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Multi-temporal ALOS/PALSAR images are used to automatically investigate landslide activity over an area of
~200 km by ~350 km in northern California and southern Oregon. Interferometric synthetic aperture radar
(InSAR) deformation images, InNSAR coherence maps, SAR backscattering intensity images, and a DEM gradi-
ent map are combined to detect active landslides by setting individual thresholds. More than 50 active land-
slides covering a total of about 40 km? area are detected. Then the short baseline subsets (SBAS) InSAR
method is applied to retrieve time-series deformation patterns of individual detected landslides. Down-

Iffﬁﬁfgz slope landslide motions observed from adjacent satellite tracks with slightly different radar look angles are
Monitoring used to verify InSAR results and measurement accuracy. Comparison of the landslide motion with the precip-
Detection itation record suggests that the landslide deformation correlates with the rainfall rate, with a lag time of
ALOS/PALSAR around 1-2 months between the precipitation peak and the maximum landslide displacement. The results

Synthetic aperture radar (SAR)
Interferometric SAR (InSAR)

will provide new insights into landslide mechanisms in the Pacific Northwest, and facilitate development
of early warning systems for landslides under abnormal rainfall conditions. Additionally, this method will
allow identification of active landslides in broad areas of the Pacific Northwest in an efficient and systematic

manner, including remote and heavily vegetated areas difficult to inventory by traditional methods.

Published by Elsevier Inc.

1. Introduction

Landslides are defined as the movement of a mass of rock, debris or
earth down a slope (Cruden, 1991), and can result in enormous casual-
ties and huge economic losses in mountainous regions. Additionally,
landslides in the Pacific Northwest can damage habitat utilized by valu-
able fish species, such as salmon and steelhead. In recent years, many
different mapping techniques have been implemented for the carto-
graphic representation of landslide movement. These include landslide
inventories, landslide displacement inventories, landslide hazard as-
sessments, and landslide vulnerability assessments (Parise, 2001).
Risk analysis and assessment have also become important tools in ad-
dressing uncertainty inherent in landslide hazards (Dai et al., 2002). In
addition, susceptibility zoning involves the spatial distribution and rat-
ing of the terrain units according to their propensity to produce land-
slides (Fell et al., 2008). Among all of these studies, mapping landslide
deformation is fundamental for the assessment and reduction of land-
slide hazards and risks. In comparison to the traditional investigation
and reconnaissance methods, such as GPS, spirit leveling, tilting, optical
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remote sensing, geological and geophysical investigation methods
(Ding et al., 1998; Thompson & Cierlitza, 1993), the interferometric syn-
thetic aperture radar (InSAR) technique has great advantages due to its
broad coverage and its high spatial (and sometime temporal) resolution
under all weather conditions (Massonnet & Feigl, 1998).

The InSAR technique has been used in various landslide studies, not
only for location detection (Bulmer et al., 2006; Cascini et al., 2010;
Farina et al., 2006; Pierson & Lu, 2009), but also for deformation moni-
toring. Various InSAR techniques have been employed, including the
traditional differential InSAR method (Calabro et al., 2010; Catani et
al., 2005; 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
(Colesanti et al., 2003; Hilley et al., 2004; Vladimir & Jan, 2011) and gro-
und based InSAR technique (Leva et al., 2003). InSAR-derived landslide
deformation patterns further provide insights into the dynamics of land-
slides, including the interaction of landslides and tectonic motions and
the deformation characteristics in relation to the El Nino phenomenon
(Calabro et al., 2010; Colesanti et al., 2003; Hilley et al., 2004). However,
the application of the InSAR technique to landslide investigations is still
a challenging topic. It is difficult to map and monitor landslides in forest-
ed regions due to volume and temporal decorrelation, atmospheric
delay anomalies, artifacts induced by near surface moisture changes
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and decorrelation due to large deformation gradients (Ferretti et al.,
2007; Hanssen, 2001; Massonnet & Feigl, 1998; Samsonov et al, 2011;
Yun et al., 2007; Zebker & Villasenor, 1992). In addition, the side-
looking SAR imaging geometry causes layover and shadow in mountain-
ous regions. Furthermore, large scale phase trends resulting from base-
line errors and atmospheric artifacts make it difficult to detect and
monitor landslides over a large region.

