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Abstract: The Second Generation Global Imager (SGLI) on Global Change Observation Mission–
Climate (GCOM-C) satellite empowers surface and atmospheric measurements related to the carbon
cycle and radiation budget, with two radiometers of Visible and Near Infrared Radiometer (SGLI-VNR)
and Infrared Scanning Radiometer (SGLI-IRS) that perform a wide-band (380 nm–12 µm) optical
observation not only with as wide as a 1150–1400 km field of view (FOV), but also with as high as
0.25–0.5 km resolution. Additionally, polarization and along-track slant view observations are quite
characteristic of SGLI. It is important to calibrate radiometers to provide the sensor data records for
more than 28 standard products and 23 research products including clouds, aerosols, ocean color,
vegetation, snow and ice, and other applications. In this paper, the radiometric model and the first
results of on-board calibrations on the SGLI-VNR, which include weekly solar and light-emitting
diode (LED) calibration and monthly lunar calibration, will be described. Each calibration data was
obtained with corrections, where beta angle correction and avoidance of reflection from multilayer
insulation (MLI) were applied for solar calibration; LED temperature correction was performed for
LED calibration; and the GIRO (GSICS (Global Space-based Inter-Calibration System) Implementation
of the ROLO (RObotic Lunar Observatory) model) model was used for lunar calibration. Results
show that the inter-comparison of the relative degradation amount between these three calibrations
agreed to within 1% or less.

Keywords: GCOM-C; SGLI; SGLI-VNR; solar calibration; LED calibration; lunar calibration;
inter-comparison

1. Introduction

Global Change Observation Mission (GCOM) aims to establish and demonstrate a global, long-term
satellite-observing system to measure essential geophysical parameters to facilitate understanding of
global water circulation and climate change, and eventually contribute to improving future climate
projection through a collaborative framework with climate model institutions [1]. GCOM consists
of two polar orbiting satellite observing systems, GCOM-Water (GCOM-W) and GCOM-Climate
(GCOM-C). The first satellite, GCOM-W with Advanced Microwave Scanning Radiometer 2 (AMSR2),
was launched in 2012 and is observing continuously. The follower satellite, GCOM-C with Second
Generation Global Image (SGLI), was launched from the Tanegashima Space Center at 10:26:22JST on
December 23, 2017 and was named “SHIKISAI”, which means colorful. SGLI enables a new generation
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of operational moderate resolution-imaging capabilities following the legacy of the Global Imager (GLI)
on Advanced Earth Observing Satellite-II (ADEOS-II). The SGLI empowers surface and atmospheric
measurements related to the carbon cycle and radiation budget, with two radiometers of Visible and
Near Infrared Radiometer (SGLI-VNR) [2,3] and Infrared Scanning Radiometer (SGLI-IRS) [4,5], which
perform a wide-band (380 nm–12 µm) optical observation not only with as wide as a 1150–1400 km field
of view (FOV), but also with as high as 250–500 m resolution. Additionally, polarization and along-track
slant view observation are quite characteristic of SGLI, providing the sensor data records for more than
28 standard products and 23 research products including clouds, aerosols, ocean color, vegetation, snow
and ice, and other applications. The proto-flight testing of the SGLI was completed and instrument
radiometric, geometric, and spectral performances of SGLI have been well characterized [6,7]. After the
launch, the satellite and SGLI instruments were initialized and commissioned for routine operations
and solar and light-emitting diode (LED) calibrations are conducted once every eight days and trending
data have been continuously monitored. In addition, solar beta angle correction maneuvers were
performed on January 4, 2018 (within L+2 weeks) and February 8, 2019 (after L+1 year) and lunar
calibration maneuvers were performed each synodic period from January 31, 2018. All of the SGLI
sub-systems are operating properly and high-quality products are continuously acquired [8,9].

