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Abstract: The lack of resources on islands leads to their extremely rapid development, and this can
result in frequent geological disasters involving island subsidence. These disasters not only destroy
the ecological environment and landscape of islands but also pose massive threats to the safety of
residents’ lives and property and can even affect the country’s maritime rights and interests. To
meet the demands of island stability and safety monitoring, in this study, we propose a large-area,
full-coverage deformation monitoring method using InNSAR technology to assess island subsidence
based on a comprehensive analysis of conventional monitoring techniques. The working principle
and unique advantages of InNSAR data are introduced, and the SBAS InSAR key interpretation
processing flow are described in detail. The GPU-assisted INSAR processing method is used to
improve the processing efficiency. The monitoring results showed that the southern island group
of the Miaodao Archipelago was relatively stable overall, with an annual average deformation rate
of 3 mm. Only a few areas experienced large-magnitude surface deformation, and the maximum
annual deformation magnitude was 45 mm. The time series deformation results of the characteristic
points of the five inhabited islands in the southern island group showed that the subsidence trends of
the two selected points on Beichangshan Island (P1 and P2) were slowly declining. The P3 point on
Nanchangshan Island experienced a large deformation, while the P4 point experienced a relatively
small deformation. The selected points (P5, P6 and P7) on Miaodao Island, Xiaoheishan Island and
Daheishan Island were stable during the monitoring period. InNSAR data can be used to accurately
identify the millimetre-scale microdeformations experienced by island groups, thus demonstrating
the high-precision deformation monitoring capability of these data. In addition, the accuracy of these
data can meet the needs of island and archipelago subsidence monitoring, and the proposed method
is an effective means to monitor the spatial deformation of island targets. This study is conducive to
further enriching and improving island stability and safety monitoring technology systems in China
and to providing data and technical support for identifying and mastering potential island risks,
protecting and utilizing islands and preventing and reducing disasters.

Keywords: INSAR; Miaodao Archipelago; surface subsidence monitoring; subsidence assessment;
time series analysis

1. Introduction

There are more than 11,000 islands in China’s 3 million km? sea area, which is one of the
countries with the largest number of islands in the world [1]. These islands are surrounded
by the sea and have unique advantages in location, environment and resources. It is not
only an important land and the second blue economic belt at sea, but also an important
fulcrum for building marine ecological civilisations and building the Maritime Silk Road.
It also plays an important role in safeguarding national maritime rights and interests and
national defence security [2,3]. The islands along the coast of China are located west of
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the circum-Pacific seismic belt, one of the most rapid and sensitive interfaces affecting
global change and land-sea interactions; this area is a typical vulnerable zone with frequent
disasters [4,5]. Most of the islands are located far from the mainland and have fragile
ecological environments. With the rapid development of the coastal economy and the
lack of space resources, the development of islands has been crazily accelerated. This led
to frequent geological disasters of the island land subsidence, which not only destroyed
the original island ecological environment and landscape, but also caused losses to the
lives and property safety of island residents [6]. At the same time, due to the relatively
isolated island environment, disaster relief work is extremely difficult, which seriously
restricts the development of the local economy and the improvement in the living standard
of the islanders.

According to statistics, by the end of 2015, 425 districts and counties in 94 cities
across the country of China had experienced land subsidence at a magnitude greater than
10 mm/a, and the total subsidence area had reached 120,000 square kilometres. Among
these regions, 24 cities in 9 provinces had experienced serious subsidence of 50 mm/a,
and the area affected by this serious subsidence was 5860 square kilometres. The losses
caused by this subsidence are incalculable [7]. There have also been serious land subsidence
disasters in other countries in the world, such as the United States, Italy, Germany, Poland,
South Korea, India, etc. [8-13], as well as the delta areas of coastal cities [14,15], which have
a huge impact on local production and life and even endanger people’s lives and property
security. The factors that cause land subsidence are also different, mainly including crustal
movement, sea level rise, underground resource exploitation, excessive groundwater ex-
traction and engineering environmental effects [16-32]. However, compared to developed
countries, land subsidence in China occurs late, develops rapidly, lacks effective control
measures and exhibits large annual rates [33]. The land subsidence development process is
often irreversible, and once land subsidence conditions form, it is difficult for an area to
recover [34]. Therefore, island land subsidence disasters have attracted increasing attention.
In view of this increasingly serious situation, it is very urgent to monitor, evaluate and
control island land subsidence effectively, and related work has important practical signif-
icance for follow-up disaster management. Reasonable and effective monitoring means
can allow not only for the understanding and mastering of the evolution processes of
island land subsidence deformation and damage, but it can also allow researchers to obtain
the characteristics of land subsidence geological disasters, thus providing reliable data
and a scientific basis for analysing and evaluating land subsidence, designing monitoring
and early warning projects and ensuring effective governance to provide timely disaster
prevention and mitigation measures to avoid and mitigate disasters. Based on this context,
we took the southern island group of the Miaodao Archipelago, a typical high-intensity
development region in Northern China, as the study area to conduct island subsidence
monitoring and evaluation research.

