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Multi-Scale Ground Deformation in Beijing Plain
Revealed by a Joint 2D-FFT and MGWR

Decomposition of InSAR Observation
Nian Feng, Lei Xie , Wenbin Xu , and Miao Yu

Abstract—Understanding urban surface deformation from In-
SAR one dimensional line-of-sight observation is challenging due to
the interplay of various natural and anthropogenic driving factors.
This article proposes a novel multiscale InSAR deformation de-
composition method that integrates two-dimensional fast Fourier
transform with a multiscale geographically weighted regression
model. We apply this method to analyze urban ground deformation
in the Beijing Plain, China, using Sentinel-1 data from 2016 to 2023.
The results identify five significant subsidence areas with the max-
imum subsidence reaching −360 mm. The decomposed large-scale
component (4–8 km) correlates closely with the thickness of Quater-
nary sediments and variations of groundwater. The medium-scale
component (1–3 km) is associated with the urban construction
activities, while the small-scale deformation (<0.6 km) reveals
localized subsidence along subway with tunnel construction. These
findings demonstrate the effectiveness of the proposed method
in capturing the multiscale deformation patterns, especially the
concealed small-scale deformation, through a single orbit of InSAR
observation. Therefore, it shows high potentials to improve the
urban infrastructure safety such as subway engineering.

Index Terms—Interferometric synthetic aperture radar
(InSAR), multiscale, subway, urban deformation decomposition.

I. INTRODUCTION

INTERFEROMETRIC synthetic aperture radar (InSAR),
with its advantages of wide coverage and high measurement

accuracy, has been widely applied in different fields, including
landslides [1], [2], volcanoes [3], earthquakes [4], and ground
subsidence [5], [6], [7], [8], [9], [10]. In metropolitan areas,
InSAR has shown significant potential in monitoring urban
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Fig. 1. Location of Beijing city and Beijing plain. Brown lines represent
subway routes. The blue rectangle is the footprint of Sentinel-1 images used
in this article.

subsidence, as demonstrated in Mexico City [11], Beijing [12],
[13], Shanghai [14], and Bangkok [15]. These InSAR-based
measurements reveal the evolution and extension of urban sub-
sidence, offering valuable insights for disaster mitigation.

The Beijing Plain, covering an area of about 6200 km2, is
located in the southeastern part of the Beijing city (see Fig. 1)
[12]. Geologically, the Beijing Plain is affected by multiple
active faults, exhibiting significant tectonic control character-
istics. The region also hosts extensive Quaternary deposits, with
thicknesses increasing from northwest to southeast, reaching
several hundred meters. These factors increase the susceptibility
to regional ground subsidence [16]. In terms of human interven-
tions, Beijing’s urbanization process has led to over-exploitation
of groundwater since 1960s. Under the combined influence of
natural and human factors, multiple subsidence funnels with
varying extents and deformation degrees have formed in the
Beijing Plain [17]. This poses a threat to urban infrastructure
safety and underscores the urgent need for effective monitoring
and integrated prevention strategies.

Most existing studies focus on large-scale subsidence with a
spatial scale of tens of kilometers. However, urban subsidence
is a combination of different scales of deformations. The promi-
nent large-scale deformation may mask the medium and small
scales deformation, challenging the analysis of deformation on
scales ranging from a few hundred meters to several kilometers.
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For example, Chen et al. [18] used entropy analysis to study the
surface subsidence during subway construction and operation.
They found that subsidence around subway stations exhibited
typical regional subsidence patterns. Duan et al. [19] proposed an
improved MMTI-TSF method to monitor long-term deformation
of the Beijing subway network. Their research found a close
relationship between subsidence along subway lines and the
subsidence centers. These studies indicate that the large-scale
deformation affect the interpretation of medium and small-scale
deformations, leading to an incomplete understanding of local-
ized deformation.

