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Abstract: In recent years, the Ningbo Plain has experienced significant surface subsidence due to
urbanization and industrialization, combined with the area’s unique geological and hydrological
conditions. To study the surface subsidence and its causes in the Ningbo Plain, this study analyzed
166 scenes of Sentinel-1A SAR images between January 2018 and June 2023. The time series inter-
ferometric synthetic aperture radar (TS-InSAR) technique was used to acquire surface subsidence
information in the area. The causes of subsidence were analyzed. The results show that: (1) the
annual deformation rate of the Ningbo Plain ranges from —44 mm/yr to 12 mm/yr between 2018
and 2023. A total of 15 major subsidence zones were identified by using both the subsidence rate
map and optical imagery. The most severe subsidence occurred in the northern industrial park of
Cixi City, with a maximum subsidence rate of —37 mm/yr. The study reveals that the subsidence
issue in the main urban area has been significantly improved compared to the 2017 subsidence data
from the Ningbo Bureau of Natural Resources and Planning. However, three new subsidence areas
have emerged in the main urban area, located, respectively, in Gaoqiao Town, Lishe Town, and
Qiuyi Village, with maximum rates of —29 mm/year, —24 mm/year, and —23 mm/year, respectively.
(2) The causes of subsidence were analyzed using various data, including land use data, geological
data, groundwater-monitoring data, and transportation network data. It is found that a strong link
exists between changes in groundwater levels, compressible layer thickness, and surface subsidence.
The groundwater levels changes and the soft soil layer thickness are the main natural factors causing
subsidence in the Ningbo Plain. Additionally, the interaction between static loads from large-scale
industrial production and urban construction, along with the dynamic loads from transportation
networks, contribute significantly to surface subsidence in the Ningbo Plain. The results from this
study enhance the understanding of the driving factors of subsidence in the Ningbo Plain, which
can provide necessary guidance for the economic development and decision-making in the region,
helping to manage and potentially mitigate future subsidence issues.

Keywords: surface displacement; Ningbo Plain; time series; groundwater level; persistent scatterer

1. Introduction

Surface subsidence is a common geological disaster globally, resulting from geological
conditions or human activities such as groundwater and petroleum extraction, leading to
a decrease in local ground elevation [1-5]. Over the past few decades, many countries in
the world (such as China, Mexico, Indonesia, etc.) have experienced surface subsidence,
leading to significant economic losses [6-11], highlighting the importance of addressing the
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hazards brought by surface subsidence. Surface subsidence not only harms infrastructure,
causing economic losses, but could also cause other natural disasters, such as rising sea
levels, seawater intrusion, and increased frequency of flooding [12-16]. Currently, the
rapid growth of global economic development and ongoing urbanization are increasing the
impact of surface subsidence [17,18]. Therefore, it is crucial to use TS-InSAR technology to
monitor the changes in surface subsidence over time and space and to analyze its inducing
factors [19].

In recent years, China has continuously intensified its efforts towards opening up and
cooperation, experiencing unprecedented large-scale urbanization development. Many
economically developed cities such as the Beijing-Tianjin-Hebei Urban Agglomeration,
Shanghai, Zhuhai, and Xi’an have experienced severe subsidence [20-23]. The Ningbo
Plain is one of the areas in China with the most severe subsidence phenomenon, with
the subsidence area continuously expanding since 1964. According to data from 2016,
the subsidence area in the urban area of Ningbo has already reached 500 km? [24]. To
date, Ningbo has been one of the cities in China with relatively severe subsidence, with a
history of subsidence of more than 50 years, causing the city more than CNY 20 billion in
economic losses, affecting the construction and development of the port city [25]. Therefore,
the continuous monitoring and analysis of subsidence in the Ningbo Plain is essential for
the long-term development of Ningbo. This can provide references for preventing and
mitigating the hazards of ground subsidence in the area, thereby reducing unnecessary
economic losses caused by subsidence [26].

Traditional methods for monitoring surface subsidence include leveling surveys, the
global navigation satellite system (GNSS), hydrostatic leveling and electronic total stations,
etc. These methods primarily focus on point measurements; although they offer high
accuracy, their spatial coverage is limited. They are restricted to small-scale, short-term
measurements, and are costly and time-consuming, making them inadequate for large-scale
and long-term monitoring needs [27-29]. In recent years, with the continuous development
and maturation of interferometric synthetic aperture radar (InSAR) technology, it has pro-
vided a simpler and more efficient method for large-scale and long-term ground motion
monitoring. INSAR offers advantages such as all-weather capability, wide coverage, low
monitoring costs, high temporal resolution, and low human resource requirements [30].
However, as the application of INSAR has deepened, its effectiveness in monitoring subtle
deformations has been significantly impacted by various uncertainties like atmospheric
delays, reducing measurement accuracy. To overcome the limitations of InNSAR technol-
ogy, researchers have proposed several time series INSAR techniques; for instance, the
permanent scatterer INSAR (PS-InSAR) technique proposed by Ferretti et al. [31] and the
small baseline subset INSAR (SBAS-InSAR) technique proposed by Berardino et al. [32].
These methods have successfully addressed the issues of temporal and spatial decorrelation
and atmospheric delays. Currently, these techniques are widely applied in fields such as
earthquake deformation [33,34], volcanic eruptions [35,36], and glaciers [37,38], making
them one of the most mainstream deformation-monitoring methods.