Common methods used to monitor surface subsidence disasters mainly include tra-
ditional levelling, bedrock marker and layered marker measurements, global navigation
satellite system (GNSS) monitoring, distributed optical fibre sensing technologies and
airborne light detection and ranging (LiDAR). Levelling data have been recorded over a
history lasting more than one hundred years. At present, this technology is still an impor-
tant means of monitoring land subsidence. It is applicable for displacement monitoring
research at different deformation stages. However, due to the influence of terrain and
weather conditions, the work cycle is long, the continuous observation ability is poor and
on-site measurements are required; thus, only a series of point shape variables can be
obtained with this method. Bedrock benchmark measurements are currently recognised
as the most reliable monitoring method. The accuracy, stability and sensitivity of the
monitoring results obtained from bedrock markers and layered settlement markers are
high, and the construction quality requirements of these data during the construction and
monitoring process are also extremely strict [35,36]. GNSS technologies are used to monitor
the position changes in some fixed points on the land surface, while the overall surface
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deformation can be reflected only through modelling. The limitation of this method is
that serious multipath effects occur in mountainous areas where satellite signals are easily
blocked, and monitoring points need to be arranged in advance when conducting on-site
monitoring. Distributed optical fibre sensing technology is a new sensing technology that
uses light as the carrier and optical fibre as the medium to sense and transmit external
signals [37,38]. This method is suitable for performing the distributed and refined multipa-
rameter monitoring of local land subsidence. Although the above monitoring methods can
meet the accuracy requirements of deformation monitoring, they all have shortcomings,
such as low observation point densities, and can provide only periodic, discontinuous
on-site observations. Airborne LiDAR technology can be used to perform rapid, continuous,
noncontact and full-coverage 3D deformation monitoring, but its application is affected by
surface vegetation coverage and the monitoring environment of each analysed island, and
the terrain surface conditions cannot be measured using LiDAR. Although these data can
be postprocessed with various filtering methods, this shortcoming still affects the accuracy
of the final results. Second, LiDAR scanning abilities are limited, and the deformation mon-
itoring accuracy is affected in cases of bad weather, such as cloudy and rainy conditions. In
addition, the application scope of LiDAR data has mainly focused on targeted small-scale
geological hazard investigations and monitoring, and these data are not applicable for
investigating geological hazards at large scales; additionally, it is also difficult to capture
the early microdeformation of a disaster body using LiDAR data [39,40]. The deficiencies
and defects of these existing technical means have seriously restricted the development
of large-scale, high-precision island group surface subsidence monitoring [41]. With the
development of synthetic aperture radar interferometry (InNSAR) technology, continuous
and large-scale ground observations have become a reality [42—48], thus offering a new
method for monitoring island group ground subsidence.

InSAR is a space-to-Earth observation active remote sensing technology developed in
the 1980s. With its outstanding advantages, including its all-weather monitoring capabil-
ity, strong penetrability, high accuracy and high resolution when obtaining continuously
covered surface elevation and information [49-54], InSAR has become a new advanced
technology for surface deformation monitoring and has the ability to monitor surface
deformation at a subcentimetre accuracy and at spatial resolutions ranging from decime-
tres to tens of metres. InSAR has been widely used by researchers in different fields of
research over the decades since its development. INSAR has shown significant advantages
in various fields of geoscience, including in research on volcanic eruptions [55-57], earth-
quakes [58-60], geological hazards [61-64], land subsidence [65-69], artificial bridge and
building deformation [70,71] and surface deformation caused by underground resource
exploitation [72,73]. INSAR can measure ground deformation at the regional scale [74] and
even at the nationwide scale [75]. As these examples show, INSAR technology provides
researchers with a reliable way of generating land deformation velocity fields. Compared
to optical remote sensing techniques, INSAR can quantitatively monitor and characterise
changes in surface natural environment morphology, reveal the slow change processes of
the land surface and the potential risk events and compensate for the deficiencies of some
conventional monitoring methods [76]. More importantly, InNSAR, with its high-density
measurement points and relatively short revisit period, can facilitate fine-scale expressions
and characterisations of surface deformation monitoring objects over wide areas.

