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IR, 52 B L URA SRR T, (HE,
R e A O R L, R R AR
WO REK SR, MASFEK
WRBEEA, BMiE AR IR R, R
UL Ay R 4 R T %) i D AR Rt ) S A T A 1
MR, AR AT RRIEAE (Wang %5, 2020;
Zhang %%, 2023b; GuoZE, 2013b), X—4#PE{i1E
VRS | Y J B M P A2 5 8 o 3 B A0 21 K 5 114 3R
ML AR TR e b HA AT Do, PRt AT e
P AL WD 5 0 B PG 2% 5 8 ¢l 1) il REIR L
S HIRE

FORBREHI ARG, RSB, 1%
GEIIE A WDy AR L AT PR B2 R,
MiA fLIETEIE SAR (Synthetic Aperture Radar) i
JEFEARSEAE T B B (Lanari %, 2007; Brlb 55,
2023). IR, FZAH NI G LR R IA T
¥ InSAR (SAR Interferometry) AR ZEZA Ve R M,
B4, Hoyt 427 A /INEELR 5 i ALAR T s T
#5 SBAS-InSAR  (Small Baseline Subset Interferometric
Synthetic Aperture Radar) +7 A Wil 1 75w M b [X.
270 73 ha Y U8 M RIE A, 487 T A e WU
73 TR #0F DL B T Rk (Hoyt 5%,
2020), TampuuZy (2020, 2021) FIfH2ZESEGHALE
T i5 T ¥ DInSAR  (Differential Interferometric Synthetic
Aperture Radar) FARMIY T % V0 JE WA X Je 1%
BEERNZETHIEAS, IR T H SRR R,
Jr T T DInSAR £ A W I 8 7% 7 8 1 BLE A8 (9 7
F1o De La Barreda—BautistaZ® (2024) FT+[a] Wt/
H 2k T4+ ASPIS-InSAR  (Advanced Pixel System
using the Intermittent SBAS) AR 75 16K Je
b ZAEVR LR AL R, 188 T InSAR
HOR WM R AR T BB i AT A7
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2.1 AR

Ao oK i V6 o ML A T 7 8 5 R AR AL RS, bR
Fil 4 32°59'N—34°48'N, 101°56'E—103°16'E, i
FRZ1°4 3500 km? (Zhang%, 2011; Xiang%, 2009;
Yang &%, 2014), HEH7E 3400—3700 m (Li il Gao,
2020; Qu&F, 2022). ZHbIX &ML ) E w
FAESRY, AWt E, RREENERIA
SRARIIIX (Wu %, 2018). #5 /K 56U % L K 4 7E
— HFERTFRIE AL, o LB E Rl =, JEEA
WA s, Ve R EETE 0.3—10 m, [EfkiE
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Pl e P 8 D A VR o

A IR i b DX A5 2 R Ny R R I A 1 T 2 XL
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FEAEPIE4—10 7, 2R, ZHIX A
1970 4E LIRS IRAET4F EFF0.4 °C, (HFEAKEZ T
W/ (HouZs, 2022; ZhouZE, 2021), 4Hu A FILA
OGRS T, B2 3.4 ANkm® (BianZE, 2010),
DX 5l A 0 455 3 7 R S N Y A 1Y) A A ) S
MR AT, X U8 A b (R T RN A A 4 S AR A
PEAb, DRI PR A /b ARl RN SR b . RS X
W EA E . SRR A SR M AT (Xu G
2018) 4nfE 1 s
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B R0 S R AIEIR BN, R T R TR
28 Ik 4 GACOS (Generic Atmospheric Correction Online
Service) MZE/F TR TR AKIE (Yu?s, 2017,
2018a, 2018b) . il & A1 FN H 3 R FH R o
KA B 0 ECMWE  (European Centre for
Medium—Range Weather Forecasts) [ ERA5-Land
PR, TR AL KO A

34°30N [F RS

33°00'N

VAR RS
Vg s
s \

31°30N LS < i ; ¥
100°30'E 102°00'E 103°30°E
S OHLR HH/m
CRNS mif X YR g = 5098
— HAK =% 2406

K1 B IX ML (55 BUE SR Y8 e 70 A1 (Xu 55, 2018))
Fig. 1 Overview of the research area (The purple fillings
indicate the distribution of peatlands (Xu et al.,2018))

