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or 11.0
_2 k= i
L 0.9
6 J0.8
,8 = i
-10} 0.7 1
80k 121
™ _16 05 &
o oS
= -18 047
-20 gg
_22 .
24 0.2
-26
-28 0.1
S
N
o ¥ & & & v
H & & & T
+ + ® o ® &
(c) RESEF (THL)
(¢) Lang Co (Ascending)
» N
5 W

51 SEXTF SAR K H4SERI M

VKIS VK S0 SAR J 1 U 5281k A I
TV TR AR A R DA DG, LB Y
e A H W3 . B 8 5T GEE i JHl ERAS-
Land 5 HICS4GE, Zoit 1T BT IX 2020 4F—2021 4F
W 2 m SR S HEREE . S5 RRIT, X sle

AR AR . AR ARIA-26 C. B EIL8 C; M
PR B O, RARiA-30 °C. fe 13 Co
PIE AR LR IEA—, 3HEZLTHE, T
8—9 HikFNE(E, RfijGPOERIYE, 211 AR
L3 HRHME, REFSIEM, ASH20 SR
Form T 0 CF4Er 210 H 18 A . St A X #e
AR B R T T 5 A 10 H B 5E g, nlfg

RURG RO S, g kAT 11 H 19H,
M 11 H 16 H BSEARA5 BR RIREIRAS

15
#
10 . ""'I,ﬂ"ﬁﬁ .
st SREL | " . SEET
2020-05-20 ‘ | 2020-10-18
ot p
o
= -10 I .
I ‘ I
= -15 ¥ I ‘1
-20 TUE R : : [ \
2020-05-10 | - I ]
-25F Fo
| |7 & ! Ly
4 x ! | o b gk
=30 4 I : | JURSLIK
ol 1 1 1 1 L 1 1 1 | (N 2020-11-19 ,
2020-01-01 2020-03-01 2020-05-01 2020-07-01 2020-09-01 2020-11-01
@ 2m Ul @ HEIEE

I8 BFSEIX 2020 4F—2021 4F3 1] 2 m il 15 3 % T ERAS—Land %5 H L&
Fig. 8 ERA5-Land daily 2-m air temperature and land surface temperature (2020—2021)

T SAR SR IETE 3 H P A L & Nk, =
11 AW E L BT PG5 UK B AR AL 2% )
G, B IR AT AR — o TR Y 1Rl P 2 i UK 2 B ik
K. BIS b, CURBAE T 5 T X Tk 28
WREE IR BOK s (EAESEBR R, MK 2R
it —E BAER, ok B K— A5 vk—K A Y

B S I 57 A RS 28 I AR 264, R EOR A
KT YA R R (Ferro—Famil 1 Gay,
2016) . Hidk, PRURZZSJRE 251 SAR 5 )5 |
Th, RZWERB AR BT R STHE S B A Y
K RURFAE , RS WA AT 7 K X DB RS, i)
O TROK DT K . L BEAL A AR T K DX



SATHT A5 ZE T PR URRIGT SAR HEIRVK )1 RS 2 1 52 1)

DA TTHE 5 BB A ) 1125

AR, TR, BG4 vk )R T ERK
D MK IR, KRB PAEAA 2, REs
HERE T HAE A DR Z AR 50

it — 2L ARTE T S BB U] ) SAR 524

HIEES
-0.33
-0.27
-0.20
-0.20

-0.19

0.17
SREEIE

a8 R A
(a) SAR 58 #4{H

(a) Average SAR intensity value

B9 vk SARSLAZEREE T4 T1 5 ERAS-Land B BUE I LR AT St

Fig. 9 Linear relationship of SAR intensity, coherence, and ERA5-Land meteorology for glacial lakes

