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The protracted and pervasive incidence of land subsidence emerges as a pivotal factor exerting a substantial impact on the
sustainable development of urban landscapes. A nuanced comprehension of the spatiotemporal evolution characteristics of
land subsidence within the Northern Henan Plain assumes paramount significance in the context of mitigating potential urban
geological disasters. This study endeavors to redress the deficiency in information concerning the temporal and spatial evolution
characteristics of enduring deformation in cities within the northern plain of Henan Province. To this end, the authors leveraged
Sentinel-1A radar data processed through persistent scatterer interferometric synthetic aperture radar (PS-InSAR) technology to
elucidate the distribution patterns of ground deformation and temporal evolution characteristics within the expansive 24-scene
coverage research area. Empirical findings illuminate conspicuous surface deformation in Anyang, Puyang, and Hebi throughout
the monitoring period. Spatially, land subsidence in the study area predominantly clusters in the suburban peripheries of the cities,
with Hebi and Puyang registering a maximum subsidence rate exceeding 25mm per annum. Temporally, land subsidence
manifests predominantly during autumn and winter, whereas spring and summer display relatively stable land subsidence inter-
spersed with a slight ground uplift. In order to rectify the spatial disparities observed between leveling data and PS-InSAR
monitoring data, this experiment employed an averaging procedure on the PS-InSAR monitoring data, subsequently subjecting
it to comparative analysis with the leveling data. Additionally, through the integration of the singular spectrum analysis (SSA)
method and the time series deformation model, this study aspires to attain a comprehensive understanding of the temporal
dynamics manifested in the PS-InSAR monitoring outcomes, while concurrently elucidating the factors influencing the observed
deformations. Ultimately, this analysis discloses that the monitoring outcomes derived via PS-InSAR technology exhibit a root
mean square error ofÆ12.9mm and a standard deviation ofÆ13.31mm. These statistical metrics furnish valuable insights into the
precision and consistency of the PS-InSAR monitoring data. Drawing upon a comparative scrutiny of on-site data and historical
remote sensing imagery within the study area, it has been discerned that excessive groundwater extraction and expansive surface
engineering initiatives stand as the principal instigators of land subsidence in the research domain. Consequently, this experiment
assumes the role of a salient reference for the mitigation of urban ground subsidence within the study area.

1. Introduction

Surface subsidence represents a geological phenomenon result-
ing from the confluence of diverse natural and anthropogenic
factors. Natural contributors to surface subsidence encompass
tectonic subsidence, seismic events, volcanic activity, climatic
variations, alterations in ground stress, and inherent soil con-
solidation processes. Conversely, anthropogenic activities such
as the exploitation of subterranean fluid resources like

groundwater and natural gas, extraction of solidminerals, karst
collapse, and consolidation settlement associated with civil
engineering endeavors in soft soil regions also contribute to
surface subsidence [1–4]. This process typically endures over
prolonged periods, posing challenges in its timely detection,
while the resultant damages are arduous to rectify [5, 6],
thereby impeding the urbanization process significantly. Land
subsidence, characterized by the horizontal sinking of the
Earth’s surface, can yield severe ramifications, particularly
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when uneven subsidence occurs in urban or densely populated
localities. Such nonuniform subsidence can inflict substantial
damage upon structures, infrastructure, and pose existential
threats to human lives and property. Vigilant monitoring
endeavors in these areas assume paramount importance in
disaster mitigation and safeguarding economic assets [7–10].
Presently, land subsidence poses a threat to over 150 countries
and regions worldwide, particularly densely populated urban
agglomerations, such as Italy, Japan, and Pakistan, precipitating
substantial economic losses [11–18]. China, too, grapples with
a pronounced impact from land subsidence, notably in regions
like the Yangtze River Delta, the North China Plain, the Fenwei
Basin, the Pearl River Delta, the Northeast Plain, the Huaihe
Plain, the Jianghan Plain, the coastal plains, andmountain fault
basins. As of early 2016, over 105 prefecture-level cities across
21 provinces (including municipalities directly under the Cen-
tral Government) in China have experienced discernible land
subsidence [4, 19–23], underscoring the urgent imperative for
comprehensive monitoring initiatives to address this burgeon-
ing issue. The protracted duration and widespread prevalence
of land subsidence have engendered significant losses in both
livelihoods and productivity [24, 25]. Consequently, the moni-
toring of the long-term spatiotemporal evolution of land sub-
sidence assumes paramount importance in instituting remedial
measures and preemptive warning systems for critical projects
[26, 27]. Traditional surveyingmethods such as leveling, Global
Navigation Satellite System surveying, and discrete point geod-
esy may be employed for high-precision ground monitoring.
However, these conventional methodologies encounter sub-
stantial limitations when applied to urban land subsidence
monitoring. The expansive research area and intricate terrain
configurations in urban locales impose constraints on conven-
tional surveying methods, including low spatial distribution
rates, exorbitant costs, time-intensive processes, limited capac-
ity to procure large-scale monitoring results, susceptibility to
environmental variables, and inadequate reflection of continu-
ous surface settlement information within the study area
[19, 28–31]. In contrast, synthetic aperture radar interferome-
try (InSAR) technology, conceived in the 1990s and continu-
ously refined since then, proffers a plethora of high-precision
monitoring outcomes [32–35]. InSAR technology embodies
characteristics, such as stable repetitive cycles, all-weather,
and all-day monitoring capabilities, and has evinced efficacy
in large-scale surface deformation monitoring [22, 27, 36–38].
Presently, InSAR technology finds application not only in rapid
response to geological disasters such as seismic events and
volcanic eruptions but also in the long-term monitoring of
crustal movements, glaciers, landslides, urban and mining
area land subsidence, and the stability of artificial structures
[22, 39–43]. However, the accuracy of traditional D-InSAR
technology is encumbered by environmental variables such
as atmospheric effects and space-time baselines [44]. Gradually
developed sequential InSAR technology effectively enhances
monitoring accuracy and reliability by superimposing complex
images tomitigate the impact of atmospheric delays and terrain
effects. This advancement augments settlement accuracy from
the erstwhile range of 10–20mm to 2–3mm, effectively sur-
mounting the limitations of traditional D-InSAR technology.

