three satellites on the CALIOP VFM. In (d), black dots represent GEMS CCP, blue dots represent AMI CTP,
gray shading represents the range between TROPOMI CTP and CBP, pink shading represents the region where clouds were
detected by CALIOP VFM, and orange shading represents the region where aerosols were detected. To compare with
CALIOP VFM, the CCP analysis figures, such as Figure 6, were showed in height unit using Equation (4) with the unit
converted to height.

The cloud height (CH) results obtained in Figure 6. (a) - (c) exhibit distinctive characteristics for each satellite that make it
difficult to find commonalities. GEMS produced values that are similar to surface height for clear pixels, while for areas
with aerosols, it retrived CH values within the range of aerosol existence. The cloud retrieval algorithm used by GEMS
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cannot distinguish between clouds and aerosols, and the scattering effect at the wavelengths used for cloud retrieval causes
the cloud altitude to be calculated as if there were clouds when there are aerosols present, due to the reflection effect caused
by aerosols. Comparing TROPOMI CTH, CBP with GEMS's CCH revealed that, in general, GEMS tends to estimate lower
cloud heights than TROPOMI cloud pressure.

5.2 Typhoon Case

Typhoons are a meteorological phenomenon that brings a wide variety of clouds, making them a useful case for cloud
verification. Typhoon Chantu, which occurred in September 2021, was a large typhoon, where it is located to the southwest
of the Korean Peninsula, as can be easily seen in all (a) - (c) images in Figure 7. Figure 7 contains the results of each
satellite's cloud detection, as in Figure 5, but excludes verification of AOD because we focused on clouds. As a well-
developed tropical low-pressure system, a typhoon accompanies various types of clouds, ranging from thick clouds to cirrus
clouds, providing various aspect on how GEMS retrieves different types of clouds. It was observed in (a) that the ECF is
significantly high around the eye of the typhoon. TROPOMI and AMI also showed high agreement in cloud detection for
thick clouds.

Typhoons bringing various type of clouds are useful for understanding the general characteristics of cloud distribution.
However, in cases where the clouds are thick enough, the active sensor CALIOP has limited penetration and may not
provide sufficient information below the clouds. Comparing cloud height from (a) to (c), GEMS cloud height is lower than
other satellites in general, we analyze the vertical structure of the clouds for details through Figure 8. (d). In (d), the VFM of
typhoon clouds being reported only in the upper atmosphere can also be attributed to the thick clouds. AMI, which produces
cloud top height in (d), reports clouds at high altitudes similar to CALIOP VFM, except for the typhoon eye. CH produced
by GEMS and TROPOMI also accurately detect the typhoon eye, and as shown in Figure 6, GEMS tends to underestimate
cloud height compared to TROPOMI. In addition, while AMI produced CTH in the upper atmosphere for areas estimated to
be multi-layered above 40 degrees latitude, GEMS CCP tended to produce CH in the lower layer. These characteristics can

be useful for understanding the properties of multi-layered clouds in the further study.

5.3 Sea Fog Case

Sea fog is a common phenomenon in the western coast of Korea and can be included in the transport path of air pollutants.
Therefore, false detection of sea fog can lead to significant errors in the observation of atmospheric pollutants using GEMS.
In this section, we choose a sea fog case to analyze the performance of GEMS cloud products to determine which cloud is
retrieved in the sea fog case. In Figure 9, sea fog is difficult to distinguish from low-level clouds over the ocean by naked
eyes, but can be identified as fog by observing its movement over time from geostationary satellites. Unlike clouds, sea fog
tends to linger near the coast and does not have much flow. It was found that all three cloud fraction, GEMS, TROPOMI,

and AMI, detected the presence of sea fog as clouds.
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As sea fog induces high reflectance, accurate retrieval of CCP is essential for correcting atmospheric pollutant observations.
In the case of GEMS, sea level pressure can be obtained for areas suspected of sea fog, it is useful for correcting the
influence of sea fog on atmospheric components retrievals. TROPOMI, which uses the NIR region for cloud retrieval, also
retrieves CP in sea fog areas close to the surface altitude, and AMI shows a tendency to retrieve CH like low-level clouds. If

the CH in GEMS is overestimated, as in the case of AMI, it may cause an overestimation of atmospheric components.

