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1.Introduction



GOSAT-2 Overview
Greenhouse gases Observing SATellite-2 (GOSAT-2)

TANSO-FTS-2

TANSO-CAI-2

©JAXA
https://www.satnavi.jaxa.jp/ja/project/gosat-2/

ONIES
https://www.gosat-2.nies.go.jp/jp/about/observation/

» The GOSAT-2 was launched on October 29, 2018, operating over 5 years.

» The GOSAT is also operating since 2009 over 14 years.

» The GOSAT-2 carries Thermal and Near Infrared Sensor for Carbon Observation-2 (TANSO-2) sensors :
e FTS-2 (Fourier Transform Spectrometer-2)

e CAI-2 (Cloud Aerosol Imager-2)




FTS-2 Overview
B TANSO-FTS-2 (Fourier Transform Spectrometer)

Bandl Band2 Band3 Band4 Band5
SWIR TIR
co,, CH,, CO,
Target Gases o, co,, CH,, H,0 CO, H,0 H,0 0,
Spectral Coverage (um) 0.75-0.77 1.56-1.69 1.92-2.38 55-84 8.4-14.3
Spectral Coverage (cm™?) 12,950 - 13,250 | 5,900-6,400 | 4,200-5,200 | 1,188-1,800 | 700-1,188
Wavenumber (cm!)
. ~0'01 ~0_05 ~0-1 ~1 ~2-5 %53000150001200010%0' B?DD ?0[00 -BIIJ-UG 5000 4000
Spectral Resolution (nm) @0.76um @1.6um @2.0um @7um @ilum | E., Cos CTEC_MH-“- E
. E 4 T
Detector Si MCT E 0 Band2 E
Exposure 4 sec . zEnck g
Footprint size (nadir) 15.8 mrad E . M N
n:- 1 L | i 1 L L
Polarimetry Yes (P and S channels) No > s 20 2

» FTS-2 is the Fourie Transform Spectrometer that has high spectral resolution about 0.01[nm] at 0.76 [um].

» FTS-2 performs discrete observations that integrate each sounding for 4[sec], shown as upper right figure.

» FTS-2 has a multiplex advantage that enables observing all wavelength(0.75~14.3um) and two linear
orthogonal polarization (P and S) channels at the same time.

» Although FTS-2 has TIR bands, lunar calibration only observes SWIR band1~3.



CAIl-2 Overview

B TANSO-CAI-2 (Cloud and Aerosol Imager) satellite progress direction
Bandl | Band2 | Band3 | Band4 | Band5 | Band6 | Band7 | Band8 | Band9 | Band10 < Hi. !
AT+20[deg](Forward) AT-20[deg](Backward) '
uv VIS SWIR uv VIS SWIR
Central Wavelength (um) 0.339 | 0.441 | 0.672 | 0.865 1.63 0.377 | 0.546 | 0.672 | 0.865 1.63 Forward Backward
Bandwidth(um) 0.013 | 0.012 | 0.013 | 0.011 | 0.073 | 0.012 | 0.013 | 0.013 | 0.011 | 0.073
Spatial Resolution(m) 0.46 0.92 0.46 0.92
Swath 920(km) / 1.29(rad) / 74(deg)

» CAI-2 is the Imager, has 10 bands(UV~SWIR) shown as upper table.

» It has an advantage of UV bands (340 and 380 nm) for aerosol retrieval.

» CAIl-2 observes both Forward and Backward (5 bands each) at the same time
shown as upper right figure.

» The spatial resolution of Band05 and Band10 are twice that of the other bands.

» CAl-2 has about 2000 pixels linear Si-CCD array (3$Band5/10 are 1000 pixels
linear InGaAs array).

CAIl-2 image around
Darmstadt (Nov. 08, 2023)



FTS-2/CAI-2 Calibration System Overview

O

Lunar Calibra

) \

@,

Earth Observation 1, g cajibration

Laser Source
B1&B2

to interferometer

Pointing Mirror
FOV Camer

FTS-2 Calibration System

M FTS-2

» FTS-2 has calibration system shown as left figure.

