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Abstract: Early detection and early warning are of great importance in giant landslide
monitoring because of the unexpectedness and concealed nature of large-scale landslides. In China,
the western mountainous areas are prone to landslides and feature many giant complex landslides,
especially following the Wenchuan Earthquake in 2008. This work concentrates on a new technique,
known as the “hybrid-SAR technique”, that combines both phase-based and amplitude-based
methods to detect and monitor large-scale landslides in Li County, Sichuan Province, southwestern
China. This work aims to develop a robust methodological approach to promptly identify diverse
landslides with different deformation magnitudes, sliding modes and slope geometries, even when
the available satellite data are limited. The phase-based and amplitude-based techniques are used to
obtain the landslide displacements from six TerraSAR-X Stripmap descending scenes acquired from
November 2014 to March 2015. Furthermore, the application circumstances and influence factors of
hybrid-SAR are evaluated according to four aspects: (1) quality of terrain visibility to the radar sensor;
(2) landslide deformation magnitude and different sliding mode; (3) impact of dense vegetation cover;
and (4) sliding direction sensitivity. The results achieved from hybrid-SAR are consistent with in situ
measurements. This new hybrid-SAR technique for complex giant landslide research successfully
identified representative movement areas, e.g., an extremely slow earthflow and a creeping region
with a displacement rate of 1 cm per month and a typical rotational slide with a displacement rate of
2–3 cm per month downwards and towards the riverbank. Hybrid-SAR allows for a comprehensive
and preliminary identification of areas with significant movement and provides reliable data support
for the forecasting and monitoring of landslides.
Keywords: hybrid-SAR technique; joint analysis; phase-based SAR; amplitude-based SAR;
giant complex landslide monitoring

1. Introduction
Landslides are one of the major geo-hazards that pose great threats to many areas around
the world. Landslides are widely distributed in the mountainous areas of western China [1,2].
Especially after the Wenchuan Earthquake in 2008 in China (Mw 7.9 or Ms 8.0), a large number
of landslides were triggered and received considerable attention [3]. Numerous villages are scattered
throughout this large-scale landslide-prone area, which raises great importance to identify potential
active landslides. It is quite common for a large storm to produce new landslides in this area since the
earthquake occurred. A positive and effective monitoring tool that can help find the hidden nature
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of large-scale landslides and minimize the unexpectedness is of great importance for landslide early
warning and early recognition.
Measurements of the ground surface deformation over large regions can be carried out
by using the Spaceborne Synthetic Aperture Radar (SAR) techniques. In particular, Differential
Interferometric Synthetic Aperture Radar (DInSAR) is an effective method to measure deformation
in landslides. The successful application of this technique in landslide monitoring has been
widely documented [4,5]. However, several problems hinder the exploitation of the DInSAR
technique in landslide monitoring. These limitations include spatial decorrelation due to long
perpendicular baselines between SAR acquisitions, decorrelation caused by vegetation coverage
changes, large deformation gradients, errors resulting from atmospheric phase screen (APS) and phase
unwrapping errors. Advanced DInSAR methods have also been developed to address some of the
aforementioned issues, including Permanent Scatterer-InSAR [6,7], SqueeSAR [8], Small Baseline Subset
(SBAS) [9,10], the Stanford method for Persistent Scatterers (StaMPS) [11,12] and interferometric point
target analysis (IPTA) [13,14]. These techniques use phase shift analysis of long time-series SAR images
to investigate landslides with low displacement velocities (mm/year to a few decimeters/year) [15].
However, there is difficulty for the DInSAR techniques to retrieve deformation information
in relatively fast-moving areas. For example, when rapid landslides occur in densely-vegetated
areas, the low spatial density of persistent scatterers (PS) makes phase unwrapping extremely
difficult, resulting in the unsuccessful detection of fast movement. To identify rapid movement with
velocities exceeding the limits of DInSAR and the associated techniques, the exploitation of amplitude
information from the SAR data using the pixel offset tracking technique demonstrated its advantage in
landslide monitoring. For example, XiaoFan et al. [16] applied a sub-pixel offset technique to TerraSAR
Spotlight data to monitor the Shuping landslide in the Three Gorges of China. Singleton et al. [17] used
sub-pixel offset techniques to monitor episodic landslide movements in vegetated terrain. Shi et al. [18]
used multi-mode high-resolution TerraSAR-X data to monitor landslide deformation with point-like
target offset tracking. Raspini et al. [19] exploited the amplitude information in SAR images to map
the Montescaglioso landslide. Bhattacharya et al. [20] evaluated the potential of SAR intensity tracking
to estimate the displacement rate in a landslide-prone area in India.
In general, a giant complex landslide consists not only of slow-moving areas, such as creeping and
deep-seated gravitational slope deformation, but also of fast-moving areas exhibiting non-linear slope
movement, such as toppling and rotational landslides. Thus, the movement of the entire landslide
may vary considerably and exhibit non-uniform behavior, indicating that no single method would be
sufficient for such a complex task. Moreover, a quick monitoring response may be necessary before
a long series of a SAR dataset would be accumulated. Additionally, the monitoring method should
benefit from an integrated analysis of phase-based and amplitude-based methods.
In this article, a hybrid-SAR technique is proposed and applied to a representative giant
complex landslide in southwestern China using a high-resolution TerraSAR-X Stripmap dataset.
Both phase-based and amplitude-based techniques are applied to obtain the landslide displacements.
Then, the application circumstances and influential factors of phase-based and amplitude-based
methods are evaluated according to four aspects: (1) quality of terrain visibility to the radar sensor;
(2) landslide deformation magnitude and different sliding mode; (3) impact of dense vegetation cover;
and (4) sliding direction sensitivity. Specifically, the surface displacements measured by the in situ
sensors of four boreholes were used in the evaluation of the hybrid-SAR technique. The deformation
tendencies from both the SAR data and the in situ data showed consistency. The applicability of this
new hybrid-SAR technique in complex giant landslide research is demonstrated and evaluated.
2. Methodology Comparison of Phase-Based and Amplitude-Based Techniques
Phase-based InSAR techniques and amplitude-based offset tracking methods have their
advantages and limitations. Table 1 provides a brief comparison of these two methods according to their
methodological differences. The following section provides a more comprehensive methodological
analysis of the two techniques.
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Table 1. Comparison of the phase-based InSAR technique with the amplitude-based pixel offset technique.
Methodological Comparisons

