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Abstract In this paper, ModelBuilder™ in ArcGIS (ESRI) has been applied to landslide-
susceptibility analysis, mapping and validation. The models (scripts), available for direct
downloading as an ArcGIS tool, allow landslide susceptibility to be computed in a given
region, providing a landslide-susceptibility map, with the GIS matrix method, and ensuring
a quality validation. The paper details the steps needed for the model-building process,
enabling users to build their own models and to become more familiar with the tool. The
susceptibility model leads the user first through a Digital Elevation Model (DEM),
depicting the morphological and morphometric features of the study area, and then through
a Digital Terrain Model (DTM), useful as a source of landslide-determinant factors, such
as slope elevation, slope angle and slope aspect. In addition, another determinant factor is
the lithological unit, independent of the DEM. Once the determinant landslide factors are
reclassified and in a vectorial format, all the combinations between the classes of these
factors are determined using the geoprocessing abilities of ArcGIS. The next step for the
development of the landslide-susceptibility model consists of identifying the areas affected
by a given surface of rupture (i.e. source area) in every combination of the determinant-
factor classes. This step leads to the landslide matrix based on a previously georeferenced
landslide database of the region, in which the slopes are distinguished into two simple
classes: with or without landslides. In the last stage, to build a landslide-susceptibility
model, the user computes the percentages of area affected by landslides in every combi-
nation of determinant factors. In the resulting landslide-susceptibility map a progressive
zonation of areas or slopes increasingly prone to landslides is performed. A model for the
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validation of the resulting landslide-susceptibility map is also presented, based on the
determination of the degree of fit, which is calculated from the cross tabulation between a
set of landslides (not included in the susceptibility analysis) and the corresponding sus-
ceptibility map.

Keywords Bivariate statistical analysis - Landslide susceptibility -
GIS matrix method - ArcGIS

1 Introduction

Landslides (slope movements) are natural or man-induced phenomena that generate risks
(Varnes 1984; Fell 1994; Glade et al. 2005; Chacén et al. 2006), and therefore it would be
necessary to consider such processes in land-use planning. Unfortunately, slope move-
ments are commonly taken into account only in post mortem analyses of catastrophic
events, or for civil engineering purposes (Varnes 1978; Chacodn et al. 2006).

Landslide susceptibility, a measure of how prone land units are to landsliding, was
quantitatively approached by Brabb et al. (1972). In mathematical form, it can be
expressed as the probability of spatial occurrence of slope failures, given a set of geoen-
vironmental conditions (Guzzetti et al. 2005). In general, susceptibility can be evaluated by
two methods: (1) those based on modelling techniques founded on physical and mechanic
laws of the equilibrium of forces, and (2) those based on statistical techniques founded on
the principle of actualism, in which the GIS can be of great utility. Geographical Infor-
mation Systems (GIS) offer a powerful tool for analysing the processes which occur on the
Earth’s surface (Bonham-Carter 1994). The availability of personal computers and the
great number of commercial GIS software packages favoured a widespread use of GIS for
the analysis and modelling of georeferenced data, and the development of specific appli-
cations for physical processes such as slope instability (Carrara et al. 1995; Irigaray 1995;
Ayalew and Yamagishi 2005; Chacén et al. 2006; Davis et al. 2006).

Methods for GIS landslide-susceptibility mapping evolved over time, taking into
account different significant contributions (Crozier 1986; Carrara et al. 1991; Chung et al.
1995; Canuti and Casagli 1996; Guzzetti et al. 1996; Soeters and Van Westen 1996; Aleotti
and Chowdhury 1999; Tovine et al. 2003a, b) and the increasing worldwide experience on
GIS landslide mapping (Chacoén et al. 2006). According to Van Westen et al. (1997) and
Van Westen (2000) in the analysis of susceptibility in GIS, several methodologies can be
differentiated into:

— the empirically based approach, particularly suited for small-scale regional surveys. It
relies on the production of landslide-hazard maps investigated and controlled by the
earth scientist responsible for the analysis (heuristic qualitative approach) (Carrara and
Merenda 1974; Stevenson 1997; Kienholz et al. 1983).

— the statistical quantitative approach for medium-scale surveys or inventory-based
method (also empirically based). It allows for a better comprehension of the
relationships between landslides and preparatory factors, and guarantees lower
subjectivity levels with respect to the heuristic approach (Ermini et al. 2005). In the
statistical analysis, the combinations of factors that led to landslides in the past are
determined statistically, and quantitative predictions can be made for areas currently
free of landslides, in which similar conditions exist. Notable within the statistical
methods are basically multivariate and bivariate statistics.
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e the data-driven multivariate statistical analysis. All the parameters at unstable sites
are analysed by multiple-regression techniques; alternatively, parameter maps are
crossed with landslide-distribution maps, and the correlation is established for
stable and unstable areas by employing discriminant analyses. One of the pioneer
works was that of Carrara et al. (1977), which was continued by other works
(Carrara 1988; Carrara et al. 1992, 1995; Chung et al. 1995).

e the experience-driven bivariate statistical analysis, based on indirect mapping. In
this method, the causal factors are entered into a GIS and crossed with a landslide-
distribution map. There are different varieties of this method, notably the weights of
evidence (Bonham-Carter et al. 1988; Agterberg et al. 1989, 1993; Poli and
Sterlacchini 2007), the landslide-index method (Van Westen 1993, 1994; Van
Westen et al. 1997) and the one used in the present work, the matrix method
(DeGraff and Romesburg 1980; Maharaj 1993; Cross 1998; Irigaray 1995; Irigaray
et al. 1999, 2007; Clerici et al. 2002).

— the physically based or process-based approach for detailed studies. These consist of
slope-stability analyses generally aimed at evaluating a safety factor (Okimura and
Kawatani 1986; Mulder and Van Asch 1988; Hammond et al. 1992; Pack et al. 1998).

