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S U M M A R Y
We detected 12 landquakes in Taiwan with collapse areas between 0.27 and 2.48 km2 associated
with rock collapse, rockslide and debris and/or rock avalanche during the passage of Typhoon
Morakot in 2009. These events were recorded by seismic stations of the Broadband Array
in Taiwan for Seismology. Their locations were determined by a cross-correlation technique
that maximizes the coherency of horizontal envelope function among seismic stations with a
mean location error of 1.92 km. We applied time-frequency analysis to estimate the bandwidth
of seismic energy generated by the landquakes. The predominant frequency ranges from 0.5
to 5.0 Hz, with higher-frequency signals likely caused by block impact. We extracted signal
duration (SD), peak ground velocity, rise time (TR), area of velocity envelope function (AE)
from the closest station and estimated the collapse area (AC) and run-out distance (DR) by
mapping satellite images. Based on aforementioned seismic and geometrical parameters, we
defined the potential of initial impact (PI), the frequency of rock impact signal (fI) and the
mean quasi-front velocity (Vf) as indicators of landquake types, especially for events with
dam formation (dam-formation-type events). We also derived an empirical linear relationship
between the envelope area (AE) and collapse area (AC) with a high correlation coefficient of
0.83. Our automatic approach is very effective for rapid determination of landquake centroid
location and collapse area, and for identifying dam-formation event using records from existing
real-time broad-band seismic networks, thus providing an important alternative for landquake
hazard mitigation.

Key words: Time-series analysis; Interferometry; Geomorphology; Asia.

1 I N T RO D U C T I O N

Landslides are large rapid mass movement of the Earth surface un-
der gravitational force, which are responsible for more than 340
fatalities each month worldwide (Petley et al. 2009). Thus, land-
slide risks have become an important issue in global natural haz-
ard mitigation effort. Conventional seismic data analysis offers a
unique approach to studying landslides that is independent of and
complementary to other types of data. There are two distinct advan-
tages provided by seismic monitoring: the abilities to detect remote
events and to determine the occurrence times. Precision in occur-
rence time determination is helpful to analysing the temporal char-
acteristics of landslides (e.g. rainfall-induced landslides). Landslide
source mechanisms have been studied in detail for decades using
long-period seismic signals (Kanamori & Given 1982; Eissler &

Kanamori 1987; Dahlen 1993; Brodsky et al. 2003). They con-
cluded that the source mechanism of landslides can be represented
by a nearly horizontal single forces or shallow horizontal thrust
faults. They also demonstrated that landslides can generate long-
period seismic signals propagating over long distances. Recently,
Favreau et al. (2010) and Moretti et al. (2012) conducted numer-
ical modelling of landslide dynamics and seismic wave genera-
tion with realistic topography to discriminate different flow sce-
narios and estimate the rheological parameters. They showed that
the low-frequency source function (the spatio-temporal variation
of the basal stress field) of a landslide is a force with horizontal
and vertical components. Lin et al. (2010) analysed long-period
(20–50 s) regional seismic records and located the landslides and
submarine slumps during the Typhoon Morakot which hit Taiwan in
2009 August. Long-period signals may not be suitable for real-time
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Seismic parameters
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a. Scaling between envelope area and collapse
b. Limitation of detection
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Identification of landquake type

Potential of initial impact (PI, %) = (1-TR/SD) x 100 %
Frequency of rock impact signal (FI, Hz) = PGV / AE

DFTEs (Dam-formation-type events)
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Dynamic processes of the landquakes from long- and 
short-period seismic signal analysis

Chao et al. (2014, in preparation)
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Motivations

In a past decade, seismology has provided a way to infer the dynamics 
of large mass movements from long-period (10-150 sec) seismic singals.

(e.g., Brodsky et al., 2003; Lin et al., 2010; Yamada et al., 2013; Ektröm & Stark, 2013; Hibert et al., 2014)
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Simple Scaling of Catastrophic
Landslide Dynamics
Göran Ekström* and Colin P. Stark

Catastrophic landslides involve the acceleration and deceleration of millions of tons of rock and
debris in response to the forces of gravity and dissipation. Their unpredictability and frequent location
in remote areas have made observations of their dynamics rare. Through real-time detection and
inverse modeling of teleseismic data, we show that landslide dynamics are primarily determined by
the length scale of the source mass. When combined with geometric constraints from satellite imagery,
the seismically determined landslide force histories yield estimates of landslide duration, momenta,
potential energy loss, mass, and runout trajectory. Measurements of these dynamical properties for
29 teleseismogenic landslides are consistent with a simple acceleration model in which height drop and
rupture depth scale with the length of the failing slope.

