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Abstract The central part of Rethymnon Prefecture, Crete Island, suffers from severe
landslide phenomena because of its geological and geomorphological settings alternated by
the human activities. The main landslide preparatory and triggering causal factors are
considered to be the ground conditions (lithology), geomorphological processes (fluvial
erosion, etc.), and the man-made actions (excavations, loading etc.). The purpose of this
study is to develop a decision support and continuous monitoring system of the area by
composing landslide hazard and risk maps. For that reason, several approaches of the
weighted linear combination (WLC), a semi-quantitative hazard analysis method, were
adopted in a Geographic Information Systems (GIS) environment. The results were
validated using a pre-existing landslide database enriched with new landslide locations
mapped through image interpretation of a processed IKONOS satellite image. The vali-
dation results showed that the WLC method coupled with remote sensing (RS) and GIS
techniques can support engineering geological studies concerning landslide vulnerability of
hazardous areas.

Keywords Landslide hazard zonation - GIS - Satellite images - Rethymnon area -
Crete Island

1 Introduction
Landslides are considered to be one of the most dangerous natural hazards due to the fact

that they cause human casualties and extensive damages worldwide. A landslide hazard
map depicts areas prone to landslides by integrating the causal and triggering factors of the
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landslides with data concerning the past distribution of slope failures (Brabb 1984; Fall
et al. 2006). Crucial factors for the construction of reliable hazard maps are the quality and
the amount of available data and the selection of the best method for the analysis.

There are three main landslide risk assessment approaches and these are qualitative,
semi-quantitative, and quantitative (Lee and Jones 2004; Castellanos Abella and van
Westen 2008). Quantitative methods are based on mathematical expressions of the cor-
relation between causal factors and landslides. The two types of quantitative methods that
are commonly used are deterministic and statistical (Ward et al. 1981; Nash 1987; Terlien
et al. 1995; Atkinson and Massari 1998; Aleotti and Chowdhury 1999; Fall and Azzam
2001a, b). The quantitative assessments involve analytic bivariate, multivariate, logistics
regression, fuzzy logic, artificial neural network analysis, etc. (Carrara et al. 1995; van
Westen et al. 1997; Aleotti and Chowdhury 1999; Dai et al. 2002; Ercanoglu and
Gokceoglu 2004; Lee et al. 2004a, b; Komac 2006; Caniani et al. 2008).

On the other hand, qualitative methods are based on expert opinions (Nash 1987;
Anbalagan 1992; Fall et al. 1996; Evans et al. 1997; Leroi 1997; Atkinson and Massari 1998;
Guzetti et al. 1999; Fall et al. 2006). The basic types of qualitative methods use landslide
index to identify areas with similar geological and geomorphologic characteristics that are
susceptible to landslides. Moreover, there are qualitative methodologies which use weighting
and rating procedures and these are known as semi-quantitative methods (Hutchinson and
Chandler 1991; Siddle et al. 1991; Moon et al. 1992; Fell et al. 1996; Ayalew and Yamagishi
2005). Such kinds of methodologies are the analytic hierarchy process (AHP) (Saaty 1980;
Barredo et al. 2000; Yalcin 2008) and the weighted linear combination (WLC) (Ayalew et al.
2004a, b; Ayalew and Yamagishi 2005). The AHP methodology involves the creation of
hierarchy of decision elements (factors) and the comparison between different pairs of
elements in order to assign a weight and a consistency ratio for each element.

The WLC approach involves the combination of several landslide parameters’ maps. In
each class of the map—thematic layer in the sense of GIS—a corresponding rating value is
assigned and then the parameter layers are weighted according to the importance or
preference of each parameter relative to the others. Finally, all the derived maps are
overlaid in order to construct the final landslide hazard map. Although the results of these
approaches are partly subjective depending on the knowledge of experts (van Westen et al.
1997; Leroi 1997; Fall 2000; Fall et al. 2006), the qualitative or semi-quantitative methods
have been proved to be notably useful in the case of regional studies (Soeters and van
Westen 1996; Guzetti et al. 1999; Ayalew et al. 2004b).

