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ABSTRACT ARTICLE HISTORY
Luanchuan mining area, which is located in Henan Province, China Received 28 July 2022
and characterized by undulating topography and large precipitation, Accepted 7 October 2022
is vulnerable to the landslide disasters. The observations from the
space-borne radar (ascending and descending TerraSAR-X) images
and the ground-based radar (GPRI-Il) images are integrated to moni-
tor the surface deformations in Luanchuan mining area. Before the
integration of the observations from multi-source SAR images, the
coordinate systems of multi-source images are required to be unified
by geographical projection. However, the accuracy of the commonly
used geographical coding will be degraded by external DEM errors
and inaccurate satellite orbit, which makes it difficult to achieve the
high-precision registration of space-borne and ground-based radar
scenes. Therefore, in this paper the iterative closest point (ICP)
method is introduced to register the space-borne and ground-based
images, yielding sub-pixel registration accuracy. Reasonable weights
are then assigned to multi-source observations through Strain Model
and Variance Component Estimation (SM-VCE) method, from which
the high-precision three-dimensional deformations can be recon-
structed. The results show that the maximum deformation rates in
the east-west, north-south and vertical directions of Luanchuan min-
ing area from July 20, 2019, to August 1, 2019, are about 0.2, 0.4
and 0.7 mm/day, respectively. The deformations are mainly on the
loose slags in the Luanchuan pit rather than the bedrock, as a result
of the accumulation of waste slags. Some suggestions on the instal-
lation location of ground-based radar are also provided to better
combine the space-borne and ground-based observations.
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1. Introduction

Landslide disasters often cause huge losses to society due to their concealment and
suddenness (Zhao et al. 2018; Lacroix et al. 2020), which not only affect normal pro-
duction activities, but also seriously threaten human life (Hilley et al. 2004; Giordan
et al. 2017). It is acknowledged that surface deformation is an important indicator of
landslide disasters, which can be predicted by effectively identifying and monitoring
deformation of the slow-moving landslide. In recent years, the development of
Interferometric Synthetic Aperture Radar (InSAR) technology has provided new
means for the monitoring of landslide (Riedel and Walther 2008; Zhang et al. 2018;
Zhang et al. 2020). Space-borne InSAR can perform rapid, large-scale and low-cost
monitoring with theoretical accuracy of millimeter level (Zhang et al. 2018; Solari
et al. 2018; Ghadimi 2022), which is suitable for grasping long-term deformation
trend of landslides (Kang et al. 2017; Rosi et al. 2018; Zhao et al. 2018). However,
since the current SAR satellites flight in sun-synchronous orbit, space-borne InSAR is
quite insensitive to north-south deformations (Pepe and Cald 2017; Zheng et al.
2021). The emergence and development of ground-based radars provide a chance to
overcome the limit of space-borne InSAR (Noferini et al. 2007; Caduff et al. 2015;
Wang et al. 2020). Since ground-based radars can flexibly choose the installation
location, it is easier to capture north-south deformations with theoretical accuracy of
sub-millimeter (Luo et al. 2014; Hu et al. 2019; Wang et al. 2020). In addition, the
observation time interval of ground-based radar can be as short as a few minutes
(Aguasca et al. 2004; Rodelsperger et al. 2010;), short-term emergency disaster moni-
toring can thus be carried out (Ferrigno et al. 2017).

In recent decades, many scholars had combined space-borne and ground-based inter-
ferometric radars to monitor surface deformation (Carla et al. 2019; Wang et al. 2021).
The initial idea is to monitor the deformations with different periods and frequencies by
using space-borne and ground-based radars, which together serve the stability analysis of
landslides. In 2004, the space-borne ERS-1/2 data from 1994 to 2001 and the ground-
based Linear Synthetic Aperture high-resolution radar (LISA) data in 2002 have been
employed to monitor landslide in the Rocca Pitigliana region. In 2006, 5-year long-term
monitoring and 15-day emergency monitoring of Ponte Dolo’ landslide have been carried
out by space-borne ERS-1/2 scenes and ground-based LISA data, respectively (Corsini
et al. 2006). In 2014, various data were used in the landslide mapping of the San Fratello
test site, including ERS-1/2, ENVISAT, RADARSAT-1, COSMO-SkyMed as well as the
ground-based LISA data (Bardi et al. 2014). In 2016, space-borne Sentinel-1 data spanning
9months and short-term emergency ground-based radar data were used to monitor an
undisclosed open-pit mine (Hilley et al. 2004). In 2018, COSMO-SkyMed and ground-
based radar scenes were exploited to analyze the deformation of the Stromboli volcano in
Italy and obtained a more complete deformation field (Carla et al. 2018). In 2020, long-
term space-borne sentinel-1 data and ground-based radar data were used for observations
of the Mendatica landslide at Monesi (Navarro et al. 2020). In 2021, the Zhongbao land-
slide occurred in China, the ground-based radar was used for emergency monitoring, and
then the Sentinel-1 data was used to obtain the deformation field after the landslide
occurred (Xiao et al. 2021).
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Figure 1. (a) Ground-based and space-borne radar image coverages. (b) Observed direction of
ground-based radar.

