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ABSTRACT

Coastal regions are increasingly vulnerable to ground deformation hazards, which can cause
structural damage and amplify flood risks. Accurately monitoring the evolution of such defor-
mation is crucial for hazard assessment. However, the precision of multi-temporal interfero-
metric synthetic aperture radar (MT-InSAR), a powerful geodetic technique for mapping
ground deformation, is often compromised by the atmospheric phase screen (APS) effect.
This is more serious in coastal zones, where it can bias the detection of deformation turning
points and mislead the interpretation. In this paper, we introduce a novel approach that
designs a non-stationarity test for independent component analysis (ICA) to effectively sepa-
rate the APS and deformation phase components in MT-InSAR applications. Through simulated
experiments, the proposed method demonstrated a 50% improvement in deformation accu-
racy and can effectively track deformation progression. We validated the new method with
a case study in Nantong, a coastal region along the northern Yangtze River estuary in China,
using Sentinel-1 data from 2015 to 2023. The proposed method retrieved the ground deforma-
tion over Nantong with a root-mean-square-error (RMSE) of less than 5.6 mm when compared
to ground leveling measurements, which surpasses the traditional MT-INSAR methods. The
study results identified diverse ground deformation patterns in Nantong, with deformation
rates ranging from —56.3 to 45.9 mm/year, attributed to groundwater extraction, urbanization
activities, and land reclamation efforts. The study also highlights the significant coastal accre-
tion and land reclamation processes in the study area, demonstrating the potential capability
of the MT-InSAR technique in detecting coastal erosion detection and informing land
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reservation.

1. Introduction

Coastal regions worldwide are vulnerable to a range of
hazards, which are exacerbated by the combined
effects of natural dynamics and human activities
(Herrera-Garcia et al. 2021; Shirzaei et al. 2021). One
such hazard, ground deformation, can lead to signifi-
cant threats including structural damage, increased
flood risk, and other related issues (Dinar et al. 2021;
Zhang et al. 2019). For instance, human-induced fac-
tors are significant contributors, accounting for
approximately 76.92% of deformation cases (Bagheri-
Gavkosh et al. 2021). Numerous major cities world-
wide are experiencing ground subsidence hazards due
to activities, such as groundwater extraction, construc-
tion activities, and land reclamation projects (Herrera-
Garcia et al. 2021; Ma et al. 2024; Zhang et al. 2021;
Zhao et al. 2019). Given these impacts, accurate

monitoring of the evolution of ground deformation
is crucial for effective risk assessment and develop-
ment of early hazard warning systems.

Traditional ground deformation monitoring meth-
ods, such as leveling and GNSS, are limited by their
high labor costs and restricted spatial coverage (Huang
et al. 2017). In contrast, multi-temporal interfero-
metric synthetic aperture radar (MT-InSAR) is
a powerful geodesy technique that can detect ground
deformation from space and offer distinct advantages
over traditional monitoring techniques, with wide
coverage, high spatial resolution, and regular observa-
tion (Kim et al. 2015; Schlogl, Widhalm, and Avian
2021; Xue et al. 2020). However, the accuracy of the
MT-InSAR-derived deformation is affected by the
atmospheric phase screen (APS) effect, particularly
in coastal areas (Falabella et al. 2024; Hanssen 2001;
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Shi et al. 2022; Zebker, Rosen, and Hensley 1997). The
APS effect can even introduce errors of up to 20 cm in
deformation measurements (Maubant et al. 2020).
Therefore, successful mitigation of the APS effect is
essential for accurate ground deformation monitoring
using MT-InSAR technology (Liao et al. 2013; Rouet-
Leduc et al. 2021).

The past two decades have witnessed significant
developments in APS mitigation in MT-InSAR.
A common method for this purpose is spatiotem-
poral filtering, which exploits the distinct spatiotem-
poral properties of APS and deformation (Berardino
et al. 2002; Ferretti and Prati 2000). Another method
is a model-based approach that employs an empiri-
cal or a mathematical model (Bekaert, Hooper, and
Wright 2015; Cao et al. 2018, Liang et al., 2019a;
Liao et al. 2013). Auxiliary data, such as tropo-
spheric delays derived from GNSS data, have also
been used to compensate for the APS effect
(ElGharbawi and Tamura 2014; Jung, Kim, and
Park 2014; Ding, and Liu 2004; Li et al. 2006; Yu,
Li, and Penna 2018). Despite the success of these
methods in reducing the effects of APS, significant
limitations still exist. For instance, the turning point
of the deformation time series, which is important
for identifying the evaluation of potential hazards,
can be misidentified because of spatiotemporal fil-
tering. The model-based approach may not work
well if the accuracy of the model is inadequate and
the spatial resolution of auxiliary data is typically
very low (Kirui et al. 2021).

In recent years, independent component analysis
(ICA) as an effective method has been widely used in
MT-InSAR to mitigate the APS effect (Ebmeier 2016;
Shi et al. 2022) to separate deformation trends from
seasonality (Rigamonti et al. 2023; Xia et al. 2024), based
on the statistical characteristics of the individual signals.
ICA is a technique that separates non-Gaussian, statis-
tically independent latent signals from mixed signals,
which can be divided into spatial ICA (sICA) and
temporal ICA (tICA). In MT-InSAR applications, ICA
treats each interferogram (IFG) as a linear combination
of mixed signals. SICA focuses on spatial independence,
suitable for applications to separate the signals with
unique pattern. It often requiring prior knowledge of
deformation patterns for accurate ICA component
identification. tICA emphasizes temporal indepen-
dence, that captures the distinct temporal characteris-
tics of deformation time series and typically requires
dimensionality reduction. Despite their utility in MT-
InSAR applications, both methods struggle to automa-
tically identify ICA components related to the deforma-
tion signal. The accuracy of retrieved deformation time
series can be biased if the deformation ICA sources are
inadequately chosen, especially when the characteristics
of the deformation are not known in advance (Gaddes,
Hooper, and Bagnardi 2019).