» Radiometric calibration strategy :

Lunar calibration

Relative

Solar Irradiance Calibration

Absolute Vicarious Calibration evaluated
at the Railroad Valley, USA

H CAl-2

every month

every path (Zsuspended since
Jan.2021 due to shutter trouble)

every year

> CAIl-2 doesn’t have on-board calibration instruments.

» Radiometric calibration strategy :

Lunar calibration

Vicarious Calibration evaluated
at the Railroad Valley, USA

Absolute

Vicarious Calibration using
other satellite data(ex. VIIRS)

every month

every year

every month



2. FTS-2 evaluation of radiometric degradation



FTS-2 Lunar Calibration Operation

GOSAT-2 Lunar Calibrations are operated in two days around full moon(phase angle around £7-8 [deg]).

B dayl : Waxing gibbous moon
y &8 » Keep looking at the moon, integrate for 4 [sec] per sounding

and observes 10-30 soundings.

» Used for the evaluation of radiometric degradation.

» FTS-2 modulation efficiency depends on orbital ambient
temperature, so, we only used the timing data.

band1lP

integrate 4 [sec]: oo gt
each sounding : o«
§0.03 —

T
13200

& 0,00 Bttt L
0.77[um] Wave number(cm-1 0.75[um]

L L L L
13050 13100 13150
number(c

The advantage of FTS-2 lunar calibration data
* High-frequency observation (almost every month)
* Long-term dataset (over 5 years)

e phase angle around £7-8[deg], less lunar polarization

FTS:-tzig)?nng%'vs) (Coyne and Pellicori, 1969, Toledano et al., 2023(preprint))




Flowchart of FTS-2 Lunar Calibration Evaluation

o1 as . FTS-2 L1B
B Beam dilution IFOV correction L /
o Lunar calibration
* Moon size is smaller than FTS-2 data / - Observation time
footprint, so observed radiance are - Satellite position
diluted and undergstlmated. | (EC|@£2000) 3 We only used GIRO
* We corrected this effect using
. ticient that ratio of Y GIRO Reflectance Spectrum
cor.rectlon coetmcien ! Radiance conversion for V220 ¥ because we want to
solid angle. GIRO Reflectance compare spectral
Spectrum>¥ radiance.
Coef. = a)moon/a)Fng_[FOV o . . Y Solar Spectral Irradiance Model
Beam dilution correction Spectral Radiance - "
- Solid angle * Solar model Wehrli(1986) x | £.
Reflectance

Spectral Radiance * | “ T o

FTS-2 Spectral Response Function ->ZGJOmitted due to

___________ v relative evaluation
Distance Correction (Sun-
w = 277,'(1 — COS(X) Moon)
w: Solid angle «a:Half IFOV

* Lunar Radius =1738[km] > FTS-2/GIRO

« FTS-2 IFOV [mrad] Radiance Degradation Trend
.’

1580 1589 1584 1585 1583  15.83 Phase angle correction # | will explain later page.
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Radiance[W/m2/nm/str]

Radiance[W/m2/nm/str]

Evaluation wave numbers

Radiance[W/m2/nm/str]

0.06 band1P
. T T I-I ] BT T T I-I-I.I.I-I LICL T I T T =« 1«1 d T . . . .
005E - i -oii SR S I S U » Spectral resolution of FTS-2 is quite higher than
0.04 ST USRS | ELA IS | A ROLO Reflectance Spectrum.
zgz N S I L > Left images show the difference of spectral
TR ©1 t ROLO:Awl=10nm : - .
oorf L5 i s sawoqumi@orsuny  Tesolution .
%0077“1"1] 13000 13050 13180[ 1]13150 13200 75[um] ® Red line : ROLO Radiance Spectrum
. ave numbper{cm- .
e converted Reflectance into Radiance
0-020 [T T T T T T TaT. M-+ T T I T.TT I I-bllanldlzl-lpl-l TTTTLTTTT I TTT.TTTT T T ° SpeCtraI reSOIUtion remains ROLO Spectral
0015 i A .. .. . . . . " o VY ""'q‘ A. ‘ ': reflecta nce
E : K « don’t convolute FTS-2 SRF
0.010 [ S : ] . :
- : ® Blue line : FTS-2 Radiance Spectrum
0.005 |= : ROLO Awl= 10nm : i ~ .
- SR . FTS2 Awl= 005nn|1(@1 60um)3 » So, we used some wavenumbers (16~20 points) and
O;O%gti m oo G0 00 ceium)  @veraged for evaluation of radiometric degradation.
H ve nu - . . .
band3p ® Green dashed line : evaluation wave numbers,
0010 ¢ T avoiding the Fraunhofer lines
0.008
0.006 f—
0.004 - U . . .
0.002 E . ROLO Awl=10nm : : : »> We can provide FTS-2 high spectral resolution lunar
0.000 — '44'(')0' L £4600 L F-Izijoiwl':?'l'r?r?(jfzquum) ] calibration data.
2. 38[ ] Wave number{cm-1] 192[p.m]
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Results of FTS-2 radiometric degradation

