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Abstract

Devastating landslides can cause significant damage. In particular, typhoon-triggered landslides pose
a chain of natural hazards. However, such events are difficult to detect due to their remote locations,
leaving the physical processes poorly understood. Here we apply a novel surface-wave detector using
intermediate-period surface waves to detect and locate landslides during the transit of Typhoon Talas
2011. We identify multiple landslides triggered by Typhoon Talas, including a landslide in the Tenryu
Ward, Shizuoka, Japan, ~400 km east from the Typhoon’s track. The Tenryu landslide only displaced
a total mass of 3.1 x 10° kg, which is much smaller than typical seismically-detectable landslides, yet
generated coherent seismic signals propagating up to 3,000 km away. Our observations demonstrate that
typhoons can potentially trigger landslides that are hundreds of kilometers away from their tracks. Our
results also suggest an alerting technology to detect and locate landslides with only a sparse seismic

network.

Plain Language Summary

Landslides can reshape the Earth surface. Occasionally, landslides can be triggered by strong tropical
cyclones, including both typhoons and hurricanes. Typhoons usually cause heavy precipitations during
their transits, and the rainfall may alter the sediment material-strength and basal frictional properties.
These physical processes may collectively trigger landslides. Typhoon-triggered landslides may further
cause downstream flooding and initiate a chain of catastrophic hazards. However, the physical process of
typhoon-triggered landslides remains elusive. Some of the most basic questions are poorly understood.
For example, how often do typhoons trigger landslides or can typhoons remotely trigger landslides? Here
we use a novel seismic surface wave detector and find that Typhoon Talas triggered multiple landslides,
including a landslide in the Tenryu region that was 400 km away from the typhoon-transit track. These
landslides occurred during the typhoon passage through western Japan, September 3-4, 2011. Our
results suggest an effective monitoring approach of landslides that can robustly detect and locate remote
landslides with a sparse seismic network. Furthermore, our method can be potentially implemented in

near-real time.
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1. Introduction

Landslides can deform in a wide range of spectrum from aseismically to seismically. These slope
failure events can displace mass over a large range of volumes and last from seconds to years (Ekstrom
and Stark, 2013, Delbridge et al., 2016, Hu et al., 2020). Such mass wasting events can cause significant
hazards to mountain communities and infrastructure (e.g., Spiker and Gori, 2003). In particular, deep-
seated landslides that move rapidly with a large volume of deposits are catastrophic (Hewitt et al., 2008,
Chigira et al., 2013). Mitigations of such disastrous events rely on robust monitoring of the landslide
failure processes, yet observations of landslide dynamics remain rare. Broadband seismic observations
can help detecting and locating these events even when landslides are distant from the seismic networks
(Kanamori and Given, 1982, Kawakatsu, 1989, Ekstrom and Stark, 2013, Fan et al., 2020).

Landslides can generate broadband seismic signals. Short-periods (< 1 s) (Yamada et al., 2012, Doi
and Maeda, 2020) and intermediate- to long-periods (30 to 250 s) (Kawakatsu, 1989, Ekstrom and Stark,
2013, Allstadt, 2013) seismic signals are commonly used for detecting landslides. The short-period signals
are limited at identifying distant landslides due to attenuations. The intermediate- to long-period (35 to
150 s) seismic surface waves are the primary means to detect and locate landslides globally, as well as
other unconventional seismic sources (Ekstrom, 2006, Ekstrom and Stark, 2013). For example, Rayleigh
waves have proven effective for detecting landslides (Ekstrom, 2006, Lin et al., 2010). These landslides
can displace > 2 x 10'° kg rocks and generate surface waves with amplitudes equivalent to those from
surface-wave magnitude (Mg) > 4.6 earthquakes, which can be recorded globally (Ekstrém and Stark,
2013). However, smaller size landslides are infrequently reported, leaving their occurrence frequency
poorly understood.

