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Abstract: Significant seasonal fluctuations could occur in the regional scattering characteristics
and surface deformation of saline soil, and cause decorrelation, which limits the application of the
conventional time-series InSAR (TS-InSAR). For extending the saline-soil deformation monitoring
capability, this paper presents an improved TS-InSAR approach, based on the interferometric co-
herence statistics and high-coherence interferogram refinement. By constructing a network of the
refined interferograms, high-accuracy ground deformation can be extracted through the weighted
least square estimation and the coherent target refinement. To extract the high-accuracy deformation
of a representative saline soil area in the Qarhan Salt Lake, 119 C-band Sentinel-1A images collected
between May 2015 and May 2020 are selected as the data source. Subsequently, 845 refined interfero-
grams are selected from all possible interferograms to conduct the network inversion, based on the
related thresholds (the temporal baseline <49 days, the average spatial coherences >0.5, respectively).
Compared with the conventional TS-InSAR measurements, both the accuracy and reliability of the
extracted deformation results of the saline soil increased dramatically. Furthermore, the testing
results indicate that the improved TS-InSAR method has advantages on the deformation extraction
in the saline soil region, and is adaptive to reflecting the typical seasonal variations of the saline soil.

Keywords: saline soil; ground deformation; Qarhan Salt Lake; coherence analysis; time-series InSAR

1. Introduction

Interferometric Synthetic Aperture Radar (InSAR) is an emerging and valuable tech-
nique for ground deformation monitoring [1,2]. This spaceborne observation technique can
monitor surface changes for a large area with millimeter-level precision and meter-level
resolution [3]. However, due to the changes of signal propagation and scattering properties,
the conventional InSAR measurements are affected by systematic and random errors, e.g.,
inaccurate satellite orbit, atmospheric delays, surface elevation bias, and surface scatterers
variations. The resulting spatiotemporal decorrelation would degrade the deformation
accuracy of InSAR [4–6], and this problem would even cause failed extraction of ground
deformation [7–9]. It should be noted that InSAR is a differential method, so all the mea-
surements produced are relative observations both in space and time [10]. Therefore, a
relatively stable reference point is needed, but its constant movements cannot be recog-
nized, such as crustal movements that occur over large areas, and the accuracies of low
wave number components of the velocity field decrease with increasing distance from
them [11].

To compensate for the deficiencies of InSAR listed above, time-series InSAR (TS-InSAR)
techniques utilize the sequential SAR images to extract the ground deformation [12–14].
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There are two main approaches of TS-InSAR. The first category, named persistent scatterer
(PS) InSAR, concentrates on the pixels with temporal scattering steadiness and extracts
the time series deformation of the identified pixels based on their phase variation in the
spatiotemporal domain [9,15]. Such methods are dedicated to tracking the deformation of
phase-stable scatterers, and have been successfully applied to urban areas [16,17], whereas
in non-urban areas, especially vegetated areas and desert areas, it is hard to find enough
PSs for the regional deformation extraction. Nevertheless, the second category named
small-baseline subset (SBAS) InSAR, estimates the ground deformation by using the in-
terferograms with short spatiotemporal baselines [18,19]. Such a method is designed to
maximize the interferometric coherence for more distributed targets [20,21]. Consequently,
the ground deformation of each high-coherence object can be extracted. The SBAS tech-
nique has been successfully applied to the time-series deformation monitoring for landslide,
volcanic, permafrost, etc. [22,23].

However, the spatiotemporal baseline of the conventional SBAS-InSAR technique
is constrained in a certain threshold, which may only induce a few interferograms for
the deformation calculating. Especially in saline soil areas, significant seasonal fluctua-
tions of the scattering characteristics and ground deformation [24] may bring about many
unpredictable errors (e.g., temporal decorrelation, unwrapping errors, etc.) in some interfer-
ograms. Therefore, the redundant observations result from the conventional SBAS-InSAR
technique are not enough to make sure the accuracy and reliability of the estimated de-
formation velocity, and it may lead to the lack of phase consistency [25]. Because of the
continuous propagation of noises, the lack of phase consistency and low-quality interfero-
grams may also reduce the accuracy and the reliability of the time-series deformation.

