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) AR DR P G IR 4, Bl R
LRINE RSN W (IO 7/ N 23 e/ S D D B R
FNAAEE RGP (Wik 5, 2016; Wang 5§,
2018; Engram %, 2020; Yang%§, 2020), [AAf
SRR EA AR TAER] (OrrudE, 20145 Hori
G, 2018) . BEAEURASEE, A kyE I K ETE
BAHIR AR A AR 2 AR G AR I8 vk i N2
TG S KGR, X T WAAE SSRGS, W
UKFIUK B AT B A7 TE R DA R B R, [RAIn
X R FH A S By W i, OS2 e T B9 WA 7 )
0 DK 4 T 2B R R A AR AR WS 2 ) R B R A
WA B g — 2 BT, BRI . B
DR 9T B A4 NI T I R Y T L T R A K T 7%
RABNFIE I, 2w W B K A WK 2

KimEHE: 2021-11-01; FENA: 2022-03-17

BEE£WB: W5 ARXEHEE KL (4% :2020ZD0009) 5 55 1K

xRl IR B b T AR, DA 3 B I A
Ak (Woolway 45, 2020). ¢ L, vkid 2 B 4%
ST 2= A R RS N 22 = W I S B2 U R A IR i 8
B L WK R A S IR A TR S B AE DG 1y AR
I, IS A I IR AR Y A AR T R
G AT %) PR e 50 B e i T80 K 7 i i/ N T i =
B (Wik &, 2016) . X F AT, Bk
SR FEVY M X BAE AR T B R, 540
IR Kb Ty M X 3 B UK 18 S A ZE )
ik (Hori 5%, 2018) . ivK[RImf o= T —4k
LA, PN GE A& ZEEI T (Sharma 5%,
2020), WUKATIK TSP AR, LUK ) sk
TR AR A TS (Song 45, 2015).
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H ECVs (Essential Climate Variables), 4352 vk
7w 1 AU pKR - (Murfite F1 Duguay, 2021) o
T B o T ARUAT DL ) 45 28 TR 1B G AR A T R
W, BRI RIRA (BRFK T Mt AR, 20105
Kropééek% ,2013; Sharma#,2019; CaiZ¥,2019),
FORB A LA T VKR BEAR B JCTE IS SE (10
S AR LRI, B B o 3 A B R A
LM E AR R, (B2 kA TRV . 5
I JEE 5 i 10 4 e 5 SO LA B0 IE S WAL, BRI
T VIR 2 1B SRR S T U H AT I A e 2 2 1, A
FFRARR . J— i, FE9R W vk B T LR IE
UK EIE B A, PR A Bl s 1 R Rl b 5
IR 1 380 K RS B W AN A AE K S R 5 v
HAEREREENL, WHag kRl A EE
SEERMME

A5 VKAH DG 9 A VK 4k PEL A 5 0 38 7
Pz —. SharmaZs (2019) LT 513419 A9 5L
s oKk, RUAR . &R KB A
TR AEAT B T 80, A o0 R AR TR
g KPR GRS | ARG SRR, IR B Rk
i A5 AR K T O TR W0 FR R A R 46 A Ak D ) ek
IRESBORNTRSS o 5 ZeF 90 A 44 Y A IR & AR
e EE , 3 21 22 A H A 24 6000 4~ 1H 7K A
REMWIVKE DS (Sharma %, 2021). TEWIVKIEE )7
Ifi, Brown Al Duguay (2011) Tk CLIMo
BT b 5 1 DX VK EE B AE 1961 4F—2100 4 119 7l
Ar, BT A RO TR, B0 T AR R
JEMMEE RGN, 2R ERE20704, EAH
JERR TG BL T P34 5 K UK IR 81N 10—60 em; 7E
7 PR 5 T S 8 d5 KUK R K /) 5—50 em.
Grant 55 (2021) 5&T 22~ KA A o A% R A 5
PR, CATFERCPS.SIE = T, Athae R 2Ekil
Bl R B VK B 08/ N2 17 emo Li%% (2022) T
T B VKA R XF bR BR— T A4 50 km® L LAY
WA VKRR ST TR0, 75 R IR B A BRI
B R UKIE 2 R 63 em (VKIS 53 18] 40 A 40 1 1 BF
/R), TERCP8.5HE SR, 21 {4 R K ykEn]
fEW/NZ) 35 cm, Li%E (2022) F1Grant %5 (2021)
BT T 4 5 ERAS-Land 32 4L B9 159 7K 58 1 5030 1k
7T XF L, ERAS-Land i K 5 B 55085 3 T Flake 52
RIS S] (Kinllin %, 2011), Li%E (2022) i#
1 % S RHA A ERAS—Land $2 43 6 151 vk & B2
TEFR AT S GERF IR A7 AR A S = Ak