6 Conclusions and Discussions

In this study, we introduce the GEMS cloud algorithm and compare and validate its results. The GEMS cloud algorithm is
based on the cloud retrieval algorithm of the preceding polar-orbiting satellite, OMI, and therefore produces very similar
values to OMI's cloud products with a correlation coefficient of over 0.94 for all seasons. Although it was difficult to make
quantitative comparisons due to different cloud definitions, we also performed validation using data from TROPOMI, a UV -
VIS environmental satellite currently in operation. The effective cloud fraction was generally similar, and the cloud centroid
pressure was found to be located between TROPOMI cloud top pressure and cloud bottom pressure, showing that it is
appropriate for use in trace gas correction.

Since GEMS operates in geostationary orbit, unlike previous environmental satellites, it is important to detect diurnal cloud
characteristics that appear over the East Asian region. Therefore, in this study, examples of air pollutants, typhoons, and sea
fog cases easily observed in the East Asian region were selected to compare and verify the cloud results of GEMS with those
of other satellites. Cloud heights produced by GEMS, TROPOMI, and AMI were compared based on CALIOP vertical
feature mask, which can observe the vertical distribution of clouds. CALIOP was found to be insufficient in detecting low
clouds when there are thick clouds, and GEMS was found to detect cloud heights the lowest among the four satellites,
representing the reflecting height. The cloud top height produced by TROPOMI was located at a lower altitude than AMI
cloud top height, and GEMS CH is usually located between CBH and CTH. AMI generally produced CTH that closely
matched top of CALIOP VFM, but tended to overestimate CH in the sea fog case. Through comparison of GEMS ECF and
CCP in cases, it was confirmed that the cloud characteristics were well reflected in the retrieval results, and it is expected to
be useful for correcting the beam path length of observed radiation.

The current version of the GEMS cloud algorithm generates results consistent with the cloud output produced by other
satellites and seems to accurately reflect cloud characteristics in East Asia. However, there are major two issues that have
been pointed out, (1) the reflectivity and pressure characteristics of inland regions, including the Tibetan Plateau, being
directly reflected in the derived ECF, and (2) most regions showing the ECF greater than zero. This is due to the current
algorithm using OMI climatology as input values for surface reflectance. The surface reflectance from OMI is difficult to
represent the current surface due to the influence of changes in background aerosols in the atmosphere, among other factors
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(M. Kim et al., 2021). In the next version of the algorithm update, it is planned to replace the input value with surface

reflectance observed by GEMS, which is expected to solve both problems.
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. 0,18.2, 25.8, 31.8, 36.9, 41.4, 45.6, 49.5, 53.1, 56.6, 60.0, 63.3, 66.4, 69.5, 72.5, 75.5,
Solar zenith angle (°)
78.5,81.4,84.3
Viewing zenith angle (°) 0,18.2, 25.8, 31.8, 36.9, 41.4, 45.6, 49.5, 53.1, 56.6, 60.0, 63.3, 66.4, 69.5, 72.5, 75.5,
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78.5,81.4,84.3
Relative azimuth angle (°) 0, 90, 180
Surface pressure (hPa) 1014, 1000, 950, 900, 850, 800, 750, 700, 600, 500, 400, 300, 200, 100
Surface reflectance 0, 0.05,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1.0
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Figure 1: The cloud products for random days in each month of 2007 (classified by seasons: DJF-winter, MAM-spring, JJA-
summer, SON-autumn) for comparison with the cloud products from OMI algorithm. The top panel showing the density scatter
plot for Effective Cloud Fraction (ECF) and the bottom panel showing the density scatter plot for Cloud Centroid Pressure (CCP).
The x-axis represents the values from OMI, and the y-axis represents the cloud products from the GEMS algorithm. The solid line
indicates the 1:1 line, and the correlation coefficient (R), regression equation, Root Mean Square Error (RMSE), Mean Bias Error
(MBE), and number of pixels (#) used in the analysis are presented.
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Figure 2: The results using OMI data for performance validation of the GEMS cloud retrieval algorithm. The data from March
5th, 2007 were used as input. (a) shows the ECF provided by OMI, while (b) shows the ECF retrieved by GEMS using OMI L1B