Some good interferogram network refinement strategies have been used for reducing
the phase errors and enhancing the co-registration accuracy, especially those algorithms
based on graph theory [26], and sequential network [27]. In order to reduce the influence
of the unpredictable errors on the deformation results, we analyze the interferometric
coherences in a longer temporal baseline and optimize the interferogram stacks for a better
quality of the observations. By using the interferogram stacks with high coherence, an
improved network of interferograms without temporal baseline constraints presented
in this paper can mitigate the statistical noises of the estimated time-series deformation.
Moreover, such an improved method can also provide a good choice for high-quality
interferogram selection and deformation extraction in the areas with significant seasonal
fluctuations (such as permafrost, glacier). The main procedures of such an improved
TS-InSAR are presented in the following sections, including interferogram networking and
network inversion by the weighted least square (WLS) estimator. To test the improved
TS-InSAR method in a typical saline soil area, 119 Sentinel-1A images acquired over
Qarhan Salt Lake between 21 May 2015 and 18 May 2020 are applied to construct the
interferogram network and subsequent network inversion for time-series deformation
extraction. Above all, the average spatial coherence (ASC) of 2921 interferograms formed
by the Sentinel-1A images with the perpendicular baseline of 200 meters and the temporal
baseline of 400 days are calculated. Subsequently, there are 392 interferograms selected
for the conventional SBAS-InSAR with the appropriate temporal baseline of 49 days after
analyzing the coherences of the interferograms. Ultimately, the 845 interferograms with
ASC more than 0.5 are selected to conduct the network inversion by the WLS estimator.

2. Methodology

In salt deserts the interferometric coherence may mainly be affected by soil moisture
and surface water. The seasonal precipitation is the main external environmental factor
that influences soil moisture and surface water [28]. Therefore, the temporal decorrelation
and seasonal deformation may be the distinct characteristics in the saline soil areas. In
addition, since the spatial baseline of Sentinel-1A is accurately controlled within 200 m,
the topographic error by a long spatial baseline can be neglected [29]. Consequently, the
temporal baseline is the main concern that may cause decorrelation.
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For accurately monitoring the ground deformation in the saline soil area, the improved
TS-InSAR method presented in this paper is focused on the interferogram selection with
high coherence. There is no temporal baseline constraint and only a concern about the
interferometric coherence for the interferogram networking and the coherent target (CT)
selection. Since the CTs are selected by multi-constrained interferometric coherences, i.e.,
spatial coherence (SC) threshold for differential InSAR (DInSAR) processing, the average
spatial coherence (ASC) threshold for the interferogram selection, the temporal coherence
threshold for the CT selection [30], the final amount of the refined CTs are relatively
scarce. Therefore, ensuring the abundant CTs with high reliability is the key point for the
time-series deformation monitoring.

To acquire abundant deformation measurements in the saline soil area, an appropriate
interferogram network is proposed in this section. The improved TS-InSAR procedures
including interferometric coherence analysis, interferogram networking, network inversion
and the CT selection, are described in detail. The data processing flow adopted in this
paper is shown in Figure 1. It should be noted that, all the interferograms are unwrapped
by the minimum cost flow (MCF) method before the interferogram network inversion.
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Figure 1. The processing flow of the improved TS-InSAR, B and T indicate perpendicular baseline and temporal baseline, re-
spectively.