VKB /m
25
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1.0

AR (Li % 2022)

Fig. 1  Annual maximum lake ice thickness of the Northern
Hemisphere from 2003—2018 (Li et al., 2022)
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JE(DUFRFRsEis ), FE sl i@ @& SOa] Ll — 20
53 KT SAR SZAL Y J5 1k AL 3 R 0 s 10 ik
P2 FRAT A M3 BN = 22 A vk R IR S B,
FE25 B FE N Y55 Y X I8 K S B HEA T4 8 . Kang %5
(2014) T W BN AL AT AMSR-E X /il & K
AW (Great Slave Lake f1 Great Bear Lake) 4T
UK FCTE Wik T 4 20 G I8 0 o JEE %) AT A M
BT SAR ARG [l B 3 B80T LK oK X 43R 7
UK VK RS IR OK T MR (F BAG SR VKR
(Duguay %, 2002), X T4 LW vKIERHIE, W
CINPRER 2 TN C IS e S e I TEPS
Z# (Murfitt 5, 2018); J&T I = 2 35 19 i) oK R
W0 0, 45 R FH B S Rl 9 B (Beckers 45, 2017)
FVI v B A S U R L (Zakharova 55, 2021),
AR EE T 304 VKRN 41 (Lids, 2022); Kk
THRLLAME B0 0K R S S W) T vk (Su Fl
Wang, 2012; Mikynen %, 2013), T 4F 3K %
P ) 0 UK R B W (Pour 5%, 20175 Li %%,
2022),

A SC B8 1A 3 SO v R B R s, A
] N AMIF 2 () SR BT 1 Jie L 3 T R T I KR B
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J 3 J5 B e N7 S0, A 28 4% b ST O vk B 8OCR
Lottt i, LA K vk JRE 8 ) 6 i D7 vk AL S B
o3t BL B B i) I PR JEE AF S 1 ek ) Pk 5 T RE R
JE&JT T

2 WA VKIEE R AL T R R

2.1 HERUKE BREE

AL LA R T 00 vk Y B e AR R
B A B GO0 R S, 1 4n SMMR (Scanning
Multichannel Microwave Radiometer) , SSM/I (Special
Sensor Microwave/Imagery), AMSR-E (Advanced
Microwave Scanning Radiometer—Earth Observing
System) . SMMR /245 2k T 36 F 4% T & Nimbus 7
AR, TR S AR U BE (6.6, 10.7,
18.0, 21.0, PI}%37.0 GHz). SSM/I Z45#k T £
B A5 TR R LAy, DU 4 > it i
Bt (19.35, 222, 37.0, LIX 855GHz). SMMR
FTSSM/T R[] 43 B3R 2 Sk H B[R] RUEE, 25 (8] 43 ¢
F 4K 25 km, SMMR F1 SSM/I (1) %5 35 7l D) 5 35
1978 4F 24, H W T vk Wi . e kR FE F g
VKW 46 5 T BF5E (Aulicino 25, 2014; Ke 45,
2013; Cai %, 2017; KT 4%, 2022), {HIEW
VKRR JE 4038 1) B /0 . AMSR-E J2 4% 3 78 26 [
FE A0 25 fL K JR) NASA & S Y Aqua T2 I (015 JK
e, BERDOWI 6 > e ik Be (6.925, 10.65,
18.7, 23.8, 36.5, A} 89.0GHz) MIZZiR, W H
T vk . B DL VK B 1 A 5 (Wang 55
2018; HanZF, 2019, 2021; SRzl 5, 2022),
9 H T KR FE S (Kang 55, 2010). 5
T VA JEE 32 A G 1 die 8 119 8 B 2 18.7 GHz, L5 [
Gy HER LY Ry 28 km, W [A] 43 ¢ 550 H i [A] RUEE .
AMSR2 7] ¥ Jy AMSR-E 9 J5 4k 1% %5, ## T
GCOM-W1 T2 |, HI AMSR-E ELA FHBLf % Beik
B, S EAPERA IR (140 18.7 GHz B4 Tt
F 7 14 kmx22 km) , AMSR-E 5378 35 2002 4E—
20114F, T AMSR2 T 2012 4E#% AfdiJT], ZEANTE
B17.
2.2 EFROKEBREIE

