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Scattering properties of ice crystal particles and liquid water droplets in far-infrared and mid-infrared bands™*”. (a) Extinction

efficiency; (b) absorption efficiency; (c) scattering efficiency; (d) single scattering albedo
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Table 1 Key parameters of REFIR-BB, REFIR-PAD, and FIRMOS

Parameter REFIR-BB

REFIR-PAD FIRMOS

Instrument type Martin-Puplett polarizing interferometer

DLaTGS pyroelectric
Detector type
(room temperature)

2-pm-pitch-1-pum-wire grid upon

Beam splitter type )
1.5-pm-thick Mylar substrate

Spectral bandwidth 100-1100 cm™"

) 0.2 cm™' (double-sided interferogram),
Spectral resolution ) }
0.1 cm™" (single-sided interferogram)

Field of view 60 mrad

Weight 60 kg

Mach-Zender type Mach-Zender type

non-polarizing FTS non-polarizing FTS

DLaTGS pyroelectric DLaTGS pyroelectric

(room temperature) (room temperature)

Ge-coated BoPET

beam splitter

Broadband Ge-coated Mylar
(0.85 pm/2 pm)

100-1400 cm ! 100-1000 cm '
0.5 cm ' (double-sided) .
| 0.25 cm
(0.25 cm ™' max)
133 mrad 22.4 mrad
55 kg 80 kg
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I SiSh G LM E . H 2001 42 , TAFTS £ £
USO80 52 5 v PEAS T B BR AR S/ VK AR Hb 3R R B R R
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Table 2 Key parameters of TAFTS and FIRST

Parameter TAFTS

FIRST

Instrument type

Ge:Ga and Si: Sb photo-conductors

Detector type . .
liquid Helium, 4 K

Beam splitter type Mylar substrate
80-300 (Ge:Ga),
320-600 (Si:Sb)

Spectral bandwidth /em™

Spectral resolution /cm 0.12

Field of view /(°) +0.8

Martin-Puplett polarizing interferometer

Michelson interferometer liquid nitrogen, ~180 K

37.5 mm X 37.5 mm focal plane of 10X 10 silicon bolometers
liquid Helium, 4.2 K

Bilayer thin-film: 1.05-pm-Ge and 3.5-pm-polypropylene

100-1000

448
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FEMATUT . UL, A O HLAG 4 L 3k R R 40 4w ok
BEHE GF 4 3 %), 0 FORUM (ESA) . PREFIRE
(NASA)%,

2019 4 , ESA #2 i} FORUM (far-infrared outgoing
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Fig. 5 Satellite ground tracks and footprints of FORUM and
IASI-NG: FORUM FSI footprints (red), FEI footprints
(yellow), and TASI-NG footprints (blue)"”
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Table 3 Key parameters of FORUM and PREFIRE

Item FORUM

PREFIRE

Instrument FSI

Instrument type

Mach-Zender type non-polarizing FTS

TIRS

Pushbroom spectrometer

Detector type DLaTGS pyroelectric (room temperature ) 64X 8 uncooled focal plane thermoelectric detector
Spectral bandwidth 100-1600 cm ™' 4-54 pm
Spectral resolution 0.5cm™! 0.86 pm
Orbit altitude 830 km 470-650 km
Footprint 15 km 12-15 km
Orbit inclination 98.7° 82°~98"
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Table 4 Comparison of cloud phase identification consistency

between FTIR and other instruments™” unit: %

Instrument MWR MW R+ radar Lidar
TIR only 17 31 13
FIR+TIR 66 71 56

Notes: TIR represents thermal infrared; FIR represents far-

infrared; MW R represents microwave radiometer.

G IR VK 2= T IR 5 5 VR I S A R — B g o
HARR A A = B 5 07 A Fr G . X wIBuEm 1
T8 LT MR SR 2 R 5 2 AR AR TR O T A . 2L
Ho, Turner 2] AERT I (4 322 21 b -vh 21 51 48 5
% HEAT 2 K 5 A A U 45 R 3R WG £ A0 ok i
fIE 149 107 BB A% i — 2 $E T+ = M AS IR B E R R . (H 2
AERIFE 500 cm ' LAF #9638 0 [ A5 88 LG, JEvR R
% 500 e PA T Y3 2140 5 AE 2 A A U R AR
B E . Maestri %'F | REFIR-PAD 7£ 7 A% W8 1
1 KA AT I 20 AR S AT WA 2 A T B A 2SR
45 6 WO 21 A0 3% X[ 9 2 3 B f 101 3 xR
e 1) 38 2 2 K 0 R AH 2 U0 LA N, R R
380~575 cm ' Z[H AU E & X A A =, DA K

%44 % % 6 H1/2024 &£ 3 B/

AR YU Y e #dE 3l o W AT4E 1, 400~550 em ' 22 1]
) 1 1 X6 UK R T 8 TR R S5k BB, Ry T JROR TR IR
L B 4 SR A% P S Se e PR AR T AT RE

