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Abstract. On 5 June 2009, a catastrophic rockslide debris
flow occurred at the crest of the Jiweishan range, Chongqing
Municipality, China, killing 74 people and injuring an addi-
tional eight. We use L-band ALOS/PALSAR imagery to ad-
dress landslide processes before, during and after the slide.
We employ three different SAR methods, i.e., short base-
line subsets (SBAS) interferometric SAR (InSAR), SAR
backscattering intensity change, and InSAR stacking algo-
rithm, to study any ground deformation before the rock-
slide, investigate the affected area, and calculate the topo-
graphic change by this slide, respectively. First, continu-
ous deformation has been observed based on the available
ALOS/PALSAR InSAR imagery during June and Decem-
ber 2007. Second, the area affected by the landslide can
be inferred based on changes in SAR backscattering inten-
sity as well as surface topography, with an estimated area
of 0.47 million m2. Last, an InSAR-derived post-slide digi-
tal elevation model has allowed us to estimate surface height
changes due to the slide, reaching about−80 m at the source
region and about 60 m in the deposit region, respectively. Our
InSAR-derived estimates have been validated using in situ
data and 3-D lidar measurements.

1 Introduction

Rockslide is the movement of a mass of rock, debris, or
earth down a slope under the influence of gravity (Cruden
and Varnes, 1996). Rockslide failures have resulted in enor-
mous casualties and huge economic losses in mountainous
regions (Kwong et al., 2004; Parker et al., 2011; Xu et
al., 2010). In recent years, many different mapping tech-
niques have been implemented to study rockslide invento-
ries, deformation monitoring, hazard, vulnerability assess-
ments (Parise, 2001) and even post-event surface damage. In
order to achieve the best results, both conventional methods
such as geomorphological field mapping, visual interpreta-
tion of aerial photographs and new techniques such as in-
terpretation and analysis of satellite imagery are frequently
applied (Guzzetti et al., 2012).

Displacement monitoring of unstable slopes is a crucial
tool for the prevention of hazards. It is often the only solu-
tion for the survey and the early warning of large landslides
that cannot be stabilized or that may accelerate suddenly.
Even for a historically occurred landslide, the pre-slide defor-
mation recovery is too important not only for this landslide
mechanism analysis, but also for any other similar landslides
assessment and precaution.

The choice of an adequate monitoring system depends
not only on the landslide type, size, and deformation rate,
but also on the desired observation accuracy, frequency and
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even cost. Landslides monitoring techniques can be broadly
subdivided in two main groups: geodetic and remote sens-
ing techniques (Travelletti et al., 2012). Geodetic survey-
ing methods, including levelling, theodolite, electromagnetic
distance measurement (EDM) and global positioning sys-
tem (GPS), are to measure the difference of height, angle,
distance and even 3-D coordinates by repeatedly employing
this equipment. High accuracy (around 0.2–2 cm) can be de-
sired, while the bench marks must be installed in advance
and field works must be taken periodically. Another draw-
back of the geodetic method is that only discrete point mea-
surements can be provided, which can hardly detect highly
variable displacement rates in time and space of a landslide.
On the other hand, remote sensing techniques operated from
space-borne, airborne and ground-based platforms can pro-
vide larger coverage and denser point measurements than
geodetic ones, which provide a good opportunity to moni-
tor unstable areas and to assess surface height changes after
landslides. Within remote sensing techniques, lidar (light de-
tection and ranging) and SAR (synthetic aperture radar) are
two prominent ones. Lidar (or laser scanning) provides high-
resolution point clouds of the topography. Deformation or
surface height change can be deduced by differentiating two
digital elevation models (DEMs) acquired at two different
dates (Jaboyedoff et al, 2012). The absolute vertical accu-
racy of the lidar data, with respect to a standard geographic
coordinate system, is 16 cm (Glenn et al., 2006). Four lidar-
derived Digital Terrain Models were studied over an active
landslide at Montaguto (Italy) (Ventura et al., 2011). Inter-
ferometric SAR (InSAR) technique can generate DEM at
5 m accuracy when two SAR images have good spatial ge-
ometry and high coherence (Zebker et al., 1994; Zhao et al.,
2012b). Otherwise, the accuracy will degrade to 12–15 m for
unfavourable orbit latitudes and locations with large tempo-
ral decorrelation (Zebker et al., 1994). Accordingly, InSAR-
deduced DEM can measure topographic changes induced by
a landslide (e.g. Lu et al., 2010). However, InSAR can mon-
itor surface deformation in the line-of-sight (LOS) direction
at the accuracy of mm to cm level, because the sensitivity of
InSAR deformation is only related to the radar wavelength
(Rosen et al., 2000; Massonnet and Feigl, 1998). Within
the last two decades, the InSAR technique has been widely
used in various landslide studies, not only for location de-
tection (Cascini et al., 2010; Bulmer et al., 2006; Zhao et
al., 2012a), but also for deformation monitoring. Various In-
SAR techniques have been employed, including the tradi-
tional differential InSAR method (Strozzi et al., 2005), the
short baseline subsets (SBAS) InSAR method (Berardino et
al., 2003), the corner reflector InSAR (Fu et al., 2010; Xia et
al., 2004), the persistent scatterer InSAR technique (Hilley
et al., 2004; Colesanti et al., 2003; Vladimir and Jan, 2011)
and the ground-based InSAR technique (Leva et al., 2003).
InSAR-derived landslide deformation patterns further pro-
vide insights into the dynamics of landslides, including the
interaction of landslides and tectonic motions and the defor-

