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Abstract—Time series interferometric synthetic aperture radar
(TS-InSAR) has been a powerful tool for monitoring land sur-
face deformation over the last two decades. Atmospheric effects
cause large-scale delays in InSAR observations, which is one of
the difficulties facing deformation calculations from differential
InSAR and time-series InSAR. Currently, the atmospheric delay
is derived mainly from auxiliary data from sources such as the
global navigation satellite system (GNSS) and moderate-resolution
imaging spectroradiometry (MODIS), but GNSS data are limited
by the sparse distribution of observation stations. MODIS data may
also not temporally match SAR image acquisition, which leads to
low accuracy in atmospheric phase correction. This article presents
a decomposition method to remove the atmospheric delay. We con-
sider the atmospheric phase to be caused by the combined changes
in spatial position and elevation. Therefore, quadtree segmentation
is applied to divide the topographic units, and we improve the drift
function of universal kriging by adding an elevation component.
We then interpolate the whole atmospheric phase space from reli-
able sampling points estimated by the coherence coefficient. Using
Sentinel-1 data, we test the proposed method in discriminating
and monitoring a mining subsidence area in Shanxi Province and
compare the results with the results from interferometric point
target analysis and the network-based variance-covariance estima-
tion method. The results demonstrate that the proposed method
is superior to existing methods for the detection of deformation
inverted from TS-InSAR.

Manuscript received February 10, 2021; revised June 5, 2021 and August
24, 2021; accepted September 12, 2021. Date of publication September 20,
2021; date of current version October 27, 2021. This work was supported by
the National Natural Science Foundation of China under Grant 42074004 and
in part by Shanxi Transportation Holdings Group, Company, Ltd., under Grant
19-JKKIJ-3. (Corresponding author: Mengyao Shi.)

Mengyao Shi is with the School of Land Science and Technology,
China University of Geosciences, Beijing 100083, China (e-mail: shi-
mengyao@cugb.edu.cn).

Junhuan Peng is with the School of Land Science and Technology, China
University of Geosciences, Beijing 100083, China, and also with the Shanxi
Key Laboratory of Resources, Environment and Disaster Monitoring, Jinzhong
030600, China (e-mail: pengjunhuan@ 163.com).

Xue Chen is with the School of Land Science and Technology, China
University of Geosciences, Beijing 100083, China, and also with the De-
partment of Geosciences, University of Padua, I-35131 Padua, Italy (e-mail:
chenxue @cugb.edu.cn).

Yueze Zheng is with the Beijing Institute of Surveying and Mapping, Beijing
100038, China (e-mail: zheng_cugb@163.com).

Honglei Yang and Yuhan Su are with the School of Land Science and
Technology, China University of Geosciences, Beijing 100083, China (e-mail:
hongleiyang @cugb.edu.cn; s_yuhan@ 163.com).

Guoya Wang is with the Geological Hazards Prevention Institute, Gansu
Academy of Sciences, Lanzhou 730000, China (e-mail: guoya@lzb.ac.cn).

Wenwen Wang is with the Shanxi Key Laboratory of Resources, Environment
and Disaster Monitoring, Jinzhong 030600, China, and also with the Coal
Geological Geophysical Exploration Surveying and Mapping Institute of Shanxi
Province, Jinzhong 030600, China (e-mail: 530619120@qq.com).

Digital Object Identifier 10.1109/JSTARS.2021.3113619

Index Terms—Atmospheric phase correction, interferometric
synthetic aperture radar (InSAR), kriging interpolation method.

1. INTRODUCTION

NTERFEROMETRIC synthetic aperture radar (InSAR) is
I a new technology for monitoring surface deformation that
processes two complex images obtained by a satellite passing
a single location at two moments in time to calculate the phase
change caused by deformation; in this way, the characteristics of
surface deformation can be analyzed. InSAR has been success-
fully used in many fields to study phenomena such as landslides,
ground subsidence, and earthquakes; in addition, this technique
is regarded as an effective method for the dynamic monitoring
and extent identification of subsidence in mining areas. How-
ever, when a satellite transmits electromagnetic waves through
the atmosphere, the transmission delay due to a large quantity of
water vapor can produce a deviation in the converted distance of
up to 2.8 cm on one path in desert areas [2]. Owing to differen-
tial interferometric data processing, the phase changes caused by
such differences in the atmospheric distribution of water vapor
affect the extraction of elevation data and the calculation of
deformation. According to previous studies, a 20% change in
relative humidity leads to errors of 10—14 cm in deformation or
deviations of 80-290 m in elevation [3]. In addition, the effects
of atmospheric disturbances on interferograms change rapidly
and show different characteristics over large areas (see Fig. 1).
In particular, the large magnitudes of atmospheric delays mask
the deformation phase [see Fig. 1(a)]. Therefore, atmospheric
change is an important error source in differential interferome-
try. Moreover, the topography of mining areas is complex and
diverse, and the changes in the atmosphere over these areas are
severe; thus, performing atmospheric correction in mining areas
is important for the dynamic monitoring of subsidence.

