5 41 B 5 KeOwEOBW R 2025 49 A
Vol. 41 No. 5 Water Resources Protection Sep. 2025

DOI; 10. 3880/j. issn. 1004 - 6933. 2025. 05. 026

35T SBAS-InSAR Wy Rt MR B AT HLE B
IKAVE M oz B 5
g KTHAY, A m EaF 0 F 4
(1. REIRVE R mt A B A 25 SO K JR P o e, K 30038752, KT MR 4 kil I 5 vy, K 300201)

WE. AT ESMRETAN TS T RALG R L, BN ARESRILZETETFIMNE
(SBAS-InSAR) 3 R 3K B AT & W5 Ml 048 | 15 A 5= 5 b4 i Sk xF 2018—2022 3 AT £ 53k
T ARALH I BATAZ 5 4 A, £ ah B R R REAUARAM S 53 3 T ARAZ & 9 E 2 A T e 485
TR SRR R F AR R PLE R (DTW) (B Uik E #e A= Copula Ji 854 T Wk B & &4
BT KA, EREN RETREABEEARGR T TRET B HI PP ARHGS
WRERF T RAELE ST FF 2 ERELZ> TN AN TN EZEFEEZEY AN A
0.595.0.172.0.233 ;30 (W R 53 T RALAS B 5 F 0 ARMEER 5, 454 DTW JEB A 10.59; 3 &
HELSWTHREFN 3 EAE la AW ELREAY, WA T THT RS BTG
JE BT A 93~132d; M2 B R 5T RALK 2 5 T2 %5 A J AL A4 0. 8 BHaY I A5 AR R
PNF0.75, = F A ABIRM AL M,

KSBIF M A TY K ;T K ;SBAS-InSAR 5 5 M 45 f ; FEALAR AR I 3% ; Copula Fad; RiF T
FESES . P641.8 MERFREAD A X EHE 1004 - 6933(2025)05 - 0238 - 09

Research on the response of surface deformation to groundwater level in Tianjin based on SBAS-InSAR//CAO
Yongqiang' , ZHANG Ningyue'?, YAO Jiaqi', CHANG Huanyu', LIU Zihua'( 1. Academy of Eco-Civilization Development
for Jing-Jin-Ji Megalopolis, Tianjin Normal University, Tianjin 300387, China; 2. Tianjin Urban Planning Compilation
and Research Center, Tianjin 300201, China)

Abstract: In order to quantitatively analyze the response characteristics of ground surface deformation to groundwater level
in Tianjin, the ground surface deformation monitoring data was obtained through small baseline subset interferometric
synthetic aperture radar ( SBAS-InSAR) technology. The seasonal decomposition algorithm was applied to decompose the
signal of ground surface deformation and groundwater level data 2018 to 2022. On this basis, the relative importance of
each component of the groundwater level to the ground surface deformation was calculated by random forest algorithm, and
the response of each component of the ground surface deformation to the groundwater level was analyzed by using dynamic
time warping (DTW ), cross wavelet transform and Copula function analysis , respectively. The results show that the
surface deformation in Tianjin has basically formed five subsidence funnels in the southwest, central and eastern regions of
Tianjin. The relative importance of the groundwater level trend component, seasonal component, and residual components
to the comprehensive characteristics of surface deformation were 0. 595, 0. 172, and 0. 233, respectively. The similarity
between the surface deformation and the trend component of the groundwater level is relatively high, with a comprehensive
DTW distance of 10. 59. A dominant resonance period of approximately 1 year was identified between the seasonal
components of surface deformation and groundwater level, with a lag time of 93 to 132 days for surface deformation relative
to seasonal groundwater fluctuations. The joint distribution probability was not less than 0. 75 when the probability value of
the marginal cumulative distribution function of surface deformation and the residual component of groundwater level were
both set to 0. 8, indicating that there was a strong correlation between the two.

