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Abstract Catastrophic landslides are often preceded by slow, progressive, accelerating deformation that
differs from the persistent motion of slow-moving landslides. Here, we investigate the motion of a landslide that
damaged 12 homes in Rolling Hills Estates (RHE), Los Angeles, California on 8 July 2023, using satellite-based
synthetic aperture radar interferometry (InSAR) and pixel tracking of satellite-based optical images. To better
understand the precursory motion of the RHE landslide, we compared its behavior with local precipitation and
with several slow-moving landslides nearby. Unlike the slow-moving landslides, we found that RHE was a first-
time progressive failure that failed after one of the wettest years on record. We then applied a progressive failure
model to interpret the failure mechanisms and further predict the failure time from the pre-failure movement of
RHE. Our work highlights the importance of monitoring incipient slow motion of landslides, particularly where
no discernible historical displacement has been observed.

Plain Language Summary Landslides exhibit a wide range of behaviors around the world. Some
landslides travel slowly downslope (velocities <1 m/yr) over a period of years or even decades. In contrast,
other landslides fail catastrophically and travel downslope at high rates (>1 m/s), claiming lives and causing
major damages. In some cases, these catastrophic landslides also display a precursory period of slow movement
which presents an opportunity to detect them before they rapidly collapse. Here we investigated the movement
of the Rolling Hills Estates (RHE) landslide, Los Angeles, California, before it moved many meters and
damaged more than 12 houses on 8 July 2023. This landslide occurred after one of the wettest years on record in
California. We found that the RHE landslide started sliding in 2023 in response to relatively high precipitation
without obvious signs of movement in the three years preceding this event. This behavior differed starkly from
the persistent motion of nearby slow-moving landslides that experienced nearly identical rainfall conditions.
Our findings show that the RHE can be defined as a progressive failure and its failure time can be estimated
approximately through analyzing its movement before the occurrence of the failure.

1. Introduction

Various types of landslides occur worldwide, each characterized by distinct pre-, syn-, and post-failure behaviors
(Hungr et al., 2014). Some landslides display continuous movement at low velocities, typically less than 1 m/yr,
exhibiting modest velocity variations driven by local climate conditions (Cascini et al., 2010; Handwerger
etal., 2013; Hilley et al., 2004). On the other hand, some landslides experience rapid acceleration and catastrophic
failure, reaching velocities even higher than a few m/s (Hendron & Patton, 1985; Schuster et al., 2002; Stark
et al., 2017). It has been observed that these catastrophic landslide events are sometimes preceded by slow
creeping movements (Lacroix et al., 2023; Stark et al., 2017; Voight, 1978). Therefore, it is important to examine
which types of slope movement can develop into catastrophic failure and to further explore the associated
triggering conditions. With this motivation, we analyzed the time-dependent motion of a landslide that occurred
in Rolling Hills Estates (RHE) (KCAIl-News staff, 2023), on the Palos Verdes Peninsula, Los Angeles, California,
USA on 8 July 2023. The landslide destroyed 12 homes, valued between $1.1 and $1.4 million each. The 2023
water year, defined as the period from 1 October 2022, to 30 September 2023, was an extremely wet year that
followed two of the driest water years on record (California Department of Water Resources, 2023). This sharp
change from dry-to-wet is known as a “whiplash” and is predicted to become more common in California due to
ongoing climate change (Swain et al., 2018). The first report of damage associated with RHE landslide were from
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reports of cracks in an impacted house in April 2023 (Jacobs, 2023), indicating pre-failure creeping movement at
this site. These findings establish RHE as a promising case for investigating pre-failure landslide motion.

While the RHE landslide was a notable event, the Palos Verdes Peninsula is known for landslides. Located just
3 km away, the slow-moving Portuguese Bend landslide (PBL) has been moving for more than 60 years
(Merriam, 1960) and has been the topic of several previous investigations (e.g., Bouali et al., 2019; Calabro
et al., 2010; Kayen et al., 2002; Linden, 1989). There have been many other landslides on Palos Verdes, and on 3
October 2023, the city of Rancho Palos Verdes declared a local emergency due to the landslides (Castleman, 2023).
In addition, landslides are a major issue throughout all the California Coast Ranges (e.g., Handwerger et al., 2022).
There are hundreds to thousands of active slow-moving landslides in California that result from high seasonal
rainfall, weak rocks, and active tectonics (Keefer & Johnson, 1983; Roering et al., 2015; Scheingross et al., 2013).
Thus, California provides an ideal location to examine differences between slow- and fast-moving landslides.