Although InSAR technology has been applied to many deformation monitoring fields,
the method for monitoring the subsidence of small-scale islands has not been verified. At
the same time, it is difficult to effectively identify the microdeformation due to the uncor-
relation caused by the high vegetation coverage of the island. In addition, conventional
INSAR processing methods and computing environments can hardly match advances in
SAR satellite imaging techniques and data processing capabilities. Therefore, aiming at
the needs of monitoring and evaluating the slow change in the subsidence of the islands,
we proposed the application of the INSAR time series analysis method to monitor microde-
formations for the land subsidence assessment of the archipelago. At the same time, a
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GPU-assisted rapid InSAR time series analysis method targeting Sentinel-1 images was
used to improve the processing efficiency based on the SBAS algorithm. In addition, the
SBAS spatiotemporal filtering algorithm was employed to remove the atmospheric phase
error in the case of the complex terrain and dense vegetation coverage of the archipelago.
The proposed method was applied to map a small-scale surface deformation covering the
southern island group of the Miaodao Archipelago. We carried out a fine-scale monitor-
ing of unstable areas, focusing on the impact of aquaculture and other developments on
surface deformation.

2. Materials and Methodology
2.1. Study Area

The southern island group of the Miaodao Islands is located at 37° 53.5'-38° 00.0' N
and 120° 35.2-120° 45.6' E, as shown in Figure 1. It is located in the north of the Jiaodong
Peninsula at the intersection of the Yellow Sea and the Bohai Sea. It is an im-portant support
for national key scenic spots and national nature reserves and enjoys the reputation of
being a “Fairy Mountain on the Sea” and “Natural Oxygen Bar” [6]. The region belongs to
the East Asian monsoon climate region, with an average annual temperature of 12.1 °C,
an average annual precipitation total of 537.1 mm, an average annual relative humidity
of 67% and an average annual sunshine duration of 2612 h. The main disastrous weather
events affecting the islands in this region include cold waves, tropical cyclones, gales and
droughts [77]. The southern island groups of the Miaodao Archipelago are bedrock islands,
with the highest point at an elevation of approximately 195.7 m. The main geomorphic
type is denuded hills. The soils mainly consist of brown soils containing many gravels, and
they have a poor soil quality [78]. The southern island group of the Miaodao Archipelago
is the political, economic and cultural centre of Changdao County. The degree of urban
construction in this region is relatively high. With widespread mariculture areas and
frequent transportation, tour-ism has become one of the important pillar industries of local
economic development on these islands [79].

2.2. InSAR
2.2.1. InSAR Principle

InSAR technology involves the use of radars located in different spatial positions to
observe the same target; these radars obtain two or more SAR images, and then interference
processing is conducted to obtain the elevation or deformation information of the tar-
get [80,81]. Differential radar interferometry (D-InSAR) is usually used to monitor surface
deformation. The interferometric phase calculation includes five parts as follows [82-84]:

PInSAR = Porbit + Ptopography + Pdeformation + Patmosphere + Proise

where ¢4t represents the flat-ground phase or the reference plane phase, ¢pograpny
represents the terrain phase, ¢ueformation represents the deformation phase, @atmosphere
represents the atmospheric phase and ¢,,,;s. indicates the noise phase.

However, the D-InNSAR method cannot be implemented in areas without a reference
digital elevation model (DEM), and it is vulnerable to incoherence factors. In addition, D-
InSAR monitoring results are also affected by satellite orbit errors, atmospheric errors and
external DEM data errors, and there are certain limitations with regards to the application
of long-term continuous deformation monitoring performed in the same area [85]. To
solve the interference of various factors on the deformation monitoring results of D-InNSAR
technology, researchers have proposed time series INSAR technology to weaken the factor
interference [49,86]. The main idea of temporal INSAR involves using multiscene SAR
images taken in the same area to identify pixels with low spatiotemporal decoherence
and then model and analyse the phases of these pixels to weaken the influence of phase
errors and decoherence factors to obtain deformation monitoring results at a relatively
high accuracy.
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Figure 1. Location of the study area.