Key words: surface deformation; groundwater; SBAS-InSAR; seasonal decomposition; random forest algorithm; Copula
function; Tianjin

WFRIL AR RIS S AR — R BB 3h, Hirp R RS (R M P AR 1 AR S R
G AN E S B AR R RN G SRR 22— R IB AR R K e R R T Rk

EEUWA : EH%KARREEGIH (52379021 ,42301501 ) 3 KEITE KB AEBHIFRIHTIH (2024KYCX049Z)
TEE BN B (1972—) , 5, 202, 4, FEMF K SOKFEIRDFSE . E-mail ; caoyongqiang@ tjnu. edu. cn

- 238 -



R YIMC FEBE A R Y 17 TR RR2 &
J& E AR AU TR SR TR E
I 7706 ) b 7K B VR SR A B AR AR o
T RABEGT I % b K ARk e R AL %
THRTEHL T KA BOK A A AR 25 PR R 47 A4 5l
T T AR kR B R

C AT W5 Bl S8 ZRIE 72 1) M F AR 5 8 A ML A
TP T REHRRENIE, & MARETL TN &E
(interferometric synthetic aperture radar, InSAR) £ K
n] | A L FLAE B 3K ( synthetic aperture radar, SAR)
AR R Y LR R AU AR B
INFEZRAE InSAR (small baseline subset InSAR , SBAS-
InSAR) AR 5]t 7" 2543 InSAR ( differential InSAR,
D-InSAR ) H A [B] F143 (8] 2R AH 0], AL =Z K A
HUFHA InSAR ( persistent scatterer InSAR , PS-InSAR)
AR T 3K BB 1 8 28 7 8 5 Oy i 42" SBAS-
InSAR fE—EFE _LAUAL T RAER LK DEM 2
TR TRZE , REWS AR IR R B R Bl I AR 4 2R
BEIZ T kOl W R A SRR R RR
B R I R A NI BT B i R AR
0, AT DOKS A 25 DORE G <1 19 25 8] A A R AR, T
KL PR H 2 5, (A InSAR WL 45 R 5
R IR AE A B i 3 5 FR R B ST AR AR
H A ZEE A R A T 2B A8 a3 5 1 T /K o %
ARG AR IR 3T, Bz D3 Z= 15 Rk 220 i
PR BRI A 55 T ZK AL R G AR Y 20 02
MELAAE 7R T 25 22 [ ARG AR S L]

R H AL AL IR, 2 b R IE S FH
KR KA R R BRI 2 —1 K
LR TR I 7™ 6 ) e, T 7K T 50 SR 5 e T 99 o O
H o ATAER  RHEETT FF S22 b T 7K e SR 5 4 o K
I AR (SRS 5 T K AR RS A DL
3 W8, %8 T 1k, A 3Cis T 2016—2023 4F 1Y
Sentinel-1A B | X IR T L F I AR HEA T e Wy
S5 MR AR , B0 2R T A8 % R K A ARk
FRy I g AL, ASY Ay DX 3ok i 7K 9 R 9 4 R Jo; ¢
FPER IS ERE

1 HREEREHERIE

1.1 HREHER

P A TR VA =B [ W R ER (S ED O A S
(B 1), RKET S 22 GORR Y AL 55 W0 AH DA 3T 3t
DURVRNEARTURY, W[ 50k 5 N EKZdL 55— 25 h
FrARZHE SR 4R 3R 60 ~ 90,160 ~ 180,270 ~
290 ,370~430.550~650 m, H:AP i —E K ZH Rk
JEEKRZA B E K KIZ R E &K )2, HA

BKIET LT AR ZE AR,

1 HRRiw
Fig.1 Terrain of the study area

1.2 EEFKIE

a. Sentinel-1A (4%, %I Sentinel-1A % #E
BRI X RTHBIE , 53500 B 125 69 HE
B 124 RS 69 HEZLS 129, Mtk X ¥k
VV+VH, FFREIRGfE T 2016 4 1 H Z 2023 4
8 H 352 S8 (R4 #LIE 45 176 %) ,i2 H ISCE
Rt SBAS-InSAR i AR SR R IE A HRAE

b. ARG EHE, A 2018—2022 AE(Hr[E
b J5T A5 W00 Ml KA A ) | R B AT X MR K
A ORI A5 A B[] 7 0 B8 . 1983 AF 22 i K HE i X
B EOKBAIAT T KBTI R, 2 )5 1225 BR i T
K, B K)Z R KA A R T, TR
IKIZEEREE B 55 — 8K B AR, 25 5 K2
20 R AR AT R AP 52 T 85 T >4 55 — B 7K 2 4K
{27 T AR S T T AR 3 R A A B R
U, SR b B 7K 2 SRS [R) 5 8 7K A 5 8l 22 5, 1
PR AT e [ s 35 5000 0 ] AR B | AR SC ik
WO AT 5 3 K 2 B 21 4 A1 7K A5 W8
W AT 537

