2RSS =__ S2201W0100

=
D
(98]
[\]
E§

vl ) A ~It

A F

HUNAN UNIVERSITY

Mt F I3

ETE# InSAR AR EHNEFLS
22 2 XU B B A 5T

FAEBRFAGER_ B

Box B O EARTEYE

SImE RIFR A m s R R R T
2 8 & A A+ AKKF

W = 7B m__ g

X iE X HH

2025 £ 5 H 19 H




FRAS: 10532
o 2. S2201W0100
= . NI

i NN 22 (i =X VA8

ETE% InSAR ¥R HEFNEESE
¥ 22 4= X BGE N B 5

H X HA R 754 (52278306)

W1 FE 4 = AR R (2022SK2096)

WA BARREETH (20231J70003)

W EE A KR T KRB TH  (XSKJI2023059-31)
WA NS EHBTRHHIH (yjtkjxm_202406)

FOERIEABE:  BREE

SITHR R A RS RIS S T
= OF 8 fu. LR TRE¥K

E 0 & FR: EHARKA

XX HER: 202545 H 19 H

WX EHHHE: 202545 H21H

EMERTFRE: WO HR




Research on Structural Safety Risk Monitoring of Urban Building
Clusters Based on Spaceborne InSAR Technology
by

Chen Jianwei

B.E. (Huaqiao University)2022

A thesis submitted in partial satisfaction of the
Requirements for the degree of
Master of Engineering
in
Civil and Hydraulic
in the
Graduate School
of

Hunan University

Supervisor

Professor ZHOU Yun, Senior Engineer TAN Zhongkun

May, 2025



Bl RLR X

MK F
FAOR R E % AR

ANBERER: TEXHIL LR EANTE FITRYEE T T ML 3E 1T BT 50 HL
BAOWF SRR R . B T ORI LAARE S IR B 56, AR SCAE B AR T 3
b NBRE 7R B4 R RERIES B AR AE & o X A B9 BF 0480 o 3 3E TRk 8 A
ARk, HEEXHUBHRTRITH. FATERRBAREHPERER
A A 7k 48

4% 4.
AW K4 CAYvHE

F AR SChRANE A R B

AR EE RS TRERAXRRE . AR XMRE, REF
AT B IF 1 13 5K A < 3B 17 SR AL A 3% 2 18 ST ST ER 4 FD B8 F R, o ¥ 18 S 2
8] 1A 5] o A N 332 B R K 22T LUK AR AL L &M ELE 0 A B R ANH K
Kodg EEREAT I &, W LUR B BZEN . 48 BN # 55 | 6| F BUAR A7 ANV S A 2241
w3

KB XIRTF

1. %0, £ FRERERAENPH.
2. MREVY.
(i& 76 LA _E AR R 5 AE AT “v7™)

- TH ﬁ@%ﬁ%:}w§£5ﬁ7wa
@mﬁzw B#l: & SH»>H



T A InSAR HAR KT G HURE S5 A2 XU I 7

m =B

BCEIT LK, REZ Py 7P s i A R, K g A AR PRk B et
ERE P EH. RN ERAER, REFEERAZRDNX HO#EE 2, £4502E
o AR KA. ARV TR TEARERMLEZEEEW T, @R eREA
Wrig ok, FHAS TITT Lk R, EaR, REERZEHENEZ K, EHN
I M 00 0 A 32 B AL ORI o VR N B SN T 22 A R R I KRR R, RN E R
AR YA AT A T A XU R A A8 B g OR AR R B AR, AR SR AR TR
E N &, 1E2 %3 (Interferometric Synthetic Aperture Radar, InSAR) 7 A Wi il F
fitlh FRAL R AR EAR 20 M, B BIALE T D930 T K A U A H AR A s R
AT RESE (1) AR T W00 S AR PP AG 7. AR SO EEZBP RN W T

(1) RSB A BB InSARE A B 708 H IR, x0T 2 30748 T2 I I iX —
R € N H s, SPAEALAL TR WA IR . 2 SR IUE BRI T AT AL, fE e
AP 5 R A . RS ARG HE A A K InSAREA 7L @ 51
W RE R, B R A K A BT A TV D & (Persistent Scatterer Interferometry , PSID
FORAE I A iy B G Ol HgHE AT @52 T Ml SAR & R4, #id
B InSARE AR T3 JUAT R HE, 1R PSIH: A AE £ 5 AL T2 I I 5 XUBS: o7l B8 2 5
AIEEVE: SRA 2 B BB Ik @ SIPS AL, 91 AL S IR B2 AR AL I P0 A A AR AL J v] S
Tk B SO A AR T AP BRI, MR LRREE, il
R 2 % [ A s BT % .

(2) RGN EREME R REE, BT PSIECR KN 2 RZ @5
B R R e B =it e LW L A Rk N o= S I A N 2 e R AT 18
HARGHE: RGE I OCE He Rl @ SR 9 ) A im) B 38 AR s FES T 4 )
ORE b, T PSRRI i R s i il &, JF e KVE AR T 4 K56 5 @b s £
X 3RS b, 2 3 T R AR TR B BR 1Y S B B A EE 4 {E V% (Inverse Distance Weight,
IDW) W EREMW T HE LY, EREERRE L, ETEREGHERI T, X
O3 S SRR AR AR T R 5 25 He A4 4 AU, B L B I 4 T AR B A S XIS DT Ak A A AR
R PEAGE A &E, LR ESIET BT B AEVERT 5T . GRERW, Pk
DRI R TR i ) E5' NS i =it Sl e e T S

(3) R rmZER AR, 32 H &5 A KR RS &t
ST, W R AR S IRR AR L, R @SR AR R AR .
HARAH: WSARTEEMMAA ALK, RGEHNEZEFMMZREL: FH
— MR JE B E GPSAR R AR D K 1 P S AR T A, 56 R PSR AR 3K B i 2 i AR T
AT EEME: Rt mE RN 2 MR B4R AR, S5 @WE e, RIBERE

II



Al - 2 AR S

RS TE R B & S 3 4R Hh 3 TR B A R A T8 R BUsE A& 3 i v 2 i 30 7
WA RR K EATTE: &)a, UKD EEEFRL LI uE], 560k J7 ik
RITTEETE . S5IRRW, PR i ik A T N Z KRG RPERAN 0 M J2 2 3R 45/ A2 T
B, IR R A S R AR .

