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Abstract: In recent years, increasing available synthetic aperture radar (SAR) satellite data and
gradually developing interferometric SAR (InSAR) technology have provided the possibility for wide-
scale ground-deformation monitoring using InNSAR. Traditionally, the INSAR data are processed by the
existing time-series INSAR (TS-InSAR) technology, which has inefficient calculation and redundant
results. In this study, we propose a wide-area INSAR variable-scale deformation detection strategy
(hereafter referred to as the WAVS—InSAR strategy). The strategy combines stacking technology
for fast ground-deformation rate calculation and advanced TS-InSAR technology for obtaining
fine deformation time series. It adopts an adaptive recognition algorithm to identify the spatial
distribution and area of deformation regions (regions of interest, ROI) in the wide study area and uses
a novel wide-area deformation product organization structure to generate variable-scale deformation
products. The Turpan-Hami basin in western China is selected as the wide study area (277,000 km?)
to verify the proposed WAVS-InSAR strategy. The results are as follows: (1) There are 32 deformation
regions with an area of >1 km? and a deformation magnitude of greater than +2 cm/year in the
Turpan-Hami basin. The deformation area accounts for 2.4%. of the total monitoring area. (2) A
large area of ground subsidence has occurred in the farmland areas of the ROI, which is caused
by groundwater overexploitation. The popularization and application of facility agriculture in the
ROI have increased the demand for irrigation water. Due to the influence of the tectonic fault, the
water supply of the ROI is mainly dependent on groundwater. Huge water demand has led to a
continuous net deficit in aquifers, leading to land subsidence. The WAVS-InSAR strategy will be
helpful for INSAR deformation monitoring at a national/regional scale and promoting the engineering
application of InNSAR technology.
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1. Introduction

Advanced microwave remote sensing technology can precisely monitor deformation
over wide areas, which helps geohazard surveys of phenomena such as underground fluid
development, mineral mining, and landslide. In recent years, fast-developing interferomet-
ric synthetic aperture radar (InSAR) technology and abundant available synthetic aperture
radar (SAR) data [1-4] has laid the foundation for high-precision and wide-scale InNSAR
ground-deformation monitoring. InNSAR technology has been successfully used to monitor
ground deformation at a regional [5-9] and national scale [10-13]. Large-scale geodetic tech-
nology, such as InSAR, usually describes the spatial characteristics of ground deformation
by deformation rate, and shows deformation development over time using a time series of
deformation. The deformation region usually accounts for a small part of the monitoring
area [11], so the ground deformation we are interested in only accounts for a small part of
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the wide-area monitoring results. At present, the engineering projects to obtain ground
deformation in a wide study area (WSA) usually calculate the deformation time series using
InSAR datasets covering the whole WSA, using time-series INSAR (TS-InSAR) technology.
Even with multiple spatial resolutions, such schemes require a lot of computing resources
and storage space, and even then require repeated calculations and provide redundant
results, especially in the non-deformation region [14]. Therefore, it is necessary to develop
a set of efficient monitoring methods and procedures for wide-area INSAR deformation
and a more feasible multi-scale deformation product organization structure in the WSA.

One way to improve the computational efficiency of the TS-InSAR method is to
introduce a parallel processing method, which can be realized using high-performance
computers (HPC) [12,15-19]. However, the high cost of HPC equipment hinders the pop-
ularization of this strategy. Another way is to improve the TS-InSAR method itself, by
introducing sequential adjustment theory for real-time InNSAR data processing [20-22],
introducing a geological model or time-series filtering algorithm for high-dimensional
deformation calculation [23-26], or realizing a high-precision TS-InSAR deformation cal-
culation using block solutions [27,28]. These strategies can improve the efficiency of the
TS-InSAR solution to a certain extent. However, for wide-area INSAR deformation monitor-
ing, high-precision independent calculation of all INSAR datasets in the WSA will provide
many useless time-series results, especially in the non-deformation area. Therefore, it is
necessary to develop a demand-oriented multiple spatio-temporal-scale deformation moni-
toring method, considering the universality of monitoring strategies, computing resources,
measurement accuracy, and the efficiency of deformation calculation and interpretation.

The averaging of multiple interferograms (stacking) method was proposed by the
authors in [29], which can obtain the ground-deformation rate by averaging the phase of
the multitemporal differential INSAR (DInSAR) dataset. Compared with conventional TS-
InSAR technologies, such as persistent scatterer (PS) [30], small-baseline subset (SBAS) [31],
and interferometric point target analysis (IPTA) [32], stacking only obtains the deformation
rate with lower technical requirements and higher computational efficiency. Stacking
has been widely used for deformation identification [33-37]. A wide-area deformation
monitoring project usually identifies deformation regions based on the ground-deformation
rate [38]. For the deformation region, the corresponding deformation time series is extracted
to analyze the spatio-temporal evolution of deformation. The deformation time series in
stable zones has less information. Therefore, combining stacking and TS-InSAR may
contribute to efficient variable-scale deformation monitoring.

In this study, we propose a wide-area INSAR variable-scale deformation detection
strategy (WAVS-InSAR). WAVS-InSAR uses stacking technology to quickly calculate the
low-spatial-resolution ground-deformation rate over the WSA. Then, an adaptive intelligent
recognition algorithm is used to identify the location and area of the deformation regions
and determine the regions of interest (ROI). Advanced TS-InSAR technologies are then
used to obtain the high-spatio-temporal-resolution deformation time series in the ROL
Finally, the variable-scale INSAR deformation product in the WSA is obtained by a novel
variable-scale deformation product organization structure. To verify the proposed WAVS-
InSAR strategy, we applied it to the Turpan—Hami basin (about 277,000 km?) in Xinjiang,
China. The Turpan-Hami basin is the driest place in China, and has the least rainfall in
China. Many tectonic faults, as well as agricultural and mining areas, are scattered across
the basin. It is of great significance to obtain the spatio-temporal distribution characteristics
of ground subsidence and to investigate the surface deformation related to the active
agricultural economy and mineral exploitation in the basin.

The remainder of the paper is organized as follows. We introduce the WAVS-InSAR
strategy in Section 2. In Section 3, the general situation of the Turpan—-Hami basin, InNSAR
data, and the data-processing details are briefly described. The variable-scale deformation
product in the Turpan—-Hami basin is shown in Section 4, followed by the discussion in
Section 5. Section 6 presents the conclusions.



Remote Sens. 2022, 14, 3832

30f19

.

Data collection

N

”Frame 1

/SAR dataset

fi

2. Methodology

We first collect all available INSAR datasets covering the WSA, and preprocess all
datasets through registration and DInSAR, to generate the multitemporal DINSAR datasets
with the same spatial reference data. Then, we apply the WAVS-InSAR strategy to process
the multitemporal DINSAR data to obtain variable-scale deformation products in a wide
area. The WAVS-InSAR includes the following four modules (Figure 1).

(1) We obtain the wide-area deformation rate using the stacking method [29]. First, we
calculate the deformation rate of each frame using stacking. Then, we mosaic the
results of all frames to obtain the wide-area deformation rates.

We detect ROI from the deformation rates. Setting the threshold for the deformation
rate, the extension radius, and the minimum clustering area, we calculate the spatial
distribution and area of the ROI in the WSA using an adaptive deformation detection
method [39].

We obtain the high-spatio-temporal-resolution deformation result of ROL The high-
spatio-temporal-resolution time-series and /or multidimensional deformation of the
RO are calculated using advanced TS-InSAR technologies, such as PS, SBAS, IPTA,
and the multidimensional small-baseline subset (MSBAS) [40-42].

We generate the variable-scale deformation product, combining the high-spatio-
temporal-resolution results of ROI and wide-area deformation rate to generate the
variable-scale deformation product, which can describe deformation in stable areas
only with low-spatial-resolution deformation rate, and in the ROI with the high-
spatio-temporal-resolution deformation rate and time series.

