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Abstract.

The Geostationary Environment Monitoring Spectrometer (GEMS) is the first geostationary earth orbit (GEO) environmental
instrument, onboard the Geostationary Korea Multi-Purpose Satellite—2B (GEO-KOMPSAT-2B) launched on 19 February
2020, and is measuring reflected radiance from the Earth’s surface and atmosphere system in the range of 300 to 500 nm in
the ultraviolet-visible (UV-Vis) region. The radiometric response of a satellite sensor that measures the UV-Vis wavelength
region can depend on the polarization states of the incoming light. To reduce the sensitivity due to polarization, many current
low earth orbit (LEO) satellites are equipped with a scrambler to depolarize the signals or a polarization measurement device
(PMD) that simultaneously measures the polarization state of the atmosphere, then utilizes it for a polarization correction.
However, a novel polarization correction algorithm is required since GEMS does not have a scrambler or a PMD. Therefore,
this study aims to improve the radiometric accuracy of GEMS by developing a polarization correction algorithm optimized for
GEMS that simultaneously considers the atmosphere's polarization state and the instrument's polarization sensitivity
characteristics. The polarization factor and angle were derived by the preflight test on the ground as a function of wavelengths,
showing a polarization sensitivity of more than 2% at some specific wavelengths. The polarization states of the atmosphere
are configured as a look-up table (LUT) using the VVector Linearized Discrete Ordinate Radiative-Transfer model (VLIDORT).
Depending on the observation geometry and atmospheric conditions, the observed radiance spectrum can be included with a
polarization error of up to 2%. The performance of the proposed GEMS polarization algorithm was assessed using synthetic
data, and the errors due to polarization were found to be larger in clear regions than in cloudy regions. After the polarization
correction, polarization errors were reduced close to zero for almost all wavelengths, including a high peak and curvature of
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polarization error, which sufficiently demonstrates the effectiveness of the proposed polarization correction algorithm. From
the actual observation data after the launch of GEMS, the diurnal variation for the spatial distribution of polarization error was
confirmed to be minimum at noon and maximum at sunrise/sunset. This can be used to improve the quality of GEMS
measurements, the first geostationary environmental satellite, and then contribute to the retrieved accuracy of various Level 2

products (hereafter, L2), such as trace gases and aerosols in the atmosphere.

1 Introduction

The ultraviolet—visible (UV—Vis) light in the Earth’s atmosphere originates from the sun, and the radiation energy emerging
from the atmosphere and surface and measured in space depends on the number of photons that are scattered by air molecules,
aerosols, and clouds and absorbed by trace gases such as ozone (Os), sulfur dioxide (SO.), nitrogen dioxide (NO,),
formaldehyde (HCHO), and chlorine dioxide (OCIO) or reflected from the surface. Before reaching the Earth-atmosphere
system, this unpolarized sunlight becomes partially polarized as it passes through the atmosphere. Many previous studies
evaluated the effect of polarization on radiance intensity. The error caused by neglecting the polarization can reach up to 10%
(Mischenko et al., 1994; Lacis et al., 1998; Kotchenova et al., 2006). Thus, the polarization of light must be taken into account
for the retrieval of aerosol compositions and trace gases in the atmosphere (Natraj et al., 2008; Stam et al., 1999). Additionally,
understanding the influence of polarization caused by atmospheric compositions in calculating satellite signals is a significant
challenge (Dubovik et al., 2019).

Many satellite sensors onboard low earth orbit (LEO), such as the Ozone Monitoring Instrument (OMI; Levelt et al., 2018),
Global Ozone Monitoring Experiment (GOME; Burrow et al., 1999), GOME-2 (Callies et al., 2000; Munro et al., 2016) and
the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY; Bovensmann et al., 1999)
measure the solar radiance in the UV-Vis spectral range. The Geostationary Environment Monitoring Spectrometer (GEMS;
Kim et al., 2020) was launched on 19 February 2020 onboard the Geostationary Korea Multi-Purpose Satellite—2B (GEO-
KOMPSAT-2B) and measure the reflected radiance from the Earth-atmosphere system in the UV-Vis region from 300 to 500
nm with a resolution of 0.6 nm (Kim et al., 2020). Further, GEMS in South Korea and Tropospheric Emissions: Monitoring
of Pollution (TEMPO; Zoogman et al., 2017) in the United States, and Sentinel-4 (Ingmann et al., 2012) in Europe, jointly
comprise a Geostationary-Air Quality (Geo-AQ) constellation to monitor the long- and short-range transport of pollutants
across the Atlantic and Pacific Oceans in the Northern Hemisphere.

To retrieve the pollutant products from the satellite, accurate measurement of reflected radiance is imperative. There are various
sources of errors in the measured radiance spectrum. One of these is the polarization of light reaching the instrument onboard
the spacecraft since polarization affects the magnitude of the measured radiance. The radiometric response of a satellite
instrument depends on the polarization state of the incoming light caused by mirrors, gratings, and prisms (Schutgens and
Stammes, 2003). There are two approaches to reducing the polarization sensitivity of an instrument: the first is a depolarization

method that destroys the polarization information by scrambling, as is done for the TROPOspheric Monitoring Instrument
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(TROPOMI), OMI, the Solar Backscatter UltraViolet instrument and Total Ozone Mapping Spectrometer (SBUV/TOMS;
Heath et al., 1975). The second is a polarization characterization method that measures the instrument polarization sensitivity
and atmospheric polarization and is used for GOME, GOME-2, and SCIAMACHY. These satellites primarily measure the
polarization state to improve radiometric accuracy (Bovensmann et al., 1999; Burrows et al., 1999; Callies et al., 2000). GOME,
GOME-2, and SCIAMACHY, which are all equipped with the Polarization Measurement Device (PMD), correct the
polarization error using the fraction polarization measured by PMD (KTrijger et al., 2005; Liebing et al., 2018). The polarization
response is determined on-ground using the PMD. The single-scattering parameterization method is used at wavelengths that
are not observed by the PMD (Stammes et al., 1997; Schutgens and Stammes, 2002 and 2003). Stam et al. (2000) mentioned
that, for polarization-sensitive instruments, the best way to minimize errors in the observed radiance is by measuring the state
of polarization of the incident light simultaneously with the radiances. However, unfortunately, GEMS does not have a sensor
that detects the polarization states of the atmosphere, and it is impossible to utilize the second method.