Recently, many scholars have explored tropospheric correc-
tion methods in interferometry. Excluding weather models, the
existing correction methods can be roughly divided into the
following two categories: interpolation methods and time-series
methods. Interpolation methods are simple techniques, wherein
auxiliary data from sources such as the global navigation satellite
system (GNSS) or medium-resolution imaging spectrometry
(MERIS/MODIS) and other meteorological data are interpo-
lated to calculate the zenith wet delay [4]-[6]. In contrast,
time-series methods entail InSAR data processing and consider
the temporal and spatial characteristics of the atmosphere or
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Fig. 1. Atmospheric effects in interferograms. (a) Interferogram from 3 June
2017 to 13 October 2017. (b) Interferogram from 30 December 2017 to 24
November 2017.

the relationship between the atmospheric phase and the eleva-
tion by employing methods such as the small baseline subset
(SBAS) technique and permanent scatterer (PS) method [3],
(71, [8].

The interpolation method is a straightforward approach that
estimates the zenith wet delay to invert the water vapor content
and does not require the analysis of the temporal or spatial char-
acteristics of the atmosphere. A reasonable interpolation method
should be applied to generate the atmospheric correction in an
area when the number of observation points is sparse. Common
interpolation methods include inverse distance weighted (IDW)
interpolation and kriging interpolation. Samir et al. [4] proposed
a novel interpolation method using three-dimensional inverse
distance weighting based on evidence of a strong correlation
between elevation and water vapor variations. Hu et al. [5]
utilized cubic spline interpolation on grid points from sea level to
a reference elevation for the temperature, pressure, and relative
humidity along the vertical direction; this approach provides
horizontal interpolation on the desired locations along the line-
of-sight direction. Yu et al. proposed a method that uses GNSS
data to reduce tropospheric effects and an iterative model with
elevation data to separate tropospheric stratified and turbulence
components [6], [7]. Yu er al. [8] proposed an atmospheric cor-
rection model named the generic atmospheric correction online
service (GACOS) for InSAR and released the products, which
are based on a fusion of GNSS measurements and ECMWF
weather models with an iterative tropospheric decomposition
mode. IDW interpolation employs the weighted sum of all
known points in space to estimate the values of unknown points,
where the weight depends on the reciprocal of the distance or
the squared distance [9]. Due to the low density of meteorology
stations, GNSS stations, and MODIS data, the resolution of
which is only 1000 m, the resolution of external data is far
less than that of SAR images (meter level); this poor resolution
introduces error when interpolating in a wide area with a variable
atmospheric water vapor distribution [10]-[12]. In addition, in-
terpolation on the global scale depends on the spatial distribution
of spatial attributes [13], [14]. Hence, this interpolation method,
which uses only an inverse proportional function to describe
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spatial attributes, is not sufficiently accurate. In contrast, kriging
interpolation depends on a mathematical model, and a statistical
model (e.g., the Matern variogram model) is better than the
spherical variogram model in some cases [15]. The latter model
requires a large number of SAR images to resolve the temporal
and spatial distributions. The stacking method generates an
interferogram stack to reduce the time decorrelation phase, such
as that due to noise and atmospheric effects; for example, the
SBAS and PS methods apply a temporal high-pass filter and
spatial low-pass filter to reduce the atmospheric phase from the
mixed interferometric phase [16]. Werner et al. [22] presented
a method named interferometric point target analysis (IPTA) to
calculate the target points in multiple interferometric images by
applying statistical regression analysis, which is an extension
of traditional PS InSAR and SBAS InSAR, thereby providing a
greater data processing efficiency and data storage capacity [23].
In this method, a high-coherence point grid is established during
repeated iterative analysis and the correction of the unwrapped
phase to separate the surface deformation information. The
atmospheric signal related to the topography should be removed
by the component related to the perpendicular baseline, while
the other atmospheric signals should be estimated by spatial
filtering of the nonlinear component.