The above research studies of integrating space-borne and ground-based interfer-
ometry to identify and characterize landslides are of great value. However, in such
research studies, the two data were independently used for landslide interpretation,
and complete three-dimensional (3D) deformations could not be obtained to reveal
more detailed information. In order to overcome this challenge, recently some schol-
ars had combined space-borne and ground-based radar data to calculate 3D deforma-
tions. In 2020, the ground-based Gamma Portable Radar Interferometer (GPRI) and
space-borne COSMO-SkyMed radar observations had been integrated to monitor 3D
deformations of the slope after the 2018 Baige landslide in China in order to assess
its residual risk (Li et al. 2020). This work achieves the registration of space-borne
and ground-based images by using the classical geographic projection. Limited by the
accuracy of geocoding, the geographic projection is difficult to achieve sub-pixel
registration accuracy, which is critical for high-precision 3D deformations. In 2021, a
detailed analysis of the Stromboli Volcano in Italy had been conducted by using
space-borne Sentinel-1 data to reveal the state before and after the volcanic eruption,
and using ground-based radar data to reveal the relationship between volcanic erup-
tion activity and deformation field (Di Traglia et al. 2021). In this work, the space-
borne and ground-based radar observations are processed with equal weights when
calculating the 3D deformations. However, in fact, the monitoring accuracies of the
space-borne and ground-based data are different, and therefore the equal weight
processing reduces the accuracies of the 3D deformations.

In this study, complete 3D deformation rates of the slow-moving landslides in
Luanchuan mining area, China, are estimated by combining ground-based GPRI-II
and space-borne TerraSAR-X radar observations. However, both space-borne and
ground-based images have geocoding errors. The traditional method, i.e., geographic
projection, will lead to the inconsistency between the monitoring positions acquired
from the space-borne and ground-based radars, and thus reduce the accuracies of 3D
deformations. In order to obtain sub-pixel-level registration accuracy, in this paper,
the iterative closest point (ICP) method (Wu et al. 2021) is first introduced. The algo-
rithm regards the ground-based and space-borne monitoring points as point clouds,
and matches the corresponding points in the 3D space. Then, the Strain Model and
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Table 1. Parameters of the used ground-based GPRI-Il data in the Luanchuan mining area.
Band Min. distance Max. distance ARr Araz (at 1000m distance) Temporal range No. of scenes
Ku 50 m 1600 m 0.75m 6.8 m 22/07/2019-28/07/2019 754

Variance Component Estimation (SM-VCE) method (Liu et al. 2018; Hu et al. 2021)
is employed to assign reasonable weights to the observations of the ground-based and
space-borne radars in an iterative manner. Compared with the equal-weight adjust-
ment process, this method reduces the weight of low-precision deformation, which is
beneficial to obtain the more accurate 3D deformation rates.

2. Study area and used data
2.1. Study area

We carried out the experiments in the Luanchuan mining area, Henan Province,
China, which covers an area of about 1.5km* (Figure 1). The Luanchuan mining area
is located between Xiong’er Mountain and Funiu Mountain in the eastern part of the
Qinling Mountains. The terrain is relatively steep, and the slopes here are mostly
above 35°. The highest elevation of the terrain in the Luanchuan mining area exceeds
1600 m, and the relative height differences range from ~200m to ~500m. The
annual rainfall is more than 600 mm, and the rainy season is from July to September.
The large summer precipitation in the area increases the moisture content inside the
unstable soil, and then the gravity of the landslide mass increases, causing displace-
ment along the sliding surface under the condition of steep terrain. For human safety
and normal production, accurate 3D surface deformation rates are of great
significance.