Therefore, since GEMS requires an optimized polarization correction algorithm using a separate approach other than these
two methods, we developed a polarization correction algorithm based on the simulation results from the radiative transfer
model (RTM) and the polarization sensitivity of instrument. In terms of a similar approach, the Moderate Resolution Imaging
Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer Suite (VI1IRS) determine the polarization characteristics
of the sensor through a polarization sensitivity test constructed on-ground before the satellites were launched (Gordon et al.,
1997; Meister et al., 2005; Sun et al., 2016). For example, MODIS, whose polarization sensitivity is up to 5.4% for certain
bands, can produce radiance errors of up to 2.7% (Meister et al., 2005 and 2006). For these instruments, on-orbit polarization
correction using a pre-constructed polarization coefficient database based on the Mueller matrix is derived from linear Stokes
vector components modeled from a Second Simulation of the Satellite Signal in the Solar Spectrum-Vector version (6SV;
Kotchenova et al., 2006 and 2007). This is a basic vector version of the RTM for the calculation of a look-up table (LUT) in
the MODIS atmospheric correction algorithm. Likewise, in this study, we accomplish a linear polarization sensitivity (LPS)
analysis based on a GEMS polarization sensitivity test. To determine the degree of linear polarization (DoLP) of the light that
is incident to the instrument, the Stokes parameters (1, Q, and U) for various atmospheric conditions were comprised of LUT.
The polarization state of the back-scattered sunlight that enters the GEMS sensor from the Earth-atmosphere system was
calculated by constructing a radiative transfer model based on the Vector Linearized Discrete Ordinate Radiative Transfer
model (VLIDORT; Spurr et al., 2006; Spurr and Christi, 2019) which could simulate the spectral range of GEMS.

In this study, we describe a newly developed polarization correction algorithm for GEMS. The GEMS polarization correction
algorithm has been developed alongside a cloud top pressure retrieval algorithm to account for the cloud region. This is unlike
the polarization correction algorithm of other satellites based on the LUT method with considering the Rayleigh atmosphere
under clear-sky conditions. In the following sections, in Section 2, we introduce the GEMS polarization characteristics
determined by the on-ground polarization test pre-launch. In Section 3, the methodology and auxiliary data used for the
polarization correction algorithm of GEMS are described, and Section 4 shows the evaluated results applied to synthetic data

and actual observation data.
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2 Instrumentation
2.1 Overview of GEMS

GEMS, a geostationary environmental satellite instrument, is a UV-Vis hyper-spectrometer sensor mounted on the
GeoKOMPSAT-2B. The GEMS instrument was co-developed by the Korea Aerospace Research Institute (KARI) and the Ball
Aerospace and Technologies Corporation (BATC) in Boulder, Colorado. Details of the GEMS mission, including the
spacecraft, scientific products, and applications, are described in Kim et al. (2020). Thus, we briefly introduce the overview of
GEMS here. The spacecraft is located about 36,000 km above the equator at 128.2°E and is primarily intended for atmospheric
observation in Asia. The field of regard of GEMS is from 5°S to 45°N and extends from the longitude of India (75°E) to the
west to that of Japan (145°E) to the east. The spectral range of GEMS is 300 to 500 nm, and observations are only made during
the day at 1-hour intervals (about 8 times per day). The typical products of GEMS include aerosol properties, Oz, NO2, SO,
HCHO, cloud information, and the UV index. The specifications of the GEMS instrument and its characteristics are briefly

summarized in Table.1.

2.2 Polarization Characteristics of GEMS

To obtain accurate radiometric data at the top of the atmosphere (TOA), it is essential to understand the polarization sensitivity
information. The incident light to the GEMS payload reaches the spectrometer passing through the telescope optics that consist
of a scan mirror, Schmidt mirror, and projection mirror. The Offner-type spectrometer consists of a slit, a waveplate, a grating,
and other components. Then, the diffracted light is projected to the Charge-Coupled Device (CCD) at the Focal Plane Assembly
(FPA). Itis challenging to observe the characteristics of the sensor when operating in orbit. Thus, a polarization test of GEMS
to identify the intrinsic polarization sensitivities was performed on the ground before the launch by BATC as in other studies
for various instruments (Sun and Xiong, 2007; Mclntire et al., 2016; Liebing et al., 2018). The configuration of the polarization
test is depicted in Figure 1. The GEMS instrument is located inside the thermal vacuum chamber (TVAC), and a wire-grid
Versalight™ polarizer (Baur, 2003) is placed in the illumination path between the large spherical source (LSS) Integrating
Sphere and the GEMS instrument. The polarizer sheet was rotated from 0° to 720° in 5° increments. Here, zero degrees
corresponds to the negative gravity vector. The polarization test was repeated 10 times for the same polarizer angle at the fixed
SMA position. The fixed SMA angle is 0°, which represents the nominal position. The polarization test images were collected
for 60 co-added frames for each polarizer angle position. The setup environment for the polarization test of GEMS is
summarized in Table 2. The polarization factor (PF), also known as the LPS, and the polarization axis (PA) as a function of
wavelengths can be derived for each cross-track position using the Fourier transform method (Moyer et al., 2017) on signals
obtained from the polarization test. However, since the signal reduced as the distance from the central position (here in fixed
as 0°), which is the angle at which the SMA is located, increases, the quality of the estimated result can be deteriorated.