F B R T LA i, — 2RI Al
LR EIL (SAR) AR, D7 —J Rk 5t .
WK P FR ik I B Lk BE (1.2 GHz), CU%

B (54 GHz), X B (13.4 GHz) LI K Ku % Bt
(13.4 GHz) %, FHIY SAR SAAZBU Ui A 45 Kk 25
J& ESA & 570 ERS—-1, ERS-2, Envisat, Sentinel—
1, MERK A RADARSAT-1, RADARSAT-2 #
RADARSAT Constellation, 1% E % 514 TerraSAR-X
. PR T EBE T TerraSAR-X 7E X I Bt TAE4L,
HRWTE CHBLTAE, AR HERMILUKEILK
NG, I TS O AR . AR [ 43 BER
5T, & RADARSAT Constellation 4 4% &5 (4 B 7] 43
B (4d), HAETEBE S HERA B (10—
35 d) . SAR AR R 0y I R) 5 A, B R
ERS-1 TR T 1991 4R K, £ Dy S 130 vk J 3
T AR T o

Dy TR e ) = P T ¥ T T A K i
J5 12 R T BN B KA . H RTHOH T PR
THE PO e TR B A CryoSat—2 Fll Jason 51 11
Ao CryoSat-2 H1 ESA Wi 3£ F 20104 & 4, (HH
T SAR H AR, AT LA Sy i R A BR R Ok O
(beam—limited radar altimeter) , Tfj Jason & %1 T &
o NASA 13 [ [ 5 25 [8] I 5¢ H L CNES B4 ff
il T A% GE R Bk b A BR A I (pulse-
limited radar altimeter), 5 ARIZLANTE 20 H22 90 4L
AE A, M LT Jason R TR, CryoSat-2 [
& RA T E IR o HER AR T IR /N 1 K
JE&, (HIE] B A AR (SR Em DI 148, F
A 2514 H ). Jason—1/2/3 Fl TOPEX/Poseidon
(T/P) Z 5 TLE A I vy T v B v 14 ] 2
K A(A10d), BEEERK (19924F24), %
P — Bk RAF, HCTE D SR vk s Dy T E AR R
W1, CA AT 21U S 1) B 22 20m
[l 35 % JE dE A7 VKR B i (Zakharova 5%, 2021; Li
4, 2022),

2.3 AT HME RREE

H mrE T oK R W #ho4r Ah E R E B
JE MODIS 1) M 3% i B £ 41 LST (Land Surface
Temperature) . MODIS LST &= 223§ MODIS #9 31
(11.03 pm) F132 (12.02 pm) PP BB 15
#|, MODIS LST #i& b & KAT 4 YOI, %3 [] 43 B
R E] 1 km, SEHFSEHI VKA EAR B IR . H
F i P4, MODIS LST $4s /7 78 K i, A:fE
T B AT EAE A RR N T AR SY, SoE
i R B ) 43 B 3 B9 72 & (40 MOD11A2 Fi
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MYDI1A2, 8 d ) DIRUEA 782 A %ot
(Chen%, 2017; BaiZ®, 2019; Longfff, 2020) -