Despite directly interpretation of the InSAR deformation
to the localized deformation, different InSAR decomposition
method proposed. For example, Lai et al. [20] used independent
component analysis in Beijing to distinguish deformation char-
acteristics from strata information. They found linear subsidence
and uplift, decelerating subsidence, and periodic deformation.
Xu et al. [21] employed principal component analysis to extract
three principal components of temporal deformation, which
were related to groundwater changes, quaternary sediment thick-
ness (QST), and rainfall related periodic deformation. However,
these methods primarily extract different subsidence patterns
from InSAR data in temporal domain. They have not effectively
separated deformation components at multiple spatial scales.
This limits the spatial interpretation of multiscale deformation
features and the analysis of their driving mechanisms. Solano-
Rojas et al. [22] proposed the two-dimensional fast Fourier
transform (2D-FFT) band-pass filtering method to decompose
the deformation field into multiple scales. Each component is as-
sociated with distinct influencing factors, such as geological con-
ditions, civil construction activities, metro-related subsidence,
etc. They validated this method in metro system of Mexico City,
and demonstrated that the mid-wavelength component effec-
tively reveals hidden differential vertical displacement signals
[23]. Subsequently, this method has been successfully applied to
Shanghai [24] and the Guangdong-Hong Kong-Macao Greater
Bay Area [25] to analyze the spatial characteristics of multiscale
deformation patterns and identify local subsidence samples.
While these studies demonstrate the effectiveness of 2D-FFT in
separating deformation in the complex urban environment, they
do not offer a comprehensive quantitative assessment of the driv-
ing mechanisms behind the isolated deformation component. To
bridge this gap, our study integrates the 2D-FFT method with
multiscale geographically weighted regression model (MGWR),
enabling scale-specific regression analysis and yielding a more
nuanced interpretation of urban subsidence mechanisms.

In this article, we propose a new multiscale InSAR decompo-
sition and analysis method for the urban deformation scenario.
It integrates 2D-FFT and a MGWR model to decompose the
deformation in the frequency domain.

The rest of this article is organized as follows. In Section II,
we introduce the dataset including the InSAR and other auxiliary
data used in this article. Section III describes the proposed
method focusing on integration of the 2D-FFT and MGWR.
In Section IV, we present the results of deformation separation
at various scales and the regression coefficients for the influenc-
ing factors. Section V discusses the main driving factors and

subsidence mechanisms related to deformation components
across different scales. Finally, Section VI concludes this article.

II. DATASET AND DATA PROCESS

A. SAR Data

This article used 76 scenes of C-band Sentinel-1 data without
radar radio frequency interference from August 2016 to Decem-
ber 2023. The satellite track is 142, with a spatial resolution
of 5 m × 20 m (range × azimuth) in single-look complex
format. We used small baseline subset InSAR (SBAS-InSAR)
method to extract the subsidence of Beijing Plain. SBAS-InSAR
technique is an effective method for estimating surface defor-
mation through time-series SAR imagery. Its primary objective
is to integrate multiple SAR images and select appropriate
subsets of baselines. This helps to mitigate temporal and spatial
decorrelation and meets the demands of urban monitoring [26].
To effectively capture long-term, slow surface deformation, a
temporal baseline threshold of 290 days and a perpendicular
baseline of 150 m were set. Differential interferometric pro-
cessing was carried out using GAMMA software [27]. We used
a 30 m SRTM DEM to simulate the topographic phase, which
allowed for the removal of the surface elevation phase from the
interferogram. Adaptive filtering was then applied to improve the
quality of the interferogram. Phase unwrapping was performed
using the minimum cost flow method, with a reference to the
stable Forbidden City area. We applied temporal filtering with
a 60-day temporal window to mitigate the tropospheric effects.
Finally, singular value decomposition was applied to solve the
time-series deformation. As surface deformation in the Beijing
Plain is primarily dominated in the vertical direction [12], the
solved LOS deformation is converted to the vertical direction
using the local incidence angle from radar geometry.

B. Potential Influencing Factors Data

Urban ground subsidence is influenced by various factors,
including geological and topographic conditions, hydrologic
factors, human activities, and natural environmental factors. To
better quantify the contributions from different sources, we col-
lected eight factors related to ground subsidence in the Beijing
Plain.

1) The geological and topographic factors include the digital
elevation model (DEM), slope, QST, and the distance to
faults (DFault). We used STRM DEM for topography and
slope estimation. The QST map and fault distribution data
were from field investigations.

2) Hydrologic factors include changes in groundwater level
(GWL) and distance from water systems (DWater). GWL
data were obtained from groundwater wells during May–
November, 2023. Water system data were from open street
map.

3) Human activities and natural environmental factors in-
clude NDVI and population density (POP). The NDVI
data were obtained from the MOD13A3 dataset released
by NASA. Population density was obtained from Chen
et al. [28].
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Fig. 2. Flowchart of the study. (1) InSAR data processing. (2) and (3) Proposed integrated 2D-FFT decomposition and MGWR modeling method. (4) Driving
factors analysis.

