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Abstract: Although ground-based synthetic aperture radar (GB-SAR) interferometry has a very
high precision with respect to deformation monitoring, it is difficult to match the fan-shaped grid
coordinates with the local topography in the geographical space because of the slant range projection
imaging mode of the radar. To accurately identify the deformation target and its position, high-
accuracy geocoding of the GB-SAR images must be performed to transform them from the two-
dimensional plane coordinate system to the three-dimensional (3D) local coordinate system. To
overcome difficulties of traditional methods with respect to the selection of control points in GB-
SAR images in a complex scattering environment, a high-resolution digital surface model obtained
by unmanned aerial vehicle (UAV) aerial photogrammetry was used to establish a high-accuracy
GB-SAR coordinate transformation model. An accurate GB-SAR image geocoding method based on
solution space search was proposed. Based on this method, three modules are used for geocoding:
framework for the unification of coordinate elements, transformation model, and solution space
search of the minimum Euclidean distance. By applying this method to the Laoguanjingtai landslide
monitoring experiment on Hailuogou Glacier, a subpixel geocoding accuracy was realized. The
effectiveness and accuracy of the proposed method were verified by contrastive analysis and error
assessment. The method proposed in this study can be applied for accurate 3D interpretation
and analysis of the spatiotemporal characteristic in GB-SAR deformation monitoring and should
be popularized.

Keywords: ground-based SAR; UAV aerial photogrammetry; geocoding; solution space search;
landslide monitoring

1. Introduction

Ground-based synthetic aperture radar (GB-SAR) interferometry is an active mi-
crowave remote sensing technology that was developed in the past two decades. GB-SAR
interferometry can be used to image the radiation field of radar antenna with high spa-
tiotemporal resolution, yielding single look complex (SLC) images of the target area in
the two-dimensional (2D) plane radar coordinate system [1,2]. The emergence of GB-SAR
interferometry technology is an important complementarity with spaceborne or airborne
interferometric SAR (InSAR) technology, which greatly promotes the application of InSAR
technology in the field of deformation monitoring [3]. Owing to the satellite revisit period
and side looking angle of the sensor, monitoring with high spatiotemporal resolution
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on the surface of the local small area is difficult to achieve using traditional spaceborne
SAR [3,4]. Compared with spaceborne SAR, GB-SAR can be used to establish specific
geometry observation scene in accordance with the monitoring target. A minute- and
submeter-level spatial–temporal monitoring resolution can be achieved by using a flexible
baseline based on the monitoring needs [5–7]. In addition, a submillimeter-level precision
can be reached with respect to the deformation measurement by interferometry, which
compensates for the monitoring deficiencies of spaceborne InSAR and traditional geodetic
monitoring technology, such as deficiencies in the spatiotemporal resolution and accu-
racy [2,8–10]. After years of development and practice, GB-SAR has been widely used for
monitoring the motion of landslides [11–17], dams [18,19], side slopes [8,20,21], open-pit
mining areas [22,23], and glaciers [24–28]. This method has good application prospects and
research value in the industry.

As a new technology based on microwave interferometry, GB-SAR is mainly based
on the stepped-frequency continuous wave (SFCW) [5,24], synthetic aperture and differ-
ential interferometry to obtain 2D high-precision displacement maps and high-precision
deformation results. Specifically, GB-SAR uses SFCW technology to synthesize signals to
improve range resolution and keep a high average transmit power at the same time. It uses
synthetic aperture technology to improve azimuth resolution, and uses InSAR technology
to compare the phase information of the target at different times, so as to calculate a small
displacement change and obtain high accuracy deformation results. The data collected
by GB-SAR system is a 2D image including range and azimuth resolution. Each pixel
includes amplitude and phase information. The GB-SAR system can distinguish different
monitoring targets mainly based on the slant range from the target to the radar center and
the deflection angle from the target to the center of the radar antenna beam [29]. In contrast
to the orthographic projection of traditional topographic maps and central projection used
in photogrammetry, slant range projection in the radar 2D plane coordinate system is
used as imaging mode of the GB-SAR. The spaceborne SAR satellite satisfies the far-field
approximation conditions of the radar antenna, which can be regarded as SAR image
data in a regular grid [30]. Due to the installation mode and antenna size limitations, the
imaging distance of GB-SAR is relatively short (maximum distance: 5–10 km), and the
target area is mainly in the near field of the radar antenna radiation field, which does not
satisfy the far-field approximation conditions [3,11]. Therefore, a special fan-shaped grid
coordinate system is used for GB-SAR images.

As the imaging methods and spatial geometric relations vary, the method used for
the transformation of the GB-SAR image coordinate system significantly differs from
traditional methods. Therefore, the most important task in GB-SAR image data processing
and interpretation is to determine the actual position of the deformation according to the
2D plane coordinates of the radar. To address the gap with the real three-dimensional (3D)
deformable body, researchers should directly interpret the 2D radar image or interferogram
in the imaging mode based on their experience. Otherwise, recognition errors with respect
to the deformation target or area could occur [19]. To correctly identify the deformation
target and position and compare them with the results of other monitoring technologies
or carry out fusion analysis, it is necessary to establish a high-accuracy coordinate system
transformation model to accurately geocode the radar images in the 3D space system.

Methods that are commonly used for the transformation from the 2D plane coordinate
system to the 3D local coordinate system of the GB-SAR image mainly include parameter
transformation and coordinate coding [31–34]. Parameter transformation mainly includes
direct transformation and similar transformation. However, owing to the specific geometric
projection method of GB-SAR imaging, direct transformation will cause a large plane
coordinate offset error when the elevation angle from the target to the radar center is
large [29]. Based on similar transformation, the transformation parameters are calculated
by using a limited number of reference points. A certain transformation accuracy can
be achieved in the area with a small change in the terrain slope, but it is difficult to
achieve a holistic high accuracy because of the imprecise transformation model [34]. The
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coordinate coding method is relatively rigorous, but it also has several deficiencies. On
one hand, it strongly relies on the accuracy and integrity of external auxiliary data such as
the digital surface model (DSM) and digital elevation model (DEM). If 3D auxiliary data
in the monitoring area are missing, it is difficult to match the 3D information based on
coordinate coding using the corresponding pixels [35]. On the other hand, the accuracy of
the coordinate coding method depends on the selection of control points and the quality of
the positioning. In practical work, artificial corner reflectors (CRs) are generally installed as
control points and their positions in the 3D coordinate system are measured [9]. However,
it is difficult to distinguish these control points in areas with dense rocks or buildings with
strong and complex scattering of ground features, such as glaciers covered by moraines,
landslides with surface debris, and mining areas with large ore accumulation. In addition,
if the control point is far from the radar center, the azimuth resolution of the pixel increases,
and also the side lobe plays a role. Therefore, it is difficult to accurately locate the positions
of the CRs in the radar image. Thus, accurate geocoding based on GB-SAR cannot be
realized in practice because of the shortcomings of the coordinate transformation methods.

