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Abstract Slow-moving landslides, often with nearly imperceptible
creeping motion, are an important landscape shaper and a dangerous
natural hazard across the globe, yet their spatial distribution and geo-
logic controls are still poorly known owing to a paucity of detailed,
large-area observations. Here, we use interferometry of L-band satel-
lite radar images to reveal 617 spatially large (4 x 10*-13 X 10° m?)
and presently active (2007-2019) slow-moving landslides near the
populous US West Coast (only 4.6% of these slides were previously
known) and provide evidence for their fundamental controls by bed-
rock lithology and vertical land motion. We found that slow-moving
landslides are generally larger and more spatially frequent in homo-
geneous bedrock with low rock strength, and they are preferentially
located on hillslopes with geologically recent uplift. Notably, landslide
size and spatial density in the relatively weak metamorphic rocks and
mélange (due to pervasive tectonically sheared discontinuities, folia-
tion, and abundant clay minerals) were two times larger than those
in sedimentary and igneous rocks, and the hillslopes with landslides
were found to be uplifting approximately three times faster than the
average for the whole region. These results suggest that slow-moving
landslides can be effectively uncovered by satellite radar imagery and
their occurrence and character may be anticipated from vertical land
uplift and bedrock lithology. Hence, our study provides understand-
ing critical for reducing landslide hazards and quantifying landslide
impacts on landscape change.

Keywords Bedrock lithology - Land uplift - Radar interferometry -
Geomorphic change - Natural hazards

Introduction

Landslides are a geologic process crucial for landscape evolution
(Burbank et al. 1996; Kelsey and Bockheim 1994; Roering et al. 2009;
Simoni et al. 2013), and as a natural hazard, landslides annually cause
3.5 billion dollars of property loss and 25-50 casualties in the USA
alone (Spiker and Gori 2003). Locating presently active landslides is
a critical step towards preventing their future hazards and forecast-
ing their impact on the landscape. However, conventional landslide-
identifying approaches that rely on geologic maps and citizen-reported
events (Guzzetti et al. 2012; Highland and Bobrowsky 2008; Jones et al.
2019) could easily miss numerous active yet slowly moving slides that
lack readily identifiable features (e.g., fresh headscarps) or occur in
rarely accessed lands. Slow-moving landslides persistently damage
infrastructure and imply a force imbalance of the hillslope (High-
land and Bobrowsky 2008). Additional forces such as earthquake
shaking, coastal and stream erosion, intense rainfall, and other natu-
ral or anthropogenic disturbance could shift their present creeping
behavior into rapid movement and cause catastrophic damages (e.g.,
Intrieri et al. 2018; Kilburn and Petley 2003; Schulz and Wang 2014;
Xu et al. 2020b). Discovering presently slow-moving landslides for
future hazard prevention particularly requires approaches with high
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measurement accuracy and wide spatial coverage. However, few tools
were available until the InSAR (Interferometric Synthetic Aperture
Radar) method evolved into an effective means in the last two decades
(Handwerger et al. 2019; Intrieri et al. 2018; Squarzoni et al. 2003;
Xu et al. 2019, 2020b; Ye et al. 2004). InSAR utilizes interferometry of
satellite-captured radar images (frequent repeated acquisitions since
1992) to achieve maximal millimeter-level measurements of ground
displacement along the radar line-of-sight (LOS) direction (Ferretti
et al. 2007; Nishiguchi et al. 2017).

Multiple studies have focused on the precipitation-driven short-
timescale dynamics of presently active, slow-moving landslides (e.g.,
Bennett et al. 2016b; Handwerger et al. 2019; Kang et al. 2021; Mackey
et al. 2009; Squarzoni et al. 2003; Xu et al. 2020b; Ye et al. 2004);
however, knowledge of their geologic controls is still poorly known
owing to a lack of detailed, large-scale evidence, but such knowledge
is essential for deciphering their characteristics and for preventing
future hazards. Spatially large, slow-moving landslides are generally
deep-seated (meters to hundreds of meters) (Bonzanigo et al. 2007;
Highland and Bobrowsky 2008; Larsen et al. 2010) and may have
been active for hundreds to thousands of years (Bonzanigo et al.
2007; Bovis and Jones 1992; Kelsey and Bockheim 1994; Mackey et al.
2009; Varnes and Savage 1996). Hence, their occurrence could be
controlled by the lithology and structure of the underlying bedrock
and by geologic processes (Clarke and Burbank 2010; Cruden and
Varnes 1996; Lambe and Whitman 1969; Roering et al. 2005). In
addition, vertical uplift (i.e., any upward movement of the land sur-
face) in a geologic timescale (10°~10° years) could deliberately alter
the force balance of hillslopes and regulate the denudation process
(Burbank et al. 1996; Bennett et al. 2016a; Larsen and Montgomery
2012; Roering et al. 2015), thereby potentially modulating occurrence
and kinematics of long-term creeping landslides.