UK 25 6 78 21 10k B [R) Bk LA O AC I A A58 T
Wz WAL TR S 5 0 34 5 TR B A O, 2 B AL FR A b X I
JZ T 23 0 A7 7 T A R Z AR )2 L 2 R R T
ZT A S A Ml 2 AR A TR R T R R T 2 (5
B . 0 Peterson % H HY Y Bk a 21 A - 41 Ah Ok
Tk 2 R K AR AR RO BE R AU T 449 em PRI
521 em WU I8 A7 I 25 09 B SE AT AR AU . K6
N E AR 8= TR 1o i N2 1| B i O S
t, Far-IR B 5% 1 449 em ' #1521 em ' X0l 18 55 1R
7% gEAT 1E B 1R ) A9 A 2, Mid-1R A2k A 1231 em ' Al
930 em ULIE B S L 25 JE AT IE #0 R 5 09 % %, Far-IR
OR Mid-IR &y W Ff J5 2 vh A — Ff 1E 6 32 531 B AT 9 4R
#  Far-IR AND Mid-TR & 7 P B 5 25 ] B35 50 ) 4%
o Al UL AHXT T BBk SR R A28 21 A1 RN T 2140 B Y G
T, 78 2140 I B 1) W SRR S X6 5 i 2 A Y A AR
YRS = A mEEAER . R, Peterson 25 1 4§
HH JC 2T A0 T X TS 2 0 2 TR EE AN AR, o
T 2T A3 38 AN TE A RS = TR IR A A S8
TR A v A A5 B AR 4 B

EFar-IR @@Mid-IR []Far-IR OR Mid-IR [lFar-IR AND Mid-IR|

100

T

80

60

40

20

Ice True Positive Rate (%)

T
II

20 um

40 um

Deff

60 um

L6 SR A [ gt B 1y 3 T8 1E A R0 UK 2= Ao A %
Fig. 6 Probability of correctly identifying ice clouds using channels of different bands™”

SIRGES e S R TN L EZ S s s A
WAL RIS F I AR W T Z N T & R
RGN = 150, H# 7 = SRR
TG R 5B WM B ORI = A
PR H #3544 10 7 ¥R & Maestri 24X FORUM
THRFF % 00 56 F 32 18053 50 W ) 2 G 5 0 245 18 3 30 ik
(CIC) o 175 30 3k AR AL F8 0 sk — SO 5 B i
T AR ARLAR B, TEA 5 R TR 2 1 2 0 R R | DA T S
B2, BEALZE R R O o = IR B BE S 8K
M\ 0.6 38 %] 0.79, It H & 238~545 em ' B Y 6 i
AT RE NS P = LT T KRR T 06 = 5 RE
JE2A R BE /N T 0.06 [ 8 8 2 IR 5 3R AL 25 %0 18 Jin =
60% . UL A, iz J7 ik R P N A F L TAFTS A

ARIES 52 B U & 9 38 21 4b - 21 A8 %6 3% DL % S
REFIR-PAD 32 P il i A58 5 6 1%, 45 5 0F 0
T LT AR AT ANR B R A B T S R
S I A 2 i U e Bl 2 J2 8 B A 1w 4 o
XF TR T 7 km 896 o, /o] 880 2 2
M 0.2 A F] 0.09.
42 KEWPESHREFE

VK 25 T B S50 B AR K b R T R UKOK
(R JeREE REESSE, 2508652
B 3 VK Z B0 PR S 5000 25 30T VR A0 A B A A T
WA R MW,

H A, i 8 21 A6 5 6% 18 K = 1 B S R
NV B R T T 3 2 Di Natale 28758 T 52 40 4% 11

0600002-7



WITRW = - RIS H R R (SACR) R . %%
5 2 9 FORUM 33 s 57 (9, m] Jz 38 2 J A0 45 ok
nAROR T HAR DR S K = A SO T A

B ORI E R WS R K B N A 3
REFIR-PAD .FIRMOS [ 5 FroUi il >, Je A i F h
e CIC B3k UEAT 2 K T 5 A0 25850, SR J5 AR U5
T TR I 1) B AR A R A B = T o AR
LYRSAESY, s 8 a2 A AU M A R B, (A S
JEE AT TS G o X R T G SR 56 )
AT 5 G IS O TR IR S S R R 4 R A
LA, DL K T i 37 21 41 1 Ol 3t 14 DA 45 S0 56 5 T B b AT
K HE , Palchetti 255 Maestri 287t 3 T e 4k 1110
AR 5 v S BT AT Ah - rh 2040 i B O B S R
i o Libois 2" 00 ) FH S5 0 A 1 BEE PEAR T 322 21 40k
BEXT A5 Gt v 21 A Bl BE VK 2 ) B S B0 TR B Y 1
ER I NI B5 a1/ LR LD 7 W = Y =) e b)) || BT A R i 1 1
ALK G2 R B AT OkE T B4R N 2 T I 9 {1 A
AN BEREAR 5026 KA L