#£1 Sentinel-1#iEHETESH
Table 1 Key parameters of Sentinel-1 data
W T K2 TJH R fl TSR
W) SER%GE R GE BUES BuES X RIS EER
2020 31 30

2021 29 29 128 135 VV 379 m*13.95m

2022 29 24

3 Wk

3.1 SBAS-InSAR

SBAS-InSAR i i 5% ‘B i 2% JHE 28 [ (i % B i
L 2T R, v LA SRS T RERNE
EAF1E (Zhang 55, 2023a), & H TR AR
= XA SR AR AT B B % X 3, SBAS—InSAR 2543
T AR 2E . RIEAE . KRR | #
TE RS PR A AL AL, BT A N

QDL-(I‘,X) = QDmp (r,x) + gode[(r,x) + gom(r,x) +

)]
gomb(r,x) + gom)i(r,x)
X, (r, ) BRBICNE, or, »)NEiELES

TWEPEIT(r, )R 25 TWHAL, ¢, (r, x)
M @u(r, x) 53 5 I B AL AR Oy = fE iR 22
AR N5 I (B BEZR AR SC I A AR, J5 3N 2)
T3 A R AT IR AL . BT 15 2 A L RN I 7S A
B, BRI 4E s s
oAy I 5555 DR A SIE 38 X T A8 M K B AR s ), A
SCRH GACOS R 22431 ¥ P AR EAT RAUHE IR AH AL
KEAE o KT ¢, Fl e, I5F 20 PG SAR SEARITIE 1) 22
WL, ARIT(r, *) AR R SEEARN AT R
(Wang %5, 2019b)
3f(r,x) :fGACOS,,f(r’x) _fGAC()S,i( T, x) (2)
L foncos, (10 ) Bl foncos, (s %) 9027 1 Al 1,
20 KA IER AL, f (r, x) Frn 5T 20X HHXT
B RAAE R AN o AR ey B8O, Al
38 3) 0 A 3 A SBAS-InSAR 2243 T ¥ A {32 [ 4
R, 3B IEBAL RS 1Y 2250 T3 AR L
TESAT RAIEBR AL IE 5, Wb R AR A2 Fl
o R R 25 AT AN 58 (Berardino 4, 2002) ,
SBAS-InSAR >k HJ By i 41 2 il X B 28 A 1Y Oy
(Berardino %5, 2002)
o(t,)=v(1,—1,)+ %E(t" —1,) + éAE(tn -1,)
3)
Kf, o(r,)Fom o, B 2% R T AEFAD , v, a Al
A a3 AR M i B T Yy R AR R | AR
TN R AL NN #2263, 1, A5 — R SAR 52
B AR 2 (R GG 20) , 1, 55 n+1 18 SAR
AR BRI 21
TEASBMRBUE B s PR 22RO JS , AJELAR
Y822 1) 22 73 05 R N BRX W AR 43 o0 AR B AR AR
ZEor T ARALIE, X B AR L B BEAT R i), A
FARSUE AR Wl (HERR T s B iR 22 ML) 15
B B2 AA A (Berardino 55, 2002) ., #&
Jo AT AH AR P SAR S AR A U 21 18] ) A A7 A2
PR AR HEAT AR AOR AR, I 38 1 I 8] 4 AR 3 K75
5 SAR 5214 3% B 220 %53 1 A ) R AH A (Berardino
4§, 2002) o AEHFAHGLHNBRIE L (3) R
AR I 728 I o) 37k 22 A 67 34 I 2 Sl g w0
MR R ZE | RAIER A A, (Berardino 4,
2002) . M FEARAL PR BUE DR 2 . RAHEIR I
W 75 A 52 23k AR BN PRI S AR, IRl kAR 3
AL 1 e 445 B P JE 28 (Berardino 55, 2002) .
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Fig. 2 Distribution of the spatial and temporal baselines
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HUEE IR ML LOS (Line of Sight) [MAJIEAS . A,
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ARV mIE AT, PR8N (Samieie-Esfahany
4%, 2009)

{dusu} _ {—sin 0, cosa,, cos Guw“:dh-:' @)

d . —-sinf,, cosa,, cosf,. || d;
K, d,. M d, TR — 0 2] LOS 1]
JEASUI, 0 F1 o N TDRASSAAALES, d,Md, N
Xof N7 B AR PG ) AR 1 R AR AR A . BE T (4)
A B R AT AEBEDS SAR S AG 3K BT Z1 (1) 3 1 0]
HUZR VG ]I AZ ) (] 7 41 o 3 2 B ) B AR 45 2R n]
X VR - FIBBAE B0 BT 5 | 762 1) M R M A8 R AT SRS HE Y
SIHTRIPRAL

