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Abstract
Typhoon Morakot struck Taiwan on 7 August 2009, bringing severe rainfall and landslides. Of the many landslides
caused by the storm, 12 large-scale landslides were discovered based on seismic signals recorded from broadband
seismic stations. Landslides inventoried from both seismic records and satellite imagery are used as baseline data to
evaluate region-specific forensic analyses of landslide features, e.g. disturbed area, width and runout distance
(Drunout), associated with landslide-induced seismic signals and signal durations (Δt). The results of these analyses
show that (i) the landslide-disturbed area correlated well with signal duration when Δt was over 60 s; (ii) the
landslide-disturbed area correlated well with the ratio of the landslide width to runout distance when Δt was under
40 s; (iii) the runout distance of sliding mass exhibited a positive relation with Δt2, satisfying the energy conserved
during mass movement. This case study presents a region-specific examination of the Δt-Drunout relationship based
on 12 large-scale landslides that occurred during Typhoon Morakot, providing insight into the sliding processes. In
addition, the time of landslide initiation was extracted from seismic signals in order to better understand region-
specific, large-scale, landslide rainfall thresholds. These relationships indicate that (a) long-duration rainstorms with
high cumulative rainfall tend to dictate the occurrence of large-scale landslides; (b) the rainfall threshold for large-
scale landslides is found to be higher than in previous studies that also include smaller landslides, defined in this
region as I = 60D−0.31, where I is the rainfall intensity (mm/h) and D is the duration (h) of the rainstorm.
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Introduction

Typhoon Morakot struck Taiwan during August 7–10 2009,
bringing severe rainfall and flooding to much of the southern
part of the country. As a result, cumulative rainfall in excess of
2000 mm, with a maximum 24-h rainfall of over 1000 mm
(CWB 2013) was recorded, resulting in the occurrence of

more than 20,000 landslides and debris flows in southern
Taiwan (Lin et al. 2011; Tsou et al. 2011; Wu et al. 2011;
Kuo et al. 2013). These landslides caused considerable dam-
age to roads, bridges, and other critical infrastructure, hinder-
ing emergency and recovery efforts resulting from the large
storm. Accordingly, there has been significant effort into bet-
ter defining region-specific rainfall thresholds for landslide
hazard assessment.

To better evaluate landslide hazards stemming from ex-
treme precipitation events, it is essential to understand the
conditions that cause failure and the movement of debris
following rupture (Cruden and Varnes 1996; Chen et al.
2013; Ekstrom and Stark 2013; Lin et al. 2017; Hung
et al. 2017, 2018). In particular, accurate assessment of
landslide initiation time, location, and size are beneficial
for understanding when and how slopes may fail follow-
ing precipitation. Remote sensing techniques, such as lidar,
satellite imagery, and radar are of particular use for
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estimating the location and debris volumes of landslides,
but are often subject to poor temporal resolution (Kimura
and Yamaguchi 2000; Nichol and Wong 2005; Jaboyedoff
et al. 2012). The gaps in scheduled remotely sensed data
collection preclude accurate estimates of landslide failure
time; knowledge of such the exact moment of landslide
initiation and travel provide context towards potential
drivers—e.g. cumulative rainfall, ground accelerations and
directionality. However, a combination of high-resolution
remote sensing data used for accurate landslide debris es-
timates and use of inferred seismic data to estimate land-
slide initiation time provides insight into the magnitude,
timing, movement, and material properties of large-
volume landslides (Kanamori and Given 1982;
Kawakatsu 1989; Brodsky et al. 2003; Chen et al. 2014;
Hibert et al. 2014). This information may be used to bet-
ter assess precipitation-induced landslide hazards in con-
text of regional geology and conditions.