Phase-Based InSAR Technique

Amplitude-Based Pixel Offset Technique

Accuracy

Higher accuracy, proportional
to wavelength

Lower accuracy, proportional to pixel size

Phase unwrapping errors

Phase unwrapping errors

No need for phase unwrapping

Detectable deformation rate

Suitable for slow rate
of deformation

Suitable for high rate of deformation

Sensitivity to temporal decorrelation

More sensitive to
temporal decorrelation

Less sensitive to temporal decorrelation

Sensitivity to atmospheric phase screen

Significant signal delays caused
by atmospheric phase screen

Not affected by atmospheric phase screen

Measurement direction

One-dimensional
line-of-sight direction

Two-dimensional measurements involving
range and azimuth directions

2.1. Phase Based: DInSAR and Advanced DInSAR Techniques
The phase-based InSAR techniques have high accuracy in monitoring displacements, and the
accuracy is proportional to the wavelength. Thus, these techniques are suitable for monitoring slow
rates of deformation. The traditional DInSAR technique has been applied to monitor slow-moving
landslides on the order of cm/year, while the advanced time-series DInSAR technique can detect
extremely slow-moving landslides on the order of mm/year.
Because of its methodological limitations, the DInSAR technique is unable to derive fast-moving
displacements with high spatial gradients. In a wrapped interferogram, the maximum displacement
between neighboring pixels cannot exceed λ/2, where λ is the wavelength [21]. Furthermore,
when considering phase unwrapping, the maximum displacement between neighboring pixels cannot
exceed λ/4, that is the highest deformation gradient should be less than 0.5 interferometric fringes
per pixel [22]. DInSAR also has a serious limitation related to dense vegetation, which results in rapid
decorrelation between SAR acquisitions. For high-resolution TerraSAR-X satellites, the wavelength is
smaller and more sensitive to vegetation cover. Moreover, its sensitivity to atmospheric variability also
hinders its exploitation in landside monitoring.
To mitigate the limitations of DInSAR, advanced DInSAR techniques have been developed
and include permanent scatterer interferometry (PSInSAR) and small baseline subset (SBAS) [23].
PSInSAR makes use of stable permanent scatterer pixels that show high coherence during long time
intervals in a stacking of multi-temporal co-registered images. SBAS chooses image combinations with
short temporal and spatial baselines to reduce decorrelation effects. However, in thickly-vegetated
areas, a low density of PS and the loss of coherence can produce unreliable phase unwrapping errors,
which may result in the failure of these techniques.
2.2. Amplitude Based: Pixel Offset Technique
Because of its methodological limitations, the amplitude-based pixel offset technique has lower
accuracy compared with phase-based InSAR methods. The key processing step of the pixel offset
tracking method is to obtain the peak locations for a two-dimensional cross-correlation function
of two SAR image patches. Signal-to-noise ratio (SNR) estimates are then calculated by comparing
the height of the correlation peak relative to the average level of the correlation function. Serving as
indicators of the confidence level of each offset, the SNR values should be set with a threshold, and only
the SNR values above the threshold should be used to calculate the offsets. Furthermore, the orbital
ramp errors, the topographical errors and the ionospheric effects should be eliminated. At the end,
the final range and azimuth offsets can be estimated by measuring the row and column offsets between
two acquisitions. During the processing, various parameters, such as the cross-correlation window size
and oversampling factor, should be carefully evaluated to adjust to the size of deformation features
and SAR image pixel size [24].
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The achievable accuracy could be theoretically expressed as the following expression [25]:
r
p
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(1)