AT 120 B WMInSARFLAR LY, SEFLME R SR B EF 7 H L
T AR B R VEAl 7, A BN B # InSARE R TE TRESLPr 4T R H , IF
B A3 AROR ST AR IS B, B v T A SRR e e XU T KT

KA SHERIEN; KAHSHAETENE; BREMEN; RETE; XKEITH



T A InSAR HAR KT G HURE S5 A2 XU I 7

Abstract

Since the implementation of reform and opening-up, China has undergone rapid
urbanization, with a large number of buildings now entering the mid-to-late stages of
their designed service life. Over time, the increasing stock of aging buildings and old
residential communities, combined with structural deterioration, adverse geological
conditions, and substandard construction practices, has led to growing building safety
hazards, hindering urban safety development. In recent years, frequent building-related
accidents in China have heightened societal concerns regarding structural risk
monitoring and early warning. In response to the national demand for urban safety
development and considering that abnormal deformation is often a prerequisite for
escalating structural risks and potential collapse incidents, this study focuses on
deformation monitoring. Building upon spaceborne Interferometric Synthetic Aperture
Radar (InSAR) technology, we integrate civil engineering theoretical analysis to
develop a low-cost, high-efficiency, and sustainable approach for large-scale urban
building deformation monitoring and risk assessment. The main research contents of
this paper are as follows:

(1) This study systematically reviews the current research status and practical
applications of spaceborne interferometric synthetic aperture radar (InSAR) technology.
With a specific focus on building deformation monitoring applications, we present
methodological optimizations for critical technical components including phase
estimation, coherent target selection, and reference point determination. These
refinements collectively contribute to improved accuracy in structural deformation
monitoring. The specific research contents include the following aspects: (i)
systematically investigating the characteristics of various InSAR techniques for
structural monitoring, with particular focus on the application of Persistent Scatterer
Interferometry (PSI) in building surveillance; (ii) reviewing commonly used SAR
satellite systems for building deformation monitoring while elucidating the
interferometric geometric principles of spaceborne InSAR technology and evaluating
the accuracy and reliability of PSI in deformation monitoring and risk assessment; (iii)
developing a multi-threshold approach for PS point selection and establishing an
interferometric phase model incorporating thermal-phase components with reliable

temperature data for structural deformation inversion; and (iv) proposing an optimized

v
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reference point selection method for deformation inversion in complex urban
environments by utilizing a priori knowledge of structural deformation patterns.

(2) This study systematically analyzes deformation patterns of low-rise shallow-
foundation buildings and develops a comprehensive risk assessment framework based
on multi-scale deformation monitoring results obtained from PSI technology, thereby
enhancing the reliability of existing risk evaluation methods. The specific contributions
include: (i) systematic classification of vertical and horizontal deformation modes for
low-rise shallow-foundation buildings; (ii) city-wide validation and analysis of
deformation fields through integration of PSI technology and urban big data; (iii)
development of a refined abnormal deformation field construction method using
temperature-corrected Inverse Distance Weighting (IDW) interpolation at regional
scale; (iv) establishment of a comprehensive risk assessment system with differentiated
evaluation indicators and quantitative formulas distinguishing between whole-building
deformation risk and structural damage risk at individual building scale; and (V)
experimental validation through case studies in Taipei, China. The results demonstrate
significant improvement in the reliability of PSI-based building risk assessment.

(3) This study systematically analyzes deformation patterns of high-rise buildings
and proposes the concept of temperature-related deformation coefficients along with
their computational methodology. By analyzing coefficient trends, the approach
effectively mitigates thermal deformation interference and enhances abnormal
deformation detection. The specific contributions include: (i) systematic classification
of typical high-rise building deformation patterns from the unique perspective of SAR
satellite observations; (i1) validation of PSI technology's reliability for high-rise
deformation monitoring using historical GPS sensor data from a representative building;
(ii1) comprehensive analysis of multiple deformation components and development of
temperature-related deformation coefficient algorithms based on structural theory; (iv)
proposal of an anomaly identification and quantification method using evolutionary
trends of temperature-related deformation coefficients; and (v) experimental validation
through high-rise building monitoring case studies in Changsha, China. Results
demonstrate the method's effectiveness for millimeter-scale structural deformation
pattern analysis and abnormal deformation identification in high-rise structures.

Building upon the inherent advantages of spaceborne InSAR technology, this
study develops an integrated framework for structural anomaly detection and risk
assessment through synergistic coupling with architectural mechanics principles. The

proposed methodology demonstrates significant potential to facilitate broader adoption
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of InSAR technology in practical engineering applications, advance future urban
infrastructure health monitoring initiatives, and enhance early-warning capabilities for

structural safety risks across metropolitan building inventories.

Key words: Structural health monitoring; Persistent scatterer interferometry; Building

deformation patterns; Temperature deformation; Risk assessment
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B 58 ) (XSKJ2023059-31). g4 N2 & BT R U H (yjtkjxm_202406) JF & #H
Kotse, FENEWME 1.5 Pinr.

(1) T PSTHEARB T AT AR h S8 WER AN % ik %0
BRI AL, $2 H T m) 3 T R AR B T AR R U v . RS REREE A
TEALEEME SAR PR RS, EHETHERN SAR DERZGKRE: WA
InSAR Hi R TR, X PSI B B8 50 AL T WL AS B2 HEAT SR & VAl s BE o0 290
AT W IRE fU, BIEFE PST BRI W] SRR BTV 25 R8N 45 0 0 25 I JE AR Y 5
e, 3 B B iR R A AT () T 5 A A7 A5 2R K T I I R A U RS Y s B R
3 T SR AR T g 5, e R e 278 RUR IO & Wil G TE A B0
W 50 LOS M A8 T 43 il 7 1, B8 Jo 5 J S0 A0 T M ) 245 SR R e L il

() BT PSIHAREEALHWERNLE S, RAMESITIKEZEH 7L
FRAE, $2 AR )Z SR LAl S0 e W R T MU Vil 7k . AR 4G . FIH GNSS i
WMIECHE, X PST AR S AL AL T e Il 25 SR AT IR 30 s 3R 48 PR A BRI 2 3 B Al
AN, HFEIEM N EL S AW KRR, RN
% ROBE MR W 5 23 B O 1 5 B8t B DRy 56 35 1R 45 R XTGP Al 48 A 1 3R B LB VP A% 7 1%
P 1 DA R 2 VR B Al AR R VR A ) e SR s DL E AT B, IRIERT SR
VA AT EEME
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T A InSAR HAR KT G HURE S5 A2 XU I 7

