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Fig. 2 Cumulative surface deformation in the Beijing plain area from 2017 to 2020 (Negative indicate land subsidence,

positive indicate uplift)

3 INER DRIk

DR 2R il 05 I o I 80 o0 i Sl i A
Pehth | WA SEREAE, R AT Iy R 4 A L
o MR TR I SO HoA — 2 BB SRR 2
TSR, W] N R A i 3 gy ()
Bl , 2016): (1) KA (7). HITHRIEE
K [A] Y b T DL R A R 2 A R s (2) T
U (S,): FEHETIEH G Z K . HKEZES
PERFAE MR, A AR RIIE . —E IR A
BT PER B R AE s (3) BEHLIT (R): XFREkZE,
16 b T LR 52 A8 9K A 2R A B L PR 5 L ) B A 72
AL, HAAREPLYE, wTRESlEiR2E | FREEh
FEFAHIER N ERA K.

W, Fufrd Rk ety () = (T,
S, R), WA A ARk

IR SN

~
1

T +8S,+R, (1)
Fepipi

Y,=T xS, XR, (2)

ik A58 23R 7 B A5t B o K D) A0k 4 Bl

BB, U S IR AR AR, =AM AN

Z RGN o A EE T I 2= B

AN B AILITU AR X5 b 57 A sl AR A 50

3P 1 A 2 R 7R Bl A Ha R AIE 1) 3o 348 332 ik
277 0k B 1 P UL FE B R BN, TN 32
PERIE R, A GE TR R R g
TR HIL A 43 5 0] B4 K

R B 3 E5C 0 1 B R s P Rk RIS A
MR, P EAE 2P AT R Z I i, i
TR Y7 AR P A5 WL 2 (8] 35 3h
W, & TR (PMILE, 2016).
4RI 2 40 60 0 T P
Al TMLS-FD (Time-series Model of

Land Subsidence based on Factor Decom-

position)
4.1 HbTEITLPERHE A B R 4 AE

kg 8 7% AP D DX T TR %) B ] AR AR AR
AR 5T TE AN R R S 23R ) IX 3, ) Bt AL 32 B 22 1 it
RIS (B3 (a) ), 42 ol e v U e s i
& (K3 (b) ). KB mIIRFELEMEEHE, I
R MEARX R, RIS AR P 45T
748, FPEnkimigsaiE . Rk, 20174E—20204F
5% DX HlL T TR R 34— o0 — IR et R g e ik



1222 National Remote Sensing Bulletin i & 54k 2026, 30(4)

40°40N T T T

40°20'N

40°00'N 7‘. #ﬁﬂ'iﬁ%‘i/(nun/a) g 100
-3 Seie 5
B -150 | — FFUTEEIX
2 BMPIEX
39°40N [/ R
. “200F g YR
g ﬂl}%]%:l%)/(—mom/a) — MEPIEX
ah S -30—10 _2250017-01 201I8-01 201‘9-01 2026-01 202I1-01
o 0O FRK g Fi ]
39°20'N *-93—50
115°40'E 116°00'E 116°20'E 116°40'E 117°00'E 117°20'E
(a) =5 [A) oL E (b) AP AL
(a) Spatial locations (b) Time series of deformation

3 5 A SADULIN i b T U AR I 25 53 A

Fig. 3 Spatiotemporal distribution of land subsidence at five observation points

UURREIT e th Zb A7 2 35 WO TR PR e 8, % HRME. — DR X7 258 355 L= 1R I sl e 2
BUMHLAER) B RAR . ARSI e Rl A ET IO ORMAR DL XA, (HAEBTE A
EREMEEEIE, MAREEST TEEEE T PRI VAR R BRI, BTSEIX
(F4), B BARE ., —B0 VERBOBE IR A SRR AE AT 1K 1A FRTIYI Y IE 3% R