In this paper, we propose an improved ICA
method for processing MT-InSAR data that automa-
tically identifies deformation source components
and effectively separates them from the APS effect.
The proposed method wuses the single-master
unwrapped IFG stack as the initial input for sICA.
To identify the deformation related component
based on the mixing matrix derived from sICA, we
have developed a non-stationarity test (NST) proce-
dure. This procedure automatically evaluates each
independent data source, enabling the selection of
the deformation-related components by taking
advantage of the distinguished characteristics of
APS and deformation in spatiotemporal domain. In
addition, the effect of spatial correlation blocking is
also considered to enhance the robustness of the
analysis. We evaluated the effectiveness of the pro-
posed method in mitigating the APS effect and iden-
tifying deformation turning points through a series
of simulated experiments and compared with two
existing MT-InSAR methods. For further assess-
ment, we applied our method to monitor ground
deformation over rapidly urbanizing Nantong City,
located on the northern bank of the Yangtze River
Estuary, using Sentinel-1 SAR data from 2015 to
2023. Various sources of ground deformation related
to construction activities, groundwater withdrawal,
and coastal accretion/reclamation were identified
and discussed in detail. The rest of this paper is
organized as follows: the methodology of the pro-
posed method is introduced in Section 2. Section 3
and Section 4 present comparison experiments with
simulated and real datasets. Section 5.5 provides
a comprehensive discussion and highlights new find-
ings. Section 6 gives the conclusion of the paper.

2, Methodology
2.1. MT-InSAR assisted with ICA

ICA can separate multiple non-Gaussian and statisti-
cally independent latent signals, assuming that the
mixed signal is a linear combination of individual
signals. The ICA model can be expressed as a linear
transformation,

X=AS (1)

where X is the matrix of the mixed signal that can be
observed; S is the source matrix of individual signals,
each row corresponds to an independent latent signal
source; A is the mixing matrix where each column
represents the mixing coefficients of an independent
signal source. The goal of ICA is to estimate the mix-
ing matrix A and the source matrix S from the
observed matrix X. To do this, it needs to retrieve
the unmixing matrix W, as shown in Equation (2)
where W = A™'. In this study, one of the most widely



used ICA algorithms, the Fast Independent
Component Analysis (FastICA) (Hyvarinen 1999),
will be adopted,

A
S= WX (2)
Once the mixing matrix (A) and independent

sources (g) have been obtained, the independent
signals can be identified and reconstructed. In gen-
eral, ICA can be classified into two main types: sSICA
and tICA. They differ in their emphasis on different
spatiotemporal characteristics of the independent
signals when organizing the input data (X). sICA
is employed when the main objective is to separate
the sources based on spatial independence. It is
particularly useful in applications where the spatial
characteristics or distributions of the sources are the
focus, regardless of their temporal behavior. In con-
trast, tICA focuses on temporal dynamics, identify-
ing and separating sources based on their temporal
behaviors  without restricting the spatial
characteristics.

Given N SAR images, M IFGs can be generated,

where Y1 <M < w It is assumed that all the
IFGs are phase unwrapped without error. The inter-
ferometric phase of an IFG can be expressed as a linear
combination of various components,

(PIFG (PFlat + ‘/’DEM + §"Aps + ?’Defo + ‘PNozse 3)
i,je{1,2,3,...,N;i<j}

where go%at and ¢}, are the Earth curvature and
topographic phase components of IFG generated
w1th (i)-th, and (j)-th SAR acquisitions, respectively;

¢/ and (pDefO are the APS and deformation phase

components; (mese is the noise. (pFlat and goDEM can
be compensated using accurate orbital information,
external DEM product, and error correction models
(Fattahi and Amelung 2013; Hanssen 2001; Hou et al.
2024; Zhang et al. 2014). Therefore, Equation (3) can
be simplified as,

Prhc = Piabs + (PDefo P¥loise 4)

In the spatial domain, APS and deformation are non-
Gaussian and mutually independent. Therefore, the
SICA can be used to separate them (Ebmeier 2016;
Gaddes et al. 2018). In this context, each unwrapped
IFG is considered as a mixed input for the sSICA. When
multiple IFGs are available, all of them capture the same
deformation characteristics spatially, e.g. volcanic
motion. It is possible to separate the deformation source
from the APS based on Equation (1) (Gaddes et al. 2018).
However, sICA lacks temporal constraints, resulting in
the identified spatial components varying over time.
Prior information about the deformation is necessary to
accurately identify the deformation component.
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tICA has also been used in MTInSAR to distinguish
different types of temporal deformation (Chaussard
et al. 2017), in which the time series of IFGs compen-
sated for the APS (Kirui et al. 2021) are temporally
organized and considered as the input for tICA,

Lip _ plib  oLip
Prrc = ‘/’Defo PNoise

p=12,3,.

with

k=m
(PDefo = Z (Pfype (5)

k=1
where p is the pixel number of an IFG; (p’fype represents
a deformation type, e.g. periodical, linear, etc.; m is the
number of the independent deformation types. Since
tICA is not spatially constrained, the separated indepen-
dent components may each display distinct spatial pat-
terns, reflecting different types of deformation. To
manage the dimensionality of the input signals to
improve the efficiency of the tICA, it is common to per-
form dimensionality reduction to the temporally orga-
nized data, using e.g. PCA (Gaddes et al. 2018; Shi et al.
2022).