Seismic radiation from landslides is broad-
band and complex (1). Short-period waves
result from the myriad momentum exchanges

taking place within the granular mass and along
its sliding boundary. They are distributed in time
and low in amplitude compared with the impul-
sive radiation associated with the sudden stress
drop in tectonic earthquakes. Long-period waves
radiated by landslides are simpler: They are gen-
erated by the broad cycle of unloading and re-
loading of the solid Earth (2–4) induced by the
bulk acceleration and deceleration of the landslide
mass. The corresponding momentum exchange is
complicated by entrainment and deposition (5–7)
during motion and by topographic undulations
along the slide path (8). Characteristic unloading-
reloading times in large landslides are several tens
of seconds, making them efficient sources of seis-
mic waves at periods of that order (9).

Traditional earthquake monitoring conducted
by national and international agencies is designed
for detection of impulsive short-period seismic
waves and for location of associated tectonic
earthquakes and explosions. Landslide detections
are rare. A complementary method based on near-
real-time data from the Global Seismographic
Network (GSN) allows for the detection of seis-

mic events through continuous back-projection of
the long-period wavefield (10–12). This event-
detection algorithm detects >90% of magnitude
M ≥ 5.0 shallow earthquakes reported by other
agencies and identifies about 10 events eachmonth
that are not in other seismicity catalogs. Some of
these unassociated events have been correlatedwith
large-scale glacier calving (13, 14) and volcanic
unrest (15). Here, we identify and investigate an-
other subset of these events associated with cata-
strophic (large and fast) landslides.

The event-detection algorithm locates events
with an initial accuracy of 20 to 100 km (10). A
terrestrial landslide source is established by com-
bining this geographic location with satellite imag-
ery, field photographs, news reports, local seismic
recordings, and other sources. A comprehensive
investigation of 195 unassociated detections for
2010 led to the identification of 11 major land-
slides (table S1, events 16 to 26). All of the seis-
mically detected landslides generated long-period
surface waves (SW) roughly equivalent to a mag-
nitudeMSW ∼ 5 tectonic earthquake, and all were
recorded at multiple seismographic stations. Tec-
tonically generated surface-wave signals of this
magnitude are routinely used to determine earth-
quake fault geometries and seismic moments
(16), suggesting that similar methods could also
be used to provide a quantitative characterization
of the detected landslides. For example, Kanamori
and co-workers (17, 18) measured a subhorizon-

tal force of ∼150 s duration and maximum am-
plitude∼1013N associatedwith themassive debris
avalanche after the 1980 eruption of Mount St.
Helens volcano (table S1). Seismological analyses
of long-period data have usually focused on single
landslide events and typically have been limited
to estimation of the average slide direction (often
only in the horizontal), peak force, and duration
of sliding (19–22). Field observations, by contrast,
frequently suggest complex three-dimensional (3D)
landslide trajectories, and numerical modeling has
highlighted the effects of such complexity on the
radiated seismic waves (7, 8).

We developed an inverse method (12) to in-
fer the 3D force sequence generated by bulk
landslide motion (23)—from which we can de-
duce the trajectory of slip and dynamic proper-
ties. The new algorithm builds on and extends
established methods used in earthquake analysis
(12, 16). When applied to one of the largest land-
slides of 2010, this approach results in a first-
order characterization of the event (Fig. 1). On
4 January of that year, our algorithm (10, 11) auto-
matically detected a seismic event of long-period
magnitudeMSW ≈ 5.3 at 08:36 GMTand roughly
located the source in northern Pakistan (table S1).
None of the international earthquake-monitoring
agencies ISC, IDC, or NEIC reported this event.
After anecdotal reports that a major landslide had
struck the village of Attabad that morning—block-
ing the Karakoram Highway, damming the Hunza
River, and causing several fatalities (24)—we in-
spected long-period waveform data recorded on
proximal stations and established that the seis-
mic signal was likely caused by the Attabad slope
failure. This association was confirmed by our
inverse model, which provided a more accurate
source location within 15 km of Attabad and
which pointed to a direction of motion down to
the south-southwest, consistent with local reports.
These reports also indicated a time of failure
consistent with the seismic detection.

