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Independent Component Analysis (ICA) Based
Method for Estimating the Deformation of Highways

in Permafrost Region (HPICA)—A Case Study of
Maduo Section of Gongyu Highway

Xuemin Xing , Jiawang Ge, Wei Peng , Jun Zhu , Bin Liu, Jiancun Shi, and Guanfeng Zheng

Abstract—Highways built in permafrost regions are susceptible
to deformations and instability of the roadbed caused by climatic
factors. Long-term deformation monitoring is essential to reveal
the freeze-thaw-related deformations. When using Interferomet-
ric Synthetic Aperture Radar (InSAR) for permafrost highway
monitoring, the majority of different physical phase components
are usually considered as equally weighted, and the permafrost
deformation-related components are mostly modeled with an em-
pirical mathematical model. This may induce uncertainty and dif-
ficulties to remove the atmospheric delay and orbital error, which
affects both the accuracy and efficiency of deformation estimation.
To address these limitations, we propose an independent compo-
nent analysis (ICA) based method for estimating the deformation of
highways in permafrost regions (HPICA). In HPICA, the Fast ICA
is utilized to separate the original InSAR unwrapped phases, and
then the extracted freeze-thaw deformation-related components
are modeled considering the climatic factors. The simulated ex-
periments show that the spatial ICA can more accurately separate
the deformation-related signals from the mixed signals than that
of temporal ICA. The Maduo section of Gongyu Highway on the
Tibetan Plateau was selected as a study area in the real-data ex-
periment. The results showed the maximum cumulative settlement
spanning January 2020 to January 2022 was up to –140.8 mm.
A comparative analysis indicated that the modeling accuracy of
HPICA is with significant improvement. Besides, HPICA could
reveal the boundaries of different permafrost regions according
to the nature of permafrost, thus assisting in spatial classification
of different types of soil regions.
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I. INTRODUCTION

P ERMAFROST regions in China exhibit a broad distribu-
tion, encompassing both seasonal and continuous types,

covering approximately one-half and one-fourth of the total
land area in the nation, respectively [1]. Due to its high tem-
perature sensitivity [2], [3], [4], highways built in those per-
mafrost regions are susceptible to roadbed instability caused by
external environmental-related deformation. Therefore, it is of
great significance to undertake long-term, large-scale monitor-
ing of highway deformation in permafrost regions. Multitem-
poral Interferometric Synthetic Aperture Radar (MT-InSAR)
has demonstrated distinct advantages over the traditional InSAR
method, achieving extensive applications and valuable results in
monitoring the deformation of highways in permafrost regions
[5], [6], [7], [8], [9]. For example, Chen et al. [10] used SBAS-
InSAR technique to analyze the time-series deformation of a
permafrost region in the southern Tibetan Plateau. Li et al. [11]
utilized an improved time-series InSAR technique to acquire the
surface deformation outcomes for the Heihe permafrost region
(Heilongjiang Province, China) and unveiled the accelerated
degradation features of island permafrost at escalating tempera-
tures. Most of the traditional MT-InSAR techniques treated the
unwrapped phase components (elevation residuals, orbital cor-
relation components, deformation components, etc.) as equal-
weighted. Meanwhile, they assumed the deformation correlation
components using the mathematical empirical model, and then
separated the residual high-pass (HP) deformation components
employing the spatio–temporal filtering method [12], [13], [14].
However, these approaches involved an artificial assumption of
equal weighting among the components, leading to uncertain-
ties and excessive residual phases, which induced significant
errors in deformation parameter calculation or even unsolvable
phenomenon. Meanwhile, there are increasing challenges for
the removal of atmospheric delays and orbital errors from the
original phases solely through spatiotemporal filtering of the
residual phase. Furthermore, the failure to account for the physi-
cal attributes of deformation when modeling permafrost-related
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deformation components makes the empirical model difficult
to capture the rational temporal evolution of permafrost de-
formation adequately, significantly reducing the accuracy of
deformation estimation.

As a blind source separation technique, independent com-
ponent analysis (ICA) can separate the original signal into
independent components without requiring prior information. In
this way, it offers the foundation for the physical interpretation
of the deformation signal and extraction of the corresponding
physical parameters [15], [16], [17], [18], [19], [20], [21].
Scholars have attempted to apply the ICA technique in assisting
the InSAR phase separation. For instance, Gaddes et al. used
the ICA method to isolate the deformation of the Ecuadorian
volcano from InSAR measurements. The authors proved the
ICA method’s capability in processing InSAR data, effectively
segregating deformation component signal caused by a volcanic
eruption [22]. Zhu et al. used ICA to separate the InSAR
time-series signals from the Santa Ana Basin, revealing two
different spatial and temporal deformation patterns in the basin.
Moreover, they effectively extracted the seasonal deformation
components related to groundwater changes and the long-term
components with large-scale spatial patterns [23]. Peng et al.
applied ICA to the time-series deformation of the Wilcox Basin
and succeeded in separating a set of independent signals. Their
results not only revealed two different spatial and temporal
deformation features in the basin but also filtered the residu-
als of the signals, thus enhancing the deformation time-series
[24]. Given that the physical properties of deformation were
not introduced in the empirical model, Xing et al. physically
modeled the deformation of soft soil area at the Beijing Airport
based on Poisson curves. Their ultimate objective was to improve
the deformation estimation accuracy and analyze the causes
of soft soil settlement [16]. In addition, some scholars have
focused on the physical modeling of permafrost deformation
and achieved excellent outcomes. The basic idea is to incor-
porate the physical coefficients that affect the deformation of
permafrost into the model, including the thawing coefficient of
permafrost, the freezing coefficient, and the key climatic factors,
such as temperature and precipitation [11], [25], [26], [27], [28],
[29], [30].