@

®)

4)

Advanced TS-InSAR
(PS, SBAS, IPTA, MSBAS)

Time-series deformation trend
»| Multidimensional deformation
Disaster attribution analysis

Time-series (multidimensional) deformation in
the ROI with high spatial resolution

A

All the
InSAR

Dataset
covering
the ROI

/ Frame i
<4 /SAR dataset//

/Frame M
/SAR dataset

r

L

r

Multi-frame
InSAR
dataset

covering

the WS4

-
(ROl

Position of deformation
Area of deformation
Laes Determine the ROI
_cropping Y

Minimum

clustering area

Adaptive detection
deformation

2

Registration

Small Baseline

set generation Def. rate

threshold

Extension
radius

DInSAR

4 (_WsA 4 Variable scale
deformation

product

_| Low spatial resolution deformation
rate and area in the WS4

Stacking method || Wide-area deformation rate

Figure 1. Flowchart of the method for the variable-scale monitoring of deformation in a wide area.

2.1. Wide-Area Deformation Monitoring Using Stacking

The stacking technology can calculate the deformation rate based on weight and
average the unwrapped phases of the multitemporal DInSAR dataset. The stacking tech-
nology assumes linear ground-deformation changes, and temporal randomly distributed
phase noise, such as atmospheric delay phase. Assuming N + 1 SAR images of one frame
covering the WSA constitute M InSAR pairs, the displacement phase can be separated as

M M
¢=Y ¢ Ati/Y AP 1)
i=1 i=1

in which ¢ is the rate of deformation phase change. ¢; and At; are the interference phase
and the time interval of the i-th InNSAR pair, respectively.
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The rate of the deformation phase change would be converted to the deformation rate
(Viey) as, B
Vier = A~ $/4n @)

where A is the wavelength of the SAR sensor. The multitemporal DINSAR data in each frame
is processed using stacking technology to obtain the ground deformation of the WSA.

2.2. ROI Detection Based on Wide-Area Deformation Rate

Luo et al. [39] proposed an improved method to automatically identify and evaluate
geological hazards using TS-InSAR results. By judging and analyzing the deformation
rate and time series in the monitoring area, the method can automatically identify the
deformation region and evaluate its hazard grade. In this study, we improve this method
to accurately delineate the ROL

To improve the accuracy of ROI detection, we first apply spatial domain filtering to the
wide-area monitoring results to obtain deformation results with good spatial consistency.
Then, we set the thresholds for deformation rate, extension radius, and minimum clustering
area. When the absolute value of the deformation rate is greater than the deformation rate
threshold, it is considered to be an active point. Otherwise, it is a stable point. Buffer zones
are established around the active points according to the extension radius. The active points
are clustered following the principle of spatial proximity relationship [43]. The clustering
regions are smoothed to refine the boundary. The robust deformation regions and their
area are obtained by removing regions smaller than the minimum clustering area. The ROI
can be finally located based on spatial clustering and the area of deformation.

A detailed description of the intelligent recognition part of the method can be found
in [39]. It should be noted that INSAR can only obtain one-dimensional (1D) deformation
along the line-of-sight (LOS) direction of the SAR sensor, so the INSAR data of one geometry
is insensitive to the deformation of some regions, especially landslides [44]. To obtain more
reliable deformation detection results, we need to use the above method and InSAR data
from different observational geometry. The detection results of multitrack INSAR data are
taken together as the final deformation regions. Then, we can adaptively determine the
ROI and perform fine monitoring.

2.3. ROI Deformation Refinement Using Advanced TS—InSAR

When calculating the wide-area deformation rate, we select the INSAR data with the
same acquisition time from different frames to facilitate the splicing of the results from
different frames and to maintain the consistency of the wide-area deformation rate. To
accurately monitor the deformation in the ROI, we first crop the registered INSAR datasets.
The cropped datasets are used to obtain the time-series and multidimensional ground
deformation of the ROL Detailed steps are as follows.

(1) Deformation time-series calculation. We process the collected INSAR datasets using TS—
InSAR technology, with a smaller multi-looking number (a higher spatial resolution).
In this study, we use an improved IPTA method to calculate the deformation time
series of the ROI [45,46].

(2) Multidimensional deformation rate/time-series calculation. If the ROI has InNSAR
data with different observation geometry during the same acquisition time, we can
obtain the vertical and horizontal displacements using the MSBAS method.

If multi-sensor and multitemporal INSAR data covering the ROI are available, we
can collect all data to analyze the long-term deformation and understand the deforma-
tion spatio-temporal evolution features based on the data-overlapping and deformation
model [47,48].

2.4. Variable-Scale Deformation Product Generation

The low-spatial-resolution deformation rate can be used to detect a stable surface in
the WSA, which greatly reduces the task and data volume of wide-area INSAR deformation
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monitoring. In addition, we obtain the fine results of the deformation time series with
a high spatial resolution of ROI using advanced TS-InSAR technology. A variable-scale
deformation product organization structure includes low-spatial-resolution deformation
rates in stable areas of the WSA and the high-spatio-temporal-resolution deformation in
the ROL Hence, we superimpose the high-spatio-temporal-resolution deformation at the
corresponding regions of the ROI on the wide-area deformation rate results to improve the
spatial and temporal dimensions of the deformation in the ROL At this stage, we can obtain
variable-scale deformation products in the WSA, which only contain low-spatial-resolution
deformation rates in stable regions, and fine monitoring results in the ROI.

3. Study Area and Data Processing
3.1. The Turpan—Hami Basin

The Turpan-Hami basin, consisting of the Turpan and the Hami depressions, is an
intermountain basin located in northwest China (Figure 2). Since the end of the Early
Permian period, the Turpan-Hami basin has developed following the model of “fault-
depression foreland”. It is a typical faulted basin, with limited sedimentary range, great
lateral variation of sedimentary thickness, and multiple depositions and subsidence centers.
The geological conditions and active tectonic motion contribute to oil and gas accumulation
and make the Turpan—-Hami basin the largest coal-derived petroleum-producing basin
in China [49]. Moreover, there are many mineral resources in this basin, e.g., coal, iron,
and potassium (sodium) saltpeter. It is the world’s largest potassium (sodium) saltpeter
resource. Aydingkol Lake, located in the middle of the Turpan depression, is the lowest
depression in China, 154.31 m below sea level [50]. Centering on Aydingkol Lake, the
Turpan depression presents a roughly three-ring shape. The outermost ring has high
snow-capped mountains. The middle ring is the Gobi gravel belt. The inner ring is an oasis
plain belt, most of which belongs to a piedmont sloping plain, and accumulates a large
area of fine soil alluvium. The water in the basin mainly comes from rainfall and meltwater
from the surrounding mountains. The Tianshan mountains, e.g., Bogurda Mountain and
Harlick Mountain, are in the north of the Turpan depression. The Flaming Mountains fault
zone lies nearly east-west in the Turpan depression, between Turpan city and Shanshan
county (Figure 2). Weathered material is transported from the Tianshan mountains to the
center of the basin by water flow, but is blocked by the Flaming Mountains fault line and
accumulates in the northern part of the mountains. The surface water and groundwater
from the Tianshan mountains are also blocked by the Flaming Mountains fault line. The
head height of the shallow aquifers is raised on both sides of the Flaming Mountains,
creating overflow zones and an oasis in these areas.