TESARSREESME 1 (B9 (a)), ARIAME
P A SCHEAEE B 22 5. 2 m IR S5 MRS
L5 BB 0 A OGP A X A S, BORH OC R B I ol
-0.33 f1-0.27. ST M 2 B G, M
KRB N -0.75 F1-0.73 . FHE-SEKE S
FACRR, R T A BRSO RRE S, O
P& THIFREK AR LC A, 2GR TR 3 S ) B 5
o EAERERE, WIKEE ., HiEd5SARE
] B SR AR AE A G, P RBUR FRLERE N
PR R 5 1 35 A F A IR S [ R A ] 38 g
MEZ T, SEHRGE | B R 5 50 B 1 £ P A
KBTS, SR X I ) 5 R A B A
M43 PR

SR BERRAE AR B, T PR T X 2 AR A A
T A e N A 55, AH O 2R Bl X 3 3 IR T 0.25,
FEH T V5 R 1 T 22 b AT RE 27 31 P IR SAR A A4 [A]
) R 2% 5 DA T i e AR B i 4 B R R 20 AR AR BT
S, 5 K S A PR T B RS SE B AR
SR, 2 m A5 b 22 T B W] V5 A T 2 3 v
ARR UM OE . Hod, BRES A A T S AR A
HE A G M ) -0.47 F1-0.46, EEBS T
TG AR DG . AR A TR 2 B K SAR 15
ST A E, B LTS & A vk e gl |
TACRE B R ZEIE, & FHMIK SAR HK1Z
0[] b 3R A R R R A R B e, DT i ™

FRAE 5 UM N T Z 8] B SR, AR SO T B K b At
KEBAERSE (K9), LIRSk

AT RO R P AL

DIk EETS 2 7

2mA R ¢ -0.47 -0.43 1.0
AR FE & ~0.46 -0.38 I 05
S R - 0.16 0.09
HBEAR - 022 -0.12 .
WUKIESE - 021 0.11 05
W - -0.07 -0.10 I a5

Ef 8 022 005

T T ESME
(b) AT HEE

(b) Average coherence value

A mF s AR

P, 27 FH SAR AR IO AL,
L o 1 45 1L B2 A e LT R K A o L Sk 3 A B
DA AR 193 oA RS X AR S A T o o SR 3 T8 ok
AT T A, DU ECHR 5 20 M 1) B i 5 38
A, LOHIE W vk s e L SRR E vk AT
Tl BhHEWT A X KR A AR e

52 EFEE—EFEBA R BRI RS
#1157

BEURTIT 7 . SAR B1% T3 i 91 i 38 25 A7
SRR RS TORAS | AT T4 004 v 1) 3
IR T SR AN CRERE" AERE, AR6S
St — 4 ) SN PR T AP AR VK o Tk T
BT AP . A SUR AL VH I K U2
B TR, SAR I 5 503 T 4R
PRUKIIIAE TELE VK G s 35T S0 15 BB 4 SAR 3%
5 S FUA TAERFAE  UK)IPIRAS AT R I3E 1 BT
SRS, H A T L 12 d A 0 0 S T
HIT-PERAE . KB 2 2 WS I 5 638
RRSAG A IR  RENS A A TR 5 B
HERII VG PR . ELA SR 22 S 10 B 4P
JER T FHARAR KW ST 4 K .
FEREAO L VK09 I S PR B S A 1
0 RIR 5 B0H 2% THLRE E 23 AR A



1126 National Remote Sensing Bulletin i & 54k 2026, 30(4)

PRI T LA 56 il iR 22

ZEEE T o, TR 2 H ALK
X IR 7 R — M S R . Ak, AR
It T 85 M T P T AR A0 SAR 541%, 1if [R] [ B& b
12d. RAEEKATHERpic K], URIRTE AR T
T AR AT 25 0 S BRI AE T, R e e 28 LA
[F1] 22 ) FH TP BR AL BB 2 P 31 75 A7 A A
FEJREUK, WA DA E iR . ARG R T
M) FELR ) 40 % ] TanDEM-X 25— % Z i T