During Typhoon Morakot, there were several landslide-
induced ground motions recorded by the Broadband Array
in Taiwan for Seismology (BATS); some of these records
were used to estimate the timing and location of a fatal
landslide dam formed during the storm (Lin et al. 2010;
Feng 2011; Kao et al. 2012; Feng 2012). In recent years,
landslide-induced ground motions have increasingly gained
interest as a means of assessing the location, magnitude,
and movement processes of landslides (Dammeier et al.
2011; Kao et al. 2012; Chen et al. 2013; Lin et al.
2015; Chao et al. 2016). These techniques better inform
our understanding of landslide dynamics and thresholds
for triggering and provide more tailored hazard assessment
to specific regions or geologies. However, due to the em-
pirical nature that outlines regional evaluation of landslide
triggering and runout dynamics from heavy precipitation,
rainfall-landslide relationships are proposed for southern
Taiwan based on recorded ground motions resulting from
catastrophic landslides that occurred during Typhoon
Morakot. These relationships may also provide further in-
sight into the relationship between geomorphic changes
and landslide-induced ground motions.

In this case study, the 12 ground motion records resulting
from large-scale landslides reported by Chen et al. (2013) are
examined to better define relationships into landslide trigger-
ing time, precipitation, runout duration, landslide area, and
landslide deposition area. This unique ground motion
dataset allows for an opportunity to directly compare seismic
information with the geomorphic features to enhance interpre-
tation of precipitation-induced landslide movements.
Furthermore, the technical framework for seismic inversion
and subsequent evaluation of landslide initiation and termina-
tion times are described. Finally, the cumulative rainfall-
landslide threshold relationships for large-scale landslides in-
ferred from seismic records are proposed.

Methodology and site description

Site geology and climate

This study focuses on the well-instrumented upstream catch-
ments of the Kaoping River, Linpien River, and Taimali River
(Fig. 1). The geology of the catchments varies from sedimen-
tary rock (i.e. mudstone and sandstone), shale in the western
sector to metamorphic rocks (i.e. slate and schist), and phyllite
in the eastern sector (Ho 1994) (Fig. 2). The average annual
rainfall in the area of interest exceeds 3000 mm (Shieh 2000),
increasing from the north to the south (Chen et al. 2011). The
annual precipitation is primarily concentrated during typhoon
season (June–October). It is noted that the observed abun-
dance of rocky soil and colluvium is indicative of frequent
landsliding, compounded from not only rainfall, but frequent
earthquakes. Due to the seismic nature of the region, there is
an extensive network of over 25 high-frequency broadband
seismometers covering an area of over 350 km × 400 km to

Fig. 1 Distribution of cumulative rainfall during Typhoon Morakot
(August 7–10 2009) and the locations of the Kaoping River, the
Lingpien River, and the Taimali River
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monitor ground motions during earthquakes (IES 1996).
These data are used for analysis of landslide duration in this
case study.

TyphoonMorakot struck during the period of 5–10 August
2009, with the most severe rainfall occurring in southern
Taiwan from 7 to 9 August. At the Mt. Wei-liao rainfall sta-
tion, the cumulative precipitation for 24- and 48-h durations
was 1402 mm and 2146.5 mm, respectively, which are very
close to the world records of 1825 mm and 2467 mm (Burt
2007). Moreover, 31 rainfall stations had cumulative precipi-
tation of over 1000 mm in 24 h, and 46 rainfall stations re-
corded precipitation over a 200-year returned period (CWB
2013). Much of this precipitation was concentrated in south-
ern Taiwan, including the study catchments, causing more
than 20,000 landslides. Among these landslides, 484 slides
were recognized with an area larger than 0.1 km2, classified
as a large-scale landslide (Lin et al. 2011). The Shiaolin land-
slide with an area of 2.5 km2 occurred in the Kaoping River
catchment, and its induced ground motions were observed
from the record of the nearby Chiahsien seismic station (Lin

et al. 2010; Kao et al. 2012). Subsequently, Chen et al. (2013)
reported 12 ground motions induced by large-scale landslides
occurred during Typhoon Morakot. In this study, these time
information of the 12 landslides reported by Chen et al. (2013)
were selected to investigate their surface features and compare
with the time information extracted from seismic records.