Figure 2 shows the derived PF and PA from the polarization test, respectively. This polarization feature can be regarded as an
ideal state of GEMS. Over the majority of wavelength ranges, the PF stays within the GEMS expected range of 2%.

4
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Nevertheless, several significant PF features, such as three bump points (2.59 % at 432 nm, 2.23% at 454.6 nm, and 3.46% at
494.8 nm, respectively) and sharp inflection around 350 nm of the PF spectrum occur at specific wavelengths. The increment
of PF at a certain wavelength is associated with the coating material of the Schmidt mirror of the telescope. The Schmidt mirror
was multi-layer coated to attenuate the effects of stray light and involves a risk of a change in the transmittance. The GEMS
PF increases at the wavelength where the transmittance of the Schmidt mirror coating decreases. This is an inevitable result.
Another point is the stray light feature (Zong et al., 2007) that appears at short wavelengths below 350 nm which presented
like a jagged curve. This characteristic corresponds to the long-wavelength stray light incident on the short-wavelength section
of the GEMS FPA. The effects of stray light and Schmidt mirror coating resulted in the spectrum of PA and PF.

3 Methodology and Auxiliary Data
3.1 Polarization Correction Equation

As mentioned in the previous section, the UV-Vis spectrometer is affected by the polarization state of incoming light.
According to Sun and Xiong (2007), the intensity of the signal that reaches the detector is defined as follows if the incident

light is linearly polarized:

—_  dobs
Ipolcor ~ 1+facos[2(x—9)] @

where lqps is the measured radiance (L1B), Ipoicor iS the true value of the radiance that corresponds to the polarization-corrected
radiance, , fand y are the PF and PA as determined from the on-ground polarization test of GEMS, respectively. a is the DoLP
of the atmosphere, and ¢ is the polarization angle relative to the Instrument Reference Plane (IRP).

The polarization angle (x.,p) can be calculated by Eq. (2) using the U and Q components determined from the RTM as follows:
Ximp = %arctan (%) (2

The polarization angle is defined relative to the local meridian plane (LMP) and ranges from —90° to 90°. Since the instrument
reference plane (IRP) of the instrument is different from the LMP, the polarization angle at the satellite instrument is not equal
to y.mp- The coordinate axis was transformed to determine the IRP at the position of the polarizer sheet that is consistent with
the LMP. Each component inside the satellite that the light passes through has its own unique coordinate system depending on
its location. The final position is referred to as the GEMS boresight frame, and in order to transform to the coordinate system
of the GEMS Boresight frame, the coordinate systems of each component are converted at each step. The transformation of

the coordinate axis involves the following six steps:
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1). From the frame of LMP to the spacecraft (GEO-KOMPSAT-2B) body frame
2). to the instrument (GEMS) frame

3). to the reflected sensor output frame

4). to the reflected sensor azimuth/elevation frame

5). to the GEMS boresight frame

6). Projection of the polarization angle to the polarizer sheet frame

In the coordinate transformation, the Stokes component that rotates about each of the X, y, and z axes can be expressed as a

quaternion matrix and can be defined through a quaternion multiplication for the entire axis direction via Eq. (3, 4):

Qaxis = [sin (5) - [x, 2] cos (5] ®3)
Qstep = Qy * Qy *Q, (4)

where o indicates the rotation angle for each axis. As each of the x, y, and z axes is used as a reference axis, it is represented
by 1, and the rest are represented by 0. The symbol "*", indicates quaternion multiplication. The polarization angle that is

defined relative to the LMP can be described as a vector form of the quaternion coordinates as follows:
Vimp = [cosy, siny,0,0] ®)
Using the value of Qsp Obtained from Eq. (4), the polarization vector at each step of the transform can be calculated as follows:

Vs?z; ‘= Qs_tlep * Vprev_step * Qstep (6)

After the entire steps presented above, the polarization angle for the polarizer sheet frame of the instrument is finally obtained.
The flow chart and configuration of the GEMS polarization correction algorithm are summarized in Figure 3. The time
sequence of the GEMS polarization correction algorithm is divided into a near real-time (NRT) process and a re-process. For
NRT, the climatological data on surface Lambertian equivalent reflectivity (LER), surface pressure, and total ozone amount
are used as auxiliary inputs. More details for auxiliary data are described below. In the re-process, the GEMS L2 products
generated during the NRT process corresponding to the same time period are used as inputs instead of climatological auxiliary
data to reduce uncertainties. Since the re-process requires GEMS L2, this paper introduces an approach to NRT as an
independent module.
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The polarization correction algorithm of GEMS is performed independently for every pixel and involves three processes: 1)
determine the pressure of the cloud regions; Starting with the input of GEMS L1B, cloudy regions can be distinguished based
on the reflectivity at 477 nm. Then, the cloud top pressure is derived for the cloud pixels with assumed the cloud albedo to be
0.8 (Choi et al., 2021). 2) calculate the Stokes parameters Q and U from the LUTS; In the next step, values are derived for the
Stokes parameters Q and U for the wavelength of each pixel from the LUTSs, which is pre-simulated using VLIDORT for
various geometries, surface albedos, surface pressures, and trace gases. More details about the LUTSs are provided in the next
section. 3) the main process of polarization correction. Finally, the polarization correction algorithm is performed using these

input parameters. The final result is the radiance which has been corrected for the polarization effect.

