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AER LATACAEAT, A2 R EAE
A ol 4 3 B VK Br T (Verpoorter 55, 2014;
Wang 55, 2021) o ] PKASAL 2 UK VR P8l A B 2220 1l
iR, e XY 2= AR R AR /R & (Johnson
Ml Stefan, 2006). —J5if, WIVKFTPERFAE 2 2%
AERS BB et Gl 284k . ©A RIS (Hodgkins,
2013) & WIS [ J ) 14 980 pROUL I 5 4 mT A S 4K
MAIE s H—Jrm, FEEBKNAZEL, B0
P Y S5 R A w2 R AR AR A, 3T S e )
NS N W7/ s o o /S 1 1 R W 7
(Johannessen %5, 1992; F&F 4, 2017).
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2005) o fH 3% SEWL T5 A BRI SR R (1) #E
RN TSI 1, H UM o3 A A, XFF R
iR ME LB DI 1R: R I RGNS 2 WA N U R M
Sl /D XL S, AT O AR X SR AR R T A T8 K Sl
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THI (F2), K SCHRECR BB ER KB,
H “Climate Change” . “Arctic”, “MODIS” Sy SEiis
FAGE, HP “Climate Change” B R £ 5
S T O T AR AR A S A L )
VKA W S pK ISR AL A AR 2 R BB WL I B 1 742
s (Lin 55, 2018), CA ST W vk i 5k
s T K I T vk (BB F AR, 20105
PefisE 45, 2020; Murfitt fl Duguay, 2021), Sl
HPYME . KRR GECME 4%, 2020). B
A AN [1) 28 S A i R ) T T A e R A% 2 i SR
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Fig. 1 Number and citation frequency of SCI papers regarding
the topic “Lake Ice” from 2000 to 2021
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Fig. 2 A diagram of the research hotspot keywords presented
in the studies on lake ice by remote sensing from 2000 to 2021
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(BR¥%t 5 48, 1995), FZ I AKEAT Lo iR
B Ol RV 8 R Ol i R 45 A T
R RBARE R s R GE, Pz = 200 BRI
B, 1EnZHRIEMWA T TR ik
ZRAROWFEME N, MNB)JZEA —EFE
fE 1, PR R bt R AT I, BRWAFEL
7o i DX I K W T 2 B (Lillesand 45
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Fig. 3 Remote sensing satellites used for lake ice monitoring

2.1.1 FEFiERK

O 27 2 J5% 2 L ) b ) 1 S S OGS R 1X 43
Py GBI, wm Je B R DK T AT AE B 2T
H., HHT, Terra il Aqua LA [ AY MODIS AL AR 4L
P b T E U A (R BERAT IR 1 d) . R
AR, MRz N T R AL vk g A
Al (it 55, 2012) o 26 B B R AU
Fi1J5) NOAA (The National Oceanic and Atmospheric
Administration) NOAA T & [ ) AVHRR 1% 248 54
P AW oK A W I h B R AR T e (BRYE & 45,
1995), MWl 3 HEA5 1 d, HZRTEMK 2
6] 53 #E 3 (1000 m), AVHRR A0S F Kk,
Bk AR AR R R B VKBIEFE . 2011 47 38 [ & 1
& 2% VIIRS 1% 8% 25 1 35T — RO Hi 0 T2 A2 Suomi-
NPP, %3] Z0HF3RH 370 m, 4k7K T 528 T NOAA
Z9) TRV K Terra Fil Aqua T35 A9 X i WM AT: 55,
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HARYI A, A 5855005 o Landsat &5
DL K Sentinel-2 A/B T3 HAG B 5 25 [H] 3 HER (3
SR BEAT IR 10—30 m) . KIS TEFHN PR, ik
WHE UK IE 3 S B W EEF B (EXF 5%,
2020), fHIERFHEIHERAL (Landsat R 51 TLE By
T JE 3 16—18 d, Sentinel-2 T3 &2 i 58 B 517
WIh10d), AREZE H I, B — 12 2R LI X LA
T ) DI SR A e P (T, o TG G A 128 R
BAEATR B ) (RILEE &%, 2019), wf DU i
B A B B b/ N BRI A T vk (R R . B [
TREMARKIRR, RE_5 (LB 5%, 2019), &
3 F A TR A AL BR824 1 T ) K SR
H, GF-1F1 GF-6 TLAL I 2203 =5 [l 73 B &y
16 m, —H &G54 TR Mo X A E U7 A 0 AT 3k 2—4 d
(FESZHE 2%, 2021),