This article proposes an ICA-based method for time-series
InSAR deformation estimation for highways in permafrost re-
gions, namely HPICA. First, the spatial ICA (sICA) technique
was utilized to separate the InSAR temporal phase signals. The
statistically independent components of the permafrost defor-
mation phase were obtained based on the spatial and temporal
distribution characteristics of permafrost with the influence of
the climatic environment. Second, the components related to
the permafrost deformation and the main climatic factors were
physically modeled, respectively. Accordingly, the system of
phase equations was developed to estimate the physical pa-
rameters in the model, and then the time-series deformations
of the permafrost regions were generated and analyzed in re-
verse to reveal the characteristics of the freeze-thaw defor-
mation. HPICA extracts the permafrost-related phase signals
from the unwrapped phases, enabling modeling based on the
extracted corresponding phase components, which can ignore

the uncertainty of assuming equal weighted modeling in InSAR,
and improve the deformation modeling accuracy.

II. METHODOLOGY

A. InSAR Signal Separation Based on Fast Independent
Component Analysis (FastICA)

Suppose N + 1 SAR images of the same region are acquired,
M differential interferograms are generated; the unwrapped
phase of the ith pixel on the mth(1 ≤ m ≤ M) differential
interferogram can be expressed as [31], [32], [33], [34]

Δϕi = Δϕi
def +Δϕi

topo +Δϕi
atm

+Δϕi
orbit +Δϕi

noise +Δϕi
HP

≈ 4π

λ
Δdi +

4πBi

λR sin θ
ΔHi +Δϕi

res (1)

whereΔϕi
def ,Δϕi

topo,Δϕi
atm, andΔϕi

orbit represent the phase
component related to deformation, residual topography, atmo-
spheric delay, and orbital error, respectively; Δϕi

noise refers
to the noises; Δϕi

HP denotes the HP nonlinear deformation
component; λ stands for the radar wavelength; and Δdi is the
deformation component along the line of sight of the ith pixel
point, which is referred as the low-pass (LP) deformation com-
ponent. The residual topographic phase is given as Δϕi

topo =
4πBi

λR sin θΔHi, where θ and Bi denote the radar incidence angle
and the length of the vertical baseline of the ith interferometric
pair, respectively; R refers to the distance between the coherent
target and the location of the radar satellite; ΔH represents the
residual elevation, which is unknown and to be solved for; and
Δϕi

res stands for the final residual phase, which consists mainly
of the atmospheric delay phase, the noise phase, and the HP
deformation component.

After the time-series interferometric phases in the study area
are obtained, the time-series phase signals can be used as the
input original signals, and the FastICA algorithm is utilized here
to carry out the subsequent decomposition. FastICA is a fast
optimization iterative ICA algorithm, which can decompose the
time-series phase signals by employing a fixed-point iterative
optimization algorithm based on negative entropy maximization
[35], [36], [37], [38]. The InSAR time-series phase signal could
be expressed as

X = A× S (2)

whereX represents the mixed signal of the observation, referred
as the InSAR times-series phases; A denotes the mixing matrix,
each column in which is a eigenvector for each independent
component; and S represents the source signals, which is the
combination of the independent components. It should be noted
that for InSAR data processing, ICA has two different methods
in the response domain of InSAR data: sICA and temporal
ICA (tICA). sICA focuses on the separation based on the inde-
pendence of spatial distributions, which considers that multiple
regions related to different signals are independent of each other.
Comparatively, tICA focuses on the separation based on the
independence of the time-series characteristics for the phase
signals, which considers that the phase time-series related to
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different signals are independent. sICA and tICA have different
arrangements of X . For sICA, the mixed signal X composed of
images N and pixels C: XN×C = AN×n × Sn×C . For tICA,
mixed signal of X composed of C lines of pixels and N
rows of images: XC×N = AC×n × Sn×N . Since the number of
time-series InSAR observational data in the spatial dimension is
much larger than that of the temporal dimension, and the signals
of ground deformations are strongly independent of the noise
signals, tICA is computationally more challenging than sICA
[15], [16]. Consequently, sICA is more suggested for InSAR
signal decomposition.

For sICA,X = [x1x2 · · ·xC ], where the phase on the ith(0 <
i < C) image pixel can be expressed as a combination of each

independent components: xi = (ϕ1
i , ϕ

2
i , . . . , ϕ

N
i )

T
.S in (2) can

be expressed as follows:
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(3)

where ICn denotes the nth(1 < n < N) independent compo-
nent, which includes the permafrost deformation ϕdefo_fro and
ϕdefo_per, atmospheric delay phase ϕatm, orbital error ϕorbit,
and other related independent components such as noise ϕnoise.