In this study, we first introduce a method for automatic detection of
slowly moving landslides using InSAR products (Lu et al., 2010), includ-
ing InSAR coherence maps, SAR intensity images, deformation maps
and digital elevation models (DEM). We then apply this method to
map active landslides in a large region in the southern Oregon and
northern California. The detected landslides are verified by independent
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InSAR observations from adjacent satellite tracks and some in-situ data.
The spatial segmentation for a specific landslide is analyzed in detail,
the temporal time-series deformation results are achieved using SBAS
technique, and the accuracy of deformation measurements is verified
using two independent InSAR observations from adjacent satellite
tracks. Finally, the correlation between the time-series landslide motion
derived and the precipitation record is analyzed.

2. Data and study area
The study region, covering an area of ~200 km by ~350 km in

northern California and southern Oregon (Fig. 1), is composed of
penetratively sheared metasedimentary interbedded sandstone and

Fig. 1. Shaded-relief image of the study area over northern California and southern Oregon, USA. Dashed polygons represent the coverage of SAR images from three overlapping
ascending ALOS/PALSAR tracks 222, 223 and 224. The inset is a sketch map of California and Oregon, and the rectangle represents the study region.
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argillite of the Franciscan Complex, a Jurassic-Cretaceous accretion-
ary prism complex renowned for earthflows and deep-seated
landsliding (Iverson & Major, 1987). Taking the Eel River basin in
northern California as an example, some of the most extensive
earthflow activity occurs along the main stream and its tributaries.
Highly erodible Central Belt melange and high seasonal rainfall pre-
dispose this section to ubiquitous earthflows (Mackey et al., 2009
and references therein).

We collected 3 tracks of ascending L-band ALOS/PALSAR images
over northern California and southern Oregon (Fig. 1). In the azimuth
direction (nearly north-south), each track consists of about 5 to 6
consecutive image frames. The SAR data span from early 2007 to
late 2010 and a total of 200 frames of SAR images are utilized. In
the InSAR processing and the terrain gradient calculation, the 1-arc-
second SRTM is used (Farr et al., 2007). The holes (non-value pixels)
in the SRTM DEM are filled using the national elevation dataset (NED)
DEM (Gesch, 1994). The fine beam double polarization (FBD) images
are oversampled to the pixel spacing of the fine beam single polariza-
tion (FBS) images. A multilook factor of 10 (2 pixels in range and
5 pixels in azimuth directions) is applied to generate InSAR images
at a spatial resolution of ~15 m in both directions. Images at this res-
olution have the potential to detect small-scale landslides and also
are better suited to map landslides with large deformation gradients
(Sandwell et al., 2008; Yun et al., 2007). After screening interferogram
coherence, we have selected 16 interferograms from track 222, 28
from track 223, and 10 from track 224 (Table 1). Most of the accepted
interferograms have time separations of 138 days or less and spatial
baselines of 1000 m or less. So, we have generated a total of 54 inter-
ferograms from three adjacent satellite tracks (Table 1).

3. Methodology
3.1. Landslide detection with InSAR

InSAR images and derived products have proven useful in map-
ping and characterizing ground deformation and landscape changes
(Lu et al., 2010). In this study, the deformation images, along with
the InSAR coherence maps, SAR intensity images and terrain slope
maps are combined to map active landslides reliably.

Fig. 2 is the flow chart outlining the procedure for detecting active
landslides based on InSAR products. For a given interferometric pair,
we generate an unwrapped differential interferogram, a coherence
image, a mean SAR backscattering intensity image based on the back-
scattering returns from the master and slave images, and a DEM gra-
dient map. The DEM has a threefold application in the landslide
detection processing. The first is to simulate the topographic phase
to obtain the deformation interferograms. The second is to refine
the baseline using the coregistered DEM and unwrapped phase in
SAR coordinates (Rosen et al., 1996). The last is to generate the
DEM gradient map, which is one of the input layers for landslide de-
tection. The unwrapped interferogram is corrected using the refined
baseline, and a large-scale band-pass filter is applied to remove the
atmospheric artifact. Based on trial analysis, band-pass frequency
values of 0.005 and 0.01 in slant range and azimuth directions are
chosen for the interferograms used in this study. Coherence maps
are created from the corrected unwrapping phase and have taken
into account the localized phase gradient using a moving window of
5 by 5 pixels (Zebker & Chen, 2005). For each InSAR pair, a total of 4
data layers (deformation, coherence, intensity and DEM gradient
maps) are combined to detect active landslide candidates by thresh-
olds. The main threshold is the deformation value used to detect ac-
tive landslides. Absolute LOS displacement value of 1cm is set as
the threshold based on trial and error analyses. In order to remove
possible deformation artifacts due to DEM, atmosphere, or phase
unwrapped errors, a coherence threshold of 0.6 is set to guarantee
the reliability of detected landslides, A threshold of —1 dB is set for