(3) HF PSIFARACE S = LRI, R0 trmE @R, 'l
i = SR AR R ROR R BT R . RAR RS A AT GPS Ml #dE, XF PSI
PR 2 AL W RS B2 BEAT 30 AE s N SAR LB Ry WL AW A8 Hh A, R Gt IH
Mm = @B ToHERZERNE KL &, RHEEEZHRE
BRSSO, IR IR 2R TR M A R AU E S 1 = R R R A
AHARM e BT LRI 9], xF 9 AR & R st AT R 5 7
s SR BT B H T 9 R AR

iy W ‘ ‘ \

il R 66 R P ST M 5 R S
I L i X B L AT

e 7

" Sentinel LR % ! o BSOBAREEGUMT

T G} T :

1 GNSS%?M%&% E'lﬁ:f; L _/:j:_ _}?k_ﬁf}{{_ﬁﬁf{%j‘?}_%_'? _ﬁ_ﬂ_q_ __ !

R —

L REHOE T;E e 5 IR R R R T M 5 B R

................ %

| BRER - R AR A :

S |

L S S BB REC MRS

R | — _EBERAREERIENA |

1.5 MRAZS
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Al - 2 AR S

$F25F 2 INSAR TR M AREAKRIE

2.1 5|5

BT B 3 InSAR HIR B @ 3R T W AS 22 3 DR, KIS, AN RE&
B 250 22 J7 RS A o D 4 THT ) 38 R B2 28 InSAR i AR IS Mg AR 2 1wl 471, H
BB 1w A B InSAR HRIE B F AR MW A RS e e S el SR, AR ST R
BURR VE AL B9 8 HE i, A FOK RS A E A T @S I SAR LA, Hgith
FLERGMFESH, EHEH T RVGE @A R0 TREEGQE: Kk, A
S H H RN T 2% InSAR HR, ARERH RGN HEE InSAR FEARMEAR
JREE, HA A PSIE ORI AR R AT RS &5, AFBET PSIHE AR
AR AL I ST AT 57, RS AN PS ST iE. RRIEEIEMH .. % Sk
W, Bl SRR EDEM S, DU — B3 E PST £ A Ml g 5 2
EIET RS WA E

22 SARIDEZ%

I 20 24K SAR PERGBRE TKENRE. £ 2.1 FIH T Ui EEZHL
T 0 A B SAR BB R4, W EBE, C B X ik B TR B ¥
W ECRE R, Hh CHEBRITEAGHERMFENE, XEREERAEENT
B 73 #F 2 WE 9 J7 10, SAR D E RSBk A G 8+ AREE A BIESE,
X R R A AT DA — I 3R B T 23 ) AR R I A T B S B K B v A T Ak
b, B2 EAME R, SAR TR FH IR A W IE A YR 460, X HF T )G
BN E NGV IR . SRS, NIE B 2R 2 R b 8RR SR B AR TR s
MR, SAR LERZRFIEWEZEEL. ZWAERX. ZHE. a0 HE0T
[A] K J& I O R T IR A A 0 A A R TR I M B E TR G kAl

AW IEFE Sentinel-1 (S1) P EFEGHIEIRIEEV 7T, LUHEE TIRBRA .
WOy R SRR, IR IR T A R I T R A T RN S KBS PR AL 45 2R . ST B
BEE 2.1 s, ZECMAT KRS EJE 1Rl (Copernicus Programme)  H1 [ i1 BR U
W EE. f£iZitkd, R &4 Sentinel-1~Sentinel-6 3t 6 A~ 2 2 K, H i Sl
BN SAR T A . 2014 FERKZ RS T Sentinel-1A (S1A) P&, ALl 12 K
FHIRMM . 2016 £ SIB PEKF T, 5 SIA LT F—HE FHE, Ak S1 2R
MEG WM EHAREZ 6 K. ZPEMEHEAGHEZTHEA (SM). T %R
X AOW) BRMEA N (EW) & 7648 T8 I i 38 5 F s X oy s i F i Bial, A
% 5X20m (24> HEER, W8T AT ik 250km. H S1A P2 2014 SE ALK, B A
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T A InSAR HAR KT G HURE S5 A2 XU I 7

# 10 FH P RBIE R R, HR AR BRI IR, 206 K50 Fl I 3 2R 42 72 61
& TA M KA, W2 N T A B b R T AR A 2
=21 ERTREAZHENN SAR DE R

SR Wi i B = IR JE
PTRAZ NHUBFTE] B
(m) 77 K (km) (R
ERS-1/2 1991/1995  C 25 A% 100 35
ENVISAT 2002 C 20 VV/HH  100~400 35
ALOS-1/2 2006/2014 L 1~100  VV/HH  25~490 46/14
s1 2014 C 5/20 AR AL 20~400 12
CSK 2007 X 1/3/15  Atkik 10~200 1~16
TSX 2007 X 1/3/16 XKtk 5~150 11

2.1 Sentinel-1 1 £

2.3 E# InSAR AR A

2.3.1 InSAR ¥ AREAK[RIE

InSAR $ AR —Ff 32 3 20 T 7% 3B M F AR, 38 T Sz 5 IF 3 U ik 0t 47 4
TWLI . 75 SAR R GEr, 753kl i 14 88 i R 5T, 245 S STk R 4k
FE AR I, 88015 5 2 & 5[] 55 i 352 050 8 o 75 30 30 o 3 WAoo o I 53 [ S 4 15 5
R 3 R A ARIE AR PR R D T L R B S S R R Y 5 A
BT A& B EENE, AR WG, B2 InSAR £ A H &
HT Z2 %A B KA SR8 S5 00 R B8 5138 T M

TS 2 T AL AR T B, 7 A — e X B K 08 SAR B
G HE4T T 4B, ﬁ%ﬂ%ﬁﬁﬂ@ﬁ%%%muﬁ X R R S I A
R, —RWKL—GoEEs, SRR RGERLSEER. iTH AR M



Al - 2 AR S

KM L2 LSS E— kMW EAE M EZ R M SAR 24, FIH
RIRWAE T H— R TAHU, SRILMIE SAR AR RIREL. J5 3 2 B #
InSAR AR H H MM AL, B L EEE—E SAR RE, @I EPIEES],
TR DL S I JB) RN A2 SO (A% B R SR R — M X A, JE I  IROR S T
R 752, SRECTF BT E P IE SAR 214 . InSAR # R SAR P A& 44l i
R A, BB RS IERE T RBEE S RE. MHAEEE.