III. INTEGRATED 2D-FFT AND MGWR METHOD FOR

MULTISCALE INSAR DEFORMATION DECOMPOSITION

AND ANALYSIS

To better interpret the driving mechanisms of deformation
at different scales, this article proposes an integrated 2D-FFT
and MGWR method for InSAR deformation decomposition (see
Fig. 2). The first step is following the conventional SBAS-InSAR
method to extract the surface deformation. The second part
is separating deformation signals at different scales using the
2D-FFT method. Third, a MGWR model is determined to assess
the contribution of potential factors to the surface deformation.
Finally, the driving mechanisms of deformation at different
scales are analyzed.

A. 2D-FFT Decomposition for InSAR Deformation

Deformation at different scales shows various spatial distri-
bution characteristics. Traditional deformation separation meth-
ods, such as statistical analysis and wavelet decomposition
[29], demonstrate effectiveness in identifying deformation pat-
terns with predominant driving source and capturing temporal

deformation trends in time domain. However, in the Beijing
Plain, subsidence manifests across heterogeneous spatial scales,
leading to the superposition of regional and local deforma-
tion. Therefore, using the threshold-based method to identify
regional-scale and finer subsidence, may omit or even overlook
local deformation features [22], [25]. Instead, spatial frequency-
based analysis provides a new perspective for multiscale
deformation separation. The low-frequency threshold can be
determined by the inflection point from the mean power
spectrum using the sliding window and bottom-up (SWAB)
method [30]. The threshold of high-frequency is determined
by the deformation characteristics of the study area. Cor-
respondingly, the medium threshold is the interval between
low- and high-frequency thresholds. The transfer function of
the Butterworth filter is then applied to these wavelength
bands [31]

H(u, v)1 = 1/
(
1 + [D (u, v) /D0]

2n
)

(1)

H(u, v)2 = 1/
(
1 + [D1/D (u, v)]2n

)
(2)
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H(u, v)3 = 1− 1/
(
1 +

[
D ∗W/

(
D2 −D2

2

)]2n)
(3)

where H(u, v)1,2,3 represent the filtering functions, D(u, v)
denotes the distance from the frequency center. D0, D1, D0

correspond to the cutoff frequencies for low, high, and medium
frequencies, respectively. W represents the bandwidth, and n
is the order of Butterworth filter (i.e., n = 2). Finally, the in-
verse Fourier transform is applied to recover the deformation in
different scales.

B. Multiscale Geographically Weighted Regression
(MGWR) Model

The geographically weighted regression model can explore
spatial heterogeneity by determining the optimal bandwidth
[32]. However, it analyzes all influencing factors on the same
spatial scale, which may simplify complex geographic phenom-
ena. To address this limitation, the MGWR model was developed
by incorporating multiscale effects using variable bandwidths,
thereby effectively handling geographic multiscaling [33], as
follows:

yi = βbw0 (ui, vi) +
m∑

k=1

βbwk (ui, vi)xik + εi (4)

in which yi is the dependent variable at the ith location, xik

represents the kth independent variable at the ith location,
βbw0(ui, vi) is the intercept parameter, βbwk(ui, vi) is the local
coefficient estimate, and εi is the residual term.

Next, the input deformation and other potential influencing
factors are resampled to a uniform grid and standardized to
eliminate dimensional effects between independent variables.
The Pearson correlation coefficient (R2) is used to examine
the collinearity between different variables. Variables exhibiting
high collinearity (i.e., |R2| → 1) are removed to enhance model
reliability. The fitness can be evaluated using indicators such as
the adjusted R-squared (Adj.R2), residual sum of squares (RSS),
and the improved akaike information criterion (AICc). A better
model fit corresponds to a larger R2, the smaller RSS and AICc.
These indicators are defined as follows:

Adj.R2 = 1−
∑m

i=1 (ŷi−yi)
2

∑m
i=1 (y−yi)

2 · m−1
m−k−1 (5)

RSS =
m∑
i=1

(ŷi − yi)
2 (6)

AICc = −2 · ln (L) + 2k + 2k(k+1)
m−k−1

(7)

where m is the sample size, yi and ŷi represent the true value
and predicted value of the ith element, respectively. ln(L) is
the log−likelihood value of the model′s maximum likelihood
estimate, and k is the number of parameters in the model.