Substituting (3) to (2), (2) can be written as
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where ϕdefo_fro and ϕdefo_per represent the phase associated
with the permafrost deformation interested in. For the InSAR
phase signals, various types of signals in (4) are statistically
independent with each other. Then, an ICi(i = 1, 2, . . . , n)
phase matrix Yi,N×C can be reconstructed by the ith column
of the mixing matrix AN×n (i.e., temporal eigenvector i, TEi)
multiplied by the ith row of the ICs matrix Sn×N . After that, the
IC phase matrices Yi,N×C(i = 1, 2, . . . , n)were related to phys-
ical signals such as atmospheric delay error, linear deformation,
nonlinear deformation, and periodic deformation. Therefore, the
FastICA algorithm can be utilized to separate the independent
components from the InSAR times-series phases, and the inter-
ested deformation phases can be extracted, which will be used in
the following by physical modeling and parameters estimation.

B. Time-Series Modeling and Parameters Estimation

After the separation of the InSAR time-series phase sig-
nals, it should determine which model to use based on the
characteristics of the signals’ temporal eigenvector. They are
permafrost long-term linear deformation correlation component
ϕdefo_fro when the separated phase signals are highly linear. In

contrast, they are periodic permafrost deformation correlation
component ϕdef_per if the signals are highly seasonal. After
that, the deformation-related component in (4) can be expressed
as ϕdef = ϕdef_fro + ϕdef_per, and the multivelocity linear
model can be adopted to model the phase associated with linear
deformation. The cumulative linear deformation of the ith high
coherence point can be written as follows [39]:

dif =
N∑

k=1

vk×(tk − tk−1) (5)

where dif represents the permafrost long-term linear deforma-
tion at the ith coherence point on the interferogram; vk is
the deformation velocity between neighboring images, treated
as unknown parameter; tk − tk−1 stands for the time interval
between neighboring images, with k ∈ 1, 2, . . . , N .

The periodic deformation component caused by the external
environment facilitates the application of a deformation model
that considers the climatic factors for modeling

dip = a1 × T (t) + a2 × P (t) (6)

where dip represents the periodical deformation related to the
climatic factors at the ith coherence point on the interferogram;
a1 and a2 are the unknown coefficients of T (t) and P (t), re-
spectively; and T (t) and P (t) are temperature and precipitation
data, respectively. As a result, the total deformation phase ϕi

def

can be expressed as follows:

ϕi
def = ϕi

def_fro + ϕi
def_per =

4π

λ
(dif + dip)

=
4π

λ

⎛
⎝

tiB∑
tiA+1

vk×(tk − tk−1) + a1 × T (t) + a2 × P (t)

⎞
⎠

(7)

where the unknown parameters are Pa = [v1, . . . vN , a1, a2],
which contains N linear velocities and two environmental pa-
rameters. The above equation can be simplified as

F = B × L (8)

where F represents the vector of total deformation phases;
B is the coefficient matrix: B = [t1, . . . , tN , T (t), P (t)];
and L refers to the matrix of all parameters to be solved:
L = [v1, . . . , vN , a1, a2]. The solution of (8) is a least squares
(LS) estimation issue. The coefficient matrixB was decomposed
by singular value decomposition (SVD) due to its singular
problem, to obtain the corresponding full-rank matrix, and then
the pseudoinverse of B is solved to compute the least-norm
solution for the parameters in L. Based on the solved unknown
parameters, the LP deformation, consisting of the linear and
periodic components of deformation fitted by a multivelocity
linear model and a permafrost deformation model, respectively,
can be obtained by submitting them into (7).

C. Flowchart of HPICA Processing Steps

Fig. 1 presents the flowchart of HPICA. First,N + 1 SAR im-
ages are processed by GAMMA, and the time-series unwrapped
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Fig. 1. Flowchart of the HPICA algorithm.

phases can be obtained by differential interferometry. Based on
the FastICA method, the independent components (ICn) and
corresponding temporal eigenvectors (TEn) can be acquired,
including the deformation component and the atmospheric and
noise components. Second, the deformation components sep-
arated in the previous step were modeled by different models,
and the multivelocity linear model was applied to the permafrost
linear deformation component. While the deformation model
that introduced the climatic factors was used for the periodic
deformation component. In addition, the unknown parameters
were solved by the LS and SVD methods. The time-series
deformation results were compared with those obtained by
two traditional models based on direct modeling of the total
unwrapped phases with different components equal weighted
overlap. Finally, the performance of HPICA was compared with
those of the conventional methods.

