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Slow-moving landslides exhibit persistent downslope motion with variations in velocity driven by transient
stress perturbations along the sliding surface. Here, we use satellite InSAR and high-resolution topographic
data to identify 50 slow-moving landslides in the Northern California Coast Ranges, and monitor their seasonal
kinematics over 4 years. These landslides have similarmechanical properties and are subject to the same external
forcings, which allows us to explore geometrical controls on kinematics. To overcome errors associated with
large deformation gradients we incorporate a deformationmodel in the InSAR processing that enables us to gen-
erate deformation time series. We test our novel methodology using a synthetic deformation time series,
confirming our ability to resolve seasonal velocity patterns. Time series analysis of four representative landslides
reveals that seasonal velocity changes are characterized by comparatively rapid acceleration and gradual decel-
eration. Each slide displays distinct kinematic zoneswith differentmean velocities, although velocity changes ap-
pear to occur synchronously along the landslide body over seasonal timescales. Because these deformation
patterns are sensitive to subsurface geometry, we employ a commonly used non-Newtonian viscous flow law
to infer slide thickness and find that these slides likely exhibit a highly variable thickness and an irregular (i.e.
rough and non-planar) basal sliding surface. Our results suggest that slide geometry controls long-termmotion,
but does not strongly regulate their response to seasonal stress perturbations.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Slow-moving landslides exhibit persistent downslope motion with
variations in velocity driven by transient stress perturbations (Terzaghi,
1951; Iverson, 1986; Iverson and Major, 1987; Malet et al., 2002; Schulz
et al., 2009a). These stress perturbations alter both the frictional resis-
tance and driving stress along the sliding surface, and can induce complex
time-dependent motion along the landslide body. Observations from
slow-moving landslides around the world show that differences in mo-
tion occur over daily (Van Genuchten and De Rijke, 1989; Schulz et al.,
2009a), seasonal (Kelsey, 1978; Iverson and Major, 1987; Coe et al.,
2003; Hilley et al., 2004; Calabro et al., 2010; Handwerger et al., 2013),
and multi-year timescales (Bovis and Jones, 1992; Mackey and Roering,
2011; Prokešová et al., 2014). Furthermore, the duration and magnitude
of motion can vary along the slide body (Baum et al., 1993; Malet et al.,
2002; Coe et al., 2003). These behavioral differences reflect how slow-
moving landslides respond to changes in stress over a variety of spatial
and temporal scales.

In this manuscript we focus on the kinematic evolution of slow-
moving landslides in response to seasonal variations in precipitation.
rger).
Slow-moving landslides regularly exhibit seasonal velocity patterns, yet
it remains unclear how periods of seasonal motion evolve along a land-
slide body throughout the year. For instance, in some years, periods of ac-
celeration can initiate in isolated zones and propagate along the slide
body (referred to as “unsteady, nonuniform motion”), while in other
years acceleration can occur simultaneously along the entire slide body
(referred to as “unsteady, uniform motion”) (Iverson, 1986; Coe et al.,
2003). Given observations outlining the diverse nature of slide behavior,
what is the prognosis for predicting how landslides respond to transient
changes in stress? In one case, a landslide forced by local or boundary per-
turbations like headscarp slumping, toe erosion, or local groundwater
changes may display progressive motion that travels along the landslide
body (Iverson, 1986). By contrast, spatially extensive stress perturbations
resulting from changes in the seasonal groundwater level may induce
spatially extensive velocity changes. To help differentiate these scenarios,
Iverson (1986) developed a quantitative framework to predict how both
local and spatially extensive stress perturbations are communicated along
a slow-moving landslide. According to his framework, local stress pertur-
bations induce unsteady, nonuniformmotion that spreads along the land-
slide body and spatially extensive stress changes produce unsteady,
uniformmotion. Thesemodel predictions agreewithfield-based observa-
tions made at the Aspen Grove landslide in Utah and the Slumgullion
landslide in Colorado (Baum et al., 1993; Coe et al., 2003). Baum et al.
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(1993) found that themain body of the AspenGrove landslide responded
to snowmelt weeks before the toe, and the main body continuedmoving
for amonth aftermotion in the toe had ceased. Similar observationswere
made at the Slumgullion landslide during one year; however, during
other years the landslide displayed a more synchronous response to
snowmelt. Coe et al. (2003) attributed these disparate behaviors to spatial
variations in snowmelt and groundwater levels (i.e. local stress perturba-
tions), which can fluctuate across a single landslide.

Landslide geometry also exerts significant control on landslidemotion
and dictates how stresses are communicated along the slide body
(Iverson, 1986; Baum and Fleming, 1991; Van Asch et al., 2006; Coe
et al., 2009; Guerriero et al., 2014; Prokešová et al., 2014). For instance,
slope and thickness can vary along an individual landslide such that
there is a heterogeneous distribution of shear stress along the slide base.
Along a number of landslides, surface measurements are complemented
by observations from boreholes and seismic data that map irregularities
in the basal slip surface (Mizuno, 1989; Baum and Johnson, 1993; Coe
et al., 2009; Guerriero et al., 2014; Prokešová et al., 2014). These irregular-
ities can be used to explain commonly observed surface deformation fea-
tures and potential controls on the long-term kinematics of these slope
failures (Baum and Fleming, 1991; Baum and Johnson, 1993; Coe et al.,
2009; Guerriero et al., 2014; Prokešová et al., 2014). Bymeasuring the spa-
tial kinematics of multiple slow-moving landslides subject to the same en-
vironmental and tectonic forcing, we can characterize how stresses are
communicated along landslide bodies, attempt to discriminate between
the effects of local and spatially extensive stress perturbations, and better
understand the geometrical controls on landslide motion, including spatial
variations in the measured slope and inferred thickness.