2.2.2. SBAS-InSAR

InSAR technology will lead to incoherent interferometry when the ground motion rate
is significant, the environment changes significantly or the long baseline of interferometry
pair. SBAS (Small Baseline Subset) INSAR combines all SAR images covering the same
area into several subsets. The image baseline distance (including the temporal and spatial
baseline) within the subset is small, and the baseline distance between subsets is signifi-
cant [49]. Then, all available small baseline interferograms can be obtained by this strategy.
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The deformation rate can be easily obtained using the singular value decomposition (SVD)
method. The SBAS InSAR method suppresses the geometric decoherence caused by the
long baseline and allows more SAR images to participate in deformation calculations,
increasing the time sampling. In addition, the SBAS InSAR method generally performs
multilook processing. In this way, the reduction in the spatial resolution also reduces the
computational load and complexity of data processing at the expense of resolution [87].
The SBAS InSAR method has become reliable for monitoring slow surface displacement
and has been widely used in different fields.

The original N + 1 SAR images can produce M unwrapped interferograms under the
SBAS baseline constraint. The phase in point (x, y) of the i-th unwrapped interferogram
(corresponding to the time t; and #;) can be expressed as follows [88]:

47 i i
A(Pi(x/ 1’) = Agy, (X,T) —Agyy (x/r) ~ T(d(tZ/ X, 1’) - d(tlrxfr))A + Ptop + APrpise

where d(t,x,y) and d(t1, x, y) indicate the LOS deformation at the time #; and #,. Aq)iop is

the residual phase derived from DEM inaccuracy. The A¢! . represents the error phase
from the atmospheric delay, unwrapped error and thermal noise. Ag; is the phase of the
i-th unwrapping interferogram and can be expressed as

toi

Y (tp—tp1)W = Agi
titl

where the parameter W to be solved are expressed as follows:

wT = |w, P1— 90 WN:fPN—fPNq

t1—to IN — tN—1

After removing the residual elevation phase and unwrapping error, the velocity phase
is solved as follows:
AW = Ag

where A is a matrix with dimensions of M x N, and then the SVD algorithm with minimum
norm conditions is introduced to obtain the deformation rate.

3. Research Area and Data Processing
3.1. Data Acquisition

(1) Satellite data

The C-band SAR image data of the Sentinel-1A satellite of the European Space Agency
(ESA) were used to monitor the surface deformation of the southern island group of the
Miaodao Archipelago. The monitoring period lasted from January 2018 to December 2020.
See Table 1 for the specific parameters monitored. In addition, a Shuttle Radar Topography
Mission (SRTM) DEM with a 30 m resolution was used as the reference DEM to estimate
and remove the topographic phase.

A total of 248 ascending interferograms were generated using the short baseline set
method, as shown in Figure 2. To reduce the volume of data to be processed and improve
the processing efficiency, the data were divided according to the island location (red area
refers to archipelago location), as shown in Figure 3. The red area in the figure is the
position of the southern island group of the Miaodao Archipelago within the radar image.
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Table 1. Sentinel-1A data parameters.
Id Parameter Value
1 Track Number 171
2 Frame 121
3 Imaging mode Interference Wide Mode (IW Mode)
4 Angle of incidence/° 40
5 Polarisation mode \'AY%
6 Track alignment Ascending
7 Range resolution/m 2.33
8 Azimuth resolution/m 13.90
9 Image data volume 87
10 Start time 29 January 2018
11 End time 8 December 2020
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Figure 2. The small baseline network of ascending datasets (the pentagram represents each

SAR image).
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Figure 3. Data processing range (the number represents each burst sequence number).

3.2. Data Processing

The ground-settlement-monitoring data-processing flowchart of the southern island
group of the Miaodao Archipelago based on SBAS InSAR technology is shown in Figure 4;

this methodology can be divided into the following six steps:
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(1) Primary reference image selection and baseline estimation

[ SAR image data set ]
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) Differential interference
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processing

[ Spatiotemporal filtering and phase unwrapping ]

[ Orbital and atmospheric delay correction J

y

[ Time series deformation inversion ]

[ Datum correction and geocoding ]

Figure 4. SBAS-InSAR data processing flow.