III. SIMULATED EXPERIMENT

To verify the effect of ICA on separating the deformation
phases and guiding the real data experiments, a simulated experi-
ment was designed and executed in this article. Five independent
components in the original independent signal were assumed.
The original signal was simulated based on the components on
the right-hand side of (4). The satellite parameters adopted in the
experiment were based on Sentinel-1A spaceborne parameters,
in which the wavelength was 0.056 m and the time interval
was 24 days. Conversely, the linear deformation component
was simulated by (5), where the parameter was set using the
two-dimensional (2-D) Gaussian simulator with a range of
[–40 40] mm/a. In addition, the periodic deformation component
was established by (6), where the environmental coefficients a1
and a2 were set as 0.01 mm/mm and 0.02 mm/°C, respectively.
The orbital error phase was modeled by z = ax+ by + c, where
a, b, and c are normally distributed random numbers. At the same

time, the atmospheric delay phase was added in with a range of
[–11] rad [40]. Subsequently, the noise phase was modeled using
2-D normal random numbers ranging from −0.5 to 0.5 rad. The
five components of the above simulation were blended to gen-
erate a study area of 50×50 pixels. Two sedimentation funnels
were simulated using the linear and periodic components, and
a total of 29 simulated time-series images were acquired over a
span of 2 years, with intervals of 24 days. Moreover, both the
sICA and tICA were employed to separate the simulated mixed
signals.

Fig. 2 illustrates the simulated linear signals, the periodic
signals, and some of the separated signals. In the figure, the
top three rows (“Original-Linear,” “sICA-Linear,” and “tICA-
Linear”) represent the simulated linear signals and the generated
linear components obtained after separation by sICA and tICA,
respectively, which were treated as real ones. The bottom three
rows (“Original-Period,” “sICA-Period,” and “tICA-Period”)
display the simulated periodic components and those separated
by sICA and tICA, respectively. The linear results after the
separation using sICA in the second row are highly similar to
the real values in both time and space. Meanwhile, locations of
the deformation fields and the deformation trends are consistent
with those in the “Original-Linear,” showing a more obvious
linear trend temporally. The “tICA-Linear” separation in the
third row is more different from the simulated linear signal,
with an erroneous sedimentation funnel at 24 days. Similarly,
the periodic component separated by sICA in the bottom three
rows is closer to the original real results. According to our
calculation, the root-mean-square errors (RMSE) between the
two sets of signal separation results and the original simulated
real components indicate that the sICA separation possesses a
smaller RMSE than the tICA separation. The mean RMSEs of
the linear and periodic components separated by sICA are esti-
mated as ±2.2 and ±1.0 mm, respectively, whereas those of the
results separated by tICA are ±5.3 and ±2.7 mm, respectively.
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Fig. 2. Comparison of the separated results of sICA and tICA at each temporal date.

Consequently, tICA separation exhibits a significantly higher
RMSE in contrast to the sICA separation.

Fig. 3 shows the independent components including the linear
(IC1) and periodic components (IC2). RMSEs between the de-
formation signals separated by the sICA and tICA methods and
the simulated real deformation signals are compared in the last
row of Fig. 3. It explicates that the RMSEs of the sICA separation
are smaller than the tICA separation for all the simulated images.
Besides, all RMSEs of the sICA method are below 6 mm, with
86% of the images being under 4 mm. In contrast, the tICA
method possesses an RMSE of 96.5% within 6–10 mm. Further
calculation implies that the mean RMSE of the sICA method
is 59.9% lower than that of the tICA method. Experiments
have shown that the sICA method can more accurately restore
the original signal in comparison to the tICA method, which
can be attributed to a higher density in space and relatively
sparse density in time of the simulated signals. In addition, it is
observed that the spatial independence of the phase components
is significantly better than the temporal independence. If signals
are correlated in the temporal eigenvectors, the tICA separation
will demonstrate a significantly lower accuracy compared with
the sICA. Consequently, the sICA separation method was chosen
in the subsequent real experiments.

IV. REAL DATA EXPERIMENT

A. Study Area and Data Processing

The Qinghai–Tibetan Plateau is the largest area of permafrost
in the world in low- and mid-latitudes. Compared with the

permafrost in the polar regions, the permafrost in this area is par-
ticularly sensitive to the climate and is highly susceptible to the
influence of the environment due to thinner thickness and higher
temperature [1], [41], [42]. Located on the Qinghai–Tibetan
Plateau, the Gongyu Highway is an important part of the “One
longitudinal, one transversal, and two interconnecting” highway
network of the Yushu Earthquake Recovery and Reconstruction
Master Plan. Its starting point is located in the town of Qiapu,
Republican County of Hainan Tibetan Autonomous Prefecture
in Qinghai, and the end point is located in the town of Jiegu,
Yushu County of Yushu Tibetan Autonomous Prefecture in
Qinghai. The total length of permafrost of Gongyu Highway
is 227 km, accounting for more than one-third of the total length
of 634.8 km [43], [56].