In recent years, temporal InSAR techniques such as PS-InSAR
[32, 33] and small baseline subsets InSAR (SBAS-InSAR) [45]
have emerged as pivotal technical modalities in surface settle-
ment monitoring and have garnered widespread adoption
both domestically and internationally. Among these techni-
ques, the PS-InSAR technique discerns stable persistent scat-
terer points within the study area, particularly in artificial
structures within urban environments [2, 46, 47]. This tech-
nique evinces remarkable effectiveness in monitoring urban
surface subsidence.

Drawing upon these considerations, this investigation
employs PS-InSAR technology in tandem with Sentinel-1A
radar image data procured from 24 ascending orbits span-
ning the temporal domain from March 2017 to February
2019. The amassed data undergo processing utilizing SARS-
cape software to delineate the distributional attributes of
surface settlement within the designated research domain.
Recognizing the topographic disparities between the west-
ern and eastern sectors of the study area, characterized by
rugged terrain and plains, respectively, it becomes appar-
ent that the dense vegetation cover significantly influences
the identification of PS points. In this experimental frame-
work, the amplitude dispersion index methodology is
applied to ascertain the PS points within the study area,
thereby augmenting their spatial density. Furthermore, the
mean settlement velocity across the Northern Henan Plain
during the period from 2017 to 2019 is computed. A com-
parative assessment of secondary data layers within the
study locale is executed to furnish valuable empirical sup-
port for mitigating land subsidence in this geographical
expanse.

2. Data and Methods

2.1. Study Area and Datasets. The North Henan Plain, stra-
tegically located in the northern sector of Henan Province
and proximal to the Yellow River, assumes substantial geo-
graphical significance as an integral segment of the North
China Plain. It is demarcated by the Yellow River to the
south, the Taihang Mountains to the west, Hebei Province
to the north, and Shandong Province to the east. The topog-
raphy of the western sector is distinguished by undulating
hilly terrains, whereas the eastern sector is predominantly
characterized by expansive plains. The overall topographical
gradient exhibits a gradual elevation from west to east, with a
subtle orientation toward the northeast. The focal area of this
study encompasses the northern part of Henan Province,
specifically incorporating the urban centers of Anyang, Puyang,
and Hebi. Geographically positioned between latitudes 35° and
36.5°N and longitudes 113.5° and 115.5°E, this region epito-
mizes a quintessential model for resource exploitation within
the plains of Henan Province. This area is delineated by a warm
temperate semihumid and semiarid continental monsoon cli-
mate, manifesting cold, dry winters, and springs, alongside hot,
rainy summers, and autumns, thereby engendering pro-
nounced seasonal distinctions. Over an extended temporal
average, temperatures fluctuate between 11 and 14.2°C, with
an annual mean precipitation ranging from 537 to 622mm.
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Nonetheless, notable interannual variability is observed in the
temporal and spatial precipitation patterns. Temporally, the
bulk of precipitation is recorded between June and September,
constituting over 70% of the annual aggregate. Spatially, pre-
cipitation distribution is primarily concentrated within the
eastern plains. The geographical coordinates of the study area
are elucidated in Figure 1.

The dataset employed in this study was procured from the
Sentinel-1 satellite, which is administered by the European
Space Agency. The Sentinel-1 constellation, consisting of two
spacecraft, specifically Sentinel-1A and Sentinel-1B, was inau-
gurated in 2014. These satellites facilitate terrestrial monitoring
by offering a 6-day revisit cycle, thus ensuring consistent and
systematic data collection for analytical research purposes. Sen-
tinel-1A, a sophisticated high-resolution synthetic aperture
radar (SAR) satellite, orbits the Earth in a sun-synchronous
trajectory at an elevation of 693 km. It boasts an orbital incli-
nation of 98.18°, a period of 99min, and a 12-day revisit inter-
val. Outfitted with a C-band SAR apparatus, Sentinel-1A is
capable of all-weather, versatile imaging across multiple polari-
zation modes, including single polarization, dual polarization,

and quad polarization, enabling the acquisition of detailed
surface imagery under various atmospheric conditions. The
precision of this satellite’s detection capabilities extends to
millimetric or even submillimetric accuracy. Sentinel-1A is
operational in four principal modes: SM (strip mode), IW
(Interferometric wide-fieldmode), EW (Extra wide-filemodel),
andWV (WaveMode), each designed to cater to specific obser-
vational requirements. Comprehensive details regarding the
essential parameters of Sentinel-1A are enumerated in Table 1.

For this experiment, a comprehensive dataset comprising
24 radar images procured from the ascending orbit of the
Sentinel-1A satellite was utilized to encompass the designated
study region. This dataset extended over a period fromMarch
14, 2017 to February 8, 2019. The chosen configuration for
this analysis included the VV polarization mode and the IW
operational mode, with the radar signal wavelength set at
5.56 cm. For topographical analysis within the study area,
the digital elevation model (DEM) was sourced from the
ASTER GDEM dataset, characterized by a 30m resolution.
This dataset is a product of the Terra satellite, an advanced
Earth observation platform administered by NASA. Detailed
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FIGURE 1: Map of geographical location of the study area.

TABLE 1: Specific parameters of Sentinel-1A’s four operating modes.