Landslides triggered by tropical cyclones are major hazards in mountainous regions (Lin et al., 2008,
Saito et al., 2010, Tsou et al., 2011, Chigira et al., 2013). A strong tropical cyclone (typhoon or hurricane)
often causes flooding and the following landslides greatly intensify the overall combined hazard risks. For
example, increasing river flow due to a typhoon in combination with internal erosion of dams can lead
to failures of landslide-dammed lakes, which can cause destructive floods further downstream (Schneider
et al., 2013). Mechanically, heavy rainfalls from the tropical cyclones can facilitate gravitational stresses
to exceed the resistive strength of the material by increasing pore-pressure and reducing friction on the
failure plane (Iverson, 2000, Schulz et al., 2009). A prominent example is the 2011 Typhoon Talas, which
brought heavy precipitation exceeding 2,000 mm during its passage and caused many landslides adjacent
to the typhoon track in Nara, Wakayama and Mie prefectures in western Japan (Yamada et al., 2012,
Chigira et al., 2013). Intriguingly, there was also strong precipitation over 1,000 mm occurring in the
mountainous regions in Shizuoka prefecture, ~400 km east away from the typhoon track. However, no
landslides were detected seismically in this region by previous studies (e.g., Yamada et al., 2012).

Here we apply a surface-wave detector that is based on the AELUMA method (Automated Event
Location Using a Mesh of Arrays) (de Groot-Hedlin and Hedlin, 2015, Fan et al., 2018) to investigate
landslide activities across Japan during the transit of Typhoon Talas. Our approach has been success-
fully applied to the USArray with over 400 stations and located various unconventional seismic sources,

including glacial quakes, stormquakes and submarine landslides (Fan et al., 2018, 2019, 2020). In this
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study, we use 20 to 50 s period Rayleigh waves from ~40 stations to form 29 sparse triangular subarrays
(triads), and locate three landslides, including a landslide in Tenryu, Shizuoka prefecture, which was
over 400 km away from the track of Typhoon Talas. A field survey of the Tenryu landslide estimates a

total mass of 3.1 x 10° kg covering an area of 9.0 x 10* m?

, which is 10 times smaller than landslides
detected by global networks in previous studies. The landslide generated coherent surface wavefields that
were recorded by stations across Japan and Taiwan. The results show that our approach can effectively
identify and locate landslides, and our method shows promises in possible near-real-time applications of

monitoring triggered landslides during typhoon seasons in Japan.

2. Data and Method

We use continuous seismic data from 103 stations of the National Research Institute for Earth Science
and Disaster Resilience F-net (NIED, 2019) and the Broadband Array in Taiwan for Seismology TW
(IES, 1996) networks. We download the vertical-component long-period (1-s-sampled LHZ) records from
September 3-4, 2011, during which Typhoon Talas was transiting through Japan (Fig. 1, Yamada et al.,
2012). We then remove the instrumental response to utilize data from different instruments. The records
are bandpass filtered at 20 to 50 s with a 4th-order non-causal Butterworth filter.

Following (de Groot-Hedlin and Hedlin, 2015) and (Fan et al., 2018), we first divide the 103 stations
into non-overlapping 68 triangular subarrays (triads) via Delaunay triangulation (Fig. 1a) (Lee and
Schachter, 1980, Thompson and Shure, 2016). The triads with internal angles in the range of 30° to 120°
are used for further detection analysis. For each triad, we measure relative travel times between station
pairs to solve for a centroid arrival time and a propagation direction if the signals are coherent across
the triad (average cross-correlation coefficient > 0.5). We then invert the seismic source locations with
aggregations of propagation directions and arrival times by grid-searching for possible source locations
(Fan et al., 2018). To neutralize off-great-circle path propagation effects, we also apply empirical calibra-
tions from detections of earthquakes in the Global Centroid Moment Tensor (GCMT) project (Dziewonski
et al., 1981, Ekstrom et al., 2012) and landslides reported in a previous study (Yamada et al., 2012). After
obtaining the source locations, we perform a quality control step to discard sources detected by less than
5 triads. Each located seismic source also needs to explain the observed propagation directions within
a 20° deviation at each triad to qualify as a reliable source. These empirical parameters are different
than those applied to the USArray (e.g., Fan et al., 2018), but comparable parameters were examined in
(de Groot-Hedlin and Hedlin, 2018) and proven effective.