FTS-2/GIRO ratio time series trend

> Right images are FTS-2/GIRO ratio time series trend normalized by  (normalized by B1:Dec2018, B2,3:Mar2019)
Trend B1 0.7[um

15t lunar calibration(B1:Dec2018, B2,3:Mar2019). 11 grerrrrrm AAsseass T AAMALEERS rrrTTTTy
> Solid line is Radiometric Degradation Factor(RDF) that currently o ;g ondine s o

applied FTS-2 Level 1B. G 0.8 °
» Lunar calibration enables to evaluate relative radiometric trend o g;

with high precision. We found that the current RDF especially 0.5

band1P was overcorrected about 4.2% in Sep2023. 9610/01 2020/01 2021/01 2022/01  2023/01
> We will apply to this result to the next Level 1B version up. 110 Trend B2 1.6[um

""""""""" RRRRRERREY RLARRREERE RERRLAN
(¢around on Jun.2019, FTS-2 instrument temperature changed, so radiance ]

1.05 :— -

I h RDF h . o C .
ohochangecand e step G | oo EETITT HTEET S BI g TR
§ 100 EiIIm i T T L

'_ C -

0.95 -

=F

H D i f FTS-2 f . 202
egradation o 5-2 as of Sep. 2023 03810/01 2020/01 2021/01 2022/01 2023/01

130 grrerrrreprerr Trend 83 _2.0luml,
N RACYHCONCAN 43.1% = 38.4% 0.1% -0.3% 2.2% 1.4% Lok E

where, Band1P/S compared to Dec2018,
Band2P/S and Band3P/S compared to Mar2019

1.00

FTS2/GIRO

0.95 :_ - - 1T 1T :::::Z I 1Tllt :"C:;;'_f

0.90 Lo Liiiiiie Lt liiiiies Liiii ]
?(919/01 2020/01 2021/01 2022/01 2023/01
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FTS-2 phase angle correction

GIRO reflectance around 7-8[deg] phase angle has 1-2 % uncertainty in SWIR region, which is shown by both
GOSAT-2 and GCOM-C.

GOSAT-2/FTS-2 GCOM-C/SGLI
phase ang characteristic func. band2s phase ang characteristic func. band3s
LILLEL I LILLEL I LILLEL I LI LILLEL I LILLEL I LILILEL I LILLEL CH SW1 SWZ SW3 SW4

o - y=0.0058912683x+0.95529487 | o - y=0.0082802236x+0.93456372 | WL [nm] 1050 1380 1630 2210
ac - 1 &« - . SW01-04
O 1.02 — U102} —
~ N 1 = i ] .15 -
o o 1.13 o<
(V) I s ] 1T n i » _ 111 A% .. w® 8 --.
- - 1 1 = I w 8 1 S 1.09 - " " w8 W

1.00 - i — 1.00 |- ¢ p — = " = = - et * SWOI
k5 _ 1 i L4 i C107 (T e o g Ve .--, 4' L . SW02
Nt ! 1N & i . chasll ot 4 SWO03
S 5 1 T 5 ) § s :g:’ // < SW04
= 0.98 _— —_ = 0.98 _— __ 0:99 L. 2 4 A & 4 2. Aa A4
= - : 1 2 . _ 1 0.97 — ,

I b2S: 1.6micron _ _ b3S: 2.0micron _ 5 6 7 8 9 10 11
0.96 11 1 | T T N T A O M A O O O 0.96 L1111 T T A T A O A A A B A A Phase angle [deg]|
6.5 7.0 7.3 8.0 8.5 6.5 7.0 7.3 8.0 8.5 ¢ Reported by Taichiro Hashiguchi at
Phase angle [deg] Phase angle [deg] the 3rd Lunar Calibration Workshop(17a)

» The latest years data are plotted during stable response and less degradation.
» It shows no time dependency but phase angle dependency.
» We corrected this effect by estimating phase angle characteristic functions from the GOSAT-2 data.