Onboard radiometric calibration for remote sensing instruments is of great importance to assure
the validity of science data products continuously derived from radiometer outputs. Solar diffuser
calibration is a traditional method that uses a natural source (the Sun), and many sensor instruments such
as Sea-viewing Wide Field-of-view Sensor (SeaWiFS) [10], MEdium Resolution Imaging Spectrometer
(MERIS) [11], Multi-angle Imaging SpectroRadiometer (MISR) [12], and MODerate resolution Imaging
Spectroradiometer (MODIS) [13] have a diffuser panel that reflects the Sun’s irradiance. Lamp
calibration is another traditional method that uses an artificial source, and sensor instruments such
as Système Pour l’Observation de la Terre High Resolution Visible (SPOT HRV) [14] and Landsat
TM [15] use a standard lamp and diffuser or integrating sphere. In addition, lunar calibration was
developed by the NASA Ocean Biology Processing Group Calibration and Validation Team (OBPG
CVT) and the NASA MODIS Characterization Support Team (MCST) to perform lunar calibration for
SeaWiFS and MODIS [16–18]. SGLI-VNR accommodates on-board calibration modules for solar and
LED calibration, and the attitude and orbit control subsystem of GCOM-C satellite was also designed
to provide lunar calibration maneuver. It is very significant to provide highly accurate and consistent
results with these independent calibration sources. The purpose of this paper is therefore to clarify the
radiometric model and inter-comparison results of these three independent calibration methods of
SGLI-VNR, whose specification and outer appearance are as shown in Figure 1.
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Figure 1. This is the specification and outer appearance of Visible and Near Infrared Radiometer 
(SGLI-VNR). SGLI-VNR consists of non-polarized (NP) observation telescopes, polarized (PL) 
observation telescopes, and solar diffuser. NP telescopes consist of three telescopes; NP-Nadir, NP-

Figure 1. This is the specification and outer appearance of Visible and Near Infrared Radiometer
(SGLI-VNR). SGLI-VNR consists of non-polarized (NP) observation telescopes, polarized (PL)
observation telescopes, and solar diffuser. NP telescopes consist of three telescopes; NP-Nadir,
NP-Left, and NP-Right, and each NP telescope has eleven channels from VN1 for 380 nm to VN11 for
868.5 nm. PL telescopes consist of two telescopes; PL1 for 673.5 nm and PL2 for 868.5 nm. λ and ∆λ

are the center wavelength and bandwidth, respectively. Specification of standard luminance (Lstd),
maximum luminance (Lmax), signal-to-noise ratio (SNR), and instantaneous field of view (IFOV) for
each channel are as shown in the table.
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Sections 2–4 provide the radiometric model and first year trend evaluations of each calibration
method such as solar, LED, and lunar calibration, respectively. We focus on the inter-comparison of
these calibration results on the SGLI-VNR Nadir telescope in Section 5. Finally, our conclusions and
future work are stated in Section 6.

2. Solar Calibration

SGLI-VNR is equipped with a deployable diffuser to illuminate the uniformly scattered sunlight
to charge-coupled device (CCD) elements for the solar calibration (Figure 2). The solar diffuser plate is
made of Spectralon® and is normally shielded from direct solar illumination and atomic oxygen by
storing inside the SGLI-VNR structure. The diffuser plate is only deployed for about 30 min a week.
The long-term change of the CCD response to diffused sunlight may arise from the degradation of
either the sensitivity of the telescopes or the bidirectional reflectance distribution function (BRDF) of
the diffuser. Therefore, the stability photo diode monitor (PD), as an independent calibrator, was used
to monitor the solar diffuser reflectance. The field of view of each telescope and the PD were covered
with a diffuser plate (Figure 3). The wavelength characteristics of the telescope and the PD are shown
in Figure 4. Since multilayer insulation (MLI) stray light and the diffuser plate degradation with a
varying in-plane distribution caused by ultraviolet (UV) irradiation to the stored diffuser plate were
confirmed during the initial check-out [8], it was necessary to take these matters into consideration.
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Figure 2. This is a configuration of solar calibration and light-emitting diode (LED) calibration for
Visible and Near Infrared Radiometer (SGLI-VNR). +Xsat and +Zsat are the ram direction and the nadir
direction, respectively. SGLI-VNR observes sunlight reflected by the solar diffuser panel once every
eight days as the spacecraft passes over the North Pole, moving from the Earth’s shadow into sunlight.
White and near-infrared (NIR) LEDs were used for internal light calibration. Several monitors such as
stability photo diode monitor (PD), the LED drive current monitor, and LED temperature monitor were
installed for correction. +Xdiff and +Ydiff show the diffuser coordinate system.
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Figure 3. These are field of views from (a) the non-polarized (NP) telescopes, (b) polarized (PL) 
telescopes, and (c) stability photo diode monitors (PDs). Each NP telescope has eleven charge-coupled 
device (CCD) lines for the VN1 to VN11 channels and each line has 6000 sub-pixels. For the PL 
telescope, each telescope had three CCD lines for three polarization channels and each line had 6000 
sub-pixels. All CCD pixels in all bands were designed to be calibrated using sunlight reflected by the 
diffuser as shown in (a) and (b). Four PDs were used to monitor the solar diffuser reflectance as 
independent calibrators as shown in (c). 