Therefore, in this study, unmanned aerial vehicle (UAV) photogrammetry data, which
are widely used in the surveying and mapping industry, were utilized for GB-SAR coor-
dinate transformation as the first consideration to realize high-accuracy geocoding. The
digital orthophoto map (DOM) and DSM that were obtained based on the use of UAV aerial
photogrammetry data have a high precision and integrity, and thus, effectively compensate
for the lack of 3D data based on visual field limitations with respect to ground-based 3D
laser scanning and close-range photogrammetry. In addition, the ground photo control
points (PCPs) laid out for UAV photogrammetry can be combined with the GB-SAR de-
ployment location, and the coordinates of the points and radar rail azimuth angle can be
accurately measured by using the global navigation satellite system (GNSS) or total station.
This method can effectively avoid the defects of inaccurate coordinates measurement by
using CRs as ground control points (GCPs). With the help of external auxiliary data, an
accurate GB-SAR geocoding model was established in this study based on searching the
solution space. This model was applied for the monitoring of the Laoguanjingtai (LGJT)
landslide that occurred on the Hailuogou Glacier, China. A subpixel level geocoding
accuracy was achieved, and the effectiveness and accuracy of the model were verified.
The method proposed in this paper can be applied for accurate 3D interpretation and
spatiotemporal analysis in GB-SAR deformation monitoring and should be popularized.

2. Materials and Methods
2.1. Dataset

The following data were used in this study.

1. GB-SAR original observation dataset. Obtained by GB-SAR by continuous monitor-
ing under specific observation geometry conditions. The azimuth resolution was
2–5 mrad, the maximum range resolution was 0.5 m, and the deformation monitoring
accuracy was at the submillimeter level. This was the main dataset used for geocoding
in this paper.

2. Ground control survey dataset. The azimuth angle of the GB-SAR guide rail was
measured by the GNSS or total station and the radar center was combined with
ground PCPs in the survey area. The coordinate and angle measurement accuracies
reached the centimeter and 0.5 s level, respectively, fully meeting the requirements
of GB-SAR coordinate transformation [33,36]. After the measurement, the location
point of GB-SAR became the link between the radar and 3D coordinate systems. This
dataset was mainly used for the transformation between the two coordinate systems.

3. External ancillary 3D information. These data were obtained from aerial photogram-
metry or light detection and ranging (LiDAR) carried on UAV. Due to the data gap
caused by the shadow of sight, several transformation defects occur during ground-
based 3D laser scanning. In this study, UAV aerial photogrammetry technology
was used to collect high-resolution images of the monitored area. The PCPs were
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arranged on the ground to obtain external auxiliary data such as DSM, DOM, and
3D real-scene model (five-lens oblique photogrammetry) using a local unified coor-
dinate system. These data were mainly used to realize the solution space search for
geocoding transformation.

The related parameters of the above datasets are shown in Table 1.

Table 1. Available equipment and related indicators of datasets.

Dataset Available
Equipment Outputs Resolutions Characteristics

GB-SAR observation
dataset GB-SAR SLC/deformation Azimuth: 2–5 mrad;

Range: 0.5 m
The deformation accuracy

can reach submillimeter level

Ground control
survey dataset

GNSS Coordinates 10 mm ± 1 ppm Convenient measurement
and uniform global accuracy

Total station Coordinates/azimuth Range: 2 mm + 2 ppm
Angle: 0.5”–2”

High precision,
measurement needs

intervisibility

External ancillary 3D
information

UAV aerial
photogrammetry DSM/DEM/DOM ≥5 cm With high precision and rich

ground texture

Airborne LiDAR DSM/DEM ≥5 cm With high precision and less
ground texture

Ground 3D laser scan DSM/DEM ≥5 cm
With shadows and
inconvenience of

interpretation

2.2. Solution Space Search Geocoding Model

For accurate geocoding from the 2D radar plane coordinate system of the GB-SAR
to the 3D local coordinate system, accurate deployment data of the GB-SAR are required,
including the center coordinates of the radar sensor and azimuth angle of the radar guide
rail, which are used as a link to realize the unification of the two coordinate systems. For
geocoding, with the help of high-precision external elevation data such as DSM, DEM,
and 3D terrain point cloud data, the Euclidean distance between the radar center and the
ground point is calculated by using MATLAB software programming, and the minimum
Euclidean distance is searched and matched with the corresponding azimuth distance
in the radar image coordinate system. The geocoding method used in this study mainly
included the following parts.

2.2.1. Unified Coordinate System Frame of Each Element

To realize high-accuracy GB-SAR image geocoding, the position and orientation of
each coordinate element in the target coordinate system should be accurately determined
using the GNSS or total station. The element survey mainly includes the measurement of
PCPs and the precise measurement of the GB-SAR location point. Based on the specific
requirements of actual work, the target coordinate system also has a certain particularity
and independence. By measuring the PCPs, the UAV photogrammetry results can be
unified to the target coordinate system and can be used as the basic supporting data for
subsequent coordinate transformation. Further, based on the joint measurement with GCPs,
the coordinates of the GB-SAR center point and azimuth angle of the radar guide rail can
be accurately measured. The azimuth angle can also be calculated by measuring the center
coordinates of the positioning screw of the observation pier when the GB-SAR system is
set up. After the above-mentioned elements are unified in the target coordinate system, the
coordinate transformation model can be established.