The estimated time sequence of forces in-
duced by acceleration of the Hunza-Attabad land-
slide indicates a roughly sinusoidal sequence
lasting ∆t ∼ 60 s (Fig. 1A). The 3D force vector
components vary in a synchronous fashion, which
suggests a consistent azimuth of acceleration and

Lamont-Doherty Earth Observatory of Columbia University,
Palisades, NY 10964, USA.
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Fig. 1. Landslide force history and
trajectory for the Hunza-Attabad land-
slide. (A) Inversion of the landslide
force history F(t) (LFH) of this event,
pinning the time of main failure at
08:37 UT (table S1). (B) The planform
trajectory of landslide motion deduced
by doubly integrating the LFH and
scaling by the runout distance mapped
in (C). (C) Satellite-image mapping of
the landslide scar and runout. The es-
timated centers of the source (“src”)
and deposits (“dpo”) are indicated;
their spatial separation was used to
estimate Dh, determine the effective
mass, and scale the displacement trajectory D(t).
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Abstract

We carry out a combined analysis of the short- and long-period seismic signals gen-
erated by the devastating Oso-Steelhead landslide that occurred on 22 March 2014.
The seismic records show that the Oso-Steelhead landslide was not a single slope
failure, but a succession of multiple failures distinguished by two major collapses that5

occurred approximately three minutes apart. The first generated long-period surface
waves that were recorded at several proximal stations. We invert these long-period sig-
nals for the forces acting at the source, and obtain estimates of the first failure runout
and kinematics, as well as its mass after calibration against the mass-center displace-
ment estimated from remote-sensing imagery. Short-period analysis of both events10

suggests that the source dynamics of the second are more complex than the first. No
distinct long-period surface waves were recorded for the second failure, which prevents
inversion for its source parameters. However, by comparing the seismic energy of the
short-period waves generated by both events we are able to estimate the volume of the
second. Our analysis suggests that the volume of the second failure is about 15–30 %15

of the total landslide volume, which is in agreement with ground observations.

1 Introduction

On 22 March 2014, a catastrophic landslide occurred 6.4 km east of Oso (Washington,
USA), destroying the neighborhood known as “Steelhead Haven” and causing 43 fatal-
ities. The failure occurred on a slope which had already been a◆ected by at least six20

episodes of collapse since 1955. It was preceded by several days of heavy rainfall.
The landslide traveled approximately 1.1 km and separated into two segments. The

majority of the mobilized material accumulated in the western segment. Deposits of
the landslide formed a dam on the north fork of the Stillaguamish river. Ground obser-
vations suggest a total volume of the deposits of approximately 7.6⇥106 m3 (Keaton25

et al., 2014).
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Figure 4. (a) Observed (black) and synthetic (red) long-period seismograms for the first Oso-
Steelhead landslide. The station name, component and distance to the landslide are given to
the right of each trace. (b) Landslide force histories inverted for the the first Oso-Steelhead
landslide. (c) Temporal evolution of the acceleration and the velocity of the center of mass
inferred from the integration of the inverted forces.
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Figure 5. (a) Short-period seismogram at station JCW filtered between 3 and 7 Hz together with
the modulus of the inverted forces (black curve), the scalar product of the opposing force F and
the normalized moment p̂ (red curve), the modulus of the inverted moment (blue curve) and
the smoothed envelope. Time t0 indicates the origin start time of the LFH, before shifting it by
the travel-time of the seismic waves. (b) Inferred center-of-mass trajectory for the first landslide.
Colored dots indicates the time at which the center of mass occupied the corresponding position
along the inferred trajectory. The yellow and orange dashed contours labeled A and B indicate
the extent of the first and second landslides deposits respectively, identified by Keaton et al.
(2014). The red lines labeled 1 and 2 indicate two possible locations for the departure zone of
the second landslide.
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Catastrophic landslides involve the acceleration and deceleration of millions of tons of rock and
debris in response to the forces of gravity and dissipation. Their unpredictability and frequent location
in remote areas have made observations of their dynamics rare. Through real-time detection and
inverse modeling of teleseismic data, we show that landslide dynamics are primarily determined by
the length scale of the source mass. When combined with geometric constraints from satellite imagery,
the seismically determined landslide force histories yield estimates of landslide duration, momenta,
potential energy loss, mass, and runout trajectory. Measurements of these dynamical properties for
29 teleseismogenic landslides are consistent with a simple acceleration model in which height drop and
rupture depth scale with the length of the failing slope.

Seismic radiation from landslides is broad-
band and complex (1). Short-period waves
result from the myriad momentum exchanges

taking place within the granular mass and along
its sliding boundary. They are distributed in time
and low in amplitude compared with the impul-
sive radiation associated with the sudden stress
drop in tectonic earthquakes. Long-period waves
radiated by landslides are simpler: They are gen-
erated by the broad cycle of unloading and re-
loading of the solid Earth (2–4) induced by the
bulk acceleration and deceleration of the landslide
mass. The corresponding momentum exchange is
complicated by entrainment and deposition (5–7)
during motion and by topographic undulations
along the slide path (8). Characteristic unloading-
reloading times in large landslides are several tens
of seconds, making them efficient sources of seis-
mic waves at periods of that order (9).