2020-01-07 2020-01-19

2020-01-31

2020-03-19

o,

2020-03-31
fivge,

2020-05-18 2020-05-30

2020-09-15

2020-11-14

K10 FH#)L Sentinel-1 SR VKR TC /326

DASE S AR, AT LS A 80X o3 I el K 4
UK S FEE BV

F1 SARBGHE K MRESEHIEE
Table 1 Parameter settings for determining glacial lake

states from SAR imagery

57l S JEE Y L/ dB AR 1S
KR VH<-4 AT M E<0.15
YK —20<H<-24 AT MM <0.15
FaE vk VH>-20 AT HH(>0.15

T B Ry B T A S DX A R0, 10 P 2 A X R 7 56
TEFIR%E

2020-02-12 2020-02-24

FRE VK

2020-04-12

2020-06-11 2020-06-23

2020-08-22 vk

2020-10-21

NS

Fig. 10 Glacial lake pixel classification from ascending Sentinel-1 images

6 4% it

AR SCHET Sentinel-1 SARX0d, Wil 1 545 A
RS 2020 4F K AR T FR A AF PRAR AL, JF I IR T
2B P M2 E AR AT X LR, 5T T VK18
UKAETH I B XS SAR SEAR S 1a B 52 . 45 R
N, BRHEFE A 4E SAR AR I AR IR, T BT
) S 0 2 A R Bl UK K e e AR A
LGN 1.85—2.65 km?, HHEZ T, JetA34

IR TTHE TR 2.6—2.8 km?,

E— 250 T SAR J5 M HUR R IER BT, 11 A =
AR 3 H TS AEE vk 35, S 80K I e 7K
FRAETN 2, DT 3 A SAR K AR B A 2 45 PEAIR A
FRAFRGE SAR A5 5 %P vk () e B AL, AS B
Xof AH SR B TP SAR S AR St W5 9 22 43 T b B, R
FHA V5 A b 78 SAR iR B 7 i [ e M 48 52 119
AR GRS R, M0 e VH<-24 dB, VV<
-16 dB HAHT1E<0.15 1, AJA 2K 3 ot 5 R4



SATHT A5 ZE T PR URRIGT SAR HEIRVK )1 RS 2 1 52 1)

DA TTHE 5 BB A ) 1127

B VKA I RE K T o [R], ERAS-Land #5731 44
PEAUESE, DX B9 Z 19 PR B 2 R SAR 5 5
FRAE A EFEER: sH PR 10 M, <
T 5 MR IR R T 0 °CL X TG AR L
F0 T8 TR AR R 0D 5 BB GBI, 11 A R ST W i
PRRENR . AFAEF PR URES B 511 SAR SR E (S
R BR ARG R BOA ] -0.75, UESHERE TH
A BT R AR, R IR D TR A A K
[LERNTTR AN &= & SN T R

AR &, RSB T SARSZARLE VK1)
MR AR ZEROOR IR, RGEHT T BT SRR Y
IO ) O R DR, DR AR TR TR —AH
RIS A A kT80 55 W DK T3k, Y
PEVRRL A OF T B9 UK ) 3 245 e 44 1 n] 47 i 4
AREEAR . ST 90w JEL UK e . UM Mk
FVRRAE 25 D7 1T B 22 B, 0T YR AR B ORE FE VK1
0 B8 PR e — P B S A .

2 % 30k (References)

Ahmed R. 2025. Glacial lake outburst flood (GLOF) hazard and risk
management strategies: A global overview. Water Resources Man-
agement, 39(1): 1-16 [DOI: 10.1007/s11269-024-03958-x]

Antonova S, Duguay C, Kéidb A, Heim B, Langer M, Westermann S
and Boike J. 2016. Monitoring bedfast ice and ice phenology in
lakes of the Lena River delta using TerraSAR-X backscatter and
coherence time series. Remote Sensing, 8(11): 903 [DOI: 10.3390/
rs8110903]

Baig S U, Khan H, Muneeb F and Dad K. 2020. Formation of a hazard-
ous ice-dammed glacier lake: a case study of anomalous behavior
of Hassanabad glacier system in the Karakoram. SN Applied Sci-
ences, 2(7): 1285 [DOI: 10.1007/s42452-020-2989-4]