Here, we apply the high-accuracy InSAR method over the entire
US West Coast states (~ 8.6 x 10° km?) to discover large, presently
active landslides in both the high mountains and coastal neighbor-
hoods inhabited by 47.8 million people (2019 census; USCB 2019).
Based on the large-scale observations, we tested our hypotheses that
the spatial density and size of slow-moving landslides are signifi-
cantly controlled by bedrock type and that their occurrence and per-
sistent motion reflect long-term land uplift.

Materials and methods

SAR interferogram generation and unwrapping

We used radar interferometry of both the ALOS PALSAR (Advanced
Land Observing Satellite—Phased Array type L-band Synthetic
Aperture Radar) images from 2007 to 2011 and ALOS-2 PAL-
SAR-2 images from 2015 to 2019 for identifying landslides near the
US West Coast. The L-band SAR images were primarily utilized over
the relatively densely vegetated US West Coast because of L-band
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sensor’s capability in vegetation penetration. SAR interferograms
were generated by differencing the phase measurements of two SAR
images. For each SAR interferogram, the interferometric phase of a
SAR resolution element, ¢, is composed of multiple independent
components:

¢= W{¢def+¢dem+¢orb+¢atm+¢n} (1)

where ¢4 is the phase change due to movement of the pixel in the
satellite radar line-of-sight direction; ¢, is the DEM (digital eleva-
tion model) error sourcing from the difference between the DEM
height and the elevation of average scatterers in the resolution ele-
ment; ¢, is the residual phase due to orbit errors; ¢, is the differ-
ence in atmospheric phase delay between passes; ¢,, is the phase noise
due to both temporal variability in scattering and thermal noise; and
Wi} is the wrapping operator that drops whole phase cycles (2®), as
only a fractional part of a cycle can be measured with SAR interfer-
ometry. In order to obtain ¢, other contributing terms including
Daem> Porty Patm> a0 ¢, must be removed or reduced.

We set multi-looking factors of 3 X 7 (range by azimuth) and 2 X
4 for ALOS PALSAR and ALOS-2 PALSAR-2 images, respectively, in
order to reduce the approximately Gaussian-distributed data noise
¢, (Hanssen 2001). We also minimized the DEM contributions ¢y,
by using the 1-arcsec SRTM DEMs (Farr et al. 2007) and reduced
the orbit-related artifacts ¢, using the quadratic fitting (Fattahi
and Amelung 2014). The stratified atmospheric artifacts related to
regional topography were reduced by using a linear fitting, and other
large-spatial-scale phase artifacts such as tropospheric noises were
largely reduced by selecting localized, stable, and highly coherent
reference regions near the landslides. We unwrapped the SAR inter-
ferograms using the minimum cost flow approach (Costantini 1998)
using the GAMMA software (Werner et al. 2000) and set a coherence
threshold of 0.4 for both ALOS and ALOS-2 interferograms. Accuracy
of the InSAR measurement can be quantified based on the Cramer-
Rao bound (Rodriguez and Martin 1992):

A 1 (1-9?
4 \| 2NM 2
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where o is the uncertainty of InSAR measurements, 4 the radar wave-
length, N and M the window sizes for the coherence estimation, and
7 the coherence. We used a 32 x 32 moving window for the coherence
estimation, which consequently corresponds to a minimum meas-
urement uncertainty of ~1.4 mm for both ALOS and ALOS-2 data.

Identification of active landslides

Active landslides were identified based on the ground motion captured
by SAR interferograms. All of the interferograms with good coherence
(greater than 0.4) and with various temporal (maximum timespan of
2 years) and perpendicular baselines were utilized to cross-validate the
identified landslides. We also used the 10-m-resolution DEMs (USGS
2020b) from the US Geological Survey and the high-resolution true
color image time series from Google Earth to exclude non-landsliding
displacement signals dominated by processes such as vegetation regrowth
after clear cut, water level change in wetlands, underground mining and oil
exploitation, and urban construction. Note that rapid landslides such as rock
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avalanches and debris flows that alter original ground features signifi-
cantly leading to complete coherence loss are not identifiable from SAR
interferograms. The active landslide boundaries were firstly outlined
through thresholding radar LOS deformation (greater than 5 mm), and
then manually revised by integrating information from Google Earth
optical images and the10-m-resolution DEMs.