IV. RESULTS

A. InSAR Deformation and Validation

We used the SBAS-InSAR technique to obtain the cumulative
deformation in the Beijing Plain from August 2016 to December
2023. The LOS deformation is then converted into vertical dis-
placement by pixel-wise local incidence angles [see Fig. 3(a)].
The Beijing Plain experiences widespread ground subsidence

with distinct regional characteristics. Approximately 16.6% of
the area has cumulative subsidence exceeding −50 mm. This
subsidence is concentrated in five major subsidence funnels:
the Haidian-Changping subsidence funnel (S1), the Daxing
subsidence funnel (S2), the Chaoyang-Tongzhou subsidence
funnel (S3), and two subsidence funnels in Shunyi (S4 and
S5). The total area of these subsidence funnels is approximately
1562 km2, accounting for 24.4% of the Beijing Plain. Among
these, the Chaoyang–Tongzhou subsidence funnel (S3) experi-
ences the most severe subsidence, with an average cumulative
subsidence of −115 mm and the maximum cumulative subsi-
dence reaching−360 mm. The InSAR measurement agrees well
with the leveling measurement [see Fig. 3(c)], with a correlation
of 0.94, and a root mean square error of ∼10 mm. This demon-
strates the reliability of the extracted InSAR deformation.

Taking a 400 m buffer zone around the subway network, 73%
of the subway network exhibits cumulative deformation less than
20 mm. However, the deformation of the subway lines passing
through the subsidence funnel area is significantly increased.
The east-west oriented subway lines 6, 7, and 17, the north-
south oriented lines 27 and 5, as well as the ring-shaped lines
2 and 10 (see Fig. 4) show that, while overall deformation is
relatively smooth, certain sections experience significant uneven
deformation.

Specifically, for subway lines 6, 7, and 17 that pass through
the center or edges of the S3 funnel, the average cumulative
deformations are −38, −55, and −20 mm, respectively,
and the maximum deformations reach −184, −265, and
−242 mm, respectively. For line 27, which passes through the
S1 subsidence funnel, the average cumulative through the S2
subsidence funnel is only −1 mm, but the maximum cumulative
deformation is −115 mm. In contrast, the deformation along
line 2 and line 5 remains stable, as these lines do not pass
through subsidence funnels.

In contrast, deformation along lines 2 and 5 remains stable,
as these lines do not intersect with subsidence funnels and
exhibit deformation consistent with the subway’s operational
stage. It is noteworthy that the cumulative deformation average
of the circular line 10 is 4 mm, with the maximum cumulative
deformation reaching −100 mm. This indicates that most of the
deformation along this line is uplift, while deformation gradients
intensify near the edges of the subsidence funnels.

These results suggest that the overlapping deformation mech-
anisms makes it difficult to distinguish the local deformation
signals. Therefore, in areas with complex driving mechanisms,
separating deformation signal is essential for promptly identify
local deformation and driving mechanism.

B. Multiscale Deformation Components

The low-frequency threshold was determined through iden-
tification of the spectral inflection point at 0.0918 on the raw
power spectrum using SWAB analysis, corresponding to a spa-
tial wavelength of 3267 m [see Fig. 5(b)]. Given the negligible
impact of fine-scale variations to large-scale deformation, a con-
servative low-frequency threshold of 3000 m was established.
Cross-sectional analysis along three profiles between Yong’anli
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Fig. 3. Result of InSAR deformation and validation. (a) Cumulative vertical deformation of Beijing plain area from 2016 to 2023. (b) Vertical deformation of
the subway network. (c) and (d) Comparison between InSAR and leveling data during the period from April 2019 to September 2019. The locations of leveling
points are marked as magenta triangles in Fig. 3(a). (e) Profiles of subway line 17 for high-frequency threshold determination.

Fig. 4. Statistics of cumulative deformation along the subway line.

and Panjiayuan West stations on Beijing Metro Line 17 revealed
subway-induced deformation within a 300–520 m radius. This
finding aligns with previous metro impact studies in Beijing
[34], Chengdu [35], and Guangdong [36], which consistently re-
ported 400–600 m influence zones. Accounting for Sentinel-1’s
5 × 20 m spatial resolution constraints, the high-frequency
threshold was defined at 600 m to ensure detectable deformation
patterns. Based on these thresholds, we performed deformation
decomposition using the 2D-FFT method, resulting in large,

medium, and small-scale deformation components. It can be
observed that in areas with more severe subsidence, different
subsidence modes coexist (see Fig. 6).