According to De Roo (1993), Geographic Information Systems (GIS) is a tool for
collecting, storing, retrieving, transforming, manipulating, and displaying spatially dis-
tributed data, and therefore it is frequently used in distributed deterministic modeling. In
nowadays, the development of GIS has enhanced the capabilities for the research of
landslides susceptibility (Carrara et al. 1995; Dikau et al. 1996; Carrara et al. 1999; Miles
and Ho 1999; Miles and Keefer 1999; Luzi et al. 2000; Fall 2000; Refice and Capolongo
2002; Fall et al. 2006) while many studies have been carried out to overview the use of GIS
for landslide susceptibility assessment (van Westen 1994; Carrara et al. 1995; Aleotti and
Chowdhury 1999; Dai et al. 2002; Cevik and Topal 2003; Ayalew and Yamagishi 2005;
Fall et al. 2006). Moreover, remote sensing (RS) techniques are widely used in landslide
susceptibility assessment in both the generation of landslide parameters thematic layers
and the production of landslide inventory maps (Saha et al. 2002; Park and Chi 2007).

In this study, the ordinal scale (qualitative) hazard analysis using relative weighting-
rating system has been adopted for landslide hazard zonation. The goal of the present study
is the implementation of the WLC method in an area which suffers from severe landslide
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phenomena, situated within the geographic limits of Rethymno Prefecture in Crete Island.
The applicability and the efficiency of GIS and RS methods for landslide hazard zonation
are also presented.

2 Geological framework

Crete Island is characterized by an extremely complicated geological structure with
intensive tectonic fragmentation. Although many researchers through the years have
studied the geological evolution of the island (Tataris and Christodoulou 1965; Bonneau
1973; Creutzburg 1977; Fitroulakis 1980; Tsiampaos 1989), there are still many unsolved
issues. Based on current theories, the island constitutes of repeated tectonic covers con-
sisting of variant geotectonic zones’ geological series.

The study area is situated in the central to southern part of Rethymnon Prefecture. The
total area is 81.5 km? and is geographically defined from the Patsos village to the west, the
Pantanassa village to the north, the Fourfouras village to the east and the Vrysses village to
the south encompassing numerous other villages (Fig. 1). According to the landslide
hazard zonation map of Greece (Koukis et al. 2005), the broader area located in the central
part of Rethymnon Prefecture exhibits the highest frequency of landslides occurrences in
the island of Crete (Fig. 2).
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Fig. 1 Location maps and the digital elevation model of the area under investigation
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Fig. 2 Landslide hazard
zonation map of Greece showing
the number of landslides per

100 km? (Koukis et al. 2005)
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Fig. 3 Geological map of the study area superimposed to the Digital Elevation Model (DEM) of the study
area (IGME 1985, 1991)

As presented in the unified geological map of (Fig. 3), the study area is occupied by: (1)
loose Quaternary deposits (alluvial deposits, slope debris and fans, and torrent terraces), (2)
Neogene deposits (limestones, conglomerates, sandstones, and clays), (3) tectonic covers
of Pindos and Tripolis geotectonic zones consisting of limestones and marbles (plattenkalk,
dolomites, and undivided carbonated formations), flysch and metamorphic rocks (phyllites,
quartzites, shales, schists, and meta-sandstones), and (4) ophiolites of the autochthonous
Tonian zone.
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Table 1 Frequency and relative frequency distribution of landslides in Greece, in relation to the litho-
logical type (Koukis et al. 1994, 2005) compared with the extend of the lithological types in the study area

Lithological type Frequency of Relative frequency of  Extend (%) of the lithological
landslides (%) landslides (%) types in the study area
Loose Quaternary deposits 20.65 12.99 15.87
Neogene 28.20 11.74 24.00
Flysch 30.35 35.75 8.48
Schist-cherts 3.62 29.64 1.22
Limestones, marbles 4.85 2.48 19.50
Metamorphic 9.32 5.07 18.35
Volcanic 3.00 2.37 12.58

The area under investigation presents favorable conditions for landslide activity. Con-
sidering the fact that the 20% of the area is occupied by flysch and the 22% by loose
Quaternary deposits and Neogene, the frequency of the landslides can be expected to be
very high. As presented in Table 1 (Koukis et al. 1994, 2005), these formations are related
with the 80% of the landslides occurred in Greece. Based on in-situ observations, beside
the previously mentioned formations, within the limits of the study area, many landslides
occur in sections occupied by the weathered mantle of the metamorphic rocks and by the
calcitic rock formations.