Figure 3. These are field of views from (a) the non-polarized (NP) telescopes, (b) polarized (PL)
telescopes, and (c) stability photo diode monitors (PDs). Each NP telescope has eleven charge-coupled
device (CCD) lines for the VN1 to VN11 channels and each line has 6000 sub-pixels. For the PL telescope,
each telescope had three CCD lines for three polarization channels and each line had 6000 sub-pixels.
All CCD pixels in all bands were designed to be calibrated using sunlight reflected by the diffuser as
shown in (a,b). Four PDs were used to monitor the solar diffuser reflectance as independent calibrators
as shown in (c).
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Figure 4. Wavelength characteristics of the non-polarized (NP) and polarized (PL) telescopes, the photo
diode monitors (PDs) and light-emitting diodes (LEDs). White and near-infrared (NIR) LEDs cover a
wide wavelength of Visible and Near Infrared Radiometer (SGLI-VNR), except for VN1 and VN9. PDs
consist of PD1, 2, 3 and 4, which correspond to the VN2 band, VN5 band, VN7 and VN8 bands, and
VN10 and VN11 bands, respectively.

2.1. Radiometric Model

The basic formula of the radiometric model of the solar calibration of telescopes and PDs are
expressed as follows.

2.1.1. Telescope

Digital number (DN) values at each pixel obtained by the solar calibration are shown as follows:

DNsun =
LD

G
·∆Gshutter + DNdark(sun), (1)

DNsun: Digital number of CCD response during solar calibration
LD: Measured radiance reflected by the diffuser
G: Gain of telescope
∆Gshutter: Electrical shutter correction coefficient
DNdark(sun): Average of digital number during dark (in earth shade) observation for solar calibration

where LD is shown as follows:

LD = Lsun·
1

D2 · f (β)·R, (2)

Lsun: Solar radiance at the average distance of the Earth and Solar
D: Earth-Solar distance
f (β): β angle correction coefficient
R: Diffuser plate reflectance
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Therefore, the gain G can be shown as

G = Lsun·
1

D2 · f (β)·R·∆Gshutter·
1(

DNsun −DNdark(sun)

) , (3)

The gain G is computed by multiplying G0: initial telescope gain, by Gtemp: CCD temperature
correction coefficient, and by Gperiod: aging correction coefficient, so that it is shown as follows,

G = G0·Gtemp·Gperiod, (4)

Similarly, diffuser plate reflectance R is computed by multiplying R0: initial value of reflectance
by Gperiod(di f ): degradation coefficient of reflectance, so that it is expressed as follows,

R = R0·Gperiod(di f ), (5)

Here, Lsun is supposed to be constant and G0 was characterized as quadratic equations between
radiance and CCD response for each sub-pixel using an integrating sphere that is traceable to National
Standards before launch [19]. Gtemp is obtained at both the ground thermal vacuum test and the on-orbit
initial checkout by changing the CCD temperature, and were 0.05%/degree for the VN9 band and
0.25%/degree for the VN10 and VN11 bands. The changes in the quantum efficiency of the CCD of the
VN1–8 bands were negligibly small. For ∆Gshutter, the electrical shutter parameters for several bands
(VN5, 6, 8, 9, 11) were changed on orbit in order to avoid a saturation of CCD response during solar
diffuser observations. The f (β) is derived by solar beta angle correction yaw maneuvers, which were
conducted at β = 12, 16.75, 21.5, 26,25, 31 degree in five consecutive orbits. The ratio of these known
factors is expressed as follows, which shows the ratio of aging of the telescope gain and degradation of
the diffuser plate reflectance.