2 MARAE

ARICLL 2016—2023 4 Sentinel-1A £ 4 Fi1 2018—
2022 AF-( Hh [ 5 B85 W0 M K0 AT 28 ) P R
AR A SRR , S A S 5 300 H 5 A
£ 2016—2022 4F 10 J {0 $c e, i 3 347 4%
B, 45 ST H F I A8 B IF: Xt e 28 5 T
KA IR BT A7 15 5 40, 4997 1 T K (345 4%

+ 239 -



O Op: b Z U EDC I e P R DR ) BN D [E1 S/ 5
7 (dynamic time warping, DTW ) 237 i 2 2% 55 i
KAL) AR ARLPE ; 38 5 5 SN A
R M FRIEAE 5 R KA 27 AR Ak ) = 0 B i
Ja RF FET Copula BRELSHT I 5% 22 0 1 U BR &
SIATRRIE , AR b 2R A8 b T 7K SR BOKG 4 4k
M AL o BIFFE AR BEER NI 2 FrR

a. SBAS-InSAR i AR, XA N+1 IERHFFEIX
B SAR PASAR, SEEH T — SR o R 5
15, HAB I 18 5 18 9 5 5 15 00414 1 T o A
Zr TSR A5 8] M A5 TR Hoh MY
Bl (N+1)/2~N(N +1) /2" FEEAD | it
X TP B AR AF B AT AR 4 DR SR 2510 Al
SRAS B A BE N A MR AR o, F— 25 2R FH B[R] 3371
ST, VR [R5 [E] %) b 3 T AR 1R 5 B
TE A I ARECELAT B[] 3% B2 1 1) b 3R 0% A8 3 1k
mE"M,

b. Z PSR, Bi3t 2018 4F 1 H & 2022 4
12 A5 H 3828 5 4T KA 508 , 3 57 15 ] 7 91
JEHEAT TR i -

Y =%, tag Tag, (1)

Ky, HIRIRITA;x, NEH R, K
Poow, VR, B TRN ;x, HERE 5T,
BN 5

c. BEHLARMRE ko0, BEHLARAR S L B L
TR B/ INFE AR i g A R AE 255 i) ] R A
R — TR T DR SRR 14 4 1o > TR | B LR AR 1%
AR AR O 4 R A8 ek Y A O SO
BEDLARAREEE | iz T T 7K AR 45 J3 o ) 55 AL 7
BE 11 B AR R B 2 X M I AR A X R B

d. DTW, DTW i iz 72 A5 H {50 48 W5 4 i [
FPHI TR A R AR B, I R &5 38— B2
PR | 2R v 1 e/ M R T A I ) P 1) 22
[ AR LR 2

e. SCXNPARH AT, B8 SN 43 BT S
K /NP 5 538 S Sy e 25, N2 I T) RUBE SR
GEMIN P AERPFS P PR G R ol X RIS
5530 AR o3 i AT AN AR e, IR R AR X
AN AT AR TR A ] i S0 R P 3
PREFAEFIA O SEIR S R

f. Copula PREL, H&T S WL Bl HLRRE (14 4
FIAS SR KA 5% 2= BE 12 ] Copula PRER
THEX I 1) AR B 53 A1 eR RO 22728 1553417 R ECPPA
TAABIAHIGE , ARSOR R DL B B O A R R,
4 Weibull ,Gamma . Normal .Exponential #1 Lognormal
4§ Copula PREL, fli 58 SR IR IR L, £

IS o A R BCR R T K B R E Y Y

AR hE
. Gumbel F1

Archimedean 43 7 J%&, & % A 45 Frank

_________________________ [

Hodhaba

DEM

WA | BRI ] 0 T | ERIE T |

|

{75 i SR T A

Hu KA
Hbi

R Ty
FAT4E
FRFE I

HEES T

BEALAR

------------------------- [ oA Bk A S B

| S A |
!