Tropospheric delays are commonly considered a mixture
of turbulence delays and stratified delays [17]. Considering
the characteristics of the above two components, Wei et al.
[18] decomposed the atmospheric phase into terrain-related
components and turbulence components, which were modeled
and estimated by least squares (LS) estimation and the spatial
variation model, respectively, achieving good results, but the
influence of the elevation error was ignored in the modeling.
In addition, Li et al. [19] and Cao et al. [20] proposed a
network-based estimation method to model the spatiotemporal
variation in tropospheric signals and to estimate the temporal
variance-covariance matrix of time-series InNSAR (TS-InSAR)
observations. In this method, the undifferentiated atmospheric
signals for each SAR acquisition are assessed. In addition, the
atmospheric signals related to the topography are removed, and
the deformation region is masked in advance. However, this
method adopts only a spherical model to model the spatial
variance of samples, and the spatial distribution of the phase
space is not analyzed further.

Therefore, combining the advantages of the interpolation
and time-series atmospheric correction methods mentioned
above, this article proposes an improved atmospheric correction
method. In this method, a quadtree segmentation method is
used to segment the digital elevation model (DEM) to obtain
fluctuating topographic points as sampling points for kriging
interpolation. The spatially heterogeneous atmospheric phase
is interpolated by the universal kriging interpolation method
with an improved drift function. In addition, Sentinel-1 data are
utilized to monitor a mining subsidence area in Shanxi Province
to verify the proposed method.

The rest of this article is organized as follows. Section II
introduces the method for decomposing the atmospheric phase
and the proposed method for correcting the spatially hetero-
geneous atmospheric phase, including the improved universal
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kriging method. Section III describes an example to analyze the
reliability of the proposed method. Finally, Section IV concludes
this article.

II. METHOD
A. Atmospheric Phase Decomposition of InSAR

The atmosphere is a layer containing mixed gases enveloping
the surface of the Earth. At middle latitudes, the average altitude
of the troposphere, more than 90% of which is water vapor, is
10-12 km. Because temperature varies with elevation, water
vapor is unevenly distributed in the vertical and horizontal
directions, i.e., the atmosphere is spatially heterogeneous, which
affects electromagnetic wave propagation. In addition, there
are many free electrons above the troposphere that also affect
electromagnetic wave propagation and, thus, long-wavelength
SAR sensors due to the dispersive property of the ionospheric
medium. When an electromagnetic wave penetrates the tropo-
sphere, which is enriched in water vapor, the propagation path
necessarily bends, and the transmission time is delayed [17].

The variation in the atmospheric distribution of water vapor
between two repeated observations leads to a differential at-
mospheric delay phase that cannot be eliminated by differential
interferometry. In addition, because the refractive index in space
is anisotropic, the corresponding atmospheric phase change can
be divided into two directions: horizontal and vertical. The
change in the horizontal direction is due to the turbulent field,
while that in the vertical direction is due to the stratified atmo-
sphere related to the elevation.

1) Stratified Atmosphere: Based on the characteristics of dif-
ferential InNSAR (D-InSAR), the interferometric phase includes
the following main phases: the deformation phase, terrain phase,
baseline phase, atmospheric phase, and noise phase. These
phases are additive. The terrain phase and baseline phase can
be reduced by external DEM data and precise orbit or ground
control points, respectively [24]. After correcting these phases,
the interferometric phase includes only a mixture of the defor-
mation, atmosphere, and noise phases. However, the vertically
stratified atmosphere can be considered a function of elevation.
Taylor and Peltzer [25] pointed out that there is a linear or
exponential relationship between the atmospheric delay phase
and elevation.

To show the difference between the two abovementioned
relationships, we take the study area as an example. A com-
parison reveals that the exponential model fits better than the
linear model in mountainous areas (see Fig. 2). The R? values
of the exponential model and the linear model are 0.2068 and
0.1698, respectively, mainly because mountainous areas present
undulating topography, which is difficult to fit with a linear
model. Generally, the vertically stratified atmosphere is obvious
and significant in areas with large topographic changes.