Gperiod,0·Gperiod(di f ),t

Gperiod,t·Gperiod(di f ),0
=

D2
t · f (β)0·∆Gshutter,0·Gtemp,t·G0·

(
DNsun −DNdark(sun)

)
t

D2
0· f (β)t·∆Gshutter,t·Gtemp,0·G0·

(
DNsun −DNdark(sun)

)
0

, (6)

2.1.2. Photo Diode Monitor (PD)

Light intensity monitor output during solar calibration DNpd
sun is expressed as follows,

DNpd
sun =

LD

Gpd
+ DNpd

dark(sun)
, (7)

DNpd
sun: Digital number of PD response during solar calibration

Gpd: Gain of PD

DNpd
dark(sun)

: Average of output during dark (in earth shade) observation for solar calibration

where the definition of the LD is the same as Equation (2), therefore, the gain Gpd is expressed as

Gpd = Lsun·
1

D2 · f (β)·R·
1(

DNpd
sun −DNpd

dark(sun)

) , (8)

The gain of the PD is computed the same as that of the CCD and it is also expressed as follows:

Gpd = Gpd
0 ·G

pd
temp·G

pd
period, (9)

As is the case with the telescope (Section 2.1.1), the ratio of these known factors is expressed as
follows, and it shows the aging of the PD gain and degradation of the diffuser plate reflectance.
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Gpd
period,0·Gperiod(di f ),t

Gpd
period,t·Gperiod(di f ),0

=
D2

t · f (β)0·G
pd
0 ·G

pd
temp,t·

(
DNpd

sun −DNpd
dark(sun)

)
t

D2
0· f (β)t·G

pd
0 ·G

pd
temp,0·

(
DNpd

sun −DNpd
dark(sun)

)
0

, (10)

2.2. First Year Trend

Solar diffuser calibration trends of the telescopes and the PDs agreed with the past cases of diffuser
reflectance degradation in space [20] or in UV radiation tests on the ground [21]. First, to minimize
the stray light reflected from the structure covered by MLI [8], these ranges of effective CCD pixels
and zenith angles at the diffuser coordinate system were limited, as shown in Table 1. Since the pixels
affected by the stray light change with the variation of the β angle, the pixels which are not affected by
the stray light through a year are very limited. Next, the beta angle correction approximated curve,
which was acquired by two solar yaw maneuvers, are shown in Figure 5. It is well known that the
specular reflection component is larger than the diffuse reflection component, even if it is the reflection
by the diffuser plate. Therefore, the tendency that the reflection intensity decreases as the solar beta
angle increases is reasonable. In the second solar calibration maneuver, compared to the first one,
the ratio of diffused light intensity at large solar beta angles tended to be small. This suggests that
the bi-directional reflectance distribution function (BRDF) of the diffuser plate was slightly degraded.
Generally speaking, UV degradation of the diffuser occurs fast at the beginning and the degradation
rate gradually decreases, so that the second beta angle correction coefficient is better suited to represent
the first-year trend. As a result, the first-year trends were obtained as shown in Figure 6. The ratio’s
change of each telescope and PD over the years were very smooth and the beta angle correction worked
well as seen at 412 days since launch when the second solar calibration maneuver was conducted.
Detectors operated at shorter wavelengths showed larger degradation on each telescope and PD.
In addition, telescopes calibrated at longer solar-exposed areas of the diffuser (Figure 7) showed larger
degradation in the order of NP-Right ≈NP-Left > NP-Nadir in descending order, as shown in Figure 6.
Therefore, the solar diffuser calibration trends of the telescopes and the PDs agree with the general
diffuser reflectance degradation caused by UV irradiation.

