Environ Earth Sci (2015) 73:7661-7668
DOI 10.1007/s12665-014-3939-5

CrossMark

@

ORIGINAL ARTICLE

InSAR-derived digital elevation models for terrain change
analysis of earthquake-triggered flow-like landslides based

on ALOS/PALSAR imagery

Yu Huang - Miao Yu - Qiang Xu - Kazuhide Sawada - Shuji Moriguchi -

Atsushi Yashima - Chengwei Liu * Long Xue

Received: 28 July 2014/ Accepted: 4 December 2014 /Published online: 16 December 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Earthquakes can directly trigger multiple
simultaneous slope failures in mountainous regions.
Among these slope failures, flow-like landslides with high
velocities and long run-outs can result in damage that is
more destructive than other types of landslides. Timely and
accurate recognition of the locations and magnitudes of
flow-like landslides is essential for post-disaster relief.
Synthetic aperture radar (SAR) sensors are suitable for
deformation monitoring because of their capability to
operate at day or night and in all weather conditions.
Interferometric synthetic aperture radar (InSAR) is an
advanced technique that extracts three-dimensional terrain
and changes information from the radar images at a
regional scale. The focus of this study is the Donghekou
landslide-debris flow that was triggered by the 2008
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Wenchuan earthquake. ALOS/PALSAR remote satellite
images were interpreted by InSAR to generate digital
surface elevation models. A comparison of data from a
typical InSAR configuration with field survey data proves
that the former is an effective method for rapidly detecting
flow-like landslides in a mountainous area. The comparison
also shows that the accuracy of the results is closely related
to the correlation between the satellite radar images used,
and further that the study accuracy would improve with the
inclusion of better correlation. In this way, representations
of pre- and post-landslide terrains could be generated for
use in numerical simulations. The InSAR method has
particular significance for areas without terrain data prior to
slope failure, and can provide basic data for landslide
hazard assessments.

Keywords Flow-like landslide - DEM - InSAR - ALOS/
PALSAR - Earthquake - Hazard assessment

Introduction

Earthquake-triggered flow-like landslides commonly slide
over long distances (from a few hundred meters to several
kilometers) at high speeds (on the order of meters per
second) (Hungr et al. 2001; Huang et al. 2012; Huang and
Dai 2014). Flow-like landslides can include debris flows,
debris avalanches, flow slides, rock avalanches, and earth
flows. Because of the extent of the affected area and the
short evacuation time, a flow-like landslide can result in
more serious damage than other types of landslide. For
example, the 1949 seismically induced Khait flowslide that
extended 7.41 km with a volume of 75 x 10° m® at an
average speed of ~30 m/s caused around 800 deaths
(Evans et al. 2009). The Las Colinas flow-like landslide,
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triggered by the 2001 El Salvador earthquake, slid 800 m
with a huge volume of 183,500 m® and killed 485 people
(Crosta et al. 2005).

Rapid detection of the location and boundaries of flow-
like landslides following earthquakes is crucial for post-
disaster relief and reconstruction. Conventional field
investigations have many deficiencies. (1) Some are not
suitable for regional scale surveys because of the large
amount of time and the extent of financial resource con-
sumption required to produce precise results (Peyret et al.
2008). (2) Other conventional methods are rarely con-
ducted in mountainous terrain because of the lack of
accessibility to landslide regions during and after earth-
quakes. (3) Additionally, field surveys cannot recover ori-
ginal terrain surfaces before the landslide occurrence
(Gong et al. 2010). For that matter, even topographic data
from rugged mountainous areas in many developing
countries may not be available prior to a geohazard event.