where γ is the coherence and N is the number of pixels within the estimation window.
10 2 5 − 7
(1)
The offset tracking technique is =suitable for monitoring high rates of deformation,
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range and azimuth vectors as the InSAR technique is only sensitive to the line-of-sight (LOS) direction.
This method does not require phase unwrapping, is less sensitive to temporal decorrelation and is
not affected by atmospheric artifacts. Furthermore, pixel offset measurements can provide both range
3. Study Area and SAR Dataset
and azimuth vectors as the InSAR technique is only sensitive to the line-of-sight (LOS) direction.
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The Xishancun Landslide (Figure 1) is a giant landslide located on the northern bank of the
3.1. Geological Setting of the Xishancun Landslide
Zagunao River in Li County (Sichuan Province), which lies to the east of the Tibetan Plateau.
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Figure 1. (a) Location of the Xishancun Landslide outlined in a red rectangular overlaid by an ASTER

Figure 1. (a) Location of the Xishancun Landslide outlined in a red rectangular overlaid by an ASTER
DEM; (b) location of Li County in China; (c) m of the Xishancun Landslide as seen from a terrestrial
DEM; (b)
location of Li County in China; (c) m of the Xishancun Landslide as seen from a terrestrial
photo taken from the opposite bank of Zagunao River.
photo taken from the opposite bank of Zagunao River.
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geomorphology
this landslideisis relatively
complex and
forms with
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of the trailing edge is approximately 3300 m. The elevation difference is 1790 m. The landslide length
is approximately 3800 m; the minimum width is 680 m; and the maximum width is 980 m. The average
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thickness of the sliding body is 55 m. Thus, the volume of the landslide is approximately 1.7 × 108 m3 .
Hence, it is considered as an oversized landslide.
There
terraces in the landslide, and the terraces on the trailing edge and
Remoteare
Sens.many
2016, 8, natural
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Figure 2. Landslide map with locations of the geotechnical monitoring instrumentation and landslide
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3.3. TerraSAR-X Test Dataset
3.3.The
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Table
3.
The parameters of five image pairs used in later hybrid-SAR processing are listed in
Table 2. Basic information on this TerraSAR-X dataset is provided in Table 3.

Table 2. The parameters of the five image pairs used in hybrid-SAR processing.

Table 2. The Slave
parameters
image pairs Baseline
used in hybrid-SAR
processing.
Master Image
Imageof the five
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(m)
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17
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−1754
33 22
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11
2015
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22 33
13
2014
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January
2015
January 2015
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February
2015
2115November
2014
11
2015
51−17
11033
17 February 2015
11 March 2015
64
22
21 November
2014
11
March
2015
51
110
Table 3. Basic information on the acquired TerraSAR-X Stripmap (SM) datasets.

DataTerraSAR-X Stripmap (SM) datasets.
Table 3. Basic information on theSM
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4. Analyses and Experimental Results of Hybrid-SAR
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4. Analyses and Experimental Results of Hybrid-SAR
4.1. DInSAR Results from Representative Interferometric Pairs
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Figure 3. TLS-derived DEM with a spatial resolution of 0.5 m. The middle area surrounded by the red
Figure
3. TLS-derived
DEM with a landslide
spatial resolution
dashed
line is the corresponding
location.of 0.5 m. The middle area surrounded by the red
dashed line is the corresponding landslide location.
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During the winter periods, the interferograms are less noisy, and the fringes caused by
During
periods,
theinterferograms.
interferogramsFor
areexample,
less noisy,
and the
fringes
caused by
displacement
canthe
be winter
determined
in the
in Figure
4a–d,
the interferometric
displacement can be determined in the interferograms. For example, in Figure 4a–d, the
signals in the middle part of the landslide (Area 3) are evident. In addition, the eastern border of
interferometric signals in the middle part of the landslide (Area 3) are evident. In addition, the eastern
landslide (Area 2) and a region close to the toe of landslide (Area 1) also preserve good quality
border of landslide (Area 2) and a region close to the toe of landslide (Area 1) also preserve good
fringes in the interferograms. However, in the western part of the lower landslide body (Area 6),
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Figure 4. Geocoded differential interferograms (a–d) and geocoded displacement maps (e–h) in the