We calculated the baseline of all interferometric pairs so that the baseline generated by
every pair of two SAR images was within the preset threshold; this method can indicate
whether the images are coherent. Then, we generated the optimal spatiotemporal baseline
connection diagram and interference pair connection diagram. Generally, the middle image
of the time series was selected as the main reference image.

(2) Differential interference processing

First, we assessed and prepared precise orbit files and external DEM files for each
image. The SRTM DEM with a 30 m resolution was used [89]. On the basis of existing
interference processing methods, all differential interferograms were produced. This step
is very time consuming, and we employed the graphics processing unit (GPU)-assisted
InSAR processing method [90,91] to improve the processing efficiency; this process included
geometric coregistration, resampling and ESD correction steps.

@® In the geometric coregistration step, we used GPU-assisted technology to paral-
lelise the repeated process of calculating the optimal correlation coefficient from multiple
windows [90] and combined the precise geometric orbit positioning with the correlation
coefficient registration method to improve the registration accuracy.

(@ After coregistration, we resampled a secondary image with the primary image.
Before resampling, however, the linear Doppler centroid frequency of the secondary image
had to be removed (deramping) to avoid aliasing. Additionally, the spectra of SAR data
and interpolation convolution kernels had to be identically centred [92]. Accordingly, we
performed deramping and demodulation at the same time [93] and used GPU assistance to
improve the memory access efficiency [90].

® To realise high-precision coregistration, enhanced spectral diversity (ESD) technol-
ogy was used to fine tune the azimuth offsets derived from the geometric coregistration
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results [90,94]. ESD technology utilises the phase difference between the overlapping
regions of adjacent bursts within a chosen subswath [91].

(3) Spatiotemporal filtering and phase unwrapping

A new SBAS spatiotemporal filtering algorithm was used to remove the atmospheric
phase error in cases of complex terrain and dense vegetation coverage on the studied
island group. The algorithm construction concept involved selecting the interference pairs
that required the temporal and spatial baselines to be as short and small as possible to
ensure the minimum effect of incoherence [91]. This spatiotemporal filtering method can
effectively remove long wavelength signals in the spatial domain and short wavelength
signals in the temporal time domain to provide a spatiotemporally continuous, high-
precision deformation field. Then, the phase value in the interferogram was restored to the
true value by phase unwrapping.

(4) Orbital and atmospheric delay correction

To reduce the orbital residual derived from possible inaccurate ephemeris parameters
and tropospheric effects in the interferograms, we estimated a polynomial function to
remove the estimated phase ramp [95]. The GACOS-assisted atmospheric delay error
and long wavelength error correction had to be carried out before the stacking step was
performed. By using redundant observations and stacking processing, the least squares
method was applied to perform the deformation inversion of the unwrapped interfero-
grams to estimate and weaken the atmospheric phase error and terrain error, allowing the
deformation signal-to-noise ratio to be greatly improved.

(5) Time series deformation inversion

With high- and low-pass filters, the average deformation rate was calculated by
employing the linear least squares (LS) method, and the time series cumulative deformation
was then obtained via the SVD algorithm.

(6) Datum correction and geocoding

The time series deformation map and deformation rate map were transformed from
the radar coordinate system to the geographic coordinate system.

4. Results and Discussion
4.1. Results
4.1.1. Land Subsidence Results and Distribution Characteristics of Island Groups

By using Sentinel-1A SAR data recorded from January 2018 to December 2020, the
average deformation rate of the southern island group of the Miaodao Archipelago during
this period was obtained through InSAR time series analysis. The results showed that
the island group was relatively stable overall, as shown in Figure 5. Only a few coastal
zones experienced slight deformation, and the average deformation rate was approximately
3 mm. Only in the western coastal zone of Nanchangshan Island was slightly significant
surface subsidence observed, reaching 45 mm/yr.