mation characteristics in relation to the El Nino phenomenon
(Hilley et al., 2004; Colesanti et al., 2003) and the precipita-
tion rate (Zhao et al., 2012a). Besides the SAR phase mea-
surement, SAR intensity information has been applied to in-
fer the landslide-affected area (Lu et al., 2010) and to monitor
large gradient deformation (e.g. Zhao et al., 2013). The chal-
lenges in the application of the InSAR technique to landslide
investigation are mainly due to the vegetation and temporal
decorrelation as well as atmospheric delay anomalies (Ze-
bker and Villasenor, 1992; Berardino et al., 2003). Also, the
side-looking SAR imaging geometry can cause layover and
shadow defects in mountainous regions.

In reality, for the research of an historical landslide,
the prerequisite is the data availability. Taking the exam-
ple of Jiweishan rockslide, China, it occurred on 5 June
2009, so no any geodetic measurements, lidar or aerial pho-
tographs had been taken before the slide. And the rockslide-
induced surface height change was measured by differenti-
ating post-slide lidar-DEM and pre-slide coarse resolution
DEM. Therefore, the archived SAR imagery data before and
after rockslides can play unique roles for rockslide analysis
during pre-, co-, and even post-slide stages. Our objectives
for the Jiweishan rockslide are to (1) investigate surface de-
formation before the rockslide, (2) infer the affected area by
the rockslide, and (3) estimate topography based on the rock-
slide.

2 Jiweishan rockslide case study

The Jiweishan rockslide debris flow occurred at the crest of
the Jiweishan range, Chongqing Municipality, China, where
an ore mine is located (Fig. 1). According to the classification
of rockslides by Hungr et al. (2001), the Jiweishan rockslide
can be classified as a rockslide debris flow. The Jiweishan
range runs along the N–S direction. The eastern flank of the
range is a 50–150 m cliff facing Tiejiang creek to the east.
The terrain over the Jiweishan varies from 1442 m a.s.l. at the
peak to 1000 m a.s.l. at the foot, creating a height difference
of about 440 m. The rock movement can be traced back to the
1960s, when a crack was found on the surface of the east-
facing cliff. In 1999, the width of the crack reached 1.5 m
(Xu et al., 2010). In September 2001, some small-scale rock-
falls occurred in the southern part of the cliff. After 2005, the
rock fall activity increased and began to progressively extend
to the northern part of the cliff. In July and August 2007,
geo-hazard investigation of the Jiweishan was carried out by
a professional geological team (Xu et al., 2010; Yin et al.,
2011). A rock avalanche zone along the eastern cliff, about
1000 m long, 10 m wide, and 15–20 m high (a volume of
about 200 000 m3), was defined. The eastern boundary of the
potential affected area (expectant rockslide risk zone shown
in Fig. 1) is accompanied by Tiejiang creek at the foot of the
mountain. People in the potential affected area were evacu-
ated. However, at that time nobody predicted that such a large
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and high speed rockslide would occur in the Jiweishan, due
to the limited understanding of the complex geomorphology
and the historical activity of the slide. Unfortunately, at about
3:00 p.m. on 5 June 2009, after the instantaneous failure of
the smaller front rock mass (resisting key block in Fig. 1),
a rockslide was subsequently triggered. An approximately
five-million cubic meter rock mass slid along the weak in-
terlayer, in which coal, iron ore, or bauxite with about ten
or more meters thick has been often excavated throughout
the course of hundreds of years of mining (Yin et al., 2011).
Driving blocks from the source area (the southern part of the
Jiweishan) disintegrated quickly and dropped more than 50
m of debris into Tiejiang creek. Because of the huge kinetic
energy, the sliding mass rode over the valley and ran up the
opposite slope of Tiejiang creek. Blocked by this slope, the
slide mass transformed into a high-speed debris flow, which
travelled down along Tiejiang creek and formed a deposit
about 2.2 km long (real rockslide hazard zone as shown in
Fig. 1). An ore mine was obliterated, with a loss of 74 per-
sons. It was estimated that the whole sliding process lasted
less than 1 min (Xu et al., 2010).