2.2.2. Coordinate Transformation Model

Owing to the fan-shaped projection mode of GB-SAR imaging, its range resolution
is fixed and the azimuth resolution decreases with increasing observation distance. In
addition, the GB-SAR projection mode is slant range projection, therefore, there is a certain
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angle between the imaging projection plane and horizontal plane, which leads to a scale
inconsistency of the same ground feature in the two coordinate systems. If the terrain
elevation significantly changes, the coordinate offset will be aggravated [1]. As shown in
Figure 1, in the radar coordinate system G-XY, “a,” “b,” and “c” are three ground feature
points, which have the same distance from the radar center. However, in the 3D local
coordinate system O-ENZ, the radar line of sight (LOS) angle and ground feature elevation
differ and the coordinate projection can be Na, Nb, and Nc, respectively. The figure shows
that the LOS to the horizontal direction is closer and the coordinate offset is smaller. The
larger the elevation difference between the ground object and radar center is, the larger is
the projection deviation. This is the error source of the parameter transformation method,
which explains why it is difficult to accurately transform the coordinates.
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Figure 1. Schematic diagram of ground-based synthetic aperture radar (GB-SAR) coordinate offset.
(a) Three feature points with equal distance from the center of GB-SAR in the radar coordinate
system; (b) the north direction projection offset of the three pixels in the three-dimensional (3D) local
coordinate system.

After determining the error source, the basic principle of radar imaging is used as
the starting point, that is, independent of the coordinate system, the Euclidean distance
from the feature point to the GB-SAR center is equal. Based on the assumption that the
coordinate of feature point P in the radar coordinate system G-XY is P(XP, YP), the distance
can be expressed as follows:

RGP =

√
(XP − XG)

2 + (YP −YG)
2, (1)

θ = arctan
XP − XG
YP −YG

, (2)

where RGP represents the distance from point P to the radar center point G and θ is the
deflection angle from point P to the radar center line direction. Due to the limited scanning
angle of GB-SAR, the angle is generally within the range of ± 50◦. Under real conditions,
the θ range can be limited to reduce the calculation amount and improve the transformation
efficiency (e.g., θ ∈ [−50◦, 50◦]).

Based on the assumption that the coordinate of the ground feature point P in the 3D
local coordinate system O-ENZ is P(EP, NP, ZP)θ and the coordinate of the GB-SAR center
point G is G(EG, NG, ZG), the feature point P can be expressed as follows:

SGP =

√
(EP − EG)

2 + (NP − NG)
2 + (ZP − ZG)

2, (3)

α = arctan
EP − EG
NP − NG

, (4)
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where SGP is the Euclidean distance from the ground feature point P to the radar center
point G and α is the horizontal plane projection quadrant angle of GP.

After establishing the corresponding distance and angle information of the ground
feature points in two coordinate systems, it is necessary to further match the angle relation-
ship based on the equal distance, establish a set of connection equations, and provide a
mathematical foundation for the searching and matching of the distance solution space. As
the orientation of the radar LOS (Y-axis direction) differs from the north direction (N-axis
direction) of the 3D local coordinate system, it is necessary to determine the relationships
among the coordinate axes when setting up the GB-SAR system. Figure 2 shows the rela-
tionships between the 2D image coordinate system and local plane coordinate system of
GB-SAR for different orientations. The parameter β is the horizontal rotation angle of the
two coordinate systems, which can be calculated by using common points. During actual
monitoring, the CRs are usually arranged and measured in the 3D coordinate system and
the corresponding points in the radar images are identified and calculated [19]. Although
the method is easy to operate, it has several disadvantages such as a poor recognition of the
reflected echo, low resolution, and strong dependence on manual interpretation. Therefore,
it is difficult to accurately calculate the horizontal angle.

Figure 2. Diagram of the relationship between the angle of the coordinate axis and orientation of the
GB-SAR. The Y-axis represents the line of sight direction of the GB-SAR. (a,c) Relational expression
θ = α − β when the line of sight of the GB-SAR is directed toward the first and third quadrant,
respectively. (b,d) Relational expression θ = α + β when the line of sight of the GB-SAR is directed
toward the second and fourth quadrant, respectively. The horizontal rotation angle of axes β is scalar,
θ and α are vectors, and the values should be positive and negative.

In this paper, precise engineering measurement was used as global control measure-
ment to measure the GB-SAR center and azimuth of the guide rail. The results were
combined with the UAV photogrammetry PCPs or regional control network in the whole
region. The coordinates of the GB-SAR center in the 3D local coordinate system and the
horizontal angle β of the two coordinate axes can be accurately solved. The coordinate
precision reached the mm level and the angle measurement precision was 0.5”, meeting
the requirements of an accurate coordinate transformation of GB-SAR.
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Based on determining the above-mentioned axes relationships, the following coordi-
nate transformation equations can be obtained.{

RGP = SGP
θ = α± β

, (5)

That is,
√
(XP − XG)

2 + (YP −YG)
2 =

√
(EP − EG)

2 + (NP − NG)
2 + (ZP − ZG)

2

arctan XP−XG
YP−YG

= arctan EP−EG
NP−NG

± β
, (6)

The overall relationship is changed into the process of obtaining the corresponding
pixel P(EP, NP, ZP) in the local 3D coordinate system according to pixel P(XP, YP) in the 2D
radar coordinate system. The sign “±” in the coordinate axis angle relationship equation is
based on the GB-SAR orientation quadrant in the 3D local coordinate system, as shown in
Figure 2.

2.2.3. Geocoding Based on Solution Space Search

It is not difficult to identify the rank defect of the above-mentioned equations, but it
is difficult to solve massive transformation data using traditional methods (e.g., the full
search and iterative method). With the help of computing power, we can identify the radar
coordinate pixel P corresponding to local 3D coordinates by searching the solution space
using the minimum Euclidean distance criterion.

