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Abstract

In this study, the development of landslide susceptibility
and determination of rainfall threshold for shallow
landslides is the main purpose for the prevention of slope
disaster. For appliance of the practical operation of
disaster prevention, almost 185,000 slope units are used
to calculate landslide susceptibility and determine the
rainfall threshold of shallow landslides, which are a
reference of preparation for slope disasters. Time of
occurrence of 941 landslides are collected through field
investigation, and rainfall pattern of each landslides are
analyzed to clarify the relation between landslide and
rainfall. Logistic regression (LR) analysis was performed
to evaluate landslide susceptibility and establish the
assessment method of the rainfall threshold of landslide
by using I3–R24 rainfall thresholds. After verification of
rainfall-induced landslide in Typhoon Meranti (2016), the
result show that the early warning model is suitable for
alerting serious swarm of landslides.
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Introduction

Rainfall-induced landslides number among the most perilous
natural hazards, causing severe casualties and economic
losses worldwide. Therefore, many efforts have been made
to evaluate landslide susceptibility and thereby set criteria
for issuing alerts that can save lives and property.

In Taiwan, monsoons and typhoons bring great amounts
of rainfall, up to 3,000 mm/year, and numerous landslides
cause casualties every year. Therefore, recognizing the areas
where rainfall-induced landslides might occur is an urgent
issue.

On the other hand, rainfall thresholds for landslides can
be categorized as either statistical approaches or determin-
istic approaches. In the former method, thresholds are
decided by collecting historical landslide cases and analyz-
ing their rainfall parameters and the probability lines of
rainfall conditions (Guzzetti et al. 2008). In the latter
method, thresholds are decided by calculating the safety
factors of each slope or grid with geomaterial and rainfall
parameters (Kim et al. 2010). Statistical rainfall thresholds
for shallow landslides have been well discussed (Guzzetti
et al. 2007).

This study focused on shallow landslides of the debris
fall, debris topples, debris slide, earthfall, earth topple, and
earth slide types proposed by Varnes (1978) and divided
slope units according to three different landslide suscepti-
bility levels (high, moderate, and low). After that, we
established their rainfall thresholds separately. Furthermore,
we set alert levels by adopting a hazard matrix and examined
whether differentiated warning thresholds for different
degrees of susceptibility existed. Moreover, this study gives
an importance of validating the performance of a landslide
early warning model, especially the false alarms and missed
alarms, to make it feasible for further practical application.

A. Lu (&) � W.-K. Haung � C.-F. Lee � L.-W. Wei
Disaster Prevention Technology Research Center, Sinotech
Engineering Consultants, INC, New Taipei City, Taiwan
e-mail: anlu@sinotech.org.tw

L.-W. Wei
e-mail: lwwei@sinotech.org.tw

H.-H. Lin � C.-C. Chi
Central Geological Survey, MOEA, New Taipei City, Taiwan

© Springer Nature Switzerland AG 2021
N. Casagli et al. (eds.), Understanding and Reducing Landslide Disaster Risk,
ICL Contribution to Landslide Disaster Risk Reduction,
https://doi.org/10.1007/978-3-030-60311-3_25

217

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60311-3_25&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60311-3_25&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60311-3_25&amp;domain=pdf
mailto:anlu@sinotech.org.tw
mailto:lwwei@sinotech.org.tw
https://doi.org/10.1007/978-3-030-60311-3_25


Study Area

Taiwan is located in the western Pacific Ocean, on the
convergent plate boundary zone of the Philippine Sea Plate
and the Eurasian plate. The orogenic uplift rate is 5–
7 mm/year; however, the exhumation rate is also as high as
3–6 mm/year (Dadson et al. 2003) due to the fractured
geological materials and the high mean annual precipitation
of 2,500–3,000 mm brought by typhoons and monsoons
every year. The frequent natural disasters and high popula-
tion density (23 million people in 36,000 km2) of Taiwan
make it one of the countries most exposed to multiple
hazards.