212 {RURIE R

Tl bl 1 SR S Sy ke 20y Bl o JEORT 3 3 fall gl 1
S I R PR A, S TR (EDR )
JE T, 5 T S R R IO ) I 1 T R A
KM R . SRR, VKA IR (A 5]
HUH R # (Kouraev 55, 2007b), H. I
A UKJEE R HE N3G A0 (Wakabayashi 55, 1993) .
PR, KA 0 58 05 5 05 ) B 22 5%, T
DLSRBUH vk ¥ (Walker # Davey, 1993) FlykJE
Al (Kang%%, 2014),

BT WA I P Sh BB A% A £ 45 SMMR
(Scanning Multichannel Microwave Radiometer) (Cai
4%, 2017) . SSM/I(Special Sensor Microwave/ Imagery )
(Lemmetyinen %%, 2011) , AMSR-E/2 (Advanced
Microwave Scanning Radiometer Earth Observing System )
(Du %, 2017) #1 MWRI (Microwave Radiation
Imager) (BLzkfe 4, 2017) 4, Hrp, MWRIZ
FES AR TR =5 (FY-3) L#
A B BARANL AR R AR ) K B I rh s
BT RS R BAR T LA 4 H T,
B 23 18] 73 PR LA (B4 25000 m) , fREKTR
B BITR I CGRBIRS BEEmEOR, — B E T
KA (H > 500 km®) AGIIVK I (VE A5
&, 2020).

T B ol ipl o J T AL SR 2 R 45 A L
fLE RIS SLAR (Side-Looking Airborne Radar) . &
N AL1E 5 SAR (Synthetic Aperture Radar) . U

it XA E i RA (Rader Altimeter) (VF & AE
4, 2020) Hor, SARZRH UL 32 3 Ok 1L 1k
fv, TR S0, 70% 1) 3 SR W v ™ i #
B T SAR %% (Murfitt # Duguay, 2021). Ffi%
SAR WY AW & e, AT 273 {0 SAR e itk — 20
BT K ZE R (Morris 45, 1995; Gherboudj &
2010) . HKERE . SIE & ESFIKEAH  (Wakabayashi
A5, 1993)c 19874F R, A 323 i i AT Y
T VK W 0 AF 5 2 B T SAR B A X R B, Bl RK
JH K Jai ESA (European Space Agency) ERS-1 11
B RS, CUB SAR ¥l 32 3 Bk B 2 2234 1Y
Bk (Murfitt #1 Duguay, 2021). #]H C % Bt SAR &
ST IR 5 Mk B HK R4S (Hall 55, 1994),
G4 WO vk Wy e 5 S TE R ME A= (Geldsetzer
&5, 2010) . i BEGE E U RACK, A
STy VAR R UiY €7/ ARl e

22 HERHEELR

ST A1 S M R A, E I DK DX
A=A —E R fE e, F w2 & B &
A 2 A A R 7 1 o U S SRS AR RN |
A 12 PE R 1Y PR TR A R 48 GPR (Ground
Penetrating Radar) 7E K8 [l 5 oK 1T 1) 7K B W 0
kA EEAEN (XIZF 4, 2017; B,
2021) o 3T T 2 2 BCR ] TRAILAN BT BIL 3 45
f&£ (Arcone il Delaney, 1987), Weeks 5% (1981)
el FH A0 A AL 28 75 3 UL T AT 4 34 Ik 3 i oK o
EEIHHLRATHT T L s, AR
w A S5 A . JE AHLUAV (Unmanned Aerial
Vehicle) % & i 2s i@ B it 7o i .
AHUA P PESR  SRBCRAR . /R0 . R
sz BRI /INEOL A (XDHE 55, 2020), S4R#ER S
S5G] LABE Sl R 4 A . W /N
LI 225 3 % RAT - 5 A4 [ e 3. e 3 ATE A
BHIAPLE (Watts &5, 2012) . T 32 JEK R W
T BE Mo ot F AR AFAE R BRI, B HLA R 10
K530 ] Sy T8 KRR R T S B 1 S AR AU B A T
BubEdE (e, 2021).