2.1. Interferometric Coherence Analysis

Actually, the deformation measurement of DInSAR is a process of converting the
phase difference into deformation by measuring the phase difference between radar waves.
The phase difference indicates the spatial geometry information, which represents the
displacement of the SAR line of sight (LOS) direction. However, the phase difference
contains a series of error terms in addition to the actual deformation, e.g., inaccurate
satellite orbit, atmospheric delay, surface elevation bias, surface scatterers variation. The
SC coefficient is usually used to evaluate the quality of the phase difference derived by the
interferometry between two SAR images. Therefore, in order to extract the deformations of
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high quality CTs, it is necessary to measure the SC, firstly. The calculation model of the SC
coefficient can be expressed by the following equation [21]:

γspt =
∑R

n=1 ∑C
m=1 u1(n, m)u2

∗(n, m)√
∑R

n=1 ∑C
m=1 |u1(n, m)|2∑R

n=1 ∑C
m=1|u2(n, m)|2

(1)

where * represents complex conjugate, u1(n,m) and u2(n,m) represent the complex values
at (n,m) which is the image coordinate in the primary and secondary image data blocks,
|u1(n,m)|2 represents the second-order norm of the data, R and C represent the size of the
data block for calculating the coherence, n and m are the row and column numbers in the
data block, then it takes any pixel as the center and calculates the coherence coefficients
according to the window size of n × m. The coherence coefficient of any pixel is used as an
indicator to evaluate the quality of the interferometric phase of such pixel [8].

The ASC is an indicator of the interferometric quality for each interferogram, and also
reflects the variation of ground scattering characteristics. The ASC of all the pixels in the
interferogram can be represented by:

γasc =
∑S

i=1 γi
spt

S
(2)

where S is the number of all pixels in the interferogram.
There are three kinds of coherences in this paper, i.e. SC, ASC, and TC. Firstly, the

SC of each pixel is used to evaluate the quality of the interferometric phase, and any pixel
conforming to the preset threshold can be selected as a CT by DInSAR processing. Then
the ASC of any interferogram which is higher than a preset threshold can be participated
in the construction of interferogram network. Subsequently, the interferogram network
inversion can be conducted by using the WLS estimator, and the TC can be used to select
high-quality CTs. Finally, the time series deformations of CTs in the study area can be
obtained. TC can be expressed by [31]:

γtemp =
1
M

∣∣∣∣∣ M

∑
i=1

exp[j(∆ϕi − A ˆ= ϕi)]

∣∣∣∣∣ (3)

where j is the imaginary unit, M is the number of differential interferograms, ∆ = ϕi
is the interferometric phase of each interferogram, ˆ= ϕi is the best estimation of time
series interferometric phase, A is a design matrix which represents the interferometric
combination mode. The detailed information of the above variables will be described in
the subsequent sections.

2.2. High Coherence Interferogram networking

Assuming that there are N + 1 SAR images covering the same area in the time series
of t = [t0, . . . , tN ]

T , M differential interferograms can be obtained, then:

N + 1
2
≤ M ≤ N

(
N + 1

2

)
(4)

However, the combination of image pairs plays a crucial role in TS-InSAR monitoring.
On the one hand, if each image acquired date is only connected to the adjacent image
date (see the CASE 0 in Figure 2), there is no redundant observation and the estimated
result may be inaccurate. On the other hand, if all interferograms are freely combined,
there will be (N + 1)N/2 interferograms from N + 1 images. This combination strategy
of freely connected network increases a large number of redundant observations, which
can be applicable to a research area with low coherence. Nevertheless, the huge amount
of interferograms will greatly reduce the computing efficiency. Moreover, the low-quality
interferograms will affect the accuracy of time-series results.
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Figure 2. The interferogram networking categories for N + 1 SAR images.

In the conventional SBAS-InSAR method, one of the images is selected as the primary
image for the coregistration, and the interferometric pairs conforming to the spatiotemporal
baseline threshold are selected from all the freely combined interferograms. The interfero-
grams with a small baseline can be applied to the situation with rapid decorrelation in the
time domain. However, the SBAS-InSAR method constrains the spatiotemporal baseline
and rejects other high-quality interferograms. Consequently, there may be no redundant ob-
servation for some isolated interferograms, and such category may induce the accumulated
error propagation. To limit the propagation of errors, high-quality redundant observations
can be added to network of interferograms. In such a case, there is no spatiotemporal
baseline threshold constraint, and all the interferograms that are conforming to the ASC
threshold can be participated in the interferogram networking.