Here, we use satellite InSAR with data from the Advanced Land Ob-
serving Satellite 1 (ALOS-1) andhigh-resolution topographic data, includ-
ing airborne lidar, to identify slow-moving landslides in the Northern
California Coast Range and monitor their kinematics between February
2007 and January 2011. Because these landslides have similarmechanical
properties (i.e. lithology) and are subject to the same external forcings
(i.e. climate, incision), we are able to explore interactions between land-
slide geometry and kinematics. This builds upon the results of previous
work by Handwerger et al. (2013) in which they quantified the velocity
time series and seasonal response times (i.e. time lag between rainfall
and acceleration) for the fastest moving zones of 10 landslides (a subset
of these slides will be discussed below) in order to test predictions of a
commonly used hydrological model. In this contribution, we 1) develop
and test novel InSAR processing methods that are necessary to construct
time series inversions of these landslides, 2) perform a reconnaissance-
level survey to identify actively moving landslides across a ~14,000 km2

area, 3) examine, for thefirst time in a regionally extensive study, the spa-
tial and temporal evolution of discrete kinematic zones along landslides
that are subject to seasonal changes in effective normal stress, and
4) infer patterns of thickness changes and basal topographic variations
using a non-Newtonian viscous flow law.

2. Slow-moving landslides

Slow-moving landslides commonlyoccur in tectonically active regions
withmechanicallyweak, clay-rich soils, and highly seasonal precipitation.
In these areas, they have a profound impact on landscape evolution be-
cause they control relief, widen valley spacing, modify drainage patterns,
and set hillslope morphology (Kelsey, 1978; Booth et al., 2013b; Simoni
et al., 2013). They occur in a small fraction (b10%) of the landscape, and
contribute a large fraction (up to 50%) of the regional sediment flux
(Kelsey, 1978; Mackey and Roering, 2011; Simoni et al., 2013). These
slope failures tend to span from hilltop to channel bottom creating
kilometer-scale planar hillslopes with gentle topographic gradients
(Keefer and Johnson, 1983; Booth and Roering, 2011). All of these factors
combine to leave a distinct topographic signature on the landscape,which
can be identified through quantitative analysis of high-resolution DEMs
(Booth and Roering, 2011; Booth et al., 2013b). Additionally, slow-
moving landslides are a major natural hazard, and although they seldom
fail catastrophically, they cause significant damage to infrastructure.

Here,we focus on large (km-scale), deep-seated (N5m), slow-moving
(m yr−1) landslides often called earthflows (Keefer and Johnson, 1983;
Hungr et al., 2001;Mackey and Roering, 2011). Although these slides dis-
play a flow-like surfacemorphology, most movement occurs by frictional
sliding along discrete shear surfaces. In thismanuscript, we use the terms
landslide, slide, slow-moving landslide, and earthflow interchangeably.
Earthflows exhibit a wide range of sizes and shapes, but they are most
often identified by a hummocky surface, and hourglass planform
(Keefer and Johnson, 1983; Mackey and Roering, 2011; Simoni et al.,
2013). Their spatial dimensions can range over two-to-three orders of
magnitude, with the largest slides reaching up to several kilometers in
length, hundreds of meters in width, and tens of meters in thickness. Al-
though their planform areas are relatively easy to delineatewith field-ob-
servations and high-resolution DEMs, their thicknesses are often poorly
constrained because most measurements of landslide thickness come
from individual boreholes, hillslope-channel interfaces, or gullies incised
through the landslide body, which in many cases do not intersect the
basal shear zone. Recent work has been aimed at developing depth–
area scaling relationships for earthflows and has found that they tend to
be slightly deeper relative to their area when compared to other types
of landslides composed of unconsolidated materials (Larsen et al., 2010;
Handwerger et al., 2013; Simoni et al., 2013).

Other studies have usedmeasurements of surface deformation to infer
the subsurface geometry of slow-moving landslides (Baum et al., 1993;
Coe et al., 2009; Guerriero et al., 2014). Recently, Guerriero et al. (2014)
used surface deformation features (e.g., cracks, faults, titled surfaces)
and the location of spatially fixed ridges and depressions (e.g., sag
ponds, springs) on the ground-surface to infer basal topography. They
confirmed their results with numerous boreholemeasurements and seis-
mic data. Several studies have also used 2-D and 3-D mass conservation
techniques to estimate changes in landslide thickness (e.g., Bishop,
1999; Booth et al., 2013a). Each of these studies has concluded that
slow-moving landslides have an irregular (i.e. non-planar and rough)
basal-slip surface and exhibit significant changes in thickness across the
landslide body. These findings have major implications for field instru-
mentation design andmitigation strategies (Hutchinson, 1970), estimates
of landslide volume, and for the development of slope stability models,
which most often assume a smooth and listric or planar shear surface.
Furthermore, the form of this basal interface may be a primary control
on pore-water pressure-deformation feedbacks (Baum and Johnson,
1993; Van Asch et al., 2006).

Earthflows exhibit nearly plug-flow deformation by sliding along
basal and lateral shear zones, often with minimal internal deformation.
Observations from borehole inclinometers reveal that the majority of
the shear deformation is accommodated along millimeter- to meter-
scale shear zone thicknesses, while the near surface translates like a
rigid block (Swanson and Swanston, 1977; Vulliet and Hutter, 1988;
Simoni et al., 2013). This behavior can be approximated by a viscous
flow model with a non-Newtonian rheology. Using this approach, sev-
eral studies have successfully modeled earthflows over both short and
long timescales (Vulliet and Hutter, 1988; Booth et al., 2013b). Most re-
cently, Booth et al. (2013b) parameterized a viscous flow model using
borehole inclinometer data from multiple earthflows around the
world and incorporated it into a landscape evolution model that was
able to reproduce many of the key topographic features (e.g., relief, to-
pographic slope, valley spacing) of earthflow-dominated landscapes.

Earthflows are often partitioned into three main kinematic zones,
namely: the head, transport, and toe zones. Velocities tend to be highest
through the transport zone and decrease towards the head and toe
zones. The spatial locations of these kinematic zones remain fixed over
long time periods (~101–102 years), which suggests that these regions
are set by the hillslope and landslide geometry (Coe et al., 2009;
Mackey et al., 2009; Guerriero et al., 2014). Average slide velocities
range from a few decimeters to several meters per year, but can be
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variable over daily-to-decadal timescales (Iverson andMajor, 1987; Bovis
and Jones, 1992; Schulz et al., 2009a; Mackey and Roering, 2011;
Handwerger et al., 2013; Prokešová et al., 2014).