3.2 Construction of Look-Up Table

Typically, polarization in forward-model radiative transfer simulations must be addressed due to the lack of computational
speed and resources. There is a computational time limit to run the RTM in real-time and to correct the polarization effect of
all pixels. Therefore, in this study, the efficiency was improved by creating LUTs according to various atmospheric conditions.
For this purpose, the LUT for several parameters affecting the polarization degree was prepared. The Stokes parameters (I, Q,
and U) were pre-calculated for all wavelengths using VLIDORT as a function of the solar zenith angle (SZA), viewing zenith
angle (VZA), relative azimuth angle (RAA), albedo, surface pressure, and ozone profiles. These calculations were performed
for the GEMS spectral range (300—500 nm) with a spectral sampling of 0.2 nm. The LUTSs contain seven nodes of SZA, seven
nodes of VZA, and seven nodes of RAA. The albedo and surface pressures were calculated for five and seven nodes,
respectively. The details of the parameters and nodes are summarized in Table 3. The atmospheric conditions (temperature,
water vapor, and trace gases) were adopted from the Air Force Geophysics Laboratory (AFGL) atmospheric constituent
databases for the United States standard atmosphere 1976 (US76 atmosphere; Anderson et al., 1986), taking into account the
absorption of O3z, NO2, SO,, HCHO, and O»-0-. The ozone profiles were constructed based on TOMS V8 climatology (Barthia
and Wellemeyer, 2002; Wellemeyer et al., 2004). These profiles were classified as low-latitude (L) or mid-latitude (M),
depending on the total amount of ozone. The simulation was conducted for a Rayleigh atmosphere.

Due to the slit function, the signal observed by the satellite is affected by the nearby wavelengths, not the signal of a
monochromatic wavelength. Consequently, the calculated radiances for monochromatic wavelengths of VLIDORT were

convolved by applying a slit function. The convolved spectrum can be expressed as follows:
[=P®]I (®)

where | denotes a convolved spectrum associated with a measurement spectrum from the satellite, T is a high-resolution input
spectrum that is calculated monochromatically using VLIDORT, and P is the bandpass function of the instrument, which is

assumed to be a Gaussian slit function with 0.6 nm of the full width at half maximum (FWHM). When sampling the convolved

7



230

235

240

245

250

255

260

https://doi.org/10.5194/amt-2023-92 Atmospheric
Preprint. Discussion started: 10 May 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
By

radiance spectrum with 0.2 nm intervals, the radiometric accuracy is affected by the spectral resolution of the reference
spectrum (resolution of 0.01 nm) used for convolution. It is necessary to have a high resolution of the reference spectrum to

avoid an under-sampling effect due to Nyquist sampling (Chance and Kurucz, 2010).

Figure 4 shows the change in polarization error (determined as (lobs — lirue) / lirie * 100%) of the GEMS as a function of

wavelength according to the variation of the six parameters constituting the LUT. The basic atmospheric conditions are set to
the general state, M325 (mid-latitude with total ozone of 325 DU) for ozone, 30° of SZA, 30° of VZA, 90° of RAA, 0.05 of
surface albedo, and 1013.25 hPa of surface pressure. The simulation was performed by varying each parameter. The
polarization errors are most sensitive to changes in geometry (SZA, VZA, and RAA), followed by albedo, surface pressure,
and ozone. The polarization error caused by changes in total ozone is less than those caused by other changes. If the GEMS
makes observations with an SZA or VZA of less than 70°, the radiance errors due to instrument polarization sensitivity can

approach 2% or higher if polarization correction is not applied.

3.3 Climatological Input Data
3.3.1 Total Ozone Amount

Ozone plays a crucial role in the atmosphere as a strong absorber in the ultraviolet region, and it was confirmed that absorption
by ozone alters the radiance in the Hartley and Huggins bands, which is associated with a change in the degree of linear
polarization (Choi et al., 2020). Therefore, the amount of ozone is an effective parameter for analyzing the influence of
polarization in the UV region.

In this study, the total ozone climatological data covering the GEMS observation domain were generated using the total column
ozone L2 product (short name: OMTO3), which is retrieved by OMI to consider the seasonal and spatial variability of total
column ozone. This L2 OMTO3 product is based on the TOMS v8 algorithm by the National Aeronautics and Space
Administration (NASA), which uses radiance at 317.5 and 331.2 nm (Bhartia and Wellemeyer, 2002). Each file OMTQO3 data
product consists of a 1-orbit swath with a spatial resolution of 13 x 24 km? at nadir. Considering that the spatial distribution
of the total amount of ozone does not vary rapidly, the climatological data were generated for a grid of 1° x 1° for latitude
(10°S—60°N) and longitude (50°E—170°E), which cover the GEMS field of view (FOV). From 2005 to 2017, OMTO3 was
used for a total of 13 years. OMTO3 data of each pixel overpassed through each grid location were integrated and averaged
by month.

Figure 5 shows the monthly distribution of the generated total ozone climatological data. From this figure, the pattern of the
annual cycle of the total ozone is evident. In annual ozone distribution, the total amount of ozone in tropical regions is smaller
than in mid-latitude regions, and the seasonal variations in mid-latitude regions are well expressed. This periodic pattern is
controlled by the balance between the transport and photochemical loss of ozone. The amount of ozone increases in winter

when transport is predominant and decreases in summer when transport dwindles and photochemical loss dominates (Andrews

8
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et al., 1987). The distribution of the total amount of ozone varies clearly with latitude. The zonal average of the total ozone
increases rapidly in mid-latitudes over 30°N.