The large-scale deformation component is spatially smooth
and similar to the original InSAR deformation results [see
Fig. 6(b)]. It mainly covers the major funnels with 4–8 km along
the profile [see Fig. 6(f)]. The magnitude of large-scale defor-
mation component is comparable to the original deformation
field. This indicates that the large-scale component primarily
reflects the overall trend of regional deformation and is the main
contributor to the original deformation. In contrast, the medium-
scale deformation component shows a significant reduction in
both deformation scale and magnitude. It is concentrated within
a 1–3 km range [see Fig. 6(g)] and exhibits a clustered spatial
distribution [see Fig. 6(c)]. The medium-scale deformation are
located at the center and edges of the subsidence funnels. How-
ever, no significant deformation signal is observed in the city
center, revealing the joint influence of local activities and ge-
ological structural differences on deformation. The small-scale
deformation component has the smallest scale and deformation
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Fig. 5. Threshold selection for band-pass filtering. (a) Threshold of low-frequency: the average power spectrum. The two black lines represent the breakpoints
detected by the SWAB, and the red line is the best-fit linear curve used to determine the cutoff frequency. (b) Threshold of high-frequency: Deformation of profiles
along subway line 17 [the locations of pf1, pf2, and pf3 are marked in Fig. 3(e)].

Fig. 6. Decomposed deformation components in Beijing Plain. (a) Original deformation. (b) Large-scale deformation component. (c) Medium-scale deformation
component. (d) Small-scale deformation component. (e-h) Deformation along profile A-A’ for original deformation, large-scale component, medium-scale
component, and small-scale component, respectively.

magnitude [see Fig. 6(h)], with no obvious regularity in its
spatial distribution [see Fig. 6(d)].

Overall, the contribution of large-scale, medium-scale, and
small-scale deformation components to the original deformation
decreases sequentially, but the level of detailed features gradu-
ally increases. Therefore, the small-scale deformation compo-
nent is easily masked by the large- and medium- components
(see Fig. 7).

C. Contribution of Driving Factor

The MGWR model reconstructs the deformation and quanti-
fies the degree of contributions for different influencing factors.

The Pearson correlation coefficient of the MGWR model is
calculated to analyze the relationship between the independent
variables. The result showed a correlation of 0.74 between DEM
data and the QST data, leading to the exclusion of DEM for
independence in analysis [see Fig. 8(d)].

The histogram of prediction errors for spatial points within the
study area indicates that the absolute error for most spatial points
is within 20 mm [see Fig. 8(c)]. Additionally, the model’s fitting
accuracy metrics were calculated as Adj.R2 = 0.989, AICc=
−12518, and RSS = 130.65, indicating that the model fitting is
well-suited.

To quantify the influence of different variables at various
spatial locations, the model calculated the mean, minimum,
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Fig. 7. Multiscale deformation components along the subway. (a) and (e) Original deformation. (b) and (f) Large-scale deformation components. (c) and (g)
Medium-scale deformation components. (d) and (h) Small-scale deformation components.

TABLE I
MGWR MODEL COEFFICIENT FOR INFLUENCING FACTORS

maximum, median, and standard deviation of the weight co-
efficients for seven variables (see Table I). The results indicate
that QST and GWL changes are the primary driving factors of
surface deformation, with mean regression coefficients of -0.266
and -0.119, respectively. This indicates that the negative effect
on deformation is dominant. These DFault and DWater follow,

with close but relatively small effects on deformation. In con-
trast, slope, population density, and NDVI show no significant
effects on deformation in the study area, with mean regression
coefficients less than 0.01.

V. DISCUSSION

A. Large-Scale Deformation

Large-scale deformation is typically closely related to factors
such as geological environment and extensive changes in GWL
[22]. In the Beijing Plain, large-scale regional subsidence is
primarily caused by GWL changes, controlled by compressible
layer thickness, faults, and other structural factors [37].

Large-scale deformation is predominantly distributed in the
subsidence funnel S1, S4, and S3 regions, aligning well with
the contour lines of QST [see Fig. 9(a) ]. Moreover, it closely
correlates spatially with its coefficients. This reflects that
the dominant influence of geological conditions on regional
ground deformation [38], [39], as thickness of compressible
layers within the Quaternary sediments provide foundation of
ground deformation. Specifically, in regions with relatively thin
(<110 m) or thick (>150 m) compressible layers, deforma-
tion exhibits a linear or power-law correlation, predominantly
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Fig. 8. Results of the MGWR modeling. (a) InSAR deformation. (b) MGWR deformation. (c) Histogram of residuals. (d) Pearson correlations of independent
variable.

negative. For compressible layers between 100–150 m, the
relationship remains unclear, but a potential positive correlation
is suggested [see Fig. 9(b)]. This is consistent with the positive
correlation observed in the S3 funnel region and the average
correlation coefficient for this region is 1.16 [20].