23 WKEBERE SR

PR A T8 oK e ) BRI L o T 1
Fizs . H 1966 4E LI, NOAA F Jil #4s & Aidb 2k
B DK BRSO 7= i, A R 50 R O 190 km
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(Ramsay, 1998), FEJZiEtF THlfE, HiLiE
WP . 1 B AN R, AR ™ B R RS
P R — 7, NOAATJT R T B2 1%
TR AR VK E I 2 R 48 IMS  (Interactive Multisensor
Snow and Ice Mapping System) . IMS J2&3& F 9% i i
SRR SSM/LFH il k5 50 ) A A I VA1 R 235 TR ™
AT 1997 4F 541 24 km 43 BEF A 2004 4F 2 F
EAH 4 km PR 2 B P ERIKE 7= (Tekeli
4, 2016) . 201447 IMS U 1Y /3 BER O 24
B 1 km, ZEGE R, & T ORALNA Y
WK YA 5T (Dauginis 1 Brown, 2021; Duguay
4, 2015)0 19964F, LR WA K0 A S 52 00t
H NTL LTER (North Temperature Lakes Long—Term
Ecological Research) 5¢ Uil /E T 4 BRIIIE A i
VK W) 1 B 5 2 LIAG  (Lake Ice Analysis Group) ,
R TR ERIIA R Wk iRE R, E
B T AE AL S5 RN B K B (Warne 5§, 2020) .

2000 4F, 3% [ 5k 5 % o0 NSIDC (National
Snow and Ice Data Center) #EH ) MODIS vK & 7= 5
MODI0AT/MYDI10A1, 045 TRk, =, A, ¥
UKANASH 7 5 K, PH: 500 m Ay 23 (8] 4 3R
8 d ] /3 HE R AR i, O 12 W T X S Bk
FUBE W1 oK W i v (B BE 7R 4%, 2019) . Hidr,
MOD10A1 % ## £ fit 2000 4F & 4 (1 vk T7 72 i
MYDI0A1 % #5 42 fik 2002 4F 2= 4 19 vk & 7= & .
2011 4 % 5 59587 — AR 6 s U0 T2 Suomi NPP
e T VK VO BB 35 77 B NPP_DSCHKD_L3D, %5
] 73} % 500 m, AL B ML . PRE T VETE
=, UK SIS, 202045, RRILR S Y
WA AR ARAB I H 35T 2 I R e T4
BRI ™ dh (CCI Lakes) , f34% 1992 4£—2020 4
WA vk E B & s £ (Lake Ice Cover, LIC)
(Crétaux %, 2020).

F1 EHRSMNEFREEHAENHRELE =R

Table 1 Snow cover products used for large—area lake ice monitoring
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G02156/versions/1
2014— 1 km
https : //nsidc.org/data/
LIAG Je2pxk H Lk 1996—2018 £ ZFh “LAKE ICE” P &
GO01377/versions/1
https : //nside.org/data/MOD 1
MODI10A1 2000—
7= i 45 100 0A2/versions/61
4FR MODIS 500 m 8d .
Xt iz 4 vk https : //nside.org/data/MYD1
MYDI10A1 2002—
0A1/versions/61
7= i R 100 https : //nsidc.org/data/
NPP_DSCHKD_L3D ESeod VIIRS 2012— 500 m 1d L
Xk oz I vk VNP10/versions/1
ZJFE(MODIS . https: //climate.esa.int/en/
LIC Je2frk 1992—2020 1 km 1d “Lake Ice Cover” P

OLI.MSI.SAR %)
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LA A MR L B PEE . BdE e
B) %5 B 25 [ &, MODI0A1/MYDI0AL = 5 76 B A
VKA i 2 e, Hzs )43 HE4 (500 m) &
T IMS £ 48 (4 km) , ME#IMEHE S (Brown
Duguay, 2012; Murfitt fl Brown, 2017). VIIRS{%