33 EEoWAE

331 HWERTEREESH =R

7515 PR VR U0 i s b T A 2 B B A 4R
AR R ZE R R L AR ) &N, RMEIE AR 12 m
g, PR R IR AR A2 0 B L oK A SR I P
ISR ZR Ry, S R PR DR 5 46 T iy A48
feRLAE (WAZEAR %5, 2023; BEE% %, 2019),
T SBAS-InSAR FRIU Mo FE 1} P JE AR & Z Fh A 7
HEMMEER, T EFEIESL I AR RIE,
R I BT R IR 15 T i i b 3 10 2 M e sl
HATERIY, A SCR FH L FIE A 5% B R X% B
ARG LA T (X%, 2022), DIRECETE
WA R o Wbz vk, MR P IE AR 4 nl oy
fift I AR R ZE R R A, B R R
(Xu%:, 2022)

S(t)=a><t+b><sin(2;r><t)+
- (5)
cXCOS(TXt)+d
Kb, e XS T 5 — RS2 AR AR I ] GRS 46
) fr B RE, TR 365 diYE TR
Wi, a WERMEIRAE S . b e N R PRI AR AR L 2R
B, dhskzEmi, RIEEAPITE (Xus, 2022),
AT LRLSR A = A oR BICIE 22 43 i 0 A LR IR
VO G RAEET IR R IE (RO BeiR ) |
AR R T RIS W R ORIR 2 AR
A BHRIES L



1088 National Remote Sensing Bulletin i & 54k 2026, 30(4)

332 REBEEBLSHESTNTGE

(1) Py s A 3o b i i

[y S 72 e Aoz di W I nF Be IR 78 1 A2 Ak
B, ATLIRNMEIE A 12 28 PR E . A SCR H] Mann—
Kendall #2365 56 1 Theil-Sen Al 115 23 B 2 2
Bk, mrER-MEIES RS, T
[P 9 R AAE R E B (LindE, 2020). JEURIX
it E S TCH R BT B, XS AR
fefase, AR

1 n
S = 2 sgn(xj—x,i) (6)
F=1j=k+1
5oL §s0
Var(S)
/= 0 7S = O (7)
SA’S<O
Var(S)

Var(S) = %(n ~1)(2n +5) -
| & (®)
iiip:lh(q’_ 1)(2q,+ 5)
Ko, o fla, HEHE PRI AR B, S KR
Siitik, sen( - )AFFTREL, Z WPRHEIES
Guiti, n RESRFHEE, o RETE)FHhES i
TP ELL IR EL, o HEEAIEL, FonitETF 5]
AR RDE AR 5 R A, A SCR T 0.05 B AR K,
I FAE Z, _p H£1.96, M| Z| KT 1.65. 1.96 FlI
2.58 0, #aHEAE L T 90% . 95% F199% 1Y I
EVERS
AR T R AT L W Ml R Y AR R A A AE R
Theil-Sen i 577 75 AT F T s e # 07 m, HAEAL
FEONKIINS | Al 2 1 st [ 9] B 5 0 v - A P
(Zhou Fl Serfling, 2008), H/AF K
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Ak, Median( - ) WEUCPRIFGESE, B RaR Mt

. (d
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Table 2 Classification of deformation trend features based

on Mann—Kendall trend test and Theil-Sen estimation method

PR TE 250 A6 ST A4 %
PRIEESIEIT R it st st
| Z|(Liu%§,2020)
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B=0 TRk

[0, 1.65] NI

(1.65, 1.96] TR
B<0

(1.96, 2.58] B . TR

(2.58, ®) B

(2) TeAR ST Iy %
it — W R AR RO KRG DL, AR
SCRFH Hurst 85008 FIE AR AR B f a5 o Hurst
B BOH -5 3A 15F 1B0 FP 90 %) R 3 A DG 1 8 1 AR AR
AR bR B 2205 B8 Hurst F8 8%, ARG H:
KNI T AR R e, A RIEA (Hurst,
1951)
RIS = k(n)" (10)
log(R/S)n = Hlog(n) + log(k) (11)
Krp, RAVBBURE, SHIREZE, kSRS
X BC (CREAS Bk BB -5 5000 46 0 )R AR
K, FEE A A ATk A ol o LA SOk (Hurst,
1951) ), n RBFEFHNAKEE, H RS0 Hurst
G, log( - ) AXTEGEA . Hurst $8 BB YL FI7E
0—1, R4 A [ IR S ) mT 390 30 b 2 2 25 e 34
ME3 PR,