Dai K R, Wen N L, Fan X M, Deng J, Zhang L L, Liang R B, Liu J and
Xu Q. 2022. Seasonal changes of glacier lakes in Tibetan Plateau
revealed by multipolarization SAR data. IEEE Geoscience and
Remote Sensing Letters, 19: 4502005 [DOI: 10.1109/LGRS.2021.
3131717]

Ferro-Famil L and Gay M. 2016. Penetration depth of synthetic aper-
ture radar signals in ice and snow: an analytical approach//Work-
shop Remote Sensing and Modeling of Surface Properties. Greno-
ble: [s.n.]

Fick S E and Hijmans R J. 2017. WorldClim 2: new 1-km spatial reso-
lution climate surfaces for global land areas. International Journal
of Climatology, 37(12): 4302-4315 [DOI: 10.1002/joc.5086]

He K M, Sun J and Tang X O. 2011. Single image haze removal using
dark channel prior. IEEE Transactions on Pattern Analysis and

Machine Intelligence, 33(12): 2341-2353 [DOI: 10.1109/TPAML

2010.168]

Jawak S D, Bidawe T G and Luis A J. 2015. A review on applications
of imaging synthetic aperture radar with a special focus on cryo-
spheric studies. Advances in Remote Sensing, 4(2): 163-175
[DOL: 10.4236/ars.2015.42014]

Kaushik S, Singh T, Joshi P K and Dietz A J. 2022. Automated map-
ping of glacial lakes using multisource remote sensing data and
deep convolutional neural network. International Journal of Ap-
plied Earth Observation and Geoinformation, 115: 103085 [DOI:
10.1016/j.jag.2022.103085]

Kirby K, Rennie C D, Poot R, Ferguson S, Cousineau J and Nistor I.
2024. Accuracy of surface water maps derived from radar satellite
imagery compared to multispectral satellite imagery. Canadian
Journal of Remote Sensing, 50(1): 2433591 [DOI: 10.1080/
07038992.2024.2433591]

LiJ L, Sheng Y W and Luo J C. 2011. Automatic extraction of himala-
yan glacial lakes with remote sensing. National Remote Sensing
Bulletin, 15(1): 29-43 (223175, Bk fh, 3§81 . 2011. & Sk
Ll s DX PR A5 R B B G T Sl PR AR IR B IR AR, 15(1): 29-43)
[DOTI: 10.11834/jrs.20110103]

Li W R, Lhermitte S and Lopez-Dekker P. 2021. The potential of syn-
thetic aperture radar interferometry for assessing Meltwater Lake
dynamics on Antarctic ice shelves. The Cryosphere, 15(12): 5309-
5322 [DOI: 10.5194/tc-15-5309-2021]

LuWL,LiuZF, He CY and Xia P. 2020. A new method for detecting
urban construction land based on Sentinel-1A synthetic aperture
radar data and fully convolutional network. Arid Land Geography,
43(3): 750-760 (F5 3C I, X, IR PH, Bl . 2020. F& T Senti-
nel-1A £ AL AR T EA 5008 14 45 B I 288 114 0l i A 5 s s )
JERETE . T 5 X LB, 43(3): 750-760) [DOI: 10.12118/j.issn.
1000-6060.2020.03.21]

Murfitt J and Duguay C R. 2021. 50 years of lake ice research from ac-
tive microwave remote sensing: progress and prospects. Remote
Sensing of Environment, 264: 112616 [DOI: 10.1016/j.rse.2021.
112616]

Nie Y, Pritchard H D, Liu Q, Hennig T, Wang W L, Wang X M, Liu S
Y, Nepal S, Samyn D, Hewitt K and Chen X Q. 2021. Glacial
change and hydrological implications in the Himalaya and Kara-
koram. Nature Reviews Earth and Environment, 2(2): 91-106
[DOI: 10.1038/543017-020-00124-w]