The extensive tectonic fragmentation and the repeated thrusts, the intense morpholog-
ical relief with the steep slopes, the dense drainage network with the deep valleys, the
extensive human activities with the relatively dense road network, and the arable-irrigated
areas are some of the preparatory and triggering causal factors of the landslides in the study
area besides the type of the geological formations.

The majority of the landslides occurring in loose Quaternary deposits, Neogene sedi-
ments, and weathered mantle of metamorphic rocks or flysch are translational—rotational
slides (Fig. 4a) (Varnes 1978). The extension of the sliding area depends on the geometry
of the slope and in some cases they affected areas reaching up to 0.5 Km? (e. g., rotational
slide in Quaternary deposits along the Akoumia—Kria Vrisi road axis in the wider study
area). Moreover, creep movements are recorded on areas covered by loose formations or
by weathered mantles of metamorphic rocks or flysch. This kind of movements, in some
cases, it was recorded that they affected entire villages causing extended damages. Two
characteristic examples, villages damaged by creep movements are Pantanasa and Apos-
toloi founded on the weathered mantles of metamorphic rocks (Fig. 4b, d).

On areas occupied by rock formations (e.g., marbles and limestones) with very steep
slopes, extensive debris flow are recorded (Fig. 4c). Planar slides or wedge failures also
occur in these formations but they can be characterized as failures of local importance.

3 Data used and methodology

The different types of datasets used for the landslide hazard zonation of the area under
investigation were as follows:

1. Geological maps of the Institute of Geology and Mineral Exploration representing
lithological and structural units at 1:50000 scale (IGME 1985, 1991).
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Fig. 4 a Rotational slide south to Merona occurred in the weathered mantle of Flysch formations. This
landslide damaged an overloaded slope under excavated during the construction of the road. b Damages on a
fencing caused by the creep sliding in Pantanasa village. ¢ Debris flow originating from a very steep
limestone slope. d Damages on a fencing caused by the creep sliding in Apostoli village

2. Topographic maps of the Hellenic Military Geographical Service at a scale of 1:5000
to form a detailed base map with 4-m contour interval.

3. Satellite sensor data and in particular, an IKONOS-2 image acquired on 2006-07-27
with a spatial resolution of 4 m for the multi-spectral bands (4 bands) and 1 m for the
panchromatic image.

4. The Corine Land Cover map 2000 (CLC2000 100 m, version 1) of the European

Environment Agency (°EEA, Copenhagen, 2000; http://www.eea.curopa.cu). This

map has a resolution of 100 m and uses 10 land use categories for the study area from

a total of 44 land uses of level 3.

Precipitation data covering a time period of 25 years.

6. Field data involving observations on geology, tectonic structures, and recorded
landslide occurrences.

b

In order to create the appropriate information platform upon which to proceed in a
systematic way toward applying the landslide models, all available data in the form of
maps were used as the basis for the creation of GIS thematic layers.

The data pre-processing involved in their implementation into ArcGIS Desktop 9.1
software environment. The several maps were geo-referenced to the local projection
system of Greece (GGRS ‘87—Greek Geodetic Reference System), so that they could all
be tied to the same projection system, together with all future information that may become
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available. In the next pre-processing phase, digitization of all the relevant data maps,
namely lithological, structural and topographical was carried out. The Digital Elevation
Model (DEM) of the study area with a cell size of 4 m is a continuous raster layer, in which
data values represent elevation. The DEM was generated from the topographic maps of the
study area. Many terrain attributes such as slope gradient, aspect, relative relief, and stream
network were derived from further processing of the DEM (Fig. 5).