Seasonal velocity changes are driven byhydrologic forcing, like rainfall
and snowmelt, that acts to increase pore-water pressure along the shear
zone, which reduces frictional resistance and triggers acceleration
(Terzaghi, 1951; Iverson and Major, 1987; Coe et al., 2003; Handwerger
et al., 2013). Deceleration begins as pore-water pressures decline due to
drainage, precipitation decreases, and potentially as a result of other me-
chanical feedbacks like granular dilation (Iverson, 2005; Schulz et al.,
2009b) or frictional rate-strengthening (Wang et al., 2010). In contrast
to shallow landslides, which are often triggered by short periods of in-
tense precipitation, deep-seated earthflows typically require longer (i.e.
seasonal) periods of precipitation to increase pore-water pressures in
the basal shear zone to levels that trigger detectable motion (Iverson
and Major, 1987). Field-based measurements and numerical models
have shown that transient variations in pore-water pressure diffuse verti-
cally from the ground surface to the basal shear zone (Iverson andMajor,
1987; Haneberg, 1991; Reid, 1994; Baum and Reid, 1995; Berti and
Simoni, 2010; Berti and Simoni, 2012). This theoretical framework im-
plies that for landslides with similar precipitation, material properties,
and topographic slopes, the amount of time required for pore-water pres-
sure changes to occur in the basal shear zone should scale with the slide
thickness. However, Handwerger et al. (2013) found that the transport
zones for 10 slow-moving landslides (a subset of the same slides
discussed in this study) that vary by a factor of 5 in estimated thickness
respond to seasonal precipitation with a remarkably similar timing and
magnitude. This observation either contradicts the predictions of the sim-
ple 1D diffusion model or provides evidence that the effective hydraulic
parameters are outside the range of commonly assumed values for clay-
rich soils. In addition, the lateral (i.e. downslope) transmission of pore-
water pressure may be important in triggering landslide motion (Priest
et al., 2011).
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3. Study area: Northern California Coast Range

Our InSAR study covers an area of ~14,000 km2 in the Northern Cali-
fornia Coast Ranges (Fig. 1). In particular, we focus on the mainstem of
the Eel River, which is well known for its earthflow activity and has
been the focus of many landslide investigations in recent years (Roering
et al., 2015). The Northern California Coast Range is a tectonically active
mountain belt that extends northwest from the San Francisco Bay to the
Oregon border. The region has a Mediterranean climate with cool, wet
winters and hot, dry summers. Average annual rainfall is 1.4 m yr−1, fall-
ing mostly between October and April and reaching peak rates between
December and February. Vegetation is a mixture of open oak grassland
and conifer forest.

The Coast Range is composed of the Jurassic–Cretaceous Franciscan
Complex, a pervasively sheared accretionary prism that has beenuplifting
since the Miocene. The Franciscan Complex is separated into three dis-
tinct structural belts that decrease in age to theWest, named the Coastal,
Central, and Eastern belts (Jayko et al., 1989;McLaughlin et al., 2000). The
Central belt, which is particularly susceptible to earthflow-style land-
slides, is comprised of an argillaceous mélange matrix surrounding
more coherent blocks of sandstone, chert, shale, and older metamor-
phosed units (e.g., meta-basalt, blueschist) inherited from the Eastern
belt. These coherent blocks play an important role in the evolution of
this landscape because they influence the local hillslope gradient, impact
earthflowbehavior, create river knickpoints, and have the potential to fail
as large, catastrophic, river-damming landslides (Mackey et al., 2011).

Due to its high erosion rates, the Eel River catchment has been widely
studied since the late 1960s. Brown and Ritter (1971) found that the Eel
River had the highest average sediment yield per drainage area of any
non-glacial or volcanic river in the conterminous United States. Since
then, many studies have quantified erosion rates using a variety of tools,
including suspended sediment and hydrologic data (Wheatcroft and
Sommerfield, 2005) and cosmogenic radionuclides (Fuller et al., 2009;
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Balco et al., 2013; Roering et al., 2015). Each of these studies has corrobo-
rated the catchment's high erosion rates, with values from 0.3 to
1.1 mm yr−1. The majority of the total erosion can be directly attributed
to active landsliding. Kelsey (1978) and Mackey and Roering (2011)
found that active earthflows contribute up to 50% of the regional sedi-
ment flux to channels.

Although many studies have investigated erosion rates in our field
area, estimates of rock uplift are sparse and indirect (Furlong and
Govers, 1999; Lock et al., 2006). TheNorthernCalifornia Coast Range is ac-
tively uplifting due to crustal thickening and dynamic topography
resulting from the northward passage of the Mendocino Triple Junction
(MTJ). Geomorphic evidence (e.g., river capture, drainage reversal)
(Lock et al., 2006) and a geodynamic model (Furlong and Govers, 1999)
suggest that this region is experiencing a double-humped zone of rock
uplift that is riding along with the MTJ. If true, this pattern of rock uplift
may have implications for the frequency and magnitude of landslides
(Roering et al., 2015). Predicted estimates of uplift near our field area,
which is roughly 100 km E–SE of the MTJ, range from 0.5 to 1 mm yr−1

(Lock et al., 2006). Additional estimates of rock uplift from marine ter-
races in the King Range, which is much closer to the MTJ, approach
5 mm yr−1 (Merritts and Bull, 1989); however, the King Range is
regarded as a tectonically distinct region and uplift rates are known to
decay inland, coincident with a shear zone that surrounds the range
(McLaughlin et al., 2000; Lock et al., 2006).

4. Methodology

The dynamics of slow-moving landslides are governed by complex
mechanical–hydrological interactions between landslide properties
and external forcings (e.g., precipitation, incision). Unraveling these in-
teractions requires high-resolution spatial and temporal observations
from well-chosen sites that allow for some landslide properties to be
varied (e.g., geometry) while most are held constant (e.g., climate, tec-
tonics, material properties). Recent advances in remote sensing
techniques, like satellite radar interferometry (InSAR), now enable
high-resolution spatial and temporal measurements that can quantify
the kinematic history alongmultiple landslides subject to nearly identi-
cal environmental forcings. The resulting constraints can be used to
quantify how landslide geometry influences slide behavior.

In the past two decades, InSAR has become a well-established tech-
nique for monitoring landslide displacement, taking advantage of the in-
creased availability of SAR data from multiple satellites and the
development of advanced processing techniques, such as permanent
scatterers InSAR (PS-InSAR) (Ferretti et al., 2001; Colesanti and
Wasowski, 2006). There are now SAR data available from more than 10
satellites, spanning over two decades, and covering almost the entire
globe. In addition, ground-based and Uninhabited Aerial Vehicle (UAV)
radar interferometers are becoming more common, both of which allow
for highly targeted investigations (Schulz et al., 2012; Lowry et al., 2013;
Scheingross et al., 2013).