The Turpan—Hami basin has a typical continental warm temperate desert climate,
with abundant heat and extremely little precipitation. It has 3200 h of sunshine in a year.
The hydrogeology, climate, and lighting conditions make it an ideal place for growing
cantaloupe, grapes, cotton, and off-season vegetables. Groundwater is the main source of
agricultural water in the arid area. Previously, karezes were the predominant underground
water conservancy project in this region. A karez uses the principle of water potential
artware to divert water from shallow aquifers to the surface for irrigation. There are more
than 2000 karezes in the Turpan-Hami basin, accounting for more than 70% of the total
number of karezes in Xinjiang [51,52]. However, many electromechanical wells have been
built in the Turpan—-Hami basin since the 1960s. Groundwater exploitation has increased
yearly, with the annual overexploitation reaching 2.48 x 10! m3, leading to the continuous
decline of groundwater level. Advanced water conservancy facilities have reduced people’s
dependence on karezes. Meanwhile, the water supply source of karezes is shallow aquifers.
The continuous reduction of groundwater level directly leads to the decrease or even
drying-up of karezes [53]. The number of water-filled karezes in the Turpan depression
decreased from 1237 in 1957 to 214 in 2014 [51]. In addition, the increased demand and
excess consumption of water resources in upstream areas have seriously threatened the
water supply of Aydingkol Lake, resulting in water area shrinkage. The exploitation
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of groundwater and mineral resources will make the surface of the Turpan-Hami basin
unstable and threatened by potential geohazards.
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Figure 2. The Turpan-Hami basin and SAR data coverage.
3.2. InSAR Datasets
To monitor wide-area deformation in the Turpan-Hami basin, we collected eight
frames of InNSAR data covering the whole Turpan-Hami basin from the Sentinel-1 satellite.
The Sentinel-1 satellite began operation in April 2014, and has different observation periods
in different regions, resulting in inconsistent periods of SAR data in different regions. To
ensure the consistency of deformation rates from multiple frames, we selected the images
(628 images in total) from the eight frames acquired from October 2017 to May 2020 (Table 1).
The spatial coverage of each dataset is shown in Figure 2.
Table 1. Acquisition periods of the datasets.
Sensor Frame Time Number Frame Time Number
AT172F1317 77 AT143F131 81
o AT172F1322 13/10/2017-30/05/2020 77 AT143F136 11/10/2007-28/05/2020 81
(]
& AT70F1316 78 AT41F130 78
g AT70F1321 18/10/2017-30/05/2020 78 AT41F135 16/10/2017-21/05/2020 78
n
DT121F449 19/03/2015-27/04/2020 107 AT41F135 25/03/2015-21/05/2020 123
AT496F840 11 AT497F840 11
ALOS-1 AT496F850 22/01/2007-14/09/2009 1 AT497F850 08/02/2007-04/10/2010 1

Wide-area INSAR deformation shows that many subsidence funnels are concentrated
in the south part of the Flaming Mountains fault zone in the Turpan depression (hereafter
referred to as the SEM-def region). The SFM—def region (the yellow box in Figure 2) was
selected as an application demonstration area of ROI to carry out the fine monitoring of
the deformation time series. Four frames from the ALOS-1/PALSAR dataset spanning
from 2007 to 2010 (green rectangles in Figure 2) and a descending track from the Sentinel-1
dataset (red rectangle in Figure 2) covering the SFM-def region were collected. The common
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monitoring time of the Sentinel-1 ascending (AT41F135) and descending (DT121F449) tracks
data is from 2015 to 2020 (Table 1). These data were used to precisely monitor the long-term
and fine deformation in the SFM-def region.

3.3. Data Processing

We preprocessed all INSAR datasets covering the WSA. In each frame, one image
was selected as the master image to register and resample the rest images. Multitemporal
INSAR pairs were generated from SAR data in the same frame, based on the appropriate
spatio-temporal baseline thresholds. All multitemporal DInSAR pairs were processed using
GAMMA software [54] and two-pass DINSAR technology [55] to obtain multitemporal
deformation signals. The shuttle radar topography mission (SRTM) digital elevation model
(DEM) with a resolution of 30 m [56] was employed to remove the topographic phases. The
point targets with a coherence lower than 0.3 were eliminated [57]. Least-squares-based
filtering and the minimum cost flow method [58] were then applied to further suppress
phase noise [59] and unwrap the differential interferogram, respectively.

The eight frames of the Sentinel-1 data were preprocessed with a spatial baseline (per-
pendicular) and temporal baseline of 100 m and 48 days, respectively, and a multi-looking
operation of 20:4. Then, stacking was used to process all the multitemporal deformation
signals in each frame, to obtain a wide-area deformation rate of the Turpan-Hami basin.
The adaptive deformation detection method proposed in Section 2.2 was used to delineate
the deformation regions. The thresholds of the deformation rate, extension radius, and
minimum clustering area were set as +2 cm/year, 250 m, and 1 km?, respectively.

For the SFM-def region, we set the multi-looking parameters of ALOS-1/PALSAR and
Sentinel-1 data as 3:8 and 8:2, respectively. The improved IPTA method was used to com-
pute the four frames of the ALOS-1/PALSAR data and the ascending/descending tracks
from the Sentinel-1 datasets to obtain long-term and high-resolution displacements. More-
over, MSBAS technology was used to obtain multidimensional deformation from the as-
cending/descending tracks of the Sentinel-1 datasets. Then, we obtained the variable-scale
deformation product of the Turpan-Hami basin, which consists of low-spatial-resolution
deformation rates in the stable areas and high-spatio-temporal-resolution deformation in
the SFM—def region.

4. Results
4.1. Monitoring and Detecting the Wide-Area Deformation in the Turpan—Hami Basin

The wide-area ground subsidence in the Turpan-Hami basin (Figure 3) shows that the
surface of the Turpan—-Hami basin is generally stable. The regions with deformation account
for a small proportion of the whole. The main deformation type is subsidence. Based on
the deformation detection threshold set in Section 3.3, we identified 32 deformation areas
(the funnel) in the Turpan—-Hami basin (the blue lines in Figure 3). The area of each funnel
is shown in Table 2. The detected deformation area accounts for about 2.4%. of the total
monitoring area.

Analyzing the hydrogeology and land cover of the deformation areas, we divided the
ground deformation in the Turpan-Hami basin into three types:

(1) Ground subsidence in agricultural areas caused by groundwater overexploitation.
This kind of subsidence has the largest area and is concentrated in the oasis plain
south of the Flaming Mountains fault zone (Figure 3a).

(2) Ground subsidence associated with mineral mining. This kind of deformation is
sporadically distributed over the Turpan-Hami basin. Such deformation regions have
a small area but large deformation magnitude, e.g., Figure 3b.

(3) Ground uplift associated with the lake water withdrawal, resulting in saline-alkali
lands. This kind of deformation is mainly distributed around Aydingkol Lake, charac-
terized by small magnitude and mainly horizontal movement (Figure 4e,f).
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Figure 3. Wide-area subsidence rate map and the detected deformation regions. The numbers identify
the location of the top 10 deformation regions. (a) The SEFM-def region in Figure 4. (b) One of the
major mining areas. Background image: Google Maps satellite image.
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Figure 4. Deformation rate along LOS directions from (a) ALOS-1/PALSAR, (b) ascending track
Sentinel-1, and (c) descending track Sentinel-1 data. Negative values indicate the direction away
from the SAR satellite, while positive values indicate the opposite. (d) The hydrogeology of this
area. (e,f) The deformation rate along the up—-down and east-west directions calculated from as-
cending/descending tracks Sentinel-1 data. The red dotted line delineates the central area of the
subsidence funnels from 2007 to 2010. The magenta dotted line delineates the central area of the
subsidence funnels from 2015 to 2020.
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Table 2. The area of the deformation funnels.

Num. Area (km?) Num. Area (km?) Num. Area (km?) Num. Area (km?)
1 437.6 9 5.5 17 2.3 25 1.6
2 61.2 10 5.1 18 2.3 26 1.5
3 42.6 11 4.8 19 2.2 27 15
4 26.1 12 4.1 20 2.2 28 1.5
5 16.1 13 3.4 21 2.1 29 14
6 11.1 14 3.1 22 2.1 30 1.2
7 9.1 15 2.6 23 2.0 31 1.1
8 6.8 16 25 24 19 32 1.0
Total area (km?) 669.6

The largest deformation funnel is distributed in the SFM—def region, with an area
of 437.6 km?, surrounded by small funnels (Figure 3a). The optical images show that
the subsidence funnels in the SFM—def region are highly correlated with the location of
agricultural areas. Aydingkol Lake is in the south of the SEM—def region (Figure 3a). In
recent years, the area of the lake has continuously shrunk, and a large area of saline-alkali
land has appeared. There is obvious ground uplift in these saline-alkali regions. In addition,
multiple subsidence funnels are observed close to some mines, e.g., the funnel cluster in
Figure 3b. The wide-area deformation results are discussed in detail in Section 5.