The study area (Fig. 1) includes 157 1:25,000 scale maps
(about 24,250 km2), and covers densely inhabited and
landslide-threatening hillslopes. The lithological units are
mainly sedimentary rocks composed of sandstone, shale,
mudstone, and metamorphic rocks composed of slate,
argillite, and metasandstone.

Methodology

Slope Unit

Slope units were used for the analysis of landslide suscep-
tibility in this study (Carrara 1988; Carrara et al. 1991, 1995;
Guzzetti et al. 1999; Yang 2017). This study followed the
method proposed by Xie et al. (2004) in delineating slope
units according to gullies and ridges. Almost 185,000 slope
units are found in this study for the establishment of an early
warning system.

Landslide Occurrence Time and Field
Investigation

To analyze the rainfall conditions for each landslide case
used in this study, 941 shallow landslide cases, including
their occurrence times (date and hour) and the characteristics
of the landslides, were gathered for further analysis.

Landslide Susceptibility Analysis

The main purpose of landslide susceptibility analysis is to
determine the effectiveness of each predisposing factor and
the relative possibility of landslide occurrence in a specific
area.

10 � 10 m DEM is adopted to be a basic resolution for
slope unit delineation and landslide susceptibility calcula-
tion. Several predisposing factors that might lead to

landslides were selected initially in this study to construct a
landslide susceptibility model for slope units. These factors
included rock mass strength-size classification (RMSSC I–
VII), dip slope, average slope, variance of slope, ratio of
steep slope, total slope height, average elevation, average
curvature, variance of curvature, fault density, fold density,
average wetness, rainfall intensity, total rainfall, 3-hour
mean rainfall intensity (I3), and 24-hour accumulated rainfall
(R24). In this study, we applied logistic regression (LR) to
evaluate the susceptibility of each slope unit (Guzzetti et al.
1999). The LR function can be expressed as follows:

P ¼ 1
1þ e�z

ð1Þ

Fig. 1 Study area is composed of 4 regions in Taiwan. Basis of
division is different lithological units
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z ¼
Xm

i¼1

Liwi þ
Xn

j¼1

Fjwmþ j þC ð2Þ

where P is landslide susceptibility, Li is RMSSC factor, Fj is
other factors, wi and wm+j are regression coefficients, and
C is a constant. Six event-based landslide inventories in this
study were used to label whether or not landslides occurred
in the slope units. After that, all the slope units were divided
randomly into two groups, one for training the model and the
other for validation. The index indicating landslide/
non-landslide was set as the dependent variable, and all
the landslide susceptibility factors were set as covariates in
SPSS for training of the model. After iterative training, the
regression coefficients of each landslide susceptibility factor,
as well as the success rate curve (SRC), the prediction rate
curve (PRC), and the area under the curve (AUC), were
reported in SPSS. The AUC can be used to examine if the
model predicts landslides well, and the regression coeffi-
cients can be used for the prediction of landslide suscepti-
bility. The individual landslide susceptibilities of slope units
were calculated with this model and classified into high,
moderate and low susceptibility levels.

I3–R24 Rainfall Index and Thresholds

Rainfall-induced landslides are triggered by either
high-intensity rainfall or high accumulated rainfall (Larsen
and Simon 1993; Corominas and Moya 1999; Yu et al.
2006). To identify rainfall indexes responsible for landslides,
the triggering rainfall, including the rainfall intensity (I1, I2,
I3, I4, I5, I6) and accumulated rainfall (R6, R12, R24, R48, R72)
of different time windows of each landslide case were ana-
lyzed according to the landslide occurrence time. The results
revealed that 218 landslides occurred within the 3 h fol-
lowing the highest rainfall intensity, and 242 occurred within
the 3 h following the 2nd or 3rd highest rainfall intensity
(i.e., induced by high rainfall intensity), accounting for
nearly 49% of the landslide cases gathered in this study.
From these results, it became clear that in Taiwan, I3 is the
most important index for landslides induced by rainfall of
short duration but high intensity. On the other hand, 481
landslides occurred close to the end of the rainfall events
(i.e., induced by high accumulated rainfall), accounting for
about 51% of the total cases.