JRARAE 7K T MODIS &A1k 25, NPP_DSCHKD_

L3D 7= 5 19 A2 B3 1F [A] Ltk MOD10A1/MYD10AT 7= 5
Wi T 124F, 2SI HERME, (HJ88 A prit
= (JREEE 4%, 2019),

3 VKRS W0 vk e | oK R T SR

A5 %
31 KBRSk
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H P A 15 ) /] LA 3
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BRI B9 22 5 . % Landsat 8 52144 +i¢ iR
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PRXT AT DL i B i s g s VE Y, AE WA R A vk =z
A, KR R B, KR B ;T R
UKD S P, SCBRARAE A ., BEE VKIS B934,
VKT €Al e v R T R R B i I8 . IE KA
VKB . SO AERRE M 22 5, H AL IEA 7T LA
AR AT (85 A A RN P T X 50T
312 BERERSEHREE

B B/ R S T R P B — g B i Uk
SRR SR EUR U R BN 22 ROk
PEIX 3K RIvK . B 48R TRk, SEMIRE R
SOGE MR . TR TE T 200 B i i S R4
i (BEHZEMBYEE, 2005), 7E700 nm LU 25t
FREAREILF 05 10 VKAE 350—850 nm I B A5 A
R RS, B A 3G 0 B S A
Ko FHZK RN UK TE U 21 /M5 BE I S R 25 5%, 78
W5 RAE = BT, AT LA B B i A7 X 45 -
WRE B a, MUT L0 T B SR KT a i),
WA RIZAZTC RN UK . BRI, BT KK 22
S, R 2 R o B nT L X 43 W vk A K AR (Zha
1 Woodcock, 2012) . VK5 1] #5528 %0 He K 44
&, WAl L TR HER I UK K X 4> (Kouraev 45,
2007b) .

1.0
0.8

M 0.6

&

X 0.4
0.2

%50 850 1350 1850 2350
P K/mm
— R — I —k —F —KF (5§ —K
B4 vk KL R H A 3= 22 A i G S R i 2R 4
(PEfRE 4F,2020)
Fig. 4 Spectral reflectance curves of ice, water, and several

other typical land surface features (Pang et al., 2020)
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2 W BUVE IR S 1 AR BB = ) K Rk AE
2 e B B R 2 i 0 R IE 22 S ok b 0 SRR
(] 422 S OB VK 1 J5 1 o IH— A 22 (E AR 5 B NDSI
(Normalized Difference Snow Index) &% % F 148
B, H SO BORN R U 21 Ak B I U AR A B
(Hall %%, 1995), AILAA R s . A5
EEMR P T UK A A ke B S e (BB 7 FRit AR

2010), LA MODIS & &5 £ 8s R 61, NDSI (1) 1155
AN
Band4 — Band6

NDSI'= Band4 + Band6 (1)

A H, Band 4 5 MODIS B4l 48 4 I Bt (&806)
JFZE ; Band 6 & MODIS 30445 6 e Bt (Ja 41
Hh) RTERAAE

AT (2010) 24 T 2EEny 0 —f 25 H AR
= 45 % MNDSI  (Modified Normalized Difference
Snow Index), F T ZT A0k B A0 0% 21 7k B 2 5
RITEAFH] . XREHCE A9 MNDST 75 37K 44 Fi vk
AT 45 5 i 22 L NDSTEE B i, 045 ) 1 X 437Kk A4
Mk (AW 4, 2015) . MNDSI (95 24 =

T

Band2 — Band6
MNDSI = Band2 + Band6 (2)

X H, Band 2 5 MODIS £ 55 2 3 Bt (404 )
RS ; Band 6 S MODIS 504845 6 I BE (40 0%
ZLhh) RTFE.

AT — Tl 35 Tk 3 Dk 3 TR R BB MR ) 4k
WAL, MRS EEITE E (Cavalier 4,
1991) 7 AR i >k, J& AH % fk b PR (Polarisation
Ratio) FIH5 &85 GR (Gradient Ratio) Z H2E X
SRR CEHEER, 20065 Kouraev:, 2007b,
2009), HHEALWT
_ TBI19V - TB19H

TB19V + TB19H
_ TB37V - TBI9H (4)
TB37V + TB19H

A ff, TBI9V. TBI9H. TB37V 43 %] % /5 19 GHz
W, KFFI37 GHz T B AL R

MR 12 BB R 5 WA P e X B AN TR, 4y
K EA —EAH, R — P B,
JELL0.0001 326 38 /38 D8 R, B 245 B R A I .
W25 (B B BEE AT LA 2 2% 18 125 R 000 I8 0K %) A G
SRk (Zhu f1 Woodcock, 2012; 2] I8 2%, 2015;
Wang %, 2021; Hall F1 Riggs, 2007; At 45,
2021; ARHIVEH 45, 2018): £I60% B ET%>0.1,
VT LL A BT R >0.05, 2106 B S R — i 4T
AN BL T %>0.01, sl E{E<3.8, NDSI>0.15,