Traditional earthquake monitoring conducted
by national and international agencies is designed
for detection of impulsive short-period seismic
waves and for location of associated tectonic
earthquakes and explosions. Landslide detections
are rare. A complementary method based on near-
real-time data from the Global Seismographic
Network (GSN) allows for the detection of seis-

mic events through continuous back-projection of
the long-period wavefield (10–12). This event-
detection algorithm detects >90% of magnitude
M ≥ 5.0 shallow earthquakes reported by other
agencies and identifies about 10 events eachmonth
that are not in other seismicity catalogs. Some of
these unassociated events have been correlatedwith
large-scale glacier calving (13, 14) and volcanic
unrest (15). Here, we identify and investigate an-
other subset of these events associated with cata-
strophic (large and fast) landslides.

The event-detection algorithm locates events
with an initial accuracy of 20 to 100 km (10). A
terrestrial landslide source is established by com-
bining this geographic location with satellite imag-
ery, field photographs, news reports, local seismic
recordings, and other sources. A comprehensive
investigation of 195 unassociated detections for
2010 led to the identification of 11 major land-
slides (table S1, events 16 to 26). All of the seis-
mically detected landslides generated long-period
surface waves (SW) roughly equivalent to a mag-
nitudeMSW ∼ 5 tectonic earthquake, and all were
recorded at multiple seismographic stations. Tec-
tonically generated surface-wave signals of this
magnitude are routinely used to determine earth-
quake fault geometries and seismic moments
(16), suggesting that similar methods could also
be used to provide a quantitative characterization
of the detected landslides. For example, Kanamori
and co-workers (17, 18) measured a subhorizon-

tal force of ∼150 s duration and maximum am-
plitude∼1013N associatedwith themassive debris
avalanche after the 1980 eruption of Mount St.
Helens volcano (table S1). Seismological analyses
of long-period data have usually focused on single
landslide events and typically have been limited
to estimation of the average slide direction (often
only in the horizontal), peak force, and duration
of sliding (19–22). Field observations, by contrast,
frequently suggest complex three-dimensional (3D)
landslide trajectories, and numerical modeling has
highlighted the effects of such complexity on the
radiated seismic waves (7, 8).

We developed an inverse method (12) to in-
fer the 3D force sequence generated by bulk
landslide motion (23)—from which we can de-
duce the trajectory of slip and dynamic proper-
ties. The new algorithm builds on and extends
established methods used in earthquake analysis
(12, 16). When applied to one of the largest land-
slides of 2010, this approach results in a first-
order characterization of the event (Fig. 1). On
4 January of that year, our algorithm (10, 11) auto-
matically detected a seismic event of long-period
magnitudeMSW ≈ 5.3 at 08:36 GMTand roughly
located the source in northern Pakistan (table S1).
None of the international earthquake-monitoring
agencies ISC, IDC, or NEIC reported this event.
After anecdotal reports that a major landslide had
struck the village of Attabad that morning—block-
ing the Karakoram Highway, damming the Hunza
River, and causing several fatalities (24)—we in-
spected long-period waveform data recorded on
proximal stations and established that the seis-
mic signal was likely caused by the Attabad slope
failure. This association was confirmed by our
inverse model, which provided a more accurate
source location within 15 km of Attabad and
which pointed to a direction of motion down to
the south-southwest, consistent with local reports.
These reports also indicated a time of failure
consistent with the seismic detection.

The estimated time sequence of forces in-
duced by acceleration of the Hunza-Attabad land-
slide indicates a roughly sinusoidal sequence
lasting ∆t ∼ 60 s (Fig. 1A). The 3D force vector
components vary in a synchronous fashion, which
suggests a consistent azimuth of acceleration and