In the past, research on subsidence in the Ningbo Plain has been relatively limited. The
methods used have generally fallen into two categories: using hydrological and soil models
to simulate subsidence and applying TS-InSAR technology to monitor subsidence. Studies
using hydrological and soil models to simulate subsidence in Ningbo have been more
common. For example, Zheng et al. (1991), Yang et al. (2014), and Yu et al. (2020) utilized
numerical simulation methods to analyze subsidence in the Ningbo urban area based on
hydrogeological data. The results indicated a correlation between surface subsidence and
geological structures as well as declining groundwater levels in the area [39-41]. Although
hydrogeological models are highly reliable, they require detailed stratigraphic parameters
and substantial field data for numerical solution. The research on subsidence in this region
based on TS-InSAR technology includes Zhu et al. [42], who monitored ground subsidence
in Ningbo in 2018 using 21 scenes of Sentinel-1A data and found that the distribution
of subsidence centers was dispersed throughout the area, with a maximum subsidence
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rate of 22 mm/yr and a total subsidence amount of 30 mm. In 2022, Wen et al. [43] used
SBAS technology to monitor the surface subsidence along the Ningbo rail transit line. The
results showed that the surface subsidence along the rail transit line in the older urban
area centered around Sanjiangkou was relatively stable, and the subsidence rate during
subway operation was higher than that during the construction phase. Gao et al. [44]
used Radarsat-2C data in 2023 obtain the average subsidence rate of Ningbo in 2020 and
evaluated the subsidence risk, concluding that there were no high-risk subsidence areas in
Ningbo, but there were more than ten subsidence areas. However, these studies primarily
focused on monitoring subsidence in specific areas of the plain from 1991 to 2020, without
conducting a detailed analysis of the causes of subsidence. Currently, there is a limited
understanding of subsidence trends and rates across the entire Ningbo Plain, as well as
the relationship between groundwater and surface deformation in the region. Further
quantitative analysis is needed to understand the deformation characteristics caused by
natural and anthropogenic factors. Here, we systematically explored the influencing factors
of surface subsidence in the Ningbo Plain for the first time.

Building upon previous research, this study utilized TS-InSAR technology and C-
band Sentinel-1A data from the European Space Agency with a temporal resolution of
12 days from January 2018 to June 2023 to investigate the large-scale surface subsidence
characteristics of the Ningbo Plain, obtaining the spatiotemporal distribution characteristics
of subsidence. Subsequently, GPS data were used to validate the accuracy of the TS-InNSAR
results. The main objectives of this study were as follows: (1) to obtain the latest deformation
trends of the Ningbo Plain using TS-InSAR technology; (2) to explore the relationships
among various influencing factors of surface deformation by collecting hydrogeological
data, land use data, etc. This paper is organized as follows: Section 2 presents the basic
information and datasets of the study area. Section 3 elaborates on the research methods and
approach. Section 4 analyzes the spatial distribution characteristics of surface subsidence
rates in the Ningbo Plain. In Section 5, we focus on the relationship between changes in
groundwater levels and the thickness of soft soil with surface subsidence. Additionally,
we explore the impact of human activities on subsidence by combining land use types and
subway route data. The conclusions are provided in Section 6.

2. Study Area and Materials
2.1. Study Area

The Ningbo Plain (E120°55'-122°16, N28°51'-30°33') is located in the middle section
of the Chinese coastline, on the southern wing of the Yangtze River Delta, with a total
area of approximately 9816 km? (Figure 1). It possesses a subtropical monsoon climate
and is characterized by distinct seasons and abundant rainfall, flat terrain, and an average
elevation of 4.7 m. According to local meteorological bureau data, rainfall is relatively
frequent from May to October in this region, with an average annual precipitation of
1517.1 mm. The area is part of the Yong River basin, consisting of two major tributaries,
Fenghua River and Yao River, along with numerous main stream segments.

The Ningbo Plain has been influenced by multiple sea-land changes during the
Quaternary period, resulting in the development of a complex set of continental and
marine sedimentary deposits [39-41]. The most widespread among them is the Quaternary
alluvial layer, which mainly consists of clay, silty clay, and loess clay [45]. Its physical
and mechanical properties are characterized by high water content, a large natural void
ratio, low strength, high compressibility, and thixotropy properties [46]. In the mid-1960s,
the excessive exploitation of groundwater resources for early established factories and
residential water use, among other factors, led to subsidence of the ground in Ningbo [47].
According to relevant statistics, during the period from 1986 to 2002, the cumulative
subsidence of the first soft soil layer in Ningbo was 133.8 mm, accounting for 66.9% of
the total subsidence, while the subsidence of the remaining soil layers was 63.6 mm,
accounting for 31.8% of the total subsidence [40]. In order to mitigate subsidence in the
region, in mid-2008, the municipal government formulated the “Eleventh Five-Year Plan for
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Prevention and Control of Ground Subsidence in Ningbo”. The plan designated 23 streets
(towns) in Haishu District, Jiangdong District, and Jiangbei District as no-extraction zones,
sealing all extraction wells except for water level monitoring and emergency water supply
wells. Additionally, subsidence-monitoring facilities were established to strengthen the
monitoring of ground subsidence, regulation of groundwater extraction, and prevention of
other geological disasters in Ningbo [48].
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Figure 1. (a) The digital elevation model (DEM) map of Zhejiang Province, China, with the red
box indicating the coverage of SAR images, and the black box representing the main research area.
(b) Spatial distribution of Quaternary deposit and administrative divisions in the Ningbo Plain.