While numerous studies have used InSAR to construct regional land-
slide inventories (Zhao et al., 2012; Scheingross et al., 2013), assess po-
tential hazards (Castañeda et al., 2009), and examine the kinematics of
individual slides (Calabro et al., 2010), few have compared and
contrasted the time-dependent displacement of multiple neighboring
landslides (Hilley et al., 2004; Handwerger et al., 2013). This is likely a
result of the high quantity of interferograms required to construct
InSAR time series inversions (Schmidt and Bürgmann, 2003), which
can be difficult to attain because InSAR studies in landslide-prone
areas are often challenged by large deformation gradients, steep and
vegetated topography, the one-dimensional viewing geometry of the
satellite, and atmospheric noise from frequent precipitation (Colesanti
and Wasowski, 2006).

Here, we use conventional 2-pass InSAR to quantify the kinematics of
slow-moving earthflows in the Northern California Coast Range. Previous
studies using InSAR in this region have demonstrated the capability of
the method to identify and monitor multiple active landslides that span
an order of magnitude in size and velocity (Roering et al., 2009; Zhao
et al., 2012; Handwerger et al., 2013). The Northern California Coast
Range is an ideal location for using conventional 2-pass InSAR because
earthflow motion is fast enough to observe over a short time period and
slow enough to avoid radar decorrelation. Although these earthflows
are particularly well suited for conventional InSAR techniques, their per-
sistent downslope motion is problematic for producing long-duration in-
terferograms because conventional InSAR requires that the change in the
phase from one pixel to the next be b2π radians (b11.75 cm for ALOS-1).
Since many of the landslides in our field area are moving on the order of
m yr−1, deformation associatedwith long-duration (N46 days) interfero-
grams often exceeds this phase-change threshold and the deforming area
becomes decorrelated or contains unwrapping errors (Stimely, 2009). In
Section 4.3, we describe a scalable deformation model, which allowed
us to overcome these limitations so that we can produce deformation
time series and explore geometrical controls on landslide kinematics.
4.1. InSAR methodology

We use conventional 2-pass InSAR with data from the ALOS-1 satel-
lite to identify active earthflows between February 2007 and January
2011. SAR data were acquired with the PALSAR instrument, which
operates with an L-band antenna (23.6 cm wavelength) and a 46-day
repeat interval. This satellite has a look direction of 075° (east of
North) and incidence angle of 34.3° from vertical. Our study area is cov-
ered by overlapping satellite path 223 frame 790 (P223) and path 224
frame 790 (P224) (Fig. 1a), whose data acquisition times are offset by
a few weeks (Table S1). Due to technical issues, the ALOS-1 satellite
was decommissioned in May 2011.

We produced 81 differential interferograms using 17 scenes from
P223, and21 scenes fromP224 (Table S1). Interferogramswere processed
with theRepeatOrbit Interferometry Package (ROI PAC) developed at JPL/
Caltech (Rosen et al., 2004). We used a 1 arc-sec (30 m resolution) DEM
from the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007)
to remove topographic contributions to the phase. SAR data were proc-
essed at 4-looks in range and 20-looks in azimuth, and resampled at the
resolution of the DEM upon orthorectification (~30 m pixel). To reduce
noise, we used a power spectral filter value between 0.1 and 0.3
(Goldstein and Werner, 1998). Although other SAR satellites (e.g., ERS1/
2, ENVISAT, RADARSAT) cover a longer time period and have shorter re-
peat intervals than ALOS-1, attempts to image landslide deformation
with these C-band (5.6 cm) satellites were unsuccessful, likely because
their shorter wavelength could not sustain coherence in our vegetated
study area (Stimely, 2009).
4.2. Landslide reconnaissance using InSAR

To identify active landslides, we performed a reconnaissance-level in-
vestigation of both satellite paths by stacking interferograms (i.e. time-
averaged deformation) and using statistical analysis to discriminate de-
formation from artifacts. Stacking increases the signal-to-noise ratio and
highlights features that are persistent in time and space. We found that
patches with high line-of-sight (LOS) velocity and high standard devia-
tion of LOS velocity are effective criteria for identifying active slides. In ad-
dition,we overlaid the InSAR stacks onto a shaded reliefmap to verify that
these patches correspond to landslide topography (Fig. 1b). To directly
compare landslides to each other and to previous studies, we back-
projected LOS velocity onto the downslope direction using a vector pro-
jection (see Appendix A).Weuse both LOS velocity and downslope veloc-
ity to analyze data in the forthcoming sections. Lastly, to quantify the
spatial attributes of each slide we used high-resolution DEMs generated
from lidar (1 m pixel) and from the USGS National Elevation Dataset
(10 m pixel) (Gesch et al., 2002).
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4.3. Deformation model for processing long-duration interferograms

The persistent downslope motion of the Eel River slides is problem-
atic for producing long-duration (N46 days) interferograms. By using a
deformation model, which is subtracted from the raw interferogram,
we are able to maintain coherence and minimize unwrapping errors
for interferogram durations up to 276 days. The model is constructed
from a stack of 46-day interferograms for each individual landslide
that is scaled to the duration of the interferogram being processed. In
other words, if we are processing a 92-day interferogram, we multiply
the deformation model by a factor of 2. Thus, the model represents
the average deformation of each landslide over the specified time peri-
od. This allows us to recover deformation beyond the scaled deforma-
tion model by maintaining coherence (Bürgmann et al., 2006; Wei
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Fig. 3. Projected downslope velocity for 50 slow-moving landslides as a function of a) landslide
axis of each slide. We find no clear relation between average landslide size, average topograph
et al., 2010; Tong et al., 2013). After the interferogram is filtered and
unwrapped, the deformation model is added back into the interfero-
gram and processing proceeds. This technique works well because it
prevents the phase gradient from exceeding 2π radian (11.75 cm) per
pixel (the threshold where coherence is lost), while allowing for the re-
sidual deformation to be processed (Fig. 2). We have carefully com-
pared the unwrapped interferograms to the original unfiltered
wrapped interferograms to ensure that no artifacts are introduced by
this process (Fig. S1).