To better understand slow- and fast-motion exhibited by landslides, we perform detailed investigation of six
active landslides in the Los Angeles area between 2016 and 2023. All of these landslides occur in a relatively dry
region of California (mean annual rainfall ~ 300 mm/yr) that receives seasonal rainfall, primarily between
November and April. We compare the record of landslide motion with local rainfall conditions to understand how
year-to-year changes in seasonal rainfall impact landslide behaviors. We then examine differences in behavior
between RHE and the five slow-moving landslides and test the commonly used inverse velocity method
(Fukuzono, 1985; Lacroix et al., 2023) to determine if the rapid motion RHE could have been predicted in
advance.

2. Methods
2.1. InSAR Processing

We identified and monitored landslide motion using InSAR time series between January 2016 and July 2023. We
used SAR data acquired by the C-band (5.6 m radar wavelength) Copernicus Sentinel-1 (S1) A/B satellites. The
S1 A/B constellation had a minimum repeat acquisition interval of 6 days between 2016 and 2021, when both S1
A/B were active. Note that S1B became unresponsive in late December 2021, which increased the minimum
repeat acquisition time to 12 days. We processed data on both ascending (satellites moving north looking east) and
descending (satellites moving south looking west) tracks. The data were processed using the InSAR Scientific
Computing Environment (ISCE) version 2 software package developed at Jet Propulsion Laboratory (JPL)/
Caltech (Rosen et al., 2012). We used the 30 m digital elevation model (DEM) from the Copernicus Global DEM
(https://registry.opendata.aws/copernicus-dem/) to remove topographic contributions to the phase and to geocode
the interferograms. We processed the data with two looks (~31 m pixel) in azimuth and seven looks in range
(~16 m pixel) (Figure 1). Due to its small size (discussed in Section 3), we then reprocessed data at higher spatial
resolution for RHE using one look in azimuth (~16 m pixel) and five looks in range (~12 m pixel). Finally, we
performed an InSAR time series inversion using the Miami InSAR Time-series software in Python (MintPy)
(Yunjun et al., 2019) with the small-baseline subset (SBAS) method. MintPy applies standard corrections to the
InSAR time series including troposphere correction (Doin et al., 2009; Jolivet et al., 2011, 2014) and topographic
residual correction (Fattahi & Amelung, 2013). For each landslide we selected a local stable reference point
within 500 m of the active landslide body.

2.2. Pixel Offset Tracking

We also performed pixel offset tracking time series using 3 m PlanetScope optical images for RHE for only a few
days before and after its catastrophic acceleration. The goal of this analysis was to measure the larger motions
associated with its rapid acceleration. We selected six cloud free images between July 4 and 14, 2023 to track the
pre- and post-failure motion of the landslide. PlanetScope images are orthorectified and have undergone radio-
metric, geometric, and sensor corrections (Planet Team, 2017). To measure offsets between images, we per-
formed image correlation on 15 pairs of images, with time intervals ranging from 1 to 10 days (Table S2). We
calculated pixel offsets using the Outlier-Resistant Correlator (OR-Corr) subpixel image correlation method
developed by Milliner and Donnellan (2020). We used a 33 by 33-pixel correlation window with a step size of 9
pixels, resulting in displacement maps with a resolution of 27 m per pixel. Finally, we used the MintPy time series
software to invert time-dependent motion of the landslide.
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Figure 1. Displacement map for the Los Angeles area landslides. Insets show the zoomed in displacement map of Rolling Hills Estates landslide (ascending, 2022 July to
2023 June 25). The other insets show the displacement map of Portuguese Bend landslide landslide and the four identified landslides on Santa Catalina Island (from
2016 t02023 June 25). Black dots indicate the reference point for each map. Displacement maps are draped on lidar hillshades. More information about each case is in
Table S1 in Supporting Information S1.