4.2. Deformation Time Series of the SEFM—Def Region from 2007 to 2020
4.2.1. Long-Term Deformation in the Spatial Dimension

The long-term (2007-2010 and 2015-2020), multidimensional (along with up—down
and east—west directions), and high-spatial-resolution displacements are obtained from the
four frames of the ALOS-1/PALSAR data and the ascending/descending tracks from the
Sentinel-1 data, using advanced IPTA and MSBAS technologies (Figure 4). The ground
deformation is mainly distributed in a plain area south of the Flaming Mountains fault
line (Figure 4d). There are large areas of farmland in this region (Figure 3a), and the
irrigation relies heavily on groundwater. The ground deformation is mainly vertical, with
small horizontal movement (Figure 4e,f), which is typical for displacements caused by
groundwater extraction [60-62]. The red and magenta dotted lines in Figure 4 delineate
the settlement funnel centers in 2007-2010 and 2015-2020, respectively. The area and
magnitude of the subsidence in the northwest of the SFM—def region gradually decrease,
but the subsidence area in the southeast gradually expands and becomes connected. The
center of the funnel shifts from the northwest to the southeast, and form a giant funnel
with a larger subsidence rate and area in the southeast region. See Section 5 for detailed
analysis and discussion.

4.2.2. Long-Term Deformation in the Time Dimension

The long-term deformation rate can reflect the spatial distribution and evolution char-
acteristics of ground deformation. We select two profiles (AA’ and BB') and two points
(P1 and P2) in the SFM-def region (Figure 4) to investigate the variation characteristics
of deformation in the time domain. The long-term time-series displacements at the corre-
sponding position in the two monitoring periods, i.e., 2007-2010 and 2015-2020, are shown
in Figures 5 and 6. The time-series cumulative deformation at AA’ and P1, BB’ and P2 can
represent the deformation characteristics of the central region of the subsidence funnels
during the two monitoring periods.
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Figure 6. The time-series cumulative deformation at P1 and P2 in Figure 4. The blue dots represent
the InSAR observations. The magenta lines are the linear fitting results of the corresponding InNSAR
observations.

The long-term deformation at AA’ and P1 shows that the subsidence of the area
with the most significant subsidence in the first monitoring period tends to be stable, and
slows down in the second period. In the first period, the subsidence rate of the section
northwest of AA’ is higher than that of the southeast section. However, in the second
period, this phenomenon is reversed. The subsidence center moves from northwest to
southeast, which is consistent with the spatial evolution of the global subsidence funnel. In
the first period, the subsidence rate of BB’ is small, and presents two separate funnels. In
the latter period, the two funnels merge into a giant funnel. The subsidence area and rate
increases significantly.

Both ALOS-1/PALSAR and Sentinel-1 data can reflect the overall change characteris-
tics of the subsidence in time and space well (Figures 4 and 5). However, compared with



Remote Sens. 2022, 14, 3832

11 0f 19

the ALOS-1/PALSAR data, which have a revisit period of >46 days, the Sentinel-1 data
can capture more detailed changes to the deformation signals with obvious periodicities
in the time dimension due to its higher temporal resolution (>12 days) (Figure 6). The
subsidence mainly occurs in summer. The ground tends to be stable or slightly uplifted in
winter. See Section 5 for detailed analysis and discussion.

4.2.3. Reliability Assessment

As can be seen from Figure 4, the deformation results of the SFM—def region from
the ALOS-1 data of different frames have good consistency. The deformation obtained
by the Sentinel-1 data of ascending and descending tracks also has good consistency in
spatial distribution and magnitude. This indicates that the TS-InSAR results have a good
consistency. To quantitatively assess the reliability of the TS-InSAR results, we compare
the average subsidence rates extracted from the overlapped areas of two adjacent InNSAR
frames acquired at the same period, e.g., ALOS-1/PALSAR datasets from AT496F840 and
AT496F850, and Sentinel-1 datasets from AT143F136 and DT121F449 (Figure 2). Due to the
different observation geometry of each monitoring point in different frames, we convert
the LOS deformation to the vertical direction for comparison. The correlation between the
results at AT496F840 and AT496F850, and Sentinel-1 results at AT143F136 and DT121F449,
are 0.98 and 0.99, respectively. The root-mean-square errors (RMSEs) between them are 0.02
and 0.01 mm/year, respectively. These results show good consistency, and the differences
at most points are smaller than three times the RMSE (between the red dotted lines in
Figure 7).
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Figure 7. Comparison between the results obtained by (a) ALOS-1/PALSAR AT496F840 and
AT496F850 data, and (b) the Sentinel-1 AT143F136 and DT121F449 data. The red dotted lines
denote the value three times the root-mean-square error.

5. Discussion
5.1. Anthropogenic Factors of Ground Deformation in the Turpan—Hami Basin

We obtained variable-scale deformation products in the Turpan-Hami basin using the
proposed WAVS-InSAR method. The distribution of most detected deformation funnels
(Section 4.1) is highly consistent with human activity, such as agriculture cultivation and
mineral mining. The agricultural area in the SFM—-def region has a funnel cluster with
the largest deformation area and magnitude in the Turpan—-Hami basin. We obtained the
long-term and multidimensional ground deformation in the SEM—def region in Section 4.2.
The subsidence center of the first period (2007-2010) shifted from the northwest to the
southeast in the second period (2015-2020).

We collect optical images of the SFM—-def region in 2007 and 2018 (Figure 8a,b), cor-
responding to the two monitoring periods. The green lines mark the locations of the
greenhouses that appeared in the latter period. As the optical images show, the majority of
farmland in the SFM—def region in 2007 was open-air farmland. However, in 2018, there
was a large area of greenhouses, especially in the farmland far from the Flaming Mountains
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fault line. Many open-air farmlands in 2007 had been changed to greenhouses (Figure 8). In
traditional open-air farmland, the crops are mainly grain and cotton, which are planted in
spring, managed in summer, and harvested in autumn. However, in greenhouse farmland,
the expected proportion of fruit and vegetable cultivation is more than 70% [63]. After 2009,
many greenhouses were built in Turpan, especially in the agricultural areas far from the
southern margin of the Flaming Mountains fault line (Figure 8b). Advanced agricultural
planting technologies have brought huge economic benefits to Turpan, but also increased
the environmental burden, especially the demand for water [53]. Irrigation water in the
SFM-def region is mainly groundwater. Hence, ground subsidence caused by ground-
water overexploitation is more significant in the greenhouse areas of the SFM-def region,
resulting in aquifers carrying net deficit and the subsidence center shifting to the southeast
(Figure 8a,b).
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42°50'N
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Figure 8. (a,b) Optical images of the SFM-def region in 2007 and 2018. Green lines delineate
greenhouse planting areas. (c,d) Zoom-ins of the blue rectangular area in (a,b) in 2007 and 2018.
Background image: Google Maps satellite image.

Karezes are an important water supply in arid agricultural areas, known as “the
fountains of life”. In China, karezes are mainly distributed in the Turpan—-Hami basin
(Section 3.1). A karez is composed of vertical shafts, culverts, water outlets, open channels,
and waterlogging dams, with length ranging from several to dozens of kilometers [51]. The
number and distribution of karezes can reflect the changes to the ecological environment
in the Turpan—-Hami basin. It is important to evaluate the health of the aquifer. We
compared two high-resolution (0.44 m) optical images covering the blue rectangular region
of Figure 8a,b in July 2003 and May 2013 (Figure 9), where ground subsidence funnels in the
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second period (Figure 9a,b) were developed. In July 2003, lots of small mounds—the shaft
part of a karez—are linearly distributed in this area (Figure 9c). However, a lot of small
mounds have disappeared in the optical image taken in May 2013, indicating the karezes
in the area were severely damaged (Figure 9d). Some areas that karezes passed through
were turned into farmland (Figure 9e,f). The water supply of karezes was destroyed. The
water supply in this area will depend mainly on the extraction of groundwater using
electromechanical wells. The karezes may have ceased to function, and dried up.

89°38'E 89°36'E 89°37E 89°38'E

Figure 9. Deformation rate in the blue rectangular area of Figure 8 from (a) ALOS-1/PALSAR,
(b) ascending track Sentinel-1 data. (c,d) Optical images of this area in July 2003 and May 2013,
respectively. (e,f) Zoom-ins of the yellow rectangular area in (c,d). Background image: Google Maps
satellite image.