The study area is the Maduo section of the Gongyu Highway
in Qinghai. Fig. 4 shows the specific location of the study area
and on the SAR satellite images. In Fig. 4(a), the range of
Sentinel-1A ascending data covering the survey area is marked
in a red rectangle, and the purple rectangle indicates the cropping
range of this experiment. Fig. 4(b) displays the concrete location
of the cropped area in Qinghai Province. Fig. 4(c) shows the
location of the cropped area on the Google Map. Related studies
have demonstrated that there is a large amount of seasonally
frozen ground and permafrost in this area, accounting for about
50% of the permafrost. With complex and diverse soil types on
the surface, and the study area is dominated by wide valleys,
river, and lake basins formed by fault subsidence. The altitude
of this area is about 4200–4300 m, and there are many lakes, and
the Yellow River flows through this area, so it is rich in water
resources [44]. Under the background of the greenhouse effect,
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Fig. 3. Simulation test for ICA separated results (top left: linear independent component (IC1); top right: periodic independent component (IC2); middle left:
temporal eigenvectors of linear component (TE1); middle right: temporal eigenvectors periodic component (TE2). An independent component deformation can be
calculated by multiplying numerical values of independent component (top) and its corresponding temporal eigenvectors (middle); bottom: comparison of RMSE
of deformation results from sICA and tICA methods separation on simulated 29 images).

Fig. 4. Study area (purple rectangular) and SAR spatial coverage (red rectangular).



976 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Fig. 5. Contribution of each independent component and the cumulative contribution.

the surface permafrost was degraded by heat and thus collapsed,
forming a depression. As a result, the permafrost melts and wa-
ter accumulates, generating thermokarst lakes. Thermal energy
from these thermokarst lakes further affects the surrounding
ecosystem by releasing more greenhouse gases from the melting
of permafrost and subsurface ice, thus expanding and deepening
these lakes [45], [46], [47], [48]. The harsh natural environment
and sparse population in this region hinder the implementation
of conventional ground-based monitoring with regular access to
the ground. Therefore, it is of great importance to implement
large-scale deformation monitoring in this region using time-
series InSAR technology.

In all, 52 Sentinel-1A (ascending) images were obtained from
January 2020 to January 2022. The differential interferometric
analysis was conducted using the Swiss GAMMA software. In
the experimental processing, the temporal baseline threshold
and spatial baseline threshold were set as 150 days and 300 m,
respectively, and the multilook ratio was 5:1. The Shuttle Radar
Topography Mission Digital Elevation Model with a resolution
of 30 m was selected to remove the topographic phase. The
polynomial fitting method was adopted to remove the track error
and the Gaussian filter was served to filter the phase to suppress
the noise. In addition, the minimum cost flow method was used
for phase unwrapping.

B. InSAR Phase ICA

Before the phase ICA, the number of ICA separated com-
ponents in the real experiment should be determined first. The
contributions of each independent component and the cumula-
tive contribution were calculated as shown in Fig 5. In Fig. 5, the
X-axis indicates the calculated contribution of 10 components,
and the left and right Y-axes are the scale of individual com-
ponent contribution and cumulative contribution, respectively.
The points on the solid red line with diamonds indicate the
contribution of each component, and those on the solid blue
line with circles are the cumulative contributions. According to

our quantitative calculation, the contribution rates of the first
five components are 68.4%, 22.4%, 4.66%, 1.34%, and 1.14%,
respectively, showing a cumulative contribution of 97.8%. In
contrast, the cumulative contribution of the rest of the com-
ponents is only 2.2%. This indicates that when the number of
separated components n in (4) is set to 5, these five components
can basically characterize the total phase signal. Therefore, the
number of separated components is set to 5 in the subsequent
experiments.

Fig. 6 illustrates the results of separated InSAR phase sig-
nals by FastICA decomposition. The top figures represent the
independent components of the separated components and the
bottom ones represent the temporal responses. The temporal
eigenvectors were all normalized from −1 to 1. As it shows,
IC1 shows a significant temporal linear variation pattern in the
temporal eigenvectors, thus it is presumed to be related to the
long-term linear deformation caused by the internal factors.
Comparatively, both IC2 and IC3 show more spatial correlation
characteristics with the topography, and irregularly fluctuations
for the temporal eigenvector values around 0, which means that
IC2 and IC3 have no common temporal responses (positive or
negative) in time-series InSAR measurements. Consequently,
those two IC components were suggested related to tropospheric
delay effects and partly some residual orbital errors [22], [50]. As
for IC4, the independent component exhibits similar spatial dis-
tribution characteristics as that of IC1, and most of the temporal
eigenvector values are positive with a nonlinear variation. Thus,
IC4 was hypothesized as the nonlinear deformation signals
remained in the residual phase components. Comparatively, IC5

shows a significant apparent trend of periodic variation, which
was assumed related to the deformation component associated
with external climatic factors.

To verify the speculation of IC2 and IC3 based on the above
analysis, the sum of the two components was compared with
the GACOS atmospheric data. In the experimental processing,
first, the GACOS data were interpolated by a 2-D interpolation
method to keep a consistent resolution with the Sentinel-1A
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Fig. 6. Independent components IC1 − IC5 and its corresponding temporal eigenvector. An ICi(i = 1, 2, . . . , n) phase matrix Yi,N×C composed of N images
and C pixels can be reconstructed by the ith column of the mixing matrix AN×n multiplied by the ith row of the ICs matrix Sn×N . The IC phase matrices
Yi,N×C(i = 1, 2, . . . , n) can be related to physical signals such as linear deformation (IC1), atmospheric delay error (IC2 + IC3), nonlinear deformation (IC4),
periodic deformation (IC5) based on the spatiotemporal characteristics of the ICs and temporal eigenvectors.

data. Then, both the GACOS data and the two independent
components were spatially normalized to a stable reference point
on the first temporal image. Finally, the average atmospheric
phases at the points distributed over the study area were masked
out and calculated manually, in order to keep the identical spatial
ranges of the two datasets.