In total, we located 25 seismic sources from September 3 to 4, 2011. We further screened the sources
by visually inspecting the waveform records aligned with the source epicenters, and 16 candidate sources
that produced coherent wave trains were kept for further evaluations (e.g., Fig. 2a). Thirteen of the
candidate sources were regular earthquakes that were cataloged in the GCMT project, ANSS Compre-
hensive Earthquake Catalog (ComCat) or the Japan Meteorological Agency (JMA) Unified Hypocenter
Catalog, and 2 sources were the Akatani and the Ohto-Shimizu landslides identified in (Yamada et al.,

2012). We found one new unknown seismic source.
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Figure 1: Overview of the study area. (a) Map shows the available seismic stations during the study period, the track of
Typhoon Talas, and the landslide locations. Background topography/bathymetry are from the GEBCO 2019 Grid (GEBCO
Bathymetric Compilation Group 2019, 2019). (b) Background color is the total precipitation during August 30, 2011 to
September 6, 2011 observed at the Automated Meteorological Data Acquisition System (AMeDAS) stations. The blue

contour denotes every 500 mm total precipitation. The gray lines denote the administrative boundaries.
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Figure 2: Detection and location of the Tenryu landslide. (a) Self-normalized bandpass-filtered (20 to 50 s) waveforms
aligned by the epicenter of the Tenryu landslide. The yellow line shows the reference wavefront travelling at the phase
velocity of 3.11 km/s. The dashed line indicates wavetrains travelled from the Higashi-Matadani landslide. (b) The thick
and thin triangles are the triad subarrays. The arrow is the observed arrival angle. The color for each dot (centroid of
triad) represents the observed arrival time. The thin line between the epicenter and the centroid of each triad is the great

circle path. The blue ellipse denotes the estimated location uncertainty. Inset is the measurement in Taiwan for the Tenryu

landslide.
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Figure 3: Summary of the centroid single force (CSF) modelling and the digital elevation models (DEMs) of the Tenryu
landslide. (a) Distribution of the stations used for the CSF modelling. (b) The inverted three-component force-time
function. (c) Black and red lines are the observed and synthetic waveforms, which are bandpass filtered at 20 to 50 s.
Station codes and channels are listed on each column. (d) East-North and East-Vertical trajectories (displacements) of the
center of mass. Color represents the time. (e) Colored contour denotes the differentiation of DEMs before and after the
landslide. Colored line is the trajectory of the center of mass, along with the time on September 4, 2011 (UTC). The inset

is the regional map. The small rectangle is the area of Fig. 3e. The black line denotes the administrative boundary.

To understand the nature of the unidentified source, we examined near-source station records using
several different band-pass filters and found that the signals were clearly visible in a narrow intermediate
period band (20 to 50 s) and did not show clear P- and S-arrivals (Figs. S2 and S3). As we will discuss
in the later sections, the seismic source is likely a landslide, and we modeled the source as centroid-single
forces (CSF) at the up-down, north-south, and east-west directions, assuming a mass sliding downhill
due to gravity with an acceleration and deceleration stage (Kawakatsu, 1989, Tsai and Ekstrom, 2007,
Ekstrom and Stark, 2013). Here we follow a time-domain method detailed in (Fan et al., 2020) to obtain
a CSF model of the seismic source. We performed a grid-search for the force duration and the three-
component centroid force amplitudes to construct CSF models to explain the 20-to-50-s Rayleigh and
Love waves at 9 stations near the source (Fig. 3a) The inversion procedure for the CSF model is detailed

in the Supporting Information (Text S1).
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3. Results

The seismic source was located on September 4, 2011, 09:07:28 (UTC) in Tenryu Ward, Shizuoka
Prefecture, Japan (35.1992°N, 137.9479°E, Fig. 2b). The waveform record section of the event clearly
shows its coherent wavefield traveling from the epicenter up to 3,000 km with the estimated phase velocity
of 3.11 km/s (Fig. 2a). The location was solved with only 29 triads, including one in Taiwan (2,000 km
away from the epicenter). The event location can explain the measured arrival angles as well as the
centroid arrival times (Fig. 2b). The location uncertainty is ~30 km (Fig. 2b), which is about one
location searching grid spacing (~30 km) (Fan et al., 2018). We estimate the surface-wave magnitude
(Msg) of the event by measuring the amplitudes of 20 to 50 s bandpassed waveforms (IASPEI, 2013). The
estimated Mg of the event is 2.5 +0.3.