2.2. Datasets

In this study, a total of 166 ascent orbit images from the Sentinel-1A satellite launched
by the European Space Agency (ESA) were collected and processed, with the coverage
shown in Figure 1a. The satellite is equipped with a C-band SAR antenna, operating in
interferometric wide (IW) mode, with a revisit period of 12 days. The 166 SAR images
were acquired from frame 91 and frame 96, covering the period from January 2018 to June
2023. The specific parameters of the images are shown in Table 1. The detailed distribution
information of the spatiotemporal baselines for these datasets is illustrated in Figure 2.

Table 1. Specific parameters of used SAR data.

Parameter Value Parameter Value
Product type SLC Orbit direction Ascending
Sensor mode w Incidence angle 35.79
Band C-band (5.6 cm) Number of Scenes 83
Polarization \'A% Frame 91 and 96
Relative orbit 171 Time range January 2018-June 2023

The experiment utilized the 1-arc-second Shuttle Radar Topography Mission (SRTM)
DEM released by NASA to remove topographic phases, and corrected orbit errors using
precise data and auxiliary orbit data provided by the European Space Agency [49]. Optical
images were obtained from Google Earth, while geological borehole data were sourced
from the China Geological Cloud Data Sharing Network [50]. Land use data were obtained
from the Pengcheng Laboratory [51], along with data from 26 groundwater-monitoring
wells [52] and 2 GPS data points [53].
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Figure 2. Space-time baseline combination for the Sentinel-1A dataset.

3. Methodology
3.1. Time Series InSAR Processing

In this study, the TS-InNSAR method was employed to monitor subsidence in the study
area, consisting primarily of two steps, as shown in Figure 3. Firstly, the open-source
InSAR Scientific Computing Environment (ISCE) tool [54] was utilized for preprocessing
the data in the study area. Subsequently, the TS-InSAR software, GEO-PSI(v3.7), was used
to correct errors in the data and conduct the time series analysis [55,56]. The specific process
is outlined as follows:
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Figure 3. Workflow of this study.

1. Generation of differential interferograms: The ISCE software (v2.3) was used to gen-
erate differential interferograms, during which precise orbit files and 1-degree SRTM DEM
were employed to estimate and remove orbit errors and terrain phase components [57]. The
differential interferometric phase between the master and slave images can be expressed as:

Pdiff = W((Pdef + @topo + Pfiat + @aps + (Pnoise) 1)
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where W is a phase wrapping operation, @4, represents the deformation phase, @topo
denotes the residual topographic phase, ¢, is the residual flat earth phase, ¢ 4ps stands
for the atmospheric delay phase, and ¢,,;s, represents the noise phase.

2. Pixel reliability estimation: Due to the interference phase being affected by noise, it is
not difficult to identify the PS points based on the stability of the pixel phase [31]. Therefore,
the amplitude dispersion index (ADI) was used here to determine stable pixels [31]. For N
scene images, the amplitude dispersion index D 4 of a pixel is expressed as:

o, (si-sD”
Da=2=tTr— @

a ZENL (S|

In the equation, o, represents the amplitude standard deviation of a single pixel, @
represents the mean amplitude of a single pixel, S is the complex signal value of the pixel,
and N is the number of images. When the amplitude dispersion index of a pixel (D 4) was
below a certain threshold, it was determined as a PS candidate point (PSC) (the threshold
was set to 0.4 in the experiment) and included in the next step of the analysis.

3. Reference network construction and model parameter estimation: In simple terms,
based on the second step, PSCs with an amplitude dispersion index lower than 0.25 were
selected, and an initial reference network was created based on an irregular triangulation
network. The phase difference between two adjacent pixels in the irregular triangulation
network can be represented as:

an ir B,
o= g Ap a2t
Paiff = PRV a0

h+e 3)

In the equation, B;, B, r, A, and 6, respectively, represent the temporal baseline,
perpendicular baseline, distance range, radar wavelength, and local incidence angle. Av
and Ah denote the pixel displacement rate and DEM error, while e represents the unmodeled
error. The least squares ambiguity decorrelation adjustment (LAMBA) method was used to
solve for the model parameters (Av and Ah) [58]. To ensure the correctness of the estimation
results, the ensemble phase coherence |r| was used to evaluate the model parameters within
the arc segment, which can be expressed as [31]:

ZnNzl exp (jA(PZ,y - quDnModel.x,y)
'Yx,y = N (4)

where 7y represents the temporal coherence between two points in the arc segment, Agy ,
represents the differential phase between two points in the arc segment, and ¢, ..; oy
represents the differential model phase between two points in the arc segment. When |7|
fell below a certain threshold (set to 0.8 in the experiment), the arc segment was excluded.

4. Spatial integration and reference point densification: Due to the elimination of
abnormal arc segments in the reference network, isolated PS candidate points and networks
may inevitably appear. Therefore, it is necessary to search and identify all isolates, and
then perform integrated processing similar to the leveling network adjustment for each
network to obtain the displacement rate and DEM error of each reference point. In the
process of spatial integration and outlier detection based on least squares M estimation, the
abnormal arc segments in the integration are eliminated, and the above steps are repeated
until passing the statistical test [52]. In the above process, due to the removal of abnormal
points and arc segments, the number of points in the reference network decreases, which is
not conducive to displaying the details of deformation. Therefore, in order to increase the
number of points, an adaptive estimation strategy was adopted to add some points with
poor reliability (PSC) (0.25 < ADI < 0.4) to the reference network [59].
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5. Estimation and removal of orbit errors and atmospheric phase: In order to obtain
accurate surface deformation, it is necessary to remove errors from the residual phase, with
the expression as follows:

PResidual = Prnon—linear + PAPS + Pflat + Qorvit T Prnoise ®)

where QRresiguq is the residual phase, @0, —jineqsr i the non-linear phase, @, is the orbit
€rTOrS, Pyise 15 the noise phase. Prior to this, it is necessary to unwrap the residual phase,
consider the long-wave spatial trend in the unwrapped residual phase as the orbit error,
and remove the orbit error by performing least squares fitting on the residual phase of each
unwrapped interferogram. Since atmospheric errors are usually related to altitude, it is
necessary to divide atmospheric errors into two parts: the terrain-independent atmospheric
phase and terrain-related atmospheric phase. Here, temporal high-pass filtering and
spatial low-pass filtering were used to remove the non-terrain-related atmospheric phase.
The terrain-related atmospheric phase was removed by calculating the ratio relationship
between the elevation information of measurement points and the unwrapped residual
phase [31].

6. Non-linear deformation estimation and acquisition of deformation time series:
After eliminating orbit errors and atmospheric errors, the phase was still affected by noise
components. Therefore, after unwrapping is completed, spatial low-pass filtering and
temporal low-pass filtering were applied successively to each interferogram to obtain
information on the non-linear deformation. Finally, linear displacement was added to
the non-linear displacement transformation to form the complete surface deformation
information [60,61].

3.2. Grey Relation Analysis (GRA) Method

Gray relational analysis, proposed by Deng et al. (1995), is a multivariate statisti-
cal analysis method for quantitatively describing and comparing systematic trends [62].
The basic idea is to assess the proximity of two factors based on the similarity of the
geometric shape of their sequence curves. The higher the consistency of trend changes
between two factors, the higher the degree of correlation; conversely, the lower the degree
of correlation. The expression is as follows:

min m}g’n |xo(k) — x; (k)| + p - max max |xo (k) — x; (k)]
1 1

Ci(k) = (6)

[xo(k) — xi(k)| + p - max max xo (k) — xi(k)]

where {;(k) is the relation coefficient, xo (k) represents the reference sequence, x;(k) repre-
sents subsequences, and p represents the distinguish coefficient (general value is 0.5). It is
generally considered that a correlation coefficient above 80% indicates a high correlation,
while one between 60% and 80% indicates a moderate correlation. Correlation coefficients
below 60% indicate a low correlation or that the factor is insignificant [63,64].

3.3. Vertical and Horizontal Deformation

Since Sentinel-1A mainly collects ascending data only in many areas, the vertical
and horizontal components of surface deformation cannot be independently inverted.
According to relevant studies, deformations in urban areas are mainly vertical [65-67], and
InSAR is more sensitive to vertical motion compared to horizontal motion. Therefore, we
ignored displacement in the horizontal direction. According to the geometric principles
of InSAR imaging, the radar line-of-sight (LOS) displacement was converted to vertical
displacement, which can be expressed as follows:

)



Remote Sens. 2024, 16, 2438

8 of 21

where d, represents the vertical displacement, dj,; represents the line-of-sight (LOS) dis-
placement, and 6 represents the radar local incidence angle. According to Equation (7), the
TS-InSAR displacement was converted to vertical displacement. In the following sections of
this paper, we use the vertical subsidence rate derived from the observed LOS velocity [68].

4. Results
4.1. The Spatial Distribution of Surface Subsidence Monitoring

Figure 4 shows the average LOS deformation rate of the Ningbo Plain obtained using
TS-InSAR from January 2018 to June 2023. Positive values (blue) indicate targets moving
towards the satellite (uplift) along the LOS, while negative values (red) indicate targets
moving away from the satellite (subsidence) along the LOS. During the study period, the
average subsidence rate in the Ningbo Plain ranged from 12.4 mm/yr to —43.5 mm/yr.
According to the Technical Specification for Ground Subsidence Interferometric Radar
Data Processing Standards (DD204-11) of the China Geological Survey [69], the surface
subsidence in the Ningbo Plain is of a relatively low degree, and the overall trend of surface
subsidence is stable.
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Figure 4. (a) Average subsidence rate map of the Sentinel-1A data coverage area, with black triangles
indicating the GPS locations, black borders representing the extent of the study area, and red pen-
tagrams indicating the locations of reference points. (b) The pink circles are divided according to
administrative regions, representing subsidence areas, with blue borders indicating the area where
the main urban area of Ningbo city is located.
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The distribution of subsidence areas in the Ningbo Plain is relatively scattered, mainly
occurring along the edges of towns and the coastline. Therefore, in this study, subsidence
is mainly divided into 15 subsidence areas and one main urban subsidence area based
on administrative regions, as shown in Figure 4b. Among them, there are four main
subsidence areas in Cixi City, namely the North Industrial Park subsidence area (Al),
Shengshan subsidence area (A2), Henghe Town subsidence area (A3), and Longshan Town
subsidence area (A4). The North Industrial Park subsidence area (A1) experiences the most
severe subsidence, with a maximum subsidence rate of —37.1 mm/year. Yuyao City mainly
has two subsidence areas, namely the western part of Yuyao North Station subsidence area
(b1) and the southeastern subsidence area (B2) of Yuyao. The largest subsidence area is
located in the southeastern subsidence area (B2) of Yuyao, with a maximum subsidence
rate of —36.3 mm/year. Fenghua has three main subsidence areas, namely the Xiwu Town
subsidence area (C1), Jiangkou subsidence area (C2), and Ning’an Road subsidence area
(C3). The Ning’an Road subsidence area (C3) experiences the most severe subsidence, with
a maximum subsidence rate of —28.7 mm/year. Zhenhai District has two main subsidence
areas, namely the eastern industrial park subsidence area (D1) and the subsidence area (D2)
centered around the JiuLong Lake Central School. The subsidence in the eastern industrial
park area of Zhenhai District (D1) is the most severe, with a maximum subsidence rate of
—41.2 mm/year. Haishu District, Jiangbei District, Beilun District, and Yinzhou District
each have only one subsidence area, namely the Hengjie Town subsidence area (F), the
Cicheng Bridge subsidence area (E), the Jingang Middle Road subsidence area (H), and the
Panyi Industrial Park subsidence area (G) in Yinzhou. Their maximum subsidence rates
are —25.7 mm/year, —26.1 mm/year, —19.1 mm/year, and —24.3 mm/year.