In implementing ICA for separating the APS from
the deformation signals in MT-InSAR data processing,
there are important challenges, one of which is that
manual identification of the independent signals is
required (Peng et al. 2022; Wen et al. 2024; Xia et al.
2023). Additionally, it is not always possible to have
prior knowledge of the spatial characteristics of
ground deformation, especially in a wide region.

2.2. Enhancing ICA with non-stationary test

In this section, we propose an improved ICA method
to automatically identify the deformation component
in ICA and separate it with APS effects from the MT-
InSAR datasets. Since APS signals are of typically low
frequency in space but high frequency in time, while
the deformation signals tend to be of low frequency in
both space and time (Ferretti, Prati, and Rocca 2001).
The timing and duration of a deformation event are
often unpredictable. When the deformation amplitude
is small and the event lasts for a short time, its signal in
an IFG may be obscured by atmospheric phase noise.
To better distinguish between the APS and the defor-
mation signals, single-master unwrapped IFG stack,
referring to the first SAR acquisition, (pIFG, is spatially
organized as the mixed signal for the sICA,

(PIFG - ¢APS + ¢Defo + ¢Nozse (6)

where ¢\ is the APS phase difference between the
first and (j)-th SAR images; (p]ljjefo is the deformation

accumulated up to the (j)-th image. The number of
independent sources is set to match the number of
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Figure 1. Example of non-stationarity test (NST) for selecting time-correlated columns from a mixing matrix, where each column
represents the coefficient of a separated independent component over time. (a and b) Depict the original and selected mixing
coefficient matrices, respectively. (c, d and e) Show the spatial patterns of three independent components related to deformation

and APS effects, respectively.

SAR images used, denoted by N. The FastICA algo-
rithm (Hyvarinen 1999) iteratively derives the mixing
coefficient matrix (A). Figure la presents an example
of a mixing matrix, where each column represents the
coefficient of an independent signal component.
Figures 1c,d illustrate two examples of the spatial
characteristics of independent components.

Given that the spatial distribution and timing of
deformation are typically unknown a priori, it is diffi-
cult to identify the deformation signal based solely on
the spatial characteristic among numerous separated
independent components as shown in Figure 1. It is
worth noting that deformation often occurs within
a specific period and exhibits a smooth behavior. As
demonstrated in Equation (6), we employed a single-
master unwrapped IFG stack referred to the first
acquisition date as the input for ICA, decomposing
the data into a mixing matrix. In this matrix, each
column will represent a time series. Columns that are
associated with deformation will exhibit a discernible
temporal trend. To automatically identify these defor-
mation-related columns, we employ a statistical
method known as the non-stationary test (NST). The
test assesses whether observed temporal changes in
a time series are consistent and indicative of non-
stationary, as opposed to random fluctuations.
Specifically, the Perron-Phillips unit root test is
applied to each column of the mixing matrix to deter-
mine whether existing a unit root in the null hypoth-
esis (H°), indicating the non-stationary. The null
hypothesis can be expressed as,

H :x(t)=a-x(t—1)+b-t+c+et) (@)

where X(t) represent the value of the tested column
of matrix (A) at the t row; a is the autoregressive
coefficient and |a| =1 in H% b deterministic trend
coefficient. ¢ is the drift coefficient; e(t) is a white
noise error term. To carry out the test, we estimate
the regression mentioned above and utilize standard
t-statistics to assess the null hypothesis against the
alternative hypothesis (H') that suggest stationary
(absence of unit roots). The alternative hypothesis
test can be expressed as,

H :x(t)=a-x(t—1)+b-t+c+e(t) (8)

where |a| <1. If the null hypothesis is accepted with
a confidence level of 95%, the data series is suggested
to have a unit root, suggesting the time series contains
a time-related trend, a key indicator of deformation. It
worth to note that some other iterative test methods
can also be used for the non-stationary testing.
Figure 1 illustrates the procedure of NST for identify-
ing deformation-correlated components. Following
the test on each column of the mixing matrix, all
independent deformation components can be identi-
fied and used to form a so-called selected mixing

matrix (X), as shown in Figure 1b, for reconstructing
the deformation phase component (¢,,,) together

with the corresponding independent source vectors

(S). The deformation phase is then reconstructed by,
@defo = ;& * g (9)

When investigating ground deformation over
a large area, the spatial pattern of deformation may



be less prominent than the effects of the APS. In this
case, a block-wise strategy can be implemented by
segmenting the IFGs into smaller blocks. After separ-
ating signals in each block using the proposed method,
the results from the blocks can be combined to recon-
struct the complete deformation phase component.