3. Results
3.1. Landslide Activity in the Los Angeles Region

We identified six active landslides in southern Los Angeles County between Palos Verdes Peninsula and Catalina
Island (Figure 1). The four landslides on Catalina Island have not been previously inventoried (to our best
knowledge). The westward downslope movement of PBL and the Catalina Island landslides was best imaged by
the west-looking descending satellite pass, while the eastward downslope motion of RHE before the failure
occurrence was best imaged by the east-looking ascending satellite pass. The RHE pre-failure mobilized area is
relatively small, with an area of around 1,400 m?> (average slope angle 13°), while the other five landslides are
much larger features consisting of landslide complexes with multiple active zones ranging in area from
2.4 % 10* m* to 1.4 x 10° m* (with average slope angle from 16 to 23°, Table S1 in Supporting Information S1).
Both of the landslides on Palos Verdes (RHE and PBL) occur within Miocene shales (Ehlig et al., 1992), and the
landslides on Catalina Island occur within the Franciscan Mélange (maps.conservation.co.gov/cgs), a clay-rich
complex unit known for causing slow-moving landslides (Handwerger et al., 2022; Kelsey, 1978).
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Figure 2. Displacement and precipitation time series. (a) Average LOS displacement time series for moving (black asterisk)
and stable areas (gray open circles) of Rolling Hills Estates landslide, the displacement for the six moving pixels are also
shown by light gray dots. (b) Displacement time series of Portuguese Bend landslide and the four landslides on Catalina
Island. (c) Normalized displacement (divided by each maximum) of all studied cases. (d) Cumulative rainfall of each water
year for Catalina and Palos Verdes from PRISM.

3.1.1. The Rolling Hills Estates Landslide

The InSAR times series at RHE reveals clear motion with around 0.04 m total displacement in the radar line-of-
sight (LOS) direction from February 13 to 25 June 2023 (Figure 1). The moving area detected by our InSAR
analysis is co-located with the area of cracks observed by local residents since April at 10 Peartree Lane (Ja-
cobs, 2023). We also observed more subtle motion (<2 cm) during the 2019 wet season, however there are no
reports we could find to confirm these findings. Notably, the displacement time series of RHE does exhibit some
fluctuations (magnitude <1 cm) between 2016, 2017, and 2019 (Figure 2). However, similar fluctuations are
observed when looking at the time series of a stable area nearby the landslide (Figure 2a). Thus, we attribute these
fluctuations to error in the time series likely resulting from soil moisture changes (De Zan et al., 2015).

LI ET AL.

40f9

ASUAOIT suowwo)) daAnear) ajqeaijdde ay) £q pauroaod are sajone Y osn Jo sajni 10j K1eiqi suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR}/W0d Ad[1m ATeIqrjaul[uo//:sdny) SuonIpuoy) pue sud | oy 39S [$707/60/£2] uo Areiqi aurjuQ L3[1M 297801 T1DHT0Z/6201°01/10p/wod Kapim Areiqrjaurjuo sqndnSey/:sdiy woiy papeojumod ‘€1 “¢70T ‘L0086



Y ad
AG

|
v

ADVANCING EARTH

AND SPACE SCIENCES

Geophysical Research Letters

10.1029/2024GL108267

Horizontal displacement

- 15 I landsiide boundary
=] Ve average
% 10
£
@
s}
(—g_ Sr active landslide |
5_0 "Refernce point - - Induced fissure pixels
() Qe i L !
Jul 04 Jul 06 Jul 08 Jul 10 Jul 12 Jul 14
Date 2023

Figure 3. Displacement time series of the fastest moving area obtained from pixel tracking, the inset shows the displacement
map from July 4 to 14 July 2023. The vertical dashed line corresponds to the major failure that occurred on 8 July 2023.

Comparing the displacement time series to the local precipitation from Parameter-elevation Regression on In-
dependent Slopes Model (PRISM) (Figure 2) shows RHE is hydraulically driven. The landslide first moved
slightly in the wet season of 2019 and then initiated its motion toward failure during the unusually wet season of
2023. There is a delay between the onset of precipitation and the onset of ground movement in both cases. Most
rainfall in the 2023 water year fell between December 2022 and March 2023, yet the obvious ground movement
initiated around February 2023 (~2-month lag from the rainfall start). The RHE failure also occurred on a dry
sunny day (July 8) that followed a 40-day period of no significant rainfall. A delayed response has also been
observed at many other landslides observed in California (e.g., Handwerger et al., 2013; Hilley et al., 2004;
Iverson & Major, 1987).