[ Fisratnti s |
l

HOATE A Sl AT
TR R
AT P

&2

- 240 -

KA

Fig.2 Technical route



Clayton % Copula PREL, 4 H M FKIL A 5 N K A7
() —AEIR B 0 A pR R, B S A AUA s EOT T R
B AMER, AR SR AIC BIC 8 37 5 L 1434
Lo AT R, PR 2R BRI AT RO R RS 5
AIC BIC. i /IN U] BRI #0065 gy 2

3 HERE5HMm

3.1 WRETRERERIESERSH

I IR T S 0 7K o A A 2R OE AR B, LA
2016 4F Sy if ] 3, % SBAS-InSAR % A 3k U 11
2017—2022 4F Ml 3R I8 722 B4 #F 17 38 47K BE 5 Uk
(E3), BEFELASEMIZK I A (J1 AR R M (39. 1940°N,
117.096 7°E) ,J2 A& %54 (39.5426°N, 117.3496°E) ,
J3 A8 A5 Sl (39.3810°N, 117.5907°E ), J4 A& 45 hy
(38.7808°N,117. 118 7°E ) ) M [Fl.L>,0. 05° A F 4% , &
ASZ S Z D XN 1A H AR SBAS-InSAR A

—o— JKIER,

207
£
ER
A 220
=
K _40 AHR R ECH0.885
= P<0.01

—60 . . : : . ;

2016 2017 2018 2019 2020 2021 2022

Ay
(a) KHELT

20
£
0
N _
i:?:\ 20
R 40 HHE R ELCH0.868
£ P<0.05

2016 2017 2018 2019 2020 2021 2022

4y
(c) 7KHEAT3

(K 4(a)), “HREY/NT 20mm, #IE R B K
T 0.85,P {H¥/NF 0. 05, i SBAS-InSAR H A3k
VLA b TR AR B 2 T SR Y

N R T LRI AR 1) A5 S R K 43 kg e
PUREIX (>200 mm) B HFTFEX (100 ~200 mm ) I
— BT IX (<100 mm ) 3 o REETT Y™ B PTREIX
FEAE A AEFRIR DY (X B X T X R
X e X A X ek, Hep iR IR <1 5 Ab, 4 I T
KT PR AR (E 4(b)) o

2014 AF R T I A S T (R HEE T ]
TECRE A JRIp ) | A AF R T 4 K R 7 %)
A, REETT RS R K, MR TR R 3415 L%
il A g, 2016 4EREETTIE A F TR PR A
UM XS DU ) G305 A FI R & b, 1l R 7K
SRAETCH EZ A N, 2017 48 R E T H e 0T
R RAAIH U 2% | & 2023 4 H TR IX 3™ H T

—o— SBAS-InSAR

5
& 0
£
B S
D10 N .
2 HIXRE40.919
2157 P<0.01

=20 L L L L L y

2016 2017 2018 2019 2020 2021 2022

AR
(b) 7KHEST2

207
£
£ 0
B ool
B s
® _a0l AR E40.928
= P<0.01

—60 . . . . . )

2016 2017 2018 2019 2020 2021 2022

ARy
(d) 7KHEsI4

3 SBAS-InSAR iR L E R EKIE
Fig.3 Accuracy verification of SBAS-InSAR surface deformation datas

TEAE %/ (mm/a)

. 5
-30
0
30
50

&l ]

SBAS-InSAR £
SRR,

0 15 30km

—

>

FHHFRIL A /mm

)0
~100
0

100
= . 200

SBAS-InSAR A
o HB T KA WA
C ik}

0 15 30km

(a) JBAZHR

(b) RPUBFILE

4 2016—2023 FREEEMRRMRILE
Fig.4 Surface deformation velocity and cumulative surface deformation from 2016 to 2023

. 241 -



Rif DX — BT R DX T AR 7 E 43R 0. 1% .3, 2%
96. 7% , LK™ H DX R ™ H TR X AR o LA 3]
5% , YUK ™ F DX R ™ B PR XA 2] T I 2 i
(ER N [ O W P R [ 3 7 R R N P R
— TR XA B I, R G R
TR i 7K 8 i iz 5 2R, XRG04 L
A EERA M ISR X,
3.2 MERETHHMTKENFEHIBEEESH