Landslide mapping, timing of failure, and duration

The landslides triggered by typhoon Morakot were first
mapped using satellite imagery with 8-m pixel resolution,
providing a preliminary landslide inventory validated after
prior landslides were removed manually. To prevent misinter-
pretation, only landslides with a projected area over nine
pixels (representing areas larger than 576 m2) were recog-
nized. In addition, in order to exclude landslides that occurred
before Typhoon Morakot, images from recognized pre-
typhoon landslides are compared with those taken after.
Afterwards, the locations of 12 large-scale (i.e. exceeding
0.3 km2), long-runout landslides reported by Chen et al.

Fig. 2 Distribution of major lithology and seismic station. Brown spots indicate the landslides interpreted through 8-m-resolution satellite imagery. The
seismicity-detected landslides were marked in the two right-hand sub-figures
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(2013) were selected for a strategic assessment of timing of
failure and failure duration. These landslides were assigned
classifications from L01, T01 to K07 in the chronological
order of landslide occurrence. Of the 12 landslides considered
in this case study, four landslides (L01–04) were located in the
Linpien River basin, seven landslides (K01–07) were located
in the Kaoping River basin, and one landslide (T01) was lo-
cated in the Taimali River basin (Fig. 2). According to region-
al geologic characterizations performed by the Central
Geological Survey of Taiwan (Ho 1994; Central Geological
Survey 2013), seven landslides (K01, K02, K03, K04, K05,
K06, and K07) overlaid sedimentary strata that are mainly
composed of interbedded sandstone and shale, whereas their
sliding directions were approximately parallel to the dip direc-
tion of bedding. The other five landslides (L01, L02, L03,
L04, and T01) overlaid low-grade metamorphic rocks that
are mainly composed of slate and phyllite with apparent and
dominant weak discontinuities. Therefore, the failure mecha-
nism of these landslides was translational in nature. Table 1
provides a list of the landslides and the values of seismic and
geomorphic characteristics. Fig. 3a shows eight geometric el-
ements that were determined through satellite imagery and the
digital elevation models (DEMs). The pre- and post-typhoon
DEMs with resolution of 20 m were employed to derive DEM
differentials, which were used for mapping source areas and
deposit areas. For each of the 12 landslides targeted in this
study, estimates of source area (A1), deposit area (A2), hori-
zontal projection of runout distance (Drunout), total disturbed
area (A), and the average width of the source area (W), were all
interpreted through use of 5 m-resolution aerial photos based
on the suggested measurement methods for landslide features

proposed by Cruden and Varnes (1996). The runout distance
(Drunout) was defined as the length between the centroids of
the source area (C1) and deposit area (C2). The average width
of source area (W) was defined as the length of a line running
perpendicular to the runout direction and passing through the
centroid of the source area, processed using ArcGIS. The
runout distance (Drunout) and the slope gradient (θ) were cal-
culated based on the triangulation of the topographic relief and
horizontal projection of the runout distance. These geometric
parameters associated with landslide morphology and travel
are useful when considering assessment of initiation time and
runout duration, determined from analysis of seismic records.

Determination of the initiation time and termination time
for each of the landslides were determined from an analysis of
the landslide-induced seismic signals. A landslide generates
seismic signals, including the first clear arrivals of the very-
low-frequency signals (< 1 Hz) and the high-frequency sig-
nals. The very-low-frequency signals induced by landslides
can propagate along distances of more than 2000 km. The
high-frequency seismic signals induced by landslides are like-
ly the P-waves propagated through the crust; thus, these waves
decayed substantially with distance (Lin 2015). Therefore, the
characteristics of landslide-induced signals in the frequency
domain appear as a unique triangular time/frequency signature
in the 1–5 Hz frequency band. The predominant frequency
band of the landslide signals is between 0.02 and 5 Hz. In
comparison, the signal energy of a local earthquake exhibits
a much wider spectral content with frequencies up to ∼50 Hz
(Kao et al. 2012). In this case study, the 5-min long spectro-
grams generated using a wavelet transform are created to dis-
play the spectrums of frequencies of seismic signals as they

