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Preface

A landslide is the movement of a mass of rock, earth, or debris along a slope under
the influence of gravity. Landslides are triggered by rainfall, earthquakes, volcanic
eruptions, slope erosion by rivers, and human activities like slope cutting and
excavation.

Several landslides include slope failures developing within, and at the margins of
already existing landslides. Therefore, if landslide topography can be identified on
any slopes, the potential of developing new landslides can be defined with any
degree. In order to research and produce an inventory of existing landslides or
landslide prone areas, topographic maps, stereo-paired aerial photographs, and
satellite images such as Google Earth, can be used. During our research, we refer to
the models of landslide type mentioned below. Landslides are usually classified as
deep-seated landslides or shallow landslides (slope failures). Information to assess
the hazards and risks on slopes is considered based on the above data.

Deep-seated landslides are usually composed of a main scarp and body or debris,
while shallow landslides are composed of a scar part, a flow part, and a deposition
part. In particular, deep-seated landslides have the potential to alter topography.
Therefore, it is important to recognize the modification of topography in order to
predict new landslides. In order to find landslide prone areas, GIS is particularly for
landslide hazard mapping. These works generate a landslide inventory, and then
mapping and analysing them using GIS technology process further by GIS software
and related technology.

This book consists of 13 chapters dealing mostly with landslide mapping,
analyses and case studies using GIS and related technology. Finally, we are grateful
to all of the authors for submitting their work to this book. We also would like to
show our appreciation to Ms. Taeko Sato and Mr. Thirumani Parimelazhagan,
Springer for editing this book.

Sapporo, Japan Hiromitsu Yamagishi
Matsuyama, Japan Netra Prakash Bhandary
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Chapter 1
Identification and Mapping of Landslides

Hiromitsu Yamagishi

Abstract In order to study landslides using GIS, it is first necessary to identify
landslides based on their characteristics: deep-seated landslides, such as main
scarps, debris, mounds, and hollows, or shallow landslides. Deep-seated landslides
are classified into rotational slide (slump), planar slide (glide), debris avalanche, or
earth flows. Shallow landslides are composed of scar, flow, and deposit part. The
seat is classified into planar or spoon type. After producing an inventory of land-
slides, an analog map should be transformed into a digital map and analyzed using
GIS to obtain “landslide hazard maps” including: (1) landslide inventory maps,
(2) landslide susceptibility maps, (3) landslide hazard maps, and (4) landslide risk
maps. Finally, this chapter reviews on GIS landslide analyses and susceptibility
mapping reviews briefly representative papers.

Keywords Landslide mapping - Landslide types : Deep-seated landslide -
Shallow landslide - GIS landslide method

1.1 Landslide Identification and Type

Landslides are usually classified as deep-seated or shallow landslides (slope fail-
ures). Deep-seated landslides are of great interest for the identification of sites
where additional landslides may develop, as they tend to present more threatening
and plentiful instability conditions in comparison to other slope failures. Thus, they
will be the focus of a more thorough description regarding their components and
classification in order to support a better detection procedure. By recognizing

H. Yamagishi (<))

Shin Engineering Consultant Co., Ltd., 2-8-30, Sakaedori, Shiroishi-ku,
Sapporo 003-0021 Japan

e-mail: hiromitsuyamagishi88 @ gmail.com
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4 H. Yamagishi

accurately the main features and types of landslides, it is possible to identify them
using existing surface information in little time.

The following topographic characteristics are typical of deep-seated landslides:
(1) main and secondary scarps, (2) cracks, (3) mounds and ridges, (4) hollows and
ponds, and (5) alterations/meanders of the drainage system (streams, rivers, etc.).
Scarps are significant features that form part of deep-seated landslides. The main scarp
can result in variable landslide shapes: an amphitheatre shape for a rotational slump or
a straight and planar failure surface for a planar slide. The landslide body and toe can
present hollows or ponds, mounds, and cracks (fissures) showing various shapes and
locations. In the case of a planar slide, hollows are graben shaped (depressions).
Figure 1.1 shows the typical form of a rotational deep-seated landslide.

Deep-seated landslides can be classified into the following main types (Fig. 1.2):
(a) Rotational Slide type, (b) Planar Slide type, (c) Debris Avalanche, and (d) Earth
Flow (Highland and Bobrowsky 2008). Based on the new classification version
proposed by Hungr et al. (2013), translational (Planar) slides will be referred to
from now on as planar slides.

Fig. 1.1 Schematic model of Crown cracks
typical deep-seated landslide 0”0"‘::' \
(Highland and Bobrowsky :ng';e-m_,_h
2008, based on Varnes 1978)
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1 Identification and Mapping of Landslides 5

Rotational type is defined as a landslide in which the rupture surface is curved
upward in cross section and the movement is rotational along the axis parallel to the
slope surface. The head moves vertically downward, and the displaced materials tilt
backward, toward the scarp. Therefore, the portion in front of the scarp is regarded
as a tensional zone; on the contrary, the marginal portion is a compression zone
(Fig. 1.2a). A planar-type landslide is one that moves downward and outward,
along a relatively planar surface (Fig. 1.2b). This type of slide may progress over
considerable distances if the surface of rupture is sufficiently inclined, something
which is in contrast to rotational slides, which tend to restore their slide equilibrium
over a short distance.

Debris avalanches (Fig. 1.2¢) are essentially large, extremely rapid, and often
open-slope flows formed when an unstable slope collapses and the resulting frag-
mented debris is rapidly transported away from the slope. In some cases, snow and
ice contribute to the movement if sufficient water is present. Finally, earth flows can
occur on gentle to moderate slopes, generally in fine-grained soils, commonly clay
or silt, but also in very weathered, clay-bearing bedrock (Fig. 1.2d). The mass in an
earth flow moves as a plastic or viscous flow with strong internal deformation.

While the focus on identification of landslides has been on deep-seated types (as
they can be the starting points for development of new mass movements) and
shallow landslides must be considered also. Zones with numerous shallow land-
slides might indicate problematic conditions that can result in even more move-
ment. An individual slope failure in a specific place can be an indicator of possible
new landslides.

Shallow landslides (slope failures) tend to be triggered by heavy rainfall and high
intensity earthquakes. They are characterized by a shallow depth, up to several meters,
and many failures occurring at once. In addition, they are sometimes associated with
mud flows and debris flows as deposit parts. Mainly, slope failures are classified into

Fig. 1.3 Shallow landslides (slope failures) caused by heavy rainfalls on July 14, 2004 in Niigata,
Japan. a Planar type and b spoon type
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planar and concave types and are usually composed of a scarp part, a flow part, and a
deposit part. They are classified into planar type, where the scar is parallel to the
original slope, and spoon type, where the scar is concaved in shape (Fig. 1.3).

1.2 What Is Landslide Hazard Mapping?

Landslide maps exist in many types in terms of hazard mapping defined by the
Committee on the Review of the National Landslide Hazards Mitigation Strategy,
CRNLHMS (2004).

(1) A landslide inventory map shows original maps of the locations and outlines
of landslides. The map is a dataset representing a single event or multiple
events. It is usually made by interpretation of aerial photographs, satellite
images such as Google Earth or GPS measurements, etc.

(2) A landslide susceptibility map shows the likelihood of a landslide occurrence
on the basis of the local slope or earth conditions. Susceptibility does not
consider the probability of generation, which depends on triggering factors such
as rainfall or seismicity (CRNLHMS 2004).

(3) A landslide hazard map indicates the potential for an occurrence giving rise to
damage to human life, property, or infrastructures, etc.

(4) A landslide risk map shows the expected cost of landslide damage throughout
an area. Risk maps combine the probability information from a land slide
hazard map with analysis of all possible consequences (property damage,
casualties).

1.3 Landslide and GIS

For studying landslide mapping, many methods and techniques are developing. In
particular, IT innovations, satellite imagery, and laser profiler systems have come to
the fore, in addition to GIS and remote sensing.

For GIS landslide studies, it is necessary to use DEM (Digital Elevation Model).
Recently, 30-m DEM has become available to download free of charge from
LP DAAC Global Data Explorer: http://gdex.cr.usgs.gov/gdex/ (see Fig. 1.4) or
Alos2 of JAXA (http://www.eorc.jaxa.jp/ALOS/en/aw3d30/data/index.htm) for any
country. A further free download is from the Geographical Survey Institute, Japan,
providing 10-m DEM across Japan.

Precisely how to use GIS for landslide analyses depends on landslide type:
shallow or deep-seated. In the case of shallow landslides, DEM is used for slope
analyses, because shallow landslides take place along the slope, whereas
deep-seated landslides are a result of slopes moving; therefore, the analysis is


http://gdex.cr.usgs.gov/gdex/
http://www.eorc.jaxa.jp/ALOS/en/aw3d30/data/index.htm
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Fig. 1.4 LP DAAC global data explorer website, from which 30-m DEM is available as a free
download

mostly carried out using GIS data from geological maps and vector analyses of
geoprocessing and geometry functions etc.

In order to undertake landslide susceptibility mapping, many methods are used
in combination with statistical software: artificial neural network (ANN; Dou et al.
2015) and logistic regression (LR: Ayalew and Yamagishi 2005).

The editors of this book decided to produce a work on GIS and landslides;
therefore we called for the chapters. As a result, 13 chapters were submitted mostly
from Asian, Central America and Eastern European countries. Many landslide dis-
asters take place in these countries, so GIS technology represents significant work.

1.4 Brief Review of Studies on Landslides
Using GIS and Related Technologies

There have been many papers on GIS and landslides. The keyword search for “GIS
Landslide” yields more than 22,700 results on Google Scholar (April 3, 2017).
Some of the most significant work is as follows.