KGR — N H 2 72 H R 7K A7 1Y
AR AZ B [ SRR WUE R 2 s ), 5L AT
FIBEHLHE ¥ 2018—2022 4% H H £ A8 5 i
AR B S )R A I i AT 2 MR A, A5 3
2018 4FE 7 H Z 2022 4 6 HArfRas R, MARE
FIUAR 5 40T 7K A7 B B 4% 0 i s A AR AL A
FAR—E, [ 2017 AL, K E T HE R DR F
G P R R T O R R A B
BORPAR A2 o 2 S 2 40 P Ml v TR 5
i, 4 A~ i 7K LI A 1 b R0 A% 5 R 7K A7 1)
ZEN RN 1a A4 ER, B RIE AR
AEXT T4 AK AL AR AF AR — o T 800, T
e =35 BEAILYE () 5 22 43 0 SR 0 S WY b ) ) 2B
HE, UL AN BE WL [F] i 2 2R AR AR Ak, R
M8 o K2 FZ AW N 2D B85 R
H2~5m/d,JE T EEEKMA)E , BOZZH T K
DX Sl 322 3 A R e T b R A8 X L T K 67 AR Ak
{149 i L7 AR AN [ O e EL A AR — 350

R AT AT LR KA R o i R A AR
2557 XL FRIE AR 1 TTHR BE , B T R HLAR ARG 5
AL REO K I AR 4T T KA 455 i
(Y RFIE S B A BT, DA T A8 19 B 3 5080 A TR
A, MR KA R R o AR 2 o AR R
HASE A THLA G5 R WLER 1, RETH 4 N HLTF K
AL S AL PR BE RAT, o REL(R?) T 0.8,
LTS M PR (b 7K A7 45531 ) W RS £ (MR T
A2 ) BA B R 7 BT AR R 25 (RMSE ) ¥/ T
R1 HMTAEEHEMNBERENBTEEERUE

1 BEH TG
Table 1 The importance characteristics and fitting

performance test of each component of groundwater

level to the surface deformation
FRAE

RMSE/m MSE/m?  ja#«  Z B
Srt oHE Vigs
W1 0.9406 0.0222 0.0005 0.818 0.111 0.071
w2 0.8613 0.0159 0.0003 0.522 0.194 0.284
w3 0.8181 0.0237 0.0006 0.446 0.258 0.296
w4 0.8660 0.0454 0.0002 0.595 0.126 0.279

MW R

- 242 -

0.05m, #1325 (MSE ) ¥{% T 0. 0007 m* , R W] H§
fE B IPAS B T S

S 4 A M KA LI A5 1 B R TR (H
iR 7K 483 X6 A I b T A o B R A
[ . Ry I R i T B 0 ey, T 0 i S8R
250y R SRR, X 4 S H R KA 0
NP R TR ER A o N e [ o B N IV 2 =
ZET i R 25 B MR AR I 25 A R R B
43514 0.595 0. 172.,0. 233,

Hi T KA AR AL 32 B A2 AN A s ), 5 K )2
AR T HEM R KA BT R Z KA R
S BT 51 B N VA e A OB LS | 3 A TR
KIK N HFHIE 2018 457 A 2 2022 4F 6 H KA
M RIZAR 55 bR KA o3 s ) T AR AR A —
H, BN TRES T ERERE B, 456
FRAE T EPEHEA 55 0 S R 225 40 i 5 I M K AE
AR AR R B M A i AR K ™
FREETTE 2018—2022 4 I I 5 K Ml J5i 9% 3 Fl
Ui 5, BT DA, 7E 5% 25 o b BRVEE 4R
KR TRRAE R sl e 0 A SRR s oh ) Ak G
FFFE SR MR 7K AT i S R 0 T K A7 REHLAE b i) 3= 22
WEZ—, ZENoElfrEE SRl —HE
B B[] T T A S S R
3.3 R TR F RS S ERNEEL
3.3.1 HABELHTREME S FHIME