4.4. InSAR time series

InSAR is capable of resolving complex time-dependent deformation
patterns if redundant data can be used to differentiate signal from noise
(Schmidt and Bürgmann, 2003). This requires a temporally rich dataset
with multiple interferograms that overlap in time. To increase both the
temporal resolution and number of interferograms used in the inversion,
we selected four landslides that lie within the overlapping regions of sat-
ellite paths 223 and 224 (Fig. 1a). We do not compensate for the slightly
different look angle for commonpixels on overlapping paths.We forward
calculate the change in phase that results fromdifferences in the look angle
and estimate that this introduces a LOS error of b5%. Using the method of
Schmidt and Bürgmann (2003), we calculated the velocity time series for
the four landslides by performing a linear least-squares inversion of 51 in-
dependent, unwrapped interferograms (Table S2). In order tominimize to-
pographic contributions to the phase and to preserve nearly complete
spatial coverage of each landslide, we selected interferograms with short
spatial baselines (b1400 m) and minimal decorrelation. We are unable to
process interferograms during summer 2008 because of an issue with the
satellite acquisition system that produced unusually large spatial baselines
and resulted in completely decorrelated interferograms.

4.5. Synthetic deformation time series

Because we have no complementary measurements of seasonal
landslide motion to compare against our InSAR time series results, we
constructed a synthetic deformation time series to rigorously test our
time series methodology and to identify potential sampling biases. Our
synthetic time series was made using simulated SAR scenes with two
populations of pixels. One population of pixels was made using a simple
surface-displacement model to simulate general patterns of earthflow
motion over the 4-year study period. The other population of pixels
used in the simulated SAR scenes experienced no deformation and
was used as a stable reference point in the time series inversion.We de-
fine the surface displacement model using

D ¼ Vt þ A sin 2πt=λð Þ ð1Þ
b)
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whereD is the cumulative displacement,V is the average annual displace-
ment rate, t is time, A is the sinusoidal wave amplitude (i.e. magnitude of
seasonal velocity changes), and λ is the sinusoidal wavelength (i.e.
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velocities (V =0.2 to 2m yr−1), wave amplitudes (A=0.002 to 0.15m),
and wavelengths (λ = 0.1 to 4 yr). We also added correlated random
noise with a normal distribution (mean= 0m, std= 0.01m) to approx-
imate atmospheric artifacts (Lohman and Simons, 2005). The magnitude
of our synthetic error source was validated by checking the apparent de-
formation of areas known to be stable (e.g., hilltops) in our interfero-
grams. The model was sampled to match the temporal distribution of
the InSAR dataset and run through the time series inversion.

First, we tested the sensitivity of the inversion to the temporal distri-
bution of interferograms. We found that by using all of the small-
baseline interferograms from satellite paths 223 and 224 (“P223–P224
combined”) (Table S1), the inversion output contained high frequency
oscillations that were not included in the input model (Fig. S2). This in-
versionmisfit is a result of the high number of SAR scenes relative to the
number of interferograms, which can destabilize and decrease the reso-
lution of the inversion (Schmidt and Bürgmann, 2003).

To reduce the misfit error while maintaining high data redundancy,
we manually adjusted the acquisition dates of 20 SAR scenes that were
collected b20 days apart, to the midpoint date of the acquisitions
(“P223–P224 modified”) (Fig. S2; Table S3). For example, SAR scenes
with acquisition dates 20090804 and 20090821 were adjusted to
20090812. Because only minor deformation (b2 cm) occurs over the
b10 day period (i.e.midpoint of b20 days) this does not affect the season-
al landslide signal. In addition to the individual SAR scenes collectedwith-
in 20 days of each other, there are 13 interferogram pairs that have
acquisition dates b20 days apart (Table S1). For these interferograms,
we adjusted their acquisition dates and used the average of their defor-
mation signals. By making this adjustment to the scene acquisition
dates, the inversion output did not contain high frequency oscillations
and more closely matched the synthetic input signal (Fig. S2). For the re-
mainder of our analysis we use the “P223–P224modified” distribution of
interferograms.

Lastly, we used the synthetic interferograms to determine the mini-
mum detectable seasonal wavelength of our irregularly sampled InSAR
dataset. We tested synthetic models with sinusoidal wavelengths rang-
ing from 0.25 to 4 years and found that themisfit decreased nonlinearly
with increasing wavelength such that we can resolve seasonal signals
with a wavelength ≥0.5 years (Fig. S3).
4.6. Non-Newtonian viscous flow model to infer slide thickness

To explore subsurface controls on landslide motion we inferred
landslide thickness using a viscous flow model with a non-Newtonian
rheology. The viscous flowmodel provides an approximate relationship
between surface velocity, topographic slope, and earthflow thickness at
a given pixel i, such that

Vi ¼
cρgSið ÞpHpþ1

i

pþ 1
ð2Þ

where Vi is the downslope velocity, Si is the sine of the topographic
slope-angle, Hi is the earthflow thickness, c is a flow law constant, ρ is
the earthflow density, g is the gravitational acceleration, and p is the
flow-law exponent (Booth et al., 2013b). Parameter values are listed
in Table S4. We rearrange Eq. (2) to write the thickness at each pixel as

Hpþ1
i ¼ Vi pþ 1ð Þ

cρgSið Þp : ð3Þ

Given velocity values measured with InSAR and slope values measured
along the slide axis with DEMs, Eq. (3) can be used to infer continuous
profiles of slide thickness.

Before proceeding, it is worth noting that the viscous flowmodel does
not explicitly describe themechanics of frictional sliding that are believed
to be primarily responsible for the observed landslide deformation. This
recognition has led to considerable debate over whether it is appropriate
to use viscous flow models to characterize landslide (and subglacial
deforming till)motion (Hungr, 1995; Iverson, 2005; Iverson, 2010). An at-
tractive feature of the viscous flow model is the clear and simple corre-
spondence predicted between higher driving stresses and faster surface
motions. This has enabled such treatments to provide useful characteriza-
tions of landslide motion over a variety of spatial and temporal scales
(e.g., Vulliet and Hutter, 1988; Booth et al., 2013b). More elaborate fric-
tional treatments that incorporate a rate dependence through consider-
ations of dilatancy and associated pore pressure changes yield predicted
landslide behavior that is reported to strongly resemble motion resisted
by viscous deformation (Iverson, 2005). Nevertheless, it should be em-
phasized that our viscous flow model is not intended to reveal precise
soundings of flow depth, but instead only to uncover broad patterns of
variability in the basal geometry.