InSAR AR W) 4% FH T b 38 S #2458 s, L3RRS R 0 130 L AT i 22 4
Kl 2.2 (a) B3O B Sy f1 Sy AR ik DR S S S [AIALE, P AP )
) 2 TR Hh R I AT A B AR ET R S AL B, BN SAR TR S M AR LOS
A PE S, FH SP Fn. B oA TR M T B R Mg 2 F 5l R a m i g, ok H
S ENEAT T LOS MIHFATREL B, UAEE T LOS MEHEL B.. 0N
BED IS A, a WL 5K M. HILTRR 515

B, = Bsin(d-a) (2.1)
B, =Bcos(0—-a) (2.2)
XTI R SAR 2R T W A B ARBUAHAL 2 f5, v A%
4
¢:@—%:—j§@P—SP) (2.3)

X, AptihiE, A ATEEEK. BRERZEHETE:
SP+B +S,P'_(SP -S,P)SP+S,P) B
25,PB 25,PB 25,P
fESCBR LT, TR BIE KT A ML (SP>B), [ SP>SP-SP,
At S,P+S,P ~ 25 P AR LAl — 15 3.
SP-S,P__ ¢
B 47B
Y AH X T Hb R 2 25 MR ER T (1 =5 7% h=H —SP,cos @ , [K] It AT 43 FH Az 55 W0 ) w5 5 1]
HIR AR N

cos(%+a—6?):sin(¢9—a): (2.4)

sin(0-a) ~ (2.5)

h=H -S,Pcos(a - arcsin(ﬂ)) (2.6)
47B

R AR T 2 T M SR B bR LR TR O B A ) AR A RS R R
[ B 1 R 285 R KA W 7S S0 U AR A . SRR R, MR A B bR R AR
LR B T I ) T3 U R i 2.2 (o) i, T FRrr. H
F, 0 ASHEMRERMAL, TE S SRR T L8R oq, AMEARAL, Wl
SINECFE MR (DEM) 258, DEM XAl (2.6) +HEBE; o, N KM
B, @ AWML, REE A IE RS T T UL AR, Wl (2.7) ~ (2,100 Fr
s B EIRARAL EBR S R4S R B AE T A AL @t
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(qu)ref + (Dtop + (Datm + (/)def + q)noi (27)
4t
(Dref = 7 B” (28)
4n B¢
=— 2.9
Por = s Psing (29)
4
ngef = TAr (210)

a) BERETFT/LMA b) TRIFRATFFILMA
& 2.2 FHILAREE

H T 7 SAR FLAR T AN SI A7 7 &R 3= i [-n~m) (A A AL, 4 SR AL
@ RT ¥ g geit [-n~m), BIAFAE 5 BRI in) & . BRIk, B B3 LA R
PN, MALMZE L InSAR R 53 — 0 R B, W& 2.3 froR, SN @ I
JE B AR A, 7 B I A AT A 20K RH AL B R A SR AL ZE R R BN LS AE . A R
2 1) 3 7 VR AL T B A R O R A i g AR VA0TSR T A /N S B0 A AT A 2
SEUA g BRI BT R OR 2 R I A A i g Bk U, DL R R TR A
>1 () A A i 2 B vk A4

L SR
g

7

& 2.3 HLBEEREE
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2.3.2 PSI Tz M35 AR

PST i R & —Fli i} J# InSAR i AR, PST H AR SRR AE WA 2.4 frox, HEED
BRALFE AR AE . K AHUR R (PS) JEREL. KA R IR AL T SE04), % H,
AR 3 BERF fAE T ol R A — £ 51 SAR 828 1 DO B b5 928 T2 B 7 o HoAZ 0 AR
T, M NIE SAR B &£ 1 WG AMERERGL, BHERK N-1 ST,
UbJE R R EOR R R E 1) PS A, X PS AUEAT S AL, FEXT PS 4%
B — AP I 1) 2 0y T AR AT FEHERA A T, HET R R A AR . B AR A
) AR IR A B 2 PS s, PRIk PST AR F B 8 T 2 50 A8 7% Rl

TEFE AL SE A, B[R] I 32 7 I [R) 2 28 A /N J5 ) L 2 )k 2 /) D U DA K 22
e Ay JoT o IR 2R B N R, B RaA sl (2.11) ~30 (2.13) FroRiiesd,

i|Bi|:min (2.11)
ZN:Ti|:min (2.12)
i‘Fgc‘:min (2.13)

i=1
A, NARGEE, B NS SRGTREL, T N8 SGrmEs, F.
N AR Z B WO R 2

AR AREHE. £, BIRGREMES, FHERMTREGE. &K T W
WA M Z AR S R BE L I AN FERRE S, N H
Nz B SR REBOE. Z7EE SR TR RIs U S0 A I AL JF
FERFECAE AR A X UL R 44 s O VL BC & 1, 7EDLIC & DR 3l il A2 ik BT
B 8 B AEL , 4K 48 DT I $i8 A e 0 58 000 5 DT IC 2 11 P9 1) e A TRl 44 R o s BV E B ) 2
NORUERE &R R 44 RO T SEME, 7R 5 R BN IS & 1 58 o) 28 [J 44 R &R
WETRKILE G D EERRAL A, HERHOEAL A& TRE. Hik, FIH
% WA Y 3R T E 52 AR ) (7] 44 i i AL AR W 5 OC 27, A1 A AR 4 0 R SR A Ak B
PR AE. &a, MHTREIOKKZE S EREE LR T /%%, @dHET+
RECPAL L HE BT B . AT SOk B EC AE SR 2Z BE Y 0.05 B &R, A B 70 3R W HEAS
FEIR B 0.1 MR R I AT 458 9 18 1 SR B0 A AL 48T,

ABR 2 WA HT AR P A A InSAR HOR EE H K E
TIMARTE, K7 26 R = R A A B . ik, A58 9] A4 DEM #E 47
e MR A AL 5 B o A 95 328 FH 35 18 i R KL R IS I EE S5 AR I A K 1 A AP (Shuttle
Radar Topography Mission Global 1 arc-second, SRTMGL1) DEM #(#&!141, H 4 9
HLIH 30 Ko fEZAESSH, EEFENR (NASA) FE By &6 E 2 Hh 2 25 6] 7 ik S5
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(NGA) &1E3KEL 7 45k DEM, #:) iz N A T-HIE 297 .