544 5% 6 H9/2024 £ 3 B/ K F R
A IR R LA T B R A AR A 45 AR
et A S U & NS AR S | 2 NN R AR B 7§
SRR B 33X 2 R R DK B R TR Y
— M EBENR. AL ER A A BR
R WFFEN B3 SBT3 21 A0 i B i A )
N Z 8 (R REAR 5 PR B9 FAED) AR BRI DK Al HIUH
PE T8 T7 A BR2E 5y kLA 2 B3 5 A
S B U AR S 5 2 AR 21 1 BE BT R 2 ik 1 8O
FETERYBIE S A = 5 1F N AR AT A P SR ik
A Wk B LI T AN R R I 2 A B [ E
ROBLF B R VRT3 1 30 TR 45 DU
Di Natale & 73 7 T 2R FI A [FURL 792 R 9 41 5
I 2 8L 21 Ah - v 20 O i O 3 1 R o DL SR
JNBEAEAR T AL IREAR v 23 HEAR P BRCIR 4 RO IR 25
15 2500 B HL Bl X 230 A, BERHE OB T (9 B U R
K Yang 2T AR . 20 B LR AR B
b M IX 1) 2 2 ik R A ﬁr% RAE RBEOEE 5%
F B — LT B 22 AN 1A 7 R AR R Lm0 Ah

Mid-lat (De =100 um, OD = 0.06) Mid-lat (De =50 um, OD =0.13) Mid-lat (De =10 um, OD = 0.63)

002 @ - - ! S L

0,001 — - — — — ' ﬁ —
0 M—

-, i —— Mix - Hollow col. B ] i i
E -0,001 — w ——  Mix - Bull. ros. — ] I ]
Q B ——  Mix - Aggr. B — -NG noise B 7]

— -0,002 — —_— Mlx Plgafes — L?)SI:IIJVS noise — ]
= I | | P A T R T B!

o Tropics (D, = 80 pm, OD 0. 09) Tropics (D, = 40 um, OD = 0.17) TroplCS (D =5 um OD = 1.40)
g 0,003 T f [T 17 = T4 H [T

B L @ _ O] _ _

- AR

x X -

B 0 W
(] - " - E _
£ .0,0015

z -0,0015 — — — —

o L _ L _

ch '0a003 1 | 1 | 1 | i 1 | 1 [

Polar (De =80 um, OD =0.24) = Polar (De =10 um, OD = 1.90)
0’002 '_l (g)l T I T | T B _l | T I T I T T . | T | T I T
0,001 — — —
WIL 4 L
0

-0,001 —

-0,002 — | | | —
400 800 1200 1600 400 800 1200 . 1600 400 800 1200 1600
Wavenumber (cm )
7 IR AR IR BTG S 5 R F B — ki 165 25 08, K15 FORUM Il TAST-NG M (1 Fe 4™, (a) ~ (o) b 26 B 11X A 455

UGG 5 (d)~ (D P o X BRI 2 2R 5 () ~ (D) i A AU 25

Fig. 7 Differences between upwelling radiances generated by using habit mixture (Mix) as for simulations and by using single habits,

and comparison with FORUM noise and IASI-NG noise"”. (a)-(c) Simulation results for mid-latitudes; (d)—(f) simulations for

tropics; (g)-(i) simulations for polar scenarios

0600002-8



a4 F 6 H1/2024 £ 3 B/HEER

3 X kL AR B RO W S e T 2 A B JF
E LTI B (9 563 22 (1 — R T FORUM {45 I 7
M 7E 2081 i B, Ot ik 22 (R I T TAST-NG {435 1
FE L TE v 2 T ARG b IX, O A JR R ORI v 2T A i
Bt 225 A B hn o [WIEE S 2t 20 A0 S X
LA IR P U AT TR R ST AR A 1 AR
W o 3 A R B AR T BRI 6 I 21 Ah O % S
ZMRF IR IRIR G L FI R M Re AT TIREK

Bantges Z"“F] ] TAFTS | ARIES 25 Hl 2% = ot 1%
AN S B I A O 2T Ah - 21 A0 O3 PR Al T Baum
ST BB UK RORE ' 27 B R B A R AE LS vk
=GRV RY BE T, 45 R 3R WZ B R R R P A
ZLAM e B RO 5 S DG 8 — 3 (B AR T 4L
A B LMD AR AR — By 25 00 . BRI AR A
SRR 2D A B OGS 5 S BROG IS — B,
T ZL A B ) R i e 22 (A B 1~2 W/m®; MK 40
A B B AU O3 5 S PR OGS R Sy — B, b 2L A i
B b am i 22 (60 3 W/m*, I H AR KAk 1Y)
FUBE TS 3 A1 VK AT 568 2 Bl R 1) A8 A vk R B R
e JiE 55 R 3R PT BRI A oRE 16 2% R P AR AL 1Y i
ISl