2.2. Ground-based radar data

In recent years, ground-based radar has been often used for landslide monitoring
activities (Wang et al. 2020). In this study, the GPRI-II (Werner et al. 2010) was used
to collect data. The instrument can realize 360-degree sweep imaging through a real
aperture radar and can reach 10km for the maximum monitoring distance. We col-
lected 754 images in Luanchuan mining area from July 22, 2019 to July 28, 2019. In
order to avoid damage of the GPRI-II, we did not collect data at night, so the collec-
tion of data was discontinuous. Table 1 shows the details of the parameters of the
used GPRI-II data.

After SBAS-InSAR (Berardino et al. 2002) processing, the one-dimensional along
line-of-sight (LOS) direction of the GPRI-II can be obtained. The GPRI-II was placed
on the balcony of the office building located in the northeast of the mine. The green
sector in Figure 1(a) shows the monitoring range of GPRI-II. Figure 1(b) shows the
distribution of the ground-based radar and the monitoring field. The yellow line indi-
cates the monitoring direction of the ground-based radar, and the red oval frame
indicates the location of the main deformation area.
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Table 2. Parameters of the used space-borne TerraSAR-X data in the Luanchuan mining area.

Band Orbits ARr ARaz Temporal range No. of scenes
X Ascending 091 m 0.85 m 21/07/2019-19/03/2020 13
X Descending 091 m 0.87 m 20/07/2019-18/03/2020 12

2.3. Space-borne radar data

In order to obtain the multi-angle surface deformation characteristics of the
Luanchuan mining area, 13 ascending and 12 descending TerraSAR-X radar scenes
were collected from July 21, 2019 to March 19, 2020, and from July 20, 2019, to
March 18, 2020, respectively. The parameters of the used space-borne data are shown
in Table 2.

Due to the long-term mining, the real terrain in the mining area is quite different
from the previous DEM. Therefore, the DEM obtained by the unmanned air vehicle
(UAV) is used to remove phase components associated with terrain in the interfero-
grams. The UAV DEM is detailed in the following Section. Figure 2(a,b) shows the
interferetric pairs of ascending and descending orbits, respectively. Through the proc-
essing of TCP-InSAR, the LOS deformations of the ascending orbit from 2019.07.21
to 2019.08.01 and the descending orbit from 2019.07.20 to 2019.07.31 are obtained,
respectively. These two periods are the highest coincidence time periods with the
ground-based radar monitoring period from 2019.07.22 to 2019.07.28. The combin-
ation of these three data minimizes the deformation rates error caused by
time difference.

2.4. Unmanned air vehicle data

In order to better remove the phase components related to terrain, and realize the
geographical coding of space-borne and ground-based radar images, a DEM with
high precision and high resolution is necessary. To obtain the DEM of Luanchuan
mining area, we had first taken aerial photographs by UAV in July 23, 2019 and then
conducted 3D modeling by Pix4Dmapper software.

The UAV model is built by DJI Wizard 4RTK. By connecting the network RTK,
101 airways were set and 6198 optical images were obtained. The course overlap and
side overlap were both 80%, and the original photos were obtained by three opera-
tions. The UAV flight altitude is about 400 m and the camera inclination is 60°. We
input these original photos and camera parameters into Pix4Dmapper software. After
generating point cloud and texture, the DEM with the resolution of 1 m is recon-
structed for the study area (Figure 3).

3. Methodology

In order to obtain high-precision 3D deformation rates, the ICP algorithm is firstly
used to register the space-borne and ground-based radar scenes, and the SM-VCE
algorithm is then employed to determine the weights of the multi-source observations
and to obtain the high-precision 3D deformation rates. The flowchart of obtaining
3D deformation rates by using ICP and SM-VCE methods is shown in Figure 4.
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3.1. Space-borne and ground-based image registration by ICP

Generally, the imaging geometries of space-borne and ground-based radar are quite differ-
ent. It is therefore difficult to select corresponding points by using traditional two-dimen-
sional matching algorithms such as gray-scale cross-correlation algorithm. The traditional
geographical projection method is also difficult to work since the accuracy of geographical
coding will be affected by the external DEM errors and satellite orbit errors.