Parameter work mode Resolution Angle of incidence (degree) Breadth (km) Polarization mode

SM 5m× 5m 20–45 80 HH+HV VH+VV HH VV
IW 5m× 20m 29–46 250 HH+HV VH+VV HH VV
EW 5m× 40m 19–47 400 HH+HV VH+VV HH VV
WV 5m× 5m 22–38 20× 20 HH VV
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attributes of the Sentinel-1A radar images employed in this
experimental framework are delineated in Table 2, providing
a basis for further empirical analysis.

The dataset acquired from the designated research area
was incorporated as secondary leveling data within the “Qing-
feng–Nanle Mengzhou–Wenxian Land Subsidence Monitor-
ing Technical Service Level Monitoring Results Report.” This
analysis encompassed a total of 150 leveling points, of which
seven were flagged for exhibiting anomalous values. The pre-
cision of the leveling network’s adjustment, particularly
within the Qingfeng–Nanle groundwater depression cone in
the study area, is documented in Table 3. This provides a
quantitative basis for assessing the network’s calibration accu-
racy in response to subsurface water level fluctuations.

2.2. Principles of PS-InSAR Technology. Certain locations on
the terrestrial surface manifest enduring physical attributes
and consistent radar backscatter, meriting their classification
as “PS points.” These PS points are primarily identified within
man-made structures, including buildings, concrete pave-
ments, bridges, and naturally exposed rock formations, char-
acterized by their high degree of coherence. The PS-InSAR
methodology capitalizes on the stability of these PS points
across both temporal and spatial dimensions, applying differ-
ential analytical techniques to adjacent point targets. This
strategy facilitates the acquisition of highly accurate ground
deformation data within the specified research zone, concur-
rently alleviating the influence of spatial–temporal coherence
disruptions and atmospheric disturbances that typically chal-
lenge traditional interferometric methods.

The operational framework of the PS-InSAR technique is
predicated on the collection of N+ 1 SAR images of a tar-
geted area from a satellite. Among this collection, a singular
image is selected as the referential or primary image, a

decision influenced by criteria such as temporal baseline,
spatial baseline, and Doppler centroid frequency. The
remaining N images are then meticulously registered and
resampled to conform to the pixel dimensions of the primary
image. Through the execution of differential interferometric
processing on the N image pairs, an interferogram is con-
structed. The interferometric phase for each pixel within the
image pairs is delineated as follows:

φint ¼ φtop þ φref þ φdef þ φatm þ φnoi: ð1Þ

The interference phase of a pixel comprises several com-
ponents, namely the topographic phase φtop, flat phase φref
(also known as reference ellipsoid phase), terrain phase φdef ,
atmospheric delay phase φatm, and noise phase φnoi. The flat
phase arises as a systematic error phase due to the ground
not serving as an ideal reference datum. This error can be
mitigated by utilizing precision orbit data. Following the
flattening process, the interference phase of the pixel is pri-
marily influenced by the terrain phase. To account for this,
DEM data encompassing the study area is incorporated to
simulate the terrain phase. However, it should be noted that
the accuracy of the DEM data introduces residual elevation
error phase during this simulation. The differential interfer-
ence phase associated with ground point deformation can be
mathematically expressed as follows:

φdiff ¼ φres þ φl def ; ð2Þ

φres ¼ φref error þ φnl def þ φδh þ φatm þ φnoi: ð3Þ

In the given passage, the following variables are defined:
φdiff represents the pixel’s differential interference phase, φres

TABLE 2: Sentinel-1A dataset.

Serial number Imaging date Spatial baseline Serial number Imaging date Spatial baseline

1 2017-03-14 −30.757 13 2018-03-09 0
2 2017-04-07 −92.163 14 2018-04-02 27.811
3 2017-05-11 −65.577 15 2018-05-08 −38.245
4 2017-06-06 −55.799 16 2018-06-01 13.407
5 2017-07-12 21.592 17 2018-07-07 −7.213
6 2017-08-05 −30.502 18 2018-08-12 42.845
7 2017-09-10 −37.594 19 2018-09-05 −116.604
8 2017-10-04 24.244 20 2018-10-11 −10.831
9 2017-11-09 −13.571 21 2018-11-04 18.912
10 2017-12-03 106.502 22 2018-12-10 25.776
11 2018-01-08 −24.282 23 2019-01-03 54.318
12 2018-02-01 77.149 24 2019-02-08 38.163

TABLE 3: Adjustment accuracy of leveling net in study area.

Accidental mean error Mean error of height difference Mean elevation error Actual closing error/limit error Length of leveling net

Æ0.44 km Æ0.82 km Æ3.89
−2.24/Æ 47.14
18.78/Æ 54.06
0.49/Æ 60.19

447.44 km
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represents the residual phase, φl def represents the linear
deformation phase, φref error represents the residual phase
after correcting for the reference ellipsoid phase, φnl def
represents the nonlinear deformation phase, and φδh repre-
sents the elevation error phase. The residual phase is sub-
jected to spatial filtering through low-pass filtering to remove
high-frequency noise phase. The nonlinear deformation phase,
denoted by φnl def , is identified using time-domain filtering.
Ultimately, the surface deformation phase can be mathemati-
cally expressed as follows:

φdef ¼ φl def þ φnl def : ð4Þ

2.3. PS-InSAR Processing Flow

(1) The formulation of the connectivity graph com-
mences with an analysis of the temporal baseline,
spatial baseline, and Doppler centroid frequency.
Upon meticulous examination, the SAR imagery cap-
tured on March 9, 2018 is designated as the principal
master image. This selection paves the way for the
establishment of master–slave data pairings between
the chosen master image and additional datasets,
strictly adhering to a predefined critical baseline
threshold. This meticulous procedure engenders the
creation of SAR data pairings and connectivity graphs,
which are indispensable for executing differential inter-
ferometry. The spatiotemporal baseline of the PS-
InSAR is shown in Figure 2.