The main ideas are as follows: first, the azimuth angle and range resolutions of the
transformation model are set according to the actual monitoring resolution requirements
of the project. As the GB-SAR resolution (range resolution: ≈0.5 m, azimuth resolution:
≈4 mrad) is lower than the DSM grid resolution (reaching the cm level) of the UAV
photogrammetry results, GB-SAR is generally oversampled or the DSM is downsampled to
adapt to the fixed grid resolution. After the processing, speckle noise interferences can be
reduced to a certain extent, and the subsequent matching is smoother. The range set {SGP}
and quadrant angle set {α} from each pixel center to the radar center in the DSM and the
range set {RGP} and deflection angle set {θ} from each pixel to the radar origin in GB-SAR
coordinate system are calculated according to the grid size. Finally, based on azimuth angle
matching, the minimum Euclidian distance principle is adopted to match the distances in
this direction and the pixels of the range matching in the 2D radar coordinate system are
assigned to the corresponding coordinates in the local 3D coordinate system for geocoding.

In addition, to reduce the search workload and improve the matching accuracy, the
search scope and range elimination threshold can be set according to the actual GB-SAR
observation system and local geographic conditions. If there is no effective distance
matching value in the azimuth direction, the range solution is further searched within the
scope of the search threshold set in the azimuth direction of the point. The principle of
the coordinate search and match method is shown in Figure 3. To accurately calculate the
coordinate value P(EP, NP, ZP) in the local 3D coordinate system corresponding to the pixel
P(XP, YP) in the radar image coordinate system, we can determine the 3D topographic
profile of the DSM corresponding to the pixel P of the radar based on the unified coordinate
frame and through the matching of angular geometric relations among β, θ, and α. The
distance between the radar sensor center and DSM pixel in the topographic profile is
matched sequentially, and the minimum value of the distance within the search threshold
is obtained as the optimal solution.
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Figure 3. Schematic diagram of the solution space search. The main figure shows the geometric
positional relationship of the GB-SAR in the radar 2D plane coordinate system (XY) and local 3D
coordinate system (ENZ). The red line in the figure indicates the minimum Euclidean distance
matching solution between the ground target point P and radar sensor center in the topographic
profile in the beam direction. The inset in the upper right corner (enlarged picture in the circle)
shows the schematic diagram of the solution space search threshold. The ∆Range; ∆Azimuth, and
∆Z are the range, azimuth, and elevation search thresholds, respectively. The search threshold can be
customized according to the actual monitoring needs and the distance matching solutions beyond
this scope will be eliminated.

The setting of the search threshold is shown in the inset in Figure 3. The ∆Range,
∆Azimuth, and ∆Z are the range, azimuth, and elevation search thresholds, respectively.
The search threshold can be customized according to the actual monitoring needs and
distance matching solutions beyond the scope will be eliminated. In general monitoring
cases, ∆Range and ∆Azimuth should be compatible with the grid resolution of the radar
or DSM to unify the order of magnitude. To achieve a comprehensive spatial search of
the distance solution, ∆Z can be defaulted to be the entire topographic profile elevation
range, that is, to search and match all DSM elevation points in the beam direction of the
radar antenna. The pixel points corresponding to the minimum Euclidian distance from
the center of the GB-SAR sensor are selected as the optimal matching points. Based on
this method, all radar image pixels are searched and matched sequentially to realize the
highly accurate geocoding of the GB-SAR images. The flowchart of the GB-SAR geocoding
method based on solution space search is shown in Figure 4.

2.3. Method of Geocoding Accuracy Assessment

For the effectiveness of geocoding results, we used the method of contrastive in-
terpretation to analyze and evaluate. Combined with the high-precision DOM and 3D
model produced by UAV photogrammetry, we interpreted and analyzed the geocoding
situation of pixels in uncoded region, obvious deformation region and invisible region,
and compared it with the actual geographical environment to determine whether it is
consistent with the radar imaging mechanism and the actual situation, so as to evaluate
the correctness of the geocoding results and verify whether the method is effective.
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Figure 4. Flowchart of the GB-SAR geocoding method based on solution space search.

On the basis of the effectiveness of the method, we further assessed the logical accu-
racy of the geocoding results. The coordinate components of pixels geocoded in the 3D
local coordinate system O-ENZ were reprojected into the corresponding GB-SAR image
coordinate system G-XY to obtain the distribution of E, N and Z coordinate components,
and check whether the plane component E and N are smoothly distributed, and whether
the elevation component Z is consistent with the DSM distribution. If the plane components
have a mutation or the elevation component does not match the actual DSM distribution,
it means that there is a logical error in the process of solution space search and matching,
otherwise, the geocoding result is logically accurate.

Finally, we calculated the geocoding error and assessed its accuracy quantitatively.
The accuracy index of geocoding includes range error and azimuth error. The basic method
is to make differential between the corresponding pixel Pgeo after geocoding in the local 3D
coordinate system and the pixel P in the original GB-SAR coordinate system, and calculate
the range error and azimuth error of each pixel, so as to realize the quantitative assessment
of the accuracy index of each pixel. Then, the accuracy indicators of all pixels were counted
to assess the overall accuracy of geocoding. The error can be expressed as follows:

ErrorRange = SGPgeo − RGP =
√
(EPgeo − EG)

2 + (NPgeo − NG)
2 + (ZPgeo − ZG)

2 −
√
(XP − XG)

2 + (YP −YG)
2

ErrorAzimuth =
(
αgeo ± β

)
− θ =

{
arctan

EPgeo−EG
NPgeo−NG

± β

}
− arctan XP−XG

YP−YG

(7)

where ErrorRange is the range error, ErrorAzimuth is the azimuth error, SGPgeo is the distance
from the pixel Pgeo in the local 3D coordinate system to the radar center G, and αgeo is the
corresponding quadrant angle of pixel Pgeo in the 3D coordinate system.
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3. Experiments
3.1. Overview of the Study Area

To verify the effectiveness and accuracy of the proposed method, we used it to monitor
the LGJT landslide in the Hailuogou Glacier area, Mountain Gongga, Sichuan Province,
China. Mountain Gongga is located in the southeastern Qinghai–Tibet Plateau. It is the
highest peak of the Hengduan Mountains, with an elevation of 7556 m. There are 74 glaciers
around the main peak. The largest glacier is the Hailuogou Glacier on the eastern slope,
which is ≈13 km long, 250–1200 m wide, and covers an area of 24.7 km2 [37]. It is the most
famous glacier in this area, and also a national scenic spot in China, which is visited by
many tourists throughout the year. The Hailuogou Glacier is a typical monsoon temperate
glacier. Due to the influence of the monsoon and topography, the annual rainfall at the
end of glacier tongue above an elevation of 3000 m is 1956 mm and the average number
of annual precipitation days is 251 d. Recent observations showed that the glaciers in
Hailuogou Valley are notably shrinking. From 1966 to 2008, the glacier receded by ≈728 m
(average rate of ≈17.3 m/a). The average surface thinning of the glacier ablation area is
33.9 m (average thinning rate of ≈1.8 m/a). The area near the glacier tongue exhibits the
fastest thinning rate of up to 4.3 m/a [24]. The study area is shown in Figure 5.