2.3. Interferogram Network Inversion by WLS Estimator

The interferometric phase of each interferogram is composed of multiple phase com-
ponents and can be presented by:

ψ = ϕref + ϕtop + ϕdef + ϕatm + ϕnoi (5)

where, ψ represents the interferometric phase generated by the interferometric image pair;
ϕref is the phase of the reference ellipsoid; ϕtop is the topographic phase caused by terrain
undulation; ϕdef is the LOS deformation phase caused by surface displacement during the
two imaging periods of the satellite; ϕatm is the delay phase caused by the inconsistency
of atmospheric state at the two acquisitions time; ϕnoi is random noise. After flat-earth
phase removal, topographical phase removal and interferometric phase unwrapping, the
interferometric phase of each interferogram can be expressed as [32]:

∆ϕ = Aϕ + ∆ϕε (6)

where, ∆ϕ =
[
∆ϕ1, . . . , ∆ϕM]T is the interferometric phase of each interferogram; ϕ =[

ϕ1, . . . , ϕN]T is the temporal interferometric phase of other images relative to the ref-
erence image (assuming that the acquisition time of the reference image is t0), ∆ϕε =[
∆ϕε

1, . . . , ∆ϕε
M]T is the residual interferometric phase error, and A is a M × N design

matrix which represents the interferometric combination mode and consists of 1, 0, and
−1, where −1 represents the master image and 1 represents the slave image. The least
square norm method can be used to calculate the optimal estimation value of time series
interferometric phase [30,33]:

ϕ̂ = argmin‖W1/2(∆ϕ−Aϕ)‖2 =
(

ATWA
)−1

ATW∆ϕ (7)
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where, ϕ̂ is the best estimation of time series interferometric phase, W is a M ×M diagonal
weight matrix, and the weight Matrix method adopted in this paper is Fisher Information
Matrix (FIM) [34,35], which is expressed as follows:

W = diag

{
2Lγ12

1− γ12 , . . . ,
2LγM2

1− γM2

}
(8)

where L is the independent multi-look coefficient used to calculate the coherence coefficient.
For example, the multi-look coefficient of sentinel-1A radar image is usually set as (10, 2),
then L = 20. γ can be calculated by formula (1) and is called Spatial Coherence (SC) [21].
The time-series interferometric phase of each CT that conforming to the SC threshold can
be obtained by WLS estimation of the interferogram network.

3. Study Area and Data Source

Qaidam Basin is located in the northern section of the Qinghai-Tibet Plateau (QTP) in
China. A large number of salt lakes are distributed in this closed inland basin, which is
surrounded by the Altun Mountains in the northwest, Qilian Mountains in the northeast
and Kunlun Mountains in the south [36]. As shown in Figure 3, Dabuxun Salt Lake, Xiezuo
Lake and Tuanjie Lake are the three subparts of Qarhan Salt Lake, located in the southeast
of the Qaidam Basin [37,38].
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Affected by the inland plateau desert climate, the weather is dry and rainless all year
around the Qarhan Salt Lake. According to statistics, the average annual precipitation
is only 24 mm (as shown in Figure 4), while the potential evaporation capacity is up
to 3564 mm [39]. At present, most of the salt lakes have become dry and saline mud
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flats. The saline soil in this region is mainly composed of sedimentary rock salts (NaCl
crystals) formed by lake water concentration and salt precipitation. This kind of easily
soluble rock salts is characterized by high solubility and fast dissolution [40]. Therefore, the
saline soil would collapse caused by precipitation, surface runoffs and salt-lake flooding
in summer; while uplift resulted from salt swelling and frost heave in winter. These
factors promote the occurrence of engineering geological disasters such as ground collapse,
building destruction, road damage. Moreover, the Qarhan Salt Lake is the largest salt
mining area in China, and artificial exploitation reduces the amount of high-concentration
brine. On the one hand, the confined water intrudes and dissolves the rock salt of the
underground soil layer. Consequently, many subsurface salt caves by water erosion come
out and result in the collapse of the ground [41,42]. On the other hand, the water discharge
and recharge in the underground aquifer may also lead to the subsidence and rebound
deformation of the ground. These factors will lead to serious security risks in human
infrastructures, such as the Qinghai-Tibet Railway (QTR) and the Beijing-Tibet Expressway
crossing the dry saline mud flat in the middle of the salt-lake.
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In order to detect and extract the surface deformation of the Qarhan Salt Lake region,
we selected 119 Sentinel-1A C-band (the wave length is 5.6 cm) SAR images with the
resolution of 2.33 m × 13.97 m (range × azimuth) from the European Space Agency (ESA).
The Sentinel-1 SAR image provides us with high-quality images covering a width of
250 km in the Terrain Observation by Progressive Scans (TOPS) mode, and the revisit time
is usually 12 days. All the VV-polarized Sentinel-1A TOPS SAR images collected during
21 May 2015 through 18 May 2020 have already been focused and converted to the Single
Look Complex (SLC) format in this paper. The Digital Elevation Model (DEM) data of the
study area is generated through the Shuttle Radar Topography Mission (SRTM) with a
resolution of 30 m provided by National Aeronautics and Space Administration (NASA).
Besides, the Precise Orbit Data (POD) of Sentinel-1A provided by ESA is used to correct
the orbital errors, and GACOS data is used to correct the atmospheric delay errors [43,44].