Figure 4. Geocoded differential interferograms (a–d) and geocoded displacement maps (e–h) in the
LOS direction with temporal baselines and perpendicular baselines noted below. Significant landslide
LOS direction with temporal baselines and perpendicular baselines noted below. Significant landslide
displacement signals are highlighted with white ellipses in the interferograms, which also correspond
displacement signals are highlighted with white ellipses in the interferograms, which also
to Areas 1–3 in Figure 2; (a,e) 21 November 2014–13 December 2014 (22 days, 54 m);
correspond
to Areas 2014
1–3 in
(a,e)(33
21days,
November
2014 February
(22 days,2015
54 m);
(b,f) 13 December
–15Figure
January2;2015
−190 m);2014–13
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15
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(33 days, −17 m); (d,h) 17 February 2015–11 March 2015 (22 days, 64 m).
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technique in our landslide research.
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4.2. Offset Tracking Results between SAR Acquisitions
In the offset tracking procedure, if the selected perpendicular baselines are quite low and the
displacement rate is rather high, the range offsets due to local topography can be neglected with
respect to ground displacement. The conventional co-registration procedure is sufficient for most
cases where offsets due to topography are less than 0.2 pixels. However, for higher-resolution systems
combined with large baselines, these topographical errors can exceed one pixel. In particular, in this
study, the displacement gradients should not be this high, and the TerraSAR-X dataset exhibited
high resolution and relatively large baselines. During the processing, offsets due to topography are
incorporated into a co-registration look-up table that links the geometries of two images based on
a DEM of the area. Thus, topography-related offsets were considered and removed.
Using the above approach, we derived two obvious deformation areas on the landslide body
from two images in the TerraSAR-X dataset (spanning from 21 November 2014 to 11 March 2015).
The results of azimuth and slant range deformation measurements are rendered in Figure 5. In the slant
range displacement map, the geocoded DInSAR displacement result derived from 21 November 2014
to 13 December 2014 is also overlaid in order to make a clear comparison with the pixel offset result.
It should be noted that only points with SNR values greater than 10.0 in pixel offset processing are
highlighted. These values represent relatively high coherence and high reliability of the measurements.
From Figure 5, it can be seen that the whole landslide body demonstrates a significant movement
magnitude from north to south downwards on the slope. In the vegetated area of the landslide
(Area 5), phased-based InSAR failed to derive good quality fringe due to the decorrelation; however,
some deformation signals are extracted successfully because of the existence of contrasting features
(for example, buildings and corner reflectors) during the pixel offset processing. In the azimuth
displacement map, this zone is active and moved a distance of 8–16 cm in a time span of four months.
In the range displacement map, the displacements, i.e., approximately 2–4 cm per month, cannot be
ignored either. The significant movement in Area 5 was also reflected from in situ measurements in this
region, which will be analyzed in Section 5.5. Another active area (Area 4) that should receive more
attention is the middle part of the Xishancun Landslide, which features obvious azimuth and slant
range displacement. For this area, both phase and amplitude information are extracted successfully
from SAR datasets and show good consistency. The slant range displacement is consistent with the
results achieved from the DInSAR technique, being 2 cm per month. The azimuth displacement of this
area amounts to 2–3 cm per month. A rotational failure mechanism is deduced in a later analysis in
Section 5.2.
For our TerraSAR-X Stripmap dataset, the azimuth pixel size is 1.83 m (Table 2), which is also the
minimum pixel dimension. The maximum detectable displacement between neighboring pixels in
SAR images (a quarter of the TerraSAR wavelength) divided by the minimum pixel dimension is the
maximum displacement gradient derived from the phase-based InSAR technique, being approximately
0.004 m/m. Therefore, even if we derive the original resolution interferogram, the maximum detectable
difference between two points over a distance of 10 m will be only 0.04 m. In this case, a multi-look
factor of two is applied for the range and azimuth direction; thus, the maximum InSAR detectable
difference is only 0.02 m. However, in the Xishancun Landslide, regions with fast-moving phenomena
exist, and their displacement gradients exceed the measurable limit (for example, Area 5). The results
of the pixel offset technique demonstrate a good performance of this technique in detecting larger
deformation magnitudes.
Theoretically, the range displacement map from the pixel offset technique is expected to contain
the same information as the differential interferogram [24]. In order to quantitatively evaluate the
combination of the two techniques, the differences between LOS displacements of ten points in
Area 4 derived from DInSAR processing in a time span of 22 days and offset tracking processing in
a time span of 110 days are calculated in Table 4. To make a uniform comparison of the consistency
between two techniques, offset tracking displacements in 110 days are linearly converted to 22 days’
displacements. The mean difference and RMS error of the LOS displacement differences of ten points
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Figure 5. Slant range displacements (a) and azimuth displacements (b) measured from