Carrara et al. (1991) described that relevant geological and geomorphological
factors were collected and processed by applying GIS technology. In particular,
modules were used to both generate high-fidelity digital terrain models and auto-
matically partition the terrain into main slope units. The results were analyzed
primarily by discriminant analysis which enabled landslide hazard and risk
assessment.

Van Westen and Terlien (1996) calculated average safety factors and landslide
probability based on parameter maps of geology, geomorphology, and DEM.
A two-dimensional hydrological model was applied to estimate groundwater levels
in relation to rainfall events and a simple method for the calculation of horizontal
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seismic acceleration was used for different earthquake events. The highest proba-
bility value of the various scenarios was selected for each pixel, and a final hazard
map for translational landslides was constructed. The results were the first approach
towards a deterministic landslide hazard analysis using GIS.

Dai and Lee (2002) analyzed the physical characteristics of landslides and the
statistical relations of landslide frequency with the physical parameters on Lantau
Island in Hong Kong using GIS, a database of existing digital maps, and aerial
photographs. The horizontal travel length and the angle of reach, defined as the
angle of the line connecting the head of the landslide source to the distal margin of
the displaced mass, were used to describe the runout behavior of a landslide mass.
The results indicated that the horizontal travel length of a landslide mass ranged
from 5 to 785 m, with a mean value of 43 m, and the average angle of reach was
27.7°. Finally, they indicated that slope gradient, lithology, elevation, slope aspect,
and land-use are statistically significant in predicting slope instability.

Ayalew and Yamagishi (2005) used a logistic regression model for regional
hazard management, and multivariate statistical analysis to produce a landslide
susceptibility map of central Japan. For susceptibility mapping, the use of logistic
regression was found to be the best fitting function to describe the relationship
between the presence or absence of landslides (dependent variable) and a set of
independent parameters such as slope angle and lithology. An inventory map, as its
base, of 87 landslides was used to produce the dependent variable, which took
values of O for an absence and 1 for the presence of slope failures. Lithology, bed
rock—slope relationship, lineaments, slope gradient, aspect, elevation, and road
network were taken as independent parameters. The effect of each parameter on
landslide occurrence was assessed from the corresponding coefficient that appeared
in the logistic regression function. Among the geomorphological parameters, aspect
and slope gradient had a more significant contribution than elevation. The study
area was classified into five categories of landslide susceptibility: extremely low,
very low, low, medium, and high.
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Chapter 2

Spatial Comparison of Two
High-resolution Landslide Inventory Maps
Using GIS—A Case Study of the August
1961 and July 2004 Landslides Caused
by Heavy Rainfalls in the Izumozaki Area,
Niigata Prefecture, Japan

Junko Iwahashi and Hiromitsu Yamagishi

Abstract The spatial distribution of shallow landslides in the Izumozaki area,
Niigata, caused by the heavy rainfalls in August 1961 and July 2004 was investi-
gated using high-resolution ortho-photoimagery and a 2-m DEM. We found that the
number of the August 1961 landslides is more than twice the July 2004 landslides.
More than half of the July 2004 landslides (about 70% as the number ratio and 54%
as the area ratio) were primary landslides. These primary landslides seem to occur
randomly regardless of the geological structure of the stratum. The large landslides
which occurred in July 2004 were often expanded landslides immediately higher
than the August 1961 landslides. These expanded landslides often occurred on
daylighting dip slopes. Among the July 2004 landslides, the ratio of landslides
along roads is very high compared to 1961 (1961: 4.2%; 2004: 16.4%).

Keywords Landslide - Ortho-photoimagery - LiDAR

2.1 Introduction

In this section, research of GIS analyses for shallow landslides caused by heavy
rainfalls in [zumozaki Town, Niigata Prefecture in Japan is introduced. The authors
investigated spatial distribution of shallow landslides in the Izumozaki area caused

J. Twahashi (D<)

Geospatial Information Authority of Japan, Kitasato-1,
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by heavy rainfalls in August 1961 and July 2004 using high-resolution
ortho-photoimagery and a 2-m DEM from ground-based LiDAR data (Iwahashi
and Yamagishi 2010).

We utilized commonly used GIS software, spreadsheet software, and statistical
software. The applied skills were very simple: digitizing, overlaying, and creating
graphs and tables. However, without recent advances in technology of spatial data
creation such as ortho-photoimagery and high-resolution DEMs by LiDAR, the
research would have not been carried out because the innovation of data creation
and GIS brought enough positional accuracy of landslide inventory data. In addi-
tion, without past continuous studies of local research such as field geological
surveys, referred to in the Reference, the research also would not have been carried
out.

We mainly used landslide distribution data directly digitized from 50-cm digital
ortho-photoimagery. Moreover, a 2-m DEM of LiDAR surveyed in November 3,
2007, was overlaid. Although the LIDAR DEM was surveyed after the July 2004
heavy rainfalls, Saito (2007) revealed that majority of landslides in the study area
occurred in shallow surfaces whose thicknesses were less than 3 m. Therefore, we
suppose that there is no major problem for surveying terrain attributes by the DEM.
Two-meter resolution makes it possible to compare landslide polygons and topo-
graphical features of individual slopes.

2.2 Study Area

Figure 2.1 shows the location and a lithological map of the study area. The study
area lies on fold mountains of sedimentary rocks and is dominated by steep slopes.

The study area lies on four sheets of 1:50,000 geological maps. We compiled
four geological map sheets (Kobayashi et al. 1993; Kobayashi et al. 1995;
Kobayashi et al. 2001; Takeuchi et al. 2004) referring to descriptions of the geo-
logical maps before producing GIS data of the lithology (Iwahashi and Yamagishi
2010).

The dominant lithology in the study area is sedimentary rocks of Miocene to
Pleistocene: interbedded sandstone and mudstone with thick sandstone of Shiiya
formation [hereinafter referred to as the Shiiya formation (interbedded sandstone
and mudstone)], massive mudstone with interbedded sandstone and mudstone of
Nishiyama formation [the Nishiyama formation (massive mudstone)], sandy silt-
stone with interbedded sandstone and mudstone of Haizume formation [the
Haizume formation (sandy siltstone)], and gravel, sand, silt, and mud of Uonuma
formation [the Uonuma formation (sand dominated)]. Those four groups are dis-
tributed over one km? and occupy a large portion of the mountains.

Nozaki (1994) and Nozaki (1995) reported that the Shiiya formation was of
lesser intensity than the Nishiyama, Haizume, and Uonuma formations, despite the
fact that the Shiiya formation is older than other formations. In the study area, many
landslides are distributed in the slopes of the Shiiya formation.
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Fig. 2.1 Study area and its lithological map. The lithological map is compiled from 1:50,000
geological maps of Kobayashi et al. (1993), Kobayashi et al. (1995, 2001), Takeuchi et al. (2004)

In the study area, cedar plantations and broad-leaved deciduous forests are
widely distributed. Vegetation of the study area is well controlled by humans.
According to the observation of air-photographs, a considerable portion of the study
area was logged in the 1940s. After the 1960s, the study area is covered by forest
and there has been no bare land (Fig. 2.2). The distribution of cedar plantation has
been changed widely every 10-20 years due to logging. There is no concrete
evidence that vegetation influences the development of landslides. Therefore, the
vegetation was not considered as a predisposition in this study area.

2.3 Details of the August 1961 and July 2004 Heavy
Rainfalls in the Study Area

The Izumozaki area has suffered several disasters caused by heavy rainfalls in the
last several decades. Many landslides occurred in the study area, in particular due to
the 5 and 20 August 1961 heavy rainfalls caused by a typhoon and the 13 June 2004
heavy rainfalls caused by a rainy season front (Yamagishi et al. 2008). This study
focuses on landslides caused by the two events.
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Fig. 2.2 Landslides induced
by the July 2004 rainstorms
plotted on the monochrome
air-photograph taken in 2001
by GSI. Dark parts
correspond to artificial forests
of cedars, and gray parts to
broad-leaved deciduous
forests

Polygon of the July 200
2004 landside L——m

According to reports of the meteorological observatory, daily precipitation of the
5 August 1961 heavy rainfall in the study area was estimated as 250 mm.
Maximum hourly precipitation in the study area was unknown; however, it was
40 mm in Nagaoka which is located 10 km east of Izumozaki. Half of the resi-
dential buildings in the Izumozaki area suffered damage and 14 people were lost
because of landslides (Tokyo District Meteorological Observatory 1961). Two
weeks later, heavy rainfalls came again. On August 20, 1961, middle of Niigata
Prefecture suffered concentrated heavy rains. Daily precipitation of the study area
was 126 mm (Society of Agricultural Meteorology of Niigata Prefecture 1961).
According to Tokyo District Meteorological Observatory (1961), most of the
damage of Izumozaki was caused by the 5th August heavy rainfall, however, Saito
(2007) reported that many landslides occurred in the eastern slopes of Oginojo on
20th August.