IR T EE R LA A2 B %R InSAR 43 b & 4% 38 .

AYR 3. PS R, fE PS mUGEHUEIE U5, BIE R

JK R . IR A

o) — BB 45 A AL S 22 B

B0 PRiE s 22 B AE Y, AT RERAEY5E . £ PS R JT I, wT Ik A AR
] Delaunay = ff #J W 4 i 7775 . Delaunay 5y G898 & B 5% Fh &2 2% 10 4 N\ £ s 4&
B0 FE AU 73 A 1 AR, I HL SR R AR
H T H AR TH R S 2 2, Delaunay = f W ££ b 2 O AR £ 95 I AR 28 BB 98 TR FF 4

ERE &

R 93] & AE KA

/ )?I?/@/ / N-15 5214 /

PEITE SN RV

:F{/ﬁ\ffﬁ

< shuoem |

> ?,1% /

min |

| e |

= 5
E— 2 R 2
Lk PS I L PS s %
P Lo

o PS LA R
R |

O b |0 | PSAUBIRGTY

____________________________________________

ey

/

2.4 PSI HAR F AR5

X (2.14) frRtisitel,

A¢—%fATAV+

47B,
ARsIinG

ARTE +Ag,

(2.14)

X, RADEFEEWMHRKRE, ANERBEK, 0B,
AV F1 ARTE 73 5l U HHE PS iR M2k 2, AT A B, 7
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Al - 2 AR S

PR 52 AR PR I ) 2R 28 55 20 () e HLAE 2R, A AN ZE . IX— R ARl BLEON
#ETH S PS I ZRMEAR T, ELAE TR S SR K A A IR R Ak TR AR T
I, 75 5 )™ B AT SO 72 . 9t , T A% ] Monserrat 854 H 6 2 i B 0
40 TS M ALY, s (2.15) Fross

478, \RTE + 2% ATempAThe + A, (2.15)
ARsing A

2, ATemp Dy AS [5) 0II IRF 220 %8 B (R it B2 22, AThe 9 AH3E PS s I IR IZ K 2 0% .

A¢=47”ATAV

24 EIF PSITREMAEE

Br 7 A InSAR HAR T A ML 4, M T4 40 D-InSAR #K,
PSI J7iEAE A MK IR AS I iE B — S B 3, FEAREL T L
A7 CD W RR AR R B W6 o) LB S AR B 2 18] 1 A BR
=T, ST RN IE M O s s, 1S A B AR S AR, IR A PSI
AR U ERE IR PS Ao (2) BHAKMIE. PSI HA ] DLIE T # 4
(RS2 AR 42 B G5 40 [ SE AR TR N 7, X AR U T A% G 4 h A R M I B =2 sl ik
A pyim &, FR T IR MERREL . (3) SR v E. @il m N E
EHRE, PSIHEARRAEIN PS S AR EEFE, [FIBAE PS m i) 2 4 b 22 wJ
PAAE — 5 #2 FE B Sl IR KRN B T4, 32 v g SRR T WL 45 44 R vl Sk . e —
A PSI BIARERNE W AT i h B SEME, FF2EE SAFER PS MUER. X
SEEER .S SRS SR, Ib4h, BT 2 InSAR H AR KR MM K,
Wl Z EMSEEEE, BT EXT PST B TR B 2 5 A T 45 B3 AT R0

2.41 PS SiEBUAE

e B (] A7 B A 8 1 PS il H b, 2 PST 57 A HE i 17 ) 82 500 25 #4811 it
R FLE W], &R IE RIS 5 MR A RS E P AT 72— E FE B 3RAE PS A A8 sE IR0,
PR, AT A P A W 2 46 B D, e R BCE SR A5 B PS i PRIE B ZE 48 % Dy (1
RikAKWMA C2.16) fi, Kb o) Rom BN B R SO ¥, std RosbrifE 2,
mean 7~ ) {H .

. stde(, j)]
D, (i, j) = mean[o(, )] (2.16)

FESE RN o, AT I IR 2 25 R E Da R ECHY A SR AE A L) 1 B A R AR
SEH PS mio DaKIRIBEAMW (2.17) Fion, K oa KoRI FIRIEISMEZ, ma R
7N I AR R 44

D, =& (2.17)
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NITERIE, AR S Z KRB OV IRTE RS ® R %0 (Amplitude Stability Index ,
ASD), HFEZXALWT:

ASI =1-D, =1-24 (2.18)
mA
BEEE, ASIBGEIT T 1 Rz afa g bk, /E28 PS fi KRR T2 I o] 58 BE B -
AR KRNI, 78 PSIbniER RMAERR E, "k e s ASHEY 2
W PS mi i & Delaunay — f1 T2 W 45 #E AT RSAEAL 22 B, 2 Ja FESE AST BR{E 4%
X PS AT 0% .

TR T BB K38k, E T B TG 98 8 /K R R 2 S0 S T ) VT R AR AE 2 IR i, &
B EHBURE Z B B IR RIS AE T, R R — 08 R 2 2 R VA T REAE K
PR AR B 4 R AR PS sl BB, AR A (2.19) B BB P AH O¢ R 54T
R PS SR, Hrh, MM SR EE. BIEBEHNEREE, m. n 730k
IR O PRAN, *RAREHLHE 7.