5. Results

5.1. Landslide inventory

We identified 50 active landslides across the ~14,000 km2 area cov-
ered by the two satellite paths (Fig. 1). The landslides have spatial di-
mensions ranging from 0.4 to 5.4 km long, 0.1 to 1.4 km wide, 0.05 to
7.8 km2 in planform area, and have average downslope velocities rang-
ing from 0.1 to 1.7 m yr−1 (Table S5). All but one of the 50 earthflows
are located within the Central and Eastern belt of the Franciscan Com-
plex (Fig. 1), which indicates a strong lithologic control on their spatial
distribution, consistent with the results of Mackey and Roering (2011),
who found that themajority of the earthflows in this region occur with-
in amechanicallyweak and argillaceous unit of the Franciscan Complex.
There is no clear relation between landslide size, average topographic
slope, and average velocity (Fig. 3). Each slide has threemain kinematic
zones which we refer to as the head, transport, and toe zones. Peak ve-
locity values occur in the transport zone and decrease towards the head
and toe zones. Fig. 4 displays annotated interferograms, highlighting
each kinematic zone, for four representative earthflows. We delineate
these zones based on surface velocities and deformational structures
identified with the DEM. We expect that these slides can be subdivided
into smaller quasi-discrete zones (e.g., Guerriero et al., 2014), but this
requires detailed field investigation or multi-temporal high-resolution
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DEMs. For the 13 slides that occurwithin the area of lidar coverage (pre-
viouslymapped byMackey and Roering, 2011),we observe a similar av-
erage annual velocity and find that the kinematic zones have remained
spatially fixed since at least 1944, suggesting that the locations of these
zones are primarily set by the landslide geometry. These earthflows also
display cross-slide variations in velocity, which confirms a flow-like (i.e.
lateral strain) component (Fig. 4).

It is important to note that InSAR is blind to deformation that oc-
curs along the satellite's flight path and any landslides with domi-
nant motion in the NW–SE direction remain undetected (see
Appendix A2). In addition, there is a bias towards larger and slower
landslides because smaller and faster slides (e.g., debris flows)
cover only a few pixels of the InSAR data and are limited by deforma-
tion thresholds. Therefore, our landslide inventory provides a mini-
mum estimate of the total number of active landslides in this
region between 2007 and 2011.

5.2. Velocity time series

We calculated the velocity time series for four representative
earthflows that lie within the overlapping regions of satellite paths
223 and 224 and have minimal decorrelation (Fig. 4). By combining
SAR data from both satellite paths we have achieved a temporal sam-
pling ranging from 29 to 193 days with a mode of 46 days (Table S2).
These earthflows range in area from 0.16 to 3.1 km2, estimated average
thickness from 15 to 40 m, and average downslope velocity from 0.3 to
1.2m yr−1. To characterize general patterns of seasonal motion,we col-
lapsed the 4-years of InSAR data from the transport zone of each slide
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into a single calendar year and plotted their velocity by day of the year
(Fig. 5). Consistent with the regional precipitation patterns, the slides
exhibit well-defined seasonal velocity changes that are characterized
by relatively short periods of acceleration lasting ~30% of the year,
followed by longer periods of deceleration lasting ~70% of the year
(Fig. S4). Each earthflow accelerates smoothly to wet-season rates,
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lagging the onset of rainfall by a maximum of 1 to 2 months
(Handwerger et al., 2013), and then decelerates smoothly to dry-
season rates. We observed no true steady-state motion over the 4-
year study.

Next, we analyzed seasonal kinematics along the longitudinal
axis of the four earthflows. To examine how the seasonal velocity
changes occur within each kinematic zone, we binned the velocity
time series data into 3-month intervals starting at the onset of sea-
sonal rainfall in October (Fig. 4; Fig. S5). All parts of the slide, to the
sub-kinematic zone scale, display seasonal velocity changes that
scale in proportion throughout the year. That is, the fastest moving
region remains as such in both wet and dry seasons. We also observe
distinct differences in seasonal sliding rate between each kinematic
zone. Transport zone rates can exceed the head and toe zone rates
by a factor of 4, while the head and toe zone rates are within a factor
of 2. Although the transport zone maintains persistent downslope
motion year round, during the dry season the head and toe zones ei-
ther come to a halt or move too slowly (bcm yr−1) for InSAR to de-
tect significant motion.

We also analyzed the timing of these seasonal velocity changes in an
attempt to differentiate between uniform and nonuniform motion. It
appears that themajority of the seasonal velocity changes occur concur-
rently along the slide body (Fig. 6; Video S1), suggesting that changes in
effective normal stress are spatially extensive over observed timescales.
Our analysis is limited by the temporal sampling of our InSAR dataset,
which is somewhat irregular (Table S2), and we are unable to detect
changes in deformation rate that occur between satellite acquisitions
(mode of 46 days). Furthermore, our analysis of the slowest moving
parts of the landslides is affected by a low signal-to-noise ratio that
may enhance errors. For example, the analysis appears to indicate a
temporal offset in motion and even slight negative velocity values (i.e.
upslope motion) along the slowest-moving parts of the toe zones for
Boulder Creek during 2007 and for Kekawaka 1 during 2007 and 2010
(Fig. 6). Given the limitations in the InSAR data, we cannot exclude
the possibility that local stress perturbations are either triggering sea-
sonalmotion that propagates along the landslide body or triggering var-
iations in motion over even shorter timescales. We calculate that if
motion is triggered by local stress perturbations, the instability must
travel along the landslide body at 102–103m day−1, which is several or-
ders of magnitude faster than the average landslide velocity.

5.3. Topographic slope, surface velocity, and inferred thickness

We did not find any clear correlation between average topographic
slope and average slide velocity for these earthflows (Fig. 3); however,
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level. Basal topography is calculated by subtracting the surface elevation profile by the inferred
play irregularities over short (102 m) and large (103 m) spatial scales. We have indicated the l
local changes in slope and thickness (i.e. driving stress) control slide ve-
locity. By comparing slope and velocity over small spatial scales along
the slide axis (30 m pixels), we find that, in some areas, changes in topo-
graphic slope are strongly correlated to changes in slide velocity, while in
other areas there is weak to no correlation (Fig. 4). Also, for a given slope
value there is a relatively wide range in velocity values (Fig. 7).