Table 1
ALOS/PALSAR interferometric pairs from 3 different tracks.
No. Master Slave Perpendicular baseline (m) Days Track no.
1 20070713 20070828 296.1 46 222
2 20070713 20071013 750.2 92
3 20070713 20071128 833.9 138
4 20070828 20071013 454.1 46
5 20070828 20071128 537.8 92
6 20071013 20071128 83.7 46
7 20080228 20080414 400.4 46
8 20080228 20080530 2394 92
9 20080414 20080530 —161.1 46
10 20091018 20100118 5153 92
11 20100118 20100420 811.6 92
12 20100118 20100605 999.9 138
13 20100420 20100605 188.3 46
14 20100420 20100721 229.8 92
15 20100605 20100721 415 46
16 20100721 20101206 655.0 138
1 20070314 20070429 490.2 46 223
2 20070314 20070614 —174 92
3 20070314 20070730 479.2 138
4 20070314 20070914 661.6 184
5 20070429 20070614 —507.6 46
6 20070429 20070730 —11.0 92
7 20070429 20070914 1714 138
8 20070614 20070730 496.6 46
9 20070614 20070914 679.0 92
10 20070730 20070914 1823 46
11 20070730 20080130 1380.4 184  Low quality
12 20070914 20080130 1198.1 138 Low quality
13 20080130 20080501 944.6 92
15 20081101 20090201 702.2 92
16 20081101 20090319 1200.4 138 Low quality
17 20090201 20090319 498.3 46
18 20090201 20090619 836.8 138
19 20090201 20090804 4334 184
20 20090319 20090619 338.5 92
21 20090319 20090804 —64.9 138
22 20090619 20090804 —403.4 46
23 20090619 20091220 1003.6 184  Low quality
24 20090804 20091220 1407.0 138 Low quality
25 20091220 20100322 1009.1 92 Low quality
26 20091220 20100507 1157.2 138 Low quality
27 20100322 20100507 148.1 46
28 20101223 20110325 1110.2 92 Low quality
1 20070516 20070701 176.4 46 224
2 20070516 20070816 462.1 92
3 20070701 20070816 285.7 46
4 20071116 20080101 —112.0 46
5 20100106 20100221 688.6 46
6 20100106 20100408 863.7 92
7 20100221 20100408 1751 46
8 20100221 20100524 215.7 92
9 20100408 20100524 40.7 46
10 20101124 20110109 4438 46

the SAR intensity to avoid any shadow areas or water bodies. Finally,
we also set a threshold of 10° for the DEM gradient based on terrain
slopes of some known landslides. Independent interferometric pairs
from the same track are then used to confirm the landslide candidates.
We apply the same procedure to InSAR pairs from other tracks. Inde-
pendent observations from adjacent satellite tracks can be used to fur-
ther validate the mapped landslides. The detected landslides are
mosaicked in a final map.

3.2. Landslide deformation monitoring with SBAS InSAR

In order to mitigate the atmospheric artifact and the residual topo-
graphic effect during the deformation retrieval step, one of the ad-
vanced InSAR techniques termed short baseline subsets (SBAS) InSAR
has been frequently applied (Berardino et al., 2002; Lanari et al., 2004;
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Fig. 2. Flow chart of landslide detection methodology with a multi-interferogram method.

Sansosti et al., 2010). SBAS also works when limited interferometric sets
are available (Mora et al., 2003). In order to robustly estimate the topo-
graphic error and time-series deformation results, the SBAS procedure
has been refined by separating the interferograms into high-quality and
low-quality subsets, and iteratively estimating the parameters (Lee et
al,, 2010). During each iteration, the observation with its residual larger
than twice the standard deviation error is rejected.

After quality assurance on interferogram phase unwrapping, interfer-
ograms are then segmented into several individual small sections
according to the detected landslide coordinates to facilitate SBAS process-
ing. In each image segment, the interferograms are divided into two sub-
sets, namely high-quality sets and low-quality sets. The high quality sets
are used to estimate DEM error and linear deformation rate, while all in-
terferograms are used to estimate deformation time series (Lee et al.,
2010).