Based on these data and previous studies (Liao et al.
2010), 3-hour mean rainfall intensity (I3) and 24-hour
accumulated rainfall (R24) were chosen respectively as the
short-term and long-term rainfall indexes for the establish-
ment of the rainfall threshold (Fig. 2). We chose 3-hour
mean rainfall intensity here instead of 3-hour accumulated

rainfall to focus on the rainfall of short duration but high
intensity. Similarly, we chose 24-hour accumulated rainfall
to focus on the rainfall of long duration but low intensity.
Finally, rainfall thresholds were decided by plotting the I3
and R24 rainfall index of historical landslides in the I3–R24

diagram (Fig. 3). Here we used the ellipse as the threshold
line, and the parameters a (semi-major axis) and b
(semi-minor axis) of the ellipse were set according to the
slope of best fit line obtained from the least square method.
Thresholds such as 90, 60, 30 and 15% were determined
according to the percentage of historical cases that could be
enveloped under the threshold line; e.g., the 90% threshold
(T90%) included 90% of the historical cases. A higher
threshold indicates a more dangerous condition for the
occurrence of landslides. The original warning values of I3
and R24 of the 90, 60, 30, 15% thresholds were equal to the
semi-minor axis and semi-major axis of each threshold,
respectively. After that, I3 was rounded to the nearest
5 mm/h, and R24 was rounded to the nearest 50 mm for
operational purposes, such as the evacuation of residents.

Landslide Early Warning Model

The landslide early warning model in this study considered
both landslide susceptibility and rainfall thresholds and
alerts were determined by using a hazard matrix. As men-
tioned above, the LR method was applied to analyze the
susceptibility of each slope unit. After that, all the slope units
were categorized into high, moderate, and low susceptibility
levels. We consequently established rainfall thresholds for
each susceptibility level separately and then set alerts of red,
orange, yellow and green according to the level of danger.

High-susceptibility slopes might be more susceptible to
rainfall. Hence, the alerts were set as red (extreme danger
level) for rainfall conditions exceeding the 60% threshold
line, orange (high danger level) for those between the 60 and
30% threshold lines, yellow (medium danger level) for those
between the 30 and 15% threshold lines, and green (low
danger level) for rainfall conditions lower than the 15%
threshold line (Fig. 4). For moderate-susceptibility slopes,
the alerts were set as red for rainfall conditions exceeding the
90% threshold line, orange for those between the 90 and
60% threshold lines, yellow for rainfall conditions between
the 60 and 30% threshold lines, and green for rainfall con-
ditions lower than the 30% threshold line.
Low-susceptibility slopes should be less susceptible to
rainfall. Hence, the alerts were set as orange for rainfall
conditions exceeding the 90% threshold line, yellow for
those were between 90 and 60% threshold lines, and green
for those lower than the 60% threshold line (Fig. 5).
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I3–R24 Rainfall Threshold

We gathered a total of 941 landslide cases in this study and
used 240 cases located in southern Taiwan, consisting of 110
high-susceptibility cases, 84 moderate-susceptibility cases,

and 46 low-susceptibility cases, to establish a
susceptibility-based regional landslide early warning model.
For practical use, the original threshold values of I3 andR24 (as
shown in the parentheses in Fig. 6) were separately rounded to
the nearest 5 mm/h and the nearest 50 mm for an operational
purpose. It was found that the threshold values gradually

Fig. 2 3-hour mean rainfall
intensity (I3) and 24-hour
accumulated rainfall (R24) were
used as short-term and long-term
rainfall indexes for the
establishment of rainfall
thresholds