It can be seen from Figure 5 that the annual average subsidence rate in the main urban
area ranges from —32.2 to 5.1 mm/year, and the subsidence areas are all located around
the city center. The subsidence results of the main urban area were compared with those
released by the Ningbo government in 2017 (Table 2). It is found that the subsidence areas
of Zhejiang Vocational College of Commerce (M2) and Sanjiangkou (M4) have basically
disappeared, with maximum subsidence rates of —9.1 mm/year and —8.9 mm/year, re-
spectively [70]. The subsidence areas and rates of Yinzhou District’s Eastern New Town
(M3-2) and Yinzhou Central Area (M3-1) are both decreasing, with maximum subsidence
rates of —17.4 mm/year and —30.1 mm/year, respectively. The subsidence area of Yinzhou
(M3) shows a trend of expansion towards the northwest, with a maximum subsidence
rate of —17.2 mm/year. Meiyan (M5) and Ningbo Botanical Garden (M6) subsidence
areas have been controlled, with a maximum subsidence rate of —20.0 mm/year and
—16.2 mm/year, respectively. The subsidence rates and ranges of Gulin Town (M1), Luo-
tuo Street (M7), and Zhuanggqiao (M8) subsidence areas have increased, with maximum
subsidence rates of —22.8 mm/year, —27.1 mm/year, and —20.8 mm/year, respectively.
Additionally, three new subsidence areas have been identified in the main urban area,
namely Gaogiao Town (N1), Lishe Town (N2), and Qiuyi Village (N3), with maximum
subsidence rates of —28.6 mm/year, —24.0 mm/year, and —23.8 mm/year, respectively.

Table 2. Comparison of subsidence results.

. 2017 Deformation Rate 2023 Maximum Deformation
Subsidence Area
(mm/year) Rate (mm/year)

M1 >20 —22.8

M2 >10 -9.1
M(3-1) >30 —-17.5
M(3-2) >30 —30.6

M4 >20 —-8.9

M5 >20 —20.0

M6 >20 —-16.2

M7 >10 —-27.1

M8 >10 —20.1
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Figure 5. Map of average displacement velocities in the main urban area. The deep-blue dashed
boundary indicates the main urban area boundaries. The blue, orange-red, and pink lines represent
the subsidence contour lines released by the Natural Resources and Planning Bureau of Ningbo City
in 2017. The red border indicates newly emerged subsidence areas.

4.2. Precision Verification of the Subsidence Results

To validate the results of TS-InSAR, we compared the time series from available GNSS
stations and from TS-InSAR. These two GNSS stations are located in Shanghai (SHA2)
and Zhoushan, Zhejiang Province (Z]ZS), covering the time period from January 2018 to
October 2021. Typically, GNSS measurements are considered as ground truth for surface
deformation. Following Equation (6) mentioned above, the LOS displacement of TS-InNSAR
was converted to vertical displacement. Subsequently, we employed the Z]JZS station as a
point of reference to calibrate the values of INSAR relative to the absolute values. For the
SHAZ station, we chose INSAR measurement points that were located within a 150 m radius
and calculated the average deformation values. We then compared the GNSS time series
results with the InNSAR time series results [71], as shown in Figure 6. The root mean square
error (RMSE) was found to be 0.8 cm, which allowed for the evaluation of the accuracy of
the TS-InSAR results.
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Figure 6. Validation of TS-InSAR dataset: Comparison of SHA2 GNSS and TS-InSAR time series.
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5. Discussion
5.1. Discussion of the Causes of Surface Subsidence in Different Regions

The detailed subsidence areas in the Ningbo Plain are shown in Figure 4. The factors
leading to surface subsidence primarily consist of two aspects: anthropogenic factors in-
cluding groundwater extraction, large-scale construction and infrastructure projects, and
improper land use, as well as natural factors including precipitation, sediment thickness,
and fault activity. Subsidence in areas A(1), A(2), A(4), and G(2) is primarily attributed to
the presence of thick Quaternary sediments in these regions. Due to the poor mechanical
properties of Quaternary sediments, they are highly susceptible to deformation under
external disturbance or pressure, leading to significant subsidence. Compared to the
aforementioned areas, area E is surrounded by mountains on three sides and has thinner
Quaternary sediments. Despite the presence of heavy industrial production in this area, the
maximum subsidence rate is only —19.1 mm/year. Further analysis of this phenomenon
will be discussed in detail in Section 5.2. Subsidence in areas A(3), B(1), B(2), C(1), C(2),
C(3), G(1), H, and F is relatively scattered and mostly located in suburban areas. Compared
with Google satellite imagery, it is found that subsidence in these areas is largely concen-
trated above factories and in densely populated residential areas on the outskirts of towns.
Therefore, the main causes of subsidence in these areas may be attributed to increased
ground loading due to industrial production, as well as surface subsidence induced by the
extraction of groundwater for production and living purposes by factories and surrounding
residents. As shown in Figure 5, subsidence areas in the urban area of Ningbo mainly
include M(1), M(3), M(7), M(8), N(1), N(2), and N(3), which are primarily distributed on the
outskirts of the city and are relatively scattered. Therefore, the main reason for subsidence
in the urban area is due to the rapid urbanization of Ningbo, where the intensity of urban
construction and development has continuously increased, and large-scale engineering
projects have caused the compression and deformation of the soft soil layers, which is
one of the main causes of subsidence in the main urban area of Ningbo. Additionally, the
relocation of industrial production from the city center to the suburbs and subsequent
groundwater extraction have also contributed significantly to the subsidence. Below, we
provide a detailed discussion of the four factors influencing subsidence in the Ningbo Plain.