In addition to the InSAR analysis, we examined the displacement time series from pixel offset tracking of 3 m
PlanetScope imagery (Figure 3). The pixel tracking results reveal little to no motion between July 4 and July 7,
which is likely because any motion that occurred was less than the detectable limit of the method (1/10 pixel
size = 30 cm). This observation agrees with 4 cm LOS displacements measured by InSAR. However, the pixel
tracking data are able to capture the post-failure motion between July 7 and July 14 where up to ~12 m of
horizontal motion occurred, leading to the destruction of 12 homes.

3.1.2. Time-Dependent Motion of the Los Angeles Region Landslides

To better understand the time-dependent behavior of the RHE landslide, we compared RHE to the five nearby
slow-moving landslides. These landslides all experienced similar rainfall conditions (Figure 2d). Average annual
rainfall at these sites is around 0.3 m in the PRISM database. Each of the landslides exhibited seasonal changes in
velocity driven by changes in rainfall between 2016 and 2023. The landslides were also sensitive to year-to-year
changes in rainfall, most of them exhibit the largest displacements in the wetter years 2017, 2019, 2020, and 2023.
We also observed some differences in behavior between the five slow-moving landslides. We found the CATA1
landslide did not respond to the 2023 rainfall and that the CATA2 landslide showed more episodic motion
compared to the others with more than 90% of its total motion occurring in the four wetter years. The other four
slow-moving landslides exhibited more continuous displacement with less pronounced year-to-year changes.
Reasons that can lead to these distinct behaviors under similar precipitation conditions are analyzed in Section 5
below. While much of this was known about the PBL complex (e.g., Calabro et al., 2010; Merriam, 1960), this is
the first documentation of the active slow-moving landslide behaviors on Catalina Island.

We also explored relative differences in motion between the landslides by examining the normalized displace-
ment time series (Figure 2c). Looking at relative changes in motion, we found that only RHE experienced
considerably higher displacement (more than 60% of the total displacement in seven years) in 2023. For the other
cases, the movement during 2023 takes only around 5%-20% of each total displacement. Comparing all six
landslides shows conclusively that RHE's behavior was different in that it was characterized by a pronounced
movement in 2023 with little to no prior motion during the study period. These findings suggest that RHE can be
classified as a progressive failure.
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Figure 4. Inverse velocity analyses. (a) Rolling Hills Estates displacement time series measurement after January 2023. (b) weighted linear regression on the inverse
velocity (only display from 0 to -1 x 10*) computed from the average displacement against time. (c) weighted linear regression on the inverse velocity computed from
each of the pixels showing precursory movement.

4. Progressive Failure Investigation

Landslide forecasting, especially the temporal prediction of failure is a major challenge (Bell, 2018; Intrieri
et al., 2019). Empirical and semi-empirical methods have been used to forecast ground failure time based on its
pre-failure velocity and/or acceleration (e.g., Fukuzono, 1985; Lei et al., 2023; Saito, 1969; Voight, 1989). In
particular, the inverse velocity method has been widely applied, which shows that in certain cases the inverse
velocity decreases linearly toward zero and can be used to forecast ground failure time (Intrieri et al., 2019;
Lacroix et al., 2023). Petley et al. (2005) analyzed experiments on a clayey slope to investigate the relationship
between velocity and the growth of a landslide shear surface. The experiment revealed that the shear surface
growth initiated when the pore-water pressure exceeded a threshold and stopped growing if the pore-water
pressure dropped beneath the threshold value. Failure of the slope eventually occurred once the shear surface
was fully developed when the pore-water pressure was relatively high. Importantly, Petley et al. (2005) showed
how progressive failures develop due to stress perturbations and that the inverse velocity method can be used to
forecast this type of progressive failure.