Furthermore, due to the high topographical altitude of the Tibetan Plateau, the low total amount of ozone is well represented.
The maximum and minimum value of the total ozone was 475 DU and 229 DU in February and January, respectively. The
closest grid of total ozone climatological data was collocated to each pixel of GEMS L1B, and the total ozone amount

corresponding to the month in which the GEMS L1B was observed was used as an input value for the algorithm.

3.3.2 Lambertian Equivalent Reflectivity

Surface reflectivity is defined as the ratio of the incident sunlight to the sunlight that is reflected from the Earth's surface,
which differs depending on the state of the surface, its constituent components, the direction of light propagation, and the
light's wavelength. Therefore, since the surface reflectivity varies depending on the wavelength and the season, and its
properties are very different according to the spatial location with different land cover types, it is essential to apply a
wavelength-dependent reflectance that considered the variation of characteristics of the surface independently for each pixel.
Two theoretical concepts can be considered when analyzing surface reflectivity: a bidirectional reflectance distribution
function (BRDF) with directional dependence and an LER that assumes no anisotropy of reflectivity. The BRDF can explain
the ideal characteristics of surface reflectivity. Nevertheless, LER was used in this study because insufficient BRDF
climatological data are available for the radiative transfer model. Many previous studies attempted to extract LER information
from satellite observations (Kaufman et al., 1997; Schaaf et al., 2002; Hsu et al., 2004 and 2006). In this study, GOME-2
surface LER climatology data (Tilstra et al., 2017) were used, which cover the GEMS spectral range among the existing LER
databases. The GOME-2 surface LER climatology is constructed based on the observation from the Main Science Channel
(MSC) with a pixel resolution of 80 x 40 km?2. It is provided as a monthly averaged LER for 21 wavelengths (from 335 to 772
nm). Among them, 11 wavelengths are included in the GEMS spectral region (300-500 nm). The spatial resolution of the
GOME-2 surface LER is 1° x 1°, and it was interpolated to 0.25° x 0.25° for a more accurate surface representation for the
coastlines or snow-covered mountainous areas. The GOME-2 surface LER that was used as the input data for the polarization
correction algorithm was derived at each pixel position of GEMS L1B. The latitude and longitude point of the GOME-2 LER
closest to the GEMS pixel was selected and the LER spectrum corresponding to the month in which the GEMS L1B was
observed was obtained. The obtained LER spectrum for the 11 wavelengths (335, 340, 354, 367, 380, 388, 416, 425, 440, 463,
and 494 nm) was interpolated to the GEMS wavelengths.

3.3.3 Terrain Height

Terrain height is one of the parameters associated with optical thickness while sunlight passes through the atmosphere and is
reflected by the Earth's surface. The optical path length from a satellite to the Earth's surface strongly depends on the
atmospheric pressure along the propagation path. For this reason, terrain height information is included in the L1B of various

satellites.
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In this work, the Earth TOPOgraphy (ETOPOQ)-2 dataset (NOAA National Geophysical Data Center, 2006) was used to obtain
the terrain height information within the GEMS observation domain. ETOPO-2 provides altitude information on the Earth's
crust and was produced using many digital databases of the seafloor and land elevations on a 2 arc-minute latitude/longitude
grid. Many datasets were used to produce ETOPO-2, such as satellite altimetry observations, shipboard echo sounding, Digital
Bathymetric Data Base Variable resolution (DBDB-V; Sandy, 1996) data, and Global Land One-kilometer Base Elevation
(GLOBE; House, 2004) project data, the latter of which include a Digital Elevation Model (DEM). The coverage of ETOPO-
2 is from 90°S to 90°N latitude and from 180°W to 180°E longitude. In order to consider only the surface altitude, submarine
regions with a negative altitude value were assigned an altitude of zero. The terrain height is collocated with the grid position
closest to each pixel of GEMS L1B in the same way as LER, to adapt to spatial locations that depend on the GEMS observation
schedule. The generated terrain heights were converted into surface pressure to be utilized in the RTM. Altitude can be easily

converted to pressure using the following barometric formula by assuming that all pressure is hydrostatic:
P = Poexp(_%) ®)

where P is the surface pressure, Py is the pressure at sea level (1013.25 hPa), z is the surface altitude, and the scale height (H)
is assumed to be 8 km. Actual surface pressure is heterogeneous and varies over time. Nevertheless, since it is difficult to
determine the actual value at every moment, there is a limitation to using the numerical forecasting data in NRT. Therefore,
it is useful to estimate the surface pressure using the terrain height.

4 Assessment of Polarization Correction Algorithm
4.1 Performance test using Synthetic data

The performance of the polarization correction algorithm for the polarization effect due to the GEMS instrument and the
atmosphere was evaluated using synthetic data. The simulated data (lie) Of the actual atmosphere generated by the RTM were
converted into synthetic data assumed to have been observed by the satellite (los) by considering the inherent polarization
characteristics of the GEMS instrument. Then, the GEMS polarization correction algorithm was performed. Finally, the
proposed algorithm's polarization-corrected radiance (lpoicor) Was compared with the actual value (lire).

The synthetic data were generated using VLIDORT for the GEMS domain, including aerosols and clouds, as well as absorption
by atmospheric gaseous components. The contents of the simulation data, the geometric information that is determined as a
function of the satellite-sun geometry (SZA, VZA, and RAA), and the Stokes parameters (Q, and U components) are depicted
in Figure S1 and S2. Note that the normalized radiance in cloudy regions is higher than that for a clear sky, whereas the Q and
U components are lower. The polarization-related parameters used for the polarization correction of the synthetic data are

shown in Figure 6. Figures 6a—c present the spatial distribution of the polarization angles for LMP, the polarization angles for
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IRP, and the degree of linear polarization, respectively. The polarization angle converted to the coordinate reference frame of
IRP corresponds to the effect of rotating the polarization angle of the LMP by approximately 90° anticlockwise. As clouds
play a role in depolarizing light, DoLP is smaller for the cloud region than for the clear sky.