5.2. Exploration of Subsidence Trigger Factors
5.2.1. Impact Analysis of Geological Factor Control Deformation Pattern

Surface subsidence is mainly influenced by two factors: internal and external. Internal
factors mainly include the geological conditions (structure, strata, lithology, etc.) of the
study area [72,73]. Since the middle of the Quaternary period, the Ningbo Plain has
accumulated a set of loose sediments ranging from continental to marine—continental facies
under multiple marine-land transitions, with an area of up to 3930.85 km?. Its physical
characteristics include high moisture content, significant compressibility, poor mechanical
properties, and high sensitivity to external adverse conditions, such as building loads
and dynamic loads [40,74]. In geotechnical engineering, the relationship between surface
subsidence and the thickness of potentially deformable soil is mainly represented by three
different parameters, which can be expressed as [75]:

0=SxAhxD (8)

where 0 denotes displacement, S denotes soil modulus, Al represents the decrease in
effective stress, and it can also denote the decline in piezometric water level, and D denotes
potential deformed soil thickness. From the above equation, it can be seen that there is a
direct relationship between subsidence and the thickness of soft soil. Moreover, the thicker
the soft soil layer, the greater the displacement.

Due to the distribution of thick loose sediments in the Ningbo Plain, the mechanical
response of these sediments to increased effective stress is one of the factors controlling the
evolution and magnitude of settlement. Therefore, we collected data from 77 geological
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boreholes in the study area through the China Geological Survey. Based on the borehole
data, we constructed a map of Quaternary strata thickness in the study area, as illustrated
in Figure 7. To analyze the relationship between soft soil thickness and subsidence, we
compared the geological conditions obtained from boreholes with the vertical displacement
measured by TS-InSAR to establish their correlation. To this aim, the influence of human
activities around boreholes is considered, comparing the average subsidence within a
150 m radius of the boreholes with soft soil thickness to obtain the correlation (Figure 7b).
Figure 7b demonstrates a strong correlation between average settlement and soft soil
thickness, with an R? value of 0.79. The limited number of samples is due to some boreholes
lacking PS points or not being influenced by the same human activities. This correlation
suggests that surface subsidence increases with increasing soft soil thickness, and vice versa.
Furthermore, the thickness of soft soil plays a crucial role in surface settlement occurrence,
indicating that soft soil thickness is a potential factor leading to surface settlement.
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Figure 7. Correlation between soft soil thickness and ground settlement: (a) Plot of soft soil thickness
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in borehole. (b) Plot of soft soil thickness versus vertical displacement rate.

5.2.2. Response of Subsidence to Groundwater Level Changes

In terms of groundwater utilization, over the past thirty years, the Ningbo Plain has
heavily relied on groundwater resources for textile and chemical industry production.
Extensive groundwater extraction has led to significant surface subsidence [48]. Although
in recent years, some areas of the Ningbo Plain have prohibited groundwater extraction; the
rapid economic development of Ningbo City has attracted numerous factories, enterprises,
and migrant populations. In order to ensure an adequate supply of water for domestic,
industrial, and irrigation purposes, some residents and factories inevitably engage in
unauthorized groundwater extraction. According to Equation (7), the decrease in effective
piezometric water level (Ah) leads to an increase in effective stress between soil particles,
which is closely related to surface subsidence [76-78]. Furthermore, the greater the decline
in groundwater level, the more significant the surface deformation. Therefore, this study
collected data from 26 groundwater-monitoring wells in the Ningbo Plain and conducted a
detailed analysis of the data from 7 groundwater-monitoring wells with depths ranging
from 16 to 45 m (Figure 8). Other groundwater-monitoring data can be found in the
Supplementary Materials (Figures S1 and S2).
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Figure 8. Vector map of Ningbo. Orange dots represent groundwater-depth-monitoring stations.