Sy R L SR AE 5 1R KA D K e
J5 1), RKEETT MR 25 5 4 R oK A AR (L A S S A —
A AR — R IR SC 2R, A M ik —
HRAB B FLIRRE, R A DTW , i i 3h 45 % F- 4%
THEZ IR W I A L 2 [R] () DTW
P R — 35 Z [ B AR

4 A HLU T KA LI p5 %) 3 6 T AR 5 3T KAV
P2 B DTW BB /N 20, 7058 1. 16,
18. 18 .6. 43 i1 16. 58, [ Bt — 76 A [7] X 38 9 1)
IR FL, WEEARRT 4 /> 1R KGO0
SRS DTW BEESN 10. 59, 3 — 5 R KT b
FICAE 5T KA AE St b B AL AR
B, XG5 RAE B I FE TSR, i
R FRTE A 5 1 KA AR e K e 4 E A
ER ) IR, b T AR A B Ay i 2 b R AR 5
M) R 22 b i BB O L KR AE R
3.3.2 WEABELERTAREEN 5 THHBLZ

T e R I R IE AR 5 Hb T KA A S S AR
FERLEE , Rt —HR —F T 8 b R 56
F 55 B A [R] 38 FH 28 /NI AR 4 E 0 oY U
PP R 2T A, T 3 B A i A IR AN



5 N RHET 4 MR ARSI A1 A I 5 3
KL R BE SN D 3830 R A8 28 SN TR
T Sk J7 1) W] HE AT 4 AR KR A 3R
TEAE 55 1R KA I Py B 24 70 2t 22 [] 9 s i 0%
., Horp ik m 22 3RoR T F RN AR R T
18] R SRR FRIE AL 5 T K AL 0. 25 a, ) 1)
R o

PIES )

-3 2—2 2—1 2() 2'| .22 23

JE I/ a

:::::::

W, ¥ HEEE .
2018 2019 2020 2021 2022 2023 2018 2019 2020 2021 2022 2023
AEfY < I\

) )
(a) WP £iW1

(b) WP £iw2

SEERRRRREE:

2018 2019 2020 2021 2022 2023 2018 2019 2020 2021 2022 2023
AEy -y
(c) W W3 (d) WIS W4
5 HMRBEESHTRKEFTIENZNNEIHERE
Fig.5 Cross wavelet power spectrum between seasonal

component of surface deformation and groundwater level

FH I 5 RTRI, 4 A4 3T AU A5 Y b R AR
5 U R KA PR 2= T R LY 1 a i 23t
PRI, XU 3 B 1a BYIEAT R, 0P
7S B JET I AR AR P it b 7K A7 8 2 P i AR
P Anaede ARG R B3 . 3R 2 i, 4 T
IR 55 2018—2022 4F B 4375 46t B B 4 3 4
T 959 LI M PG HG , 15d A Ml IE A8 R S R AE AT R
IKASE 2= A PR AL 22 [81 W AT I il S 2R, 4 A M T 7K A7
LI 553 Ak by 2 78 Jo B AR AR ARG T3 7K 2245 1
AR SR IR R 93 ~132.d, B 3~4 H . TRk
SR L BN TR Z 3T K AT Ab 4 Xt it
x2 WMRETSHTREETHENZT VNETHREIT
Table 2 Statistics of cross wavelet transform of seasonal

component of surface deformation and groundwater level

WL ARt B Wit 95% LI IR By I/ d
W1 2018-01—2022-12 2018-01—2022-12 132. 46
W2 2018-01—2022-12 2018-07—2022-08 92.93
W3 2018-01—2022-12 2018-01—2022-08 108. 84
W4 2018-01—2022-12 2018-01—2022-12 103. 69

WA 9 X 2R K #b SR A MR SOK 27 4 3 ~
4 H[Zﬁlo
3.3.3
o

WEH T LW TR L9 BSOS S H

B 2% 53 it WS A B A Rn A JE S0 ) BE AL AR
oo BRI TAROHERE | H A T =15 ME A 7 iyH
TKFERI, AR AETE A T FF R b T 7K Y BEAIL
1728 XA T RESE 51 A R AL b 3R TE 28 4 1) 22
HWRZ—, Nafeh RIEAS 5T KA AL &
AL ARG B 3 0 5k 22 73 & AT 0 — AL AR 17
-5, Itz F 4k Copula PR3 BT 8K 6 43 A1 HE R
BT B M SEEY S 4 AR KAWL A5 Y 3
FIVAL 5 H T KA 5% 22 5 5 35 A (1) 52 it Copula
PRAICAN 52 4 — 30, BROULI A W2 3l KA 508 1) ke
2 m RN Weibull Copula 1A F AL AN, L 5,
W2 1 L R A B8 ke 2 0 R HAB LI 2 ) 7 2
BAEIF IR Normal Copula $AG &AL, BEA 4311
22 H Frank Copula UG &M (K 3),