Figure 7 shows the spatial distribution of the relative error (which denotes the polarization error) before and after polarization
correction for several representative wavelengths (349.6, 432.0, 454.6, and 494.8 nm) that exhibit sharp curvatures in PF (as
shown in Fig. 2). The spatial distribution characteristics of the polarization errors are influenced by the PF and the PA and
vary depending on the observation geometry and wavelength. For these 4 wavelengths, the maximum range for the polarization
error of the radiance before polarization correction is at most + 0.05% (Even not shown here for all wavelengths, a polarization
error of up to 0.1% occurs depending on the wavelength). After performing the polarization correction algorithm, the
polarization error was reduced in all wavelengths and regions. The histogram of the polarization error for the entire domain of
each wavelength (Figure 8), the mean of the polarization error, and the FWHM assuming Gaussian distribution are summarized
in Table 4. After the polarization correction, the mean value of the polarization error becomes close to zero for all wavelengths.
The FWHM, which can indicate the degree of spread of the polarization error, was reduced by more than half (Table 4). In
particular, at 331 nm and 388 nm, where the polarization error is relatively large, the FWHM decreased by 4 and 3.5 times,
respectively. Figure 9 shows the polarization error and standard deviation before and after polarization correction for the clear
sky and cloud areas in the entire domain. Overall, the curvature of polarization error as a function of wavelength is determined
by the PF, and the sign is determined by the PA. The polarization error before polarization correction in the cloud region is
lower than that in the clear sky region because the DoLP is decreased by the cloud attenuating the polarization. In both regions,
the polarization error is reduced to almost zero for all wavelengths after polarization correction.

However, even after the polarization correction is performed, a slight polarization error remains. These residual errors are
related to the interpolation method using the LUT to derive the polarization parameters. As depicted in Figure 10 and S2, the
approach of the LUT method presented in this study yields results that are very similar to those obtained by online calculations
of the RTM, as well as in terms of sign and spectral features of the Stokes parameters, for a given geometry. However, the
LUT method still exhibits very small discrepancies in magnitude for geometries that vary at the decimal level, resulting in
imperfect matching. In addition, the errors can arise because we do not consider the aerosol influence and assume the cloud to
be Lambertian. The residual polarization error in the cloud region is higher than in the clear sky. As it is difficult to calculate
the correct polarization states for cloud regions that are not a Rayleigh atmosphere, there remains room for further improvement
in cloud regions. These are discussed in the Discussion section in more detail. Lastly, the point to note is that the influence of
the dump points at some wavelengths caused by the coating of the Schmidt mirror in the PF feature of the GEMS was clearly

revealed before polarization correction and then corrected after polarization correction.

4.2 Application to GEMS observation data

The performance of the GEMS polarization correction algorithm was evaluated using synthetic data in the previous section.

Unlike synthetic data, the actual GEMS observed radiance spectrum includes not only the Signal to Noise Ratio (SNR), but
11
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also the effects of shist/squeeze of the wavelength. However, since the polarization correction algorithm is performed using
the polarization sensitivity of instrument and DoLP of the atmosphere, the effect of SNR is not considered (SNR remains in
the radiance spectrum independently of the polarization effect), and it is assumed that the spectral calibration performed
perfectly well in the previous step of L1B, but if an error occurs in spectral calibration, polarization correction of the wrong
magnitude at the mismatched wavelength may be applied.

The GEMS currently in operation is scheduled so that the scan region varies according to the sun's position. However, it is
difficult to accurately grasp the diurnal variation of polarization over time in the same observed domain if the scan area
fluctuates. Thus, in order to better understand the diurnal variation of the polarization error, we selected and analyzed a
specially scheduled date (25th July 2020) to measure the same domain for a whole day among the in-orbit test (IOT) periods.
Figures 11 and 12 show the degree of corrected polarization error (in other words, the implicated polarization error in observed
L1B) during the day (00-05 UTC) by applying the polarization correction algorithm to actual experimental data that was
obtained after the GEMS was launched. The degree of distribution of polarization error gradually decreases over time from
the maximum in the morning (00 UTC, + 0.5 %) to the minimum around noon (02—03 UTC, = 0.15%) and then increases again
until before sunset. (05 UTC, + 0.45%). As noticed in Fig.5, this diurnal variation is greatly affected by the change of the SZA
(the larger the SZA, the larger the polarization error, and the smaller the SZA, the smaller the polarization error). Therefore, it
is critical to apply the polarization correction considering the time and location, in order to obtain accurate and reliable

measurements.

5 Discussion and conclusion

The UV-Vis sensor is sensitive to the polarization of incident light, and the polarization sensitivity of a satellite instrument is
one of the key characteristics for securing radiometric accuracy. In order to improve the radiation accuracy by reducing the
polarization error included in the radiance spectrum observed from the GEMS, a LUT-based GEMS polarization correction
algorithm considering both the polarization characteristics of the instrument and of the atmosphere simultaneously was
developed. The performance of the developed GEMS polarization correction algorithm was evaluated by using synthetic data.
In the GEMS observation domain, the polarization errors are larger in the clear sky than those in cloudy regions because clouds
attenuate the polarization of the atmosphere. Then the polarization error becomes very small because the DoLP of the incident
light is reduced. After applying the polarization correction, the polarization errors were reduced to zero for almost all
wavelengths, and the high peaks of PF that occur at specific wavelengths were almost corrected. In addition, it was
demonstrated that the spatial distribution of the polarization error varies via the sun's location, and the largest polarization error
occurs at sunrise/sunset time by analyzing the actual GEMS observation data.