Therefore, the ICP algorithm (Wu et al. 2021) was used for space-borne and ground-
based image registration in this study. ICP is a classic algorithm for 3D laser point cloud
registration. Two point clouds are continuously translated and rotated to achieve the best
rigidity coincidence. Assuming that there is a main point cloud Q = (q1,92...qm)
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Figure 4. Flowchart of obtaining 3D deformation velocities by using ICP and SM-VCE methods.

composed of m points, and a secondary point cloud P = (py,ps...pn) composed of n
points, where qi = [Xgi Ygi Zq](i = 1,2...m),p; = [xp Vpj 2](j =
1,2..n), x>y >z indicate points in the east-west, north-south, and vertical directional
position, respectively. Then, the spatial distance between p; and Q is calculated. The point
gj in Q with the shortest spatial distance from p; is regarded as the corresponding point of
p;j-The relationship between p; and g; can be expressed by the following formula

g =R-pi+T (1)

where R represents the rotation matrix, T = [ty f; &

matrix, and ty, t,, t, represents the amount of translation.

]T represents the translation

1 0 0 cosff 0 —sinf cosy siny 0
R=10 cosa sina| - 0 1 0 - | —siny cosy 0 (2)
0 —sina cosa sinf 0 cosf 0 0 1

Here, o, f and 7y represent the rotation angles in the east-west, north-south, and verti-
cal directions, respectively. R and T can be solved when the following formula is satisfied

1 n
min—> = llg—(R-p;+ )| (3)
After solving R and T, let p]’. = R - pj+ T denote the updated p;. The following for-

mula is used to calculate the average distance between the master point cloud and the
updated slave point cloud.
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1 n /
d=—> " lIpj—all (4)

If d is less than a certain distance, the calculation is terminated, otherwise, p} is

substituted into the above equation to calculate R and T again until d is less than a
certain distance or the iterations reach the preset number. After the calculation is ter-
minated, n nearest neighbor point pairs are formed. The corresponding points are
selected according to the spatial distances between the nearest point pairs. According
to the differences of the horizontal and vertical coordinates of corresponding points,
the image registration polynomial is calculated by the least square method to com-
plete the image registration process.

3.2. Three-dimensional deformations estimation by SM-VCE

SM-VCE is a method to retrieve 3D deformation rates from the integration of hetero-
geneous InSAR observations (Liu et al. 2018). It has been successfully applied to the
weight determination of multi-platform space-borne observations (Hu et al. 2012; Hu
et al. 2021). Since the ground-based and space-borne radar observations have differ-
ent degrees of noise level, it is inappropriate to perform equal weighting of the two
kinds of data in the estimating of 3D deformation rates. The variance component
estimation (VCE) algorithm is used here to determine the weights of the ground-
based and space-borne observations. In order to meet the requirement of VCE for
the redundant observations, the stress-strain model (SM) is used to increase space-
borne and ground-based observations by establishing the relationship between the
deformation of a certain point and the deformations of the nearby points

By projecting the radar observations of surrounding points to the center point, the
redundant observations are obtained, which are useful in the determination of the weight.
Assuming that there is a point ay in the deformation area, a window is opened with ay
as the center (e.g., 50 m x 50 m), and there are K points a;(i = 1...K) inside the window.
Suppose the 3D deformations of ay and a; are dy = [doe) do(n) dow)] and d; =
[die) ditn) di(u)]> respectively, and the 3D spatial positions are [xo() Xo(n) ¥o(w)] and
[xi(e) Xi(n) x,-(u)}, respectively. According to the stress-strain model,

di=(E+Q) A +d, (5)
&1 €12 €13 0 -3

where E= | &, &, &3 | means strain tensor, Q = | w; 0 —w; | means
£13 &3 €33 —y; W 0

rigid body rotation tensor. Eq. (5) can be rewritten as

di = Bsm(i) -1 (6)

where | = [do, don dou €11 €12 €13 €2 €23 €33 ®] W w3]T, contains all the unknown
parameters that need to be solved, By ;) is a design matrix. At point ao, the observed
value of ascending space-borne, descending space-borne and ground-based radars is
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Li = [Lag(i) Las(i) Lgb(,-)]T. The relationship between the observed measurement L; and
the 3D deformation rates variable d; can then be expressed by the following formula:

L= Bgeo(i) d; = Bgeo(i) ’ Bsm(i) 1= B(z) -1 (7)
Combining all K points around ay, it can be known that :

L + \% = B . l (8)

3Kx1 3Kx1 3Kx12 12x1
Here V represents the residual vector, L represents the observation value vector, B

represents the coefficient matrix and can be expressed by the following formula:

L=1[(L)" (L))" (Lx)] ©)

B=[(B)",(B:)" - (Bx)'] (10)

Equation (8) can be solved by the least squares (LS) algorithm. We use the VCE
method to determine the weights of the three kinds of radar observations. The weights of
the three groups of ascending space-borne, descending space-borne, and ground-based
observations are Wy, W, W, respectively. The observations are Ly, Lg, Lg, and
the coefficient matrix is Ba, By, Bg, respectively, where L, and By are represented by
L and B. The matrix consists of 1, 4, 7...3K — 2 rows. The initial weight matrix is set as
the unit matrix. By solving Eq. (8), it can be known that

I=N"'H

Vas = Bas - I=Lgs
Vas = By - Z_Lds
ng = ng . Z—Lgb

(11)

where N = Ny + Nys + Ng = BusTWusBus + BdsTstBds + thTngBg > H= BasT
WoasLas + Bas? WasLas + ngTWg;,Lgb. The relationship between the variance component
and the observation residual is as follows:

0=Q'¢ (12)

2

~21T
as ]

N a2 a2 T T T T .
where 0 = [67, 65 O] > Lo = [VasWasVas v WasVas vnggbvgh] . The variance com-

ponent 0 will be used to obtain the updated weight matrix:

52 oy

A A A gb

Was = Was: st =3 asil 5 ng = 1 (13)
Gasst O-gthb

The updated weight matrix is used to perform the LS operation again, and this
process is repeated until the following condition is met:
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A2 D a2
Oas R 04 = O-gb

(14)
After obtaining the appropriate weights of ground-based and space-borne observa-
tions, the high-precision 3D deformation rates of point gy can be obtained.

3.3. Calculation of the DDOP value

The accuracies of 3D deformation rates are not only affected by the accuracies of the
space-borne and ground-based radar observations, but also by the spatial distribution
of the ascending, descending and ground-based radars. Therefore, the installation
position of the ground-based radar is of great importance since the positions of the
satellites are difficult to deploy. The concept of Deformation Dilution of Precision
(DDOP) is used to determine which kind of distribution of multi-source radars is
reasonable, and can be calculated as follows (Hu et al. 2021):

A= |es Ngs Ugs ( 15)

. qi1 4912 q13
Q=(aTa) = 4 q9n Qo3 (16)
q31 q32 433

DDOP = /qi1 + g22 + 433 (17)

where e, n, and u represent the coefficients of the position coordinate components
in the east-west, north-south, and vertical directions, respectively, and the subscripts
as, ds, and gp represent the ascending orbiting satellite, the descending orbiting satel-
lite, and the ground-based radar, respectively. The number of rows in A should be at
least 3. The smaller the value of DDOP, the smaller the position errors in the east-
west, north-south and vertical directions.

4. Results
4.1. Image registration between ground-based and space-borne data

In this study, the ascending radar image is used as the master image of the three
kinds of data. In order to obtain the ascending point cloud, we need the original
DEM and the ascending orbit topographic residuals. The aforementioned DEM
obtained by UAV is used as the original DEM. Through 13 TerraSAR-X radar
images, we obtain the topographic residuals of the ascending data. By combining the
topographic residuals and the original DEM, the 3D positions of ascending point
cloud are obtained.

In order to obtain the ground-based point cloud, we need the original DEM and
the relative elevation converted from the terrain phase of the ground-based radar. For
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Figure 5. (a) and (b) show the corresponding points obtained by the traditional geographic projec-
tion method and the ICP method, respectively. (c) and (d) represent the statistics of the offsets of
the two methods in the azimuth and the range directions, respectively.

ground-based radar fixed on the ground with a single receiving antenna, the terrain
phase cannot be captured on the interferogram. Thanks to the fact that the GPRI-II
has two receiving antennas, 3D terrain can be reconstructed by interfermetry of SAR
images acquired by two receiving antennas. Similarly, by combining it with the ori-
ginal DEM, the 3D positions of ground-based point cloud are obtained.