Figure 5. The beta angle correction fitted curve of the non-polarized (NP)-Nadir telescope (average of
charge-coupled device (CCD) response of 501–600 pixels within 53–55 degrees of the zenith angle at
the diffuser coordinate system), which were acquired on January 4, 2018 (12 days since launch) and on
February 8, 2019 (412 days since launch).
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Table 1. The ranges of effective charge-coupled device (CCD) pixels (pixel number) and zenith angles
(degrees) at the diffuser coordinate system for solar calibration. Other CCD pixels and zenith angles
are affected by the stray light reflected from the structure covered by multilayer insulation (MLI).

NP Telescope PL Telescope PD Monitor

Left Nadir Right PL1 PL1 PD1 PD2 PD3 PD4

Pixel (pix) 101–200 501–600 1–100 301–407 51–157 -

Zenith angle (degree) 56–57 53–55 57–65 58–60 52–54 53–55

Figure 6. The first-year trends of solar calibration of (a) non-polarized (NP)-Left telescope, (b) NP-Right
telescope, (c) NP-Nadir telescope, (d) polarized (PL) telescopes, and (e) Photo Diode monitors (PDs).
As for figures (a–e), the x-axis shows days since launch and the y-axis shows the ratio of Equation (10),
which references the data of January 10, 2018 (the first day that both solar and light-emitting diode
(LED) calibrations were conducted on orbit).
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3. Light-emitting diode (LED) Calibration

Internal light calibration is the second method for monitoring the on-orbit radiometric performance
of reflective solar bands. SGLI-VNR observes LED light reflected by the diffuser panel once in eight
days as the spacecraft passes the Earth’s shadow and the light sources are used directly or through
optical systems in the same manner as the solar diffuser calibration.

3.1. Radiometric Model

The basic formula of the radiometric model of the LED calibration of telescopes and PDs are
expressed as follows.

3.1.1. Telescope

DN values at each pixel obtained by the LED calibration are shown as follows:

DNLED =
LD

G
·∆Gshutter + DNdark(led), (11)

DNLED: Integrated digital number of LED calibration
DN(dark)led: Average of digital number during dark (in earth shade) observation for LED calibration

where the definition of LD, G, ∆Gshuter is the same as Equation (1) and LD is shown as follows,

LD = LLED· f (TLED)·R, (12)

LLED: LED radiance
f (TLED): LED temperature correction coefficient

Therefore, gain G can be shown as follows,

G = LLED· f (TLED)·R·∆Gshutter·
1(

DNLED −DNdark(led)

) , (13)

Here, the gain G and diffuser plate reflectance R are the same as those of the solar calibration as
shown in Equations (4) and (5) and ∆Gshutter was fixed for LED calibration. The ratio of these known



Remote Sens. 2020, 12, 69 10 of 17

factors is expressed as follows, and it shows the aging of the telescope gain, degradation of LED
irradiance, and degradation of the diffuser plate reflectance.

Gperiod,0·LLED,t·Gperiod(di f ),t

Gperiod,t·LLED,0·Gperiod(di f ),0
=

(TLED)0·Gtemp,t·G0·
(
DLLED −DNdark(led)

)
t

f (led)t·Gtemp,0·G0·
(
DLLED −DNdark(led)

)
0

, (14)

3.1.2. PD

Light intensity monitor output during LED calibration DNpd
led is expressed as follows,

DNpd
led =

LD

Gpd
+ DNpd

dark(led)
, (15)

DNpd
led: Digital number of PD response during LED calibration

DNpd
dark(led)

: Average of output during dark (in earth shade) observation for LED calibration

where the definition of the LD is the same as Equation (12), therefore, the gain Gpd is expressed
as follows,

Gpd = LLED· f (TLED)·R·
1(

DNpd
led −DNpd

dark(led)

) , (16)

Here, DN and LED temperature for f (TLED) correction are obtained by on-orbit data. The ratio of
these known factors is expressed as follows, and it shows the aging of the PD gain and degradation of
the diffuser plate reflectance.