For a given unwrapped interferogram j, the phase at pixel (x, r)
(where x and r are the azimuth and slant range coordinates, respec-
tively) computed from the SAR acquisitions at epoch ts(start time)
and tz(end time) can be written as follows (Berardino et al., 2002):

8bj(x,1) = ltg, X, 1) =(ta, X, ) = 68/ (x,1) + 64 (x,7)
+ 807 (x,1) + 6" (x,T) 1)

where, 6¢fef° is slant deformation phase between t, and ;6" repre-
sents topographic phase error, the impact of which on deformation
maps is a function of the perpendicular baseline B,j, the slant range
distance R, look angle 6 and DEM error AZ;6¢{™ accounts for temporal

atmospher_ic variation at different SAR acquisition t, and tg; the final
term 6¢°*° is the other noise sum. The first three terms of the right
side of Eq. (1) can be expressed as follows

5¢;lefo(x-, r) = 4711 [d(tg, x, 1) —d(t,X,7)] = @;(x,T)V + 5¢;Ldef" (x,1)
. 4nB;AZ
SO (,1) = g = bi(x.1)AZ (2)

Sd)jl'nm(x7 r) = d)alm(thxv r)_d)ﬂﬂﬂ(tA?X? r)

where A is the SAR wavelength, v is the deformation rate, ¢ -4%°
(x, r)is the nonlinear deformation between two SAR acquisition
dates. Eq. (1) can then be rewritten in matrix form as follows

Bo(.r) = (A1), Bl | + N 3)
Whel‘eA(& T') = [al (X7 r) Oy (X! T') ]T vB(Xv r) = [bl (X, r) le (X, r)]T‘
[w’;’ﬂf"(x,r) + 047" (1) +6¢>2"”‘e(x,r>} .
N(x,1) = : _ , and M1 is the
D" (X, 1) + SO (X, ) + B (x.7)

number of high-quality interferograms. The estimated linear de-
formation rate and DEM error phases are then subtracted from all
unwrapped interferograms. Next, the atmospheric phase will be
separated by high-pass filtering in temporal domain and low-pass
filtering in the spatial domain, because the atmospheric artifacts
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Fig. 3. Distribution of detected landslides. Some examples are shown around the image borders. Slides moving towards the satellite (i.e. those on slopes facing to the west) are
shown in green. Slides moving away from the satellite (i.e. those on slopes facing to the east) are shown in red. Arrows indicate the positions of major landslides. Deformation im-
ages for the 18 major slides are shown in Fig. 4A and B, respectively. Note the different scales for the DEM image and maps of detected landslides.

are spatially correlated and temporally random (Ferretti et al.,
2001). Therefore, after the simultaneous operation of SVD and fi-
nite difference smoothing of the atmospheric corrected phase, the
nonlinear deformation phase at different SAR acquisition dates
will be calculated (Lee et al., 2010; Schmidt & Burgmann, 2003).
In the former calculation, if the term N(x, r) is not too small, the estimation
of deformation rate and DEM error will be biased. So the former

procedure will be processed iteratively. Last, the accumulated deforma-
tion series will be achieved as follows

k

Sty () = (=t )v + > @ @)
i—2

where t; is the earliest SAR acquisition date. InSAR coherence is poorer

when the time interval is larger than about half of a year or the baseline
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Fig. 4. A. LOS deformation images for 9 selected landslides over 138 days during 20070314 and 20070730 from ALOS/PALSAR track 223. Note the different scales for different maps
of detected landslides. B. LOS deformation images for another 9 selected landslides over 138 days during 20070314 and 20070730 from ALOS/PALSAR track 223. Note the different

scales for different maps of detected landslides.
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Fig. 4(continued).

larger than about 1.2 km. Therefore, temporal gaps exist as we cannot
bridge the time-series measurements.

3.3. Along-slope deformation

InSAR can only measure the deformation along the line-of-light
(LOS) direction. That is, the InNSAR measurement represents the compo-
nent of ground deformation projected to the LOS direction. With some
assumptions, the LOS deformation can be transferred to the measure-
ment from a specific angle and azimuth direction. In this study, we pro-
ject the LOS deformation to the down-slope direction and then verify
the InSAR measurement accuracy based on observations from two
independent satellite tracks.