To investigate this huge catastrophic rockslide avalanche
(fragment flow), multiple methods including field investi-
gation, remote sensing (except SAR imagery data), 3-D li-
dar and aerial photographs taken by an unmanned airplane
were used (Xu et al., 2010; Yin et al., 2011). In this study,
we employ satellite SAR imagery to recover the pre-slide
time-series deformation, co-slide-affected area and post-slide
height change. We arrange this manuscript as follows: Sect. 3
gives the SAR data and research schemes; Sect. 4 introduces
the methods involved; Sect. 5 contains the results and analy-
sis; and the last section provides some concluding remarks.

3 Data set used in the analysis

The Jiweishan mountainous region is located in the south-
west of China, where the topographic relief is over 400 m
(see Fig. 1). The foggy and rainy climate has made it impos-
sible to obtain optical satellite imagery, and flourishing veg-
etation decorrelates InSAR imagery at shorter wavelengths.
L-band Advanced Observing satellite (ALOS) Phased Ar-
ray type L-band SAR (PALSAR) data has more advantages
than C-band Envisat and X-band TerraSAR-X data due to
its longer wavelength (e.g. Lu et al., 2010). Accordingly, we
have obtained archived ALOS/PALSAR data over the study
area: a total of 11 scenes of ALOS/PALSAR data are ap-
plied. A 3 arcsec SRTM DEM(http://srtm.csi.cgiar.org)is
used for both differential InSAR deformation mapping and
DEM change calculation. In order to get high-spatial defor-
mation images, the fine-beam double polarization (FBD) im-
ages are oversampled to the pixel spacing of the fine-beam
single polarization (FBS) images. Moreover, only a multi-
look number of 2 (1 pixel in the range and 2 pixels in the
azimuth directions) is applied to generate InSAR interfero-

grams at a spatial spacing of∼ 7.5 m in both directions. Im-
ages at this spacing have the potential to detect small-scale
rockslides and also are better suited to map rockslides with
large deformation gradients at the expense of low coherence
(Sandwell et al., 2008). Aiming to analyze the pre-, co-, and
post- rockslide activities, 11 scenes of ALOS/PALSAR data
are divided into the following 3 groups, which are shown in
Fig. 2:

1. 7 interferograms before the 5 June 2009 rockslide are
used to obtain pre-slide deformation time series;

2. 2 closest SAR intensity images spanning the 5 June
2009 rockslide are used to infer the area affected by
the rockslide;

3. 7 interferometric pairs after the rockslide are used to
obtain surface height change caused by the rockslide.

4 Methodology

Three SAR methods, the SBAS algorithm, SAR intensity
change method and stacking interferograms, are applied in
this research to analyze the pre-slide time-series deforma-
tion, co-slide-affected regions detection and post-slide height
change analysis. The flow chart is outlined in Fig. 3.

4.1 Pre-rockslide time-series deformation monitoring
with SBAS algorithm

In order to mitigate the atmospheric artefacts and the resid-
ual topographic effect in multi-temporal InSAR images, one
of the advanced InSAR techniques termed as short baseline
subsets (SBAS) InSAR technique is applied (Berardino et al.,
2002). SBAS also works when limited interferometric sets
are available (Mora et al., 2003). Before SBAS calculation,
a minimum cost flow unwrapping algorithm (Chen and Ze-
bker, 2002) is used to unwrap the phase in two dimensions
and then a phase closure technique (Biggs et al., 2007) was
used to identify the major unwrapping errors remaining in
the interferograms.