Bedrock of the landslides

Bedrock formations of the identified landslides were derived from
the 1:50,000 to 1:1,000,000 scale State Geologic Map Compilation
(SGMC) geodatabase of the conterminous United States (ver. 1.1,
August 2017) (Horton et al. 2017). We combined the results for
essentially repeated geologic formations (e.g., multiple “basalts”) and
used adjacent hillslope material to revise the formation for eleven
landslides that were supposedly in alluvium but actually appeared to
have been deposited on alluvium (Supplementary Material Table S1).

Landslide area-volume scaling and average slope angle

A power-law relationship between landslide volume, V, and landslide
surface area, A, was used to estimate landslide volumes in varied
bedrock (Larsen et al. 2010):

V o A7 (3)

where y is a scaling exponent. We used y = 1.6 for the identified large,
deep-seated landslides (Larsen et al. 2010). Surface areas of landslides
were computed from the landslide boundary (see data release in Xu
et al. 2020b) outlined from SAR interferograms.

The slope angle of each DEM cell element was derived from the
10-m-resolution DEMs. Each identified landslide spatially covers
multiple DEM cell elements, and we define the average slope angle
of a landslide as the arithmetic mean of all cell elements within the
landslide boundary.

Land uplift rate

Land uplift rates over the US West Coast were obtained by evalu-
ating published literature on geologically and historically recent
vertical land movement. This literature (Table 1) includes studies
emphasizing land surface surveying (Amos et al. 2014; Hammond
et al. 2016; Levy 2019; Yousefi et al. 2020) during recent times, or
geologic studies generally extending from recent times into the
Quaternary and Neogene Periods (Amos et al. 2014; Anderson 2008;
Barth and May 1992; Bennett et al. 2016a; Hellwig 2010; House 1999;
Jones 1987; Kelsey and Bockheim 1994; Kobor and Roering 2004;
Levy 2019; Lock et al. 2006; Machette et al. 2008; Muhs et al. 1992;
Pazzaglia and Brandon 2001; Penserini et al. 2017; Reiners et al. 2002;
Schweickert 2009; Spotila et al. 1998; Unruh 1991; Yousefi et al. 2020).
Longer-term studies emphasized fluvial and coastal geomorphology,
often with cosmogenic nuclide and/or radionuclide dating, thermo-
chronology, and modeling. We interpolated these pointwise uplift
data into a gridded raster file using inverse distance weighting, and
we clipped the gridded data to within 100 km of the points, to land
sloped more steeply than 5°, and by the geographical boundary of
the US West Coast states.



Table 1 Source literature of the uplift data for the US West Coast

Literature

Amos et al.2014

Primary time
period

Recent

Anderson 2008

Neogene-recent

Barth and May 1992

Cretaceous

Bennett et al.2016a

Neogene-recent

Hammond et al. 2016

Recent

Hellwig 2010 Pleistocene-recent
House 1999 Cenozoic

Jones 1987 Neogene-recent
Kelsey and Bockheim 1994 Quaternary

Kobor and Roering 2004 Quaternary

Levy 2019 Recent

Lock et al. 2006 Neogene—Quaternary

Machette et al.2008 Quaternary
Muhs et al. 1992 Quaternary
Pazzaglia and Brandon 2001 Quaternary
Penserini et al. 2017 Recent

Reiners et al. 2002 Tertiary-recent

Roering et al.2015 Recent

Schweickert 2009 Pliocene-recent

Spotila et al. 1998 Neogene-recent

Unruh 1991 Neogene-recent

Yousefi et al. 2020 Holocene

Results

Discovery of actively slow-moving landslides

We processed 6589 scenes of ascending ALOS PALSAR (Advanced
Land Observation Satellite—Phased Array type L-band Synthetic
Aperture Radar) images acquired between 2007 and 2011, and 484
scenes of ALOS-2 PALSAR-2 images acquired between 2015 and
2019 using the InSAR method to discover large, active landslides
over the entire US West Coast states (Fig. 1a). Active landslides dur-
ing the observation period were identified from deformation sig-
nals captured by the differential InSAR interferograms, assisted by
10-m-resolution DEMs (digital elevation models) (USGS 2020b) and
high-resolution optical satellite images.