5 EghFEE

R £T A1 o D' i A AT 114 1 A R UL % TR B
fiF ARG AR A SR A R A R R . 1
R AU, % BE AT 5 v 205 e Be by [ 4R ik vk =
XEZ P bR K VR A L AME B . U T
M DX UK 25 B 5 OO ) B 2 R G 21 A1 v D T R 1S B
K B — 2 3 T LI A B A X T 0K 2 R A 8 R Y
il B e oKz A AR S AR SR 1 A R S

ARSI 21 A S5 B0 I 6 75 i A i v e R BB
N0 85 R g A58 3 AR B AR AT S oA Ok H R ST Y O
Ti] 33X S i — A R AR S A T A K | S8 B R AUl i A
Ao S RO AR S b R R A . F AT, R
21470 A SR I 45— FBE SR T A L PR 2R 0 A A
i, BB R AR T R £ AN S A e R R
I AE 22 0 2543 LN 52 598 b BEAT 1 IS 30, XA
S AR R B AT 1Y) A R D5 T o D HL S AR I R — i
3 2V A B T WA IR X e — S R LR T
HAE RSSO 0T o 0 T ORI 21 A1 4R 5 Y Dl
TN W CEOR A A I 3358 15 5 T TR AT T A
Ho B TR & B2 E R BRI 22 . 1Ak,
5T W ACHDEME B T — A 10y 2 8] S 22 S 3 1 A nl 1
7R AT Ol 1 Y P S BRI 3 2 B, LT Bl B LR B
PSRN NN NS IR R PR S S
R 2T AR S e i e R M ) KR 7 1]
117 3 [ 732 75 T A A9F 5 e A0 B, AT ST N B E A
S A BT S BT T v I AR R BT BORE R R
for S TR B 2 21 AN A i RO AR X GaAs S5

P 21 A0 e B G 2 R Ve BEAT T 20 B JF R T am 4L
B e DG T R R N BRI AR R o A R [ AT
AR AR SRR K, B — 20 TR A T A
B 28 3t 1, 0 4 22 2 B 58 SR B DL 3, 46 ik
R £ 4 3 't 1 2 R AR IV A i R O B R
W5

A I8 211 R U5 S A% i 5 18 JEOT I IR 9S04
BTN GRS B X Ml v DG i A A T B 1 &6 0
S5 A% B P 2B (ELX T UK 5 5 A R AL A -h 20 Ah A
W Be iy e i B AU ) 75 ok — 20 O o JU R X T A AR
P B A% UK R T IR AR B A RARAR (R, i 2 —
G5 A Ta) RUBE K b Bl BHOUL I ¢ 84 O R 3 21 Ak - 41
A4 U B A DK b B AR A, e BT G My S 4 £ A0
JCHE UK 2 38 P S % o A BT T I D T, T dRe e Al
TR R X 42 e B HEAT L5 3R A, X T 4 A i A
A 3 32 RURS JEE 40 0 Hh 0 80 e 9 R A I 1) A 4L 1Y
R UETT ik AR R BT TAE . J50h, 2 Be 4R
AR WL 5 1 P AU AT LS PRI 3 S i 8 L &2
0 B 1t SN A A B RS LR R DAFEAR R R B 1 4R
55 SR TR INRG BE , A4 5 0 22 K O Bl i e JEoks T
REHE— PR FEDOLH IR R S K = KA S RO R
KGR, I A ] B 52 B 2= MR UL I 86 2k 2 B [ e e
45

28 LR SR E X AR TR &AL, JT
JBe A £1 A i O i i S 0 S B BOR B OG5 B
HIE , A J&y 22 9 B R AR SRR AR B9 2555 WL, of T A BE
fifp ML AR G 0 S 1 A B K 2 A iR S 280 A T
it R R A O B A A

& £ x W

[1] Naud C, Russell J E, Harries J E. Remote sensing of cirrus
cloud properties in the far infrared[J]. Proceedings of SPIE,
2001, 4168: 30-38.

[2]  Yang P, Mlynczak M G, Wei H L, et al. Spectral signature of
ice clouds in the far-infrared region: single-scattering calculations
and radiative sensitivity study[J]. Journal of Geophysical
Research: Atmospheres, 2003, 108(D18): 4569-4583.

[3] Harries J, Carli B, Rizzi R, et al. The far-infrared earth[J].
Reviews of Geophysics, 2008, 46(4): RG4004.

[4] Palchetti L, Brindley H, Bantges R, et al. FORUM: unique
far-infrared satellite observations to better understand how
earth radiates energy to space[J]. Bulletin of the American
Meteorological Society, 2020, 101(12): E2030-E2046.

[5] Brindley H E, Harries J E. The impact of far [.R. absorption on
clear sky greenhouse forcing: sensitivity studies at high spectral
resolution[J]. Journal of Quantitative Spectroscopy and Radiative
Transfer, 1998, 60(2): 151-180.

[6] Pan F, Huang X L. The spectral dimension of modeled relative
humidity feedbacks in the CMIP5 experiments[J]. Journal of
Climate, 2018, 31(24): 10021-10038.