For a given unwrapped interferogramj , the phase at pixel
(x,r) (wherex andr are the azimuth and slant range coor-
dinates, respectively) computed from the SAR acquisitions
at epochtA (start time) andtB (end time) can be written as
follows (Berardino et al., 2002):

δϕj (x,r) = ϕ(tB,x,r) − ϕ(tA,x,r) =

δϕdefo
j (x,r) + δϕ

topo
j (x,r) + δϕatm

j (1)

(x,r) + δϕnoise
j (x,r),

whereδϕdefo
j is slant deformation phase betweentA and tB;

δϕ
topo
j represents topographic phase error, its impact on de-

formation maps is a function of the perpendicular baseline
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Fig. 1. Geomorphological map of the Jiweishan range, Chongqing Municipality, China. 537 

The Jiweishan rockslide is divided into driving block and resisting key block. Expectant 538 

rockfall risk zone and real rockslide hazard zone are superimposed. The SAR data cover 539 

the whole map are used for co-slide and post-slide analysis as shown in Figs. 7 to 8, 540 

while the data cover up-left dashed rectangle are used for pre-slide analysis as shown  in 541 

Figs. 4 to 5. The inset is a sketch map of Chongqing Municipality, showing the relative 542 

location of the Jiweishan range. 543 

 544 

Fig. 1. Geomorphological map of the Jiweishan range, Chongqing Municipality, China. The Jiweishan rockslide is divided into a driving
block and a resisting key block. Expectant rockfall risk zone and real rockslide hazard zone are superimposed. The SAR data cover the
whole map and are used for co-slide and post-slide analyses as shown in Figs. 7 to 8, while the data cover up (left dashed rectangle) are used
for pre-slide analyses as shown in Figs. 4 to 5. The inset is a sketch map of Chongqing Municipality, showing the relative location of the
Jiweishan range.
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Fig. 2. Schematic figure on SAR combinations of ALOS/PALSAR imagery data for the 546 

Jiweishan rockslide analysis, different symbols indicate different SAR combinations.  547 
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 549 

Fig. 2. Schematic figure on SAR combinations of ALOS/PALSAR
imagery data for the Jiweishan rockslide analysis, different symbols
indicate different SAR combinations.

B⊥j , the slant range distanceR, look angleθ and DEM er-
ror 1Z; δϕatm

j accounts for temporal atmospheric variation

at different SAR acquisitiontA andtB; the final termδϕnoise
j

is the other noise sum. The first three terms of the right side
of Eq. (1) can be expressed as follows:
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Fig. 3. The flow chart of SAR analysis for pre-, co-, and post-slide analysis 551 

552 
Fig. 3. The flow chart of SAR analysis for pre-, co-, and post-slide
analysis.


δϕdefo

j (x,r) =
4π
λ

[d(tB,x,r) − d(tA,x,r)] = aj(x,r)

·v + δϕ
nl_defo
j (x,r)

δϕ
topo
j (x,r) =

4π
λ

B⊥j 1Z

R sinθ
= bj(x,r) · 1Z

δϕatm
j (x,r) = ϕatm(tB,x,r) − ϕatm(tA,x,r),

(2)
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whereλ is the SAR wavelength,v is the deformation rate,
δϕ

nl_defo
j (x,r) is the nonlinear deformation between two

SAR acquisition dates. Eq. (1) can then be rewritten in matrix
form as follows:

δϕ(x,r) = [A(x,r),B(x,r)]

v

1Z

,

 + N(x,r), (3)

whereA(x,r) = [a1(x,r) · · ·aM(x,r)]T ,B(x,r) =

[b1(x,r) · · ·bM(x,r)]T . The estimated linear deforma-
tion rate and DEM error phases are then subtracted from all
unwrapped interferograms. Next, the atmospheric phase can
be separated by high-pass filtering in the temporal domain
and low-pass filtering in the spatial domain, because the
atmospheric artefacts are spatially correlated and temporally
random (Ferretti et al., 2001). If there exit several sub-data
sets, a general inverse method such as singular value decom-
position (SVD) is applied to estimate the deformation at each
SAR acquisition date and DEM error. Then, the nonlinear
deformation phase at different SAR acquisition dates will
be calculated. Lastly, the accumulated deformation series
can be achieved by integrating the deformation in each
neighbouring SAR acquisition dates as follows:

δϕdefo
k (x,r) = (tk − t1)v +

k∑
i=2

φ
nl_defo
i , (4)

where t1 is the earliest SAR acquisition date,tk is the kth
SAR acquisition date.