(2) The procedure continues with the sequential registra-
tion of the 23 supplementary images to the primary
image, followed by the generation of interferograms
for each pair comprising an auxiliary image and the
main image via interferometric processing. Within
the purview of this experimental investigation, the
amplitude dispersion index—defined as the quotient
of a pixel’s temporal mean amplitude and its standard
deviation—was employed to pinpoint candidate PS
points. This approach is particularly effective in urban

environments where the amplitude standard deviation
is markedly low, thus enabling the efficient identifica-
tion of points of interest without necessitating the anal-
ysis of phase information. To amend the distortions
introduced by flat phase and topographic phase effects,
the interferogram undergoes a process of deflattening,
facilitated by the integration of external DEM data. It is
critical to acknowledge that the success in mitigating
topographic phase effects is heavily dependent on the
precision and resolution of the utilized external refer-
ence DEM. Consequently, a higher degree of accuracy
and resolution in the external reference DEM signifi-
cantly enhances the outcome of topographic phase
correction.

(3) The initial phase of Persistent Scatterer Inversion pri-
marily hinges on the identification of a specified
quantity of PS points, with the historical phase infor-
mation of these dependable individual targets (where
each image pixel is representative of a singular target)
being scrutinized. This examination facilitates the cal-
culation of the velocity of displacement at the research
site and the residual topographic phase, which are
subsequently utilized to rectify the synthesized inter-
ferogram. A salient feature of PS-InSAR technology is
its adeptness in leveraging densely arrayed scatterers
to counteract the effects of signal propagation delay
and correct the interferogram.

(4) In the subsequent phase of Persistent Scatterer Inver-
sion, following the correction of the interferogram, it
is employed to ascertain deformation-related metrics.
After the acquisition of surface deformation parame-
ters for each SAR image, the atmospheric phase is
deduced by applying the results derived from the pre-
liminary linear model inversion. This step is followed
by atmospheric adjustments. The ultimate rate of sur-
face deformation is ascertained through a secondary
inversion process.

(5) The encoding of geographical information involves
themeticulous selection of points with high coherence
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as PS points, given that the deformation data obtained
from these points precisely mirrors the aggregate
deformation experienced within the study zone. To
guarantee the selection of points of exceptional qual-
ity, a coherence coefficient threshold of 0.75 was
established, leading to the subsequent geocoding pro-
cess that culminates in the generation of a vector file
encapsulating the PS points. After an initial screening,
a total of 405,427 PS points were identified within the
area of study. Themethodological sequence employed
by the PS-InSAR technology in this investigation is
illustrated in Figure 3.

3. Results

3.1. PS-InSAR Land Subsidence Results. Utilizing the PS-
InSAR methodology, the temporal and spatial dynamics of
surface deformation within the designated study region
were delineated for the timeframe spanning March 2017 to
February 2019. Nonetheless, the concentration of PS points
predominantly within man-made structures, notably urban
centers, as opposed to their sparse distribution in rural
locales, hampers their efficacy in mirroring the settlement
distribution traits of the area under study comprehensively.
The distribution of PS points is shown in Figure 4.

To surmount this challenge and garner a more holistic
comprehension of surface deformation, the outcomes of the
data processing were subjected to further analysis employing
the inverse distance weighting interpolation technique. This
approach facilitated the interpolation among data points,
thereby generating a continuum of deformation outcomes
across the study region, as illustrated in Figure 5. Signifi-
cantly, Figure 5 elucidates a discernible subsidence trend
pervading the entire study area, with the phenomenon of
subsidence being preeminently manifest in the central and
eastern sectors, where subsidence rates fluctuate between 10

and 50mm/year. Conversely, the western segment witnesses
relatively insubstantial subsidence, with the majority of
locales registering subsidence rates below 15mm/year, and
certain areas even showcasing uplift phenomena.

To probe into the settlement interrelations among the cities
of Anyang, Hebi, and Puyang, two transect lines were delin-
eated: one extending between Anyang and Puyang, and the
other spanning from Hebi to Puyang, as demonstrated in
Figure 5. Each transect was segmented into 100 equidistant
points, thereby facilitating the derivation of settlement metrics
along these vectors. Figures 6 and 7 categorically reveal that
subsidence is chiefly prevalent in rural sectors, whereas the
urban conurbations of Anyang, Hebi, and Puyang manifest
pronounced bulging in comparison to the adjacent rural areas,
engendering an inverted “U” profile. This observation is cor-
roborated in Figure 5, which denotes the minimal subsidence
rate within the entire study area to be situated in the western
precinct of Anyang City. Given the prominence of Anyang,
Hebi, and Puyang as principal urban centers within the study
locale, accruing precise subsidence data for these metropolitan
areas holds substantial importance. An exhaustive analysis of
both the temporal and spatial distribution characteristics, in
conjunction with the temporal evolution traits of land subsi-
dence within the study domain, is imperative for ameliorating
the adverse impacts engendered by urban land subsidence.