As a whole, a high number of GIS landslide-susceptibility (or hazard) methods were
developed (Carrara et al. 1995; Guzzetti et al. 1999). Nevertheless, susceptibility maps
need to be validated. Through validation (sometimes called evaluation or test), the quality
of the proposed susceptibility estimate must be evaluated (Irigaray et al. 1999, 2007;
Chung and Fabbri 2003; Guzzeti et al. 2006). The quality of a landslide-susceptibility
model can be ascertained using the same landslide data used for the estimate, or by using
independent landslide information not employed for the assessment (Guzzetti et al. 2006).
Three basic techniques can be used to obtain an independent sample of landslides for
validating a landslide-susceptibility map (Remondo et al. 2003): (a) the original inventory
can be randomly split into two groups, one for the susceptibility analysis and one for
validation; (b) the analysis can be conducted in a part of the study area, and the suscep-
tibility map tested in another part (i.e. affected by different landslides); (c) the analysis can
be made using landslides generated in a certain period, and validation performed by
considering landslides occurred in different periods. The latter technique, used in the
present work, is considered to be the most reliable technique to test the validity of the
prediction made (Irigaray et al. 2007).

The currently available commercial GIS packages include programming tools and
graphic interfaces which enable the user to rapidly design their own geoprocessing
applications. “Model Builder” is a programming tool developed by ESRI (ArcGIS 2004),
added to the GIS suite of packages since ArcView 3.0, which includes geoprocessing tools
for the generation of recyclable models (McCoy 2004).

The main intention of the paper is the presentation of ArcGIS implemented geopro-
cessing models (scripts) based on ESRI’s “Model Builder” utility for automatic landslide-
susceptibility analysis, using a validated methodology: the GIS matrix method (GMM).
The latter offers a good opportunity to GIS users to conduct simple, inventory-based
landslide-susceptibility analyses within a familiar commercial GIS environment. Different
public organisms (ministries, city halls, research centres) have databases on slope move-
ments that are continuously updated. The proposed landslide-susceptibility model,
described in this work, can employ such updated databases in order to validate and revise
susceptibility maps with the aim of incorporating them in territorial ordination plans. The
tool is available for free downloading as an ArcGIS tool (see details in Appendix).
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For the application and activation of the models, a study area characterized by a con-
siderable incidence of landslides was selected (El Hamdouni 2001; Fernandez 2001;
Chacon et al. 2002; Jiménez-Peralvarez et al. 2005; Chacon et al. 2006; Irigaray et al.
2007). The area (Fig. 1) is located on the southern slopes of Sierra Nevada, in the Betic
Cordillera (Spain), with an approximate extent of 158 km?. In the area the units of the
Internal Zones of the Betic Cordillera and post-tectonic materials (Neogene and Quater-
nary) outcrop. In this sector, the Internal Zone is represented by the Alpujarride and
Nevado-Filabride Complexes. Dark schist and feldspar-bearing micaschist are widespread
in the Nevado-Filabride Complex up to the Alpujarride Complex, which is composed of
Triassic calcareous schist, marble, phyllite and quartzite (Gémez-Pugnaire et al. 2004).
The Neogene materials are composed of marl and silt covered by conglomerate (Ortega
et al. 1985).

2 Foundations of the models and of required data

The landslide-susceptibility model presented in this work (tool: “susceptibility_model”) is
based on the GMM, which is a GIS-based method developed by improving a previous
method (DeGraff and Romesburg 1980), contributed by Irigaray (1995). In the empirical
analysis, an assumption is made that future landslides will occur under the same conditions
as in the past. The method is based on bivariate statistical analysis, in turn, founded on
cross analysis of maps of determinant factors and spatial frequency of slope movements. It
permits an evaluation of the instability index in a given zone, although it is not capable of
predicting the susceptibility to slope movements in terms of absolute probability. However,
it enables to evaluate the potential relative instability in a broad region by using a series of
measurable factors.

The GMM is an appropriate methodology for the working scale of this work (Van
Westen et al. 1997). The GMM requires an inventory of landslides and a selection of the
most significant determinant factors to be included in the analysis. The determinant factors
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Fig. 1 Location and landslide inventory map. The landslide inventory is composed of 69 translational
slides, 52 debris flows, 31 rock falls and 17 complex slides
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are not weighted: the weighting factors are in fact intrinsically performed by the matrix
method, as described by different authors (Maharaj 1993; Cross 1998; Irigaray et al. 1999,
2007; Clerici et al. 2002; Fernandez et al. 2003). It was also validated with excellent results
in the same region where the study area is located (Irigaray et al. 1999, 2007; El Hamdouni
2001; Fernandez 2001; Fernandez et al. 2003). A quantitative comparison between the GIS
matrix method and other bivariate statistical-analysis techniques (Landslide Susceptibility
Index—Van Westen 1993, 1994; and weight of evidence—Bonham-Carter 1994) is
presented in Sect. 3.5.

2.1 Landslide inventory

When adopting a statistical probabilistic approach, the landslide inventory is the first step
in any landslide-mapping project intended to provide a susceptibility, hazard or risk
assessment. It is perhaps the most important set of data in the entire assessment process and
greatly influences the quality of the final results.

In this study, a database containing 169 landslides, described with internationally
accepted terms and classifications (Varnes 1978; Cruden and Varnes 1996), was first
implemented by collecting data gathered through a phase of interpretation of aerial pho-
tographs (at scale 1:20,000) followed by field surveying. The definitive inventory of slope
movements was made at a scale of 1:10,000. This landslide inventory is based on
movements generated before 1996. The inventory includes a total of 69 slides (translational
slides, mainly in phyllite and marble), 52 flows (debris flows, mainly in phyllite), 31 falls
(rock falls, mainly in marble) and 17 complexes (complex slides, mainly in quartzite), all
identified and mapped (Tables 1, 2 and Fig. 1). The landslides, considered from the source
areas to the deposits, were found to affect 3.79% of the total study area. Phyllite units
resulted to be the most unstable materials, comprising 38% of the inventoried landslides,
followed by marble units at 25%.

2.2 Determinant factors

The determinant factors account for the overall slope-stability condition: the strength of the
geological units can in fact be related to the type of soil or rock, to discontinuities or to
slope morphology in terms of slope angle, aspect, elevation, size, amplitude (surface
covered by a homogeneous slope unit with slope aspect approximately uniform), roughness
(describes different combinations of slope angle and aspect in a given region), curvature
(describes the slope profile and differences between concave and convex profiles), etc.