2) Horizontal Atmospheric Turbulence: Horizontal atmo-
spheric turbulence is caused mainly by the spatial and temporal
distributions of water vapor, which is spatially heterogeneous. In
addition, atmospheric noise is uncorrelated in time. Therefore,
the spatial statistics method can be used to extract the horizontal
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Fig.2. Regressionresults (black crosses: observations; red circles: exponential
model results; green line: linear model results).

atmospheric turbulence component, which is independent of
the terrain. The most common interpolation methods are IDW
interpolation [26] and kriging interpolation [27]. The former
uses the weighted sum of all known points in space to estimate
the values of unknown points, where the weight depends on the
reciprocal of the distance. In addition, IDW is a nonparametric
method that relies on previous experience to set appropriate
weights and windows.

However, it is not accurate to describe the spatial information
using only an inverse ratio function, especially with an uneven
distribution of known points, because excessively sparse obser-
vation points often lead to errors in the interpolation results. In
contrast, kriging interpolation is a parametric method using a
regression algorithm for spatial modeling and the interpolation
of random fields according to the variogram function of spa-
tial variables based on minimum variance; this technique can
provide optimal unbiased linear estimations and has a stable
prediction effect for specific stochastic processes [28]. Com-
pared with that of IDW, the kriging weight decreases with the
characteristics of the variogram rather than the distance. Knospe
and Jonsson [15] used kriging interpolation embedded with the
Matern variogram model and found good agreement between
the physical and statistical characteristics of the atmospheric
phase and the spatial atmospheric refractive index obeying the
Kolmogorov power law of turbulence. However, considering
the anisotropy of the atmosphere, more parameters increase the
complexity of the model; thus, this method is suitable only for
dense sampling [19]. We choose some columns and rows of a
differential phase with the topographic phase removed and a
flattened phase in the study area. The azimuth and range pixel
scatter diagrams show that after unwrapping the phase map with
the masked deformation area, the phase intrinsically tends to
change (see Fig. 2), which means that the variable exhibits drift
in the range, azimuth, and vertical directions due to the influence
of the tropospheric delay. Due to the spatial anisotropy of the
atmosphere, the variable mean value and nonstationary variance
show that the results do not satisfy second-order stationarity or
the principle of the original kriging method. The display of phase
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X-axis shows the number of points in the azimuth or range direction, and the
Y-axis shows the phase value of each point.

values in different directions indicates that the trend changes are
inherent (see Fig. 3).

B. Modeling and Estimation of the Atmospheric Phase

Therefore, universal kriging should be used for the spatially
heterogeneous atmosphere. For two points x and y on the surface,
their interferometric phase  can be expressed as

¢ (z) = F(z) + 2 () )]
Ep (z) = F (x) (2)
Vip () — ¢ (y)] =27 (x,y) 3)

where E is the mathematical expectation; V is the variance; ~y
is a variogram function; F is a drift function, usually expressed
as a polynomial function; and z is a regionalization variable
with zero expectation that can be regarded as a random oscil-
lation around F. The variogram function is usually of one of
the following types: spherical, exponential, mixed exponential,
Gaussian, linear, power function, or spline type. Different types
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correspond to the changing characteristics of different variables
and the rate change in the variogram function with increasing
distance (see Fig. 4).

Therefore, if a suitable variogram model is selected, the spatial
statistical information can be used to describe the characteristics
of the spatially heterogeneous atmosphere, and the atmospheric
phase of an unknown point can be estimated by the atmospheric
phase of the known point.

In this article, we propose a method for spatially heteroge-
neous atmospheric phase modeling that can estimate the TS-
InSAR interferometric phase. Through the SBAS method, an
interferometric pair is constructed according to the time and
baseline thresholds. Following differential interferometry, the
terrain phase and the baseline phase in the unwrapped phase are
eliminated, and thus, only the atmospheric phase, terrain residual
phase, deformation phase, and noise phase are included in the
phase map. According to the description above, we establish a
general model to estimate the stratified atmosphere and horizon-
tal atmospheric turbulence phases. Considering the relationship
between the DEM and the stratified atmosphere, we introduce
elevation h into the initial universal kriging interpolation model.
Based on the above equations, the atmospheric unwrapped phase
is modeled as

o = F(x,y,h) + e “4)