We identified 617 landslides in total, of which 375 were active
between 2007 and 2011, 471 were active between 2015 and 2019, and
229 were active during both the 2007-2011 and 2015-2019 periods
(the exact active areas might slightly vary) (Figs. 1 and 2). Spatially,
the landslides are spread out over the US West Coast states, with con-
centrations in mountain ranges of western Washington, southwestern
Oregon, and northwestern California (Fig. 2b). Multiple towns and

roads in especially northern Washington, northwestern California,
and the vicinity of the coastline are within 0.5-5 km to the identified
landslides (Figs. 1 and 2), and could be threatened by future
failure events that initiate rapid slides and flows to travel kilometers
(Legros 2002) downslope/downstream. Moreover, comparison with
Google Earth optical images reveals numerous infrastructures which
are located on the identified active landslides. In addition to the 617
landslides, we also identified 89 active rock glaciers that are predomi-
nantly distributed along the high mountain ridges in eastern Cali-
fornia (Fig. 2). Overall, these InSAR-captured active landslides are
spatially large and some are on relatively steep slopes, which imply
high hazard potentials to the vicinity during possible future runout
events. Spatial sizes of the identified landslides range from 4 x 10* m?
to 13 x 10° m?, and 88.7% are larger than 10° m?. The majority of the
landslides (97.1%) have slope angles between 5 and 30°, and 16.8%
(106 slides) are steeper than 20° (Fig. 3).

Of the 617 detected landslides, only 29 (comprising 4.7%) are
included in the national landslide geodatabase (Jones et al. 2019),
which is a compilation of currently existing, non-systematically
mapped global, national, and regional-level landslide inventories
(Fig. 1b). The 89 active rock glaciers were also absent. A key reason
that most of our identified landslides are missing from the geodata-
base is that many of these landslide inventories source from human-
reported events and geologic maps (Jones et al. 2019), yet only
landslides with historical failures or obvious geomorphic signatures
would typically have been noticed and reported. Consequently, long-
term, slow or creeping landslide movement are less readily recognized
(Highland and Bobrowsky 2008; Keefer and Johnson 1983) so are
relatively infrequently discovered. Indeed, our results show that many
landslides that we discovered are nearly indistinguishable from their
neighboring stable hillslopes on the high-resolution optical images,
but their active slow motions (4-17 cm/year along radar line-of-sight
direction) were clearly captured and measured by the InSAR inter-
ferograms (e.g., Fig. 4). Downslope movement rates of the identified
landslides range from millimeters to several meters per year depend-
ing on the exact location within a landslide, which correspond to the
categories spanning from extremely slow to slow landslides (less than
5% 107 m/s) as defined in Cruden and Varnes 1996. Note that the
free and frequently acquired SAR datasets (3—60 repeated acquisi-
tions per year since 1992) also allow identifying the presently active
section of a landslide, which is less achievable from LiDAR hillshade
maps. In addition, many landslides recorded in the existing geoda-
tabase (Jones et al. 2019) since 1932 were one-time failures such as
flows and avalanches that will probably not recur (Cruden and Varnes
1996), while the InSAR-captured large, slow-moving slides are likely
to remain active in the near future (Bovis and Jones 1992; Kelsey and
Bockhein 1994; Mackey et al. 2009; Varnes and Savage 1996) and pose
continued threats.

Bedrock control of slow-moving landslides

Using the SGMC (State Geologic Map Compilation) geodatabase
of the conterminous United States (Horton et al. 2017), we statisti-
cally analyzed the bedrock underlying the identified slow-moving
landslides. Over the entire study area, 102 out of the total 398 bed-
rock formations contain landslides, and 16 formations contain more
than 10 landslides. Statistically, these 16 formations harbor 484 of
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Fig.1 SAR imagery coverage and comparison of InSAR-captured
landslides and the national landslide inventory. (a) Gray-shaded
rectangles illustrate spatial extent of the ascending ALOS PALSAR
images used (2007-2011), and the white-shaded rectangles repre-

sent spatial coverage of the ALOS-2 PALSAR-2 images (2015-2019).

The ALOS images spatially cover the entire US West Coast, and the
ALOS-2 images are primarily distributed over the western regions
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and cover 97.6% of the identified landslides. (b) The InSAR-captured
landslides denote active landslides detected by ALOS (2007-2011)
and/or ALOS-2 (2015-2019) radar images. The landslide inventory
(Jones et al. 2019) was compiled from multiple sources and includes
landslides recorded between 1932 and 2018, but only as point loca-
tions
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Fig.2 Active landslides detected by radar satellites. (a) Spatial distri-
bution of the detected landslides and towns in the US West Coast.
The states are annotated as WA, Washington; OR, Oregon; and CA, Cal-
ifornia. Geographical locations of towns were obtained from US Cen-

the identified 617 landslides (78.4%). We selected only these 16 for-
mations for detailed statistical analyses and categorized them into
four distinct types: metamorphic rocks, mélange, sedimentary rocks,
and igneous rocks (including volcanic flows) (Fig. 2¢). Note that in
the analysis, we utilized adjacent hillslope material to revise the for-
mation for 11 landslides that were supposedly in unconsolidated
materials (see section “Bedrock of the landslides”). Particularly, we
investigated the spatial density and spatial size of the landslides with
regard to various lithology. Here, spatial density is defined as the ratio
of landslide area overlaying a specific bedrock formation by the total
area of the bedrock formation.