Table 1 Landslide inventory, typologies and dimensions

Affected area (mz)

Typology n Maximum Minimum Mean  Total % Relate to total area
Slide (translational slide) 69 686,172 232 37,484 2,661,346 1.68
Flow (debris flow) 52 355,198 287 40,088 2,084,598 1.32
Fall (rock fall) 31 64,244 453 12,792 396,557 0.25
Complex 17 462,465 3,547 57,849 867,741 0.55
Total 169 686,172 232 35,564 6,010,241 3.79
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Table 2 Landslide inventory, percentages in each lithology

% of landslides inventoried in each LITHOLOGY relate to total lithologies of each typology

Typology Cs. Cgm. Qtze. Scht. Marb. Mscht. Pht.

Slide (translational slide) 9.86 9.86 18.31 0.00 22.54 0.00 39.44
Flow (debris flow) 0.00 1.92 21.15 5.77 0.00 9.62 61.54
Fall (rock fall) 6.45 0.00 3.23 16.13 74.19 0.00 0.00
Complex 0.00 0.00 40.00 0.00 26.67 6.67 26.67
Total 4.14 473 18.93 5.33 24.85 4.14 37.87

Cs Calcareous schist; Cgm Conglomerate; Qtze Quartzite; Scht Schist; Marb Marble; Mscht Micaschist; Pht
Phyllite

The model presented in this paper uses four determinant factors: three DEM derivatives
(slope angle, slope elevation and slope aspect), and one derivative from a thematic GIS
layer (lithology). Among these factors, those ones most frequently considered in the
international literature are slope angle and lithology (Rodriguez-Ortiz et al. 1978; Hansen
1984; Crozier 1986; Guzzetti et al. 1996, 1999; Irigaray et al. 1996, 1999, 2007; Fernandez
et al. 2003; Ayalew and Yamagishi 2005).

In the study zone, an exhaustive analysis of the most relevant determinant factors was
recently published (Irigaray et al. 2007). Even so, with the aim of selecting the set of
significant determinant factors, an analysis was performed by crossed tabulation (contin-
gency tables) between the source areas of the landslides and determinant factors. Different
correlation coefficients were calculated and significance tests were used to identify the
most influencing factors: Chi-square, Coefficient of linear correlation of the contingency
coefficient, Tschuprow’s T and Cramer’s V coefficients (Table 3). Those determinant

Table 3 Correlation between the source areas of the landslides and the determinant factors

Factor 12 R T |4

AL 6.27 0.40 0.07 0.12
IL 3.51 0.35 0.06 0.09
LC 1.20 0.27 0.05 0.05
vC 1.12 0.26 0.03 0.05
FT 0.25 0.18 0.02 0.02
SA 6.80 0.41 0.09 0.12
PP 2.06 0.31 0.05 0.07
LT 12.95 0.48 0.10 0.17
W 0.32 0.19 0.03 0.03
LU 0.46 0.21 0.02 0.03
SL 6.75 0.41 0.09 0.12

Lithology, slope angle, slope aspect and altitude are the determinant factors which show the highest degree
of association

AL Altitude; IL Tllumination; LC Lithological contacts; VC Vertical curvature; FT Faults; SA Slope aspect;
PP Precipitation (annual mean); LT Lithology; W Distance to watercourses; LU Land use; SL Slope angle; 22
Chi-Square; R Lineal and contingency correlation coefficient C R = \/ (C/Cpax); T Tschuprow’s T; V
Cramer’s V
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factors showing the highest degree of association with the landslide inventory were then
taken into consideration: lithology, slope angle, slope aspect and altitude (or elevation).

The determinant factors of instability can vary according to the study zone. In each
area, those factors which show the highest degree of association with the landslide
inventory should be selected. The model can be easily edited in order to add any other
determinant or triggering factor. In this case, previous results (El Hamdouni 2001;
Fernandez 2001) concerning the reclassification of the determinant factors were adopted,
and an entire numerical value was assigned to each class of determinant factors,
although further developments of the model could be improved by using other classi-
fication methods (natural-breaks, standard deviation, equal intervals, etc.) (Irigaray et al.
2007).

Slope elevation is not the most common determinant factor in the literature, except for
studies of mountain areas (like the study area) with pronounced differences in elevation
(Fernandez et al. 2008). Usually, elevation is considered as an indirect factor, related to/or
conditioning other factors such as rainfall, temperature, freeze/thaw cycles, soil develop-
ment, vegetation, etc., which may be more difficult to quantify. In the zone, the elevation
varies between 300 and 1800 m, representing an interval wide enough to introduce sig-
nificant changes in such climatic conditions such as rainfall and temperature, and also a
variable set of vegetation units. The slope angle is one of the most commonly used
determinant factors in GIS applications concerning slope-stability (Fernandez et al. 2008).
The slope aspect (or exposition) has only an indirect influence on landsliding. It is related
to other variables, such as soil moisture and development, weathering, etc., which are
commonly more intense on north-oriented slopes, because of the lower insolation.
Lithology is the most common determinant factor in most stability studies. The model
(tool) presented here requires the lithology map as an input datum in order to evaluate the
landslide susceptibility. It represents the strength of the materials in terms of slope
behaviour during landslides or instability processes. From the Mining and Geology
Information System of Andalusia (Spain) (SIGMA 2002), the 1:50,000 geological map of
the region was drawn. With the recommendations on map use in geological engineering
projects of UNESCO (1976), a number of lithological complexes were reclassified in the
units shown on the source map (Fig. 2).
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Fig. 2 Lithological complex map
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2.3 Method of analysis: the GIS matrix method

Once the relevant determinant factors are identified, the landslide susceptibility can be
evaluated by delimiting terrain units differently prone to landslides. The GMM was suc-
cessfully applied to different geological settings and countries (Irigaray 1995; Cross 1998;
Irigaray et al. 1999, 2007; Fernandez 2001; El Hamdouni 2001). It is based on the com-
putation of three matrices: landslide matrix (LM), total surface of the study area matrix
(TSM), and susceptibility matrix (SM). First, a LM is established by calculating areas or
extensions affected by the source areas of the landslides in each combination of classes of
the selected determinant factors. The TSM matrix is calculated by making all the possible
combinations among the classes of determinant factors selected, and then calculating the
area occupied by each combination. Finally, in the SM, each cell shows a value calculated
by dividing the value of the cell in the LM by the value of the cell in the TSM. The cell
values in the SM represent an assessment of relative susceptibility corresponding to each
combination of determinant factors in the cell. Each SM value shows the percentage of
source areas in each combination of determinant factors with regard to the total area
occupied by the respective combination of determinant factors. The susceptibility maps are
based on 5 levels of classification, automatically assigned to each zone by using the
natural-breaks method (Irigaray et al. 2007; ArcGIS 2004). In this method, class breaks are
determined statistically by finding adjacent feature pairs which show relatively large dif-
ferences in data value (ArcGIS 2004).