The 13 July 2004 heavy rainfalls were caused by a rainy season front. The
greatest damage came from an overflow of the Kariyata River on the plains. In the
Izumozaki area, many landslides occurred and one person was lost. Kawashima
et al. (2005) reported detailed data of precipitation. In the town office of Izumozaki
and Mishima, which are close to the study area, the daily precipitation was
approximately 350-370 mm. The maximum hourly precipitation in the Izumozaki
area was approximately 50 mm (Yamagishi et al. 2008).
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Fig. 2.3 Distribution maps of daily precipitation of the August 1961 heavy rainfalls (upper-right
and upper-left) and July 2004 heavy rainfalls (lower-left). Precipitation data are from Society of
Agricultural Meteorology of Niigata Prefecture (1961), Kawashima et al. (2005). Isolines of daily
precipitations were interpolated by spline interpolation from the data of rainfall stations

As described above, the two events were different in their rainfall processes. The
August 1961 heavy rainfalls occurred twice in two weeks. The June 2004 heavy
rainfalls were all at once, however, it rained harder than the August 1961 heavy
rainfalls (Fig. 2.3).
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2.4 Preparation of GIS Data

2.4.1 Preparation of Landslide Inventory Data

Positional accuracy of landslide distributions is the key for this study. We made an
effort to digitize accurate landslide polygons. At first, photographic papers of aerial
photographs of 1961 and 2004 were used to grasp rough locations of landslides by a
three-dimensional view. 1:20,000 scaled monochrome aerial photographs taken by
GSI on May 20, 1962, were used for the landslides caused by the August 1961
heavy rainfalls (hereinafter referred to as the August 1961 landslides). These
photographs were taken nine months after the heavy rainfalls; however,
disaster-relief work had not been done and locations of the landslides were easily
identified. 1:25,000 scaled color aerial photographs taken by GSI on the July 24,
2004, were used for the landslides caused by the 13 July 2004 heavy rainfalls
(hereinafter referred to as the July 2004 landslides). In this study, we digitized
landslide  polygons on  50-cm  resolution ortho-photoimagery. The
ortho-photoimagery was created by ERDAS Imagine (Hexagon Geospatial) using
1200 dpi scanned films of aerial photographs. We digitized landslide polygons
using ArcGIS (ESRI). By enlarging the ortho-photoimagery on a PC monitor, small
landslides with a width of several meters were identified and accurate polygons
were digitized.

For terrain data, we used a 2-m DEM derived from LiDAR data surveyed on the
November 3, 2007. The study area experienced the 2004 Niigata Prefecture
Chuetsu Earthquake (M 6.8) on the October 23, 2004. However, the earthquake
brought on a few landslides in the study area (Iwahashi et al. 2008). Compared with
the 24 July 2004 aerial photographs, we found almost no new landslides on the
digital aerial photographs taken at the same time with LiDAR.

Lithology, positional relationships with roads, positional relationships with the
1961 landslides (for the July 2004 landslides only) were inputs as attributes of
landslide polygons. Areas of landslides were calculated using the GIS software.

We used a compiled and simplified 1:50,000 geological map (Fig. 2.1) as the
basis for lithological data. A 1:50,000 map scale is too small compared with the
resolution of the DEM. Therefore, we modified the attributes of landslide polygons
manually, especially in the case that the location of alluvium (inferred from the
shaded relief image of LIDAR DEM) was overlaid in the polygons of mountainous
rocks in the GIS data of lithology.

We have classified positional relationships between the landslides and the roads,
as landslides in natural slopes and landslides in road slopes. Road slopes were
certified using the shaded relief image created by the 2-m DEM. We also defined
the new or widened roads that were not shown in the 20 May 1962 aerial pho-
tographs, as newly constructed roads after 1962.
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Fig. 2.4 Images showing frame formats of positional relations between new and old landslides. In
this figure, gray polygons and black ones indicate 1961 landslides and 2004 landslides,
respectively

The July 2004 landslides can be classified into primary landslides, meaning
those without any relationship to the August 1961 landslides in the same valley side
slope, and other landslides with the August 1961 landslides in the same valley side
slope. Moreover, we re-classified the other landslides as follows. Figure 2.4 shows
schematic images of the descriptions.

Overlapped (smaller): small landslide occurred on the 1961 landslide
Downstream: landslide occurred in a downstream valley of the 1961 landslide
Lateral: landslide occurred in a close lateral valley of the 1961 landslide
Upstream: landslide occurred in an upstream valley of the 1961 landslide
Intermediate: landslide occurred between the two 1961 landslides

Overlapped (larger): large landslide occurred on and around the small 1961
landslide
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Fig. 2.5 Classification of the structure of stratum defined by relational inclination between surface
slope gradient (6) and slope gradient of geological discontinuity planes (y) such as planes of
stratification or joint face (Suzuki 2000)

2.4.2 Preparation of the Data for Structure of Stratum

We created the data for the inner structure of stratum for each geological formation
using the slope gradient and the slope orientation calculated from the 2-m DEM, and
strike and dip data digitized from the 1:50,000 geological maps (Kobayashi et al.
1993; Kobayashi et al. 1995, 2001) adding 13 point data measured at the foot of
mountains from Yamagishi et al. (2005). The data show the area of classified groups
for the structure of stratum according to Suzuki (2000) (Fig. 2.5).

Since the data of dip and strike are based on descriptions in the 1:50,000 geo-
logical maps, positional accuracy of the data is not commensurate with the 2-m
DEM. However, since the orientations of strata are broadly constant between fold
axes, we thought the problem would not have a significant effect on the results.
Meanwhile, the resolution of DEM will cause a significant problem for preparing
the data of the structure of stratum. A high-resolution DEM was needed to prepare
surface slope orientation data which express the real situation of slopes. The method
of preparation of the data is described in Fig. 2.6.

In the classification, we omitted the slopes where the geological surface was in a
direction perpendicular to the ground surface (approximately 26% in the mountain
slope), because we cannot determine if those slopes are infacing or outfacing. We
classified infacing dips into two categories: those in which the dip is greater or less
than 40°. In the case of outfacing dips, the dip degrees were already taken into
account when classifying daylighting dip, parallel dip, and hangnail dip (Fig. 2.5).
There are no vertical dip slopes in the study area.

2.4.2.1 Slope Angles of Mountains for Each Geological Structure
of Stratum

The average slope angles for each geological structure type of stratum calculated by
the 2-m DEM are shown in Table 2.1. The average slope gradients in Table 2.1 are
the values for the all mountain slopes including landslides.
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Fig. 2.6 Method of preparation of the data for structure of stratum using GIS

It is estimated that steep slopes are mainly distributed in hangnail dips in the
Uonuma formation (sand dominated) and the Haizume formation (sandy siltstone),
and parallel and hangnail dips in the Nishiyama formation (massive mudstone) and
the Shiiya formation (sandstone dominated). Around the study area, especially
hangnail dip slopes are stable (Suzuki 2000), and it is known there were few
occurrences of slope failure in the Chuetsu Earthquake (Sasaki et al. 2006). The
presence of many steep slopes does not always mean the area is unstable in
high-resolution observation.
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Table 2.1 Geological structures for stratum and the average slope gradient (°) according to the
formations

Uonuma Haizume Nishiyama Shiiya formation
formation formation formation (interbedded
(sand (sandy (massive sandstone and
dominated) | siltstone) mudstone) mudstone)

Daylighting dip -2 18.4 239 29.0 27.8

Parallel dip - 4 18.9 27.7 38.8 42.1

Hangnail dip - f 29.2 36.2 39.0 43.2

Infacing dip (dip < 40) (/:é 23.0 28.2 274 33.8

Infacing dip (dip > 40) .~ 2255 31.1 329 29.6

To determine average slope gradients, the slopes less than 5° calculated in 5 by 5 cell windows,
which coincided with valley bottoms or plains, were omitted

In the Uonuma formation (sand dominated), the Haizume formation (sandy
siltstone), and the Shiiya formation (interbedded sandstone and mudstone), infacing
dip slopes are steeper than daylighting dip slopes or parallel dip slopes. On the
contrary, the Nishiyama formation (massive mudstone) shows no concrete tendency.

2.5 Results

2.5.1 Comparison of the Densities of the August 1961
and July 2004 Landslides

Table 2.2 shows the number of landslides for each lithological unit. Landslide
numbers and areas for the July 2004 landslides were 1/2—1/3 of those in the August
1961 landslides. In both disasters, landslides occurred most frequently on the slopes

Table 2.2 Number of landslides for each lithological unit

August 1961 July 2004 A/B | Average value of
slope gradient (°)
Number of Number of
landslides/km? | landslides/km>
(A) B)
Uonuma formation (sand 134.4 47.8 2.8 [214
dominated)
Haizume formation (sandy 152.1 56.2 27 1265
siltstone)
Nishiyama formation 184.3 74.2 25 (299
(massive mudstone)
Shiiya formation (interbedded | 88.6 43.3 2.0 [284
sandstone and mudstone)
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Table 2.3 Number of landslides for each category of geological structure of stratum

August 1961 July 2004

Number of landslides % Number of landslides %
Daylighting dip 776 29.7 375 36.5
Parallel dip 21 0.8 7 0.7
Hangnail dip 206 7.9 95 9.3
Infacing dip (dip < 40°) 218 8.3 109 10.6
Infacing dip (dip > 40°) 680 26.0 173 16.8
Not categorized 710 27.2 268 26.1

of the Nishiyama formation (massive mudstone) and less frequently on the slopes of
the Shiiya formation (interbedded sandstone and mudstone), although average slope
angle is the largest in the Shiiya formation.

Table 2.3 shows landslide densities for each geological structure type of stratum.
In the infacing dip slopes whose dip is steeper than 40°, number densities of
landslides in the August 1961 landslides are 10% larger than those in the July 2004
landslides. In the daylighting dip slopes, the number is 5% less than those in the
July 2004 landslides. Differences of other values are less than a few percentage
points; the overall trends observed in Table 2.3 are similar in the two disasters.

However, different characteristics were observed in the frequency of the struc-
ture of stratum of the two categories of the July 2004 landslides: isolated landslides
which occurred in the different slopes of the August 1961 landslides (primary
landslides) and landslides which occurred in the same side slope of the August 1961
landslides. We describe this in the next section.