4.2 Down-slope deformation calculation

InSAR can only measure the deformation along the line-
of-sight (LOS) direction. That is, the InSAR measurement
represents the component of ground deformation projected
to the LOS direction. Given some assumptions, the LOS
deformation can be transformed to the measurement with
a specific angle and azimuth direction. The transforma-
tion between the LOS direction and down-slope direction is
straightforward. The unit vector of LOS can be defined as
follows (Zhao et al., 2012a):

r =

 reast
rnorth
rup

 =

−sinθ cosαs
sinθ sinαs

cosθ

 , (5)

whereθ is incidence angle with respect to the “flat earth”, i.e.
the angle between the vertical direction and the radar LOS,
andαs is the satellite flight azimuth. The unit vector of slope
direction can be defined as follows:

u =

 ueast
unorth
uup

 =

 −sinα cosφ
−cosα cosφ

sinφ

 , (6)

whereφ is the slope angle above the horizontal surface and
α is the slope azimuth (aspect angle). So the deformation in
the slope direction can be expressed as (Zhao et al., 2012a):
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Fig. 4. Two photos over the Jiweishan rockslide, (A) taken 5 hours before sliding and (B) 555 

taken after the sliding.  Red arrows indicate the same location, while white arrows 556 

indicate the down-slope directions in different photos.  557 

Fig. 4.Two photos over the Jiweishan rockslide,(a) taken 5 h before
sliding and(b) taken after the sliding. Red arrows indicate the same
location, while white arrows indicate the down-slope directions in
different photos.

dslope= dLOS
/
(reastueast+ rnorthunorth+ rupuup)

. (7)

4.3 Co-rockslide-affected region detection
with SAR intensity map

SAR backscattering intensity is the cumulative contribution
of surface roughness, dielectric constant, and terrain slope,
all of which are a function of radar parameters such as in-
cidence angle, wavelength, and polarization (Ulaby et al.,
1986). For the repeat-pass radar observations, the ratio of
backscattering intensity qualitatively reflects the change in
surface roughness and dielectric constant (which is primarily
controlled by surface moisture) (Lu and Meyer, 2002; Lu et
al., 2010). Therefore, we delineate the landslide-affected area
mainly using the ratio of SAR backscattering returns. How-
ever, if the co-event SAR image pair maintains adequate co-
herence, the loss of coherence of the co-event interferogram
can be used to further infer the area affected by the rockslide
collapse (Lu et al., 2010).

4.4 Post-rockslide height change calculation

Before the rockslide on 5 June 2009, much of the Jiweis-
han was covered with heavy vegetation (Fig. 4a), resulting
in a complete loss of coherence for C-band interferograms.
The coherence for L-band interferograms is generally poor
and can be lost if the perpendicular baseline is more than
about 1 km. However, after the sliding, the vegetation was
destroyed (Fig. 4b), making the InSAR images coherent for
a long time.

We employ the multi-interferogram method (Ferretti et al.,
1999; Lu et al., 2003; Zhao et al., 2012b; Ebmeier et al.,
2012) to generate a DEM that represents the surface topog-
raphy after the rockslide. We produce interferograms with
the shortest temporal intervals and mitigate the difficulty in
phase unwrapping over the mountainous region by subtract-
ing the 3-arc second SRTM DEM from each interferogram.
Then the interferograms are stacked to calculate the final
DEM change map.
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5 Results and analysis