In addition, we collected land cover data of the SEFM—def region in 2000, 2010, and 2020
(Figure 10) (data from global Land Cover Data Product and Service website of National Basic
Geographic Information Center of China (http://www.globallandcover.com/, accessed on
10 July 2022)), and the corresponding area of land cover type in each period (Table 3). The
agricultural area has continuously expanded in the past two decades. Artificial areas have
expanded rapidly in the past decade, more than 10 times the rate of the previous decade.
Water and wetland areas have decreased in the last decade. In 2000 and 2010, the lake area
and the surrounding wetland area of Aydingkol Lake was stable, indicating that surface
runoff and groundwater are still effective for supply of the lake. These water sources can
also partially alleviate the overexploitation of groundwater for agricultural use. However,
in 2020, land cover data showed that the waters and wetland of Aydingkol Lake had almost
disappeared. Farmland area is in the inner ring of Aydingkol Lake (Section 3.1). The
excessive use of surface and underground water in farmland areas has seriously reduced
the water supply of the lake, resulting in the shrinkage of water and wetland, which will
seriously endanger the ecological environment. The transformation of local agriculture
and the economy has upset the ecological balance in the SEFM-def region and the balance
of aquifers. Conflicts between the development of the local agricultural economy and
ecological environment should arouse the attention of local governments.
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Figure 10. Spatio-temporal evolution of the land covers in the SFM—def region in 2000, 2010, and
2020. The red and magenta dotted lines delineate the central area of the subsidence funnels during
the periods 2007-2010 and 2015-2020, respectively.

Table 3. The area of different land covers in the SEM—def region in 2000, 2010, and 2020, obtained
from Globeland 30.

Sort

Time Farmland Grassland Wetland Waters Artificial Nudation
2000 574.33 652.74 99.90 13.68 43.81 2288.24
2010 657.46 669.62 99.90 14.09 48.50 2181.47
2020 705.65 658.64 0.16 1.53 110.14 2194.59
Percentage 12 14.5% 2.6% 0 3.0% 10.7% —4.7%
Percentage 2 b 7.3% —1.6% —99.8% —89.1% 127.1% 0.6%
Percentage 3 © 22.9% 0.9% —99.8% —88.8% 151.4% —4.1%

Unit: km?. 2: Percentage of numerical growth in 2010 compared with 2000. b. Percentage of numerical growth in
2020 over 2010. ©: Percentage of numerical growth in 2020 compared with 2000.

5.2. Geological Explanation of Ground Deformation in the Turpan—Hami Basin

There are many farmlands in both the Turpan and Hami depressions. Facility agri-
culture planting areas are also developed in other agricultural areas, e.g., the oasis areas
in Hami and the western part of Turpan. However, why is there a large area of ground
subsidence funnels in only the agricultural areas of the SFM—def region?

We plotted the deformation results and the corresponding optical images and faults of
the oasis areas in the Turpan depression and the Hami depression (Figure 11). Rainfall is
scarce in the Turpan—-Hami basin. Irrigation water in the oasis agricultural areas depends
on rainfall and meltwater from the surrounding mountains (Section 3.1). The Flaming
Mountains fault line lies east-west in the Turpan depression, blocking water flowing
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from the Tianshan mountain to the south. The other areas, e.g., the northern part of the
Flaming Mountains fault line and Hami, can directly obtain abundant mountain water.
The surplus water in the Hami oasis can even form a river to supply the downstream area
in the southwest (Figure 11d). However, the SFM—def region is short of surface water
and groundwater, and the only river channel has almost dried up. As the distance from
the southern margin of the fault increases, the water supply gradually decreases. The
limited surface water cannot meet the continuously increasing demand for irrigation water,
resulting in the continuous overexploitation of aquifers, causing the development of many
subsidence funnels in this area.
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Figure 11. Comparison of ground deformation and optical images in (a,b) Turpan and (c,d) Hami
oases. Background image: Google Maps satellite image.

The climate in the Turpan-Hami basin is dry and sunny, so evaporation is serious,
especially in late spring and summer, when 75% of the year’s evaporation occurs. Summer
is also the main period of crop growth, which demands more water for irrigation. The
agriculture in the SFM—def region relies heavily on groundwater exploitation, which directly
leads to the short-term sharp loss of aquifers, and accelerates surface subsidence. From late
autumn to early spring, groundwater exploitation intensity in farmland decreases. The
aquifers are replenished by surface runoff and groundwater reflux. This explains why the
subsidence of the funnels in farmland accelerates in summer and autumn, and slows down
or turns to slight uplift in winter and spring (Figure 6).

5.3. Development of InSAR Deformation Monitoring in a Wide Area

At present, most wide-area INSAR deformation monitoring projects use the TS-InSAR
algorithm to resolve the deformation time series of all highly coherent monitoring points
in each frame [10,11,13,17]. Even though different multi-looking ratios for the WSA and
the ROI were used to improve the efficiency of data processing by controlling the spatial
resolution of the results [14], these methods are still not out of the scope of time-series defor-
mation calculation. Moreover, if the strategy of reducing spatial resolution is not optimized,
it will cause repeated calculations and reduce monitoring efficiency. The deformation rate is
usually used to detect potential geohazards in a wide area [38]. Therefore, the deformation
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time series of some points is unnecessary, especially for stable areas. Hence, calculating
the deformation time series at all monitoring points wastes computing resources and labor
costs, and produces lots of redundant results. For example, deformation areas account for
about 2.4%o of the total monitoring area in the Turpan-Hami basin. WAVS-InSAR only
calculates the deformation rate at each monitoring point in the WSA. Reducing the time
dimension of the wide-area deformation results can greatly improve the efficiency of the
multitemporal INSAR solution, especially for a lot of INSAR frames in the WSA. Spatial
distribution and area of deformation are detected by an adaptive deformation detection
method combined with the obtained wide-area deformation rate. After that, high-precision
time-series monitoring is only done in the ROI to obtain effective fine deformation results.

For variable-scale deformation results, the WAVS-InSAR strategy proposes a novel
variable-scale deformation product organization structure, i.e., it shows the deformation
information at the stable surface with low-spatial-resolution deformation rate, while the
ROI has a high-spatio-temporal-resolution deformation time series. This structure reduces
the amount of deformation results in the stable regions of the WSA, locates the ROI
efficiently, and improves the spatial and temporal dimensions of the deformation in the
ROI, which is convenient for the calculation, storage, display, and interpretation of the
deformation results.

As the SAR satellites and InNSAR data increase, INSAR deformation monitoring projects
will produce many monitoring results. In the future, wide-area INSAR deformation mon-
itoring projects should be object-oriented, integrating different deformation monitoring
to obtain deformation results of multidimensional and high spatio-temporal resolution,
and ultimately form a set of universal deformation products. The data-processing strategy
and deformation product organization structure proposed in WAVS-InSAR will greatly
improve deformation monitoring efficiency and reduce the storage space of massive In-
SAR monitoring data, which may become a standardized data-processing procedure and
data-storage format for future wide-area INSAR deformation products.

6. Conclusions

In this study, we proposed a variable-scale INSAR ground-deformation detection strat-
egy and a deformation product organization structure for wide-area monitoring, namely
WAVS-InSAR. This strategy efficiently obtains the deformation rate in the WSA, and uses
an adaptive deformation detection method to process the wide-area deformation rate and
obtain the spatial distribution and area of the deformation areas (ROI). High-precision
time-series monitoring is then only done in the RO, to obtain effective fine deformation
results. Therefore, we can produce variable-scale deformation products in the WSA that
consist of low-spatial-resolution deformation rates in stable regions, and fine monitoring
results in the ROL

The proposed WAVS-InSAR was used to monitor wide-area deformation in the
Turpan-Hami basin, which has an area of 277,000 km2. The results show that there are
32 deformation regions with an area of more than 1 km? and a deformation magnitude
of more than 2 cm/year. The detected deformation areas account for about 2.4%. of the
total monitoring area. The SEM—def region is selected as an application demonstration
area of the ROI to carry out fine monitoring of the deformation time series. We obtain the
long-term and multidimensional deformation of this area from 2007 to 2010 and from 2015
to 2020 using improved IPTA and MSBAS technologies.