2.5.2 Position of the July 2004 Landslides in Relation
to the August 1961 Landslides

Among the July 2004 landslides, 70% of landslides in number and 54% of land-
slides in area are regarded as primary landslides, and the other landslides occurred
in the same valley side slopes (Table 2.4).

As can be inferred from the median values of the area of landslides, Upstream,
Intermediate, and Overlapped (larger) types are mainly large landslides and indi-
cated to be expanded failures of older ones. Most of these expanded type landslides
are the Upstream type.

The sum of the numbers of Overlapped (smaller) and Downstream types is
approximately half of the July 2004 landslides which occurred in the same valley
side slope of the August 1961 landslides. Among these, especially the Overlapped
(smaller) type is dominant. Overlapped (smaller) and Downstream types are
inferred to be collapses of landslide masses of the August 1961 landslides. Lateral
type landslides are also small. The median values of the area of those small
landslides are close to the value of primary landslides (83 m?).
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Table 2.4 Position of the July 2004 landslides in relation to the August 1961 landslides

Type of the July Number of % Total area of % Median area of
2004 landslides landslides landslides (ha) landslides (mz)
Primary 724 70.5 | 13.54 54.0 83
Overlapped (smaller) | 125 9.8 | 1.78 7.1 60
Downstream 31 24 | 0.76 3.0 92
Lateral 59 5.7 1.27 5.1 93
Upstream 69 54 | 428 17.1 | 307
Intermediate 5 04 | 022 09 | 525
Overlapped (larger) 14 1.1 | 3.21 12.8 | 1874
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Fig. 2.7 Frequency distribution of landslides. Landslides larger than 2000 m? are not included in
this figure. Axes of the graph are in logarithmic scale

Figure 2.7 shows the size-frequency distribution of the July 2004 landslides, for
the primary landslides and the other landslides. The sizes were calculated by GIS
using landslide polygons. The size distribution of the primary landslides is close to
a power-law distribution. There are many Lateral type landslides in a range
between 50 and 100 m”. The slope of the graph of the expanded failures is sig-
nificantly different from that of the primary landslides.

Figure 2.8 shows pie charts of the geological structure of stratum in relation to
the types of the July 2004 landslides. The pie charts of “all mountain slope” indicate
a standard of ratio of geological structure for each lithological unit. All charts of the
primary landslides are similar to the charts of all mountain slopes. This fact indi-
cates that the influence of geological structure on the occurrence of primary land-
slides is small. In contrast, except for the Nishiyama formation (massive mudstone),
expanded type landslides include a larger ratio of daylighting dip slopes than the
original percentage shown in the pie charts of “all mountain slope.” In the case of
sandstone slopes, it can be estimated from the pie charts that collapse of landslide
masses and lateral landslides mainly occurred in the infacing dip slopes.
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Fig. 2.8 Pie charts showing positional relations between geological structures in the July 2004
landslides and the August 1961 landslides. Angles of pie charts indicate the area ratio. Subscripts
are numbers of landslides. The leftmost pie chart shows the area ratio in all mountain slopes

2.5.3 Landslides Along the Roads

Observing the landslide distributions (Fig. 2.9), there is a significant difference
between the spatial distributions of the August 1961 and July 2004 landslides
separate from geology. Though the July 2004 landslides were considerably less
than the August 1961 landslides, the July 2004 landslides are prominent in that
there were many landslides in artificial slopes around roads. Before 1961, the only
road which had been constructed by cutting the hillside slopes was Route 352; most
roads were constructed along the lines of the feet or ridges of mountains. In 1962—
2004, many forest roads were constructed by cutting or filling. In the study area,
most of the artificial slopes of the new roads are covered by wire mesh and grass
seed spraying; shotcrete or mold blocks are seldom used for slope protection.
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Fig. 2.9 August 1961 landslides (left the background air-photograph was shot by GSI in 1962)
and the June 2004 landslides (right the background air-photograph was shot by GSI at shortly after
the heavy rainfalls) around Kamijo in Izumozaki town
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Fig. 2.10 Pie charts showing the comparison between the August 1961 landslides and the July
2004 landslides along roads. Angles of pie charts indicate the area ratio. Subscripts are numbers of
landslides

Figure 2.10 shows the pie charts which show the areas of landslides in natural
slopes, in artificial slopes around old roads constructed before 1961, and in artificial
slopes around new roads constructed after 1962. Landslides that occurred in arti-
ficial slopes around roads are only 4.2% (109 per 2612 in number) of the August
1961 landslides, however, are 16.4% (169 per 1028 in number) of the July 2004
landslides. It is clear from the charts that the increase of landslides occurring in
artificial slopes comes from the landslides around new roads.

Positional relationship between the type of landslide based on Fig. 2.4 and roads
are shown in Fig. 2.11. Figure 2.11 reveals the following. In the sandstone slopes,
most of the landslides around the new roads constructed after 1962 were primary
landslides. In contrast, large expanded landslides significantly occurred around the
new roads in massive mudstone slopes.
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Fig. 2.11 Pie charts showing classifications of the July 2004 landslides on the basis of Fig. 2.4
for each lithological unit, and positional relation with roads. Angles of pie charts indicate the area
ratio. Subscripts are numbers of landslides

2.6 Discussion and Conclusion

The August 1961 heavy rainfalls were twice in two weeks. The June 2004 heavy
rainfalls were all at once, however, in 2004 it rained harder than the August 1961
heavy rainfalls according to the daily precipitation in the study area (Fig. 2.3).
Those different rainfall processes are probably related to the landslide densities per
lithological unit (Table 2.2).

Seventy percent (in number) of the July 2004 landslides were small primary
landslides which occurred in valley side slopes not affected by the August 1961
landslides. On any lithological unit, the pie charts of the types of geological
structure for primary landslides (Fig. 2.7) are similar to those of all mountain
slopes. This indicates that primary landslides occurred randomly. Therefore, even a
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simple method using topographical attributes such as slope gradient and convexity
will be able to bring a valuable hazard evaluation for primary shallow landslides in
the slopes without old landslides.

The other landslides which occurred in the same valley side slopes of the August
1961 landslides can be classified into (1) collapse of landslide mass of the August
1961 landslide, (2) expanded failure of the August 1961 landslide, and (3) landslide
occurred in a close lateral valley of the August 1961 landslide. Though Type 1 is
the largest in the number of landslides, Type 2 should be noticed, because Type 2
landslides are the largest in scale and they significantly affect human society. After
our analyses using GIS, most of the expanded failures (Type 2) are slope failures of
upstream slopes of the August 1961 landslides. Except for the slopes of the
Nishiyama formation (massive mudstone), expanded failures (Type 2) often
occurred in daylighting dip slopes (Fig. 2.5). Therefore, daylighting dip slopes of
sedimentary rocks, which have a clear layered structure and an old landslide in their
downstream, should be noted. For the slopes which have a history of slope
movement in the last several decades, extensive mapping of landslide distribution
and information of the geological structure of stratum are more important than
topography.

Artificial steep slopes cut along new forest roads cannot be disregarded because
they are outstanding origins of recent landslides. In the July 2004 landslides, dif-
ferences of landslide type (Fig. 2.4) are observed according to the geological
structure of stratum (Fig. 2.11). In the sandstone slopes (the Uonuma and Shiiya
formation), most of the landslides around the new roads constructed after 1962 were
primary landslides. In contrast, large expanded failures significantly occurred
around the new roads in massive mudstone slopes (the Nishiyama formation).
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Chapter 3

Landslide Surface Deformation

Detected by Synthetic Aperture Radar
(SAR) Interferometry in Shizu Area

on the Southern Foot of Mt. Gassan, Japan

Hiroshi P. Sato and Akira Suzuki

Abstract L-band (22.36 cm in wavelength) radars such as ALOS (Advanced Land
Observing Satellite)/ PALSAR (Phased Array type L-band Synthetic Aperture
Radar) are suitable for observing landslide surface deformation in Japan. In this
study, we produced InSAR (SAR interferometry) images using PALSAR data and
observed the fringes produced; after subtracting orbital and topographic fringes, the
resulted fringe indicated a 2 x 1 km landslide surface deformation on the southern
foot of Mt. Gassan (stratovolcano, 1,994 m in elevation) in Japan; this landslide is
actually a reactivated old landslide. According to a previous study, slide surfaces
can be identified both in the deposits and in the underlying mudstone, which has a
maximum depth of 160 m from the ground surface. The InSAR image indicated
surface deformation at more than half of the L-band wavelength along the LoS (line
of sight). Because of the good coherence (0.4-0.6) of the obtained InSAR image,
we unwrapped the phase of the InSAR image and obtained a continuous phase. We
found that the detected landslide deformation could be separated into two sections:
a fluvial erosion-affected section and an upper slope section. In the former section,
repeated surface deformation between 0 and 7 cm along the LoS implies the
deformation by many sub-slide surfaces. In the latter section, surface deformation
along LoS uniformly increased from 2.5 cm at the upper scarp to 13.5 cm at the
foot of the slopes; this implies that one large rigid landslide block controls surface
deformation. An on-site GPS survey of the fluvial erosion-affected section revealed
the landslide’s surface deformation, and the measurement results from the GPS
survey show good agreement with the InSAR results.
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3.1 Introduction

A synthetic aperture radar (SAR) is an active microwave imaging system used to
monitor Earth’s surface, and it has cloud-penetrating as well as day/night opera-
tional capabilities. This remote sensing technique has been developed for acquiring
digital elevation models (DEM) or crustal dynamics deformations since the 1970s,
facilitated by the development of specific data processing techniques such as
Zebker and Goldstein (1986) or Massonnet et al. (1993).