Our results demonstrate that both spatial density and size of the
identified slow-moving landslides were strongly controlled by their
lithology. By bedrock type, the greatest spatial density was found in
metamorphic rocks (15,300 m?/km?), followed by mélange (5400
m?/km?), sedimentary rocks (3200 m*/km?), and igneous rocks

F=y
=
Elevation (m) &

f

& Llandslides
B Metamorphic
I Mélange
[ Sedimentary
N Igneous

" Unconsolidated
Water & ice

sus Bureau (2017 census; USCB 2020). (b) Hillshade map produced
from the 10-m DEMs (USGS 2020b). (c) Generalized geological map
produced from the SGMC geodatabase (Horton et al.2017)

(1300 m*/km?) (Fig. 5). Similar trends were also found in their
spatial sizes. The largest mean size was in metamorphic rocks (1.52
km?), then mélange (0.6 km?), and similar in sedimentary (0.44
km?) and igneous rocks (0.43 km?) (Fig. 6). Overall, landslides
were largest and most frequent in metamorphic rocks followed by
mélange, and the spatial density and mean size were 3 to 12 times
greater in metamorphic rocks than in sedimentary and igneous
rocks. The results also indicate that these presently active landslides
are presenting hazards from and modifying landscapes of meta-
morphic and mélange bedrocks to the greatest extent. Assuming
similar area-volume scaling (Larsen et al. 2010) for landslides in
each of the bedrock types, the results indicate that slow-moving
landslides in mélange have mobilized 1.4, 8.6, and 10.6 times the
sediment of landslides in metamorphic, igneous, and sedimentary
rocks, respectively.
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Fig.3 Surface geometry of the identified landslides. (a) Probability
distribution of active areas of the 617 slow-moving landslides. The
figure in the upper-right corner is an enlarged illustration of land-

The greater size and density of slow-moving landslides in metamor-
phic rocks and mélange compared to igneous and sedimentary rocks
may partly result from generally lower rock mass strength due to per-
vasive discontinuities in foliated and tectonically sheared metamorphic
rocks and mélange (Cruden and Varnes 1996), as well as the relatively
high abundance of clay minerals in these altered rocks (Lambe and

Fig.4 Examples of active
landslides discovered by SAR
interferograms.This figure illus-
trates ten exemplary pairs of
presently active slow-moving
landslides that were generally
unidentifiable from submeter-
resolution optical images (col-
umns 1 and 3) but were clearly
revealed by SAR interfero-
grams (columns 2 and 4).These
ten landslides were distributed
over Washington, Oregon, and
California (geographical coor-
dinates are shown in degrees
beside each landslide). Red
polygons outline the landslide
extents, and white arrows mark
the downslope directions.

All the optical images were
acquired in 2019 and accessed
from Google Earth. All the SAR
interferograms were produced
from ALOS-2 SAR images
acquired between May 2018
and August 2019.0ne fringe
(changes from —x to ) on the
SAR interferograms represents
a line-of-sight movement of
12.1cm
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Whitman 1969; Schmidt and Montgomery 1995). In addition, igne-
ous rocks in which landslides were identified were mostly andesite and
basalt flows (Supplementary Material Table S1). Volcanic flows and
sedimentary rocks are likely to have spatially extensive discontinuities
between beds and flow units, and relatively high anisotropy of mate-
rial properties because of their layered nature (Jaeger et al. 2007). Such
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Fig.5 Landslide spatial density by bedrock. (a) Average landslide
spatial densities by the 16 different formations on which more than
ten landslides were identified. For descriptions of the bedrock forma-

discontinuities and anisotropy are relatively lacking from most meta-
morphic and mélange rock formations (Jaeger et al. 2007). Shallower
and therefore smaller landslides are more likely in materials with such

Landslide spatial density by bedrock type (x10* m?/km?)

tions, refer to Supplementary Material Table S1. (b) Average landslide
spatial densities by the four general bedrock types

anisotropy (Cruden and Varnes 1996), whereas deeper and therefore
larger landslides are more likely in more isotropic materials (Cruden
and Varnes 1996), such as mélange and metamorphic rocks.
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Fig.6 Landslide size by bedrock. (a) Average landslide size by the 16 formations. For descriptions of the formations, refer to Supplementary
Material Table S1.(b) Average landslide size by the four general bedrock types
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Landsliding contributed by land uplift