The subsidence funnel center in the SFM—-def region moved from northwest to south-
east during 2007 to 2020. Based on the variable-scale deformation products and the infor-
mation regarding hydrogeology, land cover and human activities, we analyze the causes of
ground subsidence. Tectonic faults have blocked the water supply in the SEM—def region.
The rapid development of facility agriculture has increased the water demand for irrigation.
To solve this problem, groundwater has been overexploited. The aquifers in the oasis
plain in the SFM—def region are in a state of net deficit. Increased demand for water in the
upper reaches of Aydingkol Lake has reduced the lake’s water supply. Aydingkol Lake has
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shrunk dramatically. In addition, there are several deformation areas related to mining in
the Turpan-Hami basin.

Author Contributions: Conceptualization, YW., G.F. and Z.L.; Formal analysis, HW. and Z.X,;
Funding acquisition, Y.W., G.E. and Z.L.; Investigation, ]J.Z. and J.H.; Methodology, Y.W. and G.E;
Resources, G.F. and Z.L.; Software, Y.W.; Supervision, Z.L., ].Z. and J.H.; Validation, YYW., S.L. and
H.W.; Writing—original draft, Y.W. and G.E; Writing—review and editing, all authors. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of Hunan Province (2021JJ30807),
the National Natural Science Foundation of China (Nos. 42174039), the National Science Fund for
Distinguished Young Scholars (41925016), the Scientific Research Innovation Project for Graduate
Students in Hunan Province (CX20200111), and the Fundamental Research Funds for the Central
Universities of Central South University (2020zzts168).

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: The authors would like to thank the European Space Agency (ESA) for providing
free and open Sentinel-1 data, the Japan Aerospace Exploration Agency (JAXA) for providing the
ALOS-1/PALSAR images (No: PER2A2N038), and the National Basic Geographic Information
Center of China for providing the free and open global Land Cover Data Product (http://www.
globallandcover.com/, accessed on 10 July 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xue, F; Ly, X;; Dou, F; Yun, Y. A Review of Time-Series Interferometric SAR Techniques: A Tutorial for Surface Deformation
Analysis. IEEE Geosci. Remote Sens. Mag. 2020, 8, 22—42. [CrossRef]

2. Even, M,; Schulz, K. InSAR Deformation Analysis with Distributed Scatterers: A Review Complemented by New Advances.
Remote Sens. 2018, 10, 744. [CrossRef]

3. Hu, J.; Li, ZW,; Ding, X.L.; Zhu, ]J.J.; Zhang, L.; Sun, Q. Resolving three-dimensional surface displacements from InSAR
measurements: A review. Earth-Sci. Rev. 2014, 133, 1-17. [CrossRef]

4. Liao, M.; Balz, T.; Rocca, F; Li, D. Paradigm Changes in Surface-Motion Estimation From SAR: Lessons From 16 Years of
Sino-European Cooperation in the Dragon Program. IEEE Geosci. Remote Sens. Mag. 2020, 8, 8-21. [CrossRef]

5. Chang, L.; Dollevoet, R.P.B.J.; Hanssen, R.F. Nationwide Railway Monitoring Using Satellite SAR Interferometry. IEEE ]. Sel. Top.
Appl. Earth Obs. Remote Sens. 2017, 10, 596-604. [CrossRef]

6. Ge, D, Ling, Z.; Yan, W,; Guo, X.; Ye, X. Merging multi-track PSI result for land subsidence mapping over very extended area. In
Proceedings of the 2010 IEEE International Geoscience and Remote Sensing Symposium, Honolulu, HI, USA, 25-30 July 2010.

7. Ketelaar, G.; van Leijen, F.; Marinkovic, P.; Hanssen, R. Multi-track PS-InNSAR datum connection. In Proceedings of the 2007 IEEE
International Geoscience and Remote Sensing Symposium, Barcelona, Spain, 23-28 July 2007; pp. 2481-2484. [CrossRef]

8.  Raspini, F; Bianchini, S.; Ciampalini, A.; Del Soldato, M.; Solari, L.; Novali, F; Del Conte, S.; Rucci, A.; Ferretti, A.; Casagli, N.
Continuous, semi-automatic monitoring of ground deformation using Sentinel-1 satellites. Sci. Rep. 2018, 8, 7253. [CrossRef]

9. Wang, H.; Wright, T.].; Yu, Y; Lin, H,; Jiang, L.; Li, C.; Qiu, G. InSAR reveals coastal subsidence in the Pearl River Delta, China.
Geophys. J. Int. 2012, 191, 1119-1128. [CrossRef]

10. Kalia, A.C.; Frei, M.; Lege, T. A Copernicus downstream-service for the nationwide monitoring of surface displacements in
Germany. Remote Sens. Environ. 2017, 202, 234-249. [CrossRef]

11. Costantini, M.; Ferretti, A.; Minati, F.; Falco, S.; Trillo, E; Colombo, D.; Novali, F.; Malvarosa, F.; Mammone, C.; Vecchioli,
F; et al. Analysis of surface deformations over the whole Italian territory by interferometric processing of ERS, Envisat and
COSMO-SkyMed radar data. Remote Sens. Environ. 2017, 202, 250-275. [CrossRef]

12. Luca, C.D.; Bonano, M.; Casu, F; Manunta, M.; Manzo, M.; Onorato, G.; Zinno, I.; Lanari, R. The Parallel SBAS-DInSAR
Processing Chain for the Generation of National Scale Sentinel-1 Deformation Time-Series. Procedia Comput. Sci. 2018, 138,
326-331. [CrossRef]

13.  Ferretti, A.; Novali, F,; Giannico, C.; Uttini, A.; Iannicella, I.; Mizuno, T. A Squeesar Database Over the Entire Japanese Territory.
In Proceedings of the IGARSS 2019-2019 IEEE International Geoscience and Remote Sensing Symposium, Yokohama, Japan, 28
July-2 August 2019.

14. Dong,].; Lai, S.; Wang, N.; Wang, Y.; Zhang, L.; Liao, M. Multi-scale deformation monitoring with Sentinel-1 InSAR analyses
along the Middle Route of the South-North Water Diversion Project in China. Int. J. Appl. Earth Obs. Geoinf. 2021, 100, 102324.
[CrossRef]

15. Casu, F; Elefante, S.; Imperatore, P.; Zinno, I.; Manunta, M.; De Luca, C.; Lanari, R. SBAS-DInSAR Parallel Processing for

Deformation Time-Series Computation. IEEE |. Sel. Top. Appl. Earth Obs. Remote Sens. 2014, 7, 3285-3296. [CrossRef]


http://www.globallandcover.com/
http://www.globallandcover.com/
http://doi.org/10.1109/MGRS.2019.2956165
http://doi.org/10.3390/rs10050744
http://doi.org/10.1016/j.earscirev.2014.02.005
http://doi.org/10.1109/MGRS.2019.2956176
http://doi.org/10.1109/JSTARS.2016.2584783
http://doi.org/10.1109/igarss.2007.4423346
http://doi.org/10.1038/s41598-018-25369-w
http://doi.org/10.1111/j.1365-246X.2012.05687.x
http://doi.org/10.1016/j.rse.2017.05.015
http://doi.org/10.1016/j.rse.2017.07.017
http://doi.org/10.1016/j.procs.2018.10.046
http://doi.org/10.1016/j.jag.2021.102324
http://doi.org/10.1109/JSTARS.2014.2322671

Remote Sens. 2022, 14, 3832 18 of 19

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Casu, F; Manunta, M.; Agram, P.S.; Crippen, R.E. Big Remotely Sensed Data: Tools, applications and experiences. Remote Sens.
Environ. 2017, 202, 1-2. [CrossRef]

Lanari, R.; Bonano, M.; Casu, F,; Luca, C.D.; Manunta, M.; Manzo, M.; Onorato, G.; Zinno, I. Automatic Generation of Sentinel-1
Continental Scale DINSAR Deformation Time Series through an Extended P-SBAS Processing Pipeline in a Cloud Computing
Environment. Remote Sens. 2020, 12, 2961. [CrossRef]