SAR interferometry (InNSAR) has piqued maximum interest among researchers
concerned with landslides. L-band InSAR applications have already been reported
in landslide studies. Kimura and Yamaguchi (2000) measured landslide deforma-
tion on the slope near the Itaya abandoned mine, Yamagata Prefecture, Japan, using
InSAR images from JERS-1 (Japanese Earth Resources Satellite-1, launched by the
Japan Aerospace Exploration Agency < JAXA >)/SAR (L-band, 22.36 cm in
wavelength) data. Catani et al. (2005) also measured ca. 4 cm landslide deformation
per 44 days along line of sight (LoS: line through the satellite above the ground and
target on the ground) on the slope of Mt. Rasciesa, close to Bolzano in the Italian
Alps using JERS-1/SAR data. However, these studies do not consider the ground
truth data to evaluate the measurement result. Payret et al. (2008) measured land-
slide deformation at the Kahrod landslide in the Alboz range (Iran) using InSAR
images from ENVISAT (Environmental Satellite)/ ASAR (Advanced SAR) data
(C-band: wavelength is 5.66 cm). They reported that on-site GPS survey’s results
had good consistency with the 35-day InSAR measurement result. They also
reported that coherence, that is explained in Sect. 3.3.3, is good for the 35-day
InSAR image because the landslide area is free of any significant vegetation.

However, the humid climate in Japan induces rapid and dense vegetation
growth, and a C-band microwave is reflected by the top layer of the canopy; two
SAR observations do not give better coherence in an InSAR image. In contrast, an
L-band microwave can penetrate through vegetation. Therefore, an L-band radar
such as ALOS (Advanced Land Observing Satellite, launched by JAXA)/PALSAR
(Phased Array type L-band SAR) is more suitable for observing landslide defor-
mation in Japan. In this study, we show landslide measurement results using InSAR
images derived from ALOS/PALSAR data, and we will evaluate InNSAR mea-
surement results using on-site GPS survey’s results for the study area.

3.2 Study Area

This study focused on the Shizu area (Figs. 3.1a, 3.1b; 38.491232°N, 140.001°E) in
Nishikawa Town, Yamagata Prefecture, Japan, on the southern foot of Mt. Gassan
(elevation: 1,984 m). Mt. Gassan is a stratovolcano, and its volcanic activity began
in the late Pleistocene (ca. 88,000 years ago) and ceased ca. 36,000 years ago or
later (Nakazato et al. 1996). Pre-Neogene granite and Neogene volcanic rocks, tuff,
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and mudstone (Yamagata Prefecture 1974) are overlaid by the Gassan’s lava,
pyroclastic flow deposits, and pyroclastic debris from an avalanche that occurred at
the time of the later volcanic activity (Nakazato et al. 1996). In Shizu area, a thick
debris avalanche deposit stratum covers the Neogene stratum as shown in geologic
section A-B (Fig. 3.1c, location of the A-B is shown in Fig. 3.1b), and an
unconformity exists between both strata; the presence of partial tuffaceous clay
(volcanic ash) that contains sharp thin lacustrine deposit layers complicates the
geologic stratum (Hanaoka et al. 2011).
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The active landslide block extends into the area 2 km along the slope length and
1 km along both the Okoshi River and its branch, the Ishipane River (Fig. 3.1b). In
Fig. 3.1b, current-activated landslide blocks (section affected by fluvial erosion of
Ishipane River) are delineated by a black solid line, and the old landslide area is
delineated by a dashed line. The slide surface is estimated to lie in Pleistocene
debris avalanche deposits and Neogene sediments, and the maximum depth of the
slide surface in the Neogene sediments is ca. 160 m below the ground surface.
Many slickensides and striae are confirmed by boring into the tuff and mudstone
layer that is a few tens of meters in thickness. This data supports the conclusion that
these landslides were sequentially activated (Hanaoka et al. 2011).

3.3 Method
3.3.1 SAR Geometry and Data Used in This Study

As shown in Fig. 3.2, our study used InSAR images that covered a swath of ca.
70 km on the ground. In order to produce InSAR image, InSAR needs to observe a
given location twice. However, because satellites do not move along a fixed track,
but have orbits that can vary slightly in the space, the first observation may not be in
full agreement with the second; i.e., the observations reflect the differences in the
orbital tracks. The index of the difference between the positions is Bpgrp
(Fig. 3.2)—the vertical component of the length from the position of the second
observation satellite to the LoS of the first observation. Further, Fig. 3.2 shows that
as ALOS moves along the descending (southward) orbit, the azimuth (along-track)
direction is southward. The range (cross-track) direction is westward and down-
ward; this is the condition under which microwaves are transmitted from the radar.
ALOS/PALSAR, 695 km above the ground, observes the study area from an
oblique LoS.

Fig. 3.2 Geometry of InNSAR (descending orbit)
observations

Satellite
- _2nd observation

Satellite
1st observation

Southw___

East =~
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Table 3.1 Specifications of ALOS/PALSAR data

Master Slave Orbit Path Frame Bperp Off-nadir
angle

September September Descending | 58 2840 +104 m | 34.3°

12, 2006 17, 2008

The first and second images obtained by SAR are called the master and the slave
images, respectively. In this study, we used the SAR images observed from a
descending orbit as shown in Table 3.1. In Table 3.1, B pggrp is also described; for
InSAR processing, the longer the Bpgrp, the weaker is the coherence. Therefore, in
this study, we selected a combination of images whose Bpgrp Was less than 1500 m
and hence yielded good coherence for accurately estimating surface deformation.

InSAR images, the phase and amplitude (intensity of backscattering on the
ground) are stored as a complex number. A slope away from the radar transmission
with an angle that is steeper than the off-nadir angle (Fig. 3.2) provokes radar
shadows (European Space Agency 2000). Resolution of an ALOS/PALSAR image
is ca. 10 m on the ground at the center of swath; however, since this study adapts
two-look processing to reduce phase noise, resolution is ca. 20 m on the ground
because the real part and the imaginary part of the complex number are added,
respectively, between master and slave SAR images.

In principle, InNSAR deformation measurement precision is on the order of
millimeters (Geospatial Information Authority of Japan 2004). However, owing to
various errors caused by meteorological, ionospherical, and temporal changes in the
scatters as well as due to different looking-angles from the satellites and other
conditions, precision of each InSAR image with respect to deformation measure-
ment is different. Such errors caused by observational conditions are relatively easy
to remove, but it is difficult to fully remove errors caused by meteorological or
ionospheric conditions. In the 1992 Landers earthquake’s case, precision of InSAR
measurement result of deformation was 3.4 cm in root mean square errors, as
checking up the result of geodetic survey on the nine control points (Massonet et al.
1993). Therefore, centimetric surface deformation (Ferretti et al. 2000) more than
ca. 3 cm along LoS can be measured. For understanding in detail, the InSAR
processing method refer to previous reports such those of Tobita et al. (1998) and
Colesanti and Wasowski (2006).

3.3.2 SAR Data Processing

In this study, the main processes considered include (1) interferometric processing,
(2) orbit and topographic phase removing, (3) filtering for reduction of phase noise,
(4) phase unwrapping, and (5) conversion of the unwrapped phase to the LoS
distance (slant range) change.
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. Interferometric processing

Until recently, the phase of a SAR image was not tended to consider since it is
uniformly distributed in the interval [—m, n] for rough surfaces (single look
complex) (Wegmiiller et al. 2000). However, in situations where two SAR
images are acquired from almost the same orbit, the phase difference ¢ is related
to the LoS distance change Eq. (3.1)

4n

¢ =—— (il = D), (3.1)

A
where A is microwave wavelength,|y, | and |y,| are the distance from the satellite
to the target on the ground along the LoS for the first observation and that for the
second observation, respectively. The phase difference ¢ results in a fringe
pattern, also called an interferogram.

Orbital and topographic phase term removing

Since an orbital phase can be simulated using the two measurements of satellite
positions, y; and y,, the orbital phase was removed from the InSAR image to
obtain a flattened InSAR image. The topographic phase contained in the InSAR
image was also removed using a simulated topographic phase, which was
subtracted from the InSAR image to obtain the residual phase; here, we used a
50-m-resolution Digital Elevation Model (DEM) from a contour map published
by the Geospatial Information Authority of Japan.

Filtering for reduction of phase noise

Phase noise was reduced by the adaptive filtering method, which reflects vari-
able low-band pass characteristics derived directly from the power spectrum of
the fringes in the InNSAR image (Goldstein and Werner 1998). Finally, the SAR
image was obtained.

Phase unwrapping

The obtained phase in the InSAR image is limited only in one cycle [—m, 7];
however, the continuous whole phase at each point needs to be recovered to
describe real surface deformation. Therefore, phase unwrapping, which decides
the correct integer of the phase cycle that should be added to the original phase,
was applied to the final InNSAR image using the method of Goldstein et al.
(1988). The phase unwrapping is often difficult to resolve for low coherence
areas, especially in rugged terrain (Wegmiiller et al. 2000).

Conversion of the unwrapped phase to LoS distance change

After the phase unwrapping, the continual phase was simply recalculated into
LoS distance change by using half of the microwave length. Using only half of
the wavelength allows for the removal of duplication of the change in LoS
distance; this change is actually observed by considering the distance covered
from the satellite to the target on the ground and back. In this study, e.g.,
22.36/2 x 1 = 11.18 em, 22.36/2 x 2 = 2236 cm, and 22.36/2 x 3 =
33.54 cm correspond to w, 27, and 3w; However, the InSAR image obtained
from the orbit gives only a one-dimensional LoS distance change.
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3.3.3 Coherence

There are many phase noise contributions, as previously mentioned; an example of
temporal change appears on the scatters in areas of thick snow coverage or sandy
dunes. Since conditions of snow or sand surfaces tend to scatter microwave changes
after a few milliseconds, the coherence is low. The exposed rocks or urban areas
remain stable even after years, and the coherence in these areas is high.