0OBS/SIM

0OBS/SIM

0OBS/SIM

Result comparison between the calibration methods

B
Ve MR
‘%

Banle 0 7[um]

BandlS 0 7[IJ-m]

1.2
1.0 =
r (]
C i
0.8 o
0.6 0.6 - -]
| | | Loovond 0 Do b b b b
2019/01 2020/01 2021/01 2022/01 2023/01 2019/01 2020/01 2021/01 2022/01 2023/01
Band2p 1. 6[IJ~m] Band2s 1. 6[Hm]
lllllllll [lflllllll TTTTTTTT17T WIIIIIIWI TTTTTTT
12| 1.2 .
1.0 :, 1 1.0 Wmﬂﬁ—ﬁ
0.8 f 0.8 .
0.6 | 0.6 - -
||||||||| Do by b bl
2019/01 2020/01 2021/01 2022/01 2023/01 2019/01 2020/01 2021/01 2022/01 2023/01
Band3P 2 O[Hm] Band3S 2 O[Ilm]
lllllllll [lflllllll IWIIIIIIWIWIIIIIIWI Illlfll
12 1.2 - —
1.0 P Foita: = 1.0 W}%ﬂﬂﬂ uﬁm;mﬁi :
‘M -
0.8 4 8 o8|
0.6 - -~ o6f ]
||||||||| L b b b v b by Lo Lsia
2019/01 2020/01 2021/01 2022/01 2023/01 2019/01 2020/01 2021/01 2022/01 2023/01

» Compared with other results of radiometric calibrations.
@ Vicarious calibration results evaluated at the Railroad
Valley, USA every year
@ Solar Irradiance Calibration (on-board) results that
evaluated every path. (2¢ Unfortunately, it had
suspended since Jan.2021 due to shutter trouble)
® Lunar Calibration results that evaluated every month.

> Degradation trends are all consistent. (3X¢Absolute
values of @), 3 adjusted to @).)

B The absolute radiance difference [%]

We use lunar calibration data only for degradation evaluation,

but as a reference, estimated the absolute radiance difference
between GIRO and FTS-2 data corrected by @Vical.

(Ex. Band1P: GIRO is 20.7% lower than corrected FTS-2 data)

_ P polarization S polarization

band01(0.7 um) -20.7% -23.0%
band02(1.6 um) -3.7% -6.2%
band03(2.0 um) -6.2% -7.5%

14



3. CAI-2 evaluation of radiometric degradation
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CAI-2 Lunar Calibration Operation

GOSAT-2 Lunar Calibration are operated in two days around full moon(phase angle around *£7-8 [deg])

B dayl : Waxing gibbous moon

\ ~ Moon

e Detector
| |

B CAI-2 Lunar Calibration

® Along Track(AT) Scan in day2 path
- Sweep in the AT direction 4 times
* Used for the evaluation of radiometric degradation.

® Cross Track(CT) Scan in dayl path

- Sweep in the CT direction only once.

- Used for the evaluation of pixel-to-pixel sensitivity
difference.