Our preferred CSF model of the Tenryu event lasts 20 s and has peak force amplitudes of 0.55 x 10'°
N, 0.055 x 10'° N, and 0.6 x 10'° N for the up-down, north-south, and east-west components, respectively
(Fig. 3b). The model has a misfit between the observed and synthetic waveforms of 0.282. The synthetic
seismograms may be less sensitive to the force duration of the boxcar function than to the force amplitudes
(Tsai and Ekstrom, 2007). However, because we model 20 to 50 s surface waves, the resolution of the
force duration is likely on the order of 10 s. The sharp increases of the misfit (Table S1) for models lasting
shorter or longer than 20 s suggests that the duration of the Tenryu event is around 20 s. The maximum
centroid force (Finax) of the model is 0.82 x 101 N. Following the empirical scaling relationship between
the maximum centroid force and the total displaced mass proposed in (Ekstrom and Stark, 2013), the
event likely displaced a total mass of 4.4 x 10° kg. We evaluated uncertainties of the CSF model by
exploring models that can produce similar misfits to the preferred solution, which are within 5% of the
minimum misfit (< 0.296) (Table S1, Fig. S11). The mean and the one standard deviation of Fy,.y for
the suite of models are 0.77 +0.06 x 10'° N. With an empirical scaling relationship (Ekstréom and Stark,
2013), the Fyay leads to a mass estimate ranging 3.8-4.5 x 10 kg. With the seismically estimated mass
and the CSF model, we can further estimate the sliding acceleration history and the failure trajectory,
which is computed by the double integration of the acceleration function (Fig. 3d). The failure trajectory
suggests that the mass slid 136 m horizontally towards the west and 125 m vertically.

There is a peculiar coherent phase ~10 min after the signals associated with the Tenryu event, which
propagates up to 1,000 km (Figs. 2a and S5a). To investigate the source that generated these phases, we
lowered the detection threshold of the quality control step by requiring only 5 triads for a final solution.
This source was located near Higashi-Matadani in Mie prefecture (34.0823°N, 136.1602°E), occurring
on 09:16:58 (UTC), September 4, 2011 (Fig. S5b) with a location uncertainty of ~30 km. This event
was adjacent to the Ohtaki landslide identified in (Yamada et al., 2012), which occurred one hour earlier
than our detection. There was a JMA magnitude (Mjya) 1.7 earthquake that occurred 30 s after the
event but was 112 km away and could not explain the observed arrival angles (Fig. S5b). The near-field
records of the short-period seismometers show the signals were well separated from those of the Mjya
1.7 earthquake (Fig. S4). Therefore, the detected event was likely to be a new seismic source that was
missed by the standard catalogs or previous studies (e.g., Yamada et al., 2012).

To investigate the failure processes for this Higashi-Matadani event, we performed a CSF modeling
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and found the event can be explained as centroid single forces (Fig. S6). The estimated duration was
24 seconds and the maximum centroid force was estimated as 0.34 x 10'° N. Following the same scaling
relationship between the maximum centroid force and the total displaced mass (Ekstrom and Stark,
2013), we estimated the mass of the Higashi-Matadani event as 1.8 x 10% kg and the volume as 7.0 x 10°
m?, assuming a density of 2.6 x 10® kg/m?3 (Yamada et al., 2013). The direction of the mass trajectory
was estimated from south-east to north-west (Fig. S9a). Furthermore, we identify another coherent phase
~3.5 min before the signals associated with the Higashi-Matadani event (Fig. Sba). The amplitude of
these signals is about 50% of those of the Higashi-Matadani event and the signal was about 30 seconds
long. Our surface wave detector can not locate the seismic source generating these signals due to the poor
signal-to-noise ratio. However, this event is likely to be close to the Higashi-Matadani event because the
near-field stations observe almost equal separation times (Figs. S2 and S4). We will discuss the source

of this signal in the next section.