In the S3 subsidence funnel, the GWL coefficient predom-
inantly exhibits a positive correlation with deformation [see
Fig. 9(c)]. The decline in aquifer water levels creates a hydraulic
gradient between the clay layer’s hydraulic head and the aquifer,
driving continuous water release. This process reduces pore
pressure and increases the effective stress of the soil layers,
leading to ground compaction and indicating that subsidence
in this area is still gradually occurring [40]. In contrast, in the
S4 subsidence funnel, due to the advancement of the South-to-
North Water Transfer and Groundwater Regulation, the GWL
in the Beijing Plain has increased. The recovery of aquifer pore
pressure has caused an elastic rebound in the aquifer system,
leading to a change in the pattern of ground surface deformation
in the Chaobai Plain region from subsidence to uplift [12].

Within this region, the coefficients are primarily concentrated
between -0.3 and 0.05, with the maximum negative correlation
reaching -0.53.

To better investigate the temporal correlation between ground-
water and surface deformation, we selected six wells covering
two observation periods: April 2022–November 2023, and Jan-
uary 2018–December 2022 [see Fig. 9(c)]. The groundwater was
compared with InSAR deformation within a 100 m buffer (see
Fig. 10). While the GWL show a consistent rising trend, yet
surface deformation responses demonstrate marked spatial het-
erogeneity. Specifically, at well #38 in the Chaobai Plain, GWL
fluctuated by 15 m, deformation progression shifted through two
distinct phases.

1) From 2016 to 2018, the subsidence decelerating from
−15 mm/yr to stabilization.

2) From 2021 to 2023, an uplift occurred with rate of
10 mm/yr.

This suggests the aquifer recovery toward a new hydraulic
equilibrium, forming a new consolidation head [40]. Similar
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Fig. 9. Large-scale deformation component and the coefficients of influencing factors. (a) Large-scale deformation. (b) Coefficient of Quaternary sediment
thickness. (c) Coefficient of groundwater level changes. (d) Coefficient of distance to fault. (e) Coefficient of distance to water system.

Fig. 10. Comparative time series of surface deformation and groundwater level variations at selected monitoring wells, with well locations labeled in Fig. 9(c).

trends were also been observed at wells #3 and #82, located
in Chaoyang District. In contrast, persistent but decelerating
subsidence dominate near other well sites. For example, well
#6 exhibits seasonal fluctuations in GWL with an overall up-
ward trend at 1 m/yr. However, the deformation still follows
a nearly linear subsidence pattern, with a subsidence rate of
−25 mm/yr. This may be related to the local hydrogeologi-
cal constraints, which limits the recharge of groundwater into
the aquifer, coupled with the prolonged compaction of deep
strata, resulting in a limited deformation response to GWL
variations [41].

The effect of DFault on deformation shows notable spatial
heterogeneity [see Fig. 9(d)]. the Sunhe Fault exhibits a negative
correlation with nearby surface deformation, suggesting that

areas near this fault may experience subsidence due to fault
activity or the alignment with the direction of water systems.
Conversely, the Huangzhuang Fault and the Nanyuan–Tongzhou
Fault show positive correlations with surrounding deformation.
This is likely due to fault activity inducing stress concentration,
causing surface uplift, or partially obstructing groundwater flow,
leading to different deformation patterns [40], [42].

The influence of DWater is predominantly negative in areas
with dense construction and roads [see Fig. 9(e)]. This is possi-
bly due to impeded water flow, which weakens groundwater
recharge effects. Conversely, in areas with more vegetation
coverage, such as the center of the S1 subsidence funnel. The
abundance of water sources helps stabilize GWL, leading to
significant positive influence.
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Fig. 11. Medium-scale deformation and influencing factor coefficients. (a) Medium-scale deformation. (b) Coefficient of NDVI. (c) Coefficient of population
density. (d) Coefficient of slope.