Figure 5.
Slant range displacements (a) and azimuth displacements (b) measured from
21 November 2014 to 11 March 2015.
21 November 2014 to 11 March 2015.
Table 4. LOS displacements and corresponding differences between ten points in Area 4 derived from
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DInSAR processing and offset tracking processing.
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0.06 0.09
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0.06 0.07
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The methodological differences between phase-based and amplitude-based techniques

5. Discussion
presented in Section 2 led to their different application circumstances and influential factors in giant
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between
phase-based
amplitude-based
techniques
complicated deformation patterns, as well as different orientations with respect to radar satellites,
presented in Section 2 led to their different application circumstances and influential factors in
the applications of phase-based and amplitude-based methods in practical research may show
giant landslide research. As giant complex landslides always have diverse topographic features,
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of terrain visibility to the radar sensor; (2) landslide deformation magnitude and different sliding
mode; (3) impact of dense vegetation cover; and (4) sliding direction sensitivity. The consistency
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and difference between phase-based and amplitude-based techniques demonstrated during their
applications in the Xishancun Landslide research are fully exploited to evaluate the applicability of the
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Figure 6 shows the R-index spatial distribution for descending geometry for the Xishancun
Figure 6 shows the R-index spatial distribution for descending geometry for the Xishancun
Landslide. The calculated DEM was derived from TLS with a posting of 0.5 m, the same as that used in
Landslide. The calculated DEM was derived from TLS with a posting of 0.5 m, the same as that used
the previous processing. The figure shows that the Xishancun Landslide is mostly south oriented and
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The R-index can be used to identify areas of good terrain visibility and geometrical distortions,
as well. This presence of image distortions may seriously hinder the exploitation of InSAR processing.
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Figure 7. (a) The slope information of a rotational slide developed in the middle part of the Xishancun
Figure 7. (a) The slope information of a rotational slide developed in the middle part of the Xishancun
Landslide. Its location could be referred to Area 4 in Figure 2. (b) The rotational slide with a main
Landslide. Its location could be referred to Area 4 in Figure 2. (b) The rotational slide with a main scarp
scarp and a minor scarp both clearly visible in the DEM. (c) The enlarged view of the trailing edge
and a minor scarp both clearly visible in the DEM. (c) The enlarged view of the trailing edge earmarked
earmarked by the rectangle in (b) from high-resolution ortho-images.
by the rectangle in (b) from high-resolution ortho-images.
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Figure 8. (a) An earthflow (Area 2) close to the eastern boundary of the landslide in the lower part.

Figure 8. (a) An earthflow (Area 2) close to the eastern boundary of the landslide in the lower
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(b) The enlarged view of the red square region obtained from the UAV-based high-resolution aerial photo.
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Figure 9. (a) A creeping region (Area 1) close to the toe of the landslide. The DInSAR displacements
derived from 17 February 2015–11 March 2015 are overlaid. (b) Example of a rupture in the road.
(c) Example of the turf sliding downwards. (d) Example of curved tree trunks in this area.
Figure
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With the
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of the high-resolution
phased-based
DInSAR
technique,
slow-moving
landslides

Figure 9.
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(Area 1)
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are overlaid.
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(d) Example
of curved
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(c) Example of the turf sliding downwards. (d) Example of curved tree trunks in this area.
With the use of the high-resolution phased-based DInSAR technique, slow-moving landslides
can be reliably detected and monitored. Slowly creeping sections and extremely slow earthflows