The comparative results are shown in Fig. 7, where Fig. 7(a)
shows the calculated average deformations generated by IC2 +
IC3 components, and Fig. 7(b) by the GACOS atmospheric data.
As it shows, GACOS atmospheric data and the deformation gen-
erated by IC2 + IC3 are highly consistent in spatial distribution:
both characterized by obvious subsidence (dark red color) in re-
gion B with a maximum value of about –50 mm; both dominated
with blue color in region C where locates the mountainous areas
in the northeast of the Gongyu Highway, with slow subsidence
of about –20 mm and an uplift of 20 mm in the southwest of
region C. Conversely, the two figures still show differences in
the area close to the Yellow River. It may be caused by the
phase unwrapping inaccuracy and residual orbital errors in the
study area. Therefore, the comparisons prove our hypothesis that
the IC2 + IC3 components are topography-related atmospheric
delay effects, partly some residual orbital errors, and the phase
unwrapping error in region A.

To verify the correlation between IC5 and climatic factors
in the region, the correlation coefficients between IC5 and
temperature and precipitation were calculated, as demonstrated
in Fig. 8. The precipitation data, temperature data, and IC5

component are marked with a blue bar, orange solid line, and
black solid line with triangles, respectively. Fig. 8 discloses
that IC5 has a high correlation with both temperature and
precipitation simultaneously. The correlation coefficients of IC5

with temperature and precipitation were calculated to be 0.532
and 0.358, respectively. Meanwhile, a two-month lagging effect
between IC5 and the climatic factors can be found on the graph.
Further, two correlation coefficients can be improved to 0.795
and 0.819, respectively, after the correction for the lag. This
confirms the hypothesis that IC5 is an environmentally relevant
deformation component.

C. Analysis of the Generated Total Time-Series Deformation
via HPICA

Fig. 9 outlines the parameters of the study area obtained by
the method flow described in Section II-B. Fig. 9(a) represents
the average value of the linear rates in the multivelocity model
at each high-coherence point, and Fig. 9(b) and (c) represents
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Fig. 7. Comparison of deformations generated by the sum of IC2 and IC3 with GACOS atmospheric data [(a) Deformations generated by IC2 + IC3.
(b) Average deformations generated by GACOS atmospheric data].

Fig. 8. Correlation analysis of IC5 with climatic factors.

the estimation of the temperature and precipitation parameter in
the model of permafrost deformation considering the climatic
factors at the high-coherence point, respectively. Fig. 9(d) shows
the HPICA generated deformation in A. Fig. 9 displays that the
deformation in B is very pronounced. In Fig. 9(a), the average
rate is distributed in the range of [–40 40] mm/a, and that is larger
in the B near the lake, as shown by the color bar, corresponding
to the value of the interval of [–30 –20] mm/a. The average rate is
smaller in the area farther away from the lake, which corresponds
to a value of about –10 mm/a according to the yellow color.
Fig. 9(b) and (c) indicates that the effects of the tempera-
ture and precipitation parameters are more concentrated in the
southwestern part of B. The ranges of the two parameters are
[–0.30.2] mm/°C and [–0.08 0.06] mm/mm, correspondingly.
The color in the area away from the lake is mostly green, where
values of the two parameters fluctuate around zero. Fig. 9(b) and
(c) suggests that the temperature parameter has a larger value
than the precipitation, which indicates that the temperature has

a greater effect on the generation of deformation compared with
the precipitation. Such findings are consistent with the fact that
permafrost is very sensitive to temperature.

Fig. 10 shows the time-series deformation from January 2020
to April 2022 for the study area. From the spatial distribution
of colors, the deformation of the whole region is dominated by
subsidence, in which a large amount of deformation is mainly
reflected in area B near the Star Lake, and the maximum sub-
sidence in the whole time is –149.9 mm. The deformation of
the rest area is mainly around [–20 20] mm. The generation of
large-scale deformation in B is mainly caused by the long-term
displacement of internal factors and the multiple effects of
external climatic factors. Thanks to the Sea of Stars, the surface
of the region is “warm” all year round. The low topography
of the region and the abundant recharge from groundwater and
river, as well as the significantly higher water and ice content
of the permafrost layer, the region becomes more susceptible
to climatic factors (especially temperature) and responds more
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Fig. 9. Estimated parameters [(a) Average rate v. (b) Temperature parameters a1. (c) Precipitation parameters a2. (d) Deformation results: 20200102–20220115].

intensely. The maximum deformation in B from April 2020
to September 2020 could be visualized from the color change
on the time-series figure, whereas the deformation in the rest
of the area was small or insignificant. The deformation region
experienced an obvious raise during the cold season from late
2020 to early 2021. During the high summer temperatures in
May–November 2021, there is significant subsidence in area B.
In the cooler periodic from November 2021 to early 2022, there
exists subsidence slows down and some amount of raise. The
deformation in this region is clearly periodic with the seasons,
which is very consistent with the deformation mechanism of
permafrost.