Lamont-Doherty Earth Observatory of Columbia University,
Palisades, NY 10964, USA.
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Fig. 1. Landslide force history and
trajectory for the Hunza-Attabad land-
slide. (A) Inversion of the landslide
force history F(t) (LFH) of this event,
pinning the time of main failure at
08:37 UT (table S1). (B) The planform
trajectory of landslide motion deduced
by doubly integrating the LFH and
scaling by the runout distance mapped
in (C). (C) Satellite-image mapping of
the landslide scar and runout. The es-
timated centers of the source (“src”)
and deposits (“dpo”) are indicated;
their spatial separation was used to
estimate Dh, determine the effective
mass, and scale the displacement trajectory D(t).
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Figure 4. (a) Observed (black) and synthetic (red) long-period seismograms for the first Oso-
Steelhead landslide. The station name, component and distance to the landslide are given to
the right of each trace. (b) Landslide force histories inverted for the the first Oso-Steelhead
landslide. (c) Temporal evolution of the acceleration and the velocity of the center of mass
inferred from the integration of the inverted forces.
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Figure 5. (a) Short-period seismogram at station JCW filtered between 3 and 7 Hz together with
the modulus of the inverted forces (black curve), the scalar product of the opposing force F and
the normalized moment p̂ (red curve), the modulus of the inverted moment (blue curve) and
the smoothed envelope. Time t0 indicates the origin start time of the LFH, before shifting it by
the travel-time of the seismic waves. (b) Inferred center-of-mass trajectory for the first landslide.
Colored dots indicates the time at which the center of mass occupied the corresponding position
along the inferred trajectory. The yellow and orange dashed contours labeled A and B indicate
the extent of the first and second landslides deposits respectively, identified by Keaton et al.
(2014). The red lines labeled 1 and 2 indicate two possible locations for the departure zone of
the second landslide.
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Source mechanisms of landquake & earthquake 
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friction force 
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The acceleration and deceleration of the bulk mass during the 
landquake cause a loading and unloading of the slope that generated 
long-period seismic waves.

Ma
-Ma

Acceleration stage Deceleration stage

Ma

-Ma

14年12月26⽇日星期五



General source inversion (ASCII) algorithm
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(Kikuchi & Kanamori, 1991)
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Synthetic seismograms
The Green’s Functions (G) are calculated using a numerical 
implementation of the propagator-matrix approach (e.g. 
fk3.0 software package; Zhu and Rivera, 2002). 

gn (t, x) =Mij ⋅Gni, j (t,
x)
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Synthetic seismogram

Uz (x, t) = amgm
z (x, t)

m=1

9

∑
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m=1
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Variance reduction (VR) & Fitness

NCC = Cos

CooCss

Normalized cross-correlation coefficient

Cos: the maximum observed-synthetic cross-correlation coefficient
Coo, Css: the maximum autocorrelation coefficient

Variance reduction (VR)

Fitness= Avg. NCC + Avg. VR

VR =1−
(obsi − syni )

2

i=1

np

∑

obsi
2

i=1

np

∑

so if observed = synthetic, VR = 1
      synthetic = 0, VR = 0
      observed = -synthetic, VR = -3 
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Earthquake? or Explosion?  
earthquake-type Fitness: 0.7884 Mw=3.70

CLVD: 55.33% DC: 44.67% isotropic-type Fitness: 0.6619 Mw=3.81
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What waveforms tell you?

Single force-type Fitness: 0.8144Force strike: 78°
Force angle: 21° (field measurement: avg. 18°)
Force magnitude: 1.86 x 1011 N

8 C.-H. Chen et al.

Figure 6. Middle panel: Taiwan map showing the BATS seismic stations (red triangles). The thick white line with an arrow depicts the path of Typhoon
Morakot during 2009 August 7–8. Panels (a)–(d): Open stars numbered 1–12 indicate the epicentres of typhoon-induced landquake events determined in this
study. These events are located in four towns. They are Namaxia (a), Laonong (b), Shiaolin (c) and Taimali (d). The arrows indicate the main run-out paths of
four large-scale landquake events with dam formation (DFTEs). Areas marked by purple, yellow and orange colours indicate landslides with collapse areas
larger than 1.0, 0.5 and 0.1 km2, respectively, as mapped by the Central Geological Survey of Taiwan.

the closest seismic station based on a short-term average/long-term
average (STA/LTA) approach widely used for real-time first-motion
detections in seismology. The detection algorithm used in this study
employs the ratio between the averages in 0.5 s short and 10 s long
time windows in the horizontal envelope functions. An example is
shown in Fig. 7(a), STA/LTA ratio threshold of 3 is adopted in this
study for determining the onset time T1 of a landquake event. Fol-
lowing T1, the PGV is also estimated from the horizontal envelope
function, and the stopping time T2 is reached of when the ampli-
tude of the horizontal envelope function drops below 5 per cent of
the PGV amplitude for at least 5 s. The time between T1 and T2

is defined as the duration SD of the landquake. For seismic records
with higher noise level (SNR < 6.0), we use a level of 20 per cent
of the PGV amplitude in determining the stopping time T2 (Fig. 7).
After finding the corresponding signal duration SD of the landquake
event, we extract the rise time TR, the potential of initial impact
PI, the area of envelope function AE and the frequency of the rock
impact signal fI from the closest seismic record of each landquake
event. Dammeier et al. (2011) suggested that the PGV amplitude
in a landquake seismogram may be associated with the time of the
greatest mass impact on the slope, whereas the envelope area AE

may correspond to the total energy release of landquake event, with
the integral relation:

AE =
∫ T2

T1

(E(t) − E0)dt. (5)

Here E is the rms amplitudes of the filtered horizontal-component
waveforms, and T1 and T2 are previously defined as onset and stop-
ping times, respectively. We note here that AE is the envelope area
relative to the ambient noise level (E0), and E0 is defined as (A1 +
A2)/2. The values of A1 and A2 are envelope amplitudes at time
points T1 and T2, respectively. In order to classify the different
landquake types, we introduce three new parameters: the potential
of initial impact PI, frequency of rock impact signal fI and mean
quasi-front velocity Vf:

PI (%) = (1 − TR/SD) × 100%, (6)

fI (Hz) = PGV/AE, (7)

Vf (m s−1) = DR/SD. (8)
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as indicated by the thick hollow arrows in Figure 1a. The
landslide flow was divided into two streams at about
the middle of the runout. It was because there had been a
small ridge at 590 m above sea level (marked by the solid
black triangle in Figure 1b) and two valleys extended from
the west side of the ridge. This ridge is referred as the
590 Height hereafter. The 590 Height had a volume about
1.5 ± 0.2 million m3 which was removed by the landslide.
[4] The two debris streams, after interacting with the

590 Height, flowed along the two valleys and about a third
of the sliding mass further flowed into Cishan River, run-
ning from NE to SW. The debris in the Cishan river formed
a short‐lived block dam and a dam breach occurred about
20 minutes after the landslide which removed most of
the deposit in the river channel except a minor portion of
5 ± 1 million m3. The remaining deposit, mainly in the two
valleys to the river, formed the main deposit area (warm
colors in Figure 1a). The deposit materials mainly composed
of fine particles and fragmented shale blocks with sizes up
to a few meters [Dong et al., 2011]. No substantial erosion
was found in the exposed runout (mainly between the scar
area and the 590 Height), and, therefore, the erosion
mechanism was not considered. The total combined volume
in the main deposit area was 13 ± 2 million m3 and the

average basal inclination angle was about 15° (±12°, aver-
aging over the slopes by the valleys). The northern valley
of the two valleys is now referred as the Anonymous
Creek Valley in the present paper and the deposit was in
the SWW‐NEE direction. The southern valley is referred
as the Hsiaolin Slope which was much smoother than the
Anonymous Creek Valley. It was this Hsiolin Slope that
directed the landslide flow into the Hsiaolin Village. If a
loose‐measure volume of the sliding body is assumed to
have expanded 10%, the flushed materials by the dam
breach was estimated about 11 ± 2 million m3. After the
landslide and the dam breach, the village (blocked by the
thick green line in Figure 1a) was completely buried.
[5] Reconstruction of the runout path due to the debris

avalanche event is fundamental to understanding the com-
plex mass movement process. For this purpose, we adopt a
continuum model, similar to shallow water equations, to
simulate the landslide. One of the important issues in the
model is to include the topographic effect which interacted
significantly with the landslide mass in this Hsiaolin event.
For example, the topographic effect can be seen from the
diversion of the landslide flow into the Anonymous Creek
Valley and Hsiaolin Village after the slip mass interacted
with the 590 Height and the surrounding ridges. Taking the

Figure 1. The Hsiaolin area and the geological settings. (a) Aerial photo before the catastrophic land-
slide superimposed with the elevation differences between the two versions of the digital terrain models
(before and after Typhoon Morakot and the block dam breach. Both were taken in 2009). Negative
deposit depth (cold colors) represents the scar area. The main deposit is in the Anonymous Creek Valley
and the Cishan River channel. The arrows indicate the main runout paths. (b) The elevation of the land-
slide area. The solid red circles and squares are the sampling locations for colluvium and shale. The large
solid black triangle marks the 590 Height, a ridge at an elevation 590 m above the sea level. (c) A birds‐
eye view of the landscape before the landslide and Hsiaolin village. The Cishan River flows from NE to
SW. The horizontal coordinates follow the TWD97 (Taiwan Datum 97) standard system.
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solid black triangle marks the 590 Height, a ridge at an elevation 590 m above the sea level. (c) A birds‐
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Collapse area = 2.48 km2

Estimated volume = 25 x 106 m3

Shiaolin event

1.10 x 1011 N (Ekström & Stark, 2013) 35-150 sec filtered 
0.50 x 1011 N (Lin et al., 2010) 50-100 sec filtered 
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What waveforms tell you?