3.1 Satellite image processing

In the last years, available high-resolution data (e.g., a pixel resolution of 1 m or less) such
as IKONOS and QuickBird imagery are used to detect small-scale landslides. The IKO-
NOS-2 satellite image acquired on 27th of July 2006 is cloud free with no visible signs of
localized haze. The above mentioned product was supplied in the “standard geometrically
corrected” level using the cubic convolution interpolation method. This product is not
corrected for terrain distortions. In order to remove the topography-related distortions
caused by terrain relief, an ortho-photo was generated using the rational polynomial
coefficient (RPC) model and a high-resolution DEM of 4-m cell size, in ERDAS Imagine
9.0 software environment. The RPC model uses ratios of cubic polynomials to express the
transformation from ground surface coordinates to image coordinates. The coefficients for
the rational polynomial model are supplied in an auxiliary text file linked with the IKONOS
image. The final image was created using a pan-sharpening technique that combines the
1-m spatial resolution of the panchromatic image with the high spectral resolution of the
4-m spatial resolution multi-spectral image (four bands: blue, green, red, and near infrared).
Principal Component Analysis (PCA) was applied to the pan-sharpened satellite image. The
principal component analysis minimizes the number of linear combinations from the ori-
ginal data retaining as maximum information as possible. The three-first principal com-
ponents were automatically computed. The second principal component (PC2) was used for
the extraction of the road network of the study area using on-screen digitization while at the
same time, the photo-interpretation of the third principal component (PC3) helped to dis-
criminate paved from unpaved roads and as a result many footpaths of no interest for the
current study were excluded of the road network layer (Fig. 6).

Furthermore, the IKONOS pan-sharpened image with a final spatial resolution of 1 m
was used for the correction and update of the land use map, while using several color
composites, several probable landslide occurrences were mapped, contributing to the
verification of the landslide hazard maps.

3.2 Data layer preparation

After the creation of the primary layers, namely lithology, tectonic structures, land use,
road network, stream network, and Digital Elevation Model, various advanced GIS tech-
niques, such as filtering, distance buffering, logical operations, vector to raster conversion,
reclassification, and raster calculations were applied.

For the landslide hazard zonation, which was the aim of this study, the following data
layers (Fig. 5) were finally prepared and used.

3.2.1 Lithology map

The landslide phenomenon is closely related to the lithology and weathering properties of
the materials. In the area under investigation, the rock outcrops are decomposed at different
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Fig. 5 The final rated data layers which were used as input parameters for the raster calculator overlay
function

degrees. The lithology layer has been derived through the digitization of the published
geological maps (IGME 1985, 1991) which display major rock groups and structural
features. The lithological formations (Fig. 3) were classified into five broad categories
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Surfaced Roads
Unsurfaced Roads

Kilometers

Fig. 6 Second principal component (PC2) with superimposed the extracted road network. The lower figures
show part of the road network on PC2 and PC3 images (note the difference of the curved road in the center
of the images which was finally interpreted as footpath)

based on landslide susceptibility (Table 2): (a) limestones and marbles, (b) neogene sed-
iments, (c) schists and ophiolites, (d) loose Quaternary deposits, and (e) flysch (Fig. 3).

3.2.2 Buffer map of tectonic structures

Tectonic structures, such as thrusts and faults, are usually associated with extensive
fractured zones and steep relief anomalies. These zones present favorable conditions for
landslides. Therefore, major structural discontinuities produced by faults and fractures
were included as a parameter in this study.

A distance function was applied to create buffer zones, at a distance of 500 m around
the fault/fracture lineament (250 m from either side), in order to produce two broad
classes: ‘near’ or ‘distant’ (Table 2). Similarly, multiple buffer zones at distances of 0-500
and 500-1000 m around the thrusts were created, which producing three classes: “near-
est”, “near,” and “distant” (Table 2).
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Table 2 Various data layers and landslide hazard weighting-rating system adopted in this study

Data layers

Classes

Wi

W, Rate

Lithology

Tectonic structures

Landuse

Roads

Streams

Loose quaternary deposits (Alluvial deposits,
slope debris and fans, torrent terraces)

Neogene (reefal limestones, Pantanassa
formation)

Limestones—marbles (Platy limestones,
limestones and dolomites, carbonate
undivided layers)

Flysch

Schists and ophiolites (phyllites, quartzites,
shales, schists)

Thrust (Buffer)
<500 m
500-1000 m
>1000 m
Fault (Buffer)
<250 m
>250 m
Sparsely vegetated areas
Natural grasslands

Land principally occupied by agriculture, with
significant areas of natural vegetation