The ICP method is used to continuously change the rigidity (translation, rotation)
of the ground-based point cloud in the 3D space to achieve the best fit with the
ascending point cloud. For each point in the ground-based point cloud, the corre-
sponding point can be found in the ascending point cloud and the spatial distance
between the two points can be calculated. The distance threshold will be used to filter
out the points that are far enough. After selecting a set of corresponding points, the
space-borne and ground-based images are registered by a polynomial, where the coef-
ficients of the polynomial are obtained from these corresponding points by using
LS adjustment.

Figure 5(a,b) shows the overlap maps of the point clouds obtained by the trad-
itional geographic projection method and the ICP method, respectively. The red and
blue points represent the corresponding points in the ascending and ground-based
point clouds, respectively. Figure 5(c,d) shows the azimuth and range offsets of the
corresponding points calculated by the two methods, respectively. In order to facili-
tate the display, the diameter of each point in Figure 5(c,d) is 10 pixels, in fact, each
one only occupies 1 pixel. The horizontal and vertical coordinates in Figure 5(c,d)
represent the row and column numbers of the geocoded ascending image. The orange
and blue bars in Figure 5(c,d) show the offsets of the traditional geographic
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Figure 6. (a) Ascending deformation rate during 20190721-20190801. (b) Descending deformation
rate during 20190720-20190731. (c) Ground-based deformation rate during 20190722-20190728.

projection method and the ICP method, respectively. It is found that the traditional
projection method gets a maximum offset of 7 pixels. This means that space-borne
and ground-based images are not registered, leading to additional errors in the calcu-
lation of the 3D deformation rates. After registration by the ICP method (Figure
5(d)), the registration deviation of most points with the corresponding points is
within one pixel. Subpixel registration accuracy is crucial for the subsequent estima-
tion of 3D deformation rates.

4.2. Los deformation rates of space-borne and ground-based radars

We obtained 13 ascending TerraSAR-X images from July 21, 2019 to March 19, 2020
and 12 descending TerraSAR-X images from July 20, 2019 to March 18, 2020,
respectively. The TCP-InSAR algorithm has been applied to the processing of space-
borne SAR data. After the image registration, the selection of interferometric pairs,
the removal of terrain phase and the parameter calculation, the LOS deformation
rates of the ascending orbit (Figure 6(a)) and the descending orbit (Figure 6(b)) are
obtained, respectively. Interferometric pairs of ascending and descending orbits can
be found in Figure 2. Three main deformation regions can be identified in space-
borne radar observations. It is found that the deformations are far away from the sat-
ellite. The maximum deformation rates of the ascending and descending orbits are
about 0.5 mm/day and 0.6 mm/day, respectively.

754 images are collected by the GPRI-II from July 22, 2019 to July 28, 2019, which
are processed by the SBAS-InSAR algorithm. The average LOS deformation rate dur-
ing this period is solved by constructing interferometric pairs, filtering interferogram,
phase unwrapping and parameter calculation. The monitoring results of the ground-
based radar are shown in Figure 6(c). Two main deformation regions are detected by
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Figure 7. (a) E-W deformation rate, (b) N-S deformation rate, (c) U-D deformation rate.

ground-based radar. The deformations in Figure 6(c) are all positive, indicating that
the surface moves toward the ground-based radar, and the maximum deformation
rate is about 0.4 mm/day.

We can observe more detailed deformation characteristics in the enlarged graph
below Figure 6. The northwest corner in the black box shows obvious deformation
signals in the space-borne observations, but no deformation signals in the ground-
based observation. Considering that the ground-based radar is placed northeast of the
deformation area, the current imaging geometry of ground-based radar is not sensi-
tive to the direction of deformation. Except the deformation regions in the black box
in Figure 6, other regions in the mining area are basically stable. However, since the
terrain of the mining area is quite undulating (Figure 3), there are some shadows in
the space-borne and ground-based radar images, yielding incomplete deformation
rate results.

4.3. Three-dimensional deformation rates

Figure 7(a-c) shows the east-west, north-south and up-down deformation rates of the
Luanchuan mining area, respectively. It can be found in Figure 7 that there are no
more deformation regions except those in the black box, which is consistent with the
stable regions in Figure 6. In addition, the number of monitoring points in Figure 7
is less than that in Figure 6. This is expected since we extract the intersection points
of the ascending, descending and ground-based radar observations to calculate the
3D deformation rates.