However, some limitations and problems need to be improved in correcting the errors due to polarization in the radiance
spectrum. For example, even after polarization correction, there are very slight residual errors, which are due to the uncertainty
of applying the linear interpolation based on the LUT, which is constructed at regular intervals. This is because the Stokes

parameters that describe the polarization state in the actual atmosphere do not vary perfectly linearly according to each
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atmospheric state. This problem can be improved by optimizing the interval of each parameter and the number of nodes that
can minimize the error due to linear interpolation. In addition, there are errors introduced by assuming cloud as Lambertian
without considering scattering by cloud particles in our derivation of cloud parameters. In particular, the polarization effects
of anisotropic ice particles present in the cirrus or upper cloud are overlooked. Also, by not considering aerosols over cloud-
free regions, due to the relatively less effect on the degree of atmospheric polarization than clouds, the effects of areas with
strong dust or aerosol plumes are not fully accounted. Another limitation is the lack of characterizing polarization sensitivity
in the spatial variation (North/South cross-track direction). By performing a polarization test of GEMS on the ground, the
polarization sensitivity was inferred for only one SMA position (corresponding to the center of the CCD as the north-south
direction). Therefore, there is insufficient information on the variability of PF and PA in the north-south direction. Even if
polarization correction is performed, undefined polarization errors can be included in the observation. Thus, there is room for
this to be solved in the future by introducing an additional method for deriving the spatial variation of polarization
characteristics (For instance, a scaling method by modeling a change in polarization sensitivity according to a change in scan
mirror angle).

Besides, the spatial and temporal polarization correction effects on the L2 products should be evaluated. As the fluctuation
feature (jagged curve) of the polarization error at relatively short wavelengths and high peaks of polarization at certain
wavelengths occurs, if the polarization effect on the L2 algorithms using the corresponding wavelength range, such as for O3
(Baek et al., 2022), HCHO (Kown et al., 2019), and aerosol (Kim et al., 2018; Go et al., 2020), is carefully modelled, the
accuracy of the L2 products is expected to be improved.
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Figure 1: Symmetric diagram of on-ground polarization test for GEMS.
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Figure 3: Schematic diagrams of the structure and the sequence flows of the polarization correction process for GEMS.
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580 Figure 6: The derived polarization angle with respect to (a) the Local Meridian Plane (LMP) and (b) the Instrument Reference Plane
(IRP). (c) shows the degree of linear polarization at 432 nm. The blank regions indicate areas with poor pixel quality.

23



https://doi.org/10.5194/amt-2023-92 Atmospheric ¢
Preprint. Discussion started: 10 May 2023 Measurement © EG U
(© Author(s) 2023. CC BY 4.0 License. Techniques é

Discussions
oY

R

3496nm 722 o G
AT = AN Y
Z e

4320nm _ -7, 2~

P
Lt !

s

7

-5 B P SR T
4948nm - CREL ot \y/)ﬁl\ \_;

Pk

Figure 7: The spatial distribution of polarization error for before (left panels) and after (right panels) polarization correction in the
585 GEMS observation domain for specific 4 wavelengths (349.6, 432, 454.6, and 494.8 nm).

24



https://doi.org/10.5194/amt-2023-92
Preprint. Discussion started: 10 May 2023
(© Author(s) 2023. CC BY 4.0 License.

0.04 -

8
I

Normalized Frequency
o
R

0.01

0.05 0.10

0.05

o
b4

Normalized Frequency
(=]
2

8

-0.10 -0.05 0.00 0.05 0.10
Relative Difference [%]

[=4
(=1
o

Normalized Frequency

Normalized Frequency

2

8

S

Atmospheric
Measurement
Techniques
Discussions

EGU

$$900y uadQ

0.04

8

3

0.01

Figure 8: Histograms of the relative difference in radiance before (blue) and after (red) polarization correction.

25



https://doi.org/10.5194/amt-2023-92 Atmospheric
Preprint. Discussion started: 10 May 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
oY

Clear Cloud
0.10 T T T 0.10 T T -
o Belore imiaasiseiamscs [NRNRR
@ = (b)
005 1= - 005 -
g ] 3
2 @
g g
8 . ] L -
g 0.00 = _..n_ - i b g 0.00 — . - T
005 — 005 |
-0.10 [ 1 1 1 ] -0.10 [ 1 1 1
300 350 400 450 500 300 350 400 450 500
Wavelength [nm] Wavelength [nm]
0.08 T T T 0.08 T T -
- Before 1 I Before 1
A (c) 1 3 After (d) 4
0.06 i 0.06 .
b " i
[ [ d E
004f: : H 0.04 [~ -
§ L ’ L ]
E & ° d
3 = 5
e o}

Wavelength [nm] Wavelength [nm]

590 Figure 9: Comparison of the relative difference (top) and standard deviation (bottom) of radiance before and after polarization
correction for cloud pixels (left panels) and clear sky pixels (right panels)

26



https://doi.org/10.5194/amt-2023-92 Atmospheric
Preprint. Discussion started: 10 May 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
oY

SZA: 38.34, VZA: 24.35, RAA: 148.26 SZA: 26.85, VZA: 14.96, RAA: 120.26
T T T T T T

0.0010

T

LUT ] . LUT

0.0005

450 500

300 350 400 450 500 300 350 400
Wavelength [nm] Wavelength [nm]
T T T 0.005F T T T
0.006— LUT | ] LUT
’ RTM E
0.004 F
0.004 0003
o o E
0.002F
0.002 E
0.001 _
0.000 =
0.000— -1 E E
A L 1 A L L
300 350 450 500 300 350 450 500

WavsI:r?&h [nm] WavaI:r?gm [nm]
Figure 10: Comparison of Stokes parameters (Q and U) estimated using the look-up table (LUT) method (red) and on-line calculated

595 synthetic data by RTM (blue) for given geometries (solar zenith angle, viewing zenith angle, and relative azimuth angle) at two
different locations.