&
Bl day2 : Waning gibbous moon

T The advantage of CAI-2 lunar calibration data
* High-frequency observation (almost every month)

Detector
* Long-term dataset (over 5 years)

~12 pixels




CAl-2 Radiometric Degradation Evaluation

B Method of radiometric degradation evaluation

Moon > Compared GIRO integrated irradiance IR and CAI-2 integrated irradiance IS4/ ~2
» Since the moon is observed with oversampling in the AT direction, we corrected this
AT effect by estimating the oversampling factor f,s.
directi

(ex. 1 sweep : pitch rate ~0.08[deg/sec], pitch rate stdev ~8.01E-5)

CAI-2

Relative OBS/GIRO= (ka_) / IGIRO
oS

B Time Series Trend of Lunar Calibration
B01-BO5(Forward) B06-B10(Backward)

CAI2 LUCA relative trend (nomlized 1st LUCA) band1~5  CAI2 LUCA relative trend (nomlized 1st LUCA) band6~10

» Lower left images show the results of

:IIIIIIIIIII|IIIIIIIII|IIIIIIIII|III | I_ :IIIIIIIIIII|IIIIIIIII|IIIIII\IIlIIIIIIII\‘III I: evaluation Of radiometric degradation.
1.00 [ . - 1.00 [erriiteerte——svetrpa ate . ie nian o . . . . .
F r - RTIG » It is relatively radiometric degradation
3 B02(0.441pm] & °F B07(0546um)  from 1% lunar calibration(Dec.2018).
S 050 ( ) 1 Sosf 3 » Wavelength are the shorter, the
S F B01(0.339um 1 ¢ F ] :
2 gasf E I E degradation are the larger, both
: ] : ] Forward and Backward.
0.80 _—l | | | | ry 0.80 _—l | | | | —
2016/01  2020/01  2021/01  2022/01 202301 2016/01  2020/01  2021/01  2022/01 202301

bandl band2 band5 band6 band7 bandl0



OBS/SIM

Result comparison between the calibration methods "<~

» Compared between other radiometric
calibration results.

B01(0.339um) B02(0.441um) @ Vicarious-calibration results that evaluated

L3 gyrrrrrrr e T T T g 13 gy T T prrTrrT T . at the Railroad Valley, USA

@ Vicarious calibration results using other
satellite data(ex. VIIRS)

® Degradation curve estimated from Lunar
Calibration results

L Lot IR i Lisisiui L3 3> As the left images show, all of degradation

trends are consistent. (<absolute value of

@ adjusted to ,2).)

B Comparison with other results (two examples)

S1l

0.7 AL Liiiiiii Liiiiii Lo Liiiiii L 0 .
'5019/01 2020/01 2021/01 2022/01 2023/01 2024/01 '5019/01 2020/01 2021/01 2022/01 2023/01 2024/01

B The absolute value difference[%]

We use lunar calibration data only for degradation evaluation, but as a reference, estimated the absolute radiance
difference between GIRO and corrected CAI-2 data by @ and @.

(Ex. Band1: GIRO is 13.1% lower than CAI-2 data corrected by O and @)

B01 B02 B03 B04 B05 B06 BO7 B08 B09 B10
0.339um|0.441 um|0.672um|0.865um| 1.63um |0.377um|0.546 um |0.672um |0.865um| 1.63um

-13.1% -5.2% -9.3% -9.7% +6.3% -8.6% -5.2% -14.0% -10.1% +6.2%
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4. CAl-2 evaluation of pixel-to-pixel sensitivity difference



Method of evaluation

CAI-2 some bands have sensitivity difference between even and odd pixels, so we evaluated that pixel-to-
pixel sensitivity difference using the Lunar Calibration CT Scan data.

Schematic CT scan image  Pixel

Deep Space .

> » CAI-2 Lunar Calibration CT scan sweeps all over the pixels.

role rate : 0.075(deg/sec] » We evaluated the difference using the fact that CT scan data are

role rate stdev : 3.31E-05 oversampled in the pixel direction, shown as lower right figure.

» We got the Maximum values of line direction profile for each
pixel, shown as lower left figure.