3 ITH K5 i S S e e P o ]
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Wikr)se il 2 e R E MRS T, Bk
T VA S R A A I SRR EE o TR ] 4 U
JESPAT, SEBRYAR PR St S e R A S /)N
CRSF/NTAET 1) o MAEAR ] K IR 5 5%
PR, RARA IR SR AR T 05 T A 0 S Br i
B CRIRB/NT S TR, HAM RN, 5=
TR AH BE T S Bl B B/ o Sl i B i 1) DK JEE
P14 S A i TR K AR R KT BB e B e S5 SRR 2
o LU IR LU N, URE5 AR VR a5 0 Y
SEURAEACI R AN 2 PIT7R o AKAARAE SR D B i) 2 S
R (0.4—0.5) (Hewison Fl English, 1999) ,
T VK AE TR D B i e B8 R s (£90.9), B,
0 CHYTF A /K T s I A R mi 45 vk s se i A m 4
KR S B il B e T UK B SE BRI ) o AR AMSR-E
SE il B o3 AT, WA DT IR 25 DK 3 3 1 58 4 K
3, R ESEATHEILTK, Hi2RE g
FeaE FR AL 7 A A Be BB 835 (Kang 5%,
2010) o TEUKJEZEIG A, iR s
P TS, PR A RO AR 3G i — Jy T B AR 1 K A4 i 52
m, 75— 7w sE 7S U (Lemmetyinen %5,
2009) . HELIrRE , SelR s R A T,
H AR ZE 6 0 PR R S0 A o v DAL SRl T i s
VKA AL A A SR (Kang 5, 2010) . #3405 I
IG, AT LU FH 5 T ) 98 72 Sk o 7 VR 45 AR Ak
MIIFLG , A VKIS RN, AT DU S R Ak
JERIIHIC R, TR SEiRAR B TRE R

A WS FI FH AMSR-E 18.7 GHz FFE IR X in %
KA KAEWI GBL (Great Bear Lake) F1 KU GSL
(Great Slave Lake) WIVKIEEEHAT T i (Kang 5%,
2014) , @I, & 18.7 GH2 MR 52 i A
FIHERERN, AN REARGS i S W vk 3 SR i) ok 72
MM/ T 18.7 GHz A48 1Y 5 TR S 25 1] 43 BRI
HA 5 Z 2K AF S0 m, K 18.7 GHz J2 4%
H G AR, BT SRR R B, T
AR SRR, 5 el CLIMo i)
VKA RS (Duguay 55, 2003) LAY VKIE SRR & I

WRRMSE MK K PR P A A7 358 b o K
MG, PRz s B E 7 iR kg Z
AL SR . BJa BRI IR 2 5 308 iRl
AEE UL DK T RN 43 S5 0 Pk SR i i g i, e v 45

(4715 22 RMSE 7£ 0.18 m 2 47 .
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Fig. 2 Lake ice thickness, snow depth, and AMSR-E
18.7 GHz brightness temperatures of the Great Slave Lake in
Canada during the winter of 2008—2009
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R RIRUKE RO R A BT, X sk
JUFE I T B RS, A G IBME LAY A 5 6]
MIEEA (SAR LEWINA —ER AL M, 8 A2
BT ROULI A SR ) AR SR O 1 ST [R]—
ME3HE 1 FR) . Brih, MBS m U R4
AH e TR K B 298y (Duguay 45, 2002) . ]
T 5E VRS, KIERS —ERE R, o Tk
KA B 5 B B A FL R R 2 S R (Matzler Al
Wegmuller, 1987; Murfitt #1 Duguay, 2021), Hik
PR VKOK 22 ST Y S A 23 m (G & A7),
Je 1o 3 R s 2 B R B A — B B R AR AR o
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fi7n) (Antonova?s, 2016). KR A ST
U Gl A K R T Y S D Tl (8] H R A AE
— WP, BB EIE I TR IR IR T IR
S5 Ja A AR AT )R L s (anfE 3 vh i 1
Fi7R) o B — WS R AETEOK g Fhm b, 5
N €= NS I R/ B QT R o ¢ R & R /NG
1l (Weeks %5, 1978; Duguay %5, 2002). X —F
YT 1 RS T KRR T 4 m B ITAAR 27 W
DRI X R R G0 . 23 B BIF ST A O B IR
SR IT AR S i 5 1) O R AR EEE R, R
BEVKOK A FETAFAE — € R HLRE B2, 7 iR I AR koK
A Y S G (i3 Ry IR ) 242 L
il B J 1) WO R B 22 4 (Engram 55, 2013;
Atwood 2%, 2015; GunnZ§, 2015).
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Fig. 3 Scattering mechanisms of SAR signals on the lake ice
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S, 2018), ) HBUR AR AR A IS R MR K
2T EAE VKR E N WIS B AT LA 3 0.12 m, {H
TEVKIRE 3L 0.4 m J5 AT REAFEAL IR 22 (Murfitt I
Duguay, 2021). #2287 2k e S MR G 18U &
B 2 PO oK rh A b R ER 4 (RDEE T B2 3K
RBGRAER 3 ) . SR IS T5E15 3 17K R s e ok
S U8 UK JEEBE o YA Y K T 8 AT R i U
MWITE K LR AR AT 2, B T S R g ) A
J7iE AR B (Duguay 55, 2003; Hirose 55, 2008),
X 5 1 e BE A T K T MU A BE L AH G SY
ORAE T 58 B UK TES IS FIN IR TR
FEFE R .
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(a) Stacked plot of waveforms from the ice—covered lake