The transformation between the LOS direction and down-slope
direction is straight forward. The unit vector of LOS can be defined
as follows

[ Teast — ;in@ cosay
= | Thorth | = sind sinoy (5)
Tup coso

where 6 is incidence angle, «; is the satellite flight azimuth. The unit
vector of slope can be defined as follows

[ Ueast — sina cosQ
U= | Upory | = | — cosaecosp

Uyp sing
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where « is the slope angle above the horizontal surface, ¢ is the
slope azimuth. So the deformation in the slope direction can be
expressed as

f— dLOS

(7)

dslope /
(rensr Ueqst +Tnorth Unorth +Tup Uup )

4. Results, analyses and discussions
4.1. Landslide location map

The four layers of InSAR products, including the deformation map,
the InSAR coherence image, the SAR backscattering intensity image
and the DEM gradient map, are used to delineate active landslides
based on the procedure outlined in Fig. 2. We set the thresholds for
these four datasets as 0.6 for coherence, — 1 dB for intensity, 10° for
DEM gradient, and 1 cm for LOS deformation. First, active landslides
are tentatively identified using independent interferometric results
from the same track. Then, landslide candidates from three different
satellite tracks are mosaicked together. Some landslide candidates
are further cross-validated using independent observations from
two adjacent satellite tracks. Fig. 3 shows the distribution of the
detected landslides.

Within the investigated area of ~200 km by ~350 km, more than
50 landslides are detected. About 90% of the detected landslides are
verified using data from neighboring tracks. Most of the detected
landslides have elongated patterns (Fig. 3). The discontinuous portion
within each landslide mainly results from the loss of coherence due to
large deformation gradients and dense vegetation cover (e.g., (1), (2),
(4), (6), (12), (14), (15), (17), and (18) in Fig. 3.). Some insets labeled

such as (3), (5), (7), (8), (9), (10), (11), (13), (16) in Fig. 3 contain
several separated landslides. The size of the detected landslides
ranges from about 0.2 km? to more than 10 km?. Active landslides oc-
cupy a total area of over 40 km?. In this study, only the landslides that
deformed more than 1cm in 46 days and consistently moved be-
tween 2007 and 2010 are outlined. In addition, the slides that deform
parallel to the ALOS SAR satellite flight direction (9.9° west of north)
might be missed because the LOS imaging geometry is less sensitive
to the landslide motion in this direction. Furthermore, landslides
that fall into the regions of SAR geometry distortions (layovers and
shadows) cannot be mapped either. That is, landslides on slopes larg-
er than the ALOS/PALSAR look angle (~38° for most beam modes)
cannot be detected. Therefore, our results surely underestimate the
active landslides in the study area.

4.2. Landslide deformation maps

In this section, to reduce the computation burden, the time-series de-
formation histories for 18 detected landslides are calculated one by one
using the refined SBAS algorithm (Lee et al., 2010). Fig. 4A and B shows
the deformation accumulated over 138 days between 20070314 and
20070730 from interferograms of track 223. The deformation patterns
are consistent with the landslide shapes shown in the previous section.
The maximum deformation was more than 10 cm in 138 days (Figs. 4A,
B, and 7).

4.3. Time-series deformation at Boulder Creek

The Boulder Creek slide (labeled as No. 10 in Fig. 4B) is located
about 16 km ESE of Garberville, California, immediately east of the
Eel River (Stimely, 2009). The landslide exhibits fresh landform fea-
tures (pronounced head scarp, well-defined lateral scarps, and very
hummocky interior), which is typical of many active earthflows in
the Coast Ranges.

The aim of the time-series deformation analysis for this slide is
threefold. First, we examine the spatial and temporal characteristics
of the landslide movement by focusing on variations in movement
rate on different parts of the slide. Second, we verify the InSAR accu-
racy by comparing two independent results generated from track 223
and track 224. Last, we correlate the nonlinear landslide deformation
with local precipitation.