Non-irrigated arable land
Complex cultivation patterns
Discontinuous urban fabric
Sclerophyllous vegetation
Vineyards
Olive groves
Coniferous forest—transitional woodland
Unsurfaced (Buffer)

<50 m

>50 m
Surfaced (Buffer)

<50 m

50-100 m

100-200 m

>200 m
Class 1 (Buffer)

<50 m

>50 m
Class 2 (Buffer)

<100 m

>100 m
Class 3 (Buffer)

<50 m

50-100 m

10

9

8

7

8

10 9

0.9 * Lithology layer

0.8 * Lithology layer 10

o O

L VS B RV e N |

0.7 * Lithology layer

10

0.8 * Lithology layer
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Table 2 continued
Data layers Classes W, W, Rate
100-300 m
>300 m
Class 4 (Buffer)
<100 m 10
100-300 m 8
300-600 m 6
>600 m 0
Slope >61° 9 0.9 * Lithology layer 10
46-60° 9
31-45° 8
16-30° 7
6-15° 4
0-5° 1
Relative relief ~ 1000-901 m 6 0.6 * Lithology layer 10
900-801 m 9
800-701 m 8
700-601 m 7
600-501 m [§
500-401 m 5
400-301 m 4
300-201 m 3
200-101 m 2
100-0 m 1
Aspect W, N 6 0.6 * Lithology layer 9
NW 10
NE, SW 6
E, S 4
SE
Flat
Rainfall 1400-1200 8 0.8 * Lithology layer 10
1200-1000 9
1000-800 8

3.2.3 Landuse map

Landuse is also related with the triggering and causal factors of the landslides. For
instance, some types of land use/cover, especially of woody vegetation with large and
strong root systems, provide both hydrological and mechanical effects that generally sta-
bilize slopes (Gray and Leiser 1982; Greenway 1987; Montgomery et al. 2000). On the
contrary, landslides occur in unvegetated or irrigated cultivated areas due to the lack of the
previously mentioned effects. Therefore, the role of vegetation in the slope stability was
evaluated by using the updated, through the IKONOS pan-sharpened image, Corine Land
Use 2000 map with 10 classes for the study area. The different land uses were ranked as
shown in Table 2.

@ Springer



610 Nat Hazards (2010) 52:599-621

3.2.4 Buffer map of roads

Extensive excavations, application of external loads, and vegetation removal are some of
the most common actions taking place along the road network slopes, during their con-
struction. These attended actions are also responsible for the landslide triggering (WP/WLI
1994), and due to this reason, the road network and buffer zones along it must be evaluated
during the analysis.

Using the second and the third Principal Component of the pan-sharpened IKONOS-2
satellite image, the road network vector layer was produced (Fig. 6). Two different kinds
(attributes) of roads were used; unsurfaced and surfaced roads. A buffer zone of 50 m of
either side of unsurfaced roads was applied, producing two classes (near and distant).
Similarly, multiple buffer zones were applied to surfaced roads producing four classes
(within a distance of 50, 50-100, 100-200, and >200 m) (Table 2).

3.2.5 Buffer map of streams

Fluvial erosion of slopes toe is one of the most common triggering casual factors of the
landslides, especially in areas with the intense morphological relief and dense drainage
network with the deep valleys. The distance from rivers is therefore considered as an
important factor in characterizing susceptible areas.

The drainage network was automatically extracted from the DEM and the drainage
tributaries were then classified according to Strahler’s system (Strahler 1957, 1964).

A drainage buffer map was produced based on stream order. In this context, streams of
the 1st order were buffered at a distance of 50 m, streams of 2nd order were buffered at a
distance of 100 m, and streams of 3rd order were multiply buffered at distances of 50,
50-100, 100-300, and >300 m giving rise to four classes. Finally, the streams of 4th order
were also multiply buffered at 100, 100-300, 300-600, and >600 m, (Table 2).

3.2.6 Slope angle map

Slope angle and geometry are controlling factors in slope stability (Huang and Li 1992; Wu
et al. 2001), and a digital slope image is therefore a fundamental part of a hazard
assessment model (Clerici et al. 2002; Saha et al. 2002; Cevik and Topal 2003; Ercanoglu
and Gokceoglu 2004; Lee et al. 2004a, b; Yalcin 2008).