D. Accuracy Analysis

Since there is no external level data in this area, the annual
average subsidence velocity calculated in the previous study
is –6.9 mm/a, which is in good agreement with the results of
subsidence monitoring in Maduo area of Qinghai [44]. The
size of residual phases can reflect the modeling accuracy be-
tween the InSAR modeling results and the real deformation:
the smaller residuals in the interferometric pairs are, the higher
the modeling accuracy is [8], [34]. The initial residual phases
are obtained by subtracting the original total interferometric
phases from the modeled LP deformation phases. After that,
the residual phases are spatio–temporal filtered to obtain the HP
nonlinear deformation component. The remaining components
are the final residual phases of each interferometric pair. The
residual phases of the HPICA were compared with those of the
SBAS-InSAR and the Equal-Weights modeling with Periodic
model (EWP) without ICA separation. As illustrated in Fig. 11,
the HPICA method exhibits the residual phases of all less than
0.6 rad and 94.2% of it are less than 0.3 rad. In contrast, the
residual phases of the SBAS results are all less than 1 rad, and
63.5% of it are less than 0.3 rad. Therefore, the comparison
here indicates that residual phases of the periodic model are

all less than 1.6 rad, and only 7.7% of it are less than 0.3 rad.
The modeling accuracy of HPICA is 60% and 84.7% higher
than the SBAS and the periodic model, respectively. The results
reveal that the deformation components can be separated more
accurately after filtering out the atmospheric delay and orbital
error residuals by ICA separation, and the accuracy of the final
deformation estimation can also be significantly improved due
to the more precise related phase components.

V. DISCUSSIONS

A. Potential Reasons for the Derived Deformation

The potential reasons for the derived deformation can be
divided into external factors and internal factors. The external
factors include temperature, precipitation, and humidity solar
radiation. Temperature and precipitation are the main factors
affecting the properties and distribution of permafrost in high
mountainous areas. The periodic change of temperature is an
important causative factor for the periodic deformation of per-
mafrost. The internal factors mainly include geotectonic activ-
ities, with the break zones in the Qinghai–Tibetan Plateau still
in the process of activity and susceptible to complex influences
on the active geology of the region.

In this article, the main deformation area is located in the
northeastern part of the Tibetan Plateau, with an altitude of about
4200–4800 m. The Xingxiuhai Sea, Star Lake, and the Yellow
River provide abundant water resources for the permafrost in
the region [44]. The reason for seasonal fluctuation is mainly
the increase in summer temperature and precipitation. Heat
absorption and melting of the active layer lead to an increase in
its water content. Meanwhile, the heat and water are transported
from the top to the bottom simultaneously, thinning the entire
active layer and resulting in consequent subsidence of the ground
surface. Consequently, a significant subsidence was discovered
in B from April 2020 to September 2020, and from May 2021
to November 2021. In winter, the unfrozen water and heat
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Fig. 10. Time-series deformation results over the study area.

in the active layer migrate upward when the temperature and
precipitation decrease. As unfrozen water begins to freeze in
the upper part of the active layer because of the extremely
low surface temperatures, therefore, the active layer becomes
thicker and subsidence is slowed and raised. Accordingly, the
subsidence in B slows down and rises during the cold periodic
from late 2020 to early 2021 and from November 2021 to
early 2022.

To further analyze the time-series characteristics of the de-
formation in B, four characteristic points [P1–P4 marked in
Fig. 9(d)] were selected for the quantitative analysis. Subse-
quently, the results were compared with the temperature and
precipitation, as illustrated in Fig. 12. The four feature points
show the same subsidence movement over the whole periodic.
Furthermore, it displays a large temporal correlation and is
accompanied by a very obvious periodic feature. The whole
study period can be divided into two periods of one year. Warm

season: From May 2020 to October 2020 and May 2021 to
October 2021, all four points appeared obvious subsidence at
high temperatures and fast precipitation velocity. The subsidence
velocity at P3 was the fastest, reaching –168.8 mm/a from
8 May 2021 to 11 October 2021, with a cumulative maximum
subsidence of –72.2 mm. Cold season: The content of unfrozen
water in the active permafrost layer was reduced under the low
temperature and precipitation from October 2020 to May 2021
and from October 2021 to mid-March 2022, as a result, all
the features were raised, with the largest raise of 28 mm from
October 4, 2020 to May 8, 2021 at P1.

B. Frozen Soil Type Identification Based on sICA

As introduced in the paper [50], [51], according to the length
of time the frozen state of the soil is being maintained, per-
mafrost can generally be categorized into short-term permafrost,
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Fig. 11. Residual phase comparison of 52 SAR images between the HPICA method and two commonly used traditional methods.