Figure 5. Main map of the study area shows the relationship between the GB-SAR monitoring
station and Hailuogou Glacier and the red spot in the picture indicates the Laoguanjingtai (LGJT)
landslide. (a) Five-lens oblique photogrammetric unmanned aerial vehicle (UAV) used to obtain
external ancillary data such as the digital surface model (DSM) and digital orthophoto map (DOM).
(b) Location of the GB-SAR monitoring station. The LGJT landslide is directly below the station and
the Hailuogou Glacier can be seen in the foreground. This station has a good visibility and jointly
monitors the landslide and glacier.

The degradation and thinning of the Hailuogou Glacier caused a large number of sec-
ondary landslide hazards in the surrounding mountains among which the LGJT landslide
was the most representative one. The LGJT landslide occurred beneath the observation plat-
form of the terminal moraine dam of the Hailuogou Glacier, with an area of≈1.07 × 105 m2,
an elevation distribution of ≈3050–3250 m. A tourist footpath leads from the observation
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platform to the glacier surface. The average slope of the landslide was as high as 80%, and
the drop was large. In recent years, as the thinning movement of the glacier intensified,
several large slips occurred. The LGJT landslide posed a great risk to the lives of tourists
in the scenic area, as shown in Figure 6. Therefore, continuous and effective landslide
monitoring should be carried out to ensure the tourists’ safety and normal operation of the
Hailuogou scenic spot.

Figure 6. LGJT landslide on the Hailuogou Glacier. (a) Overview of LGJT landslide. The main scarp
that formed by the separation of the rear edge of the landslide’s main body from the mountain mass
is very prominent. The front edge of the landslide body is tangent to the Hailuogou Glacier and
local collapse is notable. (b) Detailed landslide surface structures can be observed such as partially
damaged footpaths, the rockfall protection net, and ground fissures. (c) Details of the main scarp
and rear edge of the main body. The altitude difference of the main scarp is >50 m, which causes the
trees below to seriously incline and appearance of the unique phenomenon of a drunken forest in the
landslide movement. (d) Ground fissures on the surface of the landslide; the fissure width generally
ranges from 15 to 30 cm.

To accurately determine the movement and mechanism of the LGJT landslide, both the
landslide and tangent glacier must be monitored. After the field investigation, we finally
emplaced the GB-SAR system in a stable area in the northeast of the landslide, as shown in
Figure 5b. The site conditions were mainly based on the following considerations: elevation
of 3195 m, that is, higher than the top of the main body of the landslide; good visibility; joint
monitoring of the landslide mass and glacier at its lower edge. The observation platform
service station was ≈20 m away from the GB-SAR station, providing stable power and
network coverage for long-term monitoring.

3.2. Dataset Acquisition

To implement the method proposed in this study, a high-accuracy and high-resolution
DSM for the whole monitoring area should be obtained to accurately geocode the pixels in
the GB-SAR radar coordinate system into the 3D local coordinate system. In this paper,
the DJI M600 Pro six-rotor flight platform equipped with a Rainpoo DG3 aerial camera
(Chengdu Rainpoo Technology Co., Ltd.; Chengdu, China; www.rainpoo.com, accessed on
1 February 2021) was used to collect aerial images covering the middle and lower parts
of the Hailuogou Glacier and the slopes around the glacier, as shown in Figure 5a. The
longitudinal overlap of the collected image set was 80%, the lateral overlap was 60%. The
coverage area was ≈4.5 km2, and the average ground resolution of the images was 3 cm.

www.rainpoo.com
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Prior to the photogrammetry, we set up several PCPs on the surface of the landslide and
glacier and four GCPs as datum points in the stable areas next to the GB-SAR and far
away from the landslide, respectively. The 3D coordinates of the PCPs were collected using
GNSS-RTK; the coordinate acquisition accuracy reached the cm level [38,39]. Finally, the
PCPs and photogrammetry image set were joint calculated by GodWork v.1.0 software
(www.uavmap.cn, accessed on 20 January 2021). After image preprocessing, aerial trian-
gulation, point cloud editing, and other processes, the high-accuracy and high-resolution
DSM and DOM of the target 3D coordinate system were obtained. The DSM grid resolution
of this experiment was 5 cm.

In terms of GB-SAR data acquisition, the IBIS-L GB-SAR system developed by the
Ingegneria Dei Sistemi (IDS) corporation of Italy was adopted as the monitoring instrument
in this study. The radar system was composed of a sensor unit, linear slide rail, control
unit, and power supply unit. Based on the principle of spaceborne SAR interferometry,
SFCW technology was introduced to overcome low resolution of spaceborne SAR [40].
The system platform was installed on the ground and the sensor periodically obtained
monitoring data based on a nearly zero spatial baseline on a fixed linear sliding rail. The
sampling frequency was less than 2 min, which solved the problem of temporal and
spatial decorrelation that may be caused by spaceborne SAR [7,15,41,42]. Based on the
above-mentioned characteristics and the advantages of a small volume, flexible layout, and
noncontact measurement method, personnel did not need to enter the target monitoring
area. This ensured the safety of the personnel and prevented any disturbance of the
deformation body. In conclusion, the IBIS-L GB-SAR system has a great advantage in
landslide monitoring.