Table 1 Seismic and geomorphic characteristics of the 12 landslides detected by ground motions

ID River Date Time Location Δt A Dv Drunout θ V Ms μ

basin UTC UTC °N °E [s] [km2] [m] [m] [degrees] [ms−1]

L01 Linpien 2009/08/08 00:04 22.50 120.71 25 0.37 467 1381 20 55.3 4.6 0.24

L02 Linpien 2009/08/08 17:05 22.49 120.73 80 0.93 884 2652 19 33.1 4.6 0.33

K01 Kaoping 2009/08/08 18:19 22.65 120.73 40 1.44 392 1675 14 41.9 5.1 0.19

L03 Linpien 2009/08/08 20:15 22.57 120.75 35 0.74 1151 1971 36 56.3 4.8 0.62

K02 Kaoping 2009/08/08 22:16 23.16 120.63 100 2.17 718 3231 13 32.3 5.2 0.21

K03 Kaoping 2009/08/08 23:14 23.30 120.73 30 0.62 502 1301 23 43.4 4.4 0.34

K04 Kaoping 2009/08/09 00:34 23.23 120.74 25 1.06 310 1356 20 54.2 4.9 0.12

K05 Kaoping 2009/08/09 02:52 23.24 120.73 30 0.85 632 1518 25 50.6 4.7 0.36

L04 Linpien 2009/08/09 03:55 22.57 120.73 60 0.71 657 2181 18 36.4 4.9 0.28

T01 Tamali 2009/08/09 09:31 22.56 120.82 90 2.28 908 2915 18 32.4 5.4 0.31

K06 Kaoping 2009/08/10 03:54 23.24 120.77 30 0.3 369 1141 19 38.0 4.6 0.27

K07 Kaoping 2009/08/10 04:22 23.32 120.77 80 1.57 811 2392 20 29.9 5.0 0.34

Δt means the duration of landslide movement; A means the landslide-disturbed area; Dv means the altitude difference of landslide mass; Drunout

represents the runout distance; θ represents the average slope gradient of landslide; Ms represents the calculated surface wave magnitude; μ represents
the calculated friction coefficient
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vary with time. Then, a landslide detection method, described
below, applies pattern recognition to spectrograms attained
from recorded ground motions was used. Specifically, ana-
lyzed spectrograms inherit a unique triangular time/frequency
signature in the 1–5 Hz frequency band (Surinach et al. 2005;
Chen et al. 2013) that may be isolated for analysis. This trian-
gular signature is useful for finding landslide-induced ground
motions, such as those from Typhoon Morakot (Fig. 4).

Subsequently, to determine the initiation time for the
landslide-induced seismic signals, a STA/LTA detection-algo-
rithm, commonly used to detect weak-motion seismic signals,
was used in the case study. The STA/LTA algorithm continu-
ously calculates the average values of the absolute amplitude
of a seismic signal in two consecutive moving-time windows.
The short-time window (STA) is sensitive to seismic events
while the long-time window (LTA) provides information
about the temporal amplitude of seismic noise at the seismic
station. As the ratio of STA to LTA exceeds a preset, triggering
threshold, an event is declared. Successful capture of
landslide-induced seismic signals depends on proper settings
of the detection parameters. These parameters have been test-
ed and proposed by Chen et al. (2013). Based on the detection
threshold proposed by Chen et al. (2013), the detection-
algorithm implemented in this study employs the ratio of the
average signals in 0.5 s to the average signals in 10 s within

the function of the envelope of the horizontal components. A
STA/LTA ratio threshold of three is adopted to determine the
initiation time (T1) of landslides (Fig. 4). The termination-time
(T2) of landslides is determined when the amplitude of the
function of horizontal envelop descends below 5% of the
PGV amplitude for at least five seconds. The time duration
between times T1 and T2 is defined as the sliding duration
(Δt). From this information, the average quasi-front velocity
of sliding mass is introduced as a ratio of Drunout/Δt. The
velocity, travel duration and travel distance of these landslides
is informative for assessing the potential impacts of large,
precipitation-induced landslides in southern Taiwan.