%3 Copula BHSHERUESEERIE

Table 3 Copula function parameter values and goodness

of fit test
WL S Copula PREX  Copula PREIZEL AIC BIC

Frank -0.028 1.999 3.871

Wil Gumbel 1. 000 2x10° 2x10°
Clayton 1.000 2x10° 2x10°

Frank 1.128 0.502 2.374

w2 Gumbel 1.070 1. 608 3.479
Clayton 0.118 1.149 3.021

Frank -0.245 1.917 3.788

W3 Gumbel 1. 000 2x10° 2x10°
Clayton 1.000 2x10° 2x10°

Frank 0.248 1.919 3.790

W4 Gumbel 1.006 1.997 3.868
Clayton 0. 000 2.000 3.871

i 6 A LIEH, 5T Copula PR A G
OIAAETRL R 4 Al A7 LI R 3 RS 5
TIRDLERZE 7 BRS04 A BRI AR 2B AR
Y513 A A 45° X FA LR, iX R W] Frank Copula B8
BRENS BT H U5 P Z 18] YR 5 20 A AL

7 g 4 30T KL WL A5 2RI A2 5 1R 7K
frgk 22 IR I AL R AL, 4 R R, 2
TRBLERZE I B S o3 A pREUE A 0. 8 I, i1 3%
FAR BRI 53 (30 2 53 A pR B BOR , A5 1l T K
fr5k 22 o0 [RIRFAL T i EL A IR 5 20 A R ok
F WM HATBGR R SCHEFIB Sl

H it — LR UEECS BEREIE, R 4 ST 44
T KA WL A A Ml B 5 R K (S 5 22 73
G R BB R 0. 8 I IIR A Z3 A HER , 4300 A

- 243 -



1.0

R*=0.98

0 02 04 06 08 1.0

(b)) WL w2

R*=0.99

.y

0 02 04 06 08 1.0

(d) WLl w4

02 04 0.6 08 1.0
L /NA
(b) WP i W2

0.9

R*=0.94
08 08
}2:3' 0.6 }2_—5 0.6
¢u}
§a4 %M
0.2 0.2
0 02 04 06 08 1.0
(a) YWAMEW1
1.0 R 1.0
R°=0.97
0.8 _ 0.8
J:“jg- 0.6 é-§ 0.6
204 204
& &
0.2 0.2
. 1 1 1 1 J ni
0 02 04 06 08 1.0
() WM W3
6 BESHHNEIRIMEMEWINE
Fig. 6 Theoretical and empirical frequency of joint
distribution
1.0 o 09 1.0
015 | Y L
08}, | 03 0.9
= | 2losto,
06} 5
#® o7 \
E= 04 E=
T 0.6 |
0.2 \ \ \ Pi— 0.5
0 02 04 06 0.8 1.0 0
HF KA
(a) YWMEW1
1.0 T 1.0 ’
091 0.7 0.9 0.9F |
L 0.5 i L
2000 | b o
B s 1 5N 2
= 0.7 K %07M
F06F 4 = 0.6F |
0.5} e 0.5}
0.4 =

R KA
(e) MM W3

05 06 07 08 09 1.0

o4l v
0.30.40.50.60.70.80.91.0

R KA
(d) W E W4

B7 MRETESHTKUKRESERESIHMELSEL

Fig.7 The contour line of the joint distribution

probability of residual component of surface

*x4

deformation and groundwater level

MREESHTRUKRESEFS IR
Table 4 Joint distribution probability of residual

component of surface deformation and groundwater level
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w3 0.8 0.8 0. 86
W4 0.8 0.8 0.82
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