B. Medium-Scale Deformation

Different from the large-scale deformation, the medium-scale
deformation component is closely related to farmland subsi-
dence, soil consolidation, and engineering activities like ur-
ban construction, expansion, and renovation [25], [37], [43].
These activities typically cause localized surface deformation
in the distance of 1–3 km. Statistics show a significant positive
correlation between the frequency of engineering activities in
urban areas and the number of deformation monitoring points,
indicating that surface subsidence caused by foundation pit
dewatering and subsequent building loads during construction
has become an important feature of local urban deformation[38],
[24], [43].

Although NDVI and population density do not significantly
contribute to overall ground deformation [44], spatial analysis
reveals a certain degree of correlation between the medium-scale
deformation component and both factors. In regions with dense
vegetation, such as Changping District, the northwest of Haidian

District and areas near rivers, NDVI shows a positive correlation
with subsidence signals (see Fig. 11). In particular, the correla-
tion coefficient between deformation and NDVI in the localized
subsidence areas of southwest Tongzhou can reach 0.34. This
may be related to the regulatory role of vegetation roots on
surface water, as areas with higher vegetation cover have root
systems that enhance soil stability and reduce the occurrence of
surface subsidence. Additionally, vegetation adjusts surface wa-
ter through transpiration and water cycle regulation, which may
help maintain GWL stability and mitigate subsidence caused
by groundwater extraction. In contrast, in rapidly urbanizing
areas such as central and eastern Chaoyang, the correlation turns
negative, with correlation coefficients reaching below -0.2.

Population density shows a predominantly negative corre-
lation with surface deformation in Tongzhou and the periph-
eral areas of Chaoyang [see Fig. 11(d)]. This indicates that
increasing population density may significantly aggregate sur-
face subsidence. Higher population density increases ground-
water demand, resulting in excessive groundwater extraction.
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Fig. 12. Historical construction activities in the medium-scale deformation area comparing with optical time elapse images from 2011–2020 (Google Earth).

Thereby, the subsequent decline in the water table promotes
subsurface compaction. Urbanization in densely populated ar-
eas typically increases building density and additional surface
loads, further compressing soil structures and accelerating the
subsidence process [38]. However, in some areas of Chaoyang
District, particularly the southeastern region, a positive corre-
lation was observed [see Fig. 11(d)]. The average correlation
coefficient of around 0.37 and a peak value exceeding 0.5. This
phenomenon maybe attributed to other dominant factors, such
as groundwater recharge, geological variations, or the regulatory
role of vegetation coverage. Moreover, we can find that the slope
coefficient exhibits significant spatial variation. Although slope
may indirectly influence surface deformation through processes
such as surface runoff and soil erosion, no significant correlation
between slope and the medium-scale deformation component
was observed within the scope and scale of this article. This
suggests the diversity and variability of its relationship with
subsidence [38].

Since the 21st century, urban construction activities in Beijing
have significantly increased, causing noticeable load changes
on the surface and leading to localized uneven subsidence
[37]. Several typical medium-scale deformation areas related
to construction activities were detected, labeled A1 to A4 [see
Fig. 11(a)]. These areas reveal surface changes caused by con-
struction activities in different regions, with deformation scales

ranging from hundreds of meters to kilometers (see Fig. 12).
Among these, A1 and A2 primarily reflect surface changes
caused by the construction of medium-scale and small-scale
building complexes. The subsidence signals concentrated in the
construction areas and rapidly accumulating during the construc-
tion period, indicating the direct impact of building loads on
local foundations. In contrast, A3 and A4 are located within
the S3 subsidence funnel. Here, construction areas are more
dispersed, leading to a more fragmented spatial distribution of
deformation signals. This phenomenon reflects the impact of the
spatial heterogeneity of construction activity layouts and geo-
logical conditions on deformation. Overall, these signals reveal
the localized impact of urban engineering activities on surface
subsidence, further demonstrating that changes in local loads
are an important driving factor for inducing uneven subsidence.

C. Small-Scale Deformation

The smallest-scale deformation component exhibits a higher
spatial frequency compared to other components. These signals
are critical for ensuring urban rail transit safety but are often
obscured by large- and medium-scale signals in original InSAR
vertical deformation.