where ¢ is the unwrapped phase; h is the elevation; x,y are
the coordinates; F(x, y, h) represents the atmosphere, which
is related to the location and elevation; and ¢, is the residual
phase, including the deformation information and noise. The
function is added to the drift function of the universal kriging
model to perform the regression, which is shown in (7). In
other words, the stratified atmospheric phase and the horizontal
turbulent atmospheric phase are estimated simultaneously in this
function instead of through stepwise calculation. The proposed
method of atmospheric phase correction is shown as follows.
1) Identification and Sampling of the Atmospheric Region:
Through the stacking method, which considers the correlated
spatial distribution and uncorrelated temporal distribution of the
turbulent atmosphere, the phase of continuous deformation in
the mean phase becomes obvious. Moreover, the average atmo-
spheric phase is not significant due to the temporal averaging
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process when the number of images is sufficient [17]. In this
way, the deformation region is excluded because the deformation
process and location are continuous. Considering the accuracy
of the sampling points, the known points in the atmospheric
region are reselected by coherence. Therefore, the coherence
coefficient of all the points should be considered to extract
reliable information on the phase value.

Choosing a region with good coherence can eliminate the
occurrence of random and unreliable points in the interferogram.
In addition, the density of sampling points is reduced; thus, the
speed of the interpolation operation increases. Aiming at pro-
cessing N interferograms for SBAS interferometry, we calculate
the mean phase in the time domain.

k
oSy
(1 < k < n, kis positive integer) (5)

where V is the average phase and ¢; is the phase of the ith
interferogram.

Kriging interpolation utilizes the variograms calculated by
all the known sampling points to interpolate the whole phase
space. In other words, dense sampling may not improve the
interpolation accuracy and may require considerable time. Ac-
cording to the phase model mentioned above, the values of the
sampling points include horizontal and vertical information. To
sample the spatial information effectively, a quadtree method
is used to separate the DEM into tree structures of different
levels for the querying of different elevation changes [29]. In this
algorithm, the whole space is first divided into four subblocks. If
the statistical characteristics (i.e., mean and variation) of a block
are greater than the threshold values or the number of subblocks
is smaller than the default, the block is further segmented. Then,
we choose the centers of the final blocks as the sampling points
because every sampling point represents its local elevation. This
sampling method ensures that the sampling points represent the
whole phase space and that the points in areas with elevation
gradient variations are densified. Compared with the traditional
moving window uniform sampling method, which generates a
small window and takes the most stable point in the window
as the known point, the quadtree segmentation method makes
more effective use of the spatial distribution information and
improves the calculation efficiency.

2) Kriging Interpolation: The kriging method assumes that
the distance or direction between sampling points can reflect
the spatial correlation, which can be used to explain the surface
changes. The kriging method can fit a mathematical function
to a specified number of points or all points within a specified
radius to determine the output value of each location. Universal
kriging is an unbiased multiple regression estimation method
with drift and fluctuations in the spatial variable. Considering the
selection of the abovementioned stratified atmospheric model,
the proposed method adds the exponential model into the drift
function of universal kriging interpolation. Thus, (4), which
expresses the stratified and horizontal turbulent atmospheric
phases, can be expressed specifically as

p(x)=Frz,h)+ z(x) (6)
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where A is the weight coefficient, % is the elevation, p is the
number of polynomials in drift F , and z(z) denotes the fluc-
tuation with zero expectation that can be regarded as a random
oscillation around F.

Through modeling, it is found that the coefficient matrix of
the Gauss—Markov model also contains random errors. And the
LS solution in vertically stratified atmosphere matching is not
optimal but biased [28]. Therefore, the errors-in-variables (EIV)
model is applied as an adjustment model to consider the errors
of the observation vector and coefficient matrix at the same time.
The corresponding adjustment method is total LS and the EIV
model with errors can be expressed as

foe;=(A—FEa) x @®)

where f is the observation vector with the random error ey, A
is the coefficient matrix with the random error F 4, and x is
the parameter vector to be solved. The random error has the
following statistical properties:

[Ei}::vmi%AJ

(8)703 {%f QOJ ©)

where vec is the operator of the matrix column vectorization and
the coefficient matrix can be expressed as Q 5 = P}l , Q=
P;l . Under the total LS criterion, parameter estimation consid-
ering the error of the coefficient matrix can be achieved through
iteration as

e?Pyef + eEPA ea = min (10)
o = (f - A2) (F-AR) (1+&T@T) T ()
Fitl _ (ATA)—l(ATf + &l (12)

where 9**! are the residuals of observations obtained by the
(i+1)th iteration and 2°*! is the parameter estimate obtained by
the (i+1)th iteration. The iteration ends when ||2/T! — 37||<e
(¢ is a minimum number), and the initial value of &* is the LS
solution.