2.4 Validation of susceptibility maps

The landslide-susceptibility validation model presented in this work (tool: ‘“valida-
tion_model”) uses the degree of fit to assess the association between the inventory and the
landslide-susceptibility map. The quality of the maps was assessed by techniques of spatial
autocorrelation and measuring the degree of fit between a given set of data and the maps
(Goodchild 1986). The final aim was to assess the quality of the susceptibility map as a
predictive tool to explain the landslide inventory of the study area. Only when a given level
of quality was attained, a given landslide susceptibility or hazard map may be considered
acceptable as a predictive tool for future landslides. There are different approaches (Irigaray
et al. 1999; Remondo et al. 2003; Guzzetti et al. 2006), and excellent results were achieved
in landslide areas of the Betic Cordillera (Irigaray et al. 1999, 2007; El Hamdouni 2001;
Fernandez 2001; Fernandez et al. 2003). In this paper a different inventory (i.e. not the one
employed for computing the susceptibility map) was used for validation. However, a val-
idation with the inventory map used to derive the landslide-susceptibility map was also
made (Sect. 4.3). The degree of fit (DF), as applied to landslide maps, is defined as follows:

m,~/t,-
DF, =
>omi/t;

where m; is the area occupied by the source areas of the landslides at each susceptibility
level i, and ¢, is the total area covered by that susceptibility level. The degree of fit for each
susceptibility level represents the percentage of mobilized area located in each suscepti-
bility class. The lower the degree of fit (less than 7%) in the low and very low susceptibility
classes (relative error), and the higher the degree of fit in the high or very high suscepti-
bility classes (relative accuracy), the higher the quality of the susceptibility map will be
(Fernandez et al. 2003; Irigaray et al. 2007).
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The selected set of source areas of the landslides for this validation is composed of 12
slides (translational slides, mainly in phyllite and marble), 6 flows (debris flows, mainly in
phyllite), 1 fall (rock fall in marble) and 3 complexes (complex slides, mainly in quartzite).
The landslides are homogeneously distributed in the study zone (Fig. 3) and reach 17.9%
of the total surface covered by the set of source areas of the landslides considered for the
LM calculation.

The landslide inventory used for the validation of the susceptibility map, is based on
movements generated in the 1996—-1997 winter season, as a consequence of heavy rains in
the study area in late 1996 and early 1997 (212 mm in November 1996, 386 mm in
December and 222 mm in January 1997, i.e. the mean annual rainfall for the area reached
in only three months). The heavy rains damaged mainly the road network of the study zone
(Irigaray et al. 2000).

3 The model for landslide-susceptibility mapping (susceptibility_model):
input data, methodology and results

A model based on the assessment of landslide susceptibility was developed following
the GMM. The model is inside the tool “susceptibility.tbx” and its name is
“susceptibility_model”.

3.1 Input data

Three input data are required for mapping the landslide susceptibility automatically: the
DEM, the lithological map of the study area and the landslide inventory.

The DEM has to be a continuous raster surface or map. There are different techniques to
determine DEMs from vectorial data, (IDW, Kriging, etc.), although there are high-quality
DEMs supplied by public or commercial sources. The DEM of the present study is made
by regular matrices with a pixel resolution of 10 x 10 m, achieved by transforming a TIN
(Triangulated Irregular Network) to GRID. The TIN was generated from interpolation of
digital contour lines and elevation points taken from a map at scale 1:10,000 (Andalusia
Institute of Cartography; ICA 1999).
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Fig. 3 Landslide inventory used for the validation of the landslide-susceptibility map. The inventory is
composed of 12 translational slides, 6 debris flows, 1 rock fall and 3 complex slides
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The lithological map has to be a vectorial layer showing a classification of lithological
units. Each lithological complex has to be associated with an integer number.

The landslide inventory has to be a vectorial layer reclassified in two classes: presence
of source areas of the landslides (“value_2"), or their absence (“value_1""). The sum of
these two classes gives the total surface of the study area.

3.2 Modelling the matrix of the total surface of the study area (TSM)

From the DEM, three terrain digital models were derived as by-products showing three
determinant factors: elevation, slope angle, and slope aspect (by means of the ArcGIS
geoprocessing tools “Reclassify”, “Slope” and “Aspect”, resp.). The determinant factors
expressed in raster format were reclassified and transformed into a vectorial format, and
were generalized by classes, in order to attain a simpler attribute table for the map. These
ArcGIS tools work in a raster format, which is necessary for the spatial analysis. Never-
theless, to improve the presentation of the data and reduce the size of the files, the three
layers or maps (elevation, slope angle and slope aspect) were transformed from raster into
vectorial format (“.shp”). The maps were transformed into a vectorial format in order to
work with different attribute layers. In the ArcGIS 9.0 version, it is not possible to edit
attribute tables from raster maps. Each pixel in a raster map has that value in the vectorial
map: afterwards it is homogenized to have in the attribute table a number of files equal to
the number of map classes. The transformation of the format did not result in any loss of
information. The fourth determinant factor, lithology, was introduced as parameter or input
data, and each lithological complex was associated with an integer number. The TSM was
computed by making all the possible combinations among all the classes of determinant
factors selected by means of the ArcGIS geoprocessing tool “Intersect”. Afterwards, a new
column was added (“value”) to the TSM generated layer. The value of this column is a
simple identifier which was necessary to compute the TSM as a table, making further
unions with other tables possible.

3.3 Modelling the landslide matrix (LM)

The LM was calculated by crossing the reclassified landslide inventory with the TSM by
means of the ArcGIS geoprocessing tool “Tabulate Area”. The results are shown in table
“crossed.dbf”, with three columns: “value”, previously added from the TSM and corre-
sponding to the identifier of each combination of classes of the determinant factors
selected, “value_2” with the area affected by the source areas of the landslides in each
combination, and “value_1" with the area not affected in each combination. The column
“value_2” with the layer “intersect.shp” is, properly speaking, the LM (Sect. 2.3).