3.14 HIB{/EIFE

15 55 B AL AN 27 2T 1 53 80 K B4 T 92 2 3 o X
T SR IR AT B AR, 5k ERCSHL Y % ) K R K A4
RICE STV GRFEAR S, FREPEGIE 1SS A X 52

PR (3)

GR
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BT A KR oT 3R B, F 3% (2019)
FETSZHFII AL (SVM) 4320 (0 R 1 DX i i)
UKAIEAT R, 2 3SR 1) HL XS T8 K B EORE X
g ik B T W M Pn e, SRR T
88.58% LA L5 BEHLARM (RF) 432t T X455
IKFIK (Yang 55, 2022), AHAST A3 B (R VL AN
Z U BRSO AE R PR R BE Ty, KSR
0.9965, K iFAH M 0.8072 (Han %, 2020). Wu
& (2021) PN T ZHLER 2T 43 AR vk oy
FK R, 3G MLR (2T BIHHT) . SVM,
RF. GTB (BfEE4&THM ), Hh RF A GTB 9432
SRS EEESAE] T 98% M L) b, H RFXHHESEH
PEREAN XS AU, A B IRWE I T3 UK RUEE ]
UKAT AT

BEE N TR REH AR k5 5ent, T IWRE
= 2] 180 vk SRR A2 B I O . X R T
T R I A Ry — 53 251 S R TRl 3 3 4 AR
VYEPEHUEAR R, ATk 28, R E G
) 4% 114 T8 DK S AR TR ) - 359 58 3 L MIoU 48 b 7E
90% L) I (TomZ5, 2020). MaZf (2021) 4544
TR 25 X 26 R 5 1 Bl AL A7, 38 ok 328 SRR A5 4% T8
IKITRESIRE, P BANE A 5] 93.10%, HXT
T/NBLIA A ARG 0 1 FHASCR

3.1.5 KB RGORI R L&

TR SZAR H LA 12512 U 30 VK B AR AT B Y
FE (Gatto, 1990), {HTEZEAKEE NN FEUAYZK:
PEATHINT, HMAARZ, mEEIEEE R, YL
SCPRAL AL . E AR . R B 1 T v R
W EML A sh e ie U 3 (% %,
2020), H MR EE N TR R B . A X
o, LA T HAA m R RR oy 2K A Bk
B S, (HALAS % > A vk R 50 Oy vk H Al
KL TR . B 51 vk e B i o8 3=
LD BLAE RS e B (E R 2 B AR RS e P
LRSI

B B RS i AR T A, AR TR R
TR A A 0 DR BT, ER AR A AR T
IR E RIS B 5 M T8 DK 4R Bt SR A A
LW BLAR RS B AR BB E R W B AR S e, (1
SHDBERBEIRSER (B %, 2021), —f
MF . HHEA U B sl 8 e A7 I vk Wi, v fig
TCIETHBE R A M R G iR 2, PRI R B 4

2, PAR(E R R K I T 3y, S A
ZABE T R E L (Wang 5, 2021),
TR FH O 27 1 S A Wa I vk T, PN 45
(2021) LGP BT LI AN Bz 22 ZT i B
TERIE, X5 S0k L At 4 4> A HTA i ) vkt
THERE TR FEIEE, Nonaka %5 (2007) 7
JH L 1 (L Sk W W K T b H 3 NSIDC 3
MODIS 1% J&& 2% % 45 A1) F NDSI 48 %5 = {5 32 61 2 1)
MODI10A1/MYDI10AT 7K 7 it o Wik 1 JBgkais
AV A A P B (L0 3 S T U R BOR S
AR, B PR A GR 2Z HEAe X 437K A Rk T .