Next, we examine the RHE landslide in the context of a progressive failure to see if failure time could have been
forecast based on only its pre-failure movement. For this analysis, we focus on the landslide motion from
February 2023 forwards, when obvious displacement started to develop. We perform this analysis using the
following steps: (a) we calculate velocity time series from the average and individual displacement of the six
pixels exhibiting obvious precursory movement (Figure 4a) using a central difference method. We chose this
method because of its accuracy and efficiency in computing derivatives. (b) As previously mentioned, the
displacement observation might be biased by soil moisture changes or other sources of noise in the data (e.g.,
Yunjun et al., 2019). Here, in order to reduce the impact of noise, we conduct weighted linear regression on the
inverse velocity against time with sample weights computed from inverse-variance (Figure 4b). (c) As Petley
et al. (2005) implemented, progressive failure time can be obtained when the linear trend of 1/v approaches zero.
In this context, such a time can be computed from the linear regression coefficients in step 2 by dividing the
absolute value of the intercept by the gradient. The predicted failure time using the average displacement is July
11, 3 days later than the actual failure time (Figure 4b). However, due to the data noise and low number of
samples, adding or subtracting one standard deviation on the average displacement will lead to two greatly
different failure times, June 14 and November 28, respectively. In this context, to better analyze the precursory
movement, the failure time from each pixel is also computed. As illustrated in Figure 4c, the computed failure
times are June 7, July 4, July 4, July 25, July 25, and January 8 (2025), with a median failure time on July 14,
6 days after the actual failure. Our analysis indicates that the approximate failure time of RHE can be back
computed based on its pre-failure movement. However, there is significant uncertainty in this prediction due to a
low signal-to-noise ratio in the InSAR data and limited number of pixels available for analysis. While our results
are encouraging, predicting the failure time from satellite remote sensing data needs more validation worldwide
(e.g., Intrieri et al., 2019; Lacroix et al., 2023). Nonetheless, we emphasize that for ground deformation sites
where no historical movement has occurred, progressive failure is a significant concern that requires close
attention.
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5. Discussion

Satellite InSAR is an ideal tool for measuring the velocities and velocity changes of slow-moving landslides and
identifying progressive failures such as RHE. For slow-moving landslides that persist for months or longer,
satellite InSAR can be used to track their motion and better understand landslide processes in general. For
progressive failures, satellite InNSAR can be used to warn of catastrophic failure if the landslide develops over a
period of weeks to months (i.e., multiple satellite overpasses). However, not all landslides exhibit precursory
motion over this time period and would require other tools, such as ground based instruments, to detect them
before failure (Bell, 2018; Intrieri et al., 2019).

The temporal prediction of landslide failure time is both significant and challenging. RHE failed catastrophically,
while five nearby slow-moving landslides continue to slide slowly. There are several factors that can lead to the
stable creeping movement such as: dilation-induced negative pore-water pressure (Iverson, 2005; Li et al., 2023),
thermo-dynamic coupling (Veveakis et al., 2007), and rate-strengthening friction (Alonso et al., 2016; Hand-
werger et al., 2016). Whether a landslide will move slowly or fail catastrophically is not controlled by its size.
Therefore, although the pre-failure active zone of RHE is relatively small, it has no direct influence on the final
collapse. From our remote sensing data alone, we cannot determine the mechanisms that control these disparate
behaviors. Despite these limitations, it appears clear that high rainfall during the unusually wet 2023 water year
played a major factor in the RHE behavior. We also note that the RHE landslide occurred in a suburban area with
significant infrastructure that can alter natural drainage paths (Dille et al., 2022). We cannot determine if human
impact played a role in the RHE landslide from our remote sensing data set. A detailed investigation of ground-
based data is needed to make such a determination.

We identified the RHE landslide as a first-time progressively failing landslide. In agreement with the progressive
failure model put forth by Petley et al. (2005), we hypothesize that RHE exhibited a small amount of movement
when the shear surface was in development. Once the shear surface formed, the landslide transitioned to global
movement which ultimately led to the destruction of 12 homes and millions of dollars in damages. This is distinct
from the slow-moving landslides, which can move persistently even in years with less rainfall. Notably, the
movement of CATA?2 exhibited more episodic, albeit slow, motion. CATA2 moved significantly in 2019 for the
first time in our study period. This behavior may have been initially interpreted as a progressive failure if we were
monitoring the site in real time. However, analysis of the time-dependent motion shows the landslide did not
exhibit the runaway acceleration pattern typical of progressive failures.