Over the last few decades, remote sensing technology
has been widely used in geohazard investigations and
assessments. For example, Abdikan et al. (2014) monitored
the coal mining subsidence and proved the usefulness of
Phased Array Type L-band Synthetic Aperture Radar data
(PALSAR) in avoiding signal decorrelation and deforma-
tion detection in the heavily vegetated areas. Zhou et al.
(2014) monitored the movement of mountain glaciers with
velocity scale of m/year by InSAR and obtained the factors
influencing glacier velocity through quantitative analysis.
Pardo et al. (2013) applied InSAR technique to quantitative
analysis of the historical land surface deformation, and the
results can calibrate finite elements deformation. Gupta
et al. (2014) used InSAR technique to monitor elevation
changes in Jharia coalfield (India) and put forward that
high vertical accuracy is difficult to be obtained in surface
deformation studies. Dong et al. (2014) measured ground
subsidence associated with rapid urbanization in Shanghai
(China) by Small Baseline Subset (SBAS) InSAR method
and the approximate deformation rate is 0.5-3 cm/year.
The authors suggest that multi-track SAR data (descending
and ascending) should be combined in a future study to
obtain both vertical and horizontal deformations.

Landslide is one of the main types of geological disas-
ters. For landslide monitoring studies, the InSAR technique
has gained increasing significance, for example: (1) in
landslide detection and inventory at regional scales (Catani
et al. 2005; Singh et al. 2005; Zhao et al. 2012; Wang et al.
2013), and (2) in monitoring deformation of individual
landslides (e.g., Strozzi et al. 2005; Zhang et al. 2013;
Greif and Vicko 2012; Peyret et al. 2008; Liu et al. 2013).

Previous studies mainly focused on long-term monitor-
ing of small deformation, but relatively a small number of
studies concentrate on sudden slope failure triggered by
earthquakes. In this study, L-band ALOS/PALSAR remote
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satellite images are interpreted by the InSAR technique to
generate digital surface elevation models before and after a
given landslide. The Donghekou landslide-debris flow,
triggered by the 2008 Wenchuan earthquake, is the focus of
this study. The locations and boundaries of such flow-like
landslides can be determined rapidly by subtracting a
digital elevation model (DEM) constructed before the
landslide from the one constructed after the landslide. By
comparing typical pre- and post-failure configurations with
field survey data, the accuracy of InSAR results is enough
for further risk assessment of flow-like landslides. In
addition, this method can effectively overcome field survey
limitations, such as massive time consumption, incapability
in the inaccessibility area. Hence, the InSAR technique has
proved to be an effective method for the rapid detection of
flow-like landslides and can provide a reference for risk
assessments of flow-like landslides.

InSAR technology and ALOS/PALSAR images
InSAR technology

InSAR, a microwave remote sensing technology, can
generate a regional DEM from paired satellite radar images
by calculating the phase difference between the images.
The accuracy of the method theoretically can reach meter-
scale resolution if accurate satellite data can be acquired
(Yin et al. 2010). Sources of error in the results can include
atmospheric phase distortions, orbital error, signal noise,
look angle error, phase unwrapping mistakes, and edge
effects in the SAR images (Strozzi et al. 2005).

In this study, the InSAR process involved six main
steps. (1) Co-registration is the first interference step, and it
directly affects the accuracy of the DEM. Registration
accuracy should reach 0.1 pixels through interpolation
processing of the original images. (2) An interference
image is generated through a process of conjugate corre-
spondence between points in the two complex images. (3)
A filtering process was undertaken to eliminate noise
generated during data acquisition and the subsequent data
processes. To a large extent, an appropriate filtering
method can remove noise and maintain the continuity of
the interference fringes. In this study, Goldstein filtering
method and convolution filtering method were used. Both
methods can remove noises effectively. But convolution
filtering method would also dispose some useful topo-
graphical information simultaneously. Hence, the Gold-
stein filtering method can better meet the requirements. (4)
Flat earth effects refer to cyclical changes of interfero-
metric phase caused by flat ground that, to some extent,
obscure interference fringe changes induced by terrain
deformation. In this study, the SRTM DEM with a
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resolution of 90 m was used to remove the flat earth effect.
(5) Phase unwrapping is a process that restores the inter-
ferometric phase to true phase. In this study, minimum cost
flow algorithms was used, and the results fit well with
SRTM DEM. (6) The elevations of ground points were
obtained by calculating the geometrical relationship
between phase and elevation. Then, the DEM derived from
SAR data was integrated with SPOT optical images, so that
the landslide damages can be better understood.