4. Discussion and Conclusions

Our detected seismic sources are unlikely to be typical earthquakes. The seismic sources generated
signals that are distinctly different from those of regular earthquakes. For regular earthquakes, e.g.,
a moment magnitude (Mw) 5.1 earthquake (with the source duration ~1 s), seismic waveforms have
clear P- and S-wave arrivals, and both short-period ground motions can be easily identified up to 300
km away (Fig. S7c¢). However, the short-period ground motions of the newly identified seismic sources
attenuate significantly. Our Tenryu event has a duration of about 20 s, but the short-period signals are
hardly visible 100 km away (Fig. S7b). Strong attenuation of short-period signals without clear peaks
makes it difficult to locate the source by using conventional techniques (Figs. S4 and S7b). In contrast,
we observe clear and coherent intermediate-period (20 to 50 s) surface waves at stations up to 3,000
km away (Fig. 2a). These abnormal seismic radiations clearly differ from those of typical earthquakes.
Persistent propagation of intermediate-period (20 to 50 s) signals, which were well separated from the
microseisms (e.g., Ardhuin et al., 2015) (Fig. S3), made it possible to detect such unconventional sources
using our method.

Our detected seismic source in Tenryu Ward, Shizuoka city is likely to be a landslide identified by
the local forest office in Shizuoka prefecture, which conducted a field survey after Typhoon Talas. This
landslide was reported 3 days after the event time resolved in this study and is within 5 km of our detected
seismic source (Fig. 3e). The landslide occurrence was further confirmed by the aerial photos (Geospatial
Information Authority of Japan, 2011) and can clearly be identified by comparing optical satellite imagery

h™ provided by Maxar Technologies (Fig. S10).

acquired before and after the event using Google Eart
The field survey used a Laser Profiler to measure the topography enabling a digital elevation model
(DEM) to be constructed after the landslide. By differencing the DEMs before and after the landslide,
the clear elevation changes show that the mass slid 200-250 m along the slope from east to west with
a width range of ~300 m (Fig. 3e). The ground truth observations match well with our inverted CSF

model, which force history suggests the landslide mainly failed along a steep slope trajectory with a run-

out distance of 185 m horizontally to the west (Fig. 3e). The spatial and temporal correlations and the
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general agreement between the ground truth topography change and our resolved CSF model collectively
suggest that our detected seismic source is the landslide in the Tenryu Ward, Shizuoka city.

The volume of the Tenryu landslide can be estimated from the DEM differences, and the Tenryu
landslide displaced a total volume of 1.2-1.5 x 10° m® of material, which covered a region of ~9.0 x 10*
m? with a maximum thickness of ~50 m (Kanto Regional Forest Office Japan, 2012, Seo et al., 2012,
Yumoto and Takashima, 2013, Fig. 3e). Assuming an average sediment and rock density as 2.6 x 103
kg/m?3, the landslide displaced a total mass of 3.1-3.9 x 10° kg. Our seismically inferred mass from the
CSF models is 3.8-4.5 x 10 kg, which agrees well with the estimates based on the field survey. With
the field survey estimated total mass and the CSF model, we further investigate the failure process by
estimating the dynamic frictional coefficient p (Text S2, Brodsky et al., 2003, Yamada et al., 2013). The
resolved friction coefficient ranges from 0.23 to 0.46 (Fig. S8), which are within the range previously
reported for major landslides (0.2 < p < 0.6, e.g., Mt. St. Helens, Brodsky et al., 2003).