8 C.-H. Chen et al.

Figure 6. Middle panel: Taiwan map showing the BATS seismic stations (red triangles). The thick white line with an arrow depicts the path of Typhoon
Morakot during 2009 August 7–8. Panels (a)–(d): Open stars numbered 1–12 indicate the epicentres of typhoon-induced landquake events determined in this
study. These events are located in four towns. They are Namaxia (a), Laonong (b), Shiaolin (c) and Taimali (d). The arrows indicate the main run-out paths of
four large-scale landquake events with dam formation (DFTEs). Areas marked by purple, yellow and orange colours indicate landslides with collapse areas
larger than 1.0, 0.5 and 0.1 km2, respectively, as mapped by the Central Geological Survey of Taiwan.

the closest seismic station based on a short-term average/long-term
average (STA/LTA) approach widely used for real-time first-motion
detections in seismology. The detection algorithm used in this study
employs the ratio between the averages in 0.5 s short and 10 s long
time windows in the horizontal envelope functions. An example is
shown in Fig. 7(a), STA/LTA ratio threshold of 3 is adopted in this
study for determining the onset time T1 of a landquake event. Fol-
lowing T1, the PGV is also estimated from the horizontal envelope
function, and the stopping time T2 is reached of when the ampli-
tude of the horizontal envelope function drops below 5 per cent of
the PGV amplitude for at least 5 s. The time between T1 and T2

is defined as the duration SD of the landquake. For seismic records
with higher noise level (SNR < 6.0), we use a level of 20 per cent
of the PGV amplitude in determining the stopping time T2 (Fig. 7).
After finding the corresponding signal duration SD of the landquake
event, we extract the rise time TR, the potential of initial impact
PI, the area of envelope function AE and the frequency of the rock
impact signal fI from the closest seismic record of each landquake
event. Dammeier et al. (2011) suggested that the PGV amplitude
in a landquake seismogram may be associated with the time of the
greatest mass impact on the slope, whereas the envelope area AE

may correspond to the total energy release of landquake event, with
the integral relation:

AE =
∫ T2

T1

(E(t) − E0)dt. (5)

Here E is the rms amplitudes of the filtered horizontal-component
waveforms, and T1 and T2 are previously defined as onset and stop-
ping times, respectively. We note here that AE is the envelope area
relative to the ambient noise level (E0), and E0 is defined as (A1 +
A2)/2. The values of A1 and A2 are envelope amplitudes at time
points T1 and T2, respectively. In order to classify the different
landquake types, we introduce three new parameters: the potential
of initial impact PI, frequency of rock impact signal fI and mean
quasi-front velocity Vf:

PI (%) = (1 − TR/SD) × 100%, (6)

fI (Hz) = PGV/AE, (7)

Vf (m s−1) = DR/SD. (8)
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What waveforms tell you?

8 C.-H. Chen et al.

Figure 6. Middle panel: Taiwan map showing the BATS seismic stations (red triangles). The thick white line with an arrow depicts the path of Typhoon
Morakot during 2009 August 7–8. Panels (a)–(d): Open stars numbered 1–12 indicate the epicentres of typhoon-induced landquake events determined in this
study. These events are located in four towns. They are Namaxia (a), Laonong (b), Shiaolin (c) and Taimali (d). The arrows indicate the main run-out paths of
four large-scale landquake events with dam formation (DFTEs). Areas marked by purple, yellow and orange colours indicate landslides with collapse areas
larger than 1.0, 0.5 and 0.1 km2, respectively, as mapped by the Central Geological Survey of Taiwan.

the closest seismic station based on a short-term average/long-term
average (STA/LTA) approach widely used for real-time first-motion
detections in seismology. The detection algorithm used in this study
employs the ratio between the averages in 0.5 s short and 10 s long
time windows in the horizontal envelope functions. An example is
shown in Fig. 7(a), STA/LTA ratio threshold of 3 is adopted in this
study for determining the onset time T1 of a landquake event. Fol-
lowing T1, the PGV is also estimated from the horizontal envelope
function, and the stopping time T2 is reached of when the ampli-
tude of the horizontal envelope function drops below 5 per cent of
the PGV amplitude for at least 5 s. The time between T1 and T2

is defined as the duration SD of the landquake. For seismic records
with higher noise level (SNR < 6.0), we use a level of 20 per cent
of the PGV amplitude in determining the stopping time T2 (Fig. 7).
After finding the corresponding signal duration SD of the landquake
event, we extract the rise time TR, the potential of initial impact
PI, the area of envelope function AE and the frequency of the rock
impact signal fI from the closest seismic record of each landquake
event. Dammeier et al. (2011) suggested that the PGV amplitude
in a landquake seismogram may be associated with the time of the
greatest mass impact on the slope, whereas the envelope area AE

may correspond to the total energy release of landquake event, with
the integral relation:

AE =
∫ T2

T1

(E(t) − E0)dt. (5)