Assessment of landslide-rainfall thresholds

Corroborating cumulative precipitationwith the initiation time
and geomorphic data of the large, precipitation-induced land-
slides described in this case study provides insight into the
thresholds associated with incipient slope failure. The records
of rainfall gauges located within the distance of 5 km to the
landslide areas were used to investigate the rainfall threshold
for large, long-runout landslides in given geology and climate.
The characteristics of rainstorm included rainfall duration D
(h), cumulative rainfall R (mm), and average intensity I (mm/
h). In this study, the beginning of a rainstorm was defined as

Fig. 3 An example of estimating geometric elements. Runout distance of
landslide movement calculated by triangulation with the altitude
difference and horizontal projection of runout distance. The open

satellite image is sourced from the Center for Space and Remote
Sensing Research, National Central University
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the time when rainfall intensity exceeds 4 mm/h. The critical
rainfall associated with landsliding was defined as the precip-
itation accumulated from the beginning of typhoon to the ini-
tiation time of slope failure, determined from recognition of
seismic patterns described above.

Results and discussion

Landslide-induced ground motions and geomorphic
features

The areas of the observed landslides ranged from 0.3 km2 to
2.28 km2. According to the results, landslides T01 and K02
have the largest disturbed areas, in excess of 2 km2, where the
significant volume of debris created natural dams, blocking
downstream channels. The runout distances of both events
exceeded 1300 m; the K02 landslide had the longest runout
distance of 3231 m. Tragically, the debris from the K02 land-
slide covered the downslope village, resulting in significant
casualties. For the analyzed set of slides, the observable
ground motions triggered by runout did not exceed 2 min;
rather, it ranged between 25 to 100 s. It was found that the
K02 landslide possessed both the longest duration and runout
distance.

Since the estimated average runout velocities of the 12
events all exceeded 5 m/s, all of the events are classified as
extremely rapid landslides (Varnes 1978; Cruden and Varnes

1996). The five landslides in the Linpien River basin and the
Taimali River basin had average velocities ranging from
32.4 m/s to 56.3 m/s, while the seven landslides in the
Kaoping River basin had average velocities ranging from
20.9 m/s to 50.6 m/s thus indicating that the movement veloc-
ities of the landslides in Linpien River and Taimali River
basins were faster than those in the Kaoping River basin. In
addition, the average gradient of the landslide slopes in the
Linpien River basin and Taimali River basin, approximately
22°, were steeper than those of 18° in the Kaoping River
basin. The positive relationship between the slope gradients
and movement velocities for these events corroborates intui-
tion, demonstrating that landslides on steeper slopes move
faster (Fig. 5). However, although the slope gradients of
L01, K01 and K04 were less than 20°, their movement veloc-
ities still exceeded 50 m/s, which implied that the movement
velocity of landslides would not be influenced solely by slope
gradient, but also by friction.

The landslides described in this study demonstrated reason-
ably large velocities in comparison to previous research, but
are reasonable for the study environment. For example, Lo
et al. (2014) applied a friction coefficient of 0.1 in their sim-
ulation using PFC3D for Hsiaolin landslide (K02 in the
study), estimating a duration of 112 s, yielding an average
speed of 26.79 m/s, slightly less than the velocity, 32.3 m/s,
estimated from seismic signals. In addition, Tsou et al. (2011)
reported that the velocities of K02 landslide ranged from
20.4 m/s to 33.7 m/s, roughly equivalent to the results of this

Fig. 4 (a) Original vertical-component velocity records at station MASB. (b) The spectrogram of the T01 landslide at station MASB. (c) Filtered
horizontal envelope functions of the T01 landslide at station MASB
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case study. Kuo et al. (2011) conducted a computer simulation
for K02 landslide, and they considered that the average
velocities ranged from 35 m/s to 40 m/s with a maximum of
50 m/s. The study of Lin (2015) reported that an average
velocity of K02 landslide was 53 m/s, which was even larger
than the average velocity estimated in the study.Many of these
calculations are significantly affected by inferred friction of
the landslide mass during movement—further discussion of
the sensitivity of landslide velocity to friction is provided in
the next section.