Gpd
period,0·LLED,t·Gperiod(di f ),t

Gpd
period,t·LLED,0·G(period(di f ),0

=
f (TLED)0·G

pd
0 ·G

pd
temp,t·(DNpd

led −DNpd
dark(led)

)
t

f (TLED)t·G
pd
0 ·G

pd
temp,0·(DNpd

led −DNpd
dark(led)

)
0

(17)

3.2. First Year Trend

As is the case with solar calibration, the LED calibration trends of the telescopes and the PDs
agreed with the degradation caused by UV irradiation as shown in Figure 8. Detectors operated at
shorter wavelengths showed larger degradation on each telescope and PD and telescopes calibrated at
longer solar-exposed areas of the diffuser (Figure 7) showed larger degradation, NP-Right ≈ NP-Left >

NP-Nadir in descending order. Both telescopes and PDs showed inflection points around 100 days since
launch, indicating that the intensity of the LEDs had degraded. Furthermore, the ratio of NP-Right
degraded more than that of NP-Left (Figure 8a,b), which was possibly caused by the light distribution
difference of the two LEDs. One of the LEDs illuminates the NP-Left side of the diffuser and the other
one the NP-Right side of the diffuser, so the ratio of the NP-Nadir’s radiance distribution should be
symmetric if the two LEDs keep the same light intensity. It can be seen that the ratio of the NP-Nadir’s
radiance, as shown in Figure 8f, was not symmetrical, and it shows that the irradiance on the right
LED degraded more than that on the left LED.
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Figure 8. The first-year trend of the light-emitting diode (LED) calibration of (a) the non-polarized
(NP)-Left telescope, (b) NP-Right telescope, (c) NP-Nadir telescope, (d) polarize (PL) telescopes, and
(e) photo diode monitors (PDs). For figures (a–e), the x-axis shows the days since launch and the y-axis
shows the ratio of Equation (17), which reference the data of January 10, 2018 (the first day that both
solar and LED calibrations were conducted on orbit). (f) The NP-Nadir radiance ratio of each pixel
between January 10, 2019 and January 10, 2018 and it indicates that the light distribution of the LED
slightly changed.

4. Lunar Calibration

The lunar calibration is a complementary method for monitoring the radiometric response of
the reflective solar bands on orbit. SGLI-VNR acquired its first lunar image with pitch maneuver
on January 31, 2018 and since then, it has observed the Moon once a month at a target phase angle
of +7 ± 3 degrees and −7 ± 3 degrees, as shown in Figure 9.
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Figure 9. The Global Change Observation Mission–Climate (GCOM-C) lunar calibration sequence
requires an attitude pitch (y-axis) maneuver so that the Visible and Near Infrared Radiometer (SGLI-VNR)
telescopes can scan the Moon. This sequence is planned to start when the satellite enters the shadow of
the Earth. The satellite faces the Moon, then it scans the Moon once at a constant rate of 0.15 degrees
per second, so the acquired Moon images are oversampled in the along-track direction. The satellite
is then pitched back toward the Earth, recovering its normal Earth-oriented attitude before getting
out of the Earth’s shadow. Since SGLI-VNR has three non-polarized (NP) telescopes with their offset
angles around the roll axis (x-axis) at +23.3 or 0 or −23.3 degrees accordingly from the nadir direction,
the maneuvers with a roll angle of ±24 degrees are dedicated to the calibration of the NP-Left and
NP-Right telescopes. In addition, the roll bias of the intermediate angles of ±12 degrees allows for the
simultaneous calibration of the two telescopes as shown in the figure. Only one roll bias angle can
be selected on each orbit. Since the lunar disk is around 20 charge-coupled device (CCD) pixels in
diameter and the accuracy of the GCOM-C attitude control during the lunar calibration is 0.025 degrees
or less, the lunar calibration was performed with almost the same pixels every time.

4.1. Radiometric Model

SGLI-VNR observes the Moon once a month through its nadir view, which requires a spacecraft
pitch maneuver, so that the Moon is viewed in the same optical path. The pitch rate across the Moon is
slower than the scanning rate across the Earth, resulting in an oversampled image of the Moon. Lunar
data analysis methodologies of SGLI consists of four steps. First, the lunar radiance is obtained by the
following equation:

Llunar = G·
1

∆Gshutter
·

(
DNlunar −DNDark(lunar)

)
, (18)

Llunar: Lunar radiance(k=ch1~11,p=pixel)
G: Gain(prelaunch measured)
∆Gshutter: Electrical shutter correction coefficient
DNlunar: Integrated digital number
DNDark(lunar): Average of digital number of deep space observation data at each pixel

Second, the lunar irradiance is calculated by the following equation. During the pitch maneuvers,
the pitch rate of the spacecraft is known by the inertial reference unit (IRU) and the oversampling
factor can be obtained by comparing the IRU rate and the nominal rate of the Earth observation. sinθ
in the equation gives the approximate correction term of scan rate decrease when the satellite scans the
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Moon with the offset angle from the nadir direction, where the vector of the line-of-sight rotates on a
conical surface.