3.4 Modelling the susceptibility matrix (SM)

With the purpose of calculating the percentage of area affected by the source areas of the
landslides in each of the classes of determinant factors, two new columns were generated
in the LM table (“crossed.dbf”). The first column is the total area occupied by each of the
combinations of classes of determinant factors selected. The second column is, in per-
centages, the area affected by the source areas of the landslides in each of the combinations
of classes of determinant factors cited above. The column “value” of the table “cross-
ed.dbf” shows the identifier of each combination, and coincides with the identifier “FID”
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in the layer “intersect.shp”, where each combination of factors may be seen in the different
columns “GRIDCODE”. By means of the ArcGIS geoprocessing tools “Make Feature
Layer”, “Add Join” and “Copy Features”, the model links SM with the map or layer
obtained by combining all the factors (“intersect.shp”, which has the SM as an attribute
table) in order to achieve a spatial representation of the area affected by the source areas of
the landslides. This is the spatial presentation of the SM (“suscep_matrix.shp”) with an
attribute, a table composed of a series of columns. In column “crossed_po” the percentage
of area affected by the source areas of the landslides in that factor combination is pre-
served, this being the corresponding susceptibility value.

3.5 Results

The output datum of the “susceptibility_model” is a vectorial layer: “suscep_matrix.shp”.
This layer is the result of the analysis, i.e. the landslide-susceptibility map. The suscep-
tibility values varied between O and 100 in each combination of classes of determinant
factors (one hundred in rows). The values obtained were visualized by means of 5 sus-
ceptibility levels (very low, low, moderate, high and very high) (Fig. 4, Table 4) found in
surrounding areas (Irigaray 1995; Irigaray et al. 2007; El Hamdouni 2001; Fernandez et al.
2003, 2008) using the natural-breaks method. In this example, a reclassification of natural-
breaks was made (rounded off to the closest whole number). In this way, the classes
distinguished were:

— Very low susceptibility: the affected area in a given combination of determinant factors
extends between 0 and 1%.

— Low susceptibility: the affected area in a given combination of determinant factors
extends between 1 and 5%.

— Moderate susceptibility: the affected area in a given combination of determinant factors
extends between 5 and 15%.

— High susceptibility: the affected area in a given combination of determinant factors
extends between 15 and 25%.

— Very high susceptibility: the affected area in a given combination of determinant
factors extends above 25%.

3“24|'0'W 3°IBI'0'W

roads - villages Very Low Low Moderate - High - Very High

Fig. 4 Landslide-susceptibility map. The values are visualized showing 5 susceptibility levels found in
surrounding areas using the natural-breaks method (Irigaray et al. 2007)
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Table 4 Landslide susceptibility

by different methodologies Susceptibility % % Accumulate km

Area (GIS matrix method)

Very low 49.19 49.19 77.89
Low 30.51 79.7 48.31
Moderate 135 932 21.38
High 5.18 98.38 8.2
Very high 1.62 100 2.57
Area (weight of evidence method)
Very low 35.71 35.71 56.56
Low 28.76 64.47 45.55
Moderate 20.64 85.11 32.7
High 10.45 95.56 16.56
Very high 4.43 100 7.02
Area (landslides-susceptibility Index method)
Very low 45.32 45.32 71.78
Low 27.02 72.34 42.8
The values show the surface area  Moderate 15.42 87.75 24.42
and percentages of each High 8.7 96.45 13.78
susceptibility level in relation to Very high 3.54 100 5.61

the whole area of study

The susceptibility values refer to slope instability or landslides without specifying the type
of landslide. This may be adequate only for an initial susceptibility zonation, while detailed
studies on the subject should consider susceptibility values found for each type of landslide
(Chacén et al. 1996, 2006). The low and very low susceptibility levels represent more than
75% of the surface area studied. If moderate susceptibility is also added, this percentage
rises to more than 90%. These values indicate that the maps obtained are not conservative,
but rather they limit the zones of maximum susceptibility just to the relatively reduced area
where the associated combination of factors exists.

Various bivariate-statistical techniques were applied on various mapping units. When
comparing these results with those found by applying other susceptibility-analysis methods
based on bivariate statistical techniques—Landslide Susceptibility Index (Van Westen
1993, 1994; Van Westen et al. 1997) and weight of evidence (Bonham-Carter 1994)—we
found that the matrix method (GMM) is the least conservative of the methods considered
(Fig. 5, Table 4). The zone considered by the GMM as exposed to high and very high
susceptibility occupies a less area than the corresponding zones found by the other two
methods. However, the validation of the susceptibility map by GMM is of the same nature
as that made by the other methods (Fig. 6).

4 The model for landslide-susceptibility validation (validation_model):
input data, methodology and validation
A model based on the assessment of the degree of fit between the source areas of the

landslides and susceptibility zonation was developed following previous concepts and
results (Goodchild 1986; El Hamdouni 2001; Fernandez 2001; Fernindez et al. 2003;
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Fig. 5 Landslide-susceptibility by different methodologies. GMM, GIS matrix method; WofE, weight of
evidence; LSI, landslide-susceptibility index. The values show the percentage of each susceptibility level in
relation to the whole area of study
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Fig. 6 Landslide-susceptibility map validation. Degree of fit between the source areas of the landslides and
each landslide-susceptibility level. GMM. GIS, matrix method; WofE, weight of evidence; LSI, landslide-
susceptibility index

Irigaray et al. 1999, 2007). The model is inside the tool “susceptibility.tbx” and its name is
“validation_model”.

4.1 Input data

Two separate sets of input data are necessary for the landslide-susceptibility validation: the
landslide susceptibility map and a landslide inventory of the study area containing sources
not employed for the susceptibility analysis.

The landslide-susceptibility map has to be the vectorial layer previously calculated by
means of the “susceptibility_model”: “suscep_matrix.shp”.