The correlation between disturbed areas and sliding dura-
tion was most pronounced when travel time (Δt) was greater
than 60 s. For landslides withΔt < 40 s, there was no obvious
relationship between disturbed area and signal duration
(Fig. 6a). However, for events withΔt < 40 s, disturbed areas
possessed a linear relationship (R2 = 0.76) with the aspect ra-
tio of landslide source width and runout distance (Fig. 6b).

These results suggest that, for landslides with longer travel
duration, disturbed areas tend to be more dependent by the
duration of landslide movement, but for landslides with
shorter duration, the disturbed areas tend to be more depen-
dent on the geometric shapes of landslide source areas. It is
important to highlight that the results presented herein are
specific to certain terrain and triggering conditions, and the
limited number of recorded events certainly does not provide
universal insight into the runout behavior of all landslides. The
empirical nature of these results, the complexity of triggering
conditions, and the variability of site conditions worldwide
would require different landslide travel relationships to be
developed. However, the approach proposed herein may be
a simple way to establish basic runout parameters. The results
presented hereinmay also be useful for landslides that occur in
similar terrain, geology and extreme climactic conditions.

Landslide travel duration and inferred physical
properties

The runout behavior of landslides is often described in context
of the law of conservation of energy (Scheidegger 1973;
Terlien et al. 1995). Assuming that the totality of landslide
debris acts as a single mass moving downslope on a single
sliding surface and that the total energy of a sliding system
remains constant over time, the conversion of potential ener-
gy, kinetic energy, and energy loss during sliding may be
simplified and expressed as:

ΔEU ¼ ΔEK þ F � S ð1Þ
where ΔEU is the change of potential energy during mass
movement, ΔEK is the change of kinetic energy during mass
movement, F is the friction during mass movement, and S is
the runout distance of mass movement (Drunout). The changes
of potential energy ΔEU, kinetic energy ΔEK, and friction F
for a downward mass with zero initial velocity are defined as:

ΔEU ¼ m � g � Dv ð2Þ

Fig. 5 Slope gradient versus landslide velocity. The solid lines indicate
linear regression fits and the dashed lines mean 95% confidence interval

Fig. 6 (a) Landslide signal
duration versus disturbed area. (b)
The ratio of width of landslide
source area to runout distance (W/
Drunout) versus disturbed area.
The solid lines indicate linear
regression fits
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ΔEK ¼ 0:5 � m � V2 ð3Þ
F ¼ μ � N ð4Þ
where m is the mass of the landslide, g is the acceleration due
to gravity,Dv is the vertical displacement of landslide mass, V
is the average quasi-front velocity of landslide mass, μ is the
average friction coefficient, and N is the normal force of land-
slide mass. Hence, the formula of conservation of energy can
be defined as:

m � g � Drunout � sin θð Þ ¼ 0:5 � m � Drunout=Δtð Þ2 þ μ � m � cos θð Þ � g � Drunout

ð5Þ
and simplified as:

Drunout ¼ 2 � g � sin θð Þ−μ � cos θð Þð Þ �Δt2 ð6Þ

Consequently, Eq. (6) implies that runout distance (Drunout)
should have a positive correlation to the square of signal du-
ration (Δt) and a negative correlation with the friction coeffi-
cient of the failing mass. The observed relationship between
runout and travel duration for the 12 landslides is consistent
with expected correlations between of observed square of sig-
nal durations and runout distances (Fig. 7), defined as
Drunout = 0.198Δt2 + 1296 m (R2 = 0.92) for the given terrain.
Knowing the slope of each landslide’s travel path, the linear
relationship betweenDrunout andΔt2 enables back-calculation
of friction coefficients that are useful for future projected
runout behavior. The mean friction coefficients calculated
for the 12 landslides result in values of μ ranging from 0.12
to 0.62, with variability likely owing to estimates in slope,
lack of subsurface conditions, and differences in lithology
and geology between the Linpien River basin and Kaoping

