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A B S T R A C T

Quantitative landslide susceptibility assessment is necessary for mitigating casualties, property damage, and
economic loss. Identification of landslides and preparation of landslide susceptibility maps are crucial steps in
landslide susceptibility assessment. Therefore, an optimal landslide susceptibility model is presented that is
capable of producing accurate landslide susceptibility maps and assessing landslide susceptibility. To construct
the optimal landslide susceptibility model, the effectiveness of the improved self-organizing linear output map
(ISOLO), support vector machines (SVM) with four kernel functions (LN-SVM, PL-SVM, RBF-SVM, and SIG-SVM)
and logistic regression (LR) was compared. Twelve landslide causative factors (namely, slope, slope aspect,
elevation, curvature, profile curvature, plan curvature, slope length, topographic wetness index, distance to
river, distance to road, distance to fault and annual maximum 24- and 48-h rainfalls) were used in this landslide
susceptibility analysis. These models were applied to the Kaoping River basin in Southwestern Taiwan to assess
its performance. Landslide inventory maps from 2008 to 2011 were collected. Data from the first three-year
period were used for training and the remaining data was used for testing. The performance of the models was
compared using accuracy and the area under the receiver operating characteristic curve as criteria. The results
show that the RBF-SVM model outperformed the logistic regression in the study area. Using the RBF-SVM model,
the landslide susceptibility under the annual 48-h maximum rainfall of various return periods were analyzed to
assist local administrations and decision makers in disaster planning.

1. Introduction

Landslides are one of the most destructive natural disasters.
Preparation of accurate landslide susceptibility maps and landslide
susceptibility assessments are challenging tasks. Landslide susceptibil-
ity models depend not only on the data used but also on the
methodology adopted. For landslide susceptibility modeling, the most
frequently used inputs are causative factors (Varnes, 1984a, b;
Hutchinson, 1995; Ercanoglu and Gokceoglu, 2004; Ermini et al.,
2005). Causative factors can be divided into topographic, geological,
locational, and triggering factors. The first three factors affect the initial
favorable conditions for landslide occurrence, whereas triggering
factors determine the time of landslide occurrence (Ladas et al.,
2007). However, existing models without triggering factors as input
were developed to examine the relation between initial favorable
conditions and landslide occurrence (Yao et al., 2008; Kavzoglu et al.,
2014; Polykretis et al., 2015). Models using triggering factors (such as

the heavy rainfall, earthquake, snowmelt, and volcanic eruptions) as
input have raised less attention in recent studies (Weng et al., 2011;
Umar et al., 2014; Bai et al., 2014; Alkhasawneh et al., 2014; Su et al.,
2015).

Because landslides are one of the most complex physical processes,
numerous methods have been developed to assess landslide suscept-
ibility. These methods can be grouped into three categories (Chung and
Fabbri, 2008; Erener and Düzgün, 2010; Gokceoglu and Sezer, 2009;
Pradhan and Lee, 2010a, b), namely deterministic (Stevenson, 1977;
Kienholz, 1978; Ives and Bovis, 1978; Varnes, 1984a, b), physical, and
statistical. The deterministic methods are easy to implement, but
involve the subjective definition of the weights of each landslide factor.
The physical methods generally provide accurate results. However,
physical methods are quite expensive and not practical for large-scale
areas. By contrast, statistical methods have been widely used to carry
out landslide-susceptibility mapping. The most popular statistical
method used in landslide modeling is the logistic regression (LR)
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(Ayalew and Yamagishi, 2005; Bai et al., 2011; Devkota et al., 2013;
Chen et al., 2013; Lee, 2014). Recently, numerous studies have
confirmed the modeling ability of machine learning methods, such as
artificial neural networks (ANNs) (Lin et al., 2009a, 2009b, 2010; Wu
et al., 2013; Nasseri et al., 2013). The ANNs, including the back
propagation network (BPN) and the support vector machines (SVM),
have been employed for landslide susceptibility mapping (Lee and
Jeong, 2014; Kavzoglu et al., 2014; Tien Bui et al., 2016). Specifically,
the SVM has been introduced as an accurate, efficient, and robust
means for classification and regression problems such as landslide
susceptibility mapping. Moreover, a novel type of ANNs called the
improved self-organizing linear output map (ISOLO) has emerged as an
alternative tool in many conventional ANNs. The ISOLO provides rapid,
precise, and inexpensive estimates of network structures and para-
meters and accurately estimates extreme values; hence, it was adopted
in this study (Lin et al., 2016).