2.3. Retrieval of deformation times series

Once the deformation phase components have been
reconstructed, the deformation time series can be esti-
mated using the standard MT-InSAR procedures,

Pafo =k j=1,2,3,...N
¥ = minmize Y (& — ¥#)’
with
_Am
A
where «k represents the conversion ratio between the
phase and deformation value; # is the time of (j)-th
SAR acquisition relative to the first acquisition; &
denotes the corresponding accumulated deformation;
and A is the radar wavelength. In short, the proposed
approach enables automatic separation of APS and
deformation signals in MT-InSAR, eliminating the
necessity of manual intervention. The data processing
workflow is illustrated in Figure 2.

K (10)

3. Experiment with simulated data

To assess the effectiveness of the proposed method, we
conducted experiments with simulated data for 1000
times, each using the same spatial deformation pattern
but varying in time to simulate linear, abrupt, con-
struction, and random deformation. In total, we simu-
lated 70 SAR images within a two-year period,
according to the parameters of the Sentinel-1 dataset.
The APS was simulated using numerical functions

GEO-SPATIAL INFORMATION SCIENCE . 5

(Kampes 2005), with maximum phase delays ranging
from 5 to 12 rad across the simulations. Decorrelation
noise was randomly added. The simulated phase com-
ponents were linearly combined to form SAR images.
A total of 233 IFGs were generated from the SAR
images according to the interferometric pairs, as
shown in Figure S1. The spatiotemporal baseline can
be found in the supplementary material. We assumed
that no phase components related to the topography
and satellite orbits existed, and the IFGs were correctly
unwrapped. Figures 3b,c present two examples of the
IFGs, highlighting the varying APS effects.

To demonstrate the improvement with the use of
the proposed method compared with the Kalman-
based method and traditional small baseline subset
(SBAS), we processed each simulated dataset using
these three methods. A comparison of the results is
displayed in Figures 3,4. The proposed method
retrieved the spatial deformation pattern, which clo-
sely matched the simulated “real” deformation, as
shown in Figure 3a,d. However, the deformation
retrieved by the Kalman-based method and traditional
SBAS still suffers from APS disturbance, as shown in
Figure 3e, frespectively. Looking into the details of the
deformation time series, some selected points are dis-
played in Figures 4a-d, representing the different tem-
poral deformation types. Among them, the
deformation time series estimated by the proposed
method tend to be better solved than those estimated
by the Kalman-based method and the traditional
SBAS, particularly in identifying the turning point of
the time series. The error statistics are further analyzed
in Figures 4e-h, where the root-mean-square-error
(RMSE) of the proposed method is lower than those
of the other two methods. The RMSE of the proposed
method is below 0.5 mm, whereas the RMSE of the
traditional methods reach up to 3.28 mm.

To demonstrate the effectiveness of proposed
method in APS mitigation, Figure 5 illustrates three

IFGs ]

Sentinel-1 IW VV SLC Bursts selection & mosaic |—>| Image coregistration I—)[

Preprocessing

—( Spatially organized Single-master phase ](—' Phase error correction I(—[ Unwrapped phase ]

Spatially divided into
blocks (optional)

.

R S
Blocks orders

(optional)

Deformation
time series

mdsaic

[ ) ] [

Retrieval

Re{construct
Deformation

Velocity

Time-Series Deformation

BN fo.r def(.)rmat‘lon Selected Mix matrix(4) ]E—
vector identification !

| Deformation phase vector |

Figure 2. Flow chart of the proposed method.
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Figure 3. Examples of simulated IFGs. (a) Deformation velocity map; (b) and (c) IFGs affected by APS; (d-f) deformation velocity

maps estimated by the proposed method, Kalman-based method and SBAS, respectively.

Figure 4. Comparison of the deformation time series on the selected points using different methods:(a—d) are the time series of
four types of deformations;(e-h) show the histograms of the RMSEs corresponding to the simulated “real” value.
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Figure 5. The comparison results of estimated APS with three different methods. The black dashed line in scatter plots represent

the prefect alignment with simulated “real” APS phase.

examples of separated APS using different methods.
The results suggest that the three methods achieved
similar spatial patterns of the APS component, with
the main differences distributed across some localized
areas. The scatter plots in Figure 5 indicate that the
proposed method aligns most closely with the simu-
lated “real” APS effect, obtaining the lowest RMSE
among the methods tested. In contrast, the traditional
methods exhibit the significant differences in APS
estimates, with a maximum RMSE of approximately
0.8 radians, which is higher than the 0.12 radian RMSE
of the proposed method. The substantial difference
highlights the accuracy improvement of the proposed
method in both estimating and correcting the APS
effect for MT-InSAR deformation monitoring.
Furthermore, Figure 6 provides statistical information
from the 1000 experiments, including the mean and

standard deviation (STD) of RMSE for each method.
The proposed method demonstrates significant
advancements in ground deformation monitoring by
achieving an average accuracy improvement of 50%
across a range of deformation scenarios.

4. Experiment with real SAR data
4.1. Study area

The Nantong region, located in the northern coastal
area of the Yangtze River estuary, China (Figure 7),
has been selected as the experimental site to assess the
performance of the proposed method. The region is
characterized by an annual precipitation range of
1000-1200 mm, which presents challenges for InSAR
deformation monitoring due to atmospheric
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Figure 6. Statistical results of the RMSE obtained from 1000 simulation experiments for four types of temporal deformation.
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perturbations. In recent years, Nantong was experien-
cing rapid urbanization, including multiple civil con-
structions, such as transportation projects,
underground developments, and land reservations
(Zhang et al. 2021; Zhao et al. 2023). The geological
composition is dominated by extensive quaternary
sediments, with highly compressible soft soils that
are susceptible to uneven ground deformation due to
frequent construction activities (Zhan et al. 2022;
Zhang et al. 2021). In addition, the high demand for
water in industry and agriculture has resulted in con-
siderable ground subsidence in many areas, predomi-
nantly along the coastal areas (Fan, Wang, and Li
2020), which will be discussed in Section 5.