4. Results
4.1. Interferometric Coherence Analysis and Networking of the Interferograms

To optimize the interferometric combinations for a better quality of the interferometric
phase, a relatively large temporal baseline threshold is set initially for seeking enough can-
didate interferograms. In this paper, by setting the temporal baseline threshold for 400 days
that includes a whole year and the perpendicular spatial baseline threshold for 200 meters,
totally 2921 interferograms are formed with 119 Sentinel-1A images acquired from 2015 to
2020 (by the combination strategy of images in Section 2.2). Then we calculate the average
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interferometric coherence coefficients of these 2921 interferograms for further analysis,
as shown in the left subplot of Figure 5. As the acquisition time of sentinel-1A images is
different in each year, the time coordinate axis is non-uniform. The high interferometric
coherences of interferograms mainly appear between June and November (rainy season),
then decrease dramatically after November. Subsequently, high interferometric coherences
appear again between November and the next June (dry season). Moreover, the seasonal
variations of the interferometric coherences are obvious in the saline soil region, and the
coherences decrease dramatically due to the increase of precipitation from dry season to
rainy season.
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represent the ASC of the interferograms.

There is almost no vegetation cover in the study area, which is bare sandy or mucous
saline soil, and the interferometric coherence is high in a short time, as show in Figure 5.
High-quality interferometric pairs obtained by temporal baseline threshold are used for
forming a interferogram network. Furthermore, in terms of phase consistency, we first set
the temporal baseline of 49 days and make sure each SAR image date is combined with at
least two others for a better phase closure, which is the same as case 2 in Figure 2. Then
the network of a conventional SBAS-InSAR is formed by 392 interferograms, as shown
in the middle subplot of Figure 5. However, because of the missing SAR images in some
periods, there are still many sequential isolated interferograms for the SBAS-InSAR, this
will cause the inaccurate result and accumulated errors propagation in the subsequent
calculation procedures.

For making full use of high-coherence interferometric pairs, we add all high-quality
interferograms into the network as beneficial redundant observations. As shown in the
right subplot of Figure 5, the interferograms with ASC higher than 0.5 are refined as
the available interferograms. The number of the interferograms are increased to 845,
which means much more redundant observations are participated in the calculation of
the network inversion. More valuably, the accumulated errors and the random residues
can be mitigated to some extent. As shown in Figure 6, when combining the SAR images
by the improved TS-InSAR, the interferogram network is denser during the same season,
while sparser between the dry season and the rainy season. Compared to the conventional
SBAS-InSAR, there are more high-coherence and redundant interferograms.