>

i=l j=

7/: m _n m n
\/Z IMG, P18 )P

i=1 j=1 i=L j=1

n

M@, )+S°(i, j)

(2.19)

242 RKEREBEHEIEER

B0 (2.15) WL, i B 0 0 HE A I B R 2 R TP AL I SO S5 R . AR
B A B Kl 22, AT e B B AE AL I R Al oE BB A oE, 1T 2 3 PST B3R
AR P )70 . T 40K 2 80 5 _E s = I A B AL s, R LR 7R 25N
I 3 A Gl U 0 pL 7 USSR K BRI R AR Bidlk 10 ( Buropean Centre for
Medium-Range Weather Forecasts, ECMWF) [361Z5 43R By,

KRG A M B, 25 R4 B B I B AR A S B, HidxiR
FEH S @SS bR B R T T R AAE R E R . I AR IX, Hid
SR B HE OO T AL i B A B m & . ECMWE 2B — A% 1]
MR A TR A A A AE T [ PR 23, BT T 1975 45, BT o8 Rt A R v R
FER R AR EAE, U2 PR AR . A A 3R R TR I ) 4 S LA 2
—, ECMWF DL & o7 & 00 0008 Pl 7= . 00 000 R 55 DA ST 4 BROR AR A Y
WS % 4% . ECMWF SR A 2% T W 38 5 R 10 1 29 7% 28 300 R TR A58 28 SR A 40 K
AR, X SRR R AE A BR O R N SR AR T s R AR YOI TR o P R B i i
KA 1% W15, BT EE RN R IAT B, B0 B0 RS i Hh 4 42 <
AR ES . @i ECMWE W] B4 58 B 308 12 3 X /N I 2% 16 g s Ul s
AR T2 5 PST H A XS & 40 45 74 iR B2 AR T AN v i e A vk
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B ARBL AR Gk il B B & A A R, (E e T i o2 D Ao A% JR S S
CsR ), BRSNS, L& RO ik . b, ienrdd
22 8] 47l 1 T 555 D5 VAU T i L SRR 2 BdiE A2 PST BOR K& A% PRI, i X ik
= J3 S AR 2 A R, AEAI PSI SR TF R G 0 i, 1 o B 52 B
Jia TRl Bl L Kok B ECMWEF 25 40 1 i B Bt 1047 28 OB S, i ade BB e
S B R P A S T AC SR R o I B B e K P ade TR R R HEAT ISR, B
Tk PST BRI S i 1) w] 5%

243 BEQENMEME TR 7%

FEFIF PST F7 A W I 4 570 45 44 A% T i 55 A7 76 R w0 B 16 5 DU 5 1) 1) 8t o
IR ME S % A B S FERRER, A6 FE PSI £R ) 132 T8 45
SO IR AR 22 . 9k, ERIH PST B W I 50 45 44 A8 TR I . s BE v R AR T 2
MR

— T, BHRARSHZSEGEBEEMATEE. 558 S50 fREE TR S8
R EITRZE . NS S S e S, N S I R AR B S 1 O e
P I AL, BESF LK Wy S5 R AR . HUBT MR R R B A X d . Stk 4h,
IKTH X T Bk 2 B R, — MR IR A B2 PS A, #r 7fEK s Bl
AEIR PS FATRESK H THRBENZ XA, HESWEEAS. H—Jm, EH
MNATFIMEER. SERANESN RS S H p WE WA Y, X E
ARAEE R BEET R, PTREXT AR MR W 2 SR = AR . AR I T KV A A
FEJE PSI 43 #r iy, 25 [ AR A7 98 R 22 A5 0B W IR IR, 75 BM 255 RUE AR T R 5 1)
) X3, LT 7 EERUAET B0 N i B 2 2 N AR Y SR I S

T PST BEAR K ARG R R E, W HMEEA KN R4 HE. GNSS I
&8 5L DL K SR A AR R IE S AR T 45 RS . i T I SR T I 45 R OK 2 O g
BIREER (B EPiE. KRR K. MIbmAE), 5 PSI AR B EZWM 2 1
LOS BILAF K E T Rk, ETF R TEALL 2 1, 7 24 PST AR ZKELH LOS
) AR T BEAT = 4o A, T A R AR R W 4 SR R B

MFA PS smAHXTZH S K M A TR T O F R, ] LLERUACA PSS
LOS [f] 28 1 Do 3 H1 % B 7] A8 2 77 A5 L IE IS, PS5 5 ) 48 2 D, w] DA i 7 2.20)
B3, X, 0N SAR T2 Kk B B NS A

D
Q=$§ (2.20)

¥ ORI )RR R, mraE B AR, R 2.5 B LA ok R K
A (2210, 2 (2.22) MR PS AR ERARIG M. R A& EWN H bR S
bR, HEEFERE T SAR BESHIRP ®iT, MM a— i, Hit
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WL H A5 R b 18 A2 T 3 B0 LOS A A2 1 70 B0y, 20 R Ak 18 28 2 AT ORAIE — o8 —
RJT REWIR] A e, R & 229 o i A2 45 LA T 4L

Dios» =—D, cosa,sing, + D, cos 6, (2.21)
D.os¢ = D, cosa, sing, + D, cosé, (2.22)
. D A D A
& ! THALIE v Y

. D, D, N,
<O& N g adr Oc.)b
o 5 N\ \ :
/ D, \\ \ \6

B¢$}Lﬂnﬁ

&l 2.5 SAR I E H MM == E
25 ZKE/LE

REANHEI InSAR HARMEAJRH, JFE SRR T PST AR MM H AR K E
B A, AZTEXTEFTEENIX R e s, X PSI R M FLRE 1%
B RAT T VIR R, FEXE s PR T . EEARE

(D NEFHTERRBRZ BN SAR PE RS, %Sl PEEZBITFRAT
W5t . éuﬁu, SAR PR R IE#HE ZHEE A 2WMAes. ZHE. SoHE
MmkE. £T S1 PEAK 10 RFERFEENERPLEMR, HEE 2wt JH
RH, DA A T 5 T 1% PR AR T e, DU TIRSA . o #F R 1 5
SR e AT ) R R AR U R T Al 4 R

(2) /28 InSAR FORFEA R H, 1% FH 2% B IR JE I W A AL AL . PST 7R &
— Pl ¥ InSAR BiAR, HFEZPRAOFEZRIAE.. K AEUE (PS) . KA
RO G B B TEAG TF 4 o 25 B8 A% G0 105 A A7 455 214 T 2 o ff s 08 v 25 A B K B8
PRI AR IR AR, PR AR BIF 5 38 P B A U 0P 9 R 0 AR A AR Y e v AR AR
AT, DU e AR AL T R

(3) FE T AT X — R b3 5, X PSTEAR MM i f2 2 AT Ak o 27
A F AR IR F € R BCS P A OC R AR = AT SRR PSR, R R Gk I R
Bk H ECMWF 1R 38R B2 34 32 = 2 30748 1 s JsRS i, e B 0 X3 g vl 3 i
A E T B % S AT AT, BT SAR B R TS FEEUII LA, AR
LOS [ 22 JE 34T = 4k 7 il
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Al - 2 AR S