We investigated how vertical land motion may relate to the identified
slow-moving landslides by incorporating vertical motion data for
the study area from radioisotope dating, modeling, and recent GPS
observations (Table 1). We expect that land uplift results in and sus-
tains continuous landsliding because uplift creates topographic relief
resulting in stream downcutting and hillslope instability (Bennett
et al. 2016a; Burbank et al. 1996; Cruden and Varnes 1996; Lambe
and Whitman 1969; Roering et al. 2005; Larsen and Montgomery
2012). Slow-moving landslides identifiable from InSAR may be
very long lived (10%-10* years) (Bovis and Jones 1992; Keefer and
Johnson 1983; Mackey et al. 2009; Varnes and Savage 1996) and
usually continue moving during dry periods or reactivate thereafter
(Bennett et al. 2016b; Bovis and Jones 1992; Coe 2012; Skempton
et al. 1989); thus, their occurrence and persistent long-term creep-
ing motions most likely have been greatly contributed to and/or
sustained by geologically recent (10°~10° years) uplift. However,
although less sensitive to recent rainfall than small landslides, large
landslides are strongly modulated by precipitation on a short time-
scale such as seasonal movement (Bennett et al. 2016b; Coe 2012).
Here, we only focus on the potential contributions from long-term
land uplift, and the short-timescale hydrological contributions are
detailed in the “Discussion” section.

Land surface uplift measurements from a total of 79 sites over the
study area were converted to gridded data using the inverse distance
weighted interpolation in order to compare uplift rates at landslide
locations to those at stable regions. We excluded the regions with
slope angle less than 5° in the analysis as our observations show that
landslides rarely occur in such flat terrain (Fig. 2). Our analyses reveal
that the 617 landslides and the 89 rock glaciers were geographically
related to geologic uplift. Overall, the rapidly uplifting northwestern
Washington, southwestern Oregon, northwestern California, coastal
regions of southern California, and the Sierra Nevada of middle-east
California all saw a great number of active landslides or rock glaciers,
while the subsiding middle-west Oregon, middle-west California,
and the southern end of the Sierra Nevada (middle-east California)
were barely involved with any identified landslides (Fig. 7). Quantita-
tively, the uplift rates at the active landslides and rock glaciers average
0.83 mm/year, three times higher than the mean rate of 0.27 mm/year
for the whole region (Table 2). The results are also insensitive to the
excluded flat regions: thresholding slope angles at 0°, 10°, and 16°
would yield mean uplift rates of 0.79 mm/year over 0.12 mm/year
(landslides versus the whole region), 0.83 mm/year over 0.30 mm/
year, and 0.82 mm/year over 0.32 mm/year, respectively (Table 2).
All of the results provide evidence that the identified slow-moving
landslides were preferentially located in areas with accelerated geo-
logically recent uplift. We expect that rapid and/or small landslides
similarly collocate with accelerated uplift, but InSAR does not well
resolve rapid and/or small landslides.

Discussion
Landslide identification using radar interferometry
Despite the high efficiency and effectiveness, landslide mapping using

InSAR also faces a few challenges. First, InSAR is relatively less sensi-
tive to landslide motions that are oriented perpendicular to the radar
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look direction. Mountain ranges near the US West Coast are domi-
nantly north-south orientated and have formed landslides which are
mostly visible from the approximately west/east looking radar sensor.
We also utilized SAR interferograms spanning as long as 2 years for
landslide identification, and such long timespan allows landslides to
accumulate a large displacement to be more clearly identifiable on
SAR interferograms. Second, coherence loss in particularly densely
forested regions may hinder InSAR’s capability to reveal active land-
slides because of the induced high background noise level. In gen-
eral, the longer-wavelength L-band imagery we utilized in this study
allows better vegetation penetration than the X- and C-band data
and therefore was able to produce less noisy SAR interferograms
for landslide identification over the relatively densely vegetated US
West Coast (e.g., Xu et al. 2021). Note that the short-wavelength
X- and C-band SAR images possess better sensitivity to ground
deformation than L-band data and hence may perform well in
urban environments. Third, small and/or catastrophic landslides
are highly challenging to be captured by InSAR. Small landslides
occupy only a few pixels on SAR interferograms and may produce
deformation signals indistinguishable from localized background
noises. Catastrophic landslides such as debris flows often alter
landslide surface considerably leading to severe coherence loss and
hence cannot be measured by InSAR. However, large catastrophic
landslides may be mapped with SAR intensity or coherence images
(e.g., Jung and Yun 2020; Plank et al. 2016; Xu et al. 2021). In this
study, we focused on large, slow-moving landslides, and therefore
the potentially undetected small or catastrophic landslides by
InSAR over the eastern mountains of the study region were not
specifically considered.