Slope angle was extracted from the DEM, using a 3 x 3 kernel filter and the derived
slope angle image has values ranging from 0 to 68.6° (Table 3). Geographically, steep
slopes (>30°) are widespread, with extended ‘flat’ areas. The produced slope image was

thresholded into six slope angle classes (‘flat’, ‘gentle’, “moderate”, “moderately steep”,
‘steep,” and ‘very steep’) (Table 2; Fig. 5).

Table 3 Slope gradient statistics for the different lithological units

Lithological class Area (km?) Min Max Mean Std

Limestones—marbles 31.69 0.02 68.91 21.94 10.40
Neogene sediments 13.19 0.01 55.30 13.61 8.84
Schists and ophiolites 15.32 0.01 67.88 17.21 8.82
Loose quaternary deposits 5.10 0.01 64.65 12.82 11.30
Flysch 15.98 0.00 61.84 14.84 8.45
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Note that as expected, ‘very steep’ slopes mostly occur on outcrops of massive lime-
stone (Table 3). Such terrain is occasionally subject to rock falls and topples but these
slopes are not usually subject to other types of failure. These areas are effectively elimi-
nated in the model by the low rate assigned to this class in the lithology map.

3.2.7 Relative relief map

Relative relief is the difference between the highest and the lowest elevations in an area.
This parameter affects the landslide manifestation as the high relief areas are usually
occupied by the most cohesive formations (e.g., limestones) exposed in unfavorable cli-
mate conditions (e.g., intensive rainfalls). Within the limits of the study area, the relative
relief ranges from O to 932 m. Furthermore, most of the higher relative relief values are
found in areas occupied by limestones and schists-ophiolites classes (relatively stable
formations), while the lowest values in areas occupied by Quaternary and Neogene sedi-
ments (erosion products).

3.2.8 Slope aspect map

Aspect can be defined as the slope direction, which identifies the downslope direction of
the maximum rate of elevation change. Aspect is expressed in degrees from north and
clockwise, ranging from 0O to 360. The value of 361° is used to identify flat surfaces such as
water bodies.

The aspect of a slope can influence indirectly the landslide initiation, because it controls
the exposition to several climate conditions (duration of sunlight exposition, precipitation
intensity, moisture retention, etc.) and as a result the vegetation cover (Wieczorek et al.
1997; Dai et al. 2002; Cevik and Topal 2003; Suzen and Doyuran 2004; Komac 2006). In
this study, the aspect map of the study area was classified into six classes; flat, SE, E and S,
NE and SW, W and N, NW (Table 2). Based on hydrometeorological data of the study
area, the NW oriented slopes are more violently affected by rainfalls.

3.2.9 Rainfall map

The hydrometeorological data for a time-period of 25 years, which collected and evaluated
from the Power Plant Company of Greece, were used for the synthesis of the precipitation
distribution map of Greece (IGME 1993). A digitized part of this map, referring to Ret-
hymnon Prefecture, was incorporated to the data in order to include the high precipitation
rates effect on the landslide hazard maps. High precipitation is characterized as the
physical processes constituting the main triggering causal factors of landslides (WP/WLI
1994; Koukis et al. 1997; Polemio and Sdao 1999; Sdao and Simeone 2007). Within the
limits of the study area, the average annual precipitation ranges from 800 to 1,400 mm.
Three classes were defined, using an equal interval of 200 mm (Table 2).

4 Landslide hazard zonation maps
The different classes of thematic layers were assigned, the corresponding rating values as

attribute information in the GIS and an ‘‘attribute map’’ was generated for each data layer.
The vector data layers were reclassified using the assigned rates and the related raster data
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layers were produced. Finally, the reclassified raster layers were used as input parameters
for the raster calculator function.

The landslide hazard zonation (LHZ) maps were produced within a raster/grid GIS.
Raster models are cell-based representations of map features, which offer analytical
capabilities for continuous data and allow fast processing of map layer overlay operations
(Fig 5). In a raster GIS, the LHZ maps are calculated at a cell level using several
approaches.