Throughout the observation timeframe, the surface ter-
rain within the western sector of Anyang District exhibited
notable stability, with certain locales even undergoing an
elevation increase. Conversely, the subsidence anomaly pre-
dominantly manifested in the central and eastern sectors of
Anyang, culminating in the emergence of three distinct sub-
sidence epicenters within this vicinity. The rate of ground
subsidence within the central depression zone of Anyang
City was quantified to range between approximately 11
and 19.84mm/year, spanning an expanse of 100.14 km2. A
temporal analysis of settlement patterns in Anyang City

24 sentinel-1A data
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Interference workflow
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Amplitude deviation index

Deformation
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Select main image

DEM
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Coherence rate and terrain
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FIGURE 3: Detailed processing flow of PS-InSAR technology.
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(Figure 8) indicates that from the commencement of the
monitoring period until September 2017, the settlement
magnitude within Anyang City remained marginal, with
select regions demonstrating a tendency toward elevation
gain. By January 2018, a substantial variance in settlement
levels was observed across Anyang City, accruing to a cumu-
lative subsidence of 25mm. In the ensuing period, by

November 2018, the land surface subsidence in Anyang
City attained a plateau, with particular areas showcasing
signs of uplift. Approaching the terminal phase of the moni-
toring period, a more conspicuous subsidence phenomenon
reasserted itself within the study domain of Anyang City.
The analysis elucidates that ground subsidence in Anyang
City predominantly concentrates between November and
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February of the subsequent year. Meanwhile, subsidence
within the eastern precincts of Anyang City exhibits a ten-
dency toward mitigation from March to October, whereas
the western section evidences a progressive elevation trend.

Hebi City demonstrates a pronounced trend of overall
ground settlement, with this phenomenon being markedly
more acute within the tricity area. Notably, two significant
areas of subsidence are discernible: one in the northeast, at the
confluence of Hebi City and Xunxian County, and another in

the southeast, at the boundary between Hebi City and Qi
County. The subsidence rates within these locales span
from 20 to 27mm/year, enveloping an estimated territory of
30.74 km2. Temporal analysis of the surface subsidence
sequence in Hebi City, as delineated in Figure 9, indicates
that from the inception of themonitoring phase until Septem-
ber 2017, subsidence levels in Hebi City remained minimal,
exhibiting a general tendency toward gradual elevation gain.
However, from October 2017 through January 2018, the
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settlement phenomenon in Hebi City escalated, culminating in
an aggregate settlement surpassing 20mm. In the ensuing inter-
val, from October 2018 to the termination of the monitoring
period, the subsidence dynamics of Hebi City appeared to reach

a state of equilibrium, with a minor uplift discernible in the
central sector. Nonetheless, from November 2018 to the end
of the monitoring duration, the settlement in Hebi City experi-
enced a resurgence, ultimately manifesting in a cumulative
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settlement of 70mm. It is pertinent to highlight that the sub-
sidence activity in Hebi City is predominantly concentrated
during the winter months, a pattern potentially attributable to
the excessive extraction of groundwater resources during this
timeframe.

In Puyang City, the phenomenon of land settlement pre-
dominantly manifests within the western and eastern sectors,
with a settlement velocity estimated between 18 and 25.6mm/
year, encompassing an area of roughly 162.18 km2. An exam-
ination of the temporal dynamics of land subsidence in
Puyang City, as illustrated in Figure 10, discloses a progressive
escalation in settlement rates extending from the urban core
to the periphery, with a significant concentration around the
urban fringe. During the interval from April to August 2017,
the settlement activity within these regions exhibited notable
stability. Nonetheless, commencing in January 2018, the onset
of settlement was observed in the western portion of Puyang
City, with the affected area broadening progressively until a
cumulative settlement of 30mm was recorded. The period
between February and October 2018 saw a gradual return to
stability in the settlement patterns within Puyang City,
accompanied by a minor elevation gain in the central locality.
Approaching the conclusion of themonitoring timeline, there
was a resurgence in the rate of settlement on the outskirts of
Puyang City.

3.2. PS-InSAR Accuracy Assessment. The PS-InSAR monitor-
ing outcomes postexperimental intervention were juxtaposed
with terrestrial subsidence level data derived from groundwater

funnel observations in the North China Plain (Henan seg-
ment), specifically along the Qingfeng–Nanle leveling route.
Both datasets demonstrated a point-based distribution;
however, there was a notable density difference with PS
points being densely clustered in spatial arrangement, as
opposed to the more dispersed distribution of leveling
points, leading to a spatial incongruity between the two
sets of data. This divergence suggests a variance in resolu-
tion. To mitigate this discrepancy, an averaging procedure
was applied to the PS-InSAR data, using the leveling points
as referential centroids. This entailed computing the mean
value of points with high coherence within a designated
proximity as the PS-InSAR monitoring outcome. In
instances where PS points were absent within the stipulated
range, the precision validation for the corresponding water
point was foregone. Consequently, a total of 96 PS-InSAR
monitoring outcomes were compiled.

Subsequently, a scatter diagram was constructed to facil-
itate a comparison between the leveling data and the PS-
InSAR findings. Figure 11 delineates the trend line deduced
via SSA, revealing that both the leveling and PS-InSAR data-
sets exhibit parallel deformation trends, with their settlement
metrics showing substantial congruence. Nonetheless, the
settlement estimations derived from PS-InSAR monitoring
were observed to surpass those ascertained through leveling.
The root mean square error (RMSE) and standard deviation
associated with the PS-InSAR results were recorded at Æ12.9
and Æ13.31mm, respectively, underscoring the reliability of
the PS-InSAR monitoring methodology.
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4. Discussion

The interrelation between groundwater levels and surface
deformation constitutes a focal point of considerable scholarly

interest. Prior investigations have robustly corroborated the
linkage between the phenomena of land subsidence in the
North China Plain and the overextraction of groundwater
resources [48, 49]. The practice of excessive groundwater
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FIGURE 11: Comparison diagram of PS-InSAR monitoring results and leveling results based on SSA smoothing.

TABLE 4: Changes of urban groundwater level in northern plain of Henan Province (unit (m)).