#£3 HurstiEERF

Table 3 Interpretation of Hurst exponent

Hurst $§ %% [0,0.2) [0.2,04)

[0.4,0.5)
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Fig. 3 Flow chart of deformation monitoring and analysis technology
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PRI A AR VR e b X IR, JEAELA RN 3. Gt
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Fig. 4 LOS surface deformation rate
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Abstract: The Zoige Wetland, which has an important ecological carbon sink function, covers the largest alpine permafrost peatland in
Eurasia. Both the freeze-thaw process of permafrost and the carbon cycle of peatlands can cause surface deformation. Monitoring and
analyzing deformation can provide important evidence for studying the freeze - thaw and carbon cycle processes. However, current research
on surface deformation in this area is relatively scarce. This study is the first to take the Zoige peatland as a research area. The deformation
in this area was monitored using the Small Baseline Subset Interferometric Synthetic Aperture Radar (SBAS-InSAR). The spatiotemporal
characteristics, evolution trends, and driving factors of the deformation were comprehensively studied. The health status of peatlands was
evaluated by considering the deformation distribution and evolution trend.

This study obtained 89 ascending and 83 descending Sentinel-1 SAR images from January 2020 to December 2022. The radar Line-Of-Sight
(LOS) deformation in the peatland area was extracted by SBAS-InSAR. This deformation was verified by comparing it with the deformation
results from the adjacent orbits. The vertical and east-west deformation were obtained by LOS deformation decomposition. The vertical linear
cumulative deformation and the seasonal amplitude were extracted through deformation component modeling. Moreover, the historical
deformation trend was obtained using the Mann-Kendall trend test and Theil-Sen estimation methods, whereas the future deformation trend
was estimated based on the Hurst index. The spatial and temporal characteristics, change trends of the deformations, and health status of the
peatland were explored in depth by combining diverse information, such as land cover type, surface temperature, and precipitation.

The correlation coefficient of the LOS velocity of the overlapping areas between adjacent orbits reaches 0.74, and the root mean square
error is £0.55 mm/a. Vertical and east-west velocities in the study area range from —45 mm/a to 45 mm/a and from -25 mm/a to 25 mm/a,
respectively. The vertical deformation is mainly distributed in the peat areas, particularly around the wetlands, water bodies, and the western
high-altitude area. The nonpeat area in the northwest has relatively evident eastward deformation affected by elevation and aspect. Seasonal
deformation, with a maximum amplitude of 16.9 mm, is mostly concentrated in the peat areas, particularly around the Cuorewajian Lake and
the Manrima Township. The trend test results demonstrate that the areas with significant uplift and subsidence trends account for 51.95% and
26.10% of the total area, respectively, whereas the remaining areas with uplift and subsidence trends account for 8.38% and 5.88%, respectively.
Moreover, 75.72% of the area may show an anticontinuity trend in the future, and 24.28% of the area may maintain the current trend.

The deformation of the Zoige peatland exhibits complex characteristics and distribution patterns of subsidence and uplift, linear
accumulation, and seasonal changes, as well as vertical and horizontal components coexisting. This deformation is mainly related to factors
such as the freeze-thaw process, carbon cycle, land surface temperature, and precipitation. Moreover, the deformation trends of different
land types vary significantly, mainly because of the differences in driving factors. Overall, the uplift area of the Zoige peatland is larger than
the subsidence area, thereby indicating a good carbon sink function. However, local significant subsidence phenomena occur in areas such as
the Cuorewajian Lake surroundings and are accompanied by a high Hurst index. This observation indicates a significant subsidence
persistence. Thus, the peatland in these areas may face degradation risks. This study is the first to reveal the complex deformation
characteristics, change trends, and influencing factors of the alpine permafrost peatland in Zoige, thereby providing scientific reference for
the assessment of ecological functions and vulnerability in this region. It also verifies the effectiveness of the SBAS-InSAR technology in
monitoring the surface deformation of large-scale permafrost peatlands.

Key words: SBAS-InSAR, Freeze-thaw Peatland, deformation monitoring, spatiotemporal deformation characteristics, seasonal variation,
driving factors of deformation, Assessment of Peatland Health Status
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