10 3
E °f
B .l
= =
& of 1=
£ ar
% Ktk
w0
= -5F
_10 1 1 1 1 1 1 1
2017 2018 2019 2019 2020 0 1 2 3
i JE /4
(a) s{A K BHF (b) A5 A B4
(a) Detrended time series at point A (b) Time—frequency spectrum at point A
10 2
B of =1
A
S K
v
= -5t
_10 1 1 1 ] 1 1 ]
2017 2018 2019 2019 2020 0 1 2 3
F J /4
(c) mi BEHEHAMF (d) s B3

(¢) Detrended time series at point B (d) Time—frequency spectrum at point B



ZEIRIR A5« T DR Bk 00 s D DX T IR I s 5 0B

1223

InSARHFE LA /mm InSARM KA /mm

InSARM R FAE /mm

10
5 -
0
75 -
710 1 1 1 1
2017 2018 2019 2019 2020
40
(e) mi CEHFMF
(e) Detrended time series at point C
10 -
5
0 -
75 L
— 0 1 1 1 1
2017 2018 2019 2019 2020
40
(g) KD ZBHmF
(g) Detrended time series at point D
10
5 -
0 .
=5
_10 1 1 1 1
2017 2018 2019 2019 2020
F1n

(i) W E LBy

(i) Detrended time series at point E

2 -
=
Fl
K

0 1 2 3

JE /4
(f) F CIPAE

(f) Time—frequency spectrum at point C

3 o
£%(
=
5
H
Bt

0 1 2 3

JE /A
(h) 53D FEAE

(h) Time—frequency spectrum at point D

6 -
M
o
I
Hu
Kot

0 1 2 3

R
(j) 5 ERHPE

(j) Time—frequency spectrum at point E

P4 5> M RDULIN ot o 30 A A A 23 A

Fig. 4 Spectral distribution of land subsidence at five observation points
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23.1%, FEI R a0 R I RV AR A
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B TE 0—40 mm, BFIEIKT, Hik R
5, PRIFIAH] 5.46 mm, SRPRM A 131%. 1E
UL IX MR THIRES , KB THA S AR Ny
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ERPRAALL R 151%. Biii ke DR AR TR X% 3
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Table 2 Statistical characteristics of seasonal deformation of all the observation points in different subsidence areas

DU X 250 SHn IR mm/a PR IR /mm PR/ R % WA sk A 3
PRI 780 -64.16 3.53 5.5 8
B YIRE X 5237 -38.63 2.81 7.2 8
— DR IX 18703 -17.56 4.06 23.1 8
BTk X 35759 -4.17 5.46 131 7H
JEIREX 19521 2.41 3.64 151 8 /1

i gt ason L S e pmmiasoy L Sa.

52 L= EEH TMLS-FD B BT 4 (3.03 mm), 37 T 52 S0P 98B 0 e 0 A
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BISEI R SR IR E RMSE, 281 T BRREEON, EREEaRA; (3) —Miik
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X EREEAE—EES (1) EIFEX N FRAE TMLS-FD A7 J HAaR 22 pr g, TMLS—
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Fig. 6  Error statistics of TMLS—FD model in the Beijing plain
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MRIR2ZE SRR AT (2 4), BT UL TMLS-FD 4
R 5% 25 B p 4T T . TMLS-FD B8 i b
YE 2% A I ARSI T STL, AU — ML X 1Y 5
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Table 3 Statistic of residual and RMSE of all the observation points in different subsidence areas

TR IX A HHn /N KRR ZE i pmm EREVNY IR ER 25 /mm 77 R 2209 F B /mm
JEE LR IX 780 [-0.21,0.33] [1.19,7.44] 3.03
B E IR 5237 [-0.74,0.39] [1.10,7.33] 2.36
— IR X 18703 [-0.64,0.55] [0.91,7.23] 2.11
BITFEX 35759 [-0.60,0.94] [0.96,7.26] 2.10
LR X 19521 [-0.41,0.81] [0.92,7.24] 2.03

%&4 TMLS-FD#2 5 STL 53 fi# sh A8 i b% X % & .RMSE B 5t it
Table 4 Statistic of residual and RMSE for different subsidence areas based on the TMLS—FD model and STL decomposition