Water level change 2018 2019 2017–2019 1980–2019

Anyang 0.34 −0.72 −0.38 −2.09
Hebi −0.35 −0.26 −0.61 —

Puyang −0.08 +0.07 −0.01 −8.72

2017-02 Anyang

2019-10 Anyang

2017-02 Hebi

2019-10 Hebi

FIGURE 12: Comparative analysis of optical images captured before and after monitoring in the regions of Anyang and Hebi.
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withdrawal precipitates a sustained diminution in the ground-
water table. Invoking the effective stress principle as proposed by
Terzaghi, it is observed that a reduction in the pore water pres-
sure ensues from the descending water table. This reduction in
pore pressure negates its contribution to the structural integrity
and deformational capacity of the soilmatrix, thereby amplifying
the effective stress and leading to enhanced ground settlement.
The research and evaluation pertaining to the sustainable exploi-
tation of groundwater within the North China Plain, with a
particular focus on Henan Province, reveal that the areas under
study are predominantly located within zones of intensive
groundwater extraction. Table 4 illustrates the alterations in
groundwater levels within the research locale. Within this con-
text, Anyang and Hebi are identified as regions of superficial
groundwater overextraction, whereas Puyang is distinguished
as an area of profound confined water overextraction. Signifi-
cantly, the geographic positioning of Puyang coincides with the
Qingfeng–Nanle depression cone, indicative of a decrease in
superficial groundwater levels. Crucially, the geographical distri-
bution of these locales is consistent with the incidences of land
subsidence identified within the scope of the study.

Second, the ramifications of project construction on
urban land subsidence emerge as a pivotal consideration in
the ongoing urbanization narrative. The implications of such
construction activities can be bifurcated into two distinct cat-
egories: localized land subsidence, attributable to the concen-
trated construction of edifices on the surface, and regional
land subsidence, engendered by expansive engineering pro-
jects executed subterraneously. A juxtaposition of this study’s
outcomes with remote sensing imagery of the designated area
reveals that, throughout the monitoring timeframe, urban
engineering endeavors significantly influenced Anyang and
Hebi, as illustrated in Figure 12. Conversely, the impact of
engineering activities in the Puyang region was markedly less
pronounced, verging on negligible. To a certain degree, these
construction projects play a contributory role in the initiation
or amplification of terrestrial subsidence.

5. Conclusions

The current investigation harnesses the capabilities of PS-InSAR
technology, leveraging Sentinel-1A radar imagery across 24
research zones, to scrutinize land subsidence in urban locales
across the northern plains of Henan Province. The objective is to
delineate the spatiotemporal distribution patterns of surface
deformation within the designated area from March 2017 to
February 2019. This endeavor involves a comparative analysis
with secondary leveling data collated over the identical time-
frame. The precision of the PS-InSAR methodology applied in
this study is rigorously validated, facilitating an in-depth exami-
nation of deformation causatives, integrating geological records,
time series deformation analyses, groundwater usage statistics,
and the impact of urban development, among other variables.
The study’s outcomes elucidate that:

(1) The results derived from the application of PS-InSAR
technology align closely with the leveling data, revealing
a pronounced propensity for land subsidence across the

study domain, particularly within its eastern sectors,
where the maximum annual subsidence rate reaches
up to 50mm. Seasonal analysis indicates a significant
incidence of subsidence during the autumn and winter
months. Comparative validation of leveling and experi-
mental data unveils the RMSE and standard deviation of
Æ12.9mm and Æ13.31mm, respectively, underscoring
the robustness and reliability of the detection results
achieved through PS-InSAR technology.

(2) Further analysis of geological data from the study area
establishes a tangible link between land subsidence and
two predominant factors: the overextraction of ground-
water and extensive urban construction activities. The
spatial congruence of subsidence epicenters within areas
of groundwater overexploitationmirrors the general dis-
tribution of the research zone. A consistent pattern of
groundwater overdraft is observed, precipitating a
reduction in aquifer levels and, consequently, diminish-
ing the load-bearing capacity of the foundational strata.
Moreover, the influence of engineering construction on
land subsidence is significant. The widespread execution
of urban engineering initiatives modifies the founda-
tional stress conditions, thereby exerting a contributory
effect on ground settlement.

Data Availability

The experimental data used to support the findings of this
study are available from the corresponding author upon
request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant No. U22A20620).

References

[1] T. Strozzi, U. Wegmuller, L. Tosi, G. Bitelli, and V. Spreckels,
“Land subsidence monitoring with differential SAR interfer-
ometry,” Remote Sensing, vol. 67, pp. 1261–1270, 2001.

[2] D. Tapete and F. Cigna, “Rapid mapping and deformation
analysis over cultural heritage and rural sites based on
persistent scatterer interferometry,” International Journal of
Geophysics, vol. 2012, Article ID 618609, 19 pages, 2012.

[3] L. Shi, H. Gong, B. Chen, and C. Zhou, “Land subsidence
prediction induced by multiple factors using machine learning
method,” Remote Sensing, vol. 12, Article ID 4044, 2020.

[4] Y. T. Zhan, Y. F. Zhu, Y. J. Wang, and K. Song, “Land
subsidence monitoring of Jiangsu coastal areas with high
resolution time series InSAR,” Science of Surveying and
Mapping, vol. 47, no. 7, pp. 69–76, 2022.

[5] B. Osmanoğlu, F. Sunar, S. Wdowinski, and E. Cabral-Cano,
“Time series analysis of InSAR data: methods and trends,”
ISPRS Journal of Photogrammetry and Remote Sensing,
vol. 115, pp. 90–102, 2016.

12 Journal of Sensors



[6] J. J. Sousa, A. M. Ruiz, R. F. Hanssen et al., “PS-InSAR
processing methodologies in the detection of field surface
deformation—study of the Granada basin (Central Betic
Cordilleras, Southern Spain),” Journal of Geodynamics,
vol. 49, no. 3-4, pp. 181–189, 2010.