4.1.2. Accuracy Evaluation of Monitoring Results

Due to the lack of GNSS and levelling monitoring data in the study area, it is impos-
sible to evaluate the accuracy of the INSAR monitoring method proposed in this study
through external data. So, to assess the reliability and consistency of the deformation rate
measurements, we performed a cross-comparison of the observation results between the
ascending and descending datasets. During the study period, a total of 142 descending
interferograms were generated using the short baseline set method, as shown in Figure 6.
Considering the geolocation-related mismatches between the pixels of these two datasets
arising due to the dissimilar imaging geometries, we first selected 5773 points in the study
area via grid sampling and then generated a scatterplot of the deformation rates derived
from the two SAR datasets, as shown in Figure 7, revealing a high correlation of 0.95. The
root mean square error (RMSE) of the differences reached 5.6 mm/year.
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Figure 5. The mean displacement velocity map obtained based on Sentinel-1 data.
100 ™ 100
. 0181225 20200206 0201214
E *0130216 *\01810 ° t0190106
~ 2 A i Yeot9018
g | Heorosor [
= | Yr20180228 Jre0180429 00223 ; Fidd
o} i **30151119 * *2 Sheorotsas Frz0200113
n i £20181107 20190130 ¢ i
g *20%1)%6204 *2015(%2018@4: *2 ! . 20190705 20190717 ‘ o005t Hz020082 20100
0 \ LN ARV 0190118 0190331 gL [ | oibs O
] Yz01808201 55572 | Saoreron: *(0131201 *0190*&0190424 F20is1220 Feeooo2ts A i
= 20180405 | Yezots0s20 " 0200313 0200723 20201015
8 { T keogop ‘ H20200101 e e S
5 i | % 0803 \ Jezote0412 Frzo190729 20201027
c Heoreorzs Feoreosts Yeo180815 20181213 Jernrgz11
8_ 20180417 Yz0180827 | 20200711
q’ k!
o 100 20200301 .
\ #0180504
20160324
MAR 2018  JUN 2018  SEP 2018 DEC 2019 MAR 2019  JUN2019  SEP 2019 DEC 2020 MAR 2020  JUN 2020 SEP 2020 DEC 2021

Figure 6. The small baseline network of descending datasets (the pentagram represents each
SAR image).

4.1.3. Identification and Analysis of the Potential Settlement Points on the
Analysed Archipelago

From Figure 8a, we can identify that obvious surface subsidence occurred on the west
coast of Nanchangshan Island. After a detailed analysis of this area, we first enlarged the
deformation field in this area to obtain the regional surface deformation distribution map,
as shown in Figure 8b. The results showed that the surface deformation in this area was
relatively large and occurred in an area in which construction was planned during the
monitoring period, mainly due to the ground settlement caused by the ground construction.
One of the points was selected for time series analysis (point P in Figure 8b), and the results
showed that the point presented a continuous deformation feature from 2018 to the end
of 2020 (Figure 9). The land subsidence in 2018 was approximately 40 mm, in 2019 was
approximately 65 mm, in 2020 was approximately 30 mm and the total subsidence in three
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Figure 7. The cross-comparison results.

Figure 8. Identification of hidden danger points of Miaodao Archipelago. (a) The mean displacement
velocity; (b) Enlarged view of areas with large mean displacement velocity.
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Figure 9. Time series deformation of target point.

4.1.4. Single-Point Time Series Results Analysis

To further analyse and evaluate the surface subsidence of the southern island group
of the Miaodao Archipelago, we selected different characteristic points to perform a time
series deformation analysis (as shown in Figure 10) on the five inhabited islands of the
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southern island group of the Miaodao Archipelago. The deformation monitoring results of
each point are shown in Figures 11-17.
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Figure 10. Sketch map of 9 selected points.
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Figure 11. Deformation of point P1 during the monitoring period.

The two selected characteristic points (P1 and P2) of Beichangshan Island were in a
state of microsettlement during the monitoring period. The three-year settlement magni-
tudes were 30 mm and 20 mm at points P1 and P2, respectively, and the annual settlement
magnitudes were approximately 10 mm and 7 mm, respectively. Beichangshan Island,
primarily, should thus monitor its subsidence changes in a timely manner. The two charac-
teristic points (P3 and P4) selected for Nanchangshan Island were assessed; point P3 was
located in an obvious settlement area and exhibited total settlement magnitudes of 120 mm
and an annual settlement magnitude of 40 mm. The other point, P4, exhibited no obvious
phase change and was relatively stable. Although the point selected for Miaodao Island
(P5) exhibited a slight upwards trend, this trend may have been due to the error caused by
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forestland shielding, but the overall change was small. The P6 and P7 points selected for
Xiaoheishan Island and Daheishan Island fluctuated around approximately 0 during the
monitoring period and were thus stable.
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Figure 12. Deformation of point P2 during the monitoring period.
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Figure 13. Deformation of point P3 during the monitoring period.
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Figure 14. Deformation of point P4 during the monitoring period.
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Figure 15. Deformation of point P5 during the monitoring period.
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Figure 16. Deformation of point P6 during the monitoring period.
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Figure 17. Deformation of point P7 during the monitoring period.