surface

(Zakharova %5, 2021). ZakharovaZs (2021) 4F
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(b) A typical lake ice waveform from the stacked plot
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Fig. 4 CryoSat-2 waveforms from the Great Slave Lake in March, 2014
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Fig.5 Lake ice thickness, snow depth, and Jason-2
backscattering coefficients from the Great Slave Lake in the
winter of 2013—2014
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Fig. 6 In situ lake ice thickness measured by a meteorological

station near the Baker Lake and by drill holes on the lake ice of
the Baker Lake in the winter of 2012— 2013
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Progress and prospects of remote sensing of lake ice thickness
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Abstract: Lake ice is an important variable in cryospheric hydrology that is quite sensitive to climate change, serving as a regulator to

regional climate as well as lake ecosystems and a natural resource to sustain human activities on the ice. Lake ice cover and Lake Ice
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Thickness (LIT) are two key variables in lake ice studies. However, most lake ice studies focus on lake ice cover as opposed to LIT, due
mostly to the lack of in situ LIT observations and effective satellite platforms. Consequently, LIT states in ungauged basins remain largely
unknown, and critical knowledge gaps need to be filled with breakthroughs in remote sensing observations and retrieval methods. This study
reviews the progress in the remote sensing of LIT for the past two decades, focusing on methods based on active and passive microwave
information as well as methods based on thermal infrared information. Currently, the best retrieval accuracy of LIT is 0.1—0.2 m for
satellite platforms, unable to meet the accuracy requirement (1—2 cm) from the Global Climate Observing System (GCOS). Passive
microwave sensors such as AMSR-E and AMSR2 with high temporal-resolution and coarse spatial resolution (~30 km) are efficient for
monitoring LIT in large lakes. SAR images can be used to discriminate bedfast lake ice and floating ice, applicable to shallow lakes and
lakes with bathymetry information. Waveforms of satellite altimeters containing signals backscattered from the lake ice surface and the lake
ice bottom can be used to estimate the traveling time of radar pulse within the ice, which is suitable for ungauged basins because the method
is physically based and does not need calibration. Backscattering coefficients from satellite altimeters can also reflect LIT evolution but
needs further investigation to improve its robustness. Thermal infrared information such as MODIS land surface temperatures can be used to
drive lake ice models to estimate the LIT, but its accuracy is subject to the complicated process of lake surface snow. We summarize the
challenges for current LIT studies and indicate future directions for LIT studies. There are four critical issues: (1) The physical process of
lake ice and lake surface snow needs to be better resolved to improve the performance of remote sensing and modeling of LIT; (2) In situ
measurements of LIT need to be aggregated and standardized in a larger scale to provide sufficient calibration and validation data;
(3) Multisource remote sensing information of LIT can be better combined with lake ice modeling through data fusion and data assimilation
to derive global LIT datasets with a longer period, higher spatiotemporal resolution and better accuracy; (4) With the development of new
generations of satellite platforms, such as the latest altimetry missions (e.g., ICESat-2, Jason-CS, and SWOT) and SAR platforms, advanced
methods can be developed to better achieve the LIT monitoring target set by GCOS.

Key words: lake ice thickness, brightness temperature, backscattering coefficient, satellite altimetry, thermal infrared remote sensing
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