There are various approaches to the generation of landslide hazard maps. Examples can
be found in Varnes (1984), Hartlen and Viberg (1988), van Westen (1994), Mantovani
et al. (1996), and Mason and Rosenbaum (2002). Based on the available data, the WLC
method (a semi-quantitative, logical elimination and characterization approach) has been
applied since a detailed statistical assessment of the temporal and spatial distribution of
landslides in the study area was difficult to be used.

The applied assessment model is based on the information provided by cartographic data,
image data and survey materials, published literature, and field observation. The method can
be broadly divided in three parts: (1) parameter (relevant to slope instability) selection and
model configuration, (2) model implementation: thematic information extraction and multi-
data layer generation, and (3) landslide hazard index computation and mapping. Using the
nine raster thematic layers, three different models were applied. The three produced maps
were smoothed using a 3 x 3 low-pass filter in order to reduce the significance of possible
anomalous cells. Moreover, the maps were normalized in order to be comparable quantities
and then, they were classified using the equal interval method, in five classes: very low
hazard, low hazard, moderate hazard, high hazard, and very high hazard.

4.1 Simple landslide hazard index

The Landslide Hazard Index (LHI) for each grid cell is given by the summation of the
raster thematic maps after their multiplication by the corresponding weights (W; in
Table 2). The LHI is presented by the expression as given below:

n

LHI = Z weight,, X classrate (1)
i=1

where n is the total number of data layers.

4.2 Lithology-based weighted landslide hazard index

Accordingly, in this map, the Landslide Hazard Index (LHI) for each grid cell is given by
the summation of the raster thematic maps after their multiplication by the corresponding

lithology-based weights (W, in Table 2). The LHI is expressed as in the following
equation:

LHI, = Z weight,,, X classrate (2)
i=1

4.3 Geometric mean based landslide hazard index

The Geometric Mean (GM) results to a multi-variable elimination in the model, which in
turn is modified, in accordance with the data layer. The GM is a multiplication-based
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approach that terminates whenever a zero value occurs and is therefore effective in

masking off areas characterized by factors considered irrelevant (the most stable areas) to

the phenomenon under investigation (Liu et al. 2004; Fourniadis et al. 2007). Through the

use of 0 values, the geometric mean immediately eliminates the most stable areas from the

assessment while it characterizes the areas which are particularly vulnerable to landslides.
The geometric mean is defined as below, (Fourniadis et al. 2007):

" 1/n
GM = (H class rate) (3)
i=1

where, n is the total number of data layers.

The quantification system was mainly based on the information values of Table 2 with
the following modifications; the rate O of the tectonic structures, streams, and roads layers
was replaced by 1 as the great distance of them does not eliminate a landslide occurrence.
On the contrary, the rate 1 was replaced by rate 0 in the data layer of slope, as it is
considered to be critical for landslide events.

5 Data verification

The three produced normalized hazard maps were statistically processed in order to
explore their correlation with each other. As it can be seen in Table 4 and Figs. 7, 8, and 9,
there is a noticeable correlation between the simple weighted and the lithology-based
weighted methods, while the less correlated maps are those derived from lithology-based
weighted and geometric mean methods.

Furthermore, the validation of the above-presented maps was conducted by integrating
them with the distribution of the landslides manifested in the study area until nowadays.
The data concerning the landslides were coming from national databases (Koukis and
Ziourkas 1991; Koukis et al. 1994, 1996, 1997) and from bibliographic sources (IGME
records) covering a period of more than 45 years. Moreover, the above mentioned database

Table 4 Comparison of the three normalized landslide hazard zonation maps

Layer Min Max Mean Std

Statistics of individual layers

Lithology 0.1107 1 0.4277 0.1777
Geometric 0.0000 1 0.4751 0.2080
Simple 0.2764 1 0.6441 0.1020
Layer Simple Lithology Geometric

Covariance matrix

Simple 8.19E-14 1.04E-13 9.28E-14

Lithology 1.04E-13 2.39E-13 7.31E-14

Geometric 9.28E-14 7.31E-14 3.29E-13
Correlation matrix

Simple 1 0.74152 0.56577

Lithology 0.74152 1 0.26031

Geometric 0.56577 0.26031 1
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Fig. 7 The simple Landslide Hazard Index for the study area
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Fig. 8 The lithology-based weighted derived Landslide Hazard Index for the study area

was enriched with data of new possible landslide locations which were mapped through
image interpretation of the IKONOS satellite image. These possible landslides were
checked through ground-truth in selected areas in order to verify the geological interpre-
tation. Finally, these data were also used for the verification of the landslide hazard maps.