4.2. Datasets

A total of 287 Sentinel-1 SAR satellite images was
obtained from the European Space Agency (ESA) to
investigate the ground deformation over the Nantong
region. Among them, 283 were from the ascending
orbital direction with a revisit time of 6 to 12 days
from 26 February 2015, to 27 May 2023, and 4 were
from the descending orbital direction during the

period from 26 July 2016, to 24 October 2016. The
spatial coverage of the achieved SAR datasets is illu-
strated in Figure 7, which marked with blue rectangles.
Image information can be found in Table-S1 of the
Supplementary Material. The Copernicus GLO-30
DSM (COP-DSM) (Fahrland 2020) with 1 arc second
resolution and 4m elevation accuracy, was used to
simulate and compensate for the topographic phase
during the InSAR data processing. In addition, ground
subsidence measurements at eight benchmark leveling
stations provided by the local government agency and
adhere to the standards of second order leveling, were
collected to validate the InSAR deformation results.
The locations of these leveling stations are indicated
by yellow triangles in Figure 7. Optical images sourced
from Google Maps are used as the background to
display the results and illustrate the various stages of
construction.

4.3. Data processing

All the achieved SAR datasets were pre-processed with
the GAMMA software (Wegniiller et al. 2016), includ-
ing the image extraction, Sentinel burst selection,
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image coregistration, etc. A total of 843 IFGs were
generated with a baseline threshold of 230 m and
100 days, as shown in Figure 8. The flat-earth phase
and topographic phase were compensated for using
Precise Orbit data and COP-DSM. Then, the
unwrapped phase for each IFG was retrieved using
the established methods (Wu et al. 2022).
Corrections for orbital and topographic errors were
applied using the methods described in (Liang et al.,
2019b; Zhang et al. 2014). Following the workflow
outlined in Figure 2, the deformation time series of
selected coherent points was retrieved using the pro-
posed method. For the purposes of comparison, both
the traditional SBAS and the Kalman-based method
were also applied to the same unwrapped dataset to
retrieve the deformation results.

4.4. Results

Figure 9 illustrates some examples of the separation of
APS and deformation phase components during the
data processing over the Nantong region. The first row
presents examples of identified independent patterns
that varied along with the time, which can be recog-
nized as the deformation phase. The subsequent rows
display the separated APS phase components obtained
using the proposed method, the SBAS method, and the
Kalman-based method. The APS phases retrieved by
all methods demonstrate similar spatial characteristics
when compared to the original IFGs shown in the last
row. However, the amplitude of the APS obtained
through the conventional SBAS, and the Kalman-
based methods is larger than that in the original IFG.
The discrepancy is attributed to biased parameters in
the regression modeling due to atmospheric effects, as
indicated by the black square area in the lower right
corner. In contrast, the amplitude of the APS retrieved
by the proposed method aligns more closely with that
in the original IFG. Furthermore, a noticeable defor-
mation signal has remained in the APS component as
identified by the traditional method, which is marked
by the black dotted rectangular area. This issue mainly

arises from the bias in deformation parameter estima-
tion, which is affected by APS effects during the esti-
mation process. In contrast, the proposed method
effectively separates the APS and deformation compo-
nents and is not susceptible to this factor.

Figure 10 presents the deformation velocity map of
the Nantong region in the line-of-sight (LOS) direc-
tion, derived form ascending Sentinel-1 data from
26 February 2015, to 27 May 2023, using the proposed
method. Negative values indicate deformation away
from the satellite along the LOS direction (termed
subsidence), while positive values indicate deforma-
tion toward the satellite along the LOS direction
(termed uplift). The majority of the Nantong area
appears stable with deformation rates predominantly
between —15.0 mm/year and 15.0 mm/year, covering
97.2% of the measured deformation. Significant loca-
lized deformation is observed in the coastal zone, with
rates ranging from —56.3 mm/year to 45.9 mm/year, as
highlighted in Figure 10 (I, II, III, and IV). The largest
subsidence area is highly correlated with the ground-
water extraction, which will be discussed in
Section 5.4. Urban areas, particularly those under
development or renewal, are characterized by concen-
trated deformation patterns, as detailed in sections V,
VI, VII, and VIII of Figure 10. The distinct deforma-
tion patterns are indicative of multi-source deforma-
tion mechanisms associated with urbanization,
transportation infrastructure development, excessive
groundwater use, and land reclamation projects,
marked as A, B, C, D, and E on the map. The broader
implications of these deformation patterns, such as
their potential impact on urban infrastructure and
land management strategies, will be further explored
in Section 5.

5. Discussion

In this section, we conduct a comparative analysis of
the proposed method and discuss the multiple types of
ground deformation and their causal factors over the
Nantong region.
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5.1. Accuracy assessment of the deformation
measurements

To compare the performance of the proposed method
and the traditional methods, we validated the InSAR-
derived deformation using ground leveling measure-
ments. Ground deformation from leveling stations
was first converted to the LOS direction of InSAR
according to the Sentinel-1 geometry using
Equation (11).