» The pixel-to-pixel sensitivity difference can be estimated from

. 00pix the ratio of...
i the maximum value for each pixel

CT scan

Line the average of the maximum values of surrounding some pixels
v
Radiance O Line direction profile around 1000[pix] 100
. . 1000-1009 Il band03 1001
4 QE!}‘)O(ODG e EMOMOMED!X e 1]989&')( o 15&0)391&0')( oo 2000p|x T T T 1 T T T T Fl,x |a L LA A R BN S B RS
T L I N I - N B T 80F SOEaeS E
S S0 U Y AV SR S S /70 S N I S W @ 60 [- =
ALMAX Cpp MAXT D deh \odet L A MAXY, 5 F .
N | RS T | I S T 40 |- =
| | | | | e f -
/ \ 1 / ‘I- ] i / ‘ﬂ i / I‘I‘- _’ i / \ 20 :_ _:
¢ HLJ““”“”“”’AQ‘”I?(J ug I e ﬂ:m‘\‘J * ol *:?:éu ST ,;'n;% = o g l‘mn%l; okt '\“'—_“"m “;?“Ho‘f.‘a“‘fc‘x'n'w‘uonun‘mhl!o\klﬁ‘uk‘Jé'm\‘;c - -
TR o 0 I R S B | (I T T ) L1 I
v 7000 7050 7100 7150

Line direction profile that smoothed 5[lines] Line Line 1009



difference[%]

RCF [Radiance/DNI

Corrected CAI-2 Level 1B image -

O Estimated pixel-to-pixel
sensitivity difference(Band3)

T I T 1 1 1 I 1 L] 1 I 1 T L]
2.0 even pixel

-1.0E., s e e
-2.0 odd pixel

| | 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 500 1000 1500 2000

Pixel number

O corrected RCF (Band3)
R T RCFVO3T3)

corrected RCF

-.

0.60

0.55

0.50

1 1 I 1 1 1
0 500 1000 1500

Pixel number

|
2000

We confirmed the reproducibility of this sensitivity difference
using three times lunar calibrations all over the pixels.

The Radiance Conversion Factor(RCF) was corrected by using the
estimated difference.

We applied corrected RCF to make CAI-2 Level 1B, the stripe
image between even and odd pixels could be decreased shown
as the lower figure.

We were able to evaluate the pixel-to-pixel sensitivity difference
using only lunar calibration CT scan data in orbit.

[ Stripe on the antarctica ice of CAl-2 LevellB image(Band3)

before correction

» after correction
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Summary & Future plan

B Summary
» FTS-2 evaluation of radiometric degradation
* FTS-2 has high spectral resolution and two linear orthogonal polarization P and S.
* We use lunar calibration data for radiometric degradation. The evaluated relative radiometric trend
was high precision, and it was consistent with the other method results.
* FTS-2/GIRO ratio has dependency on the phase angle around 7[deg] in SWIR region, and this trend
was also shown in the GCOM-C/SGLI result.

» CAI-2 evaluation of radiometric degradation
* We use lunar calibration data for radiometric degradation. The evaluated relative radiometric trend

was high precision, and it was consistent with the other method results.

» CAI-2 evaluation of pixel-to-pixel sensitivity difference
* We were able to evaluate the pixel-to-pixel sensitivity difference using only lunar calibration CT scan

data in orbit.

B Future plan
» We will update radiometric parameter of FTS-2 and CAI-2 using the result of lunar calibration.

» The 3" generation of the GOSAT series, GOSAT-GW/TANSO-3 will be launched in JFY2024.



Discussion point

» Lunar Model
* We hope to SWIR phase angle dependency (around £7-8deg) will correct more accurately and
release more high spectral resolution model data. We look forward to LSICS.
 We can provide FTS-2 high spectral resolution lunar data.
» Lunar Model for absolute calculation
 As areference information, we estimated absolute radiance difference between GIRO and corrected
FTS-2 and CAIl-2 data. %GOSAT-2 absolute value evaluation result has about 7% uncertainty, so this is just reference information.

MFTS-2 ECAI-2
Solar Irradiance model Solar Irradiance model
* GIRO : Wehrli * GIRO : Wehrli
+ corrected FTS-2 : TSIS-HSRS -+ corrected CAI-2 : 2000 ASTM
i
20.7% 23.0% 0.339 um|0.441 um|0.672 um|0.865 um| 1.63 um |0.377 £t m|0.546 £t m|0.672 u m[0.865 um| 1.63 um
-3.7% -6.2% -13.1% -5.2% -93% -9.7% +6.3% -8.6% -52% -14.0% -10.1% +6.2%
-6.2% -7.5%

We will provide GOSAT-2 Lunar Data
Please contact : sato _aki@restec.jp, shiomi.kei@jaxa.jp
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