FIF ERFBEEMRINSREIHE G E

3.1 5|5

3 InSAR FUARAE R IK AN H 32, (B H N @ A i, HOT R
S B ARG DA RO AT S0 3 B /D L, LR AR T S LA M 3 AR VR R O
X S SR S AR TR B0 g T A A IR o A /D OB R 3 InSAR BRI Jie S SR AS . M
XA EE T, W ERR R R RN RS KSR, X B T
K ST e A AR 30 XA 2 RS PP Al 7T 5 B B KU AT A AR R AN /2 o I
AENEEB KA TR ER InSAR BOR S LR TREHERIREZR &, 25
e 3R S AR AR ) 5 XUBS: PR D7 3% o BT R R SR, A TR BT - IX-
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%*x B.1 #1&% SET-A1 58

No. RBHM B(m) t(d T(C) No. R&HEHM B(m t(d) T(C)
1 20190105 -81.93 -168 20 17 20190704 -26.36 12 32
2 20190117 -13.42 -156 16 18 20190716  1.98 24 32
3 20190129  20.44 -144 20 19 20190728  41.61 36 31
4 20190210 -11.77 -132 17 20 20190809 116.15 48 28
5 20190222  12.60 -120 16 21 20190821  87.48 60 27
6 20190306 41.17 -108 16 22 20190902  5.08 72 31
7 20190318 -37.23  -96 22 23 20190926  66.00 96 26
8 20190330 58.99 -84 21 24 20191008  40.59 108 27
9 20190411 1038  -72 20 25 20191020 15.15 120 24
10 20190423 116.85  -60 30 26 20191101  31.16 132 24
11 20190505  3.04  -48 25 27 20191113 935 144 23
12 20190517 479  -36 28 28 20191125 -48.79 156 20
13 20190529 -10.14  -24 23 29 20191207 -31.76 168 16
14 20190610 -32.09  -12 26 30 20191219  7.61 180 19
15 20190622  0.00 0 29 31 20191231  8.02 192 14
16 20190105 -81.93 -168 20

* B.2 #1&% SET-A2 8

No. & HH B@m) t() T(C) No. H&EHH B@m) t() T(C)
1 20191231  2.07 -180 14 17 20200710  -32.37 12 33
2 20200112 -16.63 -168 14 18 20200722  2.50 24 34
3 20200124 -22.52  -156 23 19 20200803  -1.35 36 26
4 20200205 -31.69 -144 16 20 20200815  54.51 48 30
5 20200217  -0.55 -132 11 21 20200827 11837 60 26
6 20200229 -13.73 -120 23 22 20200908 7129 72 31
7 20200312 4053 -108 22 23 20200920 11.43 84 26
8 20200324 1196  -96 21 24 20201002 -24.46 96 27
9 20200405  3.13 -84 16 25 20201014 2636 108 25
10 20200417 4486  -72 27 26 20201026  17.53 120 25
11 20200429 5498  -60 25 27 20201107 4248 132 27
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12 20200511 -12.79  -48 24 28 20201201 -77.62 156 19
13 20200523  19.67  -36 25 29 20201213  -44.47 168 20
14 20200604 -77.50 -24 32 30 20201225 -57.63 180 17
15 20200616 1239  -12 34 31 20210106 -44.81 192 15
16 20200628  0.00 0 30

# B.3 1% % SET-A3 &

No. & H® B@m) t(d) T(C) No. ®BEHH B@mM t(d) T(C)
1 20210106 351 -216 15 15 20210623 -14.00 -48 26
2 20210118 43.68 -204 15 16 20210705 5391  -36 32
3 20210130 60.99 -192 18 17 20210717 102.98 -24 31
4 20210211 47.20 -180 19 18 20210729 -14.46  -12 30
5 20210223 1591 -168 22 19 20210810  0.00 0 30
6 20210307 16.71 -156 18 20 20210822  30.96 12 31
7 20210319 7.86 -144 25 21 20210903  60.75 24 29
8 20210331 1.68 -132 25 22 20210927 120.20 48 28
9 20210412 7841 -120 27 23 20211009  50.09 60 28
10 20210424 50.13 -108 25 24 20211021  42.79 72 21
11 20210506 63.99  -96 25 25 20211102 -9.86 84 23
12 20210518 8.14 -84 28 26 20211114 61.34 96 20
13 20210530 37.93  -72 25 27 20211220 13.96 132 20
14 20210611 54.70  -60 32