Coherence is estimated by an index of phase stability such as the normalized
correlation coefficient, which will be calculated using corresponding complex
values from the two SAR images. Definition and calculation method of the
coherence can be seen in Tobita et al. (1998). The coherence value ranges from 0
(the interferometric phase is just noise, low coherence) up to 1 (absence of phase
noise, high coherence).

3.3.4 GPS Survey

To compare the LoS distance change by InSAR with the measurement result by
on-site GPS, we used the GPS survey’s result obtained by the Shinjo River Office,
Ministry of Land, Infrastructure, Transport, and Tourism. That office surveyed the
deformation using a GPS receiver at a control point. A GPS receiver was also
installed at a reference point outside the landslide where no deformation was
expected. The baseline between the control point and the reference point was 5 km
in length. The survey was performed by the static method and the observation
period was more than one hour each day. GPS survey’s measurement error is
estimated as 5 mm (offset) + 1 ppm x 5 km (baseline length) =1 cm in
planimetry and 5 mm + 2 ppm X 5 km = 1.5 cm in elevation (Tsuchiya and Tsuji
1997). GPS survey’s measurement error is considered as 1/ V2 = £0.7 cm,
1/ V2 = 40.7 cm, and £1.5 cm for northing, easting, and up component, respec-
tively. The GPS survey was not daily but periodically performed. Therefore, we
selected the GPS survey’s result that was observed at the dates close to the master
and slave SAR images observation date. Figure 3.3 depicts GPS survey at the GPS
control point “GPS-G3,” location of which will be explained in Sect. 3.4.2.

Since the LoS distance change by InSAR is one-dimensional, we projected
the GPS-surveyed 3-D (northing, easting, up) deformation change into a
one-dimensional LoS distance change, i.e., as shown in Table 3.2, we calculated
the inner product of GPS-surveyed 3-D deformation change and 3-D unit vector
along the LoS, (0.11, —0.62, —0.78) (positive sign for westward and downward).
The calculation yielded the LoS distance change by GPS; then, we compared LoS
distance change by InSAR with the change by GPS. The 3-D GPS survey’s mea-
surement error was also projected into one-dimensional LoS distance by calculating
inner product using the unit vector.
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Fig. 3.3 GPS survey at the control point “GPS-G3.” a Topography around the control point
(white rectangle shows the location of the point), b the control point, ¢ GPS survey. Photographs
in (a) and (b) were taken by the authors on November 10, 2009, and (c¢) was taken by the Shinjo
River Office on August 5, 2008

Table 3.2 GPS-surveyed 3-D deformation at the location GPS-G1

Period Overlapped AN (m) | 4E (m) | 4H (m) | Inner
days product (cm)
1. October 29, 2008—August 736 —0.075 |-0.022 |0.016 -0.7
11, 2006
2. October 29, 2008—October 699 -0.074 |-0.021 |—0.002 |0.6
19, 2006
3. August 5, 2008—October 656 -0.073 |-0.032 | —-0.024 |3.1
19,2006
4. August 5, 2008—August 11, | 693 -0.074 |-0.033 | —0.006 |1.7
2006

Note 1 unit vector along LoS (westward and downward: plus) is (0.11, —0.62, —0.78) at the center
of the InSAR image

Note 2 InSAR measurement period is September 17, 2008—September 12, 2006 (736 days), as
mentioned in Table 3.1

3.4 Result

3.4.1 InSAR Image, Coherence, and LoS Distance Change

Figure 3.4 shows the finally obtained InSAR image. As shown in the figure, the
outer rim of the phase-changed area (color changed area from blue to red to yellow
and then back to blue) limits the surface deformation area; it shows the surface
deformation at more than half of the wavelength along LoS that includes any
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Fig. 3.4 InSAR image. Back image is 1/50,000 map image published by Geospatial Information
Authority of Japan

current active landslides in the fluvial-erosion-affected section (Fig. 3.1c). It was
found that at the upper end of the deformation-detected area corresponds with the
unclear scarp just below the range (Fig. 3.1b, dashed line near B).

Figure 3.5a shows LoS distance change, which is calculated from the continuous
phase after phase unwrapping, shown in Fig. 3.4. Figure 3.5b shows the coherence
that is near 1.0 along the Ishipane River, the paved road and the artificial building
arrangement near Goshikinuma Pond (Figs. 3.4 and 3.5b), where there is a com-
parable depression zone in the head of the fluvial-erosion-affected section, and
some partial slope surfaces. Coherence near 0.0 also appears on the other partial
slope surfaces and bottoms of small tributaries; however, generally speaking,
Fig. 3.5b shows that coherence is 0.4-0.6. Referring back to our experience, this
coherence is not so bad; therefore, the phase-unwrapped result of Fig. 3.5a is
thought to show landslide surface deformation well between the twice SAR
observation.

Drawing the profile K-L of LoS distance change (Fig. 3.5¢), which nearly
corresponds to the section A—B in Fig. 3.1c, allows for a more detailed spatial
analysis of LoS distance changes. Profile K-L longitudinally samples the LoS
distance change between K, in the bottom escarpment undercut by Ishipane River,
and L, on the old landslide block (just below the ridge).

In Fig. 3.5c, profile K-L shows discontinuity of —1.0-13.5 cm at 710-860 m
from K. Further, at 860—-1800 m from K, the LoS distance change decreases
gradually from 860 m to 1800 m toward L, until the upper-part of the old landslide,
where LoS distance change returns to ca. 2.5 cm. These LoS distance change
implies that the old landslide is reactivated and slides as one rigid large block.
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At 0-710 m from K in Fig. 3.5¢c, the LoS distance remarkably changes in the
range 0—7 cm, which implies that small landslide blocks separately move westward
or downward. However, at 220 and 710 m from K, the LoS distance change
becomes negative, measured as —0.3 and —1.0 cm, respectively. This finding means
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that partial landslide blocks are occasionally uplifting or moving eastward, and it
implies that landslides in this section move intricately as directly affected by
Ishipane river erosion, different from 860 to 1800 m from K (Fig. 3.4c).

3.4.2 Comparison Between GPS Survey and InSAR
Measurements

The location of the GPS control point is shown as “GPS-G1” in Fig. 3.5a. The
deformation surveyed by GPS is also shown in Table 3.2, and since the GPS survey
is not performed just at the acquisition date of the SAR master and slave images;
four GPS survey periods overlap with the INSAR measurement interval. GPS period
1 in Table 3.2 means that the InNSAR measurement interval is fully covered by the
GPS survey; however, both October 29, 2008, and August 11, 2006, is out of the
InSAR measurement interval. Therefore, the deformation that occurred at a date
close to October 29, 2008 or August 11, 2006, is not reflected in the LoS distance
change revealed by InSAR. GPS period 3 in Table 3.2 indicates the shortest
overlapped days among the four GPS periods; however, at least the GPS period 3
does not include the deformation that occurred at the dates out of the InSAR
measurement interval, therefore, we selected the GPS period 3 and plotted the inner
product at the red dot (GPS-G1) in Fig. 3.5c. This shows good harmony of
deformation results between InSAR measurement and GPS survey. Error bar shows
+1.5 cm that is GPS survey’s measurement error along the LoS calculated by the
inner product using the unit vector. Figure 3.5¢ shows S, T, U, and V, and these
locations are also depicted in Fig. 3.5a.

The location and the surveyed deformation at the GPS control points “GPS-G3”
and “GPS-G6” are also shown in Fig. 3.5a and Table 3.3, respectively. As obser-
vation period in these points is different from the period 3 in Table 3.2, we selected
the observation periods that is close to the period 3, as shown in Table 3.3. As
shown in Fig. 3.5¢, InNSAR measurement result is within the measurement error bar
of GPS-G6; however, as shown in Table 3.3, result of GPS survey at the point of
GPS-G3 shows remarkable deformation, 88.0 cm along the LoS and the result is

Table 3.3 GPS-surveyed 3-D deformation at the locations GPS-G3 and -G6

Point Period AN (m) AE (m) 4H (m) Inner product
(cm)
GPS-G3 August 5, 2008—November —0.795 —1.569 0.003 88.0
25, 2006
GPS-G6 | August 5, 2008-December -0.024 —0.034 —0.046 54
7, 2007

Note 1 unit vector along LoS (westward and downward: plus) is (0.11, —0.62, —0.78) at the center
of the InSAR image

Note 2 InSAR measurement period is September 17, 2008—September 12, 2006, as mentioned in
Table 3.1
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not shown in Fig. 3.5¢ (only position of GPS-G3 is shown in Fig. 3.5¢). This is
because InSAR cannot detect local steep gradient of deformation (coherence is
locally depressed), and this measurement limitation causes the discrepancy of
deformation results between InSAR measurement and GPS survey at the point of
GPS-G3.

3.5 Discussion

Referring to the geologic cross section (Hanaoka et al. 2011, revised) in Fig. 3.1c,
the predicted slide surface of the landslide in the upper slope section is thought to
correspond with the slide surface of the old landslide. Contrary to the landslide in
the fluvial erosion-affected section, the landslide in this section is thought to move
as a rigid block, judging from the LoS distance change shown in Fig. 3.5c.
Therefore, it is estimated that not so many sub-slide surfaces developed in this
section. The GPS-G6 is near this section, and the InNSAR measurement along LoS
was in acceptable error range with the GPS survey’s result.