[7] L’Ecuyer T S, Drouin B J, Anheuser J, et al. The polar radiant
energy in the far infrared experiment: a new perspective on polar
longwave energy exchanges[J]. Bulletin of the American
Meteorological Society, 2021, 102(7): E1431-E1449.

[8] Turner D D, Merrelli A, Vimont D, et al. Impact of modifying
the longwave water vapor continuum absorption model on

0600002-9



(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

community Earth system model simulations[J]. Journal of
Geophysical Research: Atmospheres, 2012, 117(D4): D016440.
D D, Mlawer E J. The
underexplored bands campaigns[J]. Bulletin of the American
Meteorological Society, 2010, 91(7): 911-923.

Merrelli A, Turner D D. Comparing information content of

Turner radiative heating in

upwelling far-infrared and midinfrared radiance spectra for clear
atmosphere profiling[J]. Journal of Atmospheric and Oceanic
Technology, 2012, 29(4): 510-526.

Maestri T, Arosio C, Rizzi R, et al. Antarctic ice cloud
identification and properties using downwelling spectral radiance
from 100 to 1, 400 cm '[J]. Journal of Geophysical Research:
Atmospheres, 2019, 124(8): 4761-4781.

Turner D D, Ackerman S A, Baum B A, et al. Cloud phase
determination using ground-based AERI observations at SHEBA
[J]. Journal of Applied Meteorology, 2003, 42(6): 701-715.
Libois Q, Blanchet J P. Added value of far-infrared radiometry
for remote sensing of ice clouds[J]. Journal of Geophysical
Research: Atmospheres, 2017, 122(12): 6541-6564.

Maestri T, Cossich W, Sbrolli 1. Cloud identification and
classification from high spectral resolution data in the far infrared
and mid-infrared[J]. Atmospheric Measurement Techniques,
2019, 12(7): 3521-3540.

Saito M, Yang P, Huang X L, et al. Spaceborne middle- and
far-infrared observations improving nighttime ice cloud property
retrievals[J]. Geophysical Research Letters, 2020, 47(18):
e87491.

Di Natale G, Palchetti L, Bianchini G, et al. The two-stream
0-Eddington approximation to simulate the far infrared Earth
spectrum for the simultaneous atmospheric and cloud retrieval[J].
Journal of Quantitative Spectroscopy and Radiative Transfer,
2020, 246: 106927.

Persky M J. A review of spaceborne infrared Fourier transform
spectrometers for remote sensing[J]. Review of Scientific
Instruments, 1995, 66(10): 4763-4797.

Xie Y, Huang X L, Chen X H, et al. Joint use of far-infrared
and mid-infrared observation for sounding retrievals: learning
from the past for upcoming far-infrared missions[J]. Earth and
Space Science, 2023, 10(3): EA002684.

Sgheri L., Belotti C, Ben-Yami M, et al. The FORUM end-to-
end simulator project: architecture and results[J]. Atmospheric
Measurement Techniques, 2022, 15(3): 573-604.

Goody R M. Atmospheric radiation[M]. Oxford: Clarendon
Press, 1964.

Bt BN PR N 1 QL LB T4 Wby R [ R R R = N
EARFEEHILT] WO S5 eH T, 2022, 59(1): 0101002.
Qi L L, Wang X D, Ji W. Analysis on atmospheric
transmittance characteristics of middle-far infrared spectrum in
ocean area[J]. Laser & Optoelectronics Progress, 2022, 59(1):
0101002.

Goody R M, Yung Y L. Atmospheric radiation: theoretical basis
[M]. 2nd ed. New York: Oxford University Press, 1996:
67-124.

Rathke C, Fischer J, Neshyba S, et al. Improving IR cloud
phase determination with 20 microns spectral observations[J].
Geophysical Research Letters, 2002, 29(8): 1209-1213.

Green P D, Newman S M, Beeby R J, et al. Recent advances
in measurement of the water vapour continuum in the far-infrared
spectral region[J].  Philosophical Series A,
Mathematical, Physical, and Engineering Sciences, 2012, 370
(1968): 2637-2655.

IPCC. Special report on the ocean and cryosphere in a changing
climate[M]. Cambridge: Cambridge University Press, 2019: 755.
Warren S G. Optical constants of ice from the ultraviolet to the
microwave[J]. Applied Optics, 1984, 23(8): 1206-1225.

Warren S G, Brandt R E. Optical constants of ice from the
ultraviolet to the microwave: a revised compilation[J]. Journal of

Transactions

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

(41]

[42]

[43]

(44]

0600002-10

a4 % F 6 H1/2024 £ 3 B/HEER

Geophysical Research: Atmospheres, 2008, 113(D14): D14220.
Baum B A, Yang P, Heymsfield A J, et al. Ice cloud single-
scattering property models with the full phase matrix at
wavelengths from 0.2 to 100 pm[J]. Journal of Quantitative
Spectroscopy and Radiative Transfer, 2014, 146: 123-139.
Peterson C A, Huang X L., Chen X H, et al. Synergistic use of
far- and mid-infrared spectral radiances for satellite-based
detection of polar ice clouds over ocean[J]. Journal of
Geophysical Research: Atmospheres, 2022, 127(9): JD035733.
Palchetti I, Di Natale G, Bianchini G. Remote sensing of cirrus
cloud microphysical properties using spectral measurements over
the full range of their thermal emission[J]. Journal of Geophysical
Research: Atmospheres, 2016, 121(18): 10804-10819.