Fig. 5 shows the spatial baselines and temporal separations of
InSAR pairs used for SBAS processing. There are 3 subsets of interfero-
grams in track 223 and 4 subsets of interferograms in track 224. For
each satellite track, SBAS processing allows us to derive time-series
deformation maps by combining interferograms from all subsets
(Fig. 5). A total of 8 low-quality interferograms from track 223 are
included to densify the time series analysis. Fig. 6 shows the deforma-
tion time-series maps of Boulder Creek slide (labeled as No. 10 in
Fig. 4B). Four individual landslides can be seen in the upper-central,
bottom-left and bottom-right parts of the image (Fig. 6 and the
corresponding Fig. 4B (10)). In the following section, only the slide
marked with AB will be analyzed in detail. We take the earliest SAR
acquisition date as the reference date, labeled as 20070314 in the
first frame of Fig. 6. The numbers in other frames indicate the
accumulated days since the first SAR data acquisition. The triangle
in the first frame of Fig. 6 is the reference point for SBAS InSAR
processing. From the accumulated time-series results, we can see
that this slide deformed continuously during each of the monitoring
interval.

Accumulated displacements along profile AB in the Boulder Creek
landslide are calculated in the line-of-sight direction (Fig. 7). Based
on the deformation patterns, this slide can be segmented into three
zones along its longitudinal axis: an upper transport zone, a middle
accumulation zone, and a lower toe zone (Fig. 7). The maximum mo-
tions occur over the middle accumulation zone (Figs. 6 and 7). This
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Fig. 6. Maps of time-series deformation at the Boulder Creek slide (labeled as No. 10 in Fig. 4B). The reference SAR acquisition date is 20070314, and the numbers on the subsequent
images mark the accumulated days since the reference image. The solid line AB in the first image shows the location of profiles in Figs. 7 and 8. The triangle in the first image in-

dicates the reference point for SBAS InSAR processing.

partition pattern is similar to those previously inferred from aerial
photographs in 1944 and 2006 (Stimely, 2009, and references there-
in). Similar segmentation can also be found at other Eel River slides
in California (Mackey et al., 2009).

4.4. Verification of deformation results from adjacent satellite tracks

The azimuth of Boulder Creek slide is about 240° in the downslope
direction, and the slope angle is about 14° above the horizontal surface

(Stimely, 2009). The azimuth of the ALSO/PALSAR satellite is —9.9°, the
incidence angles of track 223 and track 224 at the Boulder Creek slide
are 37.2° and 39.8°, respectively. For this slope geometry, a difference
of 2.6° in incidence angle between track 223 and track 224 can result
in different slope-to-LOS ratios of 2.8 and 2.5, respectively (Eq. 7).
Therefore, in order to verify the accuracy of InSAR results, two indepen-
dent data sets with about the same time interval are shown in Fig. 8. The
deformation along the LOS direction and the slope direction are drawn
separately for each track.
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Fig. 7. Cross-section map of the accumulated LOS deformation along the profile AB in-
dicated in Fig. 6.

The LOS deformation from track 223 is similar to that from track 224.
However, there exists a systematic difference: the mean LOS deforma-
tion from track 224 is generally about 0.54 cm more than the
corresponding LOS displacement from track 223 (Fig. 8). However, the
difference in downslope displacement between observations from
these two tracks only reaches to 0.65 cm. If this difference in down-
slope displacement is scaled back to the LOS direction (Eq. 7), the equiv-
alent difference in LOS displacement ranges from 0.23 cm to 0.26 cm,
which is half of the original LOS difference (i.e. 0.54 cm). Therefore,

LOS track 223
LOS track 224
-1 €&—4&@—& down-slope track 223
(3 — ©— <€) down-slope track 224

Deformation in 46 days (cm)

Distance (km)

Fig. 8. Landslide deformation patterns across profile A-B based on two 46-day interfer-
ograms from track 223 (solid line) and track 224 (dashed line) in the late spring of
2007. The deformation measurements in the down-slope direction (14° above the ho-
rizon with an azimuth of 240° from the north) for track 223 and track 224 are plotted
with diamonds and circles, respectively.

most of the difference in LOS displacement can be explained by a differ-
ence in SAR look angle between these two adjacent satellite tracks.
Meanwhile, the standard deviation of the difference of these two inde-
pendent measurements is around 0.8 cm, which indicates the accuracy
of this InSAR measurement.

4.5. Correlation of landslide motion with precipitation

Among the detected landslides of different scales, deformation esti-
mates within 46 days during different time intervals are calculated. The
total deformed area approximately amounts to 40 km?. The LOS defor-
mation in 46 days reached to 6 cm (corresponding to 17 cm in down-
slope direction) in spring, and decreased to about 4 cm (corresponding
to 11 cm in down-slope direction) in late summer.