We observed behavioral differences between the five slow-moving landslides. These slow-moving landslides
displayed variation in the timing and magnitude of motion during each rainy season even though they all occurred
under similar environmental conditions. We attribute these kinematic behaviors to different landslide properties
such as geometry (Handwerger et al., 2021), hydraulic diffusivity (Iverson & Major, 1987), and mechanical
properties such as strength and dilatancy (Iverson, 2005; Li et al., 2023). Previous work has shown that the
hydraulic permeability (directly related to hydraulic diffusivity) at the same landslide site can vary by five orders
of magnitude (Iverson & Major, 1987). It is thus not surprising that landslide materials in different sites can
possess distinct diffusivity, which can lead to various pore-water pressure trends.

Lastly, our work on the Los Angeles region landslides shows that precipitation swings have a major impact on
slow- and fast-moving landslides. Our findings also indicate that rainfall from previous seasons controls landslide
behavior (e.g., 2019-2020 water year). These findings agree with recent work on landslides in other parts of
California (e.g., Handwerger et al., 2022) and around the world (Cascini et al., 2010; Conte et al., 2017), and
further show that climate change will alter landslide occurrence and behavior. Climate change models for Cal-
ifornia predict that precipitation patterns are evolving toward periods of extreme drought and extreme rainfall
(Swain, 2021; Swain et al., 2018). The transition from dry to wet seasons can alter landslide behaviors and may
exacerbate the triggering of catastrophic landslides. The extended dry season can open cracks to make water
penetrate deeper, leading to stronger pore pressure changes in the wet season. It can also accelerate the weathering
of earthen material. In this context, using satellite imagery to obtain high resolution ground deformation mea-
surements presents abundant opportunities to explore the hydro-mechanical models governing earthen material
behaviors, thereby improving the geo-hazard early warning systems in the face of climate extremes.
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6. Conclusion

We studied six landslides in the Los Angeles Area, with a focus on the RHE landslide that destroyed 12 homes in
Rancho Palos Verdes. We examined other slow-moving landslides nearby that occur under similar environmental
conditions to better understand how slow movement can transition into catastrophic failure. Most of these slow-
moving landslides moved at a rate of a few cm/yr and exhibited larger deformation rates in wetter years.

By analyzing the movement time history of RHE, we found that RHE is a progressive failure event. We propose
that the behavior exhibited by RHE can be explained by the growth of the shear surface. We estimated the time of
failure by analyzing the observed movement. Although the reliability of using InSAR to predict failure time needs
more cases to validate worldwide, our results show that the timing of catastrophic failure of RHE could have been
estimated within a few days of actual failure. Our findings provide further evidence that satellite remote sensing
data can contribute to landslide early warning systems and can also be used to better understand the impacts of
climate change on landslide hazards.

Data Availability Statement

Sentinel-1 data are available at https://search.asf.alaska.edu/#/, the ASF data search vertex. The InSAR Scientific
Computing Environment (ISCE) software is available at https://github.com/isce-framework/isce2. The optical
images used for pixel offset tracking were downloaded from PlanetScope optical images using an Education and
Research Program license, at https://developers.planet.com/docs/data/planetscope/. The full list of interfero-
grams used to generate movement time series are shown in Table S2. The landslide inventory metrics are included
in Table S1 in Supporting Information S1. Precipitation data is provided by Parameter-elevation Regression on
Independent Slopes Model (PRISM) available at https://prism.oregonstate.edu/. The Miami INsar Time-series
software in Python (MintPy) is available at https://github.com/insarlab/MintPy. DEM shown in Figure 1 were
USGS Lidar DEM, downloaded from OpenTopography at https://portal.opentopography.org/datasets.
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Erratum

The originally published version of this article contained a typographical error. In the first sentence of the first
paragraph of Section 3.1.1, “motion with around 0.4 m” should be changed to “motion with around 0.04 m.” The
error has been corrected, and this may be considered the authoritative version of record.
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