Remote Sens. 2016, 8, 874

13 of 20

Remote Sens. 2016, 8, 874

13 of 20

With the use of the high-resolution phased-based DInSAR technique, slow-moving landslides can
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the movement
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Figure 10. The interferometric coherence map for the pair of 17 February 2015–11 March 2015. The
Figure 10. The interferometric coherence map for the pair of 17 February 2015–11 March 2015. The area
area with low coherence corresponds to Area 6, namely the most densely-vegetated region circled by
with low coherence corresponds to Area 6, namely the most densely-vegetated region circled by
blue lines.
blue lines.
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Thus,
the pixel
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to
resolve
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with
decorrelation problems.
decorrelation
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To conclude,
landslides with more contrasting ground features (natural or man-made) could
highly benefit from hybrid-SAR via the use of both phase and amplitude information; thus, more
deformation signals could be detected in densely-vegetated areas.
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could highly benefit from hybrid-SAR via the use of both phase and amplitude information;
thus, more deformation signals could be detected in densely-vegetated areas.
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5.4. Sliding Direction Sensitivity
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map
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depend only on the radar LOS geometry and landslide topographical geometry. Using the
expressions below, we can obtain the C-index map in Figure 11.
C = [cos (s) ∗ sin ( a − 90) ∗ N ] + {[−1 ∗ cos (s) ∗ cos ( a − 90)] ∗ E} + [cos (s) ∗ H ] ;
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−1 ∗ cos
∗ cos − 90 ∗
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∗ ;
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= sin ;
(3)
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LOS incident
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Figure
Figure 11.
11. The
The C-index
C-index map
map of
of the
the Xishancun
Xishancun Landslide
Landslide for
for the
the descending
descending geometry.
geometry.

Negative values of the C-index represent that the direction of movement is reversed in the LOS
Negative values of the C-index represent that the direction of movement is reversed in the LOS
geometries. The values close to one mean that the movement of the landslide is mostly registered
geometries. The values close to one mean that the movement of the landslide is mostly registered along
along the LOS direction. The Xishancun Landslide is a south-oriented slope, and the C coefficient
the LOS direction. The Xishancun Landslide is a south-oriented slope, and the C coefficient map shows
map shows that the western slope is registered for approximately 50% and that the eastern slope is
that the western slope is registered for approximately 50% and that the eastern slope is registered for
registered for only 20% in the LOS descending geometry.
only 20% in the LOS descending geometry.
Giant complex landslides usually have both slowly-moving planar slides and rotational
Giant complex landslides usually have both slowly-moving planar slides and rotational landslides
landslides with vertical movement at the crown and horizontal movement at the toe. Hence, a single
with vertical movement at the crown and horizontal movement at the toe. Hence, a single interferometric
interferometric technique cannot derive comprehensive movement information for the whole
landslide body. Unlike the InSAR technique, the pixel offset technique can provide two-dimensional
displacement information. Both azimuth and range displacements derived are projections of the 3D
displacement vector onto corresponding dimensions. The mathematical expressions are as follows:
D sinαsin θ − D cosαsin θ

D cos θ = d
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technique cannot derive comprehensive movement information for the whole landslide body.
Unlike the InSAR technique, the pixel offset technique can provide two-dimensional displacement
information. Both azimuth and range displacements derived are projections of the 3D displacement
vector onto corresponding dimensions. The mathematical expressions are as follows:
DN sinαsin θ − DE cosαsin θ + DV cos θ = drg
DN cos α + DE sin α = daz

(4)

where DN , DE and DV represent displacements in the northing, easting and vertical directions,
respectively. The parameters α and θ represent the heading angle and nominal incidence angle at the
interest point, respectively, and drg and daz are displacements measured in the range and azimuth
directions, respectively. For the Xishancun Landslide, the equation can be derived as follows:
drg = [−0.076 0.539 0.839] [DN DE DV ]T
daz = [−0.990 − 0.139 0] [DN DE DV ]T

(5)