Among factors that affect landslide motion such as topography, geol-
ogy, geotechnical properties, vegetation (including wildfire effects) and
anthropogenic development, precipitation is the most dominant factor
that controls landslide motion (Fell et al., 2008). We here show the
weekly precipitation data collected from Zenia meteorological station
(Fig. 1), about 15 km from the Boulder Creek slide (Fig. 9).

In order to analyze the temporal correlation between the landslide
movement and the precipitation, the time-series deformation results
are normalized into 46 days. The correlation between the down-slope
deformed volume change in 46 days and the weekly precipitation at
the Boulder Creek slide is shown in Fig. 9. The maximum deformed
volume per 46 days occurred at the beginning of 2008, followed by
2009 and 2010. So generally, the more precipitation was, the greater
the deformation occurred.

It is interesting to observe that the response of landslide deforma-
tion to precipitation is not instantaneous (Fig. 9). Instead, there is a
time lag between peak landslide motion and the peak precipitation.
At the Boulder Creek slide, the lag is about 1-2 months. Similar find-
ings have been reported for Minor Creek slide in northern California
with a lag time of 5-8 days (Iverson, 2000), the Berkeley Hills slide
with up to 3 months of lag time (Hilley et al., 2004), and Portuguese
Bend landslide in southern California with 2-6 weeks of lag time
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Fig. 9. Correlation between the down-slope deformed volume change in 46 days and
the weekly average precipitation data recorded near the Boulder Creek slide.



358 C. Zhao et al. / Remote Sensing of Environment 124 (2012) 348-359

(Calabro et al., 2010). Due to the low temporal sampling of ALOS/
PALSAR data, it is impossible to determine the time lag at a finer tem-
poral resolution. Because of lack of SAR data in early 2007, the exact
lag time in 2007 is not obvious either (Fig. 9).

Similar to other landslides in northern California, we attribute the time
lag of 1-2 months at Boulder Creek slide to the change of pore pressure
since the rainfall. The diffusion of pore pressure generally decreases the
normal force and frictional resistance, thereby accelerating the slide
movement (Iverson, 2000). Different lag times are mainly related to the
slide depth and slope angle. As suggested by previous studies (Nolan &
Janda, 1995; Roering et al., 2009), for the deeply sheared melange lithol-
ogy at a deep-seated landslide such as the Boulder Creek slide, the slope
failures move essentially via plug flow along discrete shear zones and
are highly controlled by rainfall.

6. Concluding remarks

L-band ALOS/PALSAR data have been successfully used to map
active landslides over an area of ~200 km by ~350 km in southern
Oregon and northern California, More than 50 active landslides,
ranging in size from 0.2 km? to more than 10 km?, comprise a
total of 40 km?. The SBAS InSAR technique has been applied to
multi-temporal InSAR images to achieve time-series deformation
patterns over each of detected landslides. The results over Boulder
Creek slide show three segments along its longitudinal axis in spa-
tial domain. The InSAR accuracy over the Boulder Creek slide can
reach to ~1cm based on InSAR measurements from adjacent
tracks. Time-series landslide motions correlate with local precipi-
tation with around 1-2 months lag time between the peak of the
precipitation and the maximum deformation rate. Such lags are
typical of deep-seated landslides in humid climates and are related
to the pore pressure diffusion time since the onset of intense pre-
cipitation. Our results will provide an effective method for moni-
toring and inventorying landslide movement over large areas in
the Pacific Northwest, and this approach could facilitate develop-
ment of early warning systems for slowly moving, deep-seated
landslides under abnormal rainfall conditions.

Because L-band InSAR images generally are less sensitive to the sur-
face deformation than C-band and X-band data, landslides with LOS
motions of less than ~1 cm in 46-138 days cannot be automatically
detected. In addition, it can be difficult to detect slides with motion di-
rections along the satellite flight direction or spatial extents of less than
0.2 km?. Furthermore, slides with dense vegetation are likely missed
due to InSAR coherence loss. Therefore, our results may underestimate
the true extents of active landslides over the study region. However, if
some knowledge is known, small-scale slides can also be monitored
by processing InSAR images at the highest spatial resolution. Obviously,
future SAR sensors with higher spatial and temporal resolutions will
significantly improve landslide monitoring.
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