The geology of the Tenryu landslide site is underlain by the alternated layers of sandstone and mud-
stone, which is part of the Late Cretaceous accretionary-sedimentary rocks that develops fragile textures
involving fractures and joints (Kanto Regional Forest Office Japan, 2012). Linear depressions associated
with gravitational slope deformation, which is a geological predisposition to deep-seated landslide, were
also found in the southwest direction on the ridgeline of the landslide. Field surveys showed that the
Tenryu landslide occurred within the narrow valley and failed along a steep slope (Fig. 3e, Kanto Re-
gional Forest Office Japan, 2012, Yumoto and Takashima, 2013). This is reflected in the ratio of the
vertical mass-center displacement and runout length, which is close to 1 and is much larger than those
of landslides in other regions that are commonly dominated by horizontal movements (Fig. 4c¢). Due to
the Japan subduction zone, the dominant stress regime of the Japanese island is characterized by the
east-west oriented compressional stress (e.g., Taira, 2001). High erosion rate due to the extreme climate
and active tectonic regime may have facilitated the development of high-relief mountains and steep hills
across the Japanese island, which is a unique geomorphological feature and differs from those in other
continental regions e.g., Europe and North America (Katsube and Oguchi, 1999, Oguchi et al., 2001,
Saito et al., 2010). The failure characteristics of the Tenryu landslide likely correlate with the unique
geomorphological features in Japan, which have short durations and large vertical displacements. Similar
failure processes have also been reported in other regions of Japan (Yamada et al., 2018). In addition,
ubiquitous short runout length has been reported for landslides in the region, which is likely associated
with regional steep slopes and narrow valleys (Oguchi et al., 2001).

We also found two events near Higashi-Matadani in Mie prefecture, where many deep-seated landslides
occurred when the typhoon passed by. As shown in Fig. S4, the signals from those events are clearly
separated from the local My 1.7 earthquake. The associated signals do not have strong peaks or clear
arrivals of P- and S-waves in the short-period waveforms, which differentiates the signals from those of
the regular earthquake. The strong signals are possibly associated with the Higashi-Matadani landslide,
which is the largest landslide close to the estimated location (Sakai, 2011, Numamoto et al., 2012). The
differential DEMs before and after the Higashi-Matadani landslide show that the mass moved from south-

east to north-west, which is in agreement with the mass trajectory estimated from the CSF model (Fig.
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Figure 4: Comparison of landslide parameters. (a) Maximum centroid force (Fmax) versus landslide mass. The Tenryu
landslide mass in this study is from field observations. (b) Potential energy loss versus runout duration. (c) Potential energy
loss versus the ratio of the vertical mass-center displacement (Dz) and runout length. The runout length corresponds to
the summation of the East-West, North-South, Up-Down displacement vectors from the CSF modelling. (d) Fmax versus
surface wave magnitude. The pink dot is the Mg 3.45 submarine landslide occurred on September 22, 2013 in the northern

Gulf of Mexico offshore Texas (Fan et al., 2020).
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S9). The source originating the weak signals, which was ~3.5 min before the Higashi-Matadani event,
is difficult to identify. Since the waveform alignment of this event was similar to that of the Higashi-
Matadani event, we assume the location is close to the Higashi-Matadani event. This event is likely the
Mochiyama-Tanigawa landslide, which is located about 1 km north-west of Higashi-Matadani landslide
(Sakai, 2011, Numamoto et al., 2012). The surface area of this landslide is about 30% of the Higashi-
Matadani landslide. However, the occurrence time reported by the local residents was 8:35 UTC, which
was 40 mins before our detection time (Numamoto et al., 2012). The inconsistency of the time undermines
the landslide hypothesis of the seismic source. However, no coherent seismic phases were recorded 40
mins before the Higashi-Matadani landslide time across the investigated seismic stations. Alternatively,
the smaller signal may be associated with a precursory event of the Higashi-Matadani landslide. The
short-period signals of this event last about 30 s long but have weaker amplitudes compared to those
of the Higashi-Matadani landslide (Fig. S4). Due to the poor signal-to-noise ratio, we are unable to
evaluate the source of this landslide signal.