To analyze the correlation between groundwater and surface subsidence, we com-
pared the groundwater level observation data from 2018 to 2021 with the average surface
subsidence within a 150 m radius of the groundwater-monitoring wells [79]. The compar-
ative analysis results are shown in Figure 9, where the red line represents groundwater
level changes and the blue line represents surface subsidence changes. From Figure 9a—c,
it can be observed that surface subsidence exhibits similar fluctuations to groundwater;
when groundwater levels decline, the surface also sinks accordingly. Conversely, when
groundwater levels rise, the trend of surface subsidence either increases or slows down. In
Figure 9d, an opposite trend between groundwater and surface subsidence is observed in
October 2018 and January 2019, possibly due to subsidence caused by groundwater levels
not returning to their original levels. Subsequently, as groundwater levels return to their
original levels, the trend of surface subsidence significantly slows down or stops. When
groundwater levels were higher than the original levels in 2019, fluctuations in groundwa-
ter and subsidence were largely consistent. Figure 9e,f clearly shows the seasonal variation
in groundwater levels in the Ningbo Plain. The monitoring data reveal a continuous decline
in groundwater levels over four years, accompanied by surface subsidence in the region.
The primary reasons for the decline in groundwater levels in the region may be attributed
to groundwater extraction by nearby industrial parks and agricultural irrigation. Figure 9¢
shows evidence that the trend of groundwater level changes is similar to that of surface
subsidence. However, there is a clear lag phenomenon between the two. This may be
due to the non-elastic deformation of the aquifer in the area. Due to the lack of detailed
geological parameters in this area, we were unable to calculate the specific lag time. In
addition, we used the Grey Relation Analysis (GRA) method to calculate the consistency
of changes between groundwater levels and subsidence time series. The GRA coefficients
were as follows: well (a) 0.71, well (b) 0.73, well (c) 0.66, well (d) 0.61, well (e) 0.63, well
(f) 0.80, and well (g) 0.72, indicating a close correlation between changes in groundwater
levels and subsidence.
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Figure 9. Comparison of average ground deformation and groundwater level time series variables
(refer to Figure 8 for the specific locations of (a-g)).

5.2.3. Impact Analysis of the Surface Subsidence Impact and Land Use

The continuous increase in urban construction density and the expansion of indus-
trialization scale are also important factors contributing to surface subsidence. According
to data from the National Bureau of Statistics, the proportion of secondary and tertiary
industries in the economy of Ningbo City has been continuously increasing. By 2022, the
proportion of secondary industry is 47.2%, and the proportion of the tertiary industry is
50.4% [80]. The increase in the proportion of secondary and tertiary industries has driven
rapid economic growth, while also exacerbating surface subsidence. However, different hu-
man activities have different impacts on surface subsidence. Therefore, a detailed analysis
of the relationship between subsidence and human activities is necessary.

To investigate the relationship between different human activities and subsidence, we
analyzed the relationship between different human activities and subsidence using the 2018
Chinese urban land use data released by the Pengcheng Laboratory in 2019 [51]. Firstly, we
conducted a human inspection of the data combined with satellite images to ensure their
accuracy, as shown in Figure 10a. Here, we categorized the land use types in the Ningbo
Plain mainly into residential land, commercial land, industrial land, and transportation
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land, and conducted a statistical analysis of the subsidence of different land use types, as
shown in Table 3. The average subsidence ranking of the above-mentioned land use types
is as follows: industrial land > transportation land > commercial land > residential land.
Among them, the average subsidence of industrial land is —3.0 mm/year, with the most
severe subsidence area located in the Ningbo Public Joint Industrial Park in Cixi City, with
an average subsidence of —19.3 mm/year. The average subsidence of transportation land
is —2.5 mm/year, with the most severe subsidence area located on Tongtu West Road in
Haishu District, with an average subsidence of —13.9 mm/year. The average subsidence
of commercial land is —1.6 mm/year, with the most severe subsidence area located in
Fantawild Adventure in Cixi City, with an average subsidence of —13.0 mm/year. The
average subsidence of residential land is —1.3 mm/year, with the most severe subsidence
area located in Hangzhou Bay Century City in Binha Wu Road, with an average subsidence
of —16.7 mm/year. Combined with the optical image analysis, it is found that the areas
with the most severe average subsidence in residential, commercial, and industrial land
are all located in the northern coastal area of Cixi (Figure 10b). Although under the same
geological conditions, the subsidence rates in different areas vary with different human
activities. Among them, industrial land causes the most severe surface subsidence, followed
by residential land and commercial land. The most severe subsidence area of transportation
land is located in an area with a relatively thin compressible layer, but its surroundings are
all mine accumulation areas, resulting in its subsidence rate exceeding that of commercial
land, ranking third in terms of maximum average subsidence. The above results indicate
that under the same conditions, industrial production, transportation, and the load of
high-rise buildings in human activities have the greatest impact on subsidence in the
Ningbo Plain, and these three factors may be the main driving factors for subsidence in the
Ningbo Plain.
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Figure 10. (a) The main land use type distribution in the Ningbo Plain. (b) The area where residential,
commercial, and industrial land uses experience the greatest average subsidence. Here, ‘1" represents
commercial land use, 2’ represents residential land use, and ‘3" represents industrial land use.

Table 3. Sedimentation rates for different land use types.

Average Settlement = Max Average Settlement

PS Number (mm/year) (mm/year)
Residential 416,706 —-1.3 —16.7
Commercial 41,807 —-1.6 —13.0
Industrial 357,904 -3.1 —-19.3

Transportation 11,517 —2.5 —129
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5.2.4. Analysis of Surface Subsidence and Urban Subway Construction