The landslide inventory has to be a vectorial layer reclassified in two classes: presence
of source areas of the landslides (“value_2"), or their absence (“value_1").
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4.2 Modelling the validation of the landslide-susceptibility map

The validation model uses ArcGIS geoprocessing tools previously applied to the cal-
culation of the degree of fit (mi, ti, etc.). The area affected by the source areas of the
landslides in each susceptibility model (mi) (very low, low moderate, high and very high)
is calculated by crossing the SM with the landslide inventory (binary map) used for the
validation. As mentioned above, this inventory map must be different from the one
employed for computing the SM. In addition, an additional validation phase was per-
formed by considering the inventory map used for deriving the landslide-susceptibility
map. As the SM includes a high number of rows, the SM was transformed into raster
format and reclassified in the set of susceptibility classes previously selected: very low,
low, moderate, high and very high. This reclassified map was crossed with the landslide
inventory. Once the cross tabulation was established, new fields were added and cal-
culated with values of mi, ti, mi/ti, etc. The operation (X(mi/ti)) was calculated by means
of the ArcGIS geoprocessing tool “Summary Statistics”, which may later be added
(“Add Join”) to the required calculations.

4.3 Landslide-susceptibility validation

The output datum of the “validation_model” is the table “adjust.dbf”, i.e. the result of
the landslide-susceptibility validation (Fig. 7). The obtained results clearly show a better
degree of fit for the validation which was made with the inventory used to analyse the
landslide-susceptibility map. However, it also shows a good degree of fit for the “true”
validation inventory. The degree of fit for the very low and low susceptibility classes is
6.7%, which is similar to values reported in other works previously made in the same
study zone (Irigaray et al. 1999, 2007; El Hamdouni 2001; Fernandez 2001; Fernandez
et al. 2003). This error is due to the accumulated error in the technique (Irigaray et al.
2007), mainly due to the determining factors. This would be explained by the limitation
of the method in terms of the DEM capability to express high slopes where the rock falls
really occur. The scale of the geological map is generally less than the digitalization
scale of the slope movements, and therefore a contact can assign an erroneous lithology
to a movement.

5 Discussion and conclusions

The landslide-susceptibility maps are preventive tools intended to minimize risks in the
threatened areas. Because of the social and economic implications in risk prevention, a key
question is the quality of the maps, which derives from an appropriate procedure and can
be tested through a proper validation. The tool presented here offers an automatic process
of landslide-susceptibility mapping and validation; therefore, it allows to reduce the time-
consuming process of development of GIS applications to landslide-susceptibility mapping
and validation. The obtained results pointed out the quality of the maps drawn by means of
the GMM in comparison with those made by other bivariate-statistical techniques. In
general, the GMM effectively explains the spatial distribution of slope movements that
took place after the drawing of the maps. Once the landslide susceptibility map is drawn
and validated, it is possible to make a simple and quick selection of the most appropriate
terrains for the setting of civil engineering or of building projects, or of areas where more
detailed studies would be necessary. Nevertheless, it is vital to emphasize the crucial
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Fig. 7 Landslide-susceptibility map validation. Degree of fit between the source areas of the landslides and
each landslide-susceptibility level. A comparison by using the inventory used to analyse the landslide-
susceptibility map (V-1) and the new landslide inventory (V-2)

influence of an adequate engineering-geology approach, as well as of field and remote
sensing surveys, in order to compile the basic data for landslide prevention: the inventory
of landslides, the thematic layers related to the determinant factors and also all the
available information on landslide-triggering factors.

The landslide susceptibility and the determinant factors involved in instability differ for
each landslide type. In the example presented in this paper, all the landslide types were
considered as a whole, and therefore the resulting landslide-susceptibility map was not
derived from any particular type of landslide but rather from the overall inventory. This
may be adequate only for an initial susceptibility zonation, while a more detailed sus-
ceptibility map should be prepared by processing separately the landslides by typologies,
and using as input and validation inventories only those in each group or typology. In this
paper, the basic data in the inventory are the source areas related to each landslide, this
being appropriate for detailed scale maps (1:10,000 to 1:25,000). Nevertheless, at smaller
scales, or regional mapping (1:25,000 to 1:400,000), it is possible to use the whole
landslide areas as the basic input data in the landslide inventory: in fact, the purpose of
low-detail maps is a more approximate indication of unstable zones than a precise location
of areas potentially affected by new source areas.

Acknowledgements Work supported by CGL2005-03332 and CGL2008-04854 Projects. RNM121
Research Group and the Andalusian Excellence Project PO6-RNM-02125.We would like to thank five
anonymous referees for their comments.

Appendix: Execution of the models and files generated
Downloading the models

The models are available for free downloading as an ArcGIS tool (susceptibility.tbx) on the
follow link: “http://www.ugr.es/local/ren03366/susc_model.rar”. For availability on this
link, the tool has been compressed by mean of standard compression software: WinRAR,
version 3.62.00. Itis strongly recommended that this software be used to decompress the tool.

The tool box “susceptibility.tbx”, contains two models: the “susceptibility_model” to
assess susceptibility, and the “validation_model” to validate the landslide-susceptibility
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map. The models are also available in Python, Jscript and VBscript programming lan-
guages. The tool susceptibility.tbx has been tested with ArcGIS 9.0, 9.1 and 9.2, running
on a WindowsXP operating system. The other tips for using the tool are on the read-
me_help.pdf file.

Executing (running) the models

The user begins to execute the models by double-clicking on the icons, after introducing
the input data and establishing the general parameters (see also the “help” section in the
model by right clicking and then clicking on help). The landslide-susceptibility model
(susceptibility_model) generates one output datum: the landslide-susceptibility map
(suscep_matrix.shp), from three input data: DEM, lithological complexes and landslide
inventory. The validation model (validation_model) generates one output datum (the
table “adjust.dbf”), from two input data: the landslide-susceptibility map previously
obtained (suscep_matrix.shp), and a landslide inventory, which may also be different
from the one used in the susceptibility analysis. The model is easily edited (right click
and edit the model) and adaptable to the user’s needs (i.e. adding more determinant
factors). In this case, the way of executing the model is, therefore, to edit the model and
execute from the “edit” window, in order to appreciate the steps in which the model
shows the user’s modifications. The most common changes introduced in the model refer
to determinant factors such as vegetation maps, rainfall information, land-use maps, etc.,
which may be added by the “intersect” tool. Also, different reclassifications may be
necessary for particular treatments of some determinant factors; for that purpose simply
double click the tool “reclassify” and select some of the available methods (natural
breaks, standard deviation, equal intervals or a user-defined method). The most common
reclassification is the drawing of the altitude map, since altitude can vary markedly from
one area to another, and therefore this possibility is facilitated from the input interface.
For the rest of the reclassifications, it is necessary to edit the model.