27



600

https://doi.org/10.5194/amt-2023-92 Atmospheric ¢
Preprint. Discussion started: 10 May 2023 Measurement © EG U
(© Author(s) 2023. CC BY 4.0 License. Techniques %
E Discussions :

03 03
-
02 0.2
0.1 g 0.1 g
8 8
1 1
-0.02 -0.02
o o
2 2
5 3
-01% -01%&
I
| 802 !. Xa - -0.2
Xf Z \\\‘ “0 \i ey S
*~~~Qwu:w sobee i " \ o —~R, LM-J"’ L '
..... > { 03 | -03
707580 85 90 95 10’0‘1%5 T0Tis 150725 130 T35 140 745 13’6"‘55 1€o 707580 85 90 95 100 105 110 115 1%""55 1:%—.’;5 140 145 13?‘55 1€o
03 0.3
LY ALY
0.2 0.2
0.1 g 0.1 g
8 8
< [
5] e
—0.02 1 -0.02
o ‘,' 3 154 Q
t | i 2
k] { / / / =
01 v R 01®
'; W
N
-0.2 I AN X Y -0.2
= N E= W Jk. b\
5 3 f‘/v \/i _f\\ = R\\ “T:.J\‘{}é 2 ! 40 X *f\ ;159 \\\
umcw, - ‘. P o P Tt L \
-03 -03
70758085 90 95 100 105 11'6'115 130725 130 735 140 145 1§_55 160 70758085 90 95 100 105 110 115 1%‘%5 150—55 140 145 1§h‘55 160
03 03
S
0.2 0.2
0.1 g 0.1 g
8 8
< <
3 3
-0.02 -002
o [=]
o o
2 £
S 5
) @
01T -0.1%
-0.2 -0.2
S Roasseesen s 27 ‘ \ -r\ = by f AU e
-03 : -03
707580 85 90 95 100 105 11‘6‘1"5 130125 150 T35 140145 133_55 160

RO
75756085 6055 1007705 1707715 150725 155—1'55 11&“5\1%5 60

Figure 11: The diurnal variation of the spatial distribution of the corrected polarization error by the polarization correction
algorithm for the actual GEMS observation data on July 25, 2021, from 00 to 05 UTC. Note that the observation on that date is
during the GEMS in-orbit test (I0T) period which the image navigation and registration (INR) is not completed. The presented
wavelength is 432 nm.
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Table 1: Specification of GEMS instrument
Parameter Value
Spacecraft GEO-KOMPSAT-2B
Orbit Geostationary
Lifetime > 10 years
Spectral range 300-500 nm
Spectral resolution 0.6 nm
Spectral sampling 0.2nm
Temporal resolution 1 hour

Spatial resolution

Field of regard

Requirement of polarization factor

7 x 8 km (gases) at Seoul
3.5 x 8 km (aerosol) at Seoul
> 5000 x 5000 km (N/S x E/W)
N/S range: 5°S - 45°N
E/W range: 75° - 145E
<2 % (310-500 nm)
(No inflection point within 20 nm range)
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Table 2: Setup environment for on-ground polarization test of GEMS
Configuration Condition Status
Integration Time (msec) 50
Number of co-adds per image 60
Number of SMA position 1
Polarizer start angle (*) 0
Polarizer end angle () 720
Polarizer angular step size () 5
Number of polarizer step 145
Number of repeatability test 10

620
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Table 3: Details of parameters used to construct LUT using VLIDORT

Parameter (Unit) Entries
Spectral range (nm) 290-510
Spectral sampling (nm) 0.2
Solar Zenith Angle (°) 0.1, 15, 30, 45, 60, 75, 89.9
Viewing Zenith Angle (°) 0.1, 15, 30, 45, 60, 75, 89.9
Relative Azimuth Angle (°) 0.1, 30, 60, 90, 120, 150, 179.9
Surface albedo 0.01, 0.05, 0.1, 0.5, 0.99
Surface pressure(hPa) 1013.25, 900, 800, 700, 500, 300, 200
L225, L275, L325, L375, L425, L475, M175, M225, M275, M325,
Total ozone amount (DU) M375, M425, M475, M525, M575

Note, L and M indicate low-latitude (<30) and mid-latitude (>30)

32



625

630

https://doi.org/10.5194/amt-2023-92 Atmospheric

Preprint. Discussion started: 10 May 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques
Discussions

Table 4: Statistical results before and after polarization correction for the selected four wavelengths (349.6, 432.0, 454.6, and 494.9
nm) presented in Figures 7 and 8.

Wavelength Before / After
(nm) mean median 16th percentile 84th percentile FWHM
349.6 -0.021 /-0.001 -0.010/0.001 -0.050 / -0.009 0.655/0.027 0.070/ 0.020
432.0 0.013 /-0.002 0.012 /0.001 -0.010 /-0.008 0.103 / 0.022 0.043 /0.016
454.6 0.010/-0.002 0.009 /0.001 -0.008 / -0.006 0.083/0.015 0.032/0.013
494.8 0.012 /-0.002 0.011/0.002 -0.011/-0.010 0.118/0.020 0.043 /0.020
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