Niisser M and Schmidt S. 2017. Nanga Parbat revisited: evolution and
dynamics of sociohydrological interactions in the northwestern
Himalaya. Annals of the American Association of Geographers,
107(2): 403-415 [DOI: 10.1080/24694452.2016.1235495]

C Abinesh, and Priyadharsini C. 2025. Enhancing glacial lake monitor-
ing through CNN-based UNet models in a streamlit application//
2025 Fourth International Conference on Smart Technologies,
Communication and Robotics (STCR). Sathyamangalam, India

Preston D L, Caine N, McKnight D M, Williams M W, Hell K, Miller
M P, Hart S J and Johnson P T J. 2016. Climate regulates alpine



1128 National Remote Sensing Bulletin i & 54k 2026, 30(4)

lake ice cover phenology and aquatic ecosystem structure. Geo-
physical Research Letters, 43(10): 5353-5360 [DOI: 10.1002/
2016g1069036]

Shi J Q, Gan C L, Bianduo, Chuduo, Dou Y L, Pubu C R and Guo Y
N. 2018. Variation of seasons in Tibet autonomous region from
1981 to 2015. Journal of Glaciology and Geocryology, 40(6):
1110-1119 (L 4k, T E g, A2, BrZ, WKk, Ak, 7
2Tl 2018, 1981-2015 4F U4 X A1 A9 424k . ok R 1,
40(6): 1110-1119) [DOI: 10.7522/j.issn.1000-0240.2018.0120]

Shi Y F. 2011. New Understanding of Quaternary Glaciations in China.
Shanghai: Shanghai Popular Science Press (Jifi ff X.. 2011. H[E 55
ML ok IErE . i L RbE K i)

Tian B S, Li Z, Engram M J, Niu F J, Tang P P, Zou P F and Xu J.
2015. Characterizing C-band backscattering from Thermokarst
Lake ice on the Qinghai-Tibet Plateau. ISPRS Journal of Photo-
grammetry and Remote Sensing, 104: 63-76 [DOI: 10.1016/j.is-
prsjprs.2015.02.014]

Wang X, Guo X Y, Yang C D, Liu Q H, Wei J F, Zhang Y, Liu S Y,
Zhang Y L, Jiang Z L and Tang Z G. 2020. Glacial lake inventory
of high-mountain Asia in 1990 and 2018 derived from Landsat im-
ages. Earth System Science Data, 12(3): 2169-2182 [DOI: 10.
5194/essd-12-2169-2020]

Werner C, Wegmiiller U, Strozzi T and Wiesmann A. 2000. Gamma
SAR and interferometric processing software//Proceedings of the
Ers-Envisat Symposium. Gothenburg: [s.n.]: 1620-1629

Wu G J, Yao T D, Wang W C, Zhao H B, Yang W, Zhang G Q, Li S H,
Yu W S, Lei Y B and Hu W T. 2019. Glacial hazards on Tibetan
Plateau and surrounding alpines. Bulletin of Chinese Academy of
Sciences, 34(11): 1285-1292 (4F5681, WiEM:, T A0, BXAEFR,
M, TR DR, AR, AR, JEHER, H 530U . 2019. 15960 [
K JR 3 40 DX ok 9 3 . R 2= BEBe T, 34(11): 1285-1292)
[DOLI: 10.16418/j.issn.1000-3045.2019.11.011]

WuR Z, Liu G X, Bao X, Lv J C, Shama A, Zhang B, Mao W F, Chen
J, Yang Z H and Zhang R. 2025. Eliminating geometric distortion
with dual-orbit Sentinel-1 SAR fusion for accurate glacial lake ex-
traction in southeast Tibet Plateau. International Journal of Ap-
plied Earth Observation and Geoinformation, 136: 104329 [DOI:
10.1016/j.jag.2024.104329]

Wu R Z, Zhang R, Cai J X, Cai K, Wu T T, LvJ C, Shi Y L and Liu G
X. 2024. Glacial lake extraction framework based on coupling of
GEE and historical glacial lake position. IEEE Geoscience and
Remote Sensing Letters, 21: 2001005 [DOI: 10.1109/LGRS.2024.
3370229]