Deformation along subway lines is influenced by surface land
cover types, as well as ground disturbances and cyclic loading
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Fig. 13. Small-scale deformation along the subway lines. (a) Local deformation along line 27. (b) Middle segment along line 17. (c) Northern segment along
line 17. (d) Local deformation along line 6. (e) Southern segment along line 17. (f) Logistic regression curves of points P1, P2, and P3. The corresponding subway
segments are marked in Fig. 7.

caused by train operations during the construction and opera-
tional phases [35], [45], [46], [47]. Beijing subway line 27 (also
known as the “Changping line”) is located in the northwestern
part of the Beijing Plain. Its middle section [see Fig. 13(a)]
features thick compressible strata, extensive vegetation and bare
land, and proximity to highways, which make it susceptible
to uneven deformation. Beijing Subway line 17, running in a

north-south direction, is divided into three segments based on
construction progress. The northern section was opened at the
end of 2023 [see Fig. 13(c)], while the middle section [see
Fig. 13(b)] remains under construction. Beijing subway line
6, the 15th subway line to open in Beijing, shares its eastern
section [see Fig. 13(d)] with the southern section of line 17
[see Fig. 13(c)], both located within the S3 subsidence funnel.



14088 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 18, 2025

Prolonged operations and geological factors provide potentials
for localized deformation.

To validate the correlation between the identified deformation
points along subway lines and actual construction or operational
activities, three subway stations were selected: Xibahe Station
on the northern section of line 17; Ciqubei Station on the south-
ern section of line 17; and Huangqu Station on line 6, denoted as
P1, P2, and P3, respectively. The logistic regression effectively
illustrates the lifecycle of subway construction, transitioning
from a slow acceleration phase to a rapid acceleration phase, fol-
lowed by deceleration, and ultimately stabilizing [19], [36]. P1,
clearly reflects the complete lifecycle of subway construction.
After construction began in mid-2017, displacement gradually
emerged, accelerating in 2018 and reaching a maximum cu-
mulative deformation of approximately −21 mm by early 2022.
Thereafter, the deformation rate slowed and stabilized by the end
of 2023 with the line’s opening. P2, after construction started in
2018, began to accelerate in deformation. After its opening at
the end of 2021, the deformation rate gradually decreased. By
2023, the cumulative deformation had reached approximately
-140 mm. Since P3 has been in operation since the end of 2011,
its temporal deformation curve does not fully capture the entire
deformation lifecycle. However, it also experienced a nearly
linear rapid deformation phase in its early stages, gradually
stabilizing after 2019 [48]. The results show that the temporal
deformation trends at all three stations closely match the Logistic
curves.

These above findings demonstrate that the decomposed small-
scale deformation can effectively identify subway-related de-
formation. Similar uneven ground deformation along subway
lines may pose significant risks to subway system as shown in
Mexico City [23] and Shanghai [24]. Specifically, deformation
monitoring at the Olivos metro accident site in Mexico City
revealed a subsidence rate gradient of 0.37× 10−3 year−1, lead-
ing to long-term angular distortion and a slope change of up to
3.5%. The resulting differential displacement between columns
suggests that angular distortion might have been a contributing
factor to structural failure. This also underscores the feasibility
of using this approach in separating deformation signals, and
facilitating early anomaly detection to mitigate infrastructure
risks.

VI. CONCLUSION

This article proposed a new method for decomposing and
analyzing InSAR deformation by the integration of 2D-FFT
with the MGWR model. The approach has been successfully
applied to the Beijing Plain, utilizing Sentinel-1 data from 2016
to 2023. The main findings regarding multiscale deformation are
as follows:

1) Large-scale deformation is mainly associated with sub-
sidence funnels, exhibiting a deformation scale of about
4–8 km, with magnitudes similar to the initial InSAR de-
formation results. The thickness of Quaternary sediments
and fluctuations in GWL influence the extent and severity
of large-scale subsidence.

2) The medium-scale deformation component reveals local-
ized subsidence within a range of 1–3 km, primarily lo-
cated at the centers and peripheries of subsidence funnels,
largely driven by urban development activities.

3) The small-scale deformation component displays a lower
amplitude of deformation and a less pronounced spatial
distribution of < 1 km. It has a strong correlation with the
subway as evidenced by decomposed deformation and a
logistic regression model.

The proposed method and findings provide valuable insights
for understanding urban surface deformation and managing
infrastructure safety, both in Beijing and other urban areas. How-
ever, the accuracy of deformation separation remains dependent
on the thresholds of band-pass filtering in 2D-FFT. Systematic
optimization by fusion the geological information and in-situ
observation can enhance the reliability of deformation decompo-
sition. Furthermore, integrating higher resolution SAR imagery
with deep learning methods offers promising potential to refine
deformation separation and probabilistic forecasting of urban
infrastructure vulnerability.
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