Comparison with the US Geological Survey (USGS) landslide
inventory (Fig. 1) shows that our InSAR-based mapping captured
much fewer active landslides in northwestern Oregon and the Sierra
Nevada in California. One most likely reason is that the USGS inven-
tory comprises many small and/or catastrophic landslides which are
challenging to be detected by InSAR. Another potential reason is that
some landslides were no longer active during our InSAR observation
periods from 2007 to 2011 and from 2015 to 2019. The data gap
between 2011 and 2015 results from a lack of free L-band SAR data.
Additionally, our InSAR observations only mapped large, active rock
glaciers in the study region, and a more complete global rock glacier
database can refer to GLIMS and NSIDC 2018. Most rock glaciers
are identifiable from optical imagery based on their distinctive geo-
morphological features.

Geologicimpacts on landslide character and kinematics

We found that bedrock lithology exerts significant control on both
the spatial density and size of the slow-moving landslides. Meta-
morphic rocks and mélange that have relatively homogeneous com-
position, discontinuity distribution, and high clay content, while
also having relatively low shear strength, are most likely to harbor
widespread, deep, and large slow-moving landslides. In contrast,
sedimentary and igneous flow rocks that have strength and hydro-
logic anisotropy and relatively high shear strength tend to produce
relatively sparse, shallow, and small slow-moving landslides. In gen-
eral, bedrock weathering and fracturing also contribute to landslide
occurrence by reducing rock mass strength.



Fig.7 Vertical land motions
near the US West Coast. (a)
Vertical uplift (green circles)
and subsidence (red dia-
monds) rates of the 79 sites. (b)
An interpolated map produced
from the point-wise measure-
ments. Only hillslopes steeper
than 5° and within 100 km
distant from the measurement
sites are shown in the figure
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Our observations also provide evidence that geologic upliftisa  glaciers and slow-moving landslides are predominantly distributed
crucial contributor to the occurrence and long-term creeping behav-  over hillslopes with geologically recent (10°-10° years), acceler-
ior of the slow-moving landslides. Both the identified active rock ated uplift, but barely observed in geologically subsiding terrains,

Table2 Upliftratesby Regions Minimum rate Maximum rate Mean rate Standard devi-
ex,dudmg flat regions. Regions (mm/year) (mm/year) (mm/year) ation (mm/
with slope less steep than the
slope angle threshold (the 0 Landslides ~ —0.62 2.86 0.79 0.59
first column of the table) were
excluded in the corresponding All regions -3 5 0.12 0.65
analyses
5 Landslides —-0.62 2.86 0.83 0.58
All regions -2.99 4.72 0.27 0.57
10 Landslides —0.62 2.86 0.83 0.56
All regions —2.96 4.72 0.3 0.56
16 Landslides —-0.62 2.86 0.82 0.53
All regions -2.95 4.72 0.32 0.55
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implying a fundamental control from vertical land motion. The
contributions from land uplift are a gradually cumulative effect,
and such signal could be overwhelmed and clouded by other short-
timescale factors (particularly precipitation). Long-term land uplift
creates mountains resulting in hillslope instability, and landslide is
the process to restabilize a hillslope. Hence, land uplift essentially
results in mountain landslides, though precipitation is often seen
as the “trigger” for landslide initiation and seasonal acceleration. In
addition, uneven land uplift rates may create geological structures as
faults and folds, which could also affect landslide occurrence. Rock
glaciers often contain ice cores and their current activities are poten-
tially dominated by air temperature change; however, land uplift over
a geological timescale may also have contributed to their movement,
because land uplift and stream and glacial erosions together created
steepened hillslopes where rock glaciers are more likely to move.

Hydrological impacts on landslide motion
On an annual scale, precipitation is widely recognized as the driver

for seasonal acceleration and deceleration of slow-moving land-
slides (e.g. Bennett et al. 2016b; Handwerger et al. 2019; Squarzoni