Fig. 3 Establishment of I3–R24

rainfall thresholds for shallow
landslides. The best fit line was
derived by the least square
method, and the ratio of a and b
was used as the ratio of the
semi-major axis and semi-minor
axis in the ellipse threshold line
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increased as the susceptibility of slope units decreased for the
same alert level, indicating that greater rainfall amounts would
be needed when issuing alters on less susceptible slope units.
These results showed that establishing rainfall thresholds

according to different landslide susceptibilities and then set-
ting alert levels by adopting a hazard matrix provided differ-
entiated not only thresholds but also avoided the over- or
underestimation of the thresholds for slopes.

Fig. 4 Landslide early warning
model and alert considering both
landslide susceptibility and
rainfall thresholds

Fig. 5 Rainfall thresholds for
southern Taiwan. The values
were calculated as 90, 60, 30, and
15% of the original threshold,
respectively. The original values
are shown in parentheses
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Fig. 6 Location and alert level of 12 representative landslides near route 9 caused by Typhoon Meranti in 2016
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Validation of Early Warning Model

During Typhoon Meranti in 2016, 178 shollow landslides
occurred in 29 slope units, including one high-susceptibility
slope, two moderate-susceptibility slopes, and 26 low-
susceptibility slopes. According to newspaper reports, most
of the landslides occurred at 04:00 on September 15, 2016.
Alert level and photo of 12 shollow landslides, which are
representative from 178 shollow landslides, are shown in
Fig. 7. One of them was a red alert level when the landslide
occurred; the others are orange alert level.

The Route 9 410.8 k landslide (Fig. 8) occurred on a
low-susceptibility slope in southern Taiwan. The rainfall
path (Fig. 9) showed that on September 15, the alert was
raised to yellow at 02:00. Then the landslide occurred at
05:00 on September 15. The Route 9 413.5 k landslide
(Fig. 10) occurred on a low-susceptibility slope in southern
Taiwan. The rainfall path (Fig. 10) showed that on
September 15, the alert was raised to yellow at 00:00 and
then to orange at 02:00 during the downpour. Then the
landslide occurred at 04:00 on September 15.

Conclusion

This study attempted to establish regional rainfall thresholds
for shallow landslides according to their landslide suscepti-
bility levels and set alerts with a hazard matrix to provide
more detailed results for disaster mitigation.

This study also examined the relationships between
rainfall indexes and the occurrence of landslides. From 941
landslide cases we gathered, it was found that 3-hour mean
rainfall intensity (I3) and 24-hour accumulated rainfall (R24)
was the most dominant short-term and long-term parameters
responsible for rainfall-induced landslides in Taiwan. There
were 460 cases (about 49%) that occurred within the 3 h
following the highest, 2nd, and 3rd rainfall intensities,
while 24-hour accumulated rainfall had the lowest coeffi-
cient of variation of the long-term rainfall indexes. The I3-
R24 rainfall index was therefore used to establish rainfall
thresholds.

Slope units are categorized into three landslide suscepti-
bility levels (high, moderate, and low) and then separately
established a susceptibility-based regional rainfall threshold.

Fig. 7 Photo of route 9 410.8 k
landslide
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We also set three alert levels, including red (extreme danger
level), orange (high danger level), and yellow (medium
danger level), by adopting a hazard matrix for application to
evacuation decisions.

Validations using landslide cases in Typhoon Meranti in
2016 showed that, for the representative landslide cases in
Typhoon Meranti, orange or red alerts could have been
issued before the landslides occurred.

Fig. 9 Photo of route 9 413.5 k
landslide

Fig. 8 Rainfall path of route 9
410.8 k landslide in the I3–R24

diagram
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It can be concluded that classifying landslide suscepti-
bility and establishing rainfall thresholds separately not only
provides refined thresholds but also avoids over- or under-
estimation of the thresholds for slopes, especially when
considering the application to disaster prevention.
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