(11)

dlos = dver cos 0

where dj,, is the deformation in the LOS direction; d, .,
is the vertical deformation; 0 is the satellite incidence
angle.

We calculated the mean of all InSAR measurements
within 100-m radius of the leveling stations. This
radius was chosen to capture relevant spatial variabil-
ity, ensuring that sufficient surrounding data were
included to reflect local deformation patterns. We
then compared mean values with the LOS

deformation measured by leveling. Since leveling was
conducted biennially from July 2016 to 2022, so the
comparison was focused on this corresponding period
by using the first leveling date as the zero reference.
The comparison results are illustrated in Figure 11.
Overall, the deformation time series estimated by the
proposed method demonstrated higher reliability than
those derived from traditional methods. For most sta-
tions, the InSAR-derived deformation showed high
consistency with the leveling measurements. The pro-
posed method achieved the highest accuracy, with an
STD of less than 5.6 mm compared to the leveling
measurements. The maximum error was less than
12 mm. In contrast, the STD for the traditional meth-
ods reached up to 15.4 mm, the maximum error
reached up to 38 mm. The significant deviation
between the leveling data and traditional methods,
such as at L1, L2, and L4, was primarily attributed to
inadequate mitigation of the APS effect, resulting in
consistent biases and significant variation in the defor-
mation time series.
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Figure 10. LOS ground deformation velocity map of Nantong from February 2015 to May 2023. To better display the deformation
pattern, the color range is limited to —15 mm/yr and 15 mm/yr. Negative values indicate deformation away from the satellite
along the LOS direction (termed subsidence), while positive values indicate deformation toward the satellite along the LOS
direction (termed uplift). Subplots I-IV indicate significant localized deformation in the coastal zone related to groundwater
extraction and land reservation projects, subplots V-VIII present deformation associated with urbanization efforts. Additionally,
the five zones that represent typical deformation characteristics in Nantong (labeled a—e) are addressed in Section 5.1-5.5.

5.2. Impact of the APS on the estimated
deformation

To assess the spatial impact of the APS effect on the
InSAR-derived deformation map, we compared the
cumulated deformation results over the past eight
years obtained by both the traditional method and
the proposed method, as illustrated in Figure 12.
Visual inspection indicates that traditional methods
are significantly affected by the APS effect, which
may bias the velocity regression during the temporal
detrending process and introduces consistent devia-
tions across the accumulated deformation, particularly
in the southeastern region of Nantong (see Figure 12a,
b). Figure 9 also visualizes the areas affected by APS. In
contrast, the deformation estimated by the proposed
method, as shown in Figure 12c, achieved more con-
vincing results, as indicated by the leveling measure-
ments. The spatially coherent deformation pattern
observed may reflect the effectiveness of our approach
in mitigating the APS effect, which could enhance the

validation of ground data. Such accuracy is essential
for accurately identifying deformation distributions
and assessing potential hazards.

Figure 13 illustrates a detailed comparison of the
temporal APS effect on the deformation retrieval
methods employed. Figures 13d,e present the defor-
mation time series of two selected points, P1 and
P2, within the construction area marked as zone
A in Figure 10. Both points experienced notable
ground deformation during the construction
phase, with maximum cumulated LOS deforma-
tions exceeding —55mm. Specifically, the ground
was relatively stable during the pre-construction
period, as shown in Figure 13a. Significant defor-
mation began at the onset of the construction in
January 2017. After the construction concluded in
January 2020, the ground deformation trends decel-
erated and then stabilized, as shown in Figure 13c.
This deformation evolution reflects a strong corre-
lation with the construction stages. While all
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Figure 11. Comparison of InSAR-derived deformations (in the LOS direction) with leveling measurements for eight stations labeled
L1 to L8. The minimum and maximum differences between them are indicated at the top of the figure. The unit is millimeters.
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Figure 12. Cumulated deformation estimated using Sentinel-1 and the following methods: (a) Kalman-based method, (b) SBAS,

and (c) the proposed method.

methods captured the deformation variation
between the construction stages (see the optical
images), the proposed method demonstrates poten-
tial advantages in providing more temporally
coherent time series and identifying deformation
turning points more accurately. This may signifi-
cantly enhance the reliability of early warning and
detection of potential hazards. In contrast, tradi-
tional methods seem to face challenges in accu-
rately capturing deformation sequences, exhibiting
significant variation, especially during periods with-
out construction activity, likely due to insufficient
APS correction for complex spatiotemporal atmo-
spheric disturbances.

5.3. Deformation related to transport
infrastructure construction

As introduced in Section 4.1, Nantong is undergoing
rapid urbanization, characterized by extensive build-
ing renovations and the development of transporta-
tion networks. The presence of highly compressible
soft soil layers in the region makes it susceptible to
ground deformation induced by construction loads,
which can potentially affect the stability and operation
of surrounding infrastructure (Ramirez et al. 2022;
Wu et al. 2021; Zhang et al. 2023). Figure 14 presents
the ground deformation affecting critical transporta-
tion networks, including the Yancheng-Nantong
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Figure 13. (a—c) Historical optical images of deformation zone a from different dates; (c) also overlays the deformation velocity. (d,
e) compare the time series of two selected points shown in (c), estimated using Kalman-based, SBAS, and the proposed methods.