2. Study area and data

The Kaoping river basin (Fig. 1) is located in southwestern Taiwan.
The main stream length and the total basin area are around 171 km and
3256.85 km2, respectively. The elevation of this basin ranges from
3941 m in the northeastern area to 0 m in the southwest area. Although
the average annual rainfall of the study area is about 3046 mm, its
spatiotemporal distribution is uneven. Approximately 80% of total
annual rainfall is concentrated in the period from May to October. The
average annual rainfall in the high-elevation area is larger than that in
the low-elevation area. The total volume of landslide material in the
Kaoping River basin is estimated to be approximately 18,000,000 m3

(Soil and Water Conservation Bureau, 2007), which implies a severe

landslide hazard susceptibility in this area.

2.1. Landslide inventory map

Identification of areas where landslides have occurred is a critical
step in landslide susceptibility modeling. A field survey is the most
exact detection method but difficult, time-consuming, and costly. In
contrast to field surveys, remote sensing techniques (such as satellite
images) with geographic information systems are capable of obtaining
relevant and cost-effective information on landslides. In this study, the
landslide inventory was obtained from the Global Earth Observation
and Data Analysis Center (http://geodac.rsh.ncku.edu.tw/bin/home.
php). The study adopted the landslide inventory data which was
visually interpreted from Formosat-2 images by using the Normalized
Difference Vegetation Index (NDVI) and was carefully determined
manually. Although the spatial resolution of Formosat-2 images is
2 m, image resolution of 40 m is used as the digital terrain model (DTM)
data available in Taiwan due to the effect of patches of shaded areas
(Liu et al., 2011). Fig. 2 presents the landslide inventory maps with a
spatial resolution of 40 m × 40 m and the maximum 48-h rainfall for
the period from 2008 to 2011 that provide the spatial distribution of
locations of existing landslides. The year 2008 was defined as the first
period, indicating that all landslides occurred within this year were
regarded as “new landslides.” Landslides occurred in the following
years were indicated as “reactivated landslides.” Therefore, the new
landslide pixels from each year were independent. The precise number
and percentage of the new and reactivated landslide pixels are shown in
Table 1. According to Fig. 2 and Table 1, most landslides occurred in
the eastern high-elevation region and the highest number of new
landslide pixels occurred in 2009. Therefore, the numerous reactivated
landslides occurred in 2010 and 2011. The main reason for this was the
heavy rainfall caused by Typhoon Morakot in 2009. Detailed informa-
tion on typhoons events in Taiwan is provided in Table 2.

2.2. Spatial database

2.2.1. Triggering factors
The rainfall data consist of hourly rainfall measurements collected

from 1992 to 2012 by a network of 31 rainfall stations managed by the
Taiwan Central Weather Bureau. Locations of rainfall stations and their
detailed information are shown in Fig. 1, respectively. For the
construction of the landslide susceptibility model, the annual maximum
24- and 48-h rainfalls of each rainfall station from 2008 to 2011 were
calculated. Using the Thiessen method, the maps of the annual
maximum 24- and 48-h rainfalls were obtained. Only the annual
maximum 48-h rainfalls from 2008 to 2011 presented in Fig. 2 due to
space limitations. All the annual maximum 48-h rainfalls at high-
elevation regions were significantly higher than those at low-elevation
regions. The number of recorded landslides at the high-elevation
regions with high annual maximum 48-h rainfalls were greater than
those at other regions. This demonstrated that heavy rainfall was the
major triggering factor for landslide susceptibility modeling in Taiwan.

2.2.2. Topographic factors
DTM data with a spatial resolution of 40 m × 40 m were used to

construct eight topographic factors, namely the elevation map (Fig. 3a),
slope map (Fig. 3b), aspect map (Fig. 3c), curvature map (Fig. 3d), plan
curvature map (Fig. 3e), profile curvature map (Fig. 3f), slope length
map (Fig. 3g), and topographic wetness index (TWI) map (Fig. 3h).

2.2.3. Geological factors
Geological factors are major determinants of landslide occurrence

because lithological and structural variations cause differences in the
strength and permeability of rocks and soils. The lithology map was
widely used in geology and was applied in this study. The lithology map
(Fig. 3i) of the study area was created with 15 groups based on the

Fig. 1. Study area and location of rainfall stations used in this study.
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