River basin (Table 1). The calculated friction coefficients
ranged between 0.12 and 0.36 for the sedimentary geology
comprising the seven landslides in the Kaoping River basin,
resulting in a mean friction coefficient of 0.26. In the Linpien
River basin, calculated friction coefficients ranged from 0.24
to 0.62, with a mean μ of 0.30 for the metamorphic slates that
comprised the four recorded landslides. Finally, the single
massive landslide recorded in the Tamali River basins has a
calculated friction coefficient of 0.36.While there is a range of
friction coefficients, these back-calculated values tend to agree
with the limited studies in the area. For example, using alter-
native methods, other studies have estimated the friction co-
efficient for K02 landslide ranging from 0.1 to 0.25 (Lo et al.
2014; Tsou et al. 2011). The average friction coefficient of
0.21 for the K02 landslide estimated in the study was consis-
tent with these estimates. While friction coefficients are one of
the most crucial parameters for determining the dynamic pro-
cesses of a landslide runout, their direct measurement in the
field remains difficult. These values estimated in the study
represent the average friction coefficients, and they are useful
in assessing runout hazard from large-scale precipitation-in-
duced landslides in southern Taiwan.

Critical rainfall threshold for large landslide initiation

Estimates of landslide initiation time were made from ground
motion records—this information was directly incorporated
with measured rainfall records to gather insight into potential
precipitation thresholds for large-scale landslide occurrence.
In order to define the rainfall threshold for landslide initiation,
a detailed analysis of the rainfall characteristics, i.e. rainfall
duration D, intensity I and cumulative rainfall R, was per-
formed against the 12 landslides considered in this case study.
Rainfall thresholds were defined in terms of mean intensity
(mm/h), and rainfall duration (h). For comparative purposes,
an inventory of thirty-four small-scale landslides (<0.3 km2)
and their respective initiation times and precipitation records
were provided by the Soil and Water Conservation Bureau,
Taiwan (Fig. 8a). One clear difference between the smaller
landslide-rainfall thresholds and those for the 12 large slides
is that the latter occurs primarily during longer rainfall dura-
tions and cumulative precipitation levels. However, the small-
er slides are more likely for smaller, but intense precipitation
events (Fig. 8b).

Caine (1980) collected the rainfall records of worldwide
shallow landslides and defined a critical rainfall threshold in
terms of rainfall intensity and duration. Since then, numerous
rainfall thresholds proposed for various climatic and geologi-
cal regions (Jibson 1989; Larsen and Simon 1993; Chen et al.
2005; Hong et al. 2005; Guzzetti et al. 2008; Saito et al. 2010).
The general form of the threshold curves can be expressed in
the following form (Caine 1980):

Fig. 7 Square signal duration versus runout distance. The solid lines
indicate linear regression fits and the dashed lines mean 95%
confidence interval
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I ¼ α� D−β ð7Þ
where I is the rainfall intensity (mm/h),D is the duration of the
rainfall event (h), α is the intercept, and β defines the slope of
the power law curve. According to the rainfall measurements
at the incipient time of failure for the 12 observed landslides,
the rainfall threshold is defined in the range of duration D
between 30 and 85 h may be expressed in the form:

I ¼ 60� D−0:31 ð8Þ

A comparison of the rainfall thresholds for the 12 land-
slides (i.e. eq. 8) and other region- or geology-specific thresh-
olds reported in the literature reveals that the threshold curves
in the case study were significantly higher than those from
Caine (1980), Chen et al. (2005), Jan and Chen (2005), and
Guzzetti et al. (2008) (Fig. 8a). This is attributable to the
specific nature of the slides studied; the landslides of interest
were specifically large in area, and had significant runout dis-
tances. That is, significant rainfall may be necessary to mobi-
lize landslides of this magnitude. Thus, it is desirable to have
more extensive landslide inventories to enhance the reliability
of rainfall thresholds for the large-scale landslide discussed
herein; however, the propose threshold is a start to better quan-
tifying hazards in southern Taiwan.