Serio C, Esposito F, Masiello G, et al. Interferometer for
ground-based observations of emitted spectral radiance from the
troposphere: evaluation and retrieval performance[J]. Applied
Optics, 2008, 47(21): 3909-3919.

Bhawar R, Bianchini G, Bozzo A, et al. Spectrally resolved
observations of atmospheric emitted radiance in the H,O rotation
band[J]. Geophysical Research Letters, 2008, 35(4): GL.032207.
Sussmann R, Reichert A, Rettinger M. The Zugspitze radiative
closure experiment for quantifying water vapor absorption over
the terrestrial and solar infrared: part 1: setup, uncertainty
analysis, and assessment of far-infrared water vapor continuum
[J]. Atmospheric Chemistry and Physics, 2016, 16(18): 11649-
11669.

Palchetti L, Bianchini G, Pellegrini M, et al. Radiometric
performances of the Fourier transform spectrometer for the
Radiation Explorer in the Far-Infrared (REFIR) space mission
[J]. Proceedings of SPIE, 2004, 5570: 433-444.

Palchetti L, Bianchini G, Castagnoli F, et al. Breadboard of a
Fourier-transform spectrometer for the Radiation Explorer in the
Far Infrared atmospheric mission[J]. Applied Optics, 2005, 44
(14): 2870-2878.

Esposito F, Grieco G, Leone L, et al. REFIR/BB initial
observations in the water vapour rotational band: results from a
field campaign[J]. Journal of Quantitative Spectroscopy and
Radiative Transfer, 2007, 103(3): 524-535.

Carli B, Barbis A, Harries J E, et al. Design of an efficient
broadband  far-infrared  Fourier-transform
Applied Optics, 1999, 38(18): 3945-3950.
Bianchini G, Palchetti I, Carli B. A wide-band nadir-sounding

spectrometer[J].

spectroradiometer for the characterization of the Earth’s outgoing
long-wave radiation[J]. Proceedings of SPIE, 2006, 6361:
63610A.

Palchetti 1., Belotti C, Bianchini G, et al. Technical note: first
spectral measurement of the Earth’s upwelling emission using an
uncooled  wideband  Fourier transform  spectrometer[J].
Atmospheric Chemistry and Physics, 2006, 6(12): 5025-5030.
Bianchini G, Palchetti L. Technical note: REFIR-PAD level 1
data analysis and performance characterization[J]. Atmospheric
Chemistry and Physics, 2008, 8(14): 3817-3826.

Bianchini G, Palchetti L, Muscari G,
sounding with the far infrared REFIR-PAD spectroradiometer
from a high-altitude ground-based station during the ECOWAR
campaign[J]. Journal of Geophysical Research: Atmospheres,
2011, 116(D2): D02310.

Maestri T, Rizzi R, Tosi E, et al. Analysis of cirrus cloud

et al. Water vapor

spectral signatures in the far infrared[J]. Journal of Quantitative
Spectroscopy and Radiative Transfer, 2014, 141: 49-64.

Rizzi R, Arosio C, Maestri T, et al. One year of downwelling
spectral radiance measurements from 100 to 1400 cm ™' at Dome
Concordia: results in clear conditions[J]. Journal of Geophysical
Research: Atmospheres, 2016, 121(18): 10937-10953.

Palchetti L, Barucci M, Belotti C, et al. Observations of the
downwelling far-infrared atmospheric emission at the Zugspitze
observatory[J]. Earth System Science Data, 2021, 13(9): 4303-



a4 F 6 H1/2024 £ 3 B/HEER

(45]

(46]

(47]

(48]

[49]

[50]

(51]

[52]

[53]

[54]

4312.

Belotti C, Barbara F, Barucci M, et al. The Far-Infrared
Radiation Mobile Observation System (FIRMOS) for spectral
characterization of the atmospheric emission[J]. Atmospheric
Measurement Techniques, 2023, 16(10): 2511-2529.

Canas T A, Murray J E, Harries J E. Tropospheric airborne
Fourier transform spectrometer (TAFTS) [J]. Proceedings of
SPIE, 1997, 3220: 91-102.

Warwick L, Brindley H, Di Roma A, et al. Retrieval of
tropospheric vapor
measurements: a case study[J]. Journal of Geophysical Research:
Atmospheres, 2022, 127(7): JD034229.

Bantges R J, Brindley H E, Murray J E, et al. A test of the
ability of current bulk optical models to represent the radiative

water from  airborne  far-infrared

properties of cirrus cloud across the mid- and far-infrared[J].
Atmospheric  Chemistry &. Physics, 2020, 20(21): 12889-
12903.