Wang, C.; Tang, Y.; Zhang, H.; You, H.; Zhang, W.; Duan, W.; Wang, J.; Dong, L.; Zhang, B. First mapping of China surface
movement using supercomputing interferometric SAR technique. Sci. Bull. 2021, 66, 1608-1610. [CrossRef]

Duan, W.; Zhang, H.; Wang, C.; Tang, Y. Multi-Temporal InNSAR Parallel Processing for Sentinel-1 Large-Scale Surface Deformation
Mapping. Remote Sens. 2020, 12, 3749. [CrossRef]

Ansari, H.; De Zan, F,; Bamler, R. Sequential Estimator: Toward Efficient INSAR Time Series Analysis. IEEE Trans. Geosci. Remote
Sens. 2017, 55, 5637-5652. [CrossRef]

Wang, B.; Zhao, C.; Zhang, Q.; Peng, M. Sequential InNSAR Time Series Deformation Monitoring of Land Subsidence and Rebound
in Xi’an, China. Remote Sens. 2019, 11, 2854. [CrossRef]

Palanisamy Vadivel, S.K.; Kim, D.5.; Jung, J.; Cho, Y.-K.; Han, K.-J. Monitoring the Vertical Land Motion of Tide Gauges and Its
Impact on Relative Sea Level Changes in Korean Peninsula Using Sequential SBAS-INSAR Time-Series Analysis. Remote Sens.
2020, 13, 18. [CrossRef]

Wang, Y.; Yang, Z.; Li, Z.; Zhu, ].; Wu, L. Fusing adjacent-track InSAR datasets to densify the temporal resolution of time-series
3-D displacement estimation over mining areas with a prior deformation model and a generalized weighting least-squares
method. |. Geod. 2020, 94, 5. [CrossRef]

Liu, J.; Hu, J; Li, Z.; Sun, Q.; Ma, Z.; Zhu, J.; Wen, Y. Dynamic Estimation of Multi-Dimensional Deformation Time Series from
InSAR Based on Kalman Filter and Strain Model. IEEE Trans. Geosci. Remote Sens. 2021, 60, 1-16. [CrossRef]

Liu, J.; Hu, J.; Biirgmann, R.; Li, Z.; Sun, Q.; Ma, Z. A Strain-Model Based INSAR Time Series Method and Its Application to The
Geysers Geothermal Field, California. J. Geophys. Res. Solid Earth 2021, 126, 8. [CrossRef]

Samsonov, S.; Dille, A.; Dewitte, O.; Kervyn, E; d’Oreye, N. Satellite interferometry for mapping surface deformation time series
in one, two and three dimensions: A new method illustrated on a slow-moving landslide. Eng. Geol. 2020, 266, 105471. [CrossRef]
Zhang, R.; Liu, G.; Li, Z,; Zhang, G.; Lin, H.; Yu, B.; Wang, X. A Hierarchical Approach to Persistent Scatterer Network
Construction and Deformation Time Series Estimation. Remote Sens. 2014, 7, 211-228. [CrossRef]

Hou, J.; Xu, B.; Li, Z,; Zhu, Y.; Feng, G. Block PS-InSAR ground deformation estimation for large-scale areas based on network
adjustment. J. Geod. 2021, 95, 10. [CrossRef]

Sandwell, D.T; Price, E.]. Phase gradient approach to stacking interferograms. . Geophys. Res. Solid Earth 1998, 103, 30183-30204.
[CrossRef]

Ferretti, A.; Prati, C.; Rocca, F. Permanent Scatterers in SAR Interferometry. IEEE Trans. Geosci. Remote Sens. 2001, 39, 8-20.
[CrossRef]

Berardino, P.; Fornaro, G.; Lanari, R.; Sansosti, E. A New Algorithm for Surface Deformation Monitoring Based on Small Baseline
Differential SAR Interferograms. IEEE Trans. Geosci. Remote Sens. 2003, 40, 2375-2383. [CrossRef]

Werner, C.; Wegmuller, U.; Strozzi, T.; Wiesmann, A. Interferometric point target analysis for deformation mapping. In Proceedings
of the IGARSS 2003.,2003 IEEE International Geoscience and Remote Sensing Symposium, (IEEE Cat. No.03CH37477), Toulouse,
France, 21-25 July 2003. [CrossRef]

Dai, K,; Liu, G,; Li, Z.; Ma, D.; Wang, X.; Zhang, B.; Tang, J.; Li, G. Monitoring Highway Stability in Permafrost Regions with
X-band Temporary Scatterers Stacking INSAR. Sensors 2018, 18, 1876. [CrossRef]

Kotsis, I.; Kontoes, C.; Paradissis, D.; Karamitsos, S.; Elias, P.; Papoutsis, I. A Methodology to Validate the INSAR Derived
Displacement Field of the September 7(th), 1999 Athens Earthquake Using Terrestrial Surveying. Improvement of the Assessed
Deformation Field by Interferometric Stacking. Sensors 2008, 8, 4119-4134. [CrossRef]

McMillan, M.; Shepherd, A.; Gourmelen, N.; Park, J.-W.; Nienow, P,; Rinne, E.; Leeson, A. Mapping ice-shelf flow with
interferometric synthetic aperture radar stacking. J. Glaciol. 2017, 58, 265-277. [CrossRef]

Qin, Z.; Agarwal, V.; Gee, D.; Marsh, S.; Grebby, S.; Chen, Y.; Meng, N. Study of Ground Movement in a Mining Area with
Geological Faults Using FDM Analysis and a Stacking INSAR Method. Front. Environ. Sci. 2021, 9, 787053. [CrossRef]

Zhang, L.; Dai, K; Deng, J.; Ge, D.; Liang, R.; Li, W.; Xu, Q. Identifying Potential Landslides by Stacking-InSAR in Southwestern
China and Its Performance Comparison with SBAS-INSAR. Remote Sens. 2021, 13, 3662. [CrossRef]

Festa, D.; Bonano, M.; Casagli, N.; Confuorto, P.; De Luca, C.; Del Soldato, M.; Lanari, R.; Lu, P.; Manunta, M.; Manzo, M.; et al.
Nation-wide mapping and classification of ground deformation phenomena through the spatial clustering of P-SBAS InSAR
measurements: Italy case study. ISPRS |. Photogramm. Remote Sens. 2022, 189, 1-22. [CrossRef]

Luo, S.; Feng, G.; Xiong, Z.; Wang, H.; Zhao, Y.; Li, K.; Deng, K.; Wang, Y. An Improved Method for Automatic Identifi-cation and
Assessment of Potential Geohazards Based on MT-InNSAR Measurements. Remote Sens. 2021, 13, 3490. [CrossRef]

Samsonov, S.; D’Oreye, N. Multidimensional time-series analysis of ground deformation from multiple INSAR data sets applied
to Virunga Volcanic Province. Geophys. J. Int. 2012, 191, 1095-1108.

Samsonov, S.; d’Oreye, N.; Smets, B. Ground deformation associated with post-mining activity at the French-German border
revealed by novel InNSAR time series method. Int. . Appl. Earth Obs. Geoinf. 2013, 23, 142-154. [CrossRef]


http://doi.org/10.1016/j.rse.2017.09.013
http://doi.org/10.3390/rs12182961
http://doi.org/10.1016/j.scib.2021.04.026
http://doi.org/10.3390/rs12223749
http://doi.org/10.1109/TGRS.2017.2711037
http://doi.org/10.3390/rs11232854
http://doi.org/10.3390/rs13010018
http://doi.org/10.1007/s00190-020-01374-8
http://doi.org/10.1109/TGRS.2021.3125574
http://doi.org/10.1029/2021JB021939
http://doi.org/10.1016/j.enggeo.2019.105471
http://doi.org/10.3390/rs70100211
http://doi.org/10.1007/s00190-021-01561-1
http://doi.org/10.1029/1998JB900008
http://doi.org/10.1109/36.898661
http://doi.org/10.1109/TGRS.2002.803792
http://doi.org/10.1109/IGARSS.2003.1295516
http://doi.org/10.3390/s18061876
http://doi.org/10.3390/s8074119
http://doi.org/10.3189/2012JoG11J072
http://doi.org/10.3389/fenvs.2021.787053
http://doi.org/10.3390/rs13183662
http://doi.org/10.1016/j.isprsjprs.2022.04.022
http://doi.org/10.3390/rs13173490
http://doi.org/10.1016/j.jag.2012.12.008