3.2 vk EE AT

UKy = EEAUHG 4 A SCHHE I [R) 5 5. W0 TET T
Iy 45 UK 09 B 18] 50— I 46 R 45 B [B] FO (Freeze
Onset) ;1T E W HE B 42 B R 45 1) I ) i — 58 22 7k
ZEWHE] FU (Freeze—Up date) ; WIVKIF4R @il 4k i A3t 7]
S—IF IR ] BO  (Break Onset) ; W 7K5E 4/l
A B R 1] A —5¢ 4 T Fl A 3] BU (Break—Up date) o
H 3 4 AN (] g AT DL — 2D HES vk ok DI (OOF
LRERES RN 58 AT Rl (8] Z [ A S ) A vk o8 4 )
FRIIDCL (584 R4s TG TH Rl 8] 2Z TR] AR«

T VK A 28 J s T — e 2 e BRI K B = o A
A S AR Y FC AR R A K A IE 28 (Weber
G5, 2016) . BEAE IR A T RE, WK hHoKE
AV, A NOE U fE b, W RE SR
KBk 28 SR B FHEFTHE (Kropacek %, 2013). KT
3k B 30 R AR 1 D0 R R LR B R oT R R, —
A RN T DK TR AR o 389 T AR L ) 5 5% I 221 5
SCRIFAGURES I ], ) oK ARy 3070 T AR 95% g
ZI5E SUR 582 RE5 I A] (Kropacek 45, 2013) ., ik
A — L8 X (E ) I B 2 10% H190% (1
D75 45, 2015) . $RBGH VKIS B8 SR e i
JRBHE IR, 25 DRI ) K B g R AR A, [
5 )2 A 2 X ) K A B 0 7 A — i RS
PR MBI 50 R e I 1) 3 % 3 ) o O R, 2 1%
Fm e R R WAL R R G AL B . AT LIS A
[F) — R Ay LAt o8 AR I e b T AR X < R
i VS B AT B W (Gafurov A1 Bardossy, 2009) :
XFTARER A, QSRAE )  Ho A S8l b o /K A
(SCHAEA K, D, Wz AR TR R AR
W MoK S, WRAM N —MER A RE
i, W B RN s, A B 20
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AWK RS, WA E B i AR EPOKE S .
I 3.1 735 o A 28 B T vk U O s AR OB VKA 8.
LR TR A = R 7 ek ME RSN TR AL S L= K (E D
oz Ay KA MR, BIELR S K M2 i385
ST SR RS R] T A5

T VK i Sy 3k ] TS TR A B R - Ok
218 JRATAE h MODIS A% J8 25 550 I HL 4 H A S5
JEVIA T fe ki Bl DA 23 ) 0 SR I S AR B
RIGUFHE I HERYE (AR 1R 45, 2022); flliE
TR 0 B S TR SCHE 3 AR S (B R A, Sl
B 1 % AE B 18] 7 810 B B BT oK 0 0% (Gou 5%,
2017), WS G5 MTT (Moving T Test) [HI{HV:
AT LAA B B BGH vk feef5 2. (Du g, 2017), £
A I [R] 7 41 b B B SRS — B ] P Y 5 iR R
PR A WA 2R, RICTE AR S Sy 0 W 08 vk AR
e 4 LR R 35 s B A VK S P ol LB
W vk AR fE 5 Du 5§ (2017) 2T AMSR-E Al
AMSR2 257 T 2002 4E—2015 4F b BRI vk 15 %5
PEAE, R B SR T SR K (5 B o

3.3 Kk BE R EE T

80 RS JEE AR GT I KB B[] S TE AR G OC &R, |
DRI, WIS . 5 WK AR DT SRR L, )
UKIEEEREFEAR D, HLLATE DRI oK oK SRR R 3
AFL H o R gk MR B L A K KRR )
R il v S, D B K R 2 T L
H45 R 34T

(1) FHIA R oA B, 45 & RE P 7
P Bl 22 16 0C R AR G UK AY AT T vk )
fige $2 B Nz pK JE A ) (Nakamura %5, 2009; Wang
A, 2010) o HEERP £ N I KBS RAR R L B
K iAKW UK 2 AR A T R
SOV, BIVR BRI AR S 28 D ok R R T R S, TR
UK YA 2ok AR P RS RN B, RS B S A UK R
TR (XS RERE, 2018) it fe, A
T 41 CLIMo (Canadian Lake Ice Model) A5 #U |
HIGHTSI (High Resolution Thermodynamic Snow
and Ice Model) #57Y . LIMNOS (Lake Ice Model
Numerical Operational Simulator) FAIZE . CLIMo £&
RARN %Az (Dibike 5, 2012), BT 7EA
[) 1) R 058 25 T A ok AR T R, BERL A A 2
BAFE R . AR . K = AR R
WEEN R, i 25005 68 51 7 25 2 L R S