Bellisario C, Brindley H E, Murray J E, et al. Retrievals of the
far infrared surface emissivity over the Greenland Plateau using
the tropospheric airborne Fourler transform spectrometer
(TAFTS)[J]. Journal of Geophysical Research: Atmospheres,
2017, 122(22): 12152-12166.

Mlynczak M G, Johnson D G, Latvakoski H, et al. First light
from the Far-Infrared Spectroscopy of the Troposphere (FIRST)
instrument[J]. Research Letters, 2006, 33(7):
GL025114.

Mlynczak M G, Cageao R P, Mast J C, et al. Observations of
downwelling far-infrared emission at Table Mountain California
made by the FIRST instrument[J]. Journal of Quantitative
Spectroscopy and Radiative Transfer, 2016, 170: 90-105.

Ridolfi M, Del Bianco S, Di Roma A, et al. FORUM earth
explorer 9: characteristics of level 2 products and synergies with
IASI-NG[J]. Remote Sensing, 2020, 12(9): 1496-1515.
Ben-Yami M, Oetjen H, Brindley H, et al.

retrievals with FORUM s end-to-end simulator: challenges and

Geophysical

Emissivity

recommendations[J]. Atmospheric Measurement Techniques,
2022, 15(6): 1755-1777.

Xie Y, Huang X L, Chen X H, et al. Retrieval of surface
spectral emissivity in polar regions based on the optimal
estimation method[J]. Journal of
Atmospheres, 2022, 127(5): JD035677.
Kahn B H, Drouin B J, L’Ecuyer T S. Assessment of sampling

Geophysical ~ Research:

sufficiency for low-cost satellite missions: application to

[56]

(57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

PREFIRE[J]. Journal of Atmospheric and Oceanic Technology,
2020, 37(12): 2283-2298.

HERURR, INAR, REACHT, AR Al BOR ik R AR B R o
ST Bk S el TRk, 2023, 60(22): 2228003.

Pang SL, Sun L., DuY M, et al. Cloud-detection algorithm for
images obtained using the visual and infrared multispectral
imager[J]. Laser &. Optoelectronics Progress, 2023, 60(22):
2228003.

[RCER R U TSI oY I i i N R = U e A
i ULz v R R T). SRl 2022, 42(6): 0600003,
Shang H Z, Husi L. T, Li M, et al. Remote sensing of cloud
properties based on visible-to-infrared channel observation from
passive remote sensing satellites[J]. Acta Optica Sinica, 2022,
42(6): 0600003.

Key J R, Intrieri J] M. Cloud particle phase determination with
the AVHRR([J]. Journal of Applied Meteorology, 2000, 39(10):
1797-1804.
Magurno D, Cossich W, Maestri T, et al. Cirrus cloud
identification from airborne far-infrared and mid-infrared spectra
[J]. Remote Sensing, 2020, 12(13): 2097.

Cossich W, Maestri T, Magurno D, et al. Ice and mixed-phase
cloud statistics on the Antarctic Plateau[J].
Chemistry and Physics, 2021, 21(18): 13811-13833.
Di Natale G, Turner D D, Bianchini G
of precipitating ice cloud retrieval properties obtained from the

Atmospheric
, et al. Consistency test

observations of different instruments operating at Dome C
(Antarctica) [J]. Atmospheric Measurement Techniques, 2022,
15(24): 7235-7258.

Di Natale G, Barucci M, Belotti C, et al. Comparison of
mid-latitude single- and mixed-phase cloud optical depth from
infrared backscatter  lidar

co-located spectrometer  and

measurements[J].  Atmospheric Measurement
2021, 14(10): 6749-6758.

Di  Natale G,
Characterization of the far infrared properties and radiative

forcing of Antarctic

Techniques,

Bianchini G, Del Guasta M, et al

ice and water clouds exploiting the
spectrometer-LiDAR synergy[J]. Remote Sensing, 2020, 12
(21): 3574-3595.

Di Natale G, Palchetti L. Sensitivity studies toward the retrieval
of ice crystal habit distributions inside cirrus clouds from
upwelling far infrared spectral radiance observations[J]. Journal
of Quantitative Spectroscopy and Radiative Transfer, 2022,
282:108120.