Assuming these earthflows can be approximated as viscous flows
with a non-Newtonian rheology, our observations suggest that the thick-
ness of these earthflowsmust behighly variable to explain their slope–ve-
locity relationship. Using Eq. (3), we estimated the changes in slide
thickness required to explain the slope–velocity values at the Boulder
Creek earthflow.We only present data from Boulder Creek, but this anal-
ysis can be applied to each of the slides that have an InSAR signal with a
high signal-to-noise ratio. Given the parameters listed in Table S4,
Eq. (3) predicts a highly variable thickness with values ranging from 14
to 44 m (Fig. 8). These inferred thickness values are within the range of
thickness estimates made by Mackey and Roering (2011) using lidar
and field observations. However, the magnitude of our inferred thickness
values depend strongly on the model parameters, which need to be cali-
brated to specific sets of landslides. Regardless of which flow-law param-
eters are used, the model predicts a highly irregular slide thickness.

We also estimated the basal topography by subtracting the thickness
profile from the surface elevation data, and these predictions show that
the Boulder Creek earthflow has an irregular basal-slip surface and dis-
plays variability over both short (102 m) and long (103 m) length scales
(Fig. 8). Note the basal surface closely mimics the ground-surface topog-
raphy. We do not have the required borehole measurements or seismic
data to test our model predictions, but our first-order analysis agrees
well with predictions and observations of a variable slide thickness from
other slow-moving landslides around the world (Baum et al., 1993; Coe
et al., 2009; Booth et al., 2013a; Guerriero et al., 2014; Prokešová et al.,
2014).

6. Discussion

6.1. Geometrical controls on earthflow kinematics

The Eel River earthflowsdisplay distinct kinematic zones that can vary
significantly in average velocity. By comparing the 13 slides that occur
within the lidar data to Mackey and Roering (2011) landslide inventory,
we found that the locations of these kinematic zones have remained spa-
tially fixed for almost 70 years. This strongly suggests that landslide ge-
ometry exerts a primary control on long-term landslide kinematics. Our
results agree well with other studies that have quantified the kinematic
history of slow-moving earthflows (e.g., Coe et al., 2009; Guerriero et al.,
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2014). In a recent study on theMontaguto earthflow, Italy, Guerriero et al.
(2014) concluded that the positions of the kinematic zones are set by the
geometry of the basal-sliding surface. Given our similar results, we pro-
pose that the kinematics of the Eel River earthflows is also controlled by
the geometry of the basal-sliding surface.

By modeling these earthflows with a viscous non-Newtonian rheol-
ogy, we were able to infer slide thickness and basal topography along
the axis of the Boulder Creek earthflow. Our model results suggest
slide thickness and basal topography must vary significantly in order
to explain the observed relationships between topographic slope and
velocity at the ground surface. We also observed that the inferred
basal topography closely mimics the ground surface topography along
much of the landslide.We hypothesize that these inferred variations re-
sult from structural and lithologic features along the landslide base. It is
encouraging that our results agree with studies that have used a variety
of methods to infer and measure landslide thickness (Mizuno, 1989;
Baum et al., 1993; Coe et al., 2009; Booth et al., 2013a; Guerriero et al.,
2014; Prokešová et al., 2014); however before thismethod can bewide-
ly applied it requires validation through substantial field investigation.

Given that structural and lithologic features remain spatially fixed for
long time periods, they can exert significant control on landslide motion
as the landslide material is forced to deform in order to slide over these
surfaces. These features can influence local groundwater flow and affect
pore-water pressures (Keefer and Johnson, 1983; Iverson and Major,
1987; Baum and Johnson, 1993; Van Asch et al., 2006). For instance, the
compression and extension of the landslide colluvium as it deforms over
an irregular surface can lead to increases and decreases in pore-water pres-
sures, respectively. Furthermore, these features effect the stress distribution
along the sliding surface and within the landslide body (Mizuno, 1989;
Baum and Fleming, 1991; Guerriero et al., 2014; Prokešová et al., 2014).

Many studies have examined the effects of an irregular slip surface on
controlling the motion of tectonic faults and glaciers (Weertman, 1957;
Nye, 1969; Chester and Chester, 1978–2012; Dunham et al., 2011). For
faults, sliding along an irregular slip-surface produces complex behaviors
resulting from variations in normal stress along the surface. These irregu-
larities (i.e. asperities) also increase the surface roughness of the slip sur-
face. Over time, however, the slip surface roughness decreases as
subsequent sliding events break off asperities (Sagy et al., 2007). Like
faults, a landslide's slip surface may evolve over long periods of sustained
motion. For instance, the preferential development and alignment of clay
minerals along the shear zone may act to reduce the surface roughness
and alter the mechanical properties of the slip surface (Bishop et al.,
1971; Wang et al., 2010). Yet, it appears that these slope failures are un-
able to suppress the expression of large asperities, such as those associat-
ed with resistant bedrock (Baum et al., 1993; Coe et al., 2009; Guerriero
et al., 2014). One potential example of this type of feature can be observed
at the Boulder Creek earthflow near the upper edge of the transport zone
(Fig. 4; Fig. 8). As the Boulder Creek earthflow translates over the upslope
edge of this feature, there is a decrease in topographic slope, a predicted
increase in slide thickness, and decrease in downslope velocity on the up-
slope edge; while translation over the downslope edge results in an in-
crease in topographic slope, a predicted decrease in thickness, and an
increase in velocity. Thus, this feature appears to have spatially fixed the
upslope location of the transport zone.