Fig.8 Comparison of landslide

et al. 2003; Xu et al. 2019; Xu et al. 2020a, b; Ye et al. 2004). How-
ever, precipitation may not be the only reason to initiate a land-
slide or keep a slow-moving landslide constantly active for hun-
dreds of years (Bonzanigo et al. 2007; Kelsey and Bockheim 1994;
Roering et al. 2015). We compared 30-year average precipitation
(1981-2010) relative to observed landslide locations (Fig. 8a) and
found that the precipitation amount at those locations is highly
variable. Overall, 75% of the identified large and slowly moving
landslides are located in the mountain ranges that receive relatively
rich rainfall (> 2000 mm). However, numerous exceptions were
found in central Washington and southwestern California, where
relatively dry lands (approximately 400-mm annual rainfall) pro-
duced about 90 landslides. Moreover, the rainfall-abundant (over
2500 mm) southern Cascade Range and northern Coastal Ranges
of Oregon only included 12 landslides, far fewer than the north-
western California where 1800 mm of annual rainfall produced
484 landslides (Fig. 8). In addition, we compared the identified
landslides with the average excess precipitation between 2016 and
2019 (Fig. 8b). Here, excess precipitation is defined as the differ-
ence between annual precipitation and the 30-year average. The

results show that numerous landslides particularly in southern

distribution and precipitation
near the US West Coast. (a)
30-year average precipitation
from 1981 to 2010 (PRISM
Climate Group, 2021).The red
polygons depict active land-
slides captured by ALOS

and ALOS-2 images, and the
magenta polygons depict
active rock glaciers captured
by ALOS imagery. (b) Excess
precipitation (average annual
precipitation subtracts the
30-year average) from 2017 to
2019.The green polygons only
depict landslides that were
active between 2017 and 2019
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Washington and southwestern Oregon were captured active dur-
ing even the historically dry years between 2016 and 2019. Conse-
quently, precipitation alone cannot well explain the spatial distri-
bution of the identified slow-moving landslides.

The precipitation distribution near the US West Coast is not
independent from land uplift. In fact, annual precipitation posi-
tively correlates with elevation (Daly et al. 2017) because the warm
air coming from the Pacific Ocean condenses to form cloud drop-
lets while climbing up the high mountains and produces precipita-
tion. As evidenced in Fig. 8, heavy precipitation dominantly falls
on the high mountains of the Coastal Ranges, Cascade Range, and
Sierra Nevada. Consequently, land uplift not only leads to landslid-
ing by creating high relief but also contributes to hillslope insta-
bility by increasing precipitation over a geological timescale. In
addition, the precipitation-elevation relationship indicates that
landslide locations’ correlation with precipitation may in part result from
the correlation with mountain topography, where relatively steep
hillslopes reside (see Fig. 2b).

Implication on landslide and geomorphic studies

Failure events initiated from slow-moving landslides have caused
considerable socioeconomic loss globally in recent decades (Froude
and Petley 2018; Intrieri et al. 2018; Kilburn and Petley 2003; Schuster
and Highland 2001; Xu et al. 2020b), and many damages (especially
casualties) could have been avoided if the precursory slow motions
were revealed prior to the catastrophes. The routinely acquired
(optimal every 6 days; ESA 2020) and globally covered satellite radar
images could prove valuable in uncovering such presently active
landslides for mitigating future hazards, especially in response to the
predicted increasingly frequent landslide activities owing to global
climate change and expanding anthropogenic activities (Froude and
Petley 2018; Gariano and Guzzetti 2016). In addition, our finding of
fundamental controls of slow-moving landslides by bedrock and
vertical land motion could offer novel insights into landslide sus-
ceptibility forecasting and landform evolution studies. Globally, the
geologically recent uplifts in the Himalayan mountains (Asia) (Ader
et al. 2012), Alps mountains (Europe) (Sternai 2019), Pacific West
Coast (North America) (Muhs et al. 1992), and Andes mountains
(South America) (Armijo et al. 2015) are expected to fuel continued
landslide hazards and intensify geomorphological change. However,
regional tectonic subsidence within these mountain ranges may con-
versely attenuate local landslide activities.

Conclusions

We discovered 617 active, large, potentially dangerous landslides
over the US West Coast states, 588 of which are missing from
existing landslide inventories that source from non-systematically
mapped and compiled geologic maps, documentation of precipita-
tion events, and citizen reports (Jones et al. 2019). We found that
the high-accuracy InSAR tool could be effective in uncovering their
locations, boundaries, and motions.

Our study also suggests that bedrock types exert fundamen-
tal control on landslide size and spatial density in general. The
relatively weak and homogenous metamorphic rocks and mélange
are more susceptible to large, slow-moving landslides than sedi-
mentary and igneous rocks. In addition, regions with rapid land
uplift over a geological scale are more likely to experience landslide

activities. Hence, vertical landslide motion rates may be an effective
indicator for forecasting landslide susceptibility around the globe.

Precipitation strongly affects the spatial distribution of land-
slides over the US West Coast. However, over a large spatial scale, a
single fixed precipitation threshold may not be applicable to vari-
able regions for forecasting landslide occurrence. Regions with less
rainfall may experience more landslide activities partly depending
on other factors such as bedrock formation, land uplift, and tec-
tonic activity.
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