Thus, the range displacements are sensitive to the easting and vertical directions, while azimuth
displacements are sensitive to the northing direction. As the Xishancun Landslide is a south-facing
slope, it is relatively safe to estimate that its deformation is mainly in the northing and vertical
directions. As a result, to derive the two-dimensional movement of the landslide, the pixel offset
technique should be involved to estimate the vertical and northward movements.
By incorporating both phase-based and amplitude-based techniques into the hybrid-SAR processing,
various landslides with different sliding directions should be evaluated and distinguished.
5.5. Borehole Surface Displacements of Hybrid-SAR versus In Situ Measurements
To obtain a more robust analysis for the hybrid-SAR application, the displacement results produced
by the phase-based and amplitude-based methods have been compared with the inclinometers of
corresponding boreholes covering the period of the TerraSAR acquisitions. The actual locations of the
four boreholes are shown in Figure 2. The measurements of inclinometers Bh1 and Bh2 (Figure 12) are
only compared with the results of the offset tracking method, as the conventional DInSAR technique
failed to obtain the displacement in this area because of the impact of dense vegetation cover in this area.
The measurements of inclinometers Bh3 and Bh4 (Figure 12) are only compared with the results of the
DInSAR processing, as the offset tracking technique failed to obtain a robust value because of low SNR
values on the two borehole points. In the following figures, the x-axis represents the dates of acquisition,
while on the y-axis are the displacement values of relative inclinometers. The positive value represents
movement downwards along the slope, while the negative value represents movement upwards along
the slope. In the following comparison, the accumulated displacements of inclinometers are converted
to monthly displacement velocities, as almost all of the inclinometers show uniform deformation
patterns during the monitoring period. Similarly, the displacements achieved from phase-based and
amplitude-based processing are also converted to monthly displacement velocities.
From Figure 12, the borehole Bh1 shows a velocity along the maximum slope angle of
36.5 mm/month, while the velocity of the Bh2 instrument is −9.7 mm/month. The velocity values of
borehole Bh3 and Bh4 are both 2.75 mm/month. Theoretically, the monthly inclinometer displacements
of all four boreholes should be larger than the hybrid-SAR displacements [35], as the radar benchmark
displacement is measured along the LOS direction of the satellite, which is only a component of the real
movement vector. In contrast, the inclinometer measures the real displacement along the maximum
slope angle direction.
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Figure 12. Comparisons of inclinometer displacements, accumulated inclinometer displacement along
Figure 12. Comparisons of inclinometer displacements, accumulated inclinometer displacement
the LOS and accumulated hybrid-SAR LOS displacements of boreholes Bh1 (a); Bh2 (b); Bh3 (c);
along the LOS and accumulated hybrid-SAR LOS displacements of boreholes Bh1 (a); Bh2 (b); Bh3
and Bh4 (d) measured from 21 November 2014–17 March 2015.
(c); and Bh4 (d) measured from 21 November 2014–17 March 2015.
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compare
datasets
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we projected
the displacement
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radar
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direction
through
a
simple
equation:
inclinometers along the radar LOS direction through a simple equation:

I
sinθ θ
I ==
ILOS
ISLOPE
∗ ∗sin

(6)
(6)

where I
is the inclinometer displacement along the LOS direction, I
is the measured
where
I
is
the
inclinometer
displacement
along
the
LOS
direction,
I
is
the measured
LOS
SLOPE
inclinometer displacement and θ is 33°, the look angle of the TerraSAR satellite.
◦ , the look angle of the TerraSAR satellite.
inclinometer
displacement
and
θ
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33
With the equations correcting the inclinometer measurements to the LOS direction, the results
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and
show
that
the
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The above analysis reveals that the LOS displacements measured by hybrid-SAR may
The abovetheanalysis
reveals that
the LOS
measured
by hybrid-SAR
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real displacement
determined
viadisplacements
in situ monitoring,
i.e., the borehole
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underestimate
the
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determined
via
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However, the displacement tendency of every single borehole confirms that the satellite monitoring
However,
thewith
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of every
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that the satellite monitoring is
is consistent
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monitoring
in displacement
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and magnitude.
consistent with the in situ monitoring in displacement scale and magnitude.
5.6. Summary of Hybrid-SAR Applications and Discussion of Future Works
5.6. Summary of Hybrid-SAR Applications and Discussion of Future Works
A summary of the application circumstances for the two independent techniques and the
A summary of the application circumstances for the two independent techniques and the
combined hybrid-SAR technique is listed below in Table 5. This list thoroughly reveals the
combined hybrid-SAR technique is listed below in Table 5. This list thoroughly reveals the advantages
advantages and disadvantages of these techniques.
and disadvantages of these techniques.
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Table 5. Application circumstances for the phase-based InSAR technique, amplitude-based pixel offset
technique and hybrid-SAR technique.
Application
Circumstances