High-speed Railway (YNHR) project. The YNHR con-
struction lasted from April 2018 to December 2020,
during which InSAR results from the proposed method
captured the deformation throughout this entire con-
struction period, revealing approximately 150 mm of
subsidence. The observed deformation closely aligned
with the YNHR construction timeline, accurately cap-
turing the progress of construction activities. According
to the historical optical images and local practice report,
the Rugao South Railway Station (RSRS), a component
of the YNHR project, began construction in
January 2020 and commenced operation concurrently
with the YNHR. Consequently, the points P2-P4 were
the first to experience significant deformation due to
the construction activities, as they closest proximity to
the railway. The deformation pattern observed at the
monitoring point P1 is distinguished from that of the
other selected points, which remained stable following
the construction of the RSRS until February 2019.

5.4. Deformation related to ground water
overdraft

The water supply of Nantong is primarily from the
bedrock fissure water of the III confined aquifer and
loose rock pore water (Li et al. 2019), which serve

drinking, industrial production, agricultural irriga-
tion, and other usages. However, decades of ground-
water over-exploitation have led to a notable decline in
groundwater levels and ground subsidence (Fan,
Wang, and Li 2020; Zhan et al. 2022; Zhang et al.
2021). In this study, the significant deformation was
also detected in the coastal area (Figures 10 and 15(a)).
The maximum cumulative deformation exceeded
—-180 mm during the observation period from 2015
to 2023 (Figure 15(a)). Figure 15b,c indicate that this
region is used for agriculture and has substantial aqua-
culture water demands (Zhan et al. 2022).

To explore the correlation between ground deforma-
tion and groundwater overdraft, we analyzed the defor-
mation time series. Two points, P1 and P2, located in
different areas of the deformation region, are selected
for analysis, as shown in Figure 15d. Both points exhibit
a consistent deformation pattern, although some varia-
tions occur over time. Additionally, seasonal patterns in
time series of deformation, along with a decreasing
trend in the rate of deformation, were observed. To
further explore the characteristics of the deformation,
the deformation trend was mitigated, and the residual
values are shown in Figure 15e. The residual deforma-
tion indicates evident seasonal variations with an
approximately one-year periodicity. To analyze the con-
tributors to the periodic deformation, we collected
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Figure 14. Ground deformation related to the transport infrastructure construction in zone B: (a—c) historical optical images (i.e.
the Rugao South Railway Station, RSRS) from different dates; (c) also overlays the deformation velocity. (d) shows the time series of
four selected points from (c), estimated using the proposed method.

monthly average precipitation data from the Nantong
Water Resources Bulletin (Cao et al. 2023) for the years
2015 to 2022. The local rainy season occurs from July to
August, as indicated by the gray shading in Figure 15e.
Notably, the seasonal deformation observed from MT-
InSAR and rainfall is inverted, suggesting that the per-
iodic deformation is not related to rainfall. One poten-
tial explanation for this phenomenon is cyclical
underground water usage. Zhang et al. (2021) also
noted this recurring temporal pattern, linking it to the
stages of laver cultivation. The laver harvest begins in
December, which leads to significant groundwater
extraction for cleaning until June or July. This results
in a subsidence period with an estimated one-month lag
between groundwater withdrawal and ground subsi-
dence. After the harvest, the demand for groundwater
for cleaning decreases, allowing the groundwater level
to recover. Consequently, ground uplift is observed
from September to January.

Furthermore, the local government implemented
early intervention and adopted stringent measures in
June 2021 to control groundwater use, including
promotion of surface water use, a ban on new
wells, reduced groundwater extraction, and gradually
sealing of existing wells (Nantong Municipal
People’s Government 2021). As a result, the overall
trend of subsidence and the amplitude of periodical
deformation has significantly reduced, and the
ground surface has become more stable after
July 2021, marked by light blue in Figure 15d.

Therefore, the deformation in this area is primarily
attributed to the groundwater overdraft and the
compaction of confined aquifer system, while peri-
odic changes in ground deformation closely relate to
seasonal water usage patterns, specifically ground-
water changes. It is worth noting that the reduction
in ground deformation in this region provides strong
evidence of the effectiveness and positive impact of
the local groundwater utilization policy measures.

5.5. Deformation related to coastal accretion and
land reservation project

In this study, the research area, i.e. Nantong, is a coastal
city with abundant mudflat resources reserved for urban
land expansion (Xu et al. 2022). The SAR dataset with
a 6-day revisit cycle is utilized, which is able to remain the
interferometric phase coherent and detect the dynamic
accretion of coastal tidal mudflats over time. This has
been demonstrated in Figure 16¢c where the mean coher-
ence matrix of all pixels over the mudflats area is shown
(additional IFG examples can be found in Figure S3 and
$4 in the Supplementary Material). The deformation
results, shown in Figure 16d, indicate the mudflats pri-
marily experienced uplift in the LOS direction. The mon-
itored uplift can reach more than 300 mm during the
observation period. To confirm this uplift signal, cross-
validation was conducted using limited Sentinel-1 SAR
data along descending orbit, which is presented in Figure
S5 in the Supplementary Material.
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Figure 15. Ground deformation related to the groundwater overdraft in zone C: (a) LOS deformation velocity map; (b—c) two On-
site photos of farming greenhouses and the well from (Zhan et al. 2022), which highlight the substantial groundwater demands.
(d) the time series of two selected points from (a); (e) shows detrended time series of point P2 and monthly local precipitation.