ALOS/PALSAR images

The Advanced Land Observing Satellite (ALOS) was
successfully launched by the Japan Aerospace Exploration
Agency on 24 January 2006. It is equipped with two optical
sensors and one synthetic aperture radar sensor used for
cartography and disaster monitoring of Asia and the Paci-
fic. ALOS was launched on a sun-synchronous orbit at an
elevation of 691.65 km with a revisit period of 46 days.
Additionally, the ALOS satellite has the flexibility to adjust
its orbit in response to natural hazard emergencies.

The SAR sensor, PALSAR, is an active microwave
sensor that provides a day-and-night and all weather
acquisition capability in its collection of surface change
information. PALSAR has five observation modes (Shi-
mada et al. 2008): (1) fine-beam single (FBS): with single
polarization of HH or VV, and 10-m resolution, (2) fine-
beam dual: with dual polarization of HH 4+ HV or
VV + VH, and 20-m resolution, (3) ScanSAR mode: with
100-m resolution, (4) full polarimetry mode (POL): with
30-m spatial resolution, and (5) direct transmission (DT)
mode: with single polarization. The FBS mode data were
used in this study because of its high resolution.

There are three reasons why the ALOS/PALSAR data
were used as the basis for this study. (1) In 2008, the year of
the Wenchuan earthquake, ALOS was quite advanced in
comparison with contemporaneous, high-resolution cost-
effective civilian satellites. (2) Since 2007, PALSAR data
cover was already available for the entire land area of China.
(3) Compared with C-band (5.3 GHz, 5.7-cm wavelength)
images, L-band (1.3 GHz, 23.5-cm wavelength) images are
more suitable for detecting rapid displacement in vegetated
area, because the longer wavelength has the ability to reduce
intrinsic ambiguity of phase measurements and penetration
capacity in the vegetation canopy (Strozzi et al. 2005).

Case study of Donghekou landslide-debris flow

Study area

On 12 May 2008 at 14:28 CST, the devastating Wenchuan
earthquake (M; 8.0; My, 7.9), triggered by the motion of the

Longmenshan fault, occurred with an epicenter in Yingxiu
Town, Wenchuan County, Sichuan Province, China. It
induced surface ruptures approximately 300 km long with
extensive damage over an area of 130,000 km” (Huang and
Li 2009). There were 54,971 aftershocks cataloged, with
the largest one having a magnitude of M 6.4 on 27 May
2009. The geological environment of the impacted moun-
tainous area had already been extremely vulnerable before
the earthquake because of the long-term impact of tectonic
movements. Hence, the strong long-duration seismic
shaking resulting from the earthquake and acting on the
unstable slopes resulted in landslide damage that was even
more catastrophic than that caused by the earthquake itself
(Zhou et al. 2013).

The Donghekou landslide-debris flow is typical flow-
like landslides induced by the 2008 Wenchuan earthquake.
The central coordinate of the Donghekou landslide-debris
flow is N 32°24/31”, E 105°06’40". It occurred at the
confluence of the Qingzhujiang and Hongshihe rivers,
about 225 km away from the epicenter. The slide mass was
primarily composed of dolomite and siliceous limestone of
the Sinian system, along with Cambrian carbonaceous slate
and phyllite (Sun et al. 2011). For more details of the
geological map of study area please refer to the Fig. 1 in
Dai et al. (2011), and the Donghekou debris flow is located
in the Qingchuan County, the upper right corner of the
figure.

The crown elevation of the landslide is about 1,300 m
and the height difference between the crown and the toe is
about 600 m. The slide ran out approximately 2,400 m,
involving a huge volume of around 10 x 10° m’ that
formed three large landslide dams (Yin et al. 2009). The
river may have contributed to the high speed and long
runout by inducing undrained behavior during the move-
ment (Wang et al. 2009). Figure 1a shows an aerial view of
the landslide based on Google Earth data.

The failure process can be classified into three parts.
First, cracks appeared on the slopes under strong seismic
loading and slope failure was triggered with an initial
velocity. Then, with the increasing sliding speed, the
landslide mass was crushed due to collisions and advanced
over a long distance at high speeds. Finally, the velocity of
the slide decreased when reaching a small slope angle, and
came to a stop (Zhou et al. 2013).