. ~1
& = (ATA) ATy
The corresponding covariance function can be expressed as

COV [z (w) z (x)] 0® R (d,w,x) (14)

(13)

where COV is the covariance function, o2 is the variance of the
fluctuation z, w is the sampled known point, and x is the point to
be interpolated. R is the correction model with the distance d of
the variogram mentioned in (3). At this point, the variogram R
should be chosen to adapt to the spatial variation of the spatially
heterogeneous atmosphere before the interpolation step. After
universal kriging interpolation, the atmospheric phase can be
calculated.
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Fig. 5. Flowchart of atmospheric phase correction.

3) Estimating the Atmospheric Phase: Based on the pro-
cesses above, the position, elevation, and unwrapped phase of
the extracted sampling points are introduced, and the advanced
regression model and variogram model are used to interpolate
the whole interferogram phase space. Since the height residual
and noise phase are high-frequency signals in space, this result
can be regarded as the atmosphere by kriging interpolation
equivalent average weighting [30]. The overall process is shown
in Fig. 5.

III. RESULTS
A. Case Study

The study area is located in Changzhi city in Shanxi Province,
China (see Fig. 6). To test the proposed method, 84 Sentinel-1
satellite images are used. Detailed information on the data is
listed in Table II.

Due to the complex terrain and the distribution of mountains
and valleys in the study area, the water vapor varies dramatically,
which affects the InSAR monitoring of coal mining subsidence
areas. Therefore, the atmospheric delay of all interferograms
must be corrected to improve the deformation monitoring accu-
racy in coal mining subsidence areas.

To do so, we first adaptively divide the DEM into small
blocks according to the elevation gradient with the quadtree
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TABLE I
COMPARISON BETWEEN THE QUADTREE AND UNIFORM WINDOW METHODS
IN THE EXPERIMENT

Quadtree  4*4 uniform
window
Number of points 22020 65536
Elapsed modeling time 107 s 1652 s
Estimation of the 1.4183 0.0549
process variance (')
TABLE II

INFORMATION ON THE SENTINEL-1 SATELLITE DATA USED IN THIS STUDY

Types of image Sentinel-1
Number of images 84

Coverage time 2017.03-2019.12
Revisit time 12 days

Number of interferograms 164

segmentation method [see Fig. 7(a) and (b)]. Then, the 164
interferograms are stacked to determine the deformation zone
in the interferograms [31] [see Fig. 7(c)]. After masking the
deformation zone and low-coherence points, the sampling points
in the centers of the quadtree blocks are selected, as shown in
Fig. 7(d). Considering the vertically stratified atmosphere and
the spatial correlation of the horizontally turbulent atmosphere,
a regression model and a variogram model are built, thereby
inputting the tropospheric phase into an advanced universal
kriging interpolation model. After interpolating all the interfero-
grams, the atmospheric phase of each interferogram is estimated.
Then, the interpolation phase is subtracted from the unwrapped
phase to obtain the deformation information.

B. Results and Analysis

We estimate all the interferometric pairs by using the proposed
method and choose some interferometric pairs to illustrate the
results (see Fig. 8). The estimated atmospheric phase reflects
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TABLE III
COMPARISON OF THE DIFFERENT ATMOSPHERIC CORRECTION MODELS

Method Characteristic Mean of STD
of each
interferograms

GACOS Online application 2.06 rad

GAMMA atm | Regression analysis of | 1.0117 rad

modell elevation

GAMMA atm | Regression analysis of | 1.1042 rad

model2 elevation with

multiple parameters

NVCE Stochastic model 2.52 rad

IPTA Multi step time 0.80 rad

consuming operation

The Unified short time 0.86 rad

proposed operation

method

the high potential relativity of the topography, which meets
the abovementioned atmospheric characteristics. In addition, we
compare the pixel scattering in the interferograms with the same
rows and columns of the estimated atmospheric phase and the
corrected unwrapped phase. The results are shown in Fig. 9. As
mentioned above and shown in Fig. 3, pixel scattering shows
an intrinsic tendency toward a three-dimensional position. After
correction, the results fluctuate around the true value.