Before the continuous GB-SAR observation, we used the total station Leica TS02 Plus
(www.leica-geosystems.com, accessed on 1 February 2021) to accurately measure the 3D
coordinates of the radar guide rail and its azimuth angle, installed a reflection prism at
the fixed bolts of the guide rail, and measured the 3D coordinates of the prism center.
The angle measurement accuracy was 2” and the ranging accuracy was 1.5 mm + 2 ppm,
with a high measurement accuracy. The GNSS-RTK was used to measure the PCPs and
GCPs on the surface of the landslide, glacier, and in the stable zone. The coordinates of the
radar center point G in the 3D local coordinate system O-ENZ (independent rectangular
coordinate system) were obtained based on the arithmetic average of repeated measure-
ments. The coordinates of the radar center point G in this experiment were 498,358.612 m,
3,272,392.383 m, and 3195.448 m and those of the azimuth were 285◦42’15.47” (from left to
right of the rail) and 105◦42’15.47” (from right to left of the rail). The horizontal rotation
angle of two axes is 15◦42’15.47” (angle β in Figure 2).

After the center coordinates of the GB-SAR were determined, the LGJT landslide could
be continuously monitored using the GB-SAR system. At a sampling interval of 10 min, a
total of 4288 GB-SAR images were acquired from May 20 to June 20, 2018, with a range
resolution of 0.75 m and azimuth resolution of 4.38 mrad.

3.3. Data Processing
3.3.1. DSM and DOM Processing

The magnitudes of the GB-SAR radar image and DSM resolutions significantly differ.
Combined with the actual requirement of monitoring, we downsampled the DSM and
resampled the grid resolution from 5 cm to 0.5 m, representing the same magnitude level
as the GB-SAR image resolution. The DSM obtained after downsampling is shown in
Figure 7a. The boundary of the LGJT landslide is marked by a red line. Its elevation is
≈3050–3250 m, with a large drop height. In addition, we overlayed the DOM on the DSM
to determine the land coverage and obtain information about the geographic environment.
After the coordinate frame was unified, the GB-SAR center point and its orientation were
marked. The relative position of the radar coordinate system in the 3D local coordinate
system is shown in Figure 7b.

www.uavmap.cn
www.leica-geosystems.com
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Figure 7. (a) DSM of the Hailuogou Glacier and its surrounding side slopes. The red dot indicates the LGJT landslide with
an elevation of 3050–3250 m. (b) DOM superimposed on the DSM. The positional relationship between the radar 2D plane
coordinate system and 3D local coordinate system is indicated.

3.3.2. GB-SAR Image Processing

Each IBIS-L acquisition produces a focused image made of an N×M complex matrix,
where N and M values depend on the radar configuration and on focusing parameters
specified by the user in the IBISDV v.03.04.005 software (www.idsgeoradar.com, accessed
on 1 February 2021). In the data processing of this experiment, N and M correspond to the
field distance of 500 and 2000 m, respectively. The average power, coherence coefficient,
phase stability, and estimated signal-to-noise ratio (SNR) distribution of the radar image in
the study region after processing are shown in Figure 8. The interpretation and analysis of
the various quality indicators of the radar image show that the surface of the glacier has a
high overall reflection intensity due to the rocks and moraines (Figure 8a). The sampling
interval of 10 min ensures the high coherence in the whole region (Figure 8b). Figure 8c
shows that the phase stability is better in the area with higher reflection intensity. Based on
the DOM ancillary identification in this area, this stability is related to the backscattering
characteristics of moraines (rocks) covered by the surface of the Hailuogou Glacier. Almost
no movement can be detected at the exposed bedrock (glacial polish) on the south side of
the U-shaped glacier valley and the radar backscattering is stable; therefore, the SNR is the
highest, as shown in Figure 8d.

After focusing, we carried out GB-SAR data processing on the 4288 SLC images
using the interference stacking method by IBISDV software. Considering the high hu-
midity in the valley of Hailuogou Glacier terminal, especially the rainy and foggy in
summer, in order to improve the accuracy of radar interferometry, the atmospheric de-
lay was estimated and corrected by selecting the stable target point as the GCPs. This
processing relied on the stability of the GCPs. If the scatterer with a large deformation
was selected, a part of the low-frequency component in the monitored displacement
signal would be regarded as the atmosphere and filtered. In this experiment, the sta-
ble bedrock on the south side of Hailuogou U-shaped valley with high SNR was se-
lected as the control point to participate in the correction of atmospheric phase [43,44],
and obtained the cumulative displacement map of the entire study area, as shown in
Figure 9. Figure 9 shows that the area near the radar center point shows a positive value
(i.e., the movement direction is far away from the radar LOS) and the glacier long-range
perspective area shows a negative value (i.e., the movement direction is close to the radar

www.idsgeoradar.com
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LOS) during the monitoring period, which is consistent with the downward flow of the
glacier and the landslide movement away from the GB-SAR station.

Figure 8. GB-SAR imaging quality index. (a) Average power map. (b) Coherence coefficient map. (c) Phase stability map.
(d) Estimated signal-to-noise ratio (SNR) map.

Figure 9. GB-SAR cumulative displacement distribution from 20 May 2018, 12:07:38 p.m. to 20 June
2018, 12:01:49 p.m. The negative displacement reflects movement towards the sensor along the line
of sight (LOS) direction and the positive displacement represents movement away from the sensor.
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4. Results

Based on the above-mentioned preliminary processing, we can roughly judge the
movement trends of the landslide and glacier at the lower edge. However, we cannot
precisely analyze the monitoring area, that is, we cannot effectively determine the specific
point position corresponding to each pixel in the radar image. It is difficult to distinguish the
boundary between the landslide and glacier and analyze their motion coupling relationship.
Therefore, accurate geocoding based on the method proposed in this study is required.

As mentioned above, using MATLAB software programming based on the Formula
(1)–(4), we calculated the range set {SGP} and quadrant angle set {α} from each pixel center
to the radar center in the DSM and the range set {RGP} and deflection angle set {θ} from
each pixel to the radar origin in the GB-SAR coordinate system according to the grid size.
Based on azimuth angle matching, the minimum Euclidian distance principle was adopted
to sequentially match the distances in this direction. The pixels of the range matching in
the radar 2D coordinate system were assigned to the corresponding coordinates in the local
3D coordinate system for geocoding. In addition, we reduced the workload of the solution
space search and improved the matching accuracy by setting search range and distance
elimination thresholds. In this study, the DSM resolution was 0.5 m. Therefore, we set the
angle matching accuracy to± 0.05◦ (i.e., ≈1 km from the GB-SAR center point, the azimuth
resolution was consistent with the DSM grid size). The range elimination threshold was set
to ±0.5 m. The pixels exceeding the distance threshold were not geocoded in the 3D local
coordinate system to ensure that the geocoding accuracy of the entire region was at the
subpixel level.