Fig. 12. Time-series settlement on feature points based on HPICA.

seasonal permafrost, and permanent permafrost. The permafrost
remains frozen for several years or even tens of thousands of
years, which temperature of the soil layer always stays below
0°C and the permafrost layer does not melt all year round. As
a result, the permafrost is relatively stable. Seasonal permafrost
refers to permafrost that remains frozen for half a month or sev-
eral months, which time of existence is shorter than permanent
permafrost. Seasonal permafrost is so unstable that it is more sus-
ceptible to the effects of temperature and precipitation [52], [53],
[54], [55]. According to the spatial distribution characteristics of
IC1 + IC5 in Fig. 13(b) in this study, it can be found that area A
is a significant deformation region. The seasonal deformation
in A is 55.7% higher than that in region C by calculation.
The maximum seasonal deformation in A reaches –40 mm,
which is significantly higher than C. This suggests that the
influence of seasonal deformation is much higher in A than in C,
which is consistent with the instability of seasonal permafrost

and the obvious seasonal deformation above. Therefore, it is
inferred that the seasonal permafrost is mainly distributed in A.
In contrast, the seasonal and total deformation in C is smaller
than A, so it is assumed that the soil distributed in C is permanent
permafrost dominantly.

To verify the accuracy of the above conclusions, IC1 and IC5

were compared with the existing permafrost classification results
introduced in [49]. Fig. 13(a) shows the distribution map of per-
mafrost on the Tibetan Plateau studied by previous researchers.
The extent of the study area of Maduo was cropped according
to the latitude and longitude in ArcGIS software, in which the
dark blue color denotes the permanent permafrost and the orange
color denotes the seasonal permafrost. Fig. 13(b) shows the sum
of the linear component and the periodic component in Fig. 6.
Areas A and C in the figure suggest that there is a large amount
of seasonal permafrost in area A in the southwestern part of the
Maduo region, whereas permanent permafrost distributes in the
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Fig. 13. Frozen soil type distribution map comparison [(a) Map of the thermal stability of permafrost on the Tibetan Plateau [51]. (b) Sum of IC1 and IC5].

northeastern part. This observation shows consistency with the
boundary of the two types of permafrost zones that are separated
by the results of this article in Fig. 13(b).

C. Applicability Analysis for HPICA

1) The FastICA method can accurately separate the indepen-
dent components in the InSAR phase, which is conductive
to removing atmospheric delays, topographic residuals,
and orbital errors from the unwrapped phase. Thereby, the
deformation-related phase interested in can be more accu-
rately extracted. Meanwhile, it can assist in determining
the weights of deformation-related signals with different
physical causes, thus decreasing modeling errors caused
by assumptions in equal weights for direct modeling.

2) The simulation experiments in Section III demonstrate
that the sICA is significantly better than the tICA in
separating the InSAR signals. This can be attributed to
the high spatial density of high coherence points on the
interferograms of each view and the high spatial reso-
lution and visible boundary information. Conversely, the
time-series is limited by the revisit period of the SAR
satellite and the sampling density is low. This permits
the sICA to more effectively reveal the information on
time-series expansion trends and spatial variations in the
spatial distribution of high-coherence points. However,
the tICA method can separate better under the context
of high-density time-series data (i.e., GNSS data) [56].

3) HPICA can reveal the boundaries of different permafrost
regions according to the nature of permafrost, thus facil-
itating the spatial classification of different types of soil
regions. Further, it can assist in modeling the physical
deformation of different types of soils, extracting the
time-series deformation of permafrost with consideration
of the spatio–temporal heterogeneity, and improving the
accuracy of deformation estimation.

VI. CONCLUSION

An improved method for estimating road deformation in
permafrost regions was proposed in this article, namely, HPICA.
This article utilized FastICA to separate the original unwrapped
phase of InSAR, then extracted the relevant components of

permafrost deformation by signal feature discrimination and
performed physical modeling. Meanwhile, the multivelocity
linear model was employed to model the deformation caused
by internal factors of permafrost, and a model considering the
climatic factors was used to model the relevant environmental
components. The LS and SVD methods were employed to esti-
mate the deformation parameters and obtain the final time-series
of the deformation.

The simulation experiments explicate that sICA can extract
the deformation-related phase components more precisely than
tICA method, and the original signal can be better reproduced.
The real experiment was carried out based on 52 Sentinel-1A
images covering the Maduo section of the Gongyu Highway
on the Tibetan Plateau. The total deformation time-series of
the study area from January 2020 to January 2022 was ob-
tained. The maximum cumulative deformation is –140.8 mm,
and the average annual deformation velocity is –6.9 mm/a,
which is 62.5% and 85.7% higher than that of SBAS-InSAR
and the EWP without ICA separation, respectively. In addition,
the HPICA method can effectively distinguish the boundary
between the permanent permafrost and seasonal permafrost
regions in Maduo section of Gongyu Highway, demonstrating
similar results with the existing results. The method applied in
this article can effectively extract the deformation-related com-
ponents and improve the accuracy of deformation estimation
in permafrost compared with the traditional method of direct
physical modeling for unwrapped phase, which is conducive to
the deformation interpretation for permafrost areas. HPICA can
also provide support for highway construction and management
and disaster evaluation in the plateau permafrost region.
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