4.2. The Deformation Velocity of the Study Area

In this paper, the LOS deformation velocity maps of both the conventional SBAS-
InSAR and the improved TS-InSAR are produced under strict processing procedures. The
foundations in the geological environment of saline soil and salt lake are very weak and
susceptible, and lead to the uneven deformations in the study area, as shown in Figure 7.
In the northeastern part of the study area, the deformation velocity maps show that the
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ground is stable, while in the middle part, various deformation trends appear including
uplift and severe subsidence. The similar deformation characteristics are presented in the
southern part.
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Figure 6. The spatiotemporal baselines of the interferograms for the conventional SBAS-InSAR and the improved TS-InSAR.
The time span is from 21 May 2015 to 18 May 2020, and the perpendicular baselines of all the interferograms are between
−150 m to 150 m. The threshold of the temporal baseline is 49 days for the conventional SBAS-InSAR, and on that basis, the
interferograms with the ASC higher than 0.5 are added in the network for the improved TS-InSAR.
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Figure 7. The deformation velocity map derived by the improved TS-InSAR with the temporal baseline of 49 days or ASC of
interferograms higher than 0.5. The blue dotted line indicates the boundary between sand flat and saline mud flat, and the
red triangle is the reference point with the coordinate 37.1214◦ N, 95.5346◦ E. The reference point is selected on an artificial
structure of the QTR where is far away from the deformation area affected by the saline soil and the salt lakes.
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We plot a dotted blue line in Figure 7 to separate the sand flat and saline mud flat
according to the ground deformation velocity and the satellite image. The deformation
velocity of sand flat is about 0 mm/a, thus the foundation of it is relatively stable. However,
the deformation trends are mostly subsidence in the saline mud flat. There are two signifi-
cant subsidence areas around points T3 and R2, and both of their maximum deformation
velocities are about 60 mm/a in the latest five years. Especially, the subsidence velocity
is very significant along the QTR between Dabuxun Salt Lake and Tuanjie Lake, which is
dangerous to the safety operation for the railway.

5. Discussion
5.1. Comparison of Different Estimation Strategies

In order to compare the results derived from the conventional SBAS-InSAR and the
improved TS-InSAR, we firstly calculate the amounts of CTs for both of them, as shown in
Figure 8. The results show that there are 5,842,290 CTs for the conventional SBAS-InSAR,
while 5,937,319 CTs for the improved TS-InSAR. There are almost 0.1 million CTs increased
by the improved TS-InSAR method. These newly added CTs are distributed in the saline
soil area with relatively low coherence or significant seasonal deformation. For example,
we select the effective observations in two different kinds of areas for further analyzation,
they are A and B respectively. In the area A, as shown in the lower-left subplots of Figure 8,
the severe subsidence is mainly caused by the artificial exploitation of brine, and the
decorrelation is result from the large gradient deformations. The estimation results of
the deformation show that the amount of effective observation points increases in the
center of the decorrelation area. In addition, the area B is a natural environmental site,
and the deformation of saline soil is influenced by the seasonal change of the surface
runoffs, precipitation, etc. The seasonal decorrelation is significant in such a saline soil
area. However, the effective observations after the processing of the improved TS-InSAR
method are more than that of the conventional SBAS-InSAR.
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Different estimation strategies could generate the varying accuracy and reliability of
the deformation under such a weakened geological environment. Therefore, two relatively
stable areas (S1 and S2 in Figure 7) are selected to compare the accuracy and the reliability
of the estimated results derived from these two strategies. Both of area S1 and area S2 are
with a size of 100 pixels × 200 pixels, and the mean values and the standard deviations
of the deformation rates are shown in Figure 9. Especially, we find that both the mean
values and the standard deviations of the deformation rates derived from the improved TS-
InSAR are smaller than that from the conventional SBAS-InSAR. Furthermore, we count the
percentages of the absolute deformation velocity of the conventional SBAS-InSAR and the
improved TS-InSAR, respectively. The results show that the absolute deformation velocity
smaller than 1.5 mm/a increased from 33% to 79% in area S1, and smaller than 1 mm/a
increased from 11% to 67% in area S2. This is mainly due to the improved TS-InSAR with
more high-quality redundant observations, which improve the accuracy and reliability
of the deformation results in the same seasons, thus limit the error propagation between
different seasons and mitigate the residual errors by the adjustment calculation. As a result,
such an improved method can enhance the stability of the interferogram network and
improve the accuracy and reliability of the inversion results.
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5.2. The Deformation Characteristics of Areas (a) and (b)