The cumulative displacement map of GB-SAR after searching the solution space is
shown in Figure 10. Figure 10 shows that the distribution of cumulative displacement map
before and after geocoding is consistent, and there is no mutation. Combined with the
ancillary interpretation of the 3D terrain model, the zero boundary of the accumulative
displacement coincides with the boundary of the glacier bedrock’s polished surface with
high SNR. The boundary between the bedrock and glacier is notable, which is consistent
with the local geographic environment. A good geocoding effect was achieved, as shown in
Figure 10a. The pixels in the area outside the DSM were eliminated because the minimum
Euclidian distance solution space search exceeded the set threshold (Figure 10b). Thus,
this method is only applicable if the target monitoring area has an external ancillary data
coverage. Based on the different accuracies of the geographic dataset, external ancillary
data that can be used to calculate the distance and azimuth values include but are not
limited to the DSM, DEM, digital terrain model (DTM), digital line graphic (DLG) with
contour, and point cloud generated by 3D laser scanning or a LiDAR system.
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Figure 10. Geocoding result of the GB-SAR cumulative displacement. (a) Based on the superim-
position on the GB-SAR cumulative displacement geocoding result of the 3D terrain model, the
displacement value of the polished surface of the bedrock on the southern slope of the glacier is
almost zero and the boundary is notable, which is consistent with the local geographic environment.
(b) Distribution map of the GB-SAR result geocoded to the DSM. The area outside the DSM cannot be
effectively geocoded because the distance cannot be calculated. The method proposed in this paper
must be supported by 3D ancillary data in the target monitoring area, such as DSM and DEM data.

5. Discussion
5.1. Discussion on GB-SAR Geocoding Results

The surface of Hailuogou Glacier is covered by massive moraine rocks. It has strong
backscattering characteristics and a high average reflection intensity. It is difficult to
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effectively identify and measure the radar images using the traditional method of placing
CRs on the surface of the glacier as GCPs. Thus, accurate geocoding is difficult. The
geocoding method used in this paper, that is, searching the solution space, can be realized
by reducing the GB-SAR deployment position to the local 3D coordinate system frame
using the control survey. It is not necessary to deploy CRs in the monitoring area and a
highly accurate GB-SAR geocoding result can be realized.

Based on the analysis of the details of the geocoding results in the experiment
(Figure 11), the area including the lower part of the landslide body, which is tangent to the
glacier, significantly collapses. The GB-SAR geocoding results show notable boundaries in
this area (Figure 11c). Based on the interpretation of the superimposed 3D terrain model,
a backslope terrace has formed in the collapsed area at the lower edge of the landslide,
which is invisible to GB-SAR due to the melting of the glacier. Therefore, this area cannot
be effectively geocoded, which is consistent with the actual geographic condition of the
area (Figure 11e). Similarly, there is no effective backscattering of radar waves on the water
surface in the area including the glacial lake under the GB-SAR station because of the radar
imaging mechanism, the GB-SAR system cannot effectively image in this area, resulting
in data holes. Thus, there is no effective geocoding coverage, and the geocoding results
around the glacial lake have notable boundaries (Figure 11f). Based on the combination
of these results with the auxiliary analysis of the 3D terrain model of this area, the other
uncoded regions of the block are also the areas that cannot be reached by the GB-SAR LOS
due to terrain undulations. The geocoding results of this area conform to the GB-SAR
imaging mechanism and local terrain.

Figure 11. Map of the GB-SAR geocoding results including superimposed DOM image data. (a) The GB-SAR location and
information about its environment. (b) Geographic environment information near the dividing line with a cumulative
displacement of 0 mm. The area with a cumulative displacement of 0 mm is mainly the glacial polish. The lower part
includes the Hailuogou Glacier covered by a large amount of surface moraine. (c–e) Local details of the area marked by the
rectangular box A in the main figure, that is, the geocoding results of the superimposed DOM, superimposed DSM, and 3D
terrain model, respectively. Similarly, (f–h) and (i–k) represent the geocoding results of the area marked by the rectangular
boxes B and C, respectively. Based on the comparison and interpretation of the local enlarged details of the DOM, DSM,
and 3D terrain model superimposed in the three regions A, B, and C, the uncoded areas are mainly concentrated in the
backslope, glacial lake, and invisible valley, which conforms to the GB-SAR imaging mechanism and local geographic
conditions. The geocoding effect is satisfactory.



Remote Sens. 2021, 13, 832 18 of 23

The geocoding results of the glacier and its southern side slope far away from the
LOS of GB-SAR show that the geocoding results have no effective surface deformation
coverage in valley areas that were formed by the glacier and the side slope. Based on the
deformation geocoding results and the 3D terrain model, the main reason is the lack of
effective backscattering due to the invisible LOS of GB-SAR. However, the deformation
area near the center of the glacier is not effectively geocoded or there are few geocoding
points, which may be related to the spatial decorrelation of the phase caused by the rapid
movement of the middle part of the glacier, as shown in area “D” in Figure 11. In addition,
we identified several areas with negative displacement values on the side slope body, such
as area “C,” which move toward to the radar sensor and slide downward. The field survey
image (Figure 11b) indicates a downward sliding surface debris flow in the side slope area,
which is consistent with the actual geographic environment.

Based on the above-mentioned analysis, the GB-SAR geocoding results are highly
consistent with the average power map and cumulative displacement distribution map of
GB-SAR. Uncoded areas are mainly concentrated in the invisible backslopes, glacial lakes
without effective backscattering, and invisible valley terrain. The results of geocoding are
in accordance with the radar imaging mechanism and local geographic conditions, which
verifies the effectiveness and universality of the solution space search geocoding method
proposed in this paper.