4.2. Discussion
4.2.1. Scalability Analysis of the Method

Studies have indicated that space-borne INSAR can monitor large-scale surface de-
formation [42-46]. We also proved that this technology can also be used to monitor the
subsidence of islands on a small scale. At the same time, we solved the low coherence
caused by the high vegetation coverage of the archipelago by using the time-space fil-
tering method. This method promoted the accurate monitoring of complex scenes in the
archipelago area, thus improving the accuracy of the results, and it could also be extended
to the complex coastal areas.



Water 2023, 15, 465

15 0f 19

Although we utilised both the ascending and descending orbit SAR images for cross-
validation purposes, the mechanism of channel deformation was not comprehensive
enough. Therefore, a joint solution involving INSAR and multisource SAR image/ground-
based datasets such as GNSS or levelling is still crucial for the comprehensive analysis of
the deformation mechanism and factors causing deformation.

4.2.2. Analysis of Factors Affecting Island Subsidence

There are many factors that cause land subsidence, including natural factors and
human factors. Natural factors include earthquakes and sea level rise, and human factors
include underground resource exploitation, excessive groundwater extraction and engi-
neering construction. The investigation and study of island disasters in China shows that
landslides, coastal erosion, the overexploitation of underground resources, reclamation
projects, etc., are the main factors leading to island land subsidence [96]. From the defor-
mation monitoring results of the southern islands of the Miaodao Archipelago, it can be
seen that the main influencing factor for the occurrence of small areas with a relatively
large deformation rate is the reclamation project in the aquaculture area. At the same time,
this conjecture analysis was further verified in combination with a field survey, which
also found the same deformation cause in the monitoring and research of other artificial
islands [97].

In addition, there is a sandy coast in the southern island group of the Miaodao
Archipelago, which is also a beautiful beach landscape. This type of coast is vulnerable
to coastal erosion, so regular monitoring should be carried out, and ecological restoration
should be carried out when necessary to avoid the island land subsidence caused by
coastal erosion.

5. Conclusions

In this paper, to meet the needs of island group stability and safety monitoring, the
InSAR time series analysis method was proposed to evaluate the microdeformation char-
acteristics of island group land subsidence geological disasters, and the data processing
method and framework are described in detail. At the same time, the GPU-assisted In-
SAR processing method was introduced to improve the processing efficiency and quickly
obtain land subsidence deformation images of the southern island group of the Miao-
dao Archipelago during the monitoring period; the results verified the millimetre-level
monitoring accuracy and the effectiveness of INSAR technologies. This study enriches the
monitoring means of island land subsidence geological hazard research in China and is
conducive to improving the island stability monitoring technology system and island safety
monitoring capability in China. It provides a new technical means for the identification,
early warning and prevention of the hidden danger of the island settlement disaster and
avoids the loss of life and property caused by the island settlement to the maximum extent.

(1) InSAR technology can quickly realise the high-precision automatic monitoring of
archipelago land subsidence through noncontact mode. It can not only obtain the
deformation information of a single point, but also master the unstable state of
the whole region and provide a continuous space-time deformation map of the
monitoring region.

(2) InSAR can accurately identify the millimetre-scale microsettlement deformation char-
acteristics of island groups and quickly obtain overall time series deformation images
of the target, thus elucidating the high-precision deformation-monitoring capability
of InSAR technology. The accuracy of this method meets the needs of island and
archipelago settlement monitoring, and INSAR was shown to be an effective means
for monitoring the spatial deformation characteristics of island targets.

(8) Through data processing and analyses, the deformation characteristics of the southern
island group of the Miaodao Archipelago showed that the whole island group was
in a stable state, and only a few areas showed large deformation due to ground
construction; however, due to the slow surface settlement of Beishangshan Island,
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this island should actively take effective measures to conduct regular monitoring and
prevent potential sudden ground collapses that could cause losses.

(4) With the development of the big data era, realizing the effective fusion and integration
of SAR images and other sensor data is the key to solving the problem of island
group stability, and this will continue to be an important research topic in the future.
Additionally, it is possible to gather some high-precision ground data, such as GNSS
or levelling data, to confirm the accuracy of the monitoring results. We believe that
the application prospects of INSAR technology will become increasingly diverse in
the future.
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