Figure 8 shows the 3D deformation rates of the area outlined by the black box in
Figure 7. To facilitate the description of the three deformation regions, the three
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Figure 8. 3D deformation rates of the deformation region.

main deformation regions are termed A, B, and C, respectively, as shown in the white
circle in Figure 8. In order to exhibit the deformation of the regions more clearly, the
3D deformation rates of the regions A, B and C are shown in stereo perspective in
Figure 9(a-c), respectively. The east-west and north-south length of region A are
about 165m and 110 m, respectively, and the elevation difference is about 20 m. The
terrain of region A is convex in the middle and flat around (Figure 9(a)). The
deformation rates distributed in A region behave as an unclosed ring. From Figure
9(a), we find that the deformation region is mainly concentrated at the top of the
slope. The direction of displacement is from the middle area of A to the surrounding.
The maximum east-west, north-south, and up-down deformation rates are 0.2 mm/
day, 0.4mm/day, and 0.5 mm/day, respectively. The lengths of the east-west and
north-south of region B are about 140 m and 150 m, respectively, and the elevation
difference is about 14 meters. The south-east terrain is high and the north-west ter-
rain is low (Figure 9(b)). The deformation is concentrated in the northeast corner of
the region B. The maximum east-west, north-south, and up-down deformation rates
are about 0.1 mm/day, 0.2 mm/day, and 0.6 mm/day, respectively. The lengths of east-
west and north-south in region C are about 210m and 140 m, respectively, and the
elevation difference is about 32m. The middle terrain is high and the surrounding
terrain is low (Figure 9(c)). The deformation area is distributed like a strip, which is
located at the top of the slope. The maximum east-west, north-south, and up-down
deformation rates are about 0.2 mm/day, 0.4 mm/day, and 0.7 mm/day, respectively.

5. Results
5.1. Analysis of the threat of deformation

In order to evaluate the deformation hazard of regions A, B and C, we show the
main sliding directions of the deformations in Figure 10, as provided by the 3D
deformation rates estimated from the integration of ground-based and space-borne
radar observations. The elevation and optical image of the 3D model are obtained by
UAV. Although the surface displacements are found at the top of the slope in regions
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Figure 10. Slide directions of the deformations in regions A, B, and C.

A, B and C, there are no obvious surface ruptures due to the small cumulative
deformation. The red dotted lines in Figure 10 indicate the main roads in the mining
area. The green area in Figure 10 is the area covered by dustproof nets. Although the
deformation areas are relatively close to the roads in the mining area, it is difficult
for the landslide body to have a large impact on the traffic in the mining area due to
its small volume. In Figure 10, we can see that the nearby artificial buildings (e.g.,
blue houses) are far away from the landslide, so the threat of the landslide is low. It
can be known from the prior information that regions A, B and C are mainly located
at the bottom of the pit, and its causes are related to the accumulation of waste slags.
Therefore, the deformations are on the loose slags in the pit rather than the bedrock.

5.2. Analysis of the installation position of the ground-based radar

Small value of DDOP means good distribution of the radars to obtain high-precision
3D deformation rates. Generally speaking, the larger the volume of the unit triangular
pyramid composed of the ascending, descending, ground-based radars and ground
points, the lower the spatial correlation of the three observations, and the smaller
value of the DDOP. The DDOP values of Luanchuan mining area are shown in
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Figure 11. DDOP values of Luanchuan mining area. Purple star shows the location of the ground-
based radar.

Figure 11. It can be observed that the distribution of the three radars in the areas
with the DDOP value less than 3 is the most reasonable. The radar distribution in
the areas with the DDOP value greater than 7 is unreasonable, where the observations
should be discarded.

The purple triangle in Figure 11 represents the location of the ground-based radar.
It can be found that when the red area is monitored, the sight direction of ground-
based radar is approximately parallel to the east-west direction. The monitoring direc-
tions of space-borne radars are fixed, which are also approximately parallel to the
east-west direction. Under this monitoring geometry, it is difficult for both ground-
based and spaceborne radars to capture the north-south deformation. Therefore, the
radar observation geometry of the radars in Figure 11 is not ideal for the slopes in
the red region. Therefore, when we lay the ground-based radar, in addition to con-
sider the field environment, the radar should be installed in the north-south direction
of the interested deformation region as possible, so as to provide ideal supplementary
observations for space-borne radars.