In the fluvial erosion-affected section, the surface of the landslide moves in a
complicated fashion, judging from the LoS distance change shown in Fig. 3.5c. In
other words, many sub-slide surfaces develop in this section, many blocks are
separated, and each block’s movement creates its own deformation. It is thought
that some blocks move at the remarkable deformation amount of up to 7 cm along
the LoS for two years, and the other blocks move at either a moderate amount or not
at all. On the one hand, the GPS-G1 is located in this section, and the InSAR
measurement along LoS was consistent with the GPS survey’s result. On the other
hand, the GPS-G3 is also located in this section and deformation 88.0 cm along
LoS was surveyed by GPS; however, InSAR could not detected such the defor-
mation that may have local steep gradient of deformation. If many GPS receivers
would be installed along the profile K-L shown in Fig. 3.5¢c, such a
remarkable-moderate surface deformation pattern and local steep gradient of
deformation could be clearly evaluated.

Both the upper slope section and the fluvial erosion-affected section face
westward, and direction of LoS is westward. The average slope angle is 10° in both
sections, which have also locally steep slopes at the angle of 20°-30° and more that
correspond with the sub scarp at the head of sub-blocks of the landslide. On the
middle and bottom of these sub scarps, shadow would occur and preclude conti-
nuity of phase. Such phase discontinuities would yield some partial unwrapping
errors, as can be seen in Fig. 3.5a. However, because such sub scarps exists with
uniformity in both sections, and because the coherence shown in Fig. 3.5b is rel-
atively high, we think the deformation result along the LoS was correctly obtained,
that the remarkable-moderate deformation sequence was in the fluvial
erosion-affected section, and that the continuous deformation was in the upper slope
section.
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3.6 Conclusion

The two-year-interval InSAR images have revealed landslide surface deformation
in the Shizu area, Yamagata Prefecture, Japan. Deformation of the landslides in the
fluvial erosion-affected section was already known from the findings of an in situ
GPS survey; however, the InSAR images revealed that the deformation area
extends not only into the fluvial erosion-affected area but also to the upper slope up
to the ridge. On the one hand, the landslide surface spatially repeated the
remarkable deformation and moderate deformation in the fluvial erosion-affected
section, and the LoS distance change was at most ca. 7 cm westward and down-
ward. On the other hand, in the upper slope section, the landslide moved as rigid
block. The LoS distance change was ca. 2 cm at the unclear scarp next to the ridge
and 14 cm at the end of the landslide block near Goshikinuma pond. Phase
unwrapping of the InSAR image gave a one-dimensional LoS distance change for
the two years, and it was found that the LoS distance change detected by InSAR
indicated good consistence with the change measured by in situ GPS static survey.

ALOS has been operated for over five years, which was its target life and well
beyond its design life of three years; due to a power generation anomaly, JAXA
decided to complete operations of ALOS on May 12, 2011 (JAXA 2011). However,
space-borne InSAR technique is fruitful for monitoring landslide surface defor-
mation across a wide area, and therefore it will be helpful for the landslide man-
agement office to arrange for a GPS survey in landslide areas. From this viewpoint,
we think future monitoring and reporting on landslide surface deformation will be
conducted using InSAR.
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Chapter 4

Modelling a Landslide Probability
Through Time as a Basis for the Landslide
Hazard Forecast System

Marko Komac and Mateja Jemec Aufli¢

Abstract In the past 20 years, intense short- and long-duration rainfall has trig-
gered numerous shallow landslides worldwide, caused extensive material damage
to buildings, infrastructure, and roads, and unfortunately also caused loss of human
life. Slovenia was no exception in this regard. But these landslide-related problems
could be identified and minimised if the knowledge of the landslide occurrence
would be upgraded with the more in-depth knowledge of the relationship between
the triggering factors (rainfalls) and landslides. In the frame of the national project
Masprem, we aim to develop an automated, online tool for predicting landslide
hazard forecast at the national level. This tool will provide an early warning system
for landslide events in Slovenia, a regional country that is highly vulnerable to
extreme meteorological events and to landslides. A system for landslide hazard
forecast will be based on the real-time rainfall data, rainfall thresholds for landslide
triggering, and the landslide susceptibility map. The proposed system will inform
inhabitants of an increased landslide hazard as a consequence of heavy precipitation
that would exceed the landslide triggering values.

Keywords Landslide hazard - Early warning system - Real-time rainfall -
Slovenia

4.1 Introduction

Landslide is one of the most common world disasters that pose the threat to pop-
ulation and property and often also claim lives. In the last decade, over 7500 people
died worldwide due to extreme rainfall events that trigger landslides (IDD 20009).
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Hence, gathering of the knowledge about these dangerous phenomena and the
urgency to understand them is a necessity. Society strives towards self-protection
and self-preservation, or at least mitigation of the consequences if they cannot be
prevented. To manage the hazards associated with shallow landslides, an accurate
predictive warning system for rainfall-induced slope failures is needed.

Spatial and temporal landslide occurrences are associated with many factors,
divided into two groups. Preconditions factors are generally naturally induced,
which over longer period govern the stability conditions of slopes (rock charac-
teristics, slope inclination, slope curvature, slope orientation, altitude, distance from
geological boundaries, distance from structural elements, distance from surface
water net, surface water flow length, and type of land use). The second group
consists of triggers that can result from human activity, or natural phenomena.
These are divided into preparatory (logging of the forest, slope cuts) and triggering
factors (intensive and prolonged rainfall, soil erosion, and seismic activity).

Rainfall influence on the occurrences of slope mass movements is the subject of
research of many researchers worldwide. First analysis of the impact of rainfall
focused only on the cumulative value of the daily precipitation (Crozier and Eyles
1980; Terlien 1998; Crozier 1999; Wilson 2000), but the latter research proved
strong effect of antecedent rainfall that triggers slope failures (Kim et al. 1992;
Glade et al. 2000; Aleotti 2004; Zezere et al. 2005; Jemec Aufli¢ and Komac 2011).
Intensity and period of rainfall that trigger landslides play an important role when
assessing triggering thresholds values. In general, two major thresholds can be
defined: minimum threshold and maximum threshold, which identify the lower and
upper boundaries of the threshold’s probability range (White et al. 1996). The
minimum threshold defines the lowest level, below which a landslide does not
occur. The maximum threshold is defined as the level above which a landslide
almost certainly occurs. A relatively short but high-intensity rainfall (i.e. less than
1-h rainfall) may result in a high surface run-off. This situation often results in the
saturation of soils, the development of perched aquifers, and a rapid rise in
groundwater levels. The temporary creation of perched aquifers, and high
pore-water pressure reduces the soil strength, which can lead to slope failure.
Likewise, low-intensity, lengthy storms, lasting a few days, may increase deep
groundwater levels, and high pore-water pressure can reduce the soil strength,
again. However, not every rainfall occurrence triggers a slope failure. In fact,
groundwater conditions in soil-covered hillslopes are controlled by water infiltra-
tion from the surface (Buchanan and Savigny 1990). Despite a large amount of
rainfall, there can be insufficient pore pressure within near-surface soils to trigger
shallow landslides. In general, mechanical hydraulic and soil characteristics, soil
thickness, geology, vegetation cover and its contribution to soil strength, and local
seepage conditions are particular to a geographical site and may induce variable
instability conditions in response to rainfall (Crosta 1998).

In a few places of the world, rainfall thresholds are a part of the operational
landslide warning systems, in which real-time rainfall measurements are compared
with established thresholds, and when pre-established values are exceeded, alarm
messages are issued. A detailed review of the literature reveals that one of the first
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real-time systems for issuing a warning of the landslide during intensive precipi-
tation was designed for San Francisco Bay Region (California) (Keefer et al. 1987).
The early warning system accurately predicted the times of actual debris flow and
was used by local governments as a basis for planning an emergency response for
recommending temporary evacuation of hazardous areas. The developed warning
system used empirical and analytical relations between rainfall and landslide ini-
tiation, real-time regional monitoring of rainfall data from telemeter rain gauges,
National Weather Service precipitation forecasts, and delineation of debris flow
hazard areas. In the Hong Kong, where landslides often occur after intense short
rainfall period, the Government Landslide Warning System has been in operation
since 1984. One of the most sophisticated landslide prediction systems has Japan.
Landslide disaster prediction support system LAPSUS is software used by the
National Research Institute for Earth Science and Disaster Prevention (NIED) to
provide information about the potential shallow landsides and the evaluation of
landslide risk (Fukuzono et al. 2004). The information is open to the public. This
system is organised into three sections: observation, analyses, and management.
Rainfall is measured by rain gauges, and the information is sent to a local station
where it is analysed using the standard rainfall programs based on the static slope
stability model. To improve the accuracy of rainfall prediction, combinations of
radar rain gauge systems (MP-X) and telemetering are used in order to analyse data
in real time. In China, a regional warning system to monitor landslides and mud-
slides was built up and extended along the upper reaches of the Yangtze River in
1991 (Xiaoping et al. 1996). The network protected a population of 300,000 people
and had forecasted 217 landslides avoiding estimated economic losses of US$27
million. A system for warning against landslide occurrence in Rio de Janeiro has
been installed 1996 by the Rio de Janeiro Geotechnical Engineering Office
(GeoRio) and was based on weather forecast, an automated rain gauge network, and
records of landslides. Alarm is triggered when the rain gauge network software
indicates that the hourly or daily rainfall threshold levels were reached at least at
three rain gauges, and the short-term weather forecast predicts heavy rainfall in the
successive hours. Once these conditions are reached, GeoRio contacts the Civil
Defence Board of the Rio Government to assess the situation and implement action
(Ortigao 2000). In New Zealand, experts developed a system for the real-time
prediction of the occurrence of shallow landslides triggered by rains, based on the
weather forecasts, generated by global and regional models. The Water Center for
the Humid Tropics of Latin America and the Caribbean (CATHALAC 2012) has
recently developed an automated, online tool for predicting landslide hazards in
Mesoamerica, the first effort of its kind at the regional level. The tool will provide
early warning for landslide events in Mesoamerica, a region exposed to the flooding
and landslides.