Because of the special geological condition and unstable foundation of saline soil, the
safety of the artificial structures attached to the foundation is a matter of concern. According
to this issue, areas (a) and (b) in Figure 7 are selected as the representative for analyzing the
deformation characteristics of saline soil in the Qaidam Basin. As shown in Figure 7, area (a)
is located in the northern part of Dabuxun Salt Lake and the Dabuxun-Huobuxun lake fault
(DHLF) is in the middle of it. There are apparently different deformation trends presented
in the northern part and the southern part of DHLF, respectively. As shown in Figure 10,
the maximum positive LOS velocity which indicates uplift has reached 17 mm/a, and
the maximum negative LOS velocity which indicates subsidence has reached −29 mm/a
between May 2015 and May 2020.

The opposite deformation trends occur on either side of DHLF, which may be driven by
the creep of the compression-shear thrust fault as a previous study suggests [45]. However,
the deformation of saline soil is very susceptible to environmental factors, and we thus
suspect that the deformation of area (a) should also be driven by the dynamic evolution of
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saline soil. To confirm this speculation, we depicted the accumulated deformation maps
of area (a) from May 2015 to May 2020, as shown in Figure 11. The seasonal deformation
characteristics of saline soil can be observed in some areas, i.e., uplift in the dry seasons from
September to the next May, and subsidence in the rainy seasons from May to September.
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Figure 10. 3D view of the deformation velocity in area (a) which is depicted in Figure 7, the black
dotted line in the middle indicates the Dabuxun-Huobuxun lake fault.

Area (b) is the core site of the saline mud flat affected by the groundwater extraction
and the construction of the infrastructures or buildings, these human activities may be
the main factors that facilitate the dynamic evolution of area (b) [39,40]. As shown in
Figure 12, the continuous subsidence caused by the extraction of underground brine is
the outstanding characteristic in the drilling wells area around point T3. Similarly, the
continuous subsidence appears in the Dabuxun Railway Station which is represented by
R2. In the Dabuxun Railway Station, there is a subsidence funnel of 6 km from north
to south and 4 km from east to west, and its accumulated subsidence has reached about
180 mm in the latest five years. Such a big subsidence funnel affects a large area around
the station and has a great potential safety hazard, which needs our continuing concern
in the future. Because of the over-exploitation and the weak foundation of saline soil, the
extreme subsidence is the main characteristic in the areas of drilling wells and the Dabuxun
Railway Station. Moreover, a significant subsidence occurs along the railway line in the
southeastern part of Dabuxun Salt Lake. Such a dangerous deformation may be caused
by the following reasons: (1) the rock salts (chlorine saline soil) characterized by high
solubility and fast dissolution [40], would collapse caused by precipitation, surface runoffs
and salt lake flooding in rainy seasons; (2) the confined water intrudes and dissolves the
rock salt of the underground soil layer, thus many subsurface salt caves by water erosion
come out and result in the collapse of the ground [41–43]. These factors would lead to
serious security risks of the QTR and the Beijing-Tibet Expressway crossing the dry saline
mud flat in the middle of the salt-lake.
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For further analyzing the complicated characteristics of the saline soil under different
geological conditions or humanistic environment, we depicted the profiles of the defor-
mation velocity in area (a) and area (b), respectively. As shown in Figure 13, we can know
from the profile P1 of the deformation velocity that the DHLF is an obvious boundary
of different deformation characteristics. Similarly, the profile P2 shows that there is an
obvious boundary of deformation between sand flat and saline mud flat. In the sand
flat, the deformation velocity of the selected CTs are close to 0 mm/a, while −4 mm/a to
−37 mm/a in the saline mud flat. These different characteristics of deformation indicate
that the foundation of the sand flat is more stable than that of the saline mud flat in the
Qaidam Basin.
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5.3. The Dynamic Evolution of Saline Soil