The slide caused serious damage; four villages were
buried, and at least 300 deaths occurred. Therefore, a
study involving this type of landslide is of significant
social and scientific value, and could provide a basis for
risk analysis assessments of similar cases in the future.
Additionally, field data collected before and after the
Donghekou landslide are both available and, therefore,
can be used to provide a validation of the InSAR
technique.
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Fig. 1 Donghekou landslide-debris flow. a Location of Donghekou landslide-debris flow in China. b Aerial view of the landslide based on
Google Earth data. ¢ Photo of Donghekou landslide-debris flow

Table 1 ALOS PALSAR

. : Number Image number Data Frame Perpendicular Acquisition
image list mode baselines (m) data
1 ALPSRP100880630 FBS 630 267.14 2007/12/16
2 ALPSRP107590630 FBS 630 2008/01/31
3 ALPSRP154560630 FBS 630 568.75 2008/12/18
4 ALPSRP161270630 FBS 630 2009/02/18

In this study, two pairs of L-band ALOS/PALSAR

Table 2 Working parameters of ILRIS-3D (Huang et al. 2014)

images with 10-m spatial resolution were used. Table 1 =~ Model ILRIS 3D

show.s. .the data modeT frame, baseline distance, and Manufacturer Optech

acquisition data for the images. Scanning distance (m) 321,000
Accuracy/mm (100 m)~! +8

Field investigation Scan trace 40° x 40°
Data sampling rate (dot s~") 2,000

3D terrain data of Donghekou debris flow after the e length of laser (nm) 1.500

Wenchuan earthquake were acquired by an advanced three- [ 1.001 Class 1

dimensional laser scanning from the Chengdu University of
Technology. The scanning system is called Intelligent

Dimensions (cm3) 320 x 320 x 220

) . Machine mass (kg) 13
Laser Ranging and Imaging System (ILRIS-3D) developed Voltage (V) o
by Optecl-l Incorporated, Ontario, Canal.da.. By calculating Software Polyworks 8.0
the fight time of laser pulse from the emission to the return, RGB functi
unction Yes

the distance of a reflecting object can be obtained. The
accuracy of scanning results can achieve £8 (mm 100 m).
Table 2 lists the working parameters of the ILRIS-3D
(Huang et al. 2014).

In addition, the terrain data prior to the earthquake were
derived by interpreting the 1:50,000 topographic map of
Qingchuan County.

Analysis of InSAR results from ALOS PALSAR
images

Interferometric coherence is a measure of correlation
between two SAR images, which determines whether the
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interferometric phase can reflect the surface elevation
reliably. The value of coherence magnitude ranges from 0
to 1. The larger value represents the higher coherence. The
interferometric coherence of pre- and post-landslide ima-
ges was calculated as shown in Fig. 2. The coherence of
post-landslide image was much better, mostly >0.5, while
the coherence of pre-landslide image was mostly between
0.3 and 0.6. Because of this, pre-landslide DEM contains
more speckle noise, as shown in Fig. 3. The grid size of the
DEMs is 15 m. Most error in the models occurred in val-
leys and along ridges in the mountainous environment
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Fig. 2 Image coherence pre-
and post-landslide. Red
rectangle indicates the region of
the Donghekou landslide-debris
flow

Fig. 3 Pre- and post-landslide Elevation
DEMs extracted from ALOS by (m)
InSAR. Red rectangle indicates
the region of the Donghekou
landslide-debris flow. Yellow
line presents the typical profile

1900

600

because of the low coherence induced by layover and
shadow effects (Singh et al. 2005).

By integrating the DEM derived from SAR images with
SPOT optical images, a three-dimensional model of the
Donghekou landslide-debris flow can be obtained. Such a
model is helpful for recognizing the location and range of
slope failures, as shown in Fig. 4. The total volume of the
landslide is estimated to be approximately 41 x 10° m® by
subtracting the pre-landslide DEM from the post-landslide
model. Figure 5 represents elevation difference of InSAR
DEMs pre- and post-landslide, which is helpful for better
understanding of the locations of volume changes. The area
marked by red line is the sliding source and traveling area,
the value of which is negative, while the zone marked by
blue dotted line presents the deposition area, the value of
which is positive.