[7] O. Beladam, T. Balz, B. Mohamadi, and M. Abdalhak, “Using PS-
InSAR with Sentinel-1 images for deformation monitoring in
Northeast Algeria,”Geosciences, vol. 9, no. 7, Article ID 315, 2019.

[8] J. Khan, X. Ren, M. A. Hussain, and M. Q. Jan, “Monitoring
land subsidence using PS-InSAR technique in Rawalpindi and
Islamabad, Pakistan,” Remote Sensing, vol. 14, no. 15,
Article ID 3722, 2022.

[9] V. Greif and J. Vlcko, “Monitoring of post-failure landslide
deformation by the PS-InSAR technique at Lubietova in
Central Slovakia,” Environmental Earth Sciences, vol. 66,
no. 6, pp. 1585–1595, 2012.

[10] T. J. Wright, B. E. Parsons, and Z. Lu, “Towardmappping surface
deformation in three dimensions using InSAR,” Geophysical
Research Letters, vol. 31, no. 1, 2004.

[11] T. Zhang, W.-B. Shen, W. Wu, B. Zhang, and Y. Pan, “Recent
surface deformation in the Tianjin area revealed by Sentinel-
1A data,” Remote Sensing, vol. 11, Article ID 130, 2019.

[12] A. Arabameri, M. Santosh, F. Rezaie et al., “Application of novel
ensemble models and k-fold CV approaches for land subsidence
susceptibility modelling,” Stochastic Environmental Research and
Risk Assessment, vol. 36, no. 1, pp. 201–223, 2022.

[13] S. Stramondo, F. Bozzano, F. Marra et al., “Subsidence induced by
urbanisation in the city of Rome detected by advanced InSAR
technique and geotechnical investigations,” Remote Sensing of
Environment, vol. 112, no. 6, pp. 3160–3172, 2008.

[14] S. Kumar, D. Kumar, P. K. Donta, and T. Amgoth, “Land
subsidence prediction using recurrent neural networks,” Stochastic
Environmental Research and Risk Assessment, vol. 36, no. 2,
pp. 373–388, 2022.

[15] T. Nonaka, T. Asaka, K. Iwashita, and F. Ogushi, “Evaluation of
the trend of deformation around the Kanto Region estimated
using the time series of PALSAR-2 Data,” Sensors, vol. 20,
no. 2, Article ID 339, 2020.

[16] P. Castellazzi, N. Arroyo-Domínguez, R. Martel et al., “Land
subsidence in major cities of Central Mexico: interpreting
InSAR-derived land subsidence mapping with hydrogeological
data,” International Journal of Applied Earth Observation and
Geoinformation, vol. 47, pp. 102–111, 2016.

[17] A. B. Ahady and G. Kaplan, “Classification comparison of
Landsat-8 and Sentinel-2 data in Google Earth Engine, study
case of the city of Kabul,” International Journal of Engineering
and Geosciences, vol. 7, no. 1, pp. 24–31, 2022.

[18] G. Amin, M. I. Shahzad, S. Jaweria, and I. Zia, “Measuring
land deformation in a mega city Karachi-Pakistan with
Sentinel SAR Interferometry,” Geocarto International, vol. 1,
pp. 1–15, 2021.

[19] Q. He, Study on time-series InSAR method for monitoring
surface subsidence with persistent and distributed scatterers,
Doctoral thesis, China University of Mining and Technology,
Beijing, China, 2022.

[20] J. S. Zhang, Research on the genetic mechanism of land subsidence
in Zhengzhou, Master thesis, North China University of Water
Resources and Electric Power, Henan, China, 2021.

[21] Z. H. Zhang, C. T. Hu, Z. Zhang, and S. W. Yang, “PS-InSAR-
based monitoring and analysis of surface subsidence in
Shanghai,” Remote Sensing for Natural Resources, vol. 34,
no. 3, pp. 106–111, 2022.

[22] J. Z. Zhang, H. J. Huang, H. B. Bi, and Q. Wang, “Monitoring
ground subsidence in the modern Yellow River delta based on
SBAS time-series analysis,”Geomatics and Information Science
of Wuhan University, vol. 41, no. 2, pp. 242–248, 2016.

[23] X. Liu, X. Xing, D. Wen et al., “Mining-induced time-series
deformation investigation based on SBAS-InSAR technique: a
case study of drilling water solution rock salt mine,” Sensors,
vol. 19, no. 24, Article ID 5511, 2019.

[24] E. Békési, P. A. Fokker, J. E. Martins, J. Limberger, D. Bonté,
and J.-D. van Wees, “Production-induced subsidence at the
Los Humeros geothermal field inferred from PS-InSAR,”
Geofluids, vol. 2019, Article ID 2306092, 12 pages, 2019.

[25] C. Meisina, F. Zucca, D. Notti et al., “Geological interpretation
of PSInSAR data at regional scale,” Sensors, vol. 8, no. 11,
pp. 7469–7492, 2008.

[26] S. Rigamonti, G. Dattola, P. Frattini, and G. B. Crosta, “A
multivariate time series analysis of ground deformation using
persistent scatterer interferometry,” Remote Sensing, vol. 15,
no. 12, Article ID 3082, 2023.

[27] M. A. Hussain, Z. Chen, Y. Zheng et al., “PS-InSAR based
monitoring of land subsidence by groundwater extraction for
Lahore Metropolitan city, Pakistan,” Remote Sensing, vol. 14,
no. 16, Article ID 3950, 2022.

[28] B. V. Yazici and E. T. Gormus, “Investigating persistent
scatterer InSAR (PSInSAR) technique efficiency for landslides
mapping: a case study in Artvin dam area, in Turkey,”
Geocarto International, vol. 37, no. 8, pp. 2293–2311, 2022.