Phase-Based InSAR
Technique

Amplitude-Based Pixel
Offset Technique

Hybrid-SAR Technique

Satellite acquisition
geometry

Only suitable for good
terrain visibility

Only suitable for good
terrain visibility

Only suitable for
good terrain visibility

Landslide deformation
magnitude

Suitable for small
deformation magnitudes

Valid for large
deformation magnitudes

Valid for both small and large
deformation magnitudes

Sliding mode

Suitable for creeping,
extremely slow earthflow
and slow vertical
gravitational deformation

Suitable for rotational
landslides and
episodic movement

Suitable for various sliding
modes, combining the
advantages of two techniques

Densely vegetation
cover impact

Affected, but may be effective
if there is a high density of
permanent scatterers

Affected but may be
effective if there are highly
contrasting ground features

Affected but may be effective
if there are enough
permanent scatterers and
highly contrasting
ground features

Sliding direction

Suitable for sliding in satellite
LOS direction

Effective for sliding in both
range and azimuth direction

Effective for sliding in both
range and azimuth direction

Future improvements could be obtained when long-term datasets are available to generate
time series displacement fields for this landslide. Time series hybrid-SAR, which is able to obtain
a 3D deformation map with a time span of a year or more, can further improve the analysis of the
landslide mechanism and improve the early warning capabilities. Then, the different temporal-spatial
and scale-related characteristics of phase-based InSAR and amplitude-based offset tracking techniques
could be analyzed and evaluated. The exploitation of a seamless handover scheme and also the
definition of utilization criteria of the hybrid-SAR technique would be carried out step by step in giant
complex landslide research. A validation analysis could be carried out in more detail by combining in
situ monitoring data with time series deformation results. In this way, the integration of hybrid-SAR
time series displacements and ground-based monitoring data can facilitate a better understanding of
the landslide kinematics and the relationship to triggering factors.
6. Conclusions
Occurring on the eastern edge of the Tibetan Plateau in China, the Wenchuan Earthquake
triggered a number of landslides that slid onto populated towns and villages. Instead of having
a unitary characteristic and definite deformation mode, giant landslides normally have many different
topographic features, complex deformation patterns and different orientations with respect to radar
satellites. Thus, complex giant landslides require the use of different analysis methods to enhance the
coverage of different types of measurements.
In giant landslide research, the good terrain visibility to the radar sensor is a prerequisite for the
application of the hybrid-SAR technique. When considering the landslide deformation magnitude,
high-resolution InSAR techniques can be used to derive reliable movement for slow-moving landslides
with no or little decorrelation and with the displacement gradients not exceeding the measurable
threshold. On the other hand, for fast-moving landslides with movements greater than the SAR image
pixel size and even large enough to show significant change on the radar backscatter, the pixel offset
techniques based on the amplitude information can achieve a better result for displacement monitoring.
Moreover, dense vegetation cover hinders the exploitation of both techniques. Especially for the
rotational component of a complex landslide, the vertical and horizontal measurements are both
needed, which can be resolved by the measurement of the range and azimuth offsets using pixel-offset
techniques. Hence, the hybrid-SAR technique, which makes joint use of both phase-based and
amplitude-based methods, could be considered a robust methodological method to retrieve the
deformation of giant complex landslides.
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In the Xishancun Landslide, the phase-based DInSAR technique successfully provides a good
preliminary interpretation of landslide-prone areas, even when the satellite data acquired are not
abundant to conduct a robust time series study. In particular, the slow motions of the earthflow
and creeping regions show quite obvious fringes on the interferograms, with a displacement rate of
1 cm/month. Unfortunately, the densely-vegetated terrain on the landslide body invalidated the use
of the DInSAR approach in this specific region. However, due to the presence of contrasting features
(buildings and corner reflectors), offset tracking processing was successfully carried out and retrieved
the significant deformation tendency. Moreover, a typical rotational slide was also identified in the
results of both the offset tracking method and InSAR method. This slide is moving 2–3 cm per month
downwards and towards the riverbank. The combined analysis of the hybrid-SAR technique provides
reliable identification and monitoring of the Xishancun Landslide at the preliminary research stage.
Our work confirms hybrid-SAR to be able to promptly identify diverse landslides with different
deformation magnitudes, sliding modes and slope geometries, even when the available satellite data
are limited. The application of the hybrid-SAR technique allows for a comprehensive and preliminary
identification of areas with significant movement and provides reliable data support for the forecasting
and monitoring of landslides. Moreover, the effective evaluations of phase-based and amplitude-based
techniques in different application circumstances should be carried out in advance. Joint analysis and
cross-validation are both needed to thoroughly enhance the measurements of the entire landslide.
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