Remote Sens. 2022, 14, 3832 19 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Samsonov, S.V.; Feng, W.; Peltier, A.; Geirsson, H.; d’Oreye, N.; Tiampo, K.F. Multidimensional Small Baseline Subset (MSBAS)
for volcano monitoring in two dimensions: Opportunities and challenges. Case study Piton de la Fournaise volcano. J. Volcanol.
Geotherm. Res. 2017, 344, 121-138. [CrossRef]

Solari, L.; Bianchini, S.; Franceschini, R.; Barra, A.; Monserrat, O.; Thuegaz, P.; Bertolo, D.; Crosetto, M.; Catani, F. Satel-lite
interferometric data for landslide intensity evaluation in mountainous regions. Int. . Appl. Earth Obs. Geoinf. 2020, 87, 102028.
[CrossRef]

Hu, X.; Burgmann, R.; Schulz, W.H.; Fielding, E.J. Four-dimensional surface motions of the Slumgullion landslide and quantifica-
tion of hydrometeorological forcing. Nat. Commun. 2020, 11, 2792. [CrossRef]

Liu, Q.; Yue, G.; Ding, X.; Yang, K.; Feng, G.; Xiong, Z. Temporal and characteristics analysis of deformation along Foshan subway
using time series INSAR. Geomat. Inf. Sci. Wuhan Univ. 2019, 44, 1099-1106. [CrossRef]

Xiong, Z.; Feng, G.; Feng, Z.; Miao, L.; Wang, Y.; Yang, D.; Luo, S. Pre- and post-failure spatial-temporal deformation pattern of
the Baige landslide retrieved from multiple radar and optical satellite images. Eng. Geol. 2020, 279, 105880. [CrossRef]

Wang, Y.; Feng, G.; Li, Z.; Xu, W.; Zhu, J.; He, L.; Xiong, Z.; Qiao, X. Retrieving the displacements of the Hutubi (China)
underground gas storage during 20032020 from multi-track INSAR. Remote Sens. Environ. 2021, 268, 112768. [CrossRef]

Wu, S,; Yang, Z.; Ding, X.; Zhang, B.; Zhang, L.; Lu, Z. Two decades of settlement of Hong Kong International Airport measured
with multi-temporal INSAR. Remote Sens. Environ. 2020, 248, 111976. [CrossRef]

Zhang, M.; Philp, P. Geochemical characterization of aromatic hydrocarbons in crude oils from the Tarim, Qaidam and Turpan
Basins, NW China. Pet. Sci. 2010, 7, 448-457. [CrossRef]

Yan, N.; Wu, B.; Zhu, W. Assessment of Agricultural Water Productivity in Arid China. Water 2020, 12, 1161. [CrossRef]

Xiao, L. Study of Protection of Karez in Xinjiang from the Perspective of Ecological Civilization Construction. Master’s Thesis,
Beijing Forestry University, Beijing, China, 2019.

Ye, K. The Water Quantity Monitoring of Karez and Rational Utilization of Water Resources in Turpan. Master’s Thesis, Jilin
University, Changchun, China, 2016.

Rebiyamu, M. Study on the Relationship between the Karez and Turpan Oasis Ecological Environment. Master’s Thesis, Xinjiang
University, Urumgqi, China, 2014.

Werner, C.; Wegmidiller, U.; Strozzi, T.; Wiesmann, A. Gamma SAR and interferometric processing software. In Proceedings of the
Ers-Envisat Symposium, Gothenburg, Sweden, 16-20 October 2000; pp. 211-219.

Zebker, H.A.; Rosen, P.A.; Goldstein, R.M.; Gabriel, A.; Werner, C.L. On the derivation of coseismic displacement fields using
differential radar interferometry: The Landers earthquake. J. Geophys. Res. Solid Earth 1994, 99, 19617-19634. [CrossRef]

Farr, T.G.; Rosen, P.A.; Caro, E.; Crippen, R.; Duren, R.; Hensley, S.; Kobrick, M.; Paller, M.; Rodriguez, E.; Roth, L.; et al. The
Shuttle Radar Topography Mission. Rev. Geophys. 2007, 45, RG2004. [CrossRef]

Chen, C.W.; Zebker, H.A. Two-dimensional phase unwrapping with use of statistical models for cost functions in nonlinear
optimization. JOSA A 2001, 18, 338-351. [CrossRef]

Chen, C.W.; Zebker, H.A. Phase unwrapping for large SAR interferograms: Statistical segmentation and generalized network
models. IEEE Trans. Geosci. Remote Sens. 2002, 40, 1709-1719. [CrossRef]

Li, Z.W.; Ding, X.L.; Zheng, D.W.; Huang, C. Least Squares-Based Filter for Remote SensingImage Noise Reduction. IEEE Trans.
Geosci. Remote Sens. 2008, 46, 2044-2049. [CrossRef]

Smith, R.G.; Knight, R.; Chen, J.; Reeves, ].A.; Zebker, H.A.; Farr, T,; Liu, Z. Estimating the permanent loss of groundwater storage
in the southern San Joaquin Valley, California. Water Resour. Res. 2017, 53, 2133-2148. [CrossRef]

Chen, J.; Knight, R.; Zebker, H.A.; Schretider, W.A. Confined aquifer head measurements and storage properties in the San Luis
Valley, Colorado, from spaceborne InNSAR observations. Water Resour. Res. 2016, 52, 3623-3636. [CrossRef]

Miller, M.M.; Shirzaei, M.; Argus, D. Aquifer Mechanical Properties and Decelerated Compaction in Tucson, Arizona. J. Geophys.
Res. Solid Earth 2017, 122, 8402-8416. [CrossRef]

Xinjiang-Investigation-Team. Turpan: Building Green Organic Products Brand to Promote the Construction of Facility Agriculture;
National Bureau of Statistics China: Beijing, China, 2010. Available online: http:/ /www.stats.gov.cn/ztjc/ztfx/dfxx/201011/t201
01126_35260.html (accessed on 10 July 2022).


http://doi.org/10.1016/j.jvolgeores.2017.04.017
http://doi.org/10.1016/j.jag.2019.102028
http://doi.org/10.1038/s41467-020-16617-7
http://doi.org/10.13203/j.whugis20190025
http://doi.org/10.1016/j.enggeo.2020.105880
http://doi.org/10.1016/j.rse.2021.112768
http://doi.org/10.1016/j.rse.2020.111976
http://doi.org/10.1007/s12182-010-0097-6
http://doi.org/10.3390/w12041161
http://doi.org/10.1029/94JB01179
http://doi.org/10.1029/2005RG000183
http://doi.org/10.1364/JOSAA.18.000338
http://doi.org/10.1109/TGRS.2002.802453
http://doi.org/10.1109/TGRS.2008.916981
http://doi.org/10.1002/2016WR019861
http://doi.org/10.1002/2015WR018466
http://doi.org/10.1002/2017JB014531
http://www.stats.gov.cn/ztjc/ztfx/dfxx/201011/t20101126_35260.html
http://www.stats.gov.cn/ztjc/ztfx/dfxx/201011/t20101126_35260.html

	Introduction 
	Methodology 
	Wide-Area Deformation Monitoring Using Stacking 
	ROI Detection Based on Wide-Area Deformation Rate 
	ROI Deformation Refinement Using Advanced TS–InSAR 
	Variable-Scale Deformation Product Generation 

	Study Area and Data Processing 
	The Turpan–Hami Basin 
	InSAR Datasets 
	Data Processing 

	Results 
	Monitoring and Detecting the Wide-Area Deformation in the Turpan–Hami Basin 
	Deformation Time Series of the SFM–Def Region from 2007 to 2020 
	Long-Term Deformation in the Spatial Dimension 
	Long-Term Deformation in the Time Dimension 
	Reliability Assessment 


	Discussion 
	Anthropogenic Factors of Ground Deformation in the Turpan–Hami Basin 
	Geological Explanation of Ground Deformation in the Turpan–Hami Basin 
	Development of InSAR Deformation Monitoring in a Wide Area 

	Conclusions 
	References