The image interpretation of the high-resolution satellite image pointed several locations
as possible landslides but although it was expected that improved spatial resolution would
lead to higher detection capability, the increase in spectral variance associated with higher
resolution led in some cases to impaired spectral separability between landslides and other
areas (Park and Chi 2007). Specifically, ground truth excluded two of a total of ten
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Fig. 9 The Geometric Mean Landslide Hazard Index for the study area

locations, since some arable areas or quarries were initially considered as possible land-
slides (Fig. 10, location 1).

The exact locations of the manifested landslides are pointed in the hazard maps (Figs. 7,
8, 9) so that they could verify the hazardous areas.

6 Elements at landslide risk

In the study area, landslides affect people, buildings, transportation networks, and agri-
cultural activities. Landslide risk can be estimated based on the following equation:

Risk = hazard x exposure (4)

The exposure factor was estimated by the combination of population density, land use,
and road network data layers. The aforementioned data layers were classified and ranked
according to the risk exposure of people, as shown in Table 5. Generally, larger values
were assigned to population areas, built-up areas and road networks to reflect their higher
significance in determining the impact of landslides.

The risk maps produced by that procedure wisely point the land occupied by the villages
and by the arable-cultivated areas surrounding them as high to very high risk areas. Also,
the areas in the proximity to the road network are characterized as moderate to high risk
areas. All these areas are characterized by continuous human presence and they are related
with economic activities. As an example, Fig. 11 presents the Risk map produced by using
the simple LHI map.

7 Conclusions

The verification procedure proved that the produced landslide hazard and risk maps are
substantial for land degradation management and planning of the study area. Although the
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Fig. 10 a 321 (R, G, B) Pan-sharpened IKONOS satellite image color composite with villages’ vector layer
overlaid. Possible landslide locations are depicted by solid circles. b Photo from location I proving that the
possible landslide was actually an abandoned quarry. ¢ Photo from location 6 verifying a landslide south to
Merona village, occurred in the weathered mantle of Flysch formations. The preparatory causal factor of the
landslide was the excavation along the toe of the slope during the road construction

WLC methodology results vary depending on the subjective knowledge of experts, in cases
were the quality of the available data is high, and the weighting and rating factors are set
correctly the results can be satisfactory.

As mentioned in the geological setting paragraph, the high hazard areas were expected
to occur in areas which have the following characteristics; they should compose by
landslide vulnerable geological formations (flysch, weathered mantle of the metamorphic
rocks, Quaternary, and Neogene deposits) with extensive tectonic fragmentation, located
on sections with intensive morphological relief, dense drainage and road network, and
extensive human activities. Thus, the landslide hazard weighting-rating system was set
accordingly in order to point the expected high hazard areas.

The verification procedure confirmed the accuracy of the indicated hazardous areas as
well as the index setup procedure. As presented in the hazard maps, the majority of the
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Table 5 Vulnerability weighting-rating system adopted in this study

Elements at risk Vulnerability Rate  Weigh

Population density (km?)  Low Moderate 3 10
Moderate High
High Very high 9
Very high Extremely high 10

Land use Urban areas Extremely high 10 9
Arable land (irrigated or non-irrigated) High 8
Cultivated areas (vineyards, olive groves) Moderate 5
Other areas Low 2

Road network Distance to surfaced road <100 m High 8 7
Distance to unsurfaced road <50 m Low 5
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Fig. 11 The Landslide Risk Map produced by using the Simple Landslide Hazard Map

activated and in many cases reactivated landslides is located in high or very high hazard
areas (Figs. 7, 8, 9). These areas are occupied by landslide vulnerable geological
formations.

It is proved that the integration of remote sensing and GIS techniques can support
engineering geological studies concerning landslide vulnerability of small areas. Moreover,
the great benefit of DEM is obvious as four out of the nine necessary layers for this study
were produced using elevation data. Finally, this procedure can be helpful for the devel-
opment of decision support systems and the continuous monitoring of areas prone to
landslides.
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