To verify the results, we select three typical areas, which
include plain area, deformation area, and mountainous area, to
show the correction effects. Then we illustrate the phase value
of the different areas in the research zone after the atmospheric
phase correction by the proposed method (see Fig. 10). From
the histogram of different colors, the initial phase represented
by the blue histograms decreases and approaches zero. GAM-
MAatmmod] refers to the single patch of the linear atmospheric
phase model with the DEM, GAMMAatmmod?2 refers to the
adaptive two-dimensional atmospheric phase model, the initial
phase refers to the unwrapped phase after extracting the topo-
graphic phase and flattened phase, and network-based variance-
covariance estimation (NVCE) is the method proposed by Li
et al. and Cao et al. The results show that the proposed method
has a lower mean value and standard deviation, indicating that
the proposed method is beneficial for atmospheric phase cor-
rection in TS-InSAR. Besides, to verify the stability of the
proposed method, we compare the phase standard deviation
in each interferogram without the deformation region by these
methods (see Table III). The proposed method shows almost the
same stability as IPTA.

After singular value decomposition, we compare the results
with the IPTA time-series process (see Fig. 11). The IPTA
process includes a multiple pointwise regression of the baseline
and time interval of the interferometric phase with a height
correction estimation and linear deformation rate estimation.
The quality of each regression is measured by the standard
deviation. The standard deviation of the final regression is less
than 1 rad. The residual atmospheric phase is interpolated by
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Fig. 8. Corrected interferograms by the proposed method. (a) Estimated atmospheric phase. (b) Unwrapped interferograms after correction by the proposed
method.
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Fig. 9. Scatter diagrams of pixels in the azimuth and range directions. The black crosses indicate the unwrapped phase; the red line indicates the estimated

atmospheric phase; and the blue line indicates the corrected unwrapped phase.

spatial filtering with a linear LS filter and IDW interpolation
in different windows. Compared with the proposed method,
the abovementioned IPTA process is time-consuming and re-
quires manual experience. The proposed method and IPTA both
show high consistency in the detection of subsidence areas.

However, there are some differences in deformation edge [see
Fig. 11(c), (e)] and valley areas [see Fig. 11(d) and (f)] be-
cause the interpolation window of IDW is constant and the
extent of the residual atmosphere effect is less than the size
of the filter window. The solution is increasing the number of
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result. (c)—(f) Local enlarged maps.

iterations by changing the interpolation window size to reduce
the atmospheric effects step by step, which is time-consuming
and requires processing experience to a certain extent.

IV. DISCUSSION

This article fully considers the characteristics of the tropo-
sphere and proposes a method combining quadtree segmentation
with universal kriging for tropospheric correction under the
TS-InSAR framework. The proposed method can estimate the
atmospheric delay from every unwrapped interferometric phase
in mountainous areas. The key step of the proposed method
relies on the quadtree segmentation model, which divides the
DEM into sampling points according to the elevation gradient

Comparison of Sentinel-1 data between the IPTA method and the proposed method. (a) Mean rate of deformation by the proposed method. (b) IPTA

and improves the universal kriging model with a drift function
considering the drift in the range, azimuth, and vertical direc-
tions. Moreover, the selection of variogram models is performed
based on the characteristics of the atmospheric turbulence
phase.

In the experiment, Sentinel-1 images forming 164 interfer-
ometric pairs are utilized to mitigate the atmospheric delay by
the proposed method, and the results are compared with those of
IPTA, NCVE, GACOS, and other GAMMA atmospheric phase
models. The differences indicate the advantages of the proposed
method in atmospheric correction.

Notably, the proposed method focuses on every interfero-
gram due to the variability of atmospheric conditions. Com-
pared with the traditional time-series processing method, the
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proposed method applies improved universal kriging inter-
polation instead of IDW interpolation based merely on the
phase value to estimate the tropospheric delay and considers
the spatial correlation and makes unbiased optimal estima-
tions of the local atmospheric phase. In addition, the proposed
method utilizes the quadtree segmentation method to divide
the typical topography and reduce information redundancy.
Compared with conventional moving-window uniform sam-
pling, the proposed method improves the operation efficiency
of kriging interpolation, considerably reducing the computation
time.

In mountainous areas, the corrected unwrapped phase is af-
fected by the conditions of the unwrapping process and decorre-
lation. Considering the wide area featuring insignificant defor-
mation, the proposed method needs to be further improved, or
the circumstances need to be discriminated and reduced before
applying the methodology presented in this paper. We plan to
improve the algorithm in our future work to achieve adaptive
estimation with high accuracy.
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