In Fig. 6, the slide distance of the Donghekou landslide-
debris flow was around 2.1 km; it can be divided into three
parts: a sliding source, a traveling area, and a deposition
area. The landslide started at an elevation of around
1,300 m and formed a steep slope with a height of around

e

(a) DEM pre-landslide

(R
P

pi

Elevation

(m)

1900

600

(b) DEM post-landslide

80 m and a dip angle of around 70°. Downhill, the slope
angle decreased to a value of about 20°.

Elevation error analyses

The elevation errors of the InNSAR DEMs pre- and post-
landslide were analyzed by comparing them with laser scan
results and 1:50,000 topographic map, respectively. The
mean elevation error prior to landslide is 37.5 m, while that
posterior to landslide is 33.1 m.

The root-mean-square (RMS) errors in vertical accuracy
pre- and post-failure are 40.34 and 46.63 m, respectively.
However, the InSAR result post-failure is very similar to
the landslide configuration determined from survey data
within a range of 1,000 m. The RMS error of 0—1,000 m is
28.61 m, while that of 1,000-2,100 m is 58.53 m. The
main reason for the huge error of 1,000-2100 m is that the
acquisition times were different for the field survey and
satellite images. The Donghekou landslide formed three
landslide dams. A typical profile can be observed crossing
the Hongshihe landslide dam. The height, length, and width

@ Springer



7666

Environ Earth Sci (2015) 73:7661-7668

Fig. 4 Donghekou landslide-debris flow. a DEM post-landslide (red rectangle in Fig. 3b). b SPOT image post-landslide. ¢ Three-dimensional

modeling

Fig. 5 Elevation difference of
InSAR DEMs pre- and post-
landslide

500 Meters

of the Hongshihe landslide dam were approximately 50,
500, and 250 m, respectively, and the reservoir volume is
roughly 4 x 10° m® (Chang et al. 2011). Because the risk
of an outburst flood induced by the failure of Hongshihe
landslide dam is quite high, emergency measures were
taken immediately after the earthquake involving an
excavation design volume exceeding 50,000 m® (Ren and
Dang 2008).

Compared with the post-failure error, the RMS error of
pre-failure in the range of 0-1,000 m is larger with a
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value of 39.36 m. Overall, the accuracy of the post-
landslide DEM is superior to the pre-landslide DEM in
the range of 0—1000 m, and it can be concluded that the
accuracy of the modeling results is closely related to the
coherence of the satellite radar images. Accuracy of
results will be improved if the coherence of pre-landslide
images can be improved. The method presented here is
especially significant for areas without pre-landslide ter-
rain data, and can provide basic data for landslide hazard
assessment.
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Fig. 6 Pre- and post-failure profile derived by InSAR and field surveying for the Donghekou landslide-debris flow

Conclusions

Flow-like landslides with high velocities and long run-outs
can result in more destructive damage than other types of
landslides. Recognition of the locations and magnitudes of
flow-like landslides is essential for post-disaster relief. In-
SAR is an emerging technique that can be used to measure
wide-scale regional terrain deformation efficiently.

In this study, the well-known Donghekou landslide-
debris flow triggered by the 2008 Wenchuan earthquake
was used to verify the feasibility of the InNSAR technique
for detecting rapidly moving landslides. ALOS/PALSAR
remote satellite images were interpreted by the InSAR
method to generate digital surface elevation models before
and after the landslide; typically configured InSAR results
fit well with survey data collected in the field. By sub-
tracting the pre-landslide DEM from after the post-land-
slide DEM, the location and volume of the landslide can be
determined. Through comparison, the interference coher-
ence of SAR image pair is important for the result accu-
racy. This method provides a way to regenerate the terrain
configuration before a landslide, which can then be used for
numerical simulations. This is of particular significance for
areas without original terrain data prior to slope failure, and

provides basic data required for landslide hazard
assessments.
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