Xie Z C and Liu C H. 2010. Introduction to Glaciology. Shanghai:
Shanghai Popular Science Press (i F &, X315 . 2010. 7K J1[ 2%
St i DR K )

Yan B, Jia H G, Ren W J, Wu R Z and Huang X R. 2022. Glacier lake
extraction and variation analysis of the Bujiagangri glacier based
on the NDWI-NDSI combination threshold method. National Re-
mote Sensing Bulletin, 26(11): 2344-2353 (I=]5&, T8t 3£, AT 3¢
W, AT, B A . 2022, 55T NDWI-NDSIZL & B 14 19 15
T bd F ok 4 BORCHAS AR 3 A . 28 A, 26(11): 2344-2353)
[DOL: 10.11834/jrs.20210205]

Yao T D and Yao Z J. 2010. Impacts of glacial reretreat on runoff on
Tibetan Plateau. Chinese Journal of Nature, 32(1): 4-8 (k18 #5,
BRI 2010, 7758 KR G0 TR AR RS20 . H SR 2%
&, 32(1): 4-8) [DOL: 10.3969/j.issn.0253-9608.2010.01.002]

Yao X J, Liu S Y, Han L and Sun M P. 2017. Definition and classifica-
tion systems of glacial lake for inventory and hazards study. Acta
Geographica Sinica, 72(7): 1173-1183 (WkBEZ, XINHAR, #i %, 7
- 2017, vk R S 5 23 AR FR——THT 1l vk 24 I ALK
9HE WF ST . M B A 4R, 72(7): 1173-1183) [DOL: 10.11821/
dIxb201707004]

Yao X J, Liu SY, Han L, Sun M P and Zhao L L. 2018. Definition and
classification system of glacial lake for inventory and hazards
study. Journal of Geographical Sciences, 28(2): 193-205 [DOI: 10.
1007/511442-018-1467-z]

Zhang G Q, Wang M M, Zhou T and Chen W F. 2022. Progress in re-
mote sensing monitoring of lake area, water level, and volume
changes on the Tibetan Plateau. National Remote Sensing Bulle-
tin, 26(1): 115-125 (KRR PC, T 52852, JH P, BRSCHE . 2022, 8
e ST T AR KA 5 K S AR SR I 5 0 . 2 R
26(1): 115-125) [DOI: 10.11834/jrs.20221171]

Zhang T G, Wang W C and An B S. 2024. Heterogeneous changes in
global glacial lakes under coupled climate warming and glacier
thinning. Communications Earth and Environment, 5(1): 374
[DOTI: 10.1038/543247-024-01544-y]

Zhou'Y S, Li X, Zheng D H, Ren S S, Wang Y Z and Li Z W. 2024.
Data, methods and perspectives of optical stereo and bistatic SAR
satellites for monitoring glacier thickness change in high-moun-
tain Asia. Acta Geodaetica et Cartographica Sinica, 53(5): 779-
800 (J& FAZ, 238, FRAR e, AL WHAN, VEAREL, 21T . 2024, S
1o L DX KV JEE BE AR Al i 2 ST A RIS SAR T WS HiE | i
SN 2 22 )k, 53(5): 779-800) [DOI: 10.11947/j. AGCS.
2024.20230260]

Zhu L P, Zhang G Q, Yang R M, Liu C, Yang K, Qiao B J and Han B P.
2019. Lake variations on Tibetan Plateau of recent 40 years and
future changing tendency. Bulletin of Chinese Academy of Sciences,
34(11): 1254-1263 (RN, SRR, B %, X0, FH3h, 75
WL I 2019, 75 R JRUR T 40 AR WA S LB RIS
KRR BL A B B T, 34(11): 1254-1263) [DOL: 10.
16418/j.issn.1000-3045.2019.11.008]



AT AF FETEURAIT SAR SRR IS B2 (5% i)