The Tenryu landslide is one order of magnitude smaller in both the maximum centroid force and
the deposit volume than the previous seismically-identified landslides by the global networks (Ekstrom
and Stark, 2013). For example, the Siachen landslides in the high mountains of Pakistani Kashmir
deposited mass complexes on the order of 10! kg and generated centroid forces on the order of 10'' N.
The dynamic properties of these landslides and other catastrophic mass wasting events empirically scale
with the seismically determined landslide force histories, which are consistent with a simple acceleration
model (Ekstrom and Stark, 2013). For instance, estimates of the landslide mass, duration, momenta,
and energy loss can be obtained from scaling relationships with the seismically inverted CSF model. We
compare the Tenryu landslide with the empirical relationship in (Ekstrém and Stark, 2013) and find that
the total mass and the maximum momentum scale with the CSF inverted maximum force (Fig. 4a).
The agreement suggests that the scaling relationship between the mass and force is valid over a large
range of force amplitudes and landslide sizes. The agreement also indicates that the slope failure physical
processes might be invariant despite the size of the landslides.

Following the empirical relationship between the force and Mg in (Ekstrom and Stark, 2013), the
expected Mg of the Tenryu landslide is 4.45. However, we estimated a Mg as 2.5 & 0.3, which is lower
than the expected magnitude by 2.0. Similarly, a submarine landslide observed in the Gulf of Mexico
shows a Mg deviation of 1.5 (Fig. 4d, Fan et al., 2020). The overestimation of Mg based on the maximum
force might be due to the slow rupture speed analogous to tsunami earthquakes, which may have generated
different seismic radiations than regular earthquakes (Kanamori, 1972, Fukao, 1979). (Ekstrém and Stark,
2013) used the data at larger distances than our study, which may also be responsible for the discrepancy
of Mg due to the attenuation of signal. Our observation suggests that Mg is inadequate to characterize
small-size landslides accurately. Furthermore, the runout duration and the potential energy loss of the
Tenryu landslide also do not scale as other catastrophic landslides (Fig. 4b). For example, our obtained
runout duration is 35 s shorter than the expected value, possibly due to the landslide being confined
within a narrow valley. Our observations show that waveform modeling methods, e.g., the CSF inversion,

can offer more precise estimations of landslide sizes and insight of dynamic processes, while the standard
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surface wave magnitude method may underestimate the possible landslide hazards.

The Tenryu landslide was ~400 km east from the track of Typhoon Talas, suggesting that typhoons
may potentially trigger distant landslides. Investigating such less obviously correlated hazards requires a
robust detection method that can effectively monitor a large region. Our results suggest a useful detection
algorithm that can identify small (~100 m scale) landslides triggered by distant typhoons with just a few
triads. In this study, we detect and locate the Tenryu landslide within 5 km accuracy with only 29 triads.
The results show that our method can be successfully applied to sparse networks in addition to the dense
continental scale arrays, e.g., USArray (Fan et al., 2020). Our approach is effective because it requires no
phase-picking, prior knowledge of source type or location, or an accurate velocity model to calculate travel
times. In addition, the surface-wave detector was able to identify the previously reported Ohto-Shimizu
and Akatani landslides as well (Yamada et al., 2012). The Iya and Kuridaira landslides occurred during
September 3—4 (Yamada et al., 2012), however, were missed by our algorithm because of inferencerences
from waveforms of a Mw 7.0 Vanuatu earthquake on 2011-09-03 or low signal-to-noise ratios, which
limited the completeness of our detections. Although ground, aerial, and satellite methods can be used
to map landslides with high spatial resolution, it is worth mentioning that it took 3 days for the local
agencies to identify and survey the Tenryu landslide (Yumoto and Takashima, 2013). These methods
are often hampered by poor weather, restricting access and satellite visibility (e.g., Razak et al., 2013).
Our seismic method can resolve landslide locations and times in near-real time due to the simplicity and
generality of the approach. Our results indicate that seismological near-real time monitoring of landslides

may be helpful for future risk management and for rapidly identifying post-event survey sites.
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