S A5 T UK ) M A BRI UK R E 45 (Duguay 25,
2003) . HIGHTSIA B Z 1l Jo; B 11153 im0 26 5 80
TAEIVKAE SRR (BT, 2021), BIEEXT -
MERPUE, K= SRR HGRS, 500
T FERKGEEILZIER (Zeng %, 2016), M
FEMR UK W 25 5

(2) 7815 (Nakamura%§, 2009; Hvidegaard Fil
Forsberg, 2002) FHOGM &1L (Kwok 1 Cunning-
ham, 2008) F| 255 %00 S sl vk R EE o A1
TE AR BIR B vK I FUK I A5, RIS b
PRIE(E (F5), TR HRAMES Z R 22,
S5 A O e VKR AL R TR VKR (Beckers
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o HSF T - % 23 0000 98 9 ok R T AT AL (Li 4%
2022) . {HFHEE 7 35 2 X R i RO VKR 9 f K
AHEMEIR . TSR, X RPASH) P nT
e KRR B RIRZEEF 1 m (Kwok 5,
2004) .

(3) I F vk As T R A SO AR 5 1 AL B
B VK3 0, 5 1) 8O R A0 (Nakamura 55
2009) FMIFEIR{E (Lemmetyinen %5, 2009) 40,
BEXTREE WA, AT EEA S Pk R 5 R AL UL )
& RAF S 1Y S5 W HUR R4 (Leconte 55, 2009)
B AR IRAE (Murfitt #1 Duguay, 2021) #7481
GROR, E ARG A Lt L Fe 8. XTECRN
TERBEUA o X RGN B Sl 1k
Y 2 WA YL ST B 0 A TR DA A T ) A 9 9 B
X IR .

4 WAUKBIEZE B, X Ik

SRy i — 2R 5T A BRI DK SR D BIF 5 ) s
AT, ASCHE “Web of Science” 1 DEIHEN ,
¥ K R 2L ((TS=(phenology) OR TS= (thick*) ) )
AND TS=( “lake ice”) AND (TS=(trend*) OR TS=
(change®)) #ATRIE, HItA 2370 i, &
e, PREE T 1230 Sillukgie . R AR
JERA A SCE AT R 223 M o WK AT S8 R 32
SrATEILEER (1215), JUHRIEE (455) . b
Bk (320) ME G RHIX (245) . 2Rt —
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HRIIA A TE LBk, BAEIESE ML 7R R
AR WIIARE (BPTE 2021), PdbEBkibivk
PURIITNE @ 55 e N TR | S P YAV P S i NN V& N
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(a) A diagram of radar pulse transmitting lake ice
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(b) Temporal function of the received echo power
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Fig. 5 A diagram of lake ice thickness measured by satellite altimetry method (Li et al., 2022)
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AT T RS IEA T b2k vk P i A A i) 23 4y
fE A (E6), nlhl. 1850 4-—20004F, Jb2f
BRI UK IT 0 v 445 1 18]S 2 55 100 4R 338 5.8 A, JF
B RS A2 4E 100 45 4EHT 6.5 d - (Magnuson 45,
2000) . i TG B R A57KEEE B 1980 4F 1
61% [ 22 2020 -1 43% (Wang %, 2021), HiX
AN TR FRELE . JEAHSCHETE T, Aok 404
(20404F—20794F) W, dbFERIVKARSS H A HER
5—20d, JHAlHKRATZ 1030 d, M S 80
UK UK R A D 2 15—50 d, I VK i B R EE AL
P95 /0 10—50 em  (Dibike 5, 2011)., % JE 3| HF
FEAEDY . BIETRABA X RN E AR, A2
HAS I UK AR AR S e AN SR R . X
Tk 60 A M A LML % (107—2044F)
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100 4 M 11.0 d,  FF 45 IF @l B fa] S 35 5 100 4F B
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JEHE . AR . T R M XA Rl H R R 4 5
J94.6 d/100 a, 3.6 d/100 a, 7.9 d/100 a, T4EHH %2
PR TR0 9 H 7.5 d/100 a. 6.6 d/100 a. 8.6 d/
100 a (Korhonen, 2006) . X il X 54 4~ 1A
WVKUKIABEAT K IRETE] (19604E—19904F) J3#7, £
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Z 8] (Weyhenmeyer 55, 2005) . % % Hb X ) 18 4>
£ 1961 4F-—2010 4747 W I £S48 i 1990 763X 50 4F ()
TFhA 25 VK It A] I8 24 23 d/100 a, ¢4 19 Rl ] 45
HI T 2943 d/100 a, vKHIEFK T 25 56 d/100 a
(Choinski %, 2015), Lake Morskie Oko Y445 H
TE404E P (1971 4—20104F ) #EIR 241 d/100 a
(Pociask—Karteczka f1 Choinski, 2012).
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Fig. 6 Lake ice freeze onset date and break onset date variations of lakes larger than 100 km? in Northern Hemisphere
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Fig. 7 Lake ice freeze onset date and break onset date variations of lakes larger than 100 km? in Northern Europe
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Fig. 8 Lake ice freeze onset date and break onset date variations of lakes larger than 100 km? in North America
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Fig. 9 Lake ice freeze onset date and break onset date variations of lakes larger than 100 km? in Qinghai-Tibet Plateau
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Table 2 Ice phenology variations in typical lakes on the