I =

 N∑
p=1

ΩpLp

· 1
fos
· sinθ, (19)

I: Lunar irradiance
N: Total number of pixel
Ωp: Solid angle per pixel
fos: Oversampling factor
θ: Angle between satellite-moon vector and satellite pitch axis

In the actual calculation process, the solid angle of each pixel is numerically calculated by the
projection of line-of-sight vector on a two-dimensional (2D) angle plane (Along-track (AT)-Cross Track
(CT) plane). The projected vector set of points forming a pixel, which is rigorously constructed by
the optical distortion model, are moved over the 2D-plane as the satellite maneuvers along the pitch
axis during the exposure time. The group of the points’ trajectory is numerically area-integrated over
the plane to obtain the accurate solid angle during the exposure time. By doing this, one does not
need to consider the oversampling factor or the term sinθ, which is one of the uncertain variables in
a geometric sense. Third, we used the GIRO (GSICS (Global Space-based Inter-Calibration System)
Implementation of the ROLO (RObotic Lunar Observatory) model) model to normalize the lunar
calibration time series for variations in observing geometry: Spacecraft–Moon distances, Sun–Moon
distances, phase and libration angles. GIRO [22] was developed by the European Organization for the
Exploitation of Meteorological Satellites (EUMETSAT) in 2014 and provided access to the function of
the ROLO [23] lunar calibration model for the international community. The basic processing function
of the GIRO uses the observation time and the position of the satellite at the observation time to derive
the reference lunar irradiance. The irradiance, which is stored in the output file, is used as the lunar
irradiance of the GIRO model. Finally, the evaluated SGLI measured irradiance was compared to the
GIRO irradiance shown as follows:

Ratio = IMeasured/IGIRO Model, (20)

4.2. First Year Trend

A time series of the measured responses of the NP-Nadir and PL telescopes normalized to the
GIRO model are shown in Figure 10. For the NP-Nadir telescope, about 1–2% degradation of the
NP-Nadir telescope at short wavelengths (VN1–6) was clearly observed and a tiny degradation of
the NP-Nadir telescope at long wavelengths (VN7–11) was observed. Although the trends had an
obvious correlation to the phase angle, especially in the NIR band [24], phase angle dependence in the
ROLO model has been observed at the NIR band with many instruments such as MODIS, SeaWiFS,
and PLEIADES [17,25]. For the PL telescopes, the trends have a correlation to not only the phase angle,
but also the satellite and sun selenographic latitude and longitude as is well known [26], and the trends
of the PL1 and the PL2 changed around 200 days when the signs of the satellite selenographic latitude
and longitude transit from negative and positive to the opposite sign, respectively.
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Figure 10. The first-year trend of lunar calibration of the non-polarized (NP)-Nadir and PL1 and PL2
telescopes, respectively, under the phase angle condition of +7 ± 3 degrees (lunar measurements were
performed at either −7 or +7 degree phase, but the measurements of the NP-Nadir were not conducted
at −7 degree).