5.2. Assessment of the Geocoding Accuracy

As the pixels beyond the scope of DSM cannot be used to solve the 3D spatial distance
and effective distance solution space matching cannot be carried out, the values outside
the monitoring range should be discarded, and only GB-SAR image pixels within the DSM
range should be geocoded.

To verify the accuracy of the solution space search geocoding method, we decomposed
the geocoded 3D local coordinates into the GB-SAR image coordinate system and obtained
the distribution of the 3D local coordinate system coordinate components of E, N, Z in the
radar coordinate system, as shown in Figure 12. Figure 12b,c shows that the coordinate
values of each component of E and N are uniformly distributed, smooth, and lack a saltus
step in the radar coordinate system G-XY, indicating that the GB-SAR geocoding plane
position is accurate. The components of the Z coordinate axis in Figure 12d are consistent
with the DSM; that is, the geocoding results have a high logical accuracy in elevation. The
GB-SAR pixels correspond to the pixels in the 3D local coordinate system and no logic error
occurs, confirming the accuracy of the solution space search geocoding method proposed
in this paper.

The azimuth and range errors of each pixel in the GB-SAR image during geocoding
were calculated. Their distributions are shown in Figure 13. The geocoding error of the GB-
SAR image is a standard normal distribution in the radar azimuth direction and uniform
distribution in the range direction, which is related to the imaging mechanism of the radar
image. This implies that the range resolution in the radar coordinate system is a fixed value
and the azimuth resolution is radian. With the increase in the distance, the radar pixel
size gradually increases in the azimuth direction and the pixel resolution decreases. The
basic logic of the solution space search method proposed in this study is azimuth angle
matching, followed by minimum Euclidean distance matching of the radar pixels in the
range direction. If the range matching in the azimuth direction in ineffective, a distance
solution space search is carried out within the angle threshold range set in the azimuth
direction. Therefore, most of the matching pixels are close to the azimuth angle center
line near the 0◦ value of the azimuth error. As a result, the geocoding error of GB-SAR
presents a normal distribution in the azimuth direction, as shown in Figure 13b. As the
range resolution of the GB-SAR is fixed and the ground surface of the monitoring area is
continuous but uneven, the range solutions in the range direction are matched within the
set threshold range, forming a uniform distribution, as shown in Figure 13d. Based on the
error distribution, the geocoding pixel position errors in this paper are all smaller than the
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single-pixel resolution and the matching accuracy is at the subpixel level. This proves that
the solution space search geocoding method has a high geocoding accuracy.

Figure 12. Distribution of the 3D local coordinate system components in the radar coordinate system.
(a) Original GB-SAR monitoring results. (b) Distribution of the east component of the 3D coordinate
system in the radar coordinate system. (c) Distribution of the north component of the 3D coordinate
system in the radar coordinate system. (d) Distribution of the Z-direction component of the 3D
coordinate system in radar coordinate system.

5.3. Landslide Migration Mechanism

Based on the combination of the chart data obtained from continuous GB-SAR moni-
toring and the field investigation of the landslide area, the movement of the LGJT landslide
on the Hailuogou Glacier can be inferred. On one hand, owing to the loose soil and rocks
on the lateral moraine of Hailuogou Glacier, the thinning of the glacier will lead to the
decrease of the sliding resistance section at the lower edge of the landslide mass in the
beginning of annual ablation period. The lower part of the landslide significantly collapses,
forming a notable collapse terrace, which leads to the increase of the slope free height
and the decrease of the overall anti sliding force of landslide mass [24] (Figure 11c,e). On
the other hand, the eastward tangential movement of the glacier at the lower edge of the
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landslide has a strong traction effect on the erosion of the lower part of the landslide and the
abundant rainfall in the area promotes the aggravation of the landslide movement [45–47].
Based on this information, we can conclude that the migration mechanism of the LGJT
landslide is retrogressive movement [39,48], that is, the lower part of the landslide first
slides under the traction of the glacier, causing the upper part to lose support, deform,
and slide. While sliding down, the landslide’s main body further squeezes the edge of the
glacier under the action of gravity, changing the flow direction of the glacier in this area.
This leads to the positive accumulated displacement value of GB-SAR in the glacier area at
the lower edge of the landslide. However, when it reaches the middle of the glacier, the
stress gradually decreases and positive value gradually changes to a negative value in the
way of moving close to the GB-SAR sensor center.

This monitoring experiment shows that the high spatiotemporal resolution of the GB-
SAR monitoring system directly reflects the cumulative displacement distribution between
the landslide mass and its tangent glacier. Based on the combination of the monitoring chart
data and information about the local geographic environment, the migration mechanism
of the landslide body can be well explained.

Figure 13. Distribution charts of geocoding error: (a) distribution of azimuth error, (b) histogram of
azimuth error distribution, (c) distribution of range error, and (d) histogram of range error distribution.

6. Conclusions

In this study, the high-resolution DSM obtained by UAV aerial photogrammetry
was used to establish a high-accuracy coordinate transformation model of GB-SAR. A
high-accuracy geocoding method for GB-SAR based on searching the solution space was
proposed, and the coordinate conversion of radar image from 2D plane coordinate system
to the local 3D coordinate system was realized. By applying this method to LGJT landslide
monitoring experiment on Hailuogou Glacier, the effectiveness was verified by contrastive
interpretation and the logical accuracy and accuracy indicators were assessed by quantita-
tive analysis. Finally, a subpixel geocoding accuracy was realized. Based on the geocoding
method proposed in this paper, the GB-SAR monitoring system can accurately monitor and
interpret the movement of landslides, providing important data and decision support for
the monitoring and early warning of high-risk landslides and related geological disasters.

The geocoding method proposed in this study has several limitations. For the geocod-
ing of the target monitoring area, external 3D ancillary data coverage is required such as
DSM data (the radar center can be outside of the DSM, only its coordinates and azimuth
angle must be measured). In addition, the GB-SAR center and DSM must be in a unified
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coordinate system to effectively search and match the distance solution space. Therefore,
the geocoding method proposed in this study should be supported by spatial data acquired
by UAV aerial photogrammetry or LiDAR surveys to obtain the highest geocoding accuracy
and best interpretation of the GB-SAR monitoring results.
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