Because the coastal area of the Nantong region is
characterized by numerous river estuaries, abundant
materials have been transported from upstream regions
due to years of erosion. The observed uplift and deforma-
tion of the coastal mudflat can be primarily attributed to
the accumulation of sediments delivered by the major
rivers (Hulskamp et al. 2023; Ma et al. 2024; Murray et al.
2019). Variations in the spatial distribution of deforma-
tion across the tidal mudflats indicate differential sedi-
ment accumulation; the nearshore areas exhibit greater
accumulation due to wave action, while the foreshore
areas show less, likely due to reduced accretion from
ongoing sediment deposition (Gao 2019). The temporal
variation in deformation over the mudflats is captured
through the time series of four selected points: P1 and P2
in the natural mudflat area, and P3 and P4 are located in
the land reservation area (outlined by a white dashed box
in Figures 16a,b). It can be seen that the monitoring
points P1 and P2 demonstrate continuous uplift due to
natural sediment accumulation, while points P3 and P4
exhibit subsidence after the completion of the dam for the
land reservation project, which began in January 2019.
The observed subsidence at P3 and P4 is likely a result of
the disruption of sediment transport and the influence of
wave action in the area, which has made the subsidence
signal caused by soil consolidation more apparent.

Regarding subsidence related to the land reservation
project, Figures 16f,g offer a more detailed perspective on
the deformation occurring in the Tongzhou Bay area,
where the reclamation activity had already finished
before the observation period of the SAR data utilized
in this study. The region experienced significant subsi-
dence, reaching —350 mm in total, during the monitoring
period. Therefore, building construction and soil self-
compaction jointly cause significant ground subsidence
in this area. Furthermore, it should be noted that multi-
ple points (P5-P8) in different reclamation areas were
selected for deformation time-series analysis, revealing
that the construction processes in these areas did not
occur simultaneously, but rather during different time
periods. The proposed method successfully captured
these deformation turning points, which can serve as
valuable indicators for tracking the construction progress
and offer references for future engineering projects.

5.6. Limitation and further work

Mitigating the APS effect in MT-InSAR deformation
measurements is particularly challenging in coastal
areas due to significant variations in water vapor.
Traditional ICA-based methods often struggle to
identify independent signal sources when prior
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information is unavailable. The proposed method
integrating the NST into procedure -effectively
addresses this issue by enabling automatic separation
of deformation components and accurately captur-
ing turning points in deformation time series.
Because of the input data for the proposed method
is the unwrapped IFG, which can be obtained
through various methods. The proposed approach
is independent of the MT-InSAR method and can
be integrated with different methodologies. The case
study in the Nantong area provides valuable insights
into the spatiotemporal dynamics of ground defor-
mation, enhancing our understanding of the rela-
tionship between land deformation and human
activities. However, this study has some limitations.
A notable drawback of the proposed method is its
increased computational complexity and cost com-
pared to traditional approaches, primarily due to the
integration of ICA and NST procedures.
Nonetheless, this added complexity is justified by
the corresponding improvements in accuracy for
deformation retrieval and turning point detection.
Additionally, reliance on SAR data may restrict our

analysis of spatial and temporal deformation char-
acteristics in the Nantong area, particularly due to
a lack of long-wavelength SAR images (e.g. L-band),
which limits a more thorough investigation of tidal
flat accretion e.g. the thick of the mudflats. For
future studies, the proposed method could be
adapted to a sequential ICA estimation procedure
that eliminates the need to recalculate ICA compo-
nents from the overall data to isolate the APS effect,
significantly =~ reducing  computational  costs.
Moreover, based on the findings from the case stu-
dies, particularly those concerning tidal flat uplift
and land reclamation projects, similar monitoring
and analysis can be expanded to coastal areas world-
wide to assess potential land resources for reclama-
tion in tidal flats over the coming decades.

6. Conclusions

In this research, we propose an improved MT-InSAR
method that effectively mitigate the effects of atmo-
spheric phase screen (APS) in retrieving deformation
time series. Our method employs an enhanced



Independent Component Analysis (ICA) to separate
the APS from the deformation signals in each SAR
interferogram (IFG). By implementing a non-
stationary test to automatically identify and extract
the deformation component derived from ICA, we
account for the distinctive spatiotemporal character-
istics of both deformation and APS. The experiment
results demonstrate that the proposed method signifi-
cantly improves the accuracy of the estimated defor-
mation by an average of 50%, allowing for more
precise identification of turning points between defor-
mation trends. This improvement is particularly use-
ful for identifying the correlation between
deformation and construction activities. A case study
in Nantong City, utilizing Sentinel-1 datasets from
2015 to 2023, reveals that our method achieved
a standard deviation (STD) of 5.6 mm against leveling
surveys, markedly better than the 15.4mm STD
observed with standard SBAS. The study indicates
that the spatiotemporal evolution of deformation in
Nantong is caused by multiple factors, i.e. construc-
tion activities, groundwater withdrawal, and land
reservation project. Among which, groundwater
extraction has been attributed to significant ground
subsidence, which has decreased following the imple-
mentation of policies aimed at restricting groundwater
usage. Our findings highlight a distinct accretion phe-
nomenon along the Nantong coast, where the accre-
tion area exhibits significant uplift that eventually
shifts to subsidence, a change attributed to sediment
accumulation and the implementation of land recla-
mation projects.
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