5.1 Pre-rockslide time-series deformation

Firstly, SBAS-InSAR algorithm is applied to inverse the
time-series surface deformation in line-of-sight (LOS) and
its standard deviation before the Jiweishan rockslide. For the
rockslide, the main deformation direction is in down-slope.
Then InSAR-deduced time-series results and its accuracy
are converted to down-slope direction. The flight direction
of ascending ALOS satellite is−10.2◦ from the north and
the incidence angle is 40.12◦ from the vertical over the Ji-
weishan rockslide. The rockslide geometry is defined with
the average azimuth direction as 12◦ from the north and the
average slope angle as 14.8◦ below the surface (Xu et al.,
2010). Accordingly, time-series deformation maps in down-
slope direction can be generated with the above-mentioned
algorithm in Sects. 4.1 and 4.2. Four time-series deforma-
tion maps with a time separation of 46 days between adja-
cent acquisitions are shown in Fig. 5, in which both resisting
key block and driving block of the Jiweishan slide are out-
lined. Lack of knowledge regarding the variations of slope
and azimuth angles of Jiweishan landslide prevents us from
applying spatially varied parameters. From Fig. 5, we can
see the obvious deformation phenomena occurred as early as
10 June 2007 and the surface continuously deformed during
the monitoring period. Unfortunately, we don’t have earlier
SAR data to trace the deformation before June 2007. Nei-
ther do we have coherent interferograms to allow us to an-
alyze any ground deformation between 11 December 2007
and 5 June 2009. However, we are sure that precursory pre-
rockslide time-series deformation exists based on the avail-
able interferograms (Fig. 5).

In order to closely analyze the InSAR deformation ac-
curacy and the Jiweishan deformation characteristics before
the slide, the cumulative deformation during 10 June 2007
and 11 December 2007 is shown in Fig. 6, where the resist-
ing key block and driving block of the Jiweishan slide are
outlined once more and the total deformation (in 184 days)
along profile AB is shown in Fig. 7. The error bar of de-
formation profile indicates the 1-sigma uncertainty in down-
slope direction. The lowest accuracy is 3 cm, which occurred
at fewer points, while most InSAR points have an accuracy
better than 1 cm. Moreover, the points located in stable areas
and the maximum deformation area have an accuracy better
than 0.5 cm.

Based on Figs. 5 and 6, the driving block of the Jiweishan,
the source of the 5 June 2009 debris flow, is obviously dis-
tinguishable from the stable part indicated by the gray bar in
Fig. 7; the resisting key block has not been monitored for the
sake of incoherence, which resulted from heavy vegetation
and surface mass migration (see Fig. 4a). The length of the
driving block is over 600 m, while its average width is around
150 m. The deformed geometry can be partially verified with
an aerial photograph taken after sliding (shown as inset in
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Fig. 5. Deformation maps within 46 days over the Jiweishan region before 5 June 2009 559 

sliding, in (4) red arrow indicates the same location as shown in Figure 4.  The slide 560 

geometry is shown at the bottom of the figure. 561 

Fig. 5. Deformation maps within 46 days over the Jiweishan region
before the 5 June 2009 slide, the red arrow indicates the same loca-
tion as shown in Fig. 4. The slide geometry is shown at the bottom
of the figure.

Fig. 6). As shown in Fig. 1, the source area of the rockslide
is divided into two parts: a driving block to the south and a
resisting key block to the north. The driving block is a quasi-
quadrilateral shape in plane with a length of 480 m and an
average width of 140 m, while the resisting key block is a tri-
angle shape in plane, with a length of 240 m and an average
width of 130 m (Xu et al., 2010; Yin et al., 2011). So, the
pre-slide deformed shape from our InSAR measurement and
the sliding shape from the post-slide aerial photo are highly
consistent.

As shown from Fig. 7, the deformed length of the Jiweis-
han slide is over 600 m along the profile AB based on In-
SAR measurements. There is a difference of around 100 m
in length between the InSAR and the aerial photograph mea-
surements. This is because the resisting key block of the
slide is incoherent and no useful deformation can be achieved
based on InSAR phase measurements. In addition, InSAR
measurements suggest spatially variable deformation pat-
terns along the slide (Fig. 7). The lower elevation part of
the slide deformed more than the higher elevation part. The
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Fig. 6. The cumulative deformation map during 10 June and 11 December 2007 (184 564 

days). Resisting key block, driving block and one of the back cracks of the Jiweishan 565 

slide are outlined. Black triangle indicates the reference point for InSAR time-series 566 

analysis. Profile AB will be discussed in Fig. 7. The inset is the aerial photograph taken 567 