Hyperspectral Remote Sensing Technology of Far-Infrared Radiation and

Its Application in Ice Cloud Retrievals (Invited)

Liu Lei"”, Li Shulei”", Hu Shuai"’, Zeng Qingwei"
'College of Meteorology and Oceanography, National University of Defense Technology, Changsha 410073,

Hunan, China;

‘High Impact Weather Key Laboratory of China Meteorological Administration, Changsha 410073, Hunan, China

Abstract

Significance

The observation of atmospheric far-infrared radiation is of significance for a deeper understanding of

radiation exchange and balance in the earth-atmosphere system, especially in polar regions. More importantly, compared

with other bands, far-infrared bands have inimitable advantages in remote sensing of ice clouds, upper layer water vapor in

the troposphere, and atmosphere ingredients.
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On the one hand, far-infrared radiation plays a crucial role in regulating climate and energy balance. Far-infrared

radiation accounts for about 40% to 65% of the Earth’s energy emitted to space and thus makes great contributions to the
Earth’s OLR (outgoing longwave radiation) and atmospheric cooling. However, there is still significant uncertainty in
addressing the key issues related to heat flux regulation factors in cold and dry polar conditions due to the limited
observations of far-infrared radiation, which has a negative influence on the accuracy of climate models. On the other hand,
in atmospheric remote sensing, far-infrared spectra are highly sensitive to low-concentration water vapor in low
temperature conditions, making it important for remote sensing of water vapor in polar regions, and in the upper
troposphere and lower stratosphere. Additionally, the complex refractive indices of water and ice exhibit different spectral
characteristics in mid-infrared and far-infrared bands, further enhancing the ability for cloud detection and phase
recognition. Meanwhile, far-infrared hyperspectral radiation is considered to have the potential to improve the retrieval
accuracy of microphysical and optical properties of thin ice clouds.

However, currently direct measurements of far-infrared radiation at hyperspectral resolution are still relatively limited
due to technical issues related to precise spectroscopic and highly sensitive measurements. The most recent measurement
of spaceborne far-infrared hyperspectral spectra can be traced back to the 1970s when the National Aeronautics and Space
Administration of the United States (NASA) launched the Nimbus-III and Nimbus-IV using the IRIS (infrared
interferometer sound) infrared interferometer, which measured far-infrared to mid-infrared radiation with a relatively
rough spectral resolution (2.8 cm™') and a spatial resolution ranging from 400 cm ™' to 1600 cm™'. However, this is still the
only satellite borne far-infrared radiation spectral observation data that can be obtained on a global scale. The main
technical difficulties for spaceborne far-infrared radiation measurements lie in high-sensitivity detectors and hyperspectral
optical systems (such as beam splitters). Due to the low photon energy in the infrared band, traditional infrared
hyperspectral interferometers often require cooling by liquid helium (or liquid nitrogen) to improve measurement accuracy
and signal-to-noise ratio, and this cannot be extended to satellite applications. Additionally, the moving mirror system of
the Fourier spectrometer must also consider tilt and other errors when carried in space. These factors have become the
main constraints on the development of high-precision and hyperspectral measurements of atmospheric far-infrared
radiation for spaceborne payloads.

In recent years, with the development of high-sensitive uncooled detectors and beam splitters, a few comprehensive
observation experiments of atmospheric far-infrared radiation at hyperspectral resolution have been conducted based on
ground-based and airborne prototypes. Institutions such as the European Space Agency (ESA) and the NASA have also
proposed a series of missions to observe far-infrared radiation by satellite instruments. Retrievals of ice cloud
characteristics using hyperspectral far-infrared radiation have become an important frontier field and research hotspot.
Thus, it is important and necessary to summarize the existing research to guide the future development of this field more

rationally.

Progress The main theoretical basis of far-infrared hyperspectral remote sensing is reviewed and summarized. We also
introduce the advantages of far-infrared hyperspectral remote sensing of ice clouds from atmospheric absorption and ice
crystal particle scattering sensitivities. Afterward, the development of far-infrared hyperspectral instruments for
atmospheric remote sensing is sorted and summarized, with a focus on the technical parameters and key technical issues of
the relevant instruments. From the perspective of technological breakthroughs in far-infrared radiation measurements, the
key technologies associated with detectors, spectrometers, and beam splitters currently adopted have been classified and
introduced (Tables 1-3). From the perspective of the platforms, the corresponding instruments and observation
experiments of ground-based and airborne, and the main experimental results are introduced. Then, the main spaceborne
missions to measure atmospheric far-infrared at hyperspectral resolution are summarized, including FORUM (ESA) and
PREFIRE (NASA). Subsequently, the advantages and research progress of far-infrared hyperspectral technology for
remote sensing of ice clouds are discussed. Since far-infrared spectra can provide complementary information on remote
sensing of ice clouds, we compare studies about synergistic retrievals of ice cloud parameters and phase recognition by
far-infrared and mid-infrared spectrum. In the end, the problems and the ongoing research trends in this field are discussed,
including possible technological breakthroughs in the future and possible innovations in the future. The potential

applications of far-infrared hyperspectral technology in ice cloud remote sensing in the future are also pointed out.

Conclusions and Prospects Far-infrared radiation measurements with hyperspectral resolution and highly sensitive
measurements are gradually becoming a popular tool for atmospheric remote sensing. In summary, conducting global ice
cloud remote sensing by hyperspectral far-infrared in the future still calls for in-depth and detailed explorations to promote
the development of instrument technology, and also calls for a large number of observational experiments to develop

accurate forward and retrieval algorithms.

Key words remote sensing; far-infrared; hyperspectrum; ice clouds
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