[29] L. Solari, A. Ciampalini, F. Raspini, S. Bianchini, and
S. Moretti, “PSInSAR analysis in the Pisa urban area (Italy): a
case study of subsidence related to stratigraphical factors and
urbanization,” Remote Sensing, vol. 8, no. 2, Article ID 120,
2016.

[30] P. Gonnuru and S. Kumar, “PsInSAR based land subsidence
estimation of Burgan oil field using TerraSAR-X data,” Remote
Sensing Applications: Society and Environment, vol. 9, pp. 17–25,
2018.

[31] Z. Li, Z. Wang, W. Liu, X. Li, M. Zhou, and B. Zhang,
“Detecting, monitoring, and analyzing the surface subsidence
in the Yellow River Delta (China) combined with CenterNet
network and SBAS-InSAR,” Journal of Spectroscopy, vol. 2022,
Article ID 2672876, 17 pages, 2022.

[32] A. Ferretti, C. Prati, and F. Rocca, “Nonlinear subsidence rate
estimation using permanent scatterers in differential SAR
interferometry,” IEEE Transactions on Geoscience and Remote
Sensing, vol. 38, no. 5, pp. 2202–2212, 2000.

[33] A. Ferretti, C. Prati, and F. Rocca, “Permanent scatterers in SAR
interferometry,” IEEE Transactions on Geoscience and Remote
Sensing, vol. 39, no. 1, pp. 8–20, 2001.

[34] M. Devara, A. Tiwari, and R. Dwivedi, “Landslide susceptibility
mapping using MT-InSAR and AHP enabled GIS-based multi-
criteria decision analysis,” Geomatics, Natural Hazards and Risk,
vol. 12, no. 1, pp. 675–693, 2021.

[35] J. Dong, L. Zhang, M. S. Liao, and J. Y. Gong, “Improved
correction of seasonal tropospheric delay in InSAR observa-
tions for landslide deformation monitoring,” Remote Sensing
of Environment, vol. 233, Article ID 111370, 2019.

[36] B. Chen, H. Gong, X. Li et al., “Spatial–temporal evolution
patterns of land subsidence with different situation of space
utilization,” Natural Hazards, vol. 77, no. 3, pp. 1765–1783,
2015.

[37] M. A. Hussain, Z. Chen, Y. Zheng et al., “Landslide susceptibility
mapping usingmachine learning algorithm validated by persistent

Journal of Sensors 13



scatterer In-SAR technique,” Sensors, vol. 22, no. 9, Article ID
3119, 2022.

[38] Y. Han, G. C. Liu, J. Liu et al., “Monitoring and analysis of
land subsidence in Jiaozuo city (China) based on SBAS-InSAR
technology,” Sustainability, vol. 15, no. 15, Article ID 11737,
2023.

[39] O. Cavalié, C. Lasserre, M.-P. Doin et al., “Measurement of
interseismic strain across the Haiyuan fault (Gansu, China), by
InSAR,” Earth and Planetary Science Letters, vol. 275, no. 3-4,
pp. 246–257, 2008.

[40] A. Barra, O. Monserrat, P. Mazzanti, C. Esposito, M. Crosetto,
andG. S.Mugnozza, “First insights on the potential of Sentinel-
1 for landslides detection,” Geomatics, Natural Hazards and
Risk, vol. 7, no. 6, pp. 1874–1883, 2016.

[41] Е. Kiseleva, V. Mikhailov, E. Smolyaninova et al., “PS-InSAR
monitoring of landslide activity in the Black Sea coast of the
Caucasus,” Procedia Technology, vol. 16, pp. 404–413, 2014.

[42] S. Samsonov, N. d’Oreye, and B. Smets, “Ground deformation
associated with post-mining activity at the French–German border
revealed by novel InSAR time series method,” International
Journal of Applied Earth Observation and Geoinformation, vol. 23,
pp. 142–154, 2013.

[43] P. Frattini, G. B. Crosta, M. Rossini, and J. Allievi, “Activity
and kinematic behaviour of deep-seated landslides from PS-
InSAR displacement rate measurements,” Landslides, vol. 15,
no. 6, pp. 1053–1070, 2018.

[44] A. Babu and S. Kumar, “PSInSAR processing for volcanic
ground deformation monitoring over fogo island,” Multidisci-
plinary Digital Publishing Institute Proceedings, vol. 24, no. 1,
Article ID 3, 2019.

[45] P. Berardino, G. Fornaro, R. Lanari, and E. Sansosti, “A new
algorithm for surface deformation monitoring based on small
baseline differential SAR interferograms,” IEEE Transactions
on Geoscience and Remote Sensing, vol. 40, no. 11, pp. 2375–
2383, 2002.

[46] Z. H. Zhang, C. T. Hu, Z. H. Wu, Z. Zhang, S. W. Yang, and
W. Yang, “Monitoring and analysis of ground settlement in
Shanghai based on PS-InSAR,” Remote Sensing for Natural
Resources, vol. 34, no. 3, pp. 106–111, 2022.

[47] P. Zhang, Z. Guo, S. Guo, and J. Xia, “Land subsidence
monitoring method in regions of variable radar reflection
characteristics by integrating PS-InSAR and SBAS-InSAR
techniques,” Remote Sensing, vol. 14, no. 14, Article ID 3265,
2022.

[48] S.-W. Kim, S. Wdowinski, T. H. Dixon, F. Amelung, J.-S.Won,
and J. W. Kim, “InSAR-based mapping of surface subsidence
in Mokpo City, Korea, using JERS-1 and ENVISAT SAR data,”
Earth, Planets and Space, vol. 60, no. 5, pp. 453–461, 2008.

[49] J. X. Miao, J. C. Wu, S. Zhang, and S. H. Yu, “Report on
investigation and evaluation of sustainable utilization of
groundwater in the North China Plain (Henan Province).
China,” 2007.

14 Journal of Sensors