after Jiweishan sliding (Yin et al., 2011).   568 

 569 

Fig. 6.The cumulative deformation map during 10 June and 11 De-
cember 2007 (184 days). Resisting key block, driving block and one
of the back cracks of the Jiweishan slide are outlined. Black triangle
indicates the reference point for InSAR time-series analysis. Profile
AB will be discussed in Fig. 7. The inset is the aerial photograph
taken after Jiweishan sliding (Yin et al., 2011).
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Fig. 7. Cumulative deformation in down-slope direction within
184 days and SRTM DEM along profile AB shown in Fig. 6. 1-
sigma uncertainty indicates the InSAR deformation accuracy in
down-slope direction. The vertical grey bar indicates the back crack
point (shown in Fig. 6).
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Chaoying Zhao  
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Fig. 8. Two SAR Intensity images acquired on 28 January 2009
(a) and 15 June 2009(b). (c) Intensity change map between(a) and
(b). Dashed polygon is superimposed on each map onto indicate the
affected area inferred from(d) aerial photograph taken after sliding.
In (c) and (d), source area, scouring area and deposit area are all
indicated.

maximum deformation within 184 days amounted to 30 cm
in down-slope direction along this profile.

5.2 5.2 Co-rockslide intensity change map

Based on the archived SAR data, the two closest SAR im-
ages across the rockslide event are used to detect the affected
area. The intensity maps acquired on 28 January 2009 and
15 June 2009 are shown in Fig. 8a and b, respectively, while
the change map between Fig. 8a and b is shown in Fig. 8c.
For comparison, the real rockslide hazard zone shown in
Fig. 1 (Yin et al., 2011) is outlined with the dashed line
and superimposed on each frame of Fig. 8. Areas with sig-
nificant changes such as the source area, the scouring area
and the deposit area, can be inferred based on SAR inten-
sity changes (Fig. 8c), and the affected area is estimated as
0.47 million m2. The source and scouring areas are charac-
terized by lower SAR backscattering returns after the sliding
event, while the deposit area is marked with higher backscat-
tering after the rockslide. However, we have found that SAR
intensity images cannot delineate the whole area and source,
scouring and deposit area affected by the rockslide as pre-
cisely as aerial photograph can (shown as Fig. 8d). If we
had two SAR images with a shorter time span, we could also
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explore InSAR coherence change to assist the mapping of the
affected area (Lu et al., 2010). Unfortunately, we do not have
any adequate interferogram spanning the 5 June 2009 rock-
slide to allow us to infer the affected area based on coherence
loss (Lu et al., 2010).

5.3 Post-rockslide height change estimation

In order to quantitatively assess the affected area and surface
damage caused by the rockslide, a height change map (shown
in Fig. 9) is generated based on the stacking result from 7
post-slide interferograms.

Firstly, as far as the affected area is concerned, it can be
segmented into three parts (see Fig. 9): one source part to
the south, the scouring area in the middle, and the deposit
part to the north. The total length of the affected area is over
2 km and the maximum width of affected area is about 450 m.
Even though there are some incoherent areas caused by lay-
over in the cliff and scouring regions, the height change map
detected by InSAR is consistent with the thickness contour
map measured by 3-D lidar technique (Yin et al., 2011) and is
better than the result inferred from intensity change map (see
Fig. 8). Because 7 interferograms are involved to calculate
surface height change, while only two SAR images are used
to delimitate the affected area. Secondly, in order to assess
the surface height change calculated from InSAR data, lidar
measurement is involved. Figure 10 shows the cross section
of SRTM DEM, DEM change measured by InSAR and 3D
lidar techniques.

From Fig. 10, we can conclude that the height and height
change are reversely correlated, i.e., the mass slid from the
higher elevation part to the lower elevation part. The length
of source part is 600 m, and the length of two deposit parts is
∼ 1.6 km. The maximum decreased height was around 80 m
over the source region and the thickest deposit was about
60 m located at the lower elevation part. The remaining de-
bris entrained and scoured the convex slopes, crossed over
Tiejiang creek, rushed up the opposite creek wall and was
deposited at a lower elevation for another∼ 30 m. The DEM
change profiles from InSAR and 3-D lidar measurements
agree with each other very well. Quantitatively, the standard
deviation of InSAR DEM change along the profile is around
8 m if the lidar DEM change measurement is assumed to be
the reference. However, as mentioned before, the lidar survey
was conducted only after the rockslide, so the accuracy of li-
dar DEM change estimation is also affected by the low accu-
racy of pre-slide SRTM DEM. The vertical accuracy of the
pre-slide SRTM DEM is typically less than 12 m (Farr et al.,
2007), so the realistic accuracy of our InSAR DEM change
map is about 14.4 m. It should be noted that the InSAR mea-
surement is affected by decorrelation over steep slopes and
scouring areas. Ideally this problem can be mitigated by In-
SAR imagery of the opposite viewing geometry. On the one
hand, the accuracy of InSAR DEM change in low coherence
areas, such as steep slopes and scouring areas, can be com-
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Fig. 9. DEM change map calculated by InSAR stacking method after Jiweishan sliding. 583 