WL K BB p/mm FrRfEZE o fmm pxlo /% ¥ R 22 /mm
TMLS-FD STL TMLS-FD STL TMLS-FD STL TMLS-FD STL
A FEE TR X -0.090 -0.78 2.34 2.36 91.8 94.8 2.33 2.47
B A IR X 0.040 0.51 2.55 3.12 84.7 81.0 2.53 3.15
C — LR X -0.005 -0.54 1.56 1.28 88.2 79.3 1.54 1.39
D B IX 0.010 0.50 2.16 2.61 74.1 76.7 2.14 2.64
E VTR IX 0.070 0.62 2.15 2.26 88.2 78.5 2.13 2.34
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Fig. 7 Spatial distribution of the slope of the trend component
of TMLS-FD(2017—2020)
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Fig. 8 Spatial distribution of annual cycle amplitude
(2017—2020)
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Spatiotemporal analysis of land subsidence in the Beijing Plain area based
on factor decomposition
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Abstract: Land subsidence in the Beijing Plain has become one of the most prominent geological hazards affecting urban safety and
sustainable development. Therefore, investigating the spatiotemporal distribution characteristics of land subsidence is crucial for
understanding its evolution patterns and supporting the implementation of effective risk prevention and groundwater management. This
study aims to characterize the spatial distribution and temporal evolution of land subsidence in the Beijing Plain from 2017 to 2020 and
quantitatively analyze its long-term trends and seasonal deformation behaviors using a time series decomposition approach.

A total of 95 Sentinel-1 Synthetic Aperture Radar (SAR) images acquired between 2017 and 2020 were collected to cover the Beijing
Plain. Land subsidence time series were retrieved using the Permanent Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR)
technique. Using factor decomposition theory, a time-series model of land subsidence, referred to as the Time-Series model of Land Subsidence
based on Factor Decomposition (TMLS-FD), was constructed to decompose the subsidence time series into long-term trend and seasonal
fluctuation components. The performance of model fitting was evaluated using residual statistics, including the expectation and distribution
characteristics of residuals. The spatiotemporal evolution characteristics of land subsidence were further analyzed at the regional scale.

Result Results indicate that land subsidence in the Beijing Plain exhibits substantial spatial heterogeneity. Two major subsidence
funnels were identified, centered in the Heizhuanghu-Jinzhan area of Chaoyang District and the northwestern part of Tongzhou District. The
TMLS-FD model demonstrates a high fitting accuracy, revealing residual expectations close to zero and residuals approximately following a
normal distribution, thereby indicating the absence of substantial systematic bias. Temporally, land subsidence demonstrates an overall
continuous development trend, superimposed with a stable annual periodic fluctuation. Different subsidence zones exhibit distinct dominant
deformation mechanisms: severe subsidence areas are mainly controlled by long-term subsidence trends, whereas slight subsidence and non-
subsidence areas are largely governed by seasonal fluctuations. The seasonal deformation displays a clear annual cycle, with subsidence
troughs occurring predominantly between July and September, accounting for approximately 71% of all observation points. Regions such as
southeastern Shunyi District and Pinggu District show relatively large seasonal amplitudes, revealing a maximum amplitude of 20.13 mm.

Through the integration of PS-InSAR observations with a factor decomposition-based time series model, this study reveals the
differentiated spatiotemporal evolution characteristics of land subsidence in the Beijing Plain. The proposed TMLS - FD model effectively
captures long-term subsidence trends and seasonal deformation behaviors, providing a clear and interpretable framework for land subsidence
analysis. Overall, the findings enhance the understanding of land subsidence dynamics in the Beijing Plain, offering scientific support for
land subsidence monitoring, risk assessment, and groundwater resource management.

Key words: Beijing Plain area, land subsidence, Persistent Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR), factor
decomposition, time-series model of land subsidence, seasonal deformation, spatiotemporal distribution characteristics
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