5. Inter-Comparison of Solar, LED, and Lunar Calibration

By properly narrowing the target telescope and bands to the VN5, 10, and 11 bands of the NP-Nadir
telescope, three independent calibration methods such as solar, LED, and lunar calibration can be
compared with each other. In the solar and LED calibration, the NP-Left and NP-Right telescopes, PD1
and PD3 need further analysis to isolate the degradation of the telescope and PD sensitivity from that of
the diffuser’s reflectance under the condition of the diffuser’s in-plane difference distribution caused by
UV irradiation. In the lunar calibration, monthly calibration is possible only for the NP-Nadir telescope.
Therefore, inter-comparison of the VN5, 10, and 11 bands of the NP-Nadir telescope is discussed
here. Although there was diffuser plate degradation with in-plane difference distribution caused by
UV irradiation to the stored diffuser plate, calibration areas of the NP-Nadir, PD2 and PD4 on the
diffuser plate were less affected by UV degradation than other areas, as shown in Figure 7. In addition,
UV exposure condition to these areas was exactly the same, so the PD2 and PD4, as an independent
calibrator, must correct the solar diffuser reflectance degradation for the NP-Nadir telescope. The
degradation of the NP-Nadir telescope caused by the degradation of either the sensitivity of the
telescope or the reflectance of the diffuser can be separated, and only the sensitivity of the telescope is
derived from the solar calibration and LED calibration, shown as follows,

Equation(6)
Equation(10)

=
Equation(14)
Equation(17)

=
Gperiod,0

Gperiod,t
·

Gpd
period,t

Gpd
period,0

, (21)

According to the device exposure tests to radiation on the ground, the degradation of the PD’s
sensitivity was less than 1%/5 years. Therefore, the degradation of sensitivity of the NP-Nadir
telescope’s VN5 (PD2 band), VN10, and VN11 (PD4 band) was obtained on the assumption that
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Gpd
period,t = Gpd

period,0 and it is possible to evaluate the inter-comparison of the solar, LED calibration, and
lunar calibration, as shown in Figure 11. Although the response degradation rate was not exactly the
same because of the matter such as MLI stray light during solar calibration, light intensity distribution
change at the LED calibration, and lunar phase angle dependency at the lunar calibration, these three
calibrations showed a similar trend. For the VN5, 10, and 11 of the NP-Nadir, the relative response
degradation between the solar, LED, and lunar calibration agreed to within 1% or less. The response
change in the NIR spectral regions (VN10 and 11 with a wavelength of 868.5 nm) was very small
and the shorter wavelength band (VN5 with wavelength of 530 nm) had more degradation. The
relative response change from over one year of on-orbit observations (normalized to the initial lunar
observation) was less than 2%.

Figure 11. The first-year trend of solar, light-emitting diode (LED), and lunar calibration at VN5, 10, and
11 of the non-polarized (NP)-Nadir telescope. Since the first lunar observation though its nadir view at
the satellite’s roll axis = 0 was conducted on January 31, 2018, the radiance’s ratio was normalized by
the data acquired on January 31, 2018 for lunar calibration, and the radiance’s ratio for solar and LED
calibrations were normalized by the data of February 3, 2018, since it is the nearest calibration timing
close to the first lunar calibration date.

6. Conclusions

The radiometric model and the first results of independent calibrations on the SGLI-VNR, which
include weekly solar and LED calibration and monthly lunar calibration, were described. Each
calibration result was obtained with corrections (e.g., the beta angle correction and avoidance of
reflection from multi-layer insulation) that were applied for solar calibration; LED temperature
correction was performed for LED calibration; and the GIRO model was used for lunar calibration.
For the solar and LED calibrations, UV irradiation to the stored diffuser plate caused its degradation and
gave an in-plane reflectance distribution to the NP-Left and NP-Right telescopes, PD1 and PD3, which
needs further analysis to isolate the degradation of the telescope and PD sensitivity from that of the
diffuser’s in-plane reflectance distribution. However, PD2 and PD4 can monitor the diffuser reflectance
to correct the responses of the NP-Nadir’s VN5, 10, and 11 bands. As a consequence, inter-comparison
of the solar, LED, and lunar calibration at these bands was enabled. Although the response degradation
rate was not exactly the same because of issues such as MLI stray light during solar calibration,
light intensity distribution change at the LED calibration, and lunar phase angle dependency at the
lunar calibration, these three calibrations showed a similar trend, and inter-comparison of the relative
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response change between these three calibrations agreed to within 1%. The response change in the
NIR spectral regions (VN10 and 11 with a wavelength of 868.5 nm) was very small and the shorter
wavelength band (VN5 with a wavelength of 530 nm) had more degradation. The relative response
change from over one year of on-orbit observations (normalized to the initial lunar observation) was
less than 2%.
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