# B4 IEE SET-A4 ER2

No. & H®H  B@m) t(d) T(C) No. ¥EHH B@m) t(d) T(C)
1 20211220 -49.67 -204 20 16 20220724 4588 12 34
2 20220101 -109.02 -192 17 17 20220805 103.86 24 31
3 20220125 -23.97 -168 19 18 20220817 54.64 36 32
4 20220206 -9.40 -156 14 19 20220829 -16.28 48 31
5 20220314 -18.83 -120 25 20 20220910 77.17 60 26
6 20220326 57.98 -108 20 21 20220922 -288.64 72 25
7 20220407 -4251  -96 20 22 20221004 2426 84 30
8 20220419 1577 -84 16 23 20221028  43.37 108 22
9 20220501 -11.19  -72 17 24 20221109 -140.16 120 26
10 20220513  60.88  -60 26 25 20221121  48.14 132 24
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11 20220525 -90.88  -48 22 26 20221203 -10.38 144 22
12 20220606 118.50 -36 25 27 20221215 -56.13 156 18
13 20220618 -21.18 -24 31 28 20221227 -28.86 168 16
14 20220630 -21.30  -12 31 29 20230108 -72.57 180 20
15 20220712  0.00 0 31
# B.5 ®#15% SET-A5 8
No. §M&H®  B@m) t(d) T(C) No. ¥MEHH B@m) t(d) T(C)
1 20230108 -84.53 -156 20 19 20230812 -125.89 60 30
2 20230120 -186.62 -144 15 20 20230824  31.64 72 30
3 20230201 -69.48 -132 19 21 20230905  79.85 84 30
4 20230213  -20.22  -120 18 22 20230917 2812 96 29
5 20230225 -31.93 -108 13 23 20230929 -13.97 108 28
6 20230309 -114.99  -96 19 24 20231011 -208.54 120 25
7 20230321  -75.32 -84 25 25 20231023  69.82 132 25
8 20230402  8.62 72 21 26 20231104  -7.57 144 27
9 20230414  80.93  -60 26 27 20231116 3237 156 19
10 20230426  -22.87  -48 19 28 20231128 -114.58 168 21
11 20230508  30.46  -36 20 29 20231210 -19.34 180 24
12 20230520 39.62  -24 25 30 20231222 -169.33 192 12
13 20230601  51.17  -12 28 31 20240103  -50.15 204 14
14 20230613  0.00 0 28 32 20240115  -49.13 216 17
15 20230625  71.05 12 31 33 20240127 17.30 228 13
16 20230707  33.72 24 34 34 20240208 -73.87 240 13
17 20230719  -55.67 36 28 35 20240220 -19.00 252 26
18 20230731 -18.48 48 30
#* B.6 & SET-DER
No. 44 H®H B@m) t() T(C) No. ¥EHH B@m) t() T(C)
1 20230110 170.98 -180 19 19 20230814 129.49 36 29
2 20230122 -25.86 -168 18 20 20230826 11.46 48 27
3 20230203 -22.17 -156 16 21 20230907 49.17 60 27
4 20230215 256.64 -144 13 22 20230919  10.57 72 28
5 20230227 34.08 -132 13 23 20231001 -22.10 84 25
6 20230311 8499 -120 16 24 20231013 132.44 96 23
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7 20230323 69.79 -108 21 25 20231025 125.73 108 24
8 20230404 4848 96 21 26 20231106 89.29 120 22
9 20230416 3839 -84 21 27 20231118 -62.26 132 13
10 20230428  45.93 72 23 28 20231130  62.11 144 17
11 20230510 120.77 -60 23 29 20231212 -77.08 156 18
12 20230522 31.82  -48 21 30 20231224 79.29 168 14
13 20230603 292  -36 27 31 20240105 71.94 180 16
14 20230615  -3.00 -24 25 32 20240117 17132 192 16
15 20230627 243.08 -12 29 33 20240129  6.53 204 17
16 20230709  0.00 0 29 34 20240210 2.80 216 8
17 20230721  11.79 12 28 35 20240222  0.55 228 14
18 20230802 220.70 24 28
#xB7 RBECLEINMEBREER
No. #BHH B@m) t() T(C) No. ®EHH B(m) t(d) T(C)
1 20141009 2258 144 12.82 12 20151109  46.64 252  1.57
2 20141114 131.70 108 -2.39 13 20151121 25.92 264  0.06
3 20141208 -65.47 -84 -561 14 20151215 -57.76 288 -0.65
4 20140101  -4.38 -60 -7.73 15 20160120 18.89 314 -7.59
5 20150125 -54.42 -36 -1.66 16 20160213  38.24 348  0.97
6 20150326 154.80 24  7.17 17 20160225 -19.47 360 -2.94
7 20150525 27.95 84 24.44 18 20160308 -44.53 372 -1.90
8 20150618 -11.88 108 27.38 19 20160320 -8.83 384  4.78
9 20150724  11.95 -144 2555 20 20160413  66.89 408 11.57
10 20150910  21.54 192 19.24 21 20160531 21.52 456 25.62
11 20151004  42.90 216 13.48
*B8 KV MEEKERRE
No. W& HM B(@m) t(d) T(C) No. ME&HAW B(m) t() T(C)
1 20211105 -72.66 -396 18.56 27 20221007 -76.10 -60  12.90
2 20211117 -32.55 -384 14.03 28 20221112  -44.47 -24 18.46
3 20211129  -0.89 -372 1571 29 20221124  108.50 -12 16.81
4 20211211 39.98 -360 11.25 30 20221218  -54.08 12  5.96
5 20211223 -50.60 -348 14.05 31 20221230  27.09 24  7.63
6 20220104 -53.96 -336 9.82 32 20230111 -162.30 36 14.38
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7 20220116  -58.78 -324 7.71 33 20230123 40.00 48 7.07
8 20220128  -65.60 -312 2.32 34 20230204 -22.09 60 5.38
9 20220209 3.91 -300 4.20 35 20230216  -146.90 72 10.02
10 20220221 66.04 -288 4.09 36 20230228 66.79 84  14.53
11 20220305 -1.24 -276 15.00 37 20230312 5.58 96 16.25
12 20220317 -63.83 -264 11.57 38 20230324 -2.68 108 11.22
13 20220329  -2.482 -252 18.04 39 20230405 -78.82 120 12.48
14 20220410 -19.14 -240 26.61 40 20230417 -1.77 132 30.19
15 20220422 51.89 -228 2157 41 20230429 100.60 144 19.16
16 20220504  -153.5 -216 23.39 42 20230511 15.31 156 18.66
17 20220516 8.11 -204 19.64 43 20230523 -22.56 168 17.85
18 20220528 7.93 -192 2248 44 20230604 -13.25 180 27.60
19 20220609 118.00 -180 28.04 45 20230616 19.79 192 27.10
20 20220621 47.84 -168 27.70 46 20230628  -157.60 204 32.30
21 20220703 15.24 -156 27.42 47 20230710 125.90 216 34.14
22 20220715  -26.71 -144 33.80 48 20230722 40.83 228  29.87
23 20220727  -29.65 -132 32.17 49 20230815 -54.88 252 30.29
24 20220808 98.31 -120 34.48 50 20230827 110.30 264 22.62
25 20220913 95.11 -84 30.55 51 20230908 126.70 276  30.33
26 20220925 -169.5 -72 25.19 52 20230920 56.45 288  23.55
#*B.9 Kb CSKEKERER
No. & H B (m) t(d T(C) No. BEHM B(m) t(d) T(C)
1 20220927 72.00 -320 23 12 20230813 0.00 0 26
2 20221021 -119.52  -296 20 13 20230913 -415.18 31 22
3 20221122 -437.16 -264 14 14 20231008 -560.97 56 18
4 20221224  -710.80 -232 6 15 20231109 -712.75 88 16
5 20230116  -1312.0 -209 0 16 20231211  266.50 120 5
6 20230218 39542 -176 11 17 20240112 -476.94 152 8
7 20230322 -364.97 -144 13 18 20240213 -1368.0 184 15
8 20230422 11.13 -113 10 19 20240314 297.77 214 13
9 20230525  444.37 -80 25 20 20240408 949.93 239 17
10 20230610 -754.38 -64 27 21 20240510 409.34 271 23
11 20230712 -412.11 -32 32
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