5.3. Suggestions of the installation position of two ground-based radars

Through the analysis of Section 5.2, we can know that when only a single ground-based
radar is used, sufficient accuracies of the 3D deformation rates cannot be guaranteed
for all monitoring points. Therefore, we analyze how to deploy two ground-based radars
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Figure 12. (a) DDOP values of one ground-based radar (b-h) DDOP values when the angles
between the line direction of two ground-based radars and the west direction are 0°, 15°, 30°,
45°, 60°, 75°, 90°, respectively.

to increase the number of the monitoring points with DDOP <3 as much as possible
and put forward some reasonable suggestions.

Figure 12(a) represents the DDOP values of one ground-based radar, the blue
point represents the position of the ground-based radar. The green areas are the pla-
ces characterized by high accuracy and the monitoring data in the red area are not
available. Figure 12(b-h) represents the DDOP values under the deployment of two
ground-based radars, and the angles between the line direction of two ground-based
radars and the west direction are 0°, 15°, 30°, 45°, 60°, 75°, 90°, respectively. It can
be seen that the accuracies of the points around the ground-based radars gradually
increase as the angle changes from 0° to 90°. The DDOP values with the angles
between the line direction and the east direction from 90° to 360° are not presented
but can be easily deduced from Figure 12.

Therefore, the two ground-based radars should be laid in the north-south direction
of the study area as far as possible. In this way, most points can achieve high accur-
acy when integrating the ground-based and space-borne radars observations for 3D
deformations reconstruction. The distance between the two ground-based radars in
Figure 12(b-h) is 300 m. With the changes in the distance, the green, yellow and red
areas in Figure 12 will be scaled equally. Therefore, when the study area is large (e.g.,
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more than 1km), the distance between the two ground-based radars can be increased
to obtain more monitoring points with high accuracy.

6. Summary

As an important indicator of landslide disasters, accurate 3D surface deformations are
of great significance for early geological hazard identification. In the existing research
of obtaining 3D deformations by combining space-borne and ground-based radars,
the traditional geographic projection method is used to register the space-borne and
ground-based radar images, and then the same weights are assigned to each observa-
tion to obtain the 3D deformations. The method of geographical projection is easily
affected by DEM errors and satellite orbit errors, and it is difficult to achieve high-
precision image registration between space-borne and ground-based data. In addition,
since the space-borne and ground-based observations have different measurement
accuracies, assigning them the same weight will reduce the accuracies of 3D deforma-
tions. Therefore, in this study, the ICP algorithm is first introduced to realize the fine
registration of space-borne and ground-based images, and the SM-VCE algorithm is
then used to define the precise weights of space-borne and ground-based observations
and calculate high-precision 3D deformations.

This method has been successfully applied to the Luanchuan mining area, Henan
Province, China. The experimental results show that the registration accuracy of
space-borne and ground-based images can be better than 1 pixel by using the ICP
algorithm. Compared with the registration accuracy of several pixels of traditional
geographical projection, the registration accuracy of sub-pixel can better serve the
estimations of 3D deformation results. Through the SM-VCE algorithm, more reason-
able weights are assigned to the ground-based and space-borne radar observations,
which yield high-precision 3D deformations of the Luanchuan mining area. The max-
imum deformation rates of east-west, north-south and up-down directions are
0.2 mm/day, 0.4 mm/day and 0.7 mm/day, respectively. Through the 3D deformations
of the Luanchuan mining area, we analyze the risks of landslides in the mining area.
Finally, the suggestions on the installation location of ground-based radar are given
to better combine the space-borne and ground-based radar observations. Due to the
limited time of the ground-based radar monitoring, this experiment did not achieve
the acquisition of 3D deformation of time series. The observation time of the
ground-based radar would be increased in the future to obtain 3D deformation of
time series.

It has been proved that the combination of the space-borne and ground-based
radars can provide the 3D surface deformations of landslide in the mining area. Since
complete 3D deformations are of great significance for the investigating and inter-
preting of almost all kinds of geo-hazards, the combination of the space-borne and
ground-based radars can play a vital role in many scenarios such as structural health
monitoring, slope stability analysis, and glacier disaster prevention.
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