Urban rail transit is an important symbol of modernized cities, which can drive urban
development and improve social living conditions [81]. The Ningbo Metro was constructed
in 2009, and up to now, there are five operational lines and three lines under construction.
Table S2 lists the construction time and operation time of each metro line. Currently,
the metro lines in Ningbo basically cover the urban area and continuously extend to the
suburbs. The rapid construction of metro lines and the increase in operation line density
may exacerbate surface subsidence along the metro lines. Based on the experimental results
of TS-InSAR, we extracted the monitoring results within 200 m along the metro lines and
analyzed the evolutionary characteristics of surface subsidence along the metro lines. As
shown in Figure 11, there is uneven subsidence in the operating section of Line 1’s westward
extension, the Xujia Cao Changle line (Figure 12A), with a maximum subsidence rate of
—19.9 mm/year. The main subsidence area of Line 3 is between Fanggiao Station’s north
section industrial park and Jiangshan Station (Figure 12B), with maximum subsidence rates
of —16.7 mm/year. The main subsidence of Line 4 is located between Guanshan River and
Cicheng West Station (Figure 12C), with a maximum subsidence of —18.2 mm/year. The
subsidence of Line 5 mainly occurs between Xiaying Road and Sigang Station (Figure 12D),
with a maximum subsidence of —17.9 mm/year. Line 2, connecting Ningbo Airport to
Honglian Station, spans southwest to northeast in Ningbo City, with a total length of
36.85 km, and the overall subsidence is relatively stable.
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Figure 11. The deformation rate within a 200 m buffer zone of the Ningbo subway lines, where pink
indicates the line under construction and black indicates operational status. The red box represents
the subsidence area of the operating line, and the blue box represents the subsidence area of the line
under construction.

Among the three lines under construction, except for Line 8, the other two lines pass
through active subsidence areas. Among them, Line 6 passes through an active subsidence
area for a distance of 15 km (Figure 12E), mainly between Wangchungiao Station and
Ningbo West Station, with a maximum subsidence of —23.9 mm/year. The subsidence
area crossed by Line 7 is mainly located between Chengxin Road Station and Donggian
Lake North Station (Figure 12F), as well as near Ningci Road Station (Figure 12H), with
maximum subsidence rates of —15.5 mm/year and —15.8 mm/year, respectively. The
main subsidence area of the northern extension section of Line 3 is near Meiyuan Station
(Figure 12G), with a maximum subsidence of —13.6 mm/year. Through overlay analysis
using satellite images, we found that during the operation period, the subway routes in the
main urban area tended to be stable in subsidence, with subsidence mainly occurring in
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densely populated areas of suburban residential neighborhoods. This is because subway
construction in suburban areas started relatively late, and the dynamic loads during subway
operation and the static loads of structures cause significant disturbance to soft soil, leading
to subsidence [82]. Additionally, subway lines under construction traverse long subsidence
areas and are mainly located above ground structures. It is essential to pay special attention
during future construction stages to prevent further increase in subsidence rates due to
construction, which may result in unnecessary economic losses.

6 s L]

Deformation rate
(mm/year) I:l

Figure 12. These eight figures magnify the subsidence areas of eight different metro lines shown
in Figure 11, with their numbers corresponding to those in Figure 11. The red box represents the
subsidence area of the operating railway line, while the blue box represents the subsidence area of
the railway line under construction.

6. Conclusions

Based on TS-InSAR technology, 166 scenes of Sentinel-1A images were applied to
monitor surface subsidence in the Ningbo Plain from January 2018 to June 2023. The
monitoring results show that the overall surface subsidence in the Ningbo Plain was at
a relatively low level, with an annual subsidence rate ranging from 12.4 mm/year to
—43.5 mm/year. In total, 15 subsidence areas are observed in this region. The subsidence
areas are mainly distributed spatially at the edges of urban areas and along coastal areas,
with the coastal areas exhibiting higher subsidence rates. The most severe subsidence occurs
in the industrial park in the northern part of Cixi, with a maximum subsidence rate of
—37.1 mm/year. Compared with the results from 2017, the subsidence area and rate in the
main urban area have significantly decreased. The two subsidence areas in the central area
have almost disappeared. However, three new subsidence areas have been detected around
the main urban area, located in Gaoqgiao Town, Lishetown, and Qiuyicun, with maximum
subsidence rates of —28.6 mm/year, —24.0 mm/year, and —23.8 mm/year, respectively.

In addition, we investigated the relationship between factors such as groundwater,
geological structures, human activities, transportation, and infrastructure construction and
surface subsidence. The research results indicate that the main natural factors affecting
surface subsidence in the Ningbo Plain are groundwater and geological structures. There is
a direct correlation between the TS-InSAR results in the study area and the thickness of
soft soil, with a thicker layer of soft soil corresponding to a higher subsidence rate. The
correlation between the time series of groundwater levels at 26 locations in the area and
subsidence indicates a certain connection between the two. These results suggest that the
thickness of the soft soil layer and groundwater play important roles in surface subsidence.
Furthermore, apart from being influenced by groundwater extraction, the thickness of
the compressible layer also provides necessary conditions for the development of surface
subsidence. The investigation of the study area using land use data, transportation network
data, and Google imagery indicates that surface subsidence caused by human industrial
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production and heavy traffic transportation is most severe, with the subsidence rate being
related to the thickness of the underlying soft soil. A study of settlement along railway
transportation lines found that it was influenced by the construction time of the subway
and the dynamic and static loads on the ground. Four settlement areas were identified
along operational subway lines, all located in suburban areas, which may endanger the
construction and operational safety of the subway. Among the subway lines under con-
struction, two lines traverse active settlement areas, and subsequent construction may lead
to surface structure cracking, warranting attention from the relevant authorities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs16132438 /51, Figure S1: Groundwater monitoring well location
map; Figure 52: Comparison of average ground deformation and groundwater level time series
variables; Table S1: Groundwater monitoring depths; Table S2: Construction and Operation Times of
Ningbo Metro.
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