Limitations and future work

The disturbed areas in this case study, all exceeding 0.30 km2,
were 30 times larger than the mean slope failures (0.01 km2)
that occurred during typhoon Morakot (Lin et al. 2011). This
highlights that generally only larger slides were captured from
ground motion records. The surface wave magnitudes, Ms, of
the 12 landslides showed that the K03 landslide had the
smallest Ms at 4.4 and the T01 landslide had the largest Ms

at 5.4 (Table 1). The magnitudes of surface waves increased
with greater landslide areas (Fig. 9). Among the 12 observed
landslides, K02, K07 and T01 were the three largest by area,

and thus could be expected to have greater relative mass and
maximum force during runout, possibly providing more con-
fidence in the analysis of seismic records. Although large de-
bris volumes and mass may produce more coherent ground
motions, the lower limit of this mass threshold is still undeter-
mined. In general, ground motion records consist of many
different input sources, and the amplitude of ground motions
decays with an increase in distance between the seismic sta-
tion to the source of vibration (Weichert et al. 1994; Surinach
et al. 2005; Ekstrom and Stark 2013). Therefore, ground mo-
tions induced by small-scale landslides are difficult to isolate
and current application of seismic inversions for landslide
detection remain constrained to large-scale landslides.
However, more refined and sensitive techniques that may infer
smaller slope failures would significantly improve assessment
of landslide hazards, particularly considering specific regional
geology or climactic conditions.

Fig. 8 Rainfall records at the time
of landslide initiation. (a) Rainfall
duration versus rainfall intensity.
(b) Cumulative rainfall versus
rainfall intensity. The solid circles
show the 12 landslides as detected
from seismic records, and the
hollow circles indicate the 34
landslides investigated by the Soil
and Water Conservation Bureau,
Taiwan during 2005–2009

Fig. 9 Disturbed area (A) versus calculated surface wave magnitude
(Ms). The solid lines indicate linear regression fits and the dashed lines
mean 95% confidence interval
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Conclusions

This study highlights some of the findings associated with
large-scale landslides in southern Taiwan that occurred as a
result of Typhoon Morakot in 2009. After a cumulative rain-
fall in excess of 2000 mm, 12 large-scale landslides with areas
in excess of 0.3 km2 were detected and located from the record
of seismic ground motions. Geomorphic changes and seismic
records indicate that as the duration of the associated landslide
movements exceeded 60 s, and the landslide-disturbed areas
were positively correlated with landslide travel times.
However, if the travel durations were under 40 s, the
landslide-disturbed area correlated better with the geometric
shape of the landslide source area. For the specific geologic
and climactic conditions within this region, a positive relation-
ship between the runout distance and the square of movement
duration of landslides can be expressed through the formula
Drunout = 0.198·Δt2 + 1296. Assessments of the friction coef-
ficients and associated runout distances of potential landslides
can be carried out using the proposedΔt-Drunout relationship.

Records of the investigated ground motions provide
accurate estimates of landslide initiation time. Such in-
formation enables the assessment of the critical rainfall
thresholds outside of what is reported in the literature
for other geologic or climactic regimes. The rainfall
threshold for the 12 large-scale landslides detected by
ground motions was defined in terms of rainfall inten-
sity and duration as I = 60·D−0.31. The rainfall threshold
for the 12 observed landslides was higher than those for
shallow or small-scale landslides. Generally, the results
shown indicate that in this region, only ground motions
resulting from large-scale landslides could be observed
and extracted using seismic records.
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