Tibetan Plateau
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16 36 (Qi%,2020)
HFH 16 37 (Liu%:,2019)
16 6 (Cai%,2017)
57 23 (Guo%5,2020)
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26 29 (Ke %,2013)
RN 113 22 (AR 457,2022)
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Advances in lake ice monitoring methods based on remote sensing technology
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Abstract: Lake ice is not only an important part of the cryosphere but also one of the most direct indicators of global climate change. In the
context of climate warming and intensified human activities, global lake ice presents a trend of delayed freeze onset date, advanced break
onset date, shortened ice cover duration, and thinning ice thickness. This trend tends to last for a long time. Consequently, a series of chain
reactions of lake physical hydrology, hydrochemistry, and ecosystem will inevitably be triggered, further heaving the burden of natural
environment and habitat construction. Therefore, it is necessary to perform fine-scale monitoring and scientific analysis of spatiotemporal
patterns on lake ice variations for further predicting the early warning of global climate change. Toward overcoming the limitation of in-situ
surveys, remote sensing technique comes to play a significant role in lake ice monitoring, which can provide large-scale, long time series,
and high temporal resolution data for lake ice research. Previous efforts always focus on lake ice and its response to climate change using
different remote sensing sensors, parameters, and characteristics. Through reviewing pioneering research, this study presents a general
review on the remote sensing data source and methods for lake ice studies as well as spatial and temporal variations of lake ice in global
hotspots. This paper first reviews the development of the commonly used remote sensing data sources for lake ice monitoring, which include
spaceborne and airborne remote sensing platforms and existing lake ice data products. Then, the methods of lake ice identification and
retrieval of lake ice phenology and ice thickness parameters are compared and discussed. Threshold and index-based methods are commonly
used in lake ice research. According to the previous studies, this review likewise summaries the research hotspots of lake ice and analyzes
the spatial and temporal characteristics of lake ice variations. The research hotspots are mostly distributed in the Northern hemisphere,
especially in Northern Europe, North America, and the Tibetan Plateau. In addition, influencing factors of lake ice variations, including
climate factors and lake shape attributes, are discussed in this study. Finally, future development directions of lake ice study by remote
sensing are discussed as follows: (1) to fully integrate multiple satellite data at medium and high spatial resolution to improve the accuracy
of lake ice observations, particularly for small- and medium-sized lakes; (2) to reconstruct the long time series of lake ice phenology and
thickness information and predict their future changes based on techniques such as big earth data and machine learning methods; and (3) to
focus more on the research of past, present, and future of lake ice variation characteristics in the Tibetan Plateau, which is rather sensitive to
climate change and remains largely unexplained. Remote sensing is an effective tool to monitor the variations of lake ice, yet what we
should do imperatively is to advance the scientific understanding on climate change impacts and take immediate actions.

Key words: lake ice, lake ice phenology, ice thickness, remote sensing monitoring, climate change
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