Although landslide geometry likely controls the long-term motion of
the Eel River earthflows, it does not appear to strongly regulate their re-
sponse to seasonal stress perturbations. Instead, the frictional properties
and pore-water pressure along the sliding surface controls themagnitude
of those rates. We found that these earthflows exhibit seasonal velocity
changes consistent with precipitation-induced changes in effective nor-
mal stress. For the four earthflows analyzed in detail, the velocity of the
transport zone relative to the toe and head zones scales in proportion
and shows no detectable phase lag through the seasonal cycle. This sug-
gests that changes in effective normal stress are communicated along
the shear zone within the timescales resolved by our InSAR dataset (i.e.
b46 days). Given that these slides are driven by precipitation-induced
changes in pore-water pressure, one explanation is that these patterns
of seasonal acceleration and deceleration are triggered by spatially exten-
sive stress perturbations resulting from seasonal changes in groundwater
level along the slide body (Iverson, 1986; Iverson and Major, 1987; Berti
and Simoni, 2012). However, it is possible that these earthflows exhibit
differences in the timing of motion along the slide body, driven by local
stress perturbations, that occur over timescales that are unresolved by
the sampling frequency of our InSAR data. Iverson (1986) concluded
that the rate at which local stress perturbations travel along the landslide
depends on thematerial properties of the landslide colluvium. If the land-
slidematerial exhibits plastic deformation, perturbations progress rapidly
and diffuse along the slide body. If the landslide material exhibits viscous
deformation, perturbations progress as a slow-moving kinematic wave
over the course of several years. The nearby Minor Creek landslide,
which likely has similar material properties to our slides, exhibits a com-
bination of plastic- and viscous-like deformation, but is able to respond
rapidly to local stress perturbations (Iverson, 1986). Therefore, in order
to identify any potential nonuniform motion requires velocity data with
a much higher temporal sampling. Future work includes plans for field
monitoring and the use of data from newer satellites that have a shorter
repeat intervals (b2 weeks).

7. Conclusion

The Eel River catchment contains many active earthflows that display
persistent long-term motion with seasonal variations in velocity. Using
satellite InSAR and high-resolution DEMs, we identify 50 active slow-
moving landslides over a ~14,000 km2 area in the Northern California
Coast Ranges. We find no clear relationship between landslide size, aver-
age slope, or average velocity. All but one of these landslides occur within
the Central and Eastern belts of the Franciscan Complex indicating a
strong lithologic control on their spatial distribution. Each slide displays
three main kinematic zones that have remained spatially fixed over sea-
sonal and decadal timescales, suggesting that kinematics are primarily
controlled by landslide geometry.Modeling earthflowmotion using a vis-
cous flow-law constrained by surface kinematics, we find that individual
slides likely display significant variations in thickness and an irregular
basal-slip surface. These potential variations in the basal-slip surface can
be used to explain surface deformation patterns.

Time series analysis of four representative earthflows revealed that
each slide, despite significant variations in geometry, exhibited seasonal
velocity changes that occur along the entire landslide body. Velocities in-
creased rapidly during the wet season and decreased gradually through-
out the dry season. Although each slide displays distinct kinematic zones
with different mean velocities, the timing of seasonal motion appears to
occur synchronously along the landslide body. This behavior can be ex-
plained by two alternate hypotheses: 1) seasonal motion is controlled
by spatially extensive changes in effective normal stress, or 2) that local
stress perturbations are communicated along the slide body over daily-
to-monthly timescales, which cannot be resolved with our InSAR data.
Our results suggest that slide geometry controls long-term motion and
sets kinematic patterns, but does not strongly regulate their response to
seasonal stress perturbations.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.geomorph.2015.06.003.
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Appendix A. Projecting LOS velocity onto the downslope sliding
direction

A.1. Methodology

To directly compare landslides to each other and to the historic land-
slide record (Mackey and Roering, 2011), we back-projected the LOS ve-
locity onto the downslope sliding direction using a straightforward vector
manipulation. First, we define the unit look vector in the direction of the
satellite LOS

l̂sat ¼ cos γð Þ sin θð Þn̂þ sin γð Þ sin θð Þêþ cos θð Þẑ ðA:1Þ

where l̂sat is the unit look vector, γ (with units of degrees) defines the ori-
entationof the look vector in the horizontal plane fromNorth, θ is the look
angle from nadir, and n̂, ê, and, correspond to the North, East, and vertical
components, respectively. These values are taken directly from the ALOS
PALSAR satellite parameter file. Next, we define the unit vector for the
downslope sliding direction for each landslide.

ĥls ¼ cos ζð Þsin 90−αð Þn̂þ sin ζð Þsin 90−αð Þêþ cos 90−αð Þẑ ðA:2Þ

where ĥls is the downslope direction unit vector, the angle ζ defines the
orientation of the downslope direction (i.e., azimuth) in the horizontal
plane from North, and the angle α is the average slope angle. To measure
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Fig. A1. Limits of the line-of-sight (LOS) viewing geometry. a) 4-year averaged interferogramdra
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slidemotionmapped using historic aerial photos (Mackey and Roering, 2011).White solid line in
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ground motion affects observed landslide displacement. Compass plot shows how changes in
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ζ andα, we use theDEMand thehorizontal orientationderived from tree-
vector motion (Mackey and Roering, 2011). We find that the downslope
sliding direction closely matches the direction of steepest descent along
the slide axis. Thenwe calculate the downslope velocity at a given pixel i.

Vi ¼ Δϕi l̂sat � ĥls
� �−1

ðA:3Þ

where Vi is the downslope velocity and Δϕi is the LOS velocity. To
avoid projection errors, we only project the LOS velocity onto the down-
slope direction in areas where we have high quality measurements to
constrain the downslope azimuth and hillslope angle.

A.2. Limits of the LOS viewing geometry

As mentioned in Section 5.1, InSAR cannot detect surface deforma-
tion that occurs along the satellite's flight path. Therefore,we are unable
to measure landslide motion along hillslopes and landslides that have a
poor viewing geometry, and along individual landslides that display
changes in downslope direction along the length of the landslide.

To show the effects of the viewing geometry on measurements of
landslide motion, we present a case study at the Kekawaka Creek 1
(Kw1) earthflow (Fig. A1). The Kw1 earthflow displays an almost 90°
change in direction transitioning from the transport to toe zone. This
change in direction results in a switch from ground motion away from
the satellite (positive range change, red color) to motion towards the
satellite (blue color), and we observe no deformation when the land-
slide motion crosses the orientation of the satellite's flight path.

We also calculated a synthetic example to further emphasize how
the direction of ground motion affects our ability to detect landslide
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displacement (Fig. A1c). Our synthetic example is constructed using an
idealized landslide that has a constant slope α and velocity V. We then
vary the landslide's direction ofmotion ζ and rearrange Eq. (A.3) to pro-
ject displacement onto the satellite's LOS.

Δϕi ζð Þ ¼ V l̂sat � hls ζð Þ
� �

ðA:4Þ

The compass plot shows how changes in hillslope aspect from 0 to
360° (where 0° is North) influence the theoretically measured LOS
velocity.
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