The black dashed line delineates the affected region based on an aerial photo and the blue 584 

dashed line represents the location of the profile AB shown in Fig. 10. 585 

Fig. 9.DEM change map calculated by InSAR stacking method af-
ter Jiweishan sliding. The black dashed line delineates the affected
region based on an aerial photo and the blue dashed line represents
the location of the profile AB shown in Fig. 10.
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 592 

Fig. 10.Cross section of pre-slide SRTM DEM, DEM change mea-
sured by InSAR and 3-D lidar techniques after Jiweishan sliding
along profile AB. The vertical grey bar indicates the transaction
point between the source area and the deposit area, while the black
arrow shows the location of scouring area between two deposit ar-
eas.

pensated by opposite image geometries, so much void data
can be avoided. On the other hand, the accuracy of InSAR
DEM change in good coherence areas, can be significantly
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improved by averaging two independent DEM changes, i.e.
the accuracy increase will be 1.4 times that generated from
one single image geometry.

6 Concluding remarks

This research demonstrates the potential of archived SAR
data to analyze the different stages of an historical rockslide,
if no other geodetic and remote sensing data are available.
With respect to the archived C-band Envisat/ASAR data, L-
band ALOS/PALSAR data are selected due to their longer
wavelength to keep high temporal and spatial correlations
over vegetation-covered area, higher resolution and small
multi-look number to monitor small rockslides in spatial do-
mains and ascending track data rather than descending data
to avoid the shadow of Jiweishan rockslide. In order to mit-
igate artefacts during the InSAR processing, SRTM DEM
and ASTER GDEM are carefully compared in this moun-
tainous region, and SRTM DEM is chosen due to its high
performance in this region, atmospheric delay including tro-
pospheric effect and ionospheric effect is also checked for
each interferogram, and band-pass filtering is applied if re-
quired.

An InSAR procedure for an historical rockslide is pro-
posed, and three InSAR (or SAR) methods are introduced
for different rockslide stages research, including SBAS In-
SAR algorithm for pre-slide time-series deformation moni-
toring, SAR intensity change mapping for co-slide-affected
area detection and stacking interferograms method for post-
slide height change measurement. Mostly, better than 1 cm
standard deviation is achieved for pre-slide time-series defor-
mation in down-slope direction, and 14.4 m accuracy of sur-
face height change caused by rockslide is obtained by com-
paring with lidar measurements. Qualitatively, the co-slide-
affected area and post-slide height change map are highly
consistent with aerial photography and 3-D lidar measure-
ments conducted after the rockslide. Moreover, rockslide-
affected area estimated by post-slide stacking interferograms
method is better than the SAR intensity change map and ap-
proximate 0.47 million m2 area was affected by this rock-
slide.

Most importantly, pre-slide time-series deformation has
been recovered with limited available SAR imagery, which
can be very useful to study the mechanism of this rockslide.
Meanwhile, the proposed procedures for rockslide analy-
sis with satellite SAR imagery over a remote, mountain-
ous, heavily vegetated regions can be further extended to
any other similar geo-hazards investigation and monitoring,
which will be beneficial to slide early warnings and timely
protection.

On the other hand, in most cases, if the ongoing deforma-
tion for a specific landslide (rockslide) is the point of interest,
TerraSAR-X and COSMO/Skymed data are desired due to
their high resolution, short wavelength and short revisit du-

ration. If the landslide is covered by heavy vegetation, multi-
temporal lidar data are the best solution due to the small foot-
print of the laser and minimal penetration of the canopy at the
optical wavelengths.

Supplementary material related to this article is
available online at
http://www.nat-hazards-earth-syst-sci.net/13/2851/2013/
nhess-13-2851-2013-supplement.zip.
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