DA TTHE 5 BB A ) 1129

Freeze—thaw effects on SAR-based glacial lake mapping:
Gongcuo and Langcuo case study
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Abstract: Under global warming, glacier retreat and meltwater accumulation drive the expansion of glacial lakes. As a result, the risk of
glacial lake outburst floods that threaten downstream infrastructure and communities increases significantly. Continuous and accurate
monitoring of glacial lakes is essential for disaster prevention. Synthetic aperture radar (SAR) has become widely applied in complex
mountainous glacial lake studies because of its all-weather, continuous capability and cloud-penetrating advantage, with high temporal
resolution enabling capture of seasonal dynamics. However, identification errors caused by seasonal freeze-thaw processes affecting SAR
backscatter characteristics remain inadequately explored, thereby limiting extraction accuracy. This study aims to investigate the response
mechanisms of SAR features to glacial lake freeze-thaw cycles systematically and develop methods to improve monitoring reliability under
seasonal ice conditions.

This study selected two adjacent glacial lakes with distinct freeze-thaw characteristics—Gongcuo and Langcuo in Basu County, Tibet—
as test sites. We analyzed lake area changes throughout 2020 by combining Sentinel-1 SAR imagery with multisource optical data (Sentinel-
2, Landsat-8, and PlanetScope). SAR preprocessing included radiometric calibration, multilooking, and geocoding using GAMMA software.
Lake boundaries were extracted using a simple noniterative clustering algorithm applied to dual-polarization Vertical-Vertical (VV) and
Vertical-Horizontal (VH) intensity data. Interferometric coherence was computed from temporally adjacent SAR image pairs with 12-day
intervals to assess surface stability. The dark channel prior algorithm was employed for cloud masking of optical imagery. ERA5-Land
reanalysis climate data were integrated to correlate SAR feature variations with temperature, precipitation, and wind conditions through
Pearson correlation analysis.

Analysis revealed that Langcuo rarely experiences seasonal freezing, with lake areas extracted from optical and SAR imagery showing
good agreement. By contrast, Gongcuo exhibited pronounced seasonal freeze-thaw differences; in particular, SAR-derived areas fluctuated
between 1.85 and 2.65 km®, whereas optical imagery showed stable areas from 2.6 km” to 2.8 km”. Combined analysis of SAR intensity and
interferometric coherence revealed that Gongcuo develops relatively stable lake ice from November through March annually. This stable ice
is the primary cause of discrepancies between SAR and optical lake extraction. Backscatter intensity exhibited a strong negative correlation
with temperature (=-0.75), thereby confirming that warming promotes ice thinning and reduces effective scattering surfaces. Coherence
analysis demonstrated that stable thick ice maintains high coherence values (mean ~0.2; upper quartile 0.25—0.3), whereas open water and
thin ice show low coherence (mean ~0.15). An empirical threshold classification was established: open water (VH<-24 dB; coherence<
0.15), thin ice (-20 dB <VH<-24 dB; coherence < 0.15), and stable ice (VH=-20 dB; coherence=0.15).

This study demonstrates that SAR imagery is highly suitable for monitoring glacial lakes during warm ice-free seasons or for lakes
without significant seasonal freeze-thaw cycles. Moreover, combining SAR intensity with interferometric coherence provides effective
evidence for identifying the presence of stable lake ice. The findings reveal that seasonal ice cover is the core source of SAR extraction
errors in glacial lake monitoring. The proposed intensity-coherence joint threshold method offers a feasible technical approach for dynamic
monitoring under seasonal freeze-thaw conditions; however, further validation across the diverse glacial lakes of the Tibetan Plateau is
needed to optimize broad applicability.

Key words: glacial lake, area evolution, Synthetic Aperture Radar, backscatter intensity, polarization characteristics, interferometric
coherence, stable ice detection
Supported by National Natural Science Foundation of China (No. U22A20565, 42371460, 42171355, 4250060469, 42501437); High-level

Talent Research Start-up Project Funding of Henan Academy of Sciences (No. 20261825015)