With respect to numerous landslide occurrences, the landslide early warning
systems in a real-time mode have been developed also in several countries in the
Europe (systems ILEWS, AIpEWAS, INCA, DORIS). However, the main draw-
back of these systems is each system uses its own (and different) hazard maps,
rainfall threshold, rainfall scenarios, and forecasts at different scales on the local and
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regional levels. These differences represent a continuous challenge for the experts
and institutions dealing with natural hazards in Europe and hamper larger benefits
to end-users and stakeholders in the future.

The role of rainfall in landslide activity in Slovenia has been previously dis-
cussed and analysed by Komac (2005). Komac (2005) evaluated the thresholds
above which significant numbers of landslides occur in 24-h and 48-h periods. The
rainfall values range from 100 to 150 mm for a 24-h period and between 130 and
180 mm for a 48-h period. Jemec Aufli¢ and Komac (2011) introduced the impact
of antecedent rainfall on landslide occurrence for the Skofjelosko-Cerkljansko area
where landslides occur very frequently. An analysis of antecedent rainfall and the
rainfall total on the given day revealed that landsliding is seen to be generally
related to the amount of rainfall in a certain period over which accumulated rainfall
initiates a slope failure. Therefore, when daily rainfall exceeds the antecedent
rainfall, more than 150 mm of antecedent rainfall is required to initiate landslides
and 200 mm when at least 7 days of antecedent rainfall is considered.

Slovenia has a highly diverse landscape and climate due to its position between
the Alps, the Mediterranean Sea, the Dinarides, and the Pannonian Basin.
According to Komac and Ribici¢ (2006), a quarter of Slovenian territory is exposed
to landslides. In the past 20 years, intense short- and long-duration rainfall has
triggered numerous shallow landslides, caused extensive material damage to
buildings, infrastructure, and roads, and unfortunately also caused death of human
life. These events could be identified and to some extent also minimised if better
knowledge of the relation between landslides and rainfall would be available.
A near real-time system for landslide hazard forecast would provide vital infor-
mation on this issue. The objective of this paper is to present a plan for the landslide
hazard forecast system and the modelling landslide probability through time using a
real-time forecast at the regional level. When operational the system will inform
inhabitants of an increased landslide hazard as a consequence of heavy precipitation
that would exceed the landslide triggering values.

4.2 Brief Overview of Geology

Geomorphology, geology, and climate conditions play the most important role in
the preparatory process of landslide initiation in any region. Slovenia occupies the
territory of the still active boundary of the African and Eurasian plates and,
respectively, three large geotectonic units—the Alps, the Dinarides, and the
Pannonian Basin, resulting in a very complex and diverse geology. Within a small
area rock of the most diverse origin, composition, and age, ranging from Palaeozoic
to the Quaternary age, can be found (Fig. 4.1).

Areas that are exposed to the slope mass movement are related to cherts, slaty
claystone, sandstone, flysch, metamorphic slate, mica schists, gneisses,
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Fig. 4.1 Geological structure of Slovenia. Main faults and thrusts are marked with red lines

keratophyres, diabases, limestone with the inclusion of cherts and other rocks,
non-consolidated sediments (gravels, alluvial fans, scree deposits), and anthro-
pogenic sediments. From stratigraphic view, slope mass movements are related to
Quaternary, Tertiary, Triassic and Permo-Carboniferous rock formation.

4.3 Background and Methodology

In order to quickly respond to natural calamities or even to be better prepared for
them with the goal to avoid casualties, environmental data need to be transmitted
and processed in a near real time. The Web-based services can be used to imple-
ment a system to predict landslide hazard and to enable easy access to end-users.
Considering the latter, the information needs to be provided in an understandable
format and at the same time remains scientifically correct. The developed model to
predict landslide probability occurrence through time will combine knowledge from
geological and also from societal aspect. The general conceptual scheme is shown
in Fig. 4.2. The designed system will be based on real-time rainfall data, landslide
triggering precipitation values or thresholds, and landslide susceptibility model.
Each individual parameter that plays an important role in the model is described in
the subsections that follow.
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Fig. 4.2 Conceptual model for modelling the landslide hazard forecast system

4.3.1 Climate and Precipitation Regime

The interaction between the three major climate systems (Continental, Alpine, and
sub-Mediterranean) in the territory of Slovenia strongly influences the country’s
precipitation regime. The spatial variability of precipitation is high—the annual
precipitation sum varies from 800 mm in the NE part of the country to more than
3500 mm in the NW part of the country—the Alpine area, where one of the
precipitation maximum is detected (Fig. 4.3). The maximum 24-h rainfall records
with a 100-year return period from 100 to 510 mm (Fig. 4.4). The spatial distri-
bution of precipitation is also highly influenced by the country’s complex mor-
phology. Due to an orographic effect, the Julian Alps and the Dinaric barrier receive
the highest amount of precipitation; the second maximum is recorded in the Alps
above the Savinja River Valley in the KamniSko-Savinjske Alps. The yearly
amount of precipitation decreases with the distance from the sea and the
Dinaric-Alpine barrier towards the NE part of the country, which is already
influenced by the Continental climate. In the outmost NE part of the country
(Prekmurje), the mean annual precipitation sum does not exceed 900 mm. The
study of daily rainfall patterns (Jemec Aufli¢ and Komac 2011) reveals that pre-
cipitation occurs in three peak periods. The first peak is from March to May, the
second is characterised by intense summer rainfall storms, and the third is from
September to November, of which October and November are usually the wettest
months. It is not a surprise that the temporal landslide occurrence is in high cor-
relation with the highest peak of rainfall. Individually, these landslides are small in
size (200-1200 m?), and they usually cause damage to property or infrastructure. In
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Fig. 4.3 Map of average annual rainfall in Slovenia for the period of 1971-2000 (in mm)
(ARSO 2012)

most cases, shallow landslides occur at steep valley slopes (mean slope angle =
23°), and they affect the soil material (colluvium deposits) that overlays imper-
meable rocks, such as volcanic tuffs, marls, and clays (Zezere et al. 2005). Over the
period from 1990 to 2010, twelve individual rainfall events were detected, of which
eight occurred during the months of September to November. An analysis of all
occurrences on the slopes revealed that two main factors are required to initiate
landslides: (1) intense, short rainstorms exceeding certain levels of intensity for a
specified duration and (2) antecedent precipitation at the time of the storm
exceeding a minimum threshold. This is in accordance with Wieczorek (1987).

4.3.1.1 Real-Time Rainfall Data

Different types of numerical weather forecast models exist: (1) a short-range
forecast where weather forecast is made for a time period up to 48 h; (2) medium
range forecasts are for a period extending from about three days to seven days in
advance; and (3) long-range forecasts are for a period greater than seven days in
advance, but there are no absolute limits to the period. Due to the chaotic nature of
the atmosphere, short-range forecasts are generally more accurate than the other
types of forecasts (Mercogliano 2010).
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Fig. 4.4 Map of maximum 24-h rainfall with a 100-year return period (in mm/24 h) for the period
of 1961-2000 (ARSO 2012)

Quality of warning system based on rainfall forecast models is largely dependent
upon the spatial resolution of these models, which is usually far less detailed than
the spatial scale of landslides. For instance, the New Zealand Limited Area Model
(NZLAM) used at the United Kingdom Met Office has a horizontal resolution of
12 km (Schmidt et al. 2008). The WRF, a mesoscale numerical weather prediction
model used at Ningbo City Weather Station, Zhejiang, China, has a horizontal
resolution of 15 km, whereas the early warning system Cathalac at the level of
detail of 1 km? (CATHALAC 2012). ALADIN (Aire Limitee Adaptation dyna-
mique Development International) is a regional mesoscale model for numerical
forecast of weather that simulates events in the atmosphere over much of conti-
nental Europe (Bubnova et al. 1995). ALADIN system is used in Slovenia oper-
ational weather forecast system since 1997. A regional ALADIN/SI model for
Slovenia predicts status of the atmosphere over the area of Slovenia up to 72-h
ahead. A model simulates the precipitation (kg/m?), snowfall, water in snowpack,
and air temperature data. ALADIN/SI is a grid point model (439 x 2421 x 43),
where the horizontal distance between the grid points is 4.4 km and it runs in a 6-h
cycling mode for the future 54 h. The background fields, 6-h forecasts, are derived
from the previous forecast cycle. This ensures that the model forecast is as close to
real conditions as possible. ALADIN/SI model is run twice per day by the
Environmental Agency of Republic of Slovenia (ARSO). The forecast is prepared
at 12 PM, 6 AM, 12 AM, and 6 PM UTC and tends to provide the availability of
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boundary conditions model (Pristov et al. 2012). Figure 4.5 shows the schematic
design of assimilation and production cycles of the ALADIN-SI model, where RP
stands for the boundary conditions and OBS for the observations.

4.3.2 Rainfall Thresholds for Landsliding

Analyses of landslide occurrence in the area of Slovenia have shown that in areas
where intensive rainstorms occur (maximal daily rainfall for the 100-year period),
and where the geological settings are favourable (landslide prone), abundance of the
landslide can be expected. This clearly indicates the spatial and temporal depen-
dence of landslide occurrence 