Determinant factors derived from the DEM

The elevation map (“altitude_7sd.shp”) shows a simple reclassification into 7 classes of
DEM data, which is a continuous raster surface, converted into a discreet surface
(“altitude_7”) and finally into a vectorial format (“altitude_7s.shp”). The DEM reclas-
sification is an input datum. This is generalized by classes (“altitude_7sd.shp”) in order
to simplify the map attributes. The slope-angle layer (“slope_5sd.shp”) shows the dis-
tribution of slope angles calculated directly by ArcGIS from the DEM. It uses an
algorithm of a partial derivate of X (difference of elevation and distance in direction
E-W) and the partial derivate of Y (difference of elevation and distance in direction N—
S) in a network of 3 x 3 m around each DEM cell (“slope (2)”). Once calculated, the
derivates are combined to determine the slope angles which are reclassified (“slope_5"),
transformed into a vectorial format (“slope_5s.shp”) and generalized. (“slope_5sd.shp™).
The slope aspect layer (“aspect_Ssd.shp”), accounting for the distribution of this factor,
is calculated as the slope angle, from the X and Y partial derivates in a 3 x 3 m network
around each of the DEM cells (“aspect (2)”). This continuous map of aspect is
reclassified (“aspect_5”), transformed into vectorial (“aspect_5s.shp”) and generalized
(“aspect_Ssd.shp”).
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Landslide-susceptibility map

Using ArcGIS 9.0 and 9.1, in the landslide-susceptibility map (suscep_matrix.shp) the
“crossed_1" column corresponds to the area not affected by the source areas of the
landslides for a given combination of factors. The “crossed_2” column shows the area
affected by the source areas of the landslides for this combination of classes of determinant
factors, and the “crossed_3” column represents the total area of the combination of factors
considered. Finally, in the “crossed_po” column the percentage of area affected by the
source areas of the landslides in that factor combination is preserved, this being the
corresponding susceptibility value.

Using ArcGIS 9.2, in the landslide-susceptibility map (suscep_matrix.shp) the “cross-
ed_VA” column is the area not affected by the source areas of the landslides, the
“crossed_1" column shows the area affected by the source areas of the landslides, the
“crossed_2” column represents the total area of the combination of factors considered and
the “crossed_po” column is the percentage of area affected by the source areas of the
landslides.

Validation of the susceptibility map

Using ArcGIS 9.2, in the landslide-susceptibility validation (adjust.dbf) the “adjust”
column corresponds to the degree of fit at each susceptibility level. This column (adjust)
corresponds to the column “validati_6” if the user is working with either ArcGIS 9.0 or
9.1.

The susceptibility levels are shown in ascending order, so that “OID = 0” in table
“adjust.dbf” corresponds to the lowest susceptibility level, in this case very low suscep-
tibility. In ArcGIS 9.0, the model must be executed from the edition window. For the
completion of the model, the last tool “calculate field (5)” must be executed individually
after previously executing the model, since the last tool does not recognize the new
columns that are added until these are generated. This step need not be taken with ArcGIS
9.2, where the model is executed directly.

References

Agterberg FP, Bonham-Carter GF, Wright DF (1989) Weights of evidence modelling: a new approach to
mapping mineral potential. In: Agterberg FP, Bonham-Carter GF (eds) Statistical applications in the
earth sciences. Geol Surv Can 89(9):171-183

Agterberg FP, Bonham-Carter GF, Cheng Q, Wright DF (1993) Weights of evidence modelling and
weighted logistic regression for mineral potential mapping. In: Davis JC, Herzfeld UC (eds) Computer
in geology, 25 years of progress. Oxford University Press, Oxford, pp 13-32

Aleotti P, Chowdhury R (1999) Landslide hazard assessment: summary review and new perspectives. Bull
Eng Geol Environ 58:21-44. doi:10.1007/s100640050066

ArcGIS (2004) ESRI® ArcMapTM 9.0 License Type: ArcInfo. ESRI Inc.

Ayalew L, Yamagishi H (2005) The application of GIS-based logistic regression for landslide susceptibility
mapping in the Kakuda-Yahiko Mountains, Central Japan. Geomorphology 65:15-31. doi:10.1016/
j.geomorph.2004.06.010

Bonham-Carter GF (1994) Geographic Information Systems for Geoscientists: modelling with GIS.
Pergamon, Ottawa

Bonham-Carter GF, Agterberg FP, Wright DF (1988) Integration of geological datasets for gold exploration
in Nova Scotia. Photogramm Eng Remote Sens 54:1585-1592

Brabb EE, Pampeyan EH, Bonilla MG (1972) Landslide susceptibility in San Mateo Country, California.
U.S. Geological Survey, Field Studies Map MF-360, scale 1:62500

@ Springer


http://dx.doi.org/10.1007/s100640050066
http://dx.doi.org/10.1016/j.geomorph.2004.06.010
http://dx.doi.org/10.1016/j.geomorph.2004.06.010

588 Nat Hazards (2009) 50:571-590

Canuti P, Casagli N (1996) Considerazioni sulla valutazione del rischio dei frana. Estratto da “Fenomeni
Franosi e Centri Abitati”. Atti del Convegno di Bologna del 27 Maggio 1994. CNR-GNDCI-Linea 2
“Previsione e Prevenzione di Eventi Granosi a Grande Rischio”. Pubblicazione no. 846

Carrara A (1988) Multivariate models for landslide hazard evaluation. A “black box” approach. Workshop
on natural disasters in European Mediterranean Countries, Perugia, pp 205-224

Carrara A, Merenda L (1974) Metodologia per un censimento deggli eventi franoso in Calabria. Geol
Aplicata Idrogeologica 9:237-255

Carrara A, Pugliese-Carratelli E, Merenda L (1977) Computer-based data bank and statistical analysis of
slope instability phenomena. Zeitschrift fiir Geomorphologie N.F 21:187-222

Carrara A, Cardinali M, Detti R, Guzzetti F, Pasqui V, Reichenbach P (1991) GIS techniques and statistical
models in evaluating landslide hazard. Earth Surf Process Landf 16:427-445. doi:10.1002/esp.
3290160505