Here E is the rms amplitudes of the filtered horizontal-component
waveforms, and T1 and T2 are previously defined as onset and stop-
ping times, respectively. We note here that AE is the envelope area
relative to the ambient noise level (E0), and E0 is defined as (A1 +
A2)/2. The values of A1 and A2 are envelope amplitudes at time
points T1 and T2, respectively. In order to classify the different
landquake types, we introduce three new parameters: the potential
of initial impact PI, frequency of rock impact signal fI and mean
quasi-front velocity Vf:

PI (%) = (1 − TR/SD) × 100%, (6)

fI (Hz) = PGV/AE, (7)

Vf (m s−1) = DR/SD. (8)
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Landscape Evolution River Seismic Noise Hillslope Processes Dedicated Experiments

Monitoring extreme geomorphic events
The Chenyoulan catchment

Seismologically determined bedload 
flux during the typhoon season 

Chao et al. (Scientific Reports; revised)
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Motivations

24

Sediment transport and bedrock incision are critical 
parameters in studies of the landscape evolution and 
are needed for flood hazard mitigation.
However, most of conventional geomorphic methods 
are in situ and can not be used during an extreme 
flowing water environment. Thus, no information is 
available during typhoon events.

A potential solution to this data gap is to use 
remote monitoring that is possible because 
geophones or seismometers capture ground vibration 
caused by the surface process.

(Kanamori & Given, 1982; Brodsky et al., 2003; Deparis et al., 2008; Lin 
et al., 2010; Yamada et al., 2013; Chen et al., 2013)
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Seismic, hydrological, and meteorological data

Small Typhoon event: 
Cumulative precipitation  
< 350 mm in Jiasian area. �

At a distance of less than  
2 km from the river.�

Drains area: 842 km2

River length: 117 km
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Characteristics of river seismic noise
Anthropogenic sources 
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Spatial variation of the observed PSD 

As expected, the hourly PSD during typhoon passage at NZ03 
(closest to river) reveal a strong increase in the PSD amplitude.

Shortest river-station distance increase 
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Noise phase cross-correlation function 

Phase cross-correlation (Schimmel. 1999)
Back-projection technique 
(Chao et al., 2013)

river-bends sharply
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Observed hysteresis
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Seismologically-determined bedload flux
Results of inversion

Seismological compoenets (frequency-dependent):
1. Rayleigh-wave group and phase velocity (vu ,vc)

2. Quality factor (Q0)
3. Observed PSD amplitude

Fluvial compoenets:
1. Flow depth of water (H)
2. Geometry of channel-bed: 
Width (W): 60 m 
Slope (θ): 0.6 degree
3. Grain size distribution

Summary of input parameters 

for inversion

(Boore & Joyner, 1997; Ma et al., 2013)
(Ma et al., 2013)

(WRA, 2011)

(WRA, 2011)
(CGS, 2013)

(CGS, 2013)
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Discussion & conclusions
Temporal changes of sediment flux ratio (suspended load flux, qs v.s. bedload flux, qb )

In summary, the value of qb is generally larger 
than qs during the typhoon passage, and vice 
versa in the off-typhoon period.

While previous studies (repeat bathymetric 
surveys of water reservoirs) found that the 
bedload comprises about 30 ± 28% of the total 
river load in the high mountains, this fraction 
is likely to be temporally variable.

Our result is consistent with the ratio 3:7 
during the post-typhoon period.

However, the bedload to suspended load 
sediment flux ratio roughly follows a 4:1 trend 
during typhoon passage.
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Discussion & conclusions

In our results of river seismic noise analysis, the 
highly coherent signals in the stacked NPCCFs only 
appear during typhoon passage, which demonstrates 
the different conditions of transport capacity and 
sediment flux relative to the off-typhoon period.

So we conclude that the discrepancy in the scaling 
between qb and qs indicates a difference in the 
amount of meteorologically-controlled hillslope mass 
wasting into the fluvial system and/or a complex 
transition from the bedload regime to the suspension 
regime between typhoon passage and off-typhoon 
periods. 
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Discussion & conclusions

With good constraints on the grain size distribution 
and the seismic quality factor, our study confirms the 
potential of using near-r iver seismic no ise 
observations (PSD) to estimate bedload flux and to 
further investigate the temporal changes of sediment 
flux ratio.

This alternative approach to bedload estimation is 
also useful for studying the fluvial bedrock erosion 
and mountain landscape evolution.
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Thanks for your listening

2009-2011 ChingShui Geothermal

2010 Chenyoulan

2011 Chijiawan

High mountain (西巒大山)

Seismometers

Personal website: vvnchao.blogspot.tw
Mail to me: vvnchao@gmail.com

Field trip
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