The deformation velocity map reflects the deformation characteristics of saline soil in
a large scale, while the time-series deformations of the selected CTs help us understanding
the dynamic evolution of saline soil furtherly and thoroughly. For a better analyzation of
the dynamic evolution of saline soil in the Qaidam Basin, we selected six representative
CTs from area (a) and area (b), whose coordinates are presented in Table 1. Each of the
representative CTs reflects the deformation specificity of the saline soil under different
environmental conditions. As shown in Figure 14, the apparent seasonal deformations are
appeared at points T1, T2, T4 and R1. The maximum difference of the LOS deformation
has reached 46 mm at point T1, and 43 mm at point T2 between the dry season and the
rainy season in 2018. However, there is a general uplift at points T1 and T4, while a
general subsidence at point T2. The seasonal fluctuations accompanied by a general linear
deformation trend is a typical characteristic of the deformation in this saline-soil area.
All the deformation characteristics of these CTs present the dynamic evolution process
of the saline soil in the natural environment without the influences of human activities.
However, points T3 and R2 affected by the artificial over-exploitation, and the accumulated
subsidence has reached 150 mm from May 2015 to May 2020. The weak foundation of
saline soil accelerates the continuous subsidence in the area of human activity.
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Table 1. Latitude and longitude coordinates of the representative CTs.

CTs Latitude
(◦N)

Longitude
(◦E) CTs Latitude

(◦N)
Longitude

(◦E)

T1 37.1335 95.1235 T4 37.0160 95.4260
T2 37.1082 95.2029 R1 37.2562 95.5599
T3 37.0418 95.2490 R2 36.9126 95.3671
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Figure 14. The time-series deformation of the representative CTs, the blue dots are the estimated results of the time-series
deformation and the red line indicates the fitting result of the deformation spline curve.

6. Conclusions

In this paper we have presented an improved TS-InSAR approach especially refer
to extracting ground deformation in the saline soil area with significant seasonal varia-
tions. The main contribution is to refine the high-coherence interferograms without the
constraint of temporal baseline. With more high-quality and redundant interferograms in
the same season, the accuracy and reliability of the deformation results are improved by
the dense observations. Furthermore, the desired results in the same season limit the error
propagation between different seasons and improve the accuracy and reliability of the final
results after the adjustment calculation. Consequently, more high-quality and redundant
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observations participated in the network inversion extend the adaptability and accuracy
for ground deformation extraction in the saline soil area.

The deformation results derived from the improved TS-InSAR procedures are com-
pared with those derived from the conventional SBAS-InSAR, and further analysis is
conducted focusing on the differences of the deformation velocity in several representative
areas. Two representative stable areas of S1 and S2 are selected to compare the accuracy and
reliability in the space domain under such different processing procedures. The percentages
of the small deformation velocity are increased from 33% to 79% in area S1 and 11% to
67% in area S2 under the procedures of the conventional SBAS-InSAR and the improved
TS-InSAR, respectively. The comparison analysis indicates that the accuracy and reliability
of the estimated deformation derived from the improved TS-InSAR are increased relative
to those from the conventional SBAS-InSAR. Especially in the areas of weak foundation,
i.e. salt desert, many complicated factors lead to significant seasonal fluctuations in the
scattering characteristics and surface deformation. Moreover, the seasonal fluctuations
decrease the quality of the estimated deformation, and even intensify the temporal decorre-
lation. However, the improved TS-InSAR method shows high adaptability and stability in
saline soil area and obtains high-precision and reliable monitoring results. Related method
and results can provide a reference for infrastructure construction and natural disaster
prevention in such geological environment areas.
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