Carrara A, Cardinali M, Guzzetti F (1992) Uncertainty in assessing landslide hazard risk. ITC J 1992:
172-183

Carrara A, Cardinali M, Guzzetti F, Reichenbach P (1995) GIS technology in mapping landslide hazard. In:
Carrara A, Guzzetti F (eds) Geographical Information Systems in assessing natural hazards. Kluwer
Academic Publisher, Dordrecht, pp 135-175

Chacén J, Irigaray C, El Hamdouni R, Fernandez T (1996) Consideraciones sobre los riesgos derivados de
los movimientos del terreno, su variada naturaleza y las dificultades de evaluacion. In: Chacén J,
Irigaray C (eds) 6th Congreso Nacional y Conferencia Internacional de Geologia Ambiental y Ord-
enacion del Territorio; Riesgos Naturales, Ordenacion del Territorio y Medio Ambiente, Granada, pp
407-418

Chacén J, Irigaray C, Fernandez T, El Hamdouni R (2002) Susceptibilidad a los movimientos de ladera en el
sector central de la Cordillera Bética. In: Ayala-Carcedo FJ, Corominas J (eds) Mapas de Suscepti-
bilidad a los Movimientos de Ladera con Técnicas SIG. Fundamentos y Aplicaciones en Espaiia.
IGME, Madrid, pp 83-96

Chacén J, Irigaray C, Fernandez T, El Hamdouni R (2006) Engineering geology maps: landslides and
Geographical Information Systems (GIS). Bull Eng Geol Environ 65:341-411. doi:10.1007/s10064-
006-0064-z

Chung CF, Fabbri AG (2003) Validation of spatial prediction models for landslide hazard mapping. Nat
Hazards 30:451-472. doi:10.1023/B:NHAZ.0000007172.62651.2b

Chung CF, Fabbri AG, Van Westen CJ (1995) Multivariate regression analysis for landslide hazards
zonation. In: Carrara A, Guzzetti F (eds) Geographical Information System in assessing natural haz-
ards. Kluwer Academic Publishers, Dordrecht, pp 107-134

Clerici A, Perego S, Tellini C, Vescovi P (2002) A procedure for landslide susceptibility zonation by the
conditional analysis method. Geomorphology 48:349-364. doi:10.1016/S0169-555X(02)00079-X

Cross M (1998) Landslide susceptibility mapping using the Matrix Assessment approach: a Derbyshire case
study. In: Maund JG, Eddlestonb M (eds) Geohazards in engineering geology. The Geological Society,
vol 15. Engineering Geology Special Publications, London, pp 247-261

Crozier MJ (1986) Landslides: causes, consequences and environment. Croom Helm Pub., Surrey Hills,
London

Cruden DM, Varnes DJ (1996) Landslides types and processes. In: Turner AK, Schuster RL (eds) Land-
slides: investigation and mitigation. National Academic Press, Washington, DC, Sp-Rep 247:35-76

Davis JC, Chung C, Ohlmacher G (2006) Two models for evaluating landslide hazards. Comput Geosci
32:1120-1127. doi:10.1016/j.cageo.2006.02.006

DeGraff JV, Romesburg HC (1980) Regional landslide-susceptibility assessment for wildland management:
a matrix approach. In: Coates DR, Vitek JD (eds) Thresholds in geomorphology, vol 19. Alien &
Unwin, Boston, pp 401414

El Hamdouni R (2001) Estudio de Movimientos de Ladera en la Cuenca del Rio Izbor mediante un SIG:
Contribucion al Conocimiento de la Relacion entre Tecténica Activa e Inestabilidad de Vertientes.
Unpublished PhD Thesis. Department of Civil Engineering. University of Granada, Spain

Ermini L, Catani F, Casagli N (2005) Artificial neural networks applied to landslide susceptibility assess-
ment. Geomorphology 66:327-343. doi:10.1016/j.geomorph.2004.09.025

Fell R (1994) Landslide risk assessment and acceptable risk. Can Geotech J 31:261-272. doi:
10.1139/t94-031

Fernandez T (2001) Cartografia, Analisis y Modelado de la Susceptibilidad a los Movimientos de Ladera en
Macizos Rocosos mediante SIG: Aplicacién a Diversos Sectores del Sur de la Provincia de Granada.
Unpublished PhD Thesis. Department of Civil Engineering. University of Granada, Spain

@ Springer


http://dx.doi.org/10.1002/esp.3290160505
http://dx.doi.org/10.1002/esp.3290160505
http://dx.doi.org/10.1007/s10064-006-0064-z
http://dx.doi.org/10.1007/s10064-006-0064-z
http://dx.doi.org/10.1023/B:NHAZ.0000007172.62651.2b
http://dx.doi.org/10.1016/S0169-555X(02)00079-X
http://dx.doi.org/10.1016/j.cageo.2006.02.006
http://dx.doi.org/10.1016/j.geomorph.2004.09.025
http://dx.doi.org/10.1139/t94-031

Nat Hazards (2009) 50:571-590 589

Fernandez T, Irigaray C, El Hamdouni R, Chacén J (2003) Methodology for landslide susceptibility
mapping by means of a GIS. Application to the Contraviesa area (Granada, Spain). Nat Hazards
30:297-308. doi:10.1023/B:NHAZ.0000007092.51910.3f

Fernandez T, Irigaray C, El Hamdouni R, Chacén J (2008) Correlation between natural slope angle and rock
mass strength rating in the Betic Cordillera, Granada, Spain. Bull Eng Geol Environ 67:153-164. doi:
10.1007/s10064-007-0118-x

Glade T, Anderson MG, Crozier MJ (eds) (2005) Landslide risk assessment. Wiley, Chichester

Gomez-Pugnaire MT, Galindo-Zaldivar J, Rubatto D, Gonzalez-Lodeiro F, Lopez V, Jabaloy A (2004) A
reinterpretation of the Nevado-Filabride and Alpujarride Complexes (Betic Cordillera): field, petrog-
raphy and U-Pb ages from orthogneisses (western Sierra Nevada, S Spain). Schweiz Miner Petrog
84:303-322

Goodchild MF (1986) Spatial autocorrelation