545  data. (d) shows the CCP retrieved by OMI, and (e) shows the CCP image retrieved by GEMS using the OMI radiance data input
same as (b). (c) and (f) show the differences in cloud retrieval between the GEMS and OMI algorithms.
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Figure 3: This figure is similar to Figure 1 but for TROPOMI. To verify the performance and seasonal dependency of GEMS
cloud algorithm, cloud retrieval results were compared with those of TROPOMI for random days in March, May, September, and
550 December 2021. The top panel shows the results for ECF and the bottom panel shows the results for CCP in a density scatter plot.

As the definitions of cloud pressure differ between GEMS and TROPOMI, the density scatter plot was generated using the mean
value of CTP and CBP (mean Cloud Pressure, mCP) from TROPOMI. The x-axis shows the TROPOMI values, and the y-axis
shows the GEMS cloud retrieval results. The solid line represents the 1:1 line, and the correlation coefficient and regression
equation are also displayed.
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Figure 4: This figure, similar to Figure 2, shows the validation of the GEMS cloud retrieval algorithm using TROPOMI data.

Cloud retrievals were performed using observations from September 16, 2021 as input. (a) shows the TROPOMI CF converted to

ECF. (b) shows the ECF derived from GEMS using TROPOMI L1B as input. (d) shows the mCP calculated from TROPOMI CTP

and CBP, while (e) shows the CCP image retrieved by GEMS cloud retrieval algorithm. (c) and (f) show the differences in cloud
560 retrievals between GEMS and TROPOM I algorithms.
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Figure 5: The four different images of air pollutants case observed on May 8, 2021 for GEMS field of view. The first (a) shows the
ECF retrieved by GEMS. The second (b) shows the ECF calculated by converting the CF data from TROPOMI. The (c) displays
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the CF image calculated by collocating AMI data to GEMS pixels. The (d) shows the Aerosol Optical Depth (AOD) image obtained
from AMI data.
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Figure 6: The cloud pressure observation observed on May 8th, 2021. The figure consists of four images (a) GEMS CCP, (b)
TROPOMI mCP, (c) AMI CTP, and (d) CALIOP VFM with cloud pressure products. In (a) - (c), the thick black line represents
the scan path of CALIOP. In (d), a black dot represents GEMS CCP, a blue dot represents GK2A CTP, the gray shade represents
between the TROPOMI CTP and CBP, the pink shade represents CALIOP cloud mask, and the orange shade represents CALIOP
aerosol mask.
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Figure 7: Similar to Figure 5, intercomparison of ECF is presented for the case of Typhoon Chantu, which occurred on September
16, 2021, (a) GEMS ECF, (b) TROPOMI ECF, and (c) AMI CF.
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Figure 8: The case of Typhoon Chantu on September 16, 2021. (a) is the CCP obtained from GEMS, (b) the mCP from TROPOMI,
and (c) shows the CTP derived from AMI. (d) overlays the CHs which has been converted to cloud altitude from three satellites
onto the CALIOP VFM image.
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580 Figure 9: Similar to Figure 7, intercomparison of ECF is presented for the case of sea fog, which occurred on March 25, 2021,(a)
GEMS ECF, (b) TROPOMI ECF, and (c) AMI CF.
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Figure 10: The case of sea fog on March 25, 2021. (a) is the CCP obtained from GEMS, (b) the mCP from TROPOMI, and (c)
shows the CTP derived from AMI. (d) overlays the CHs which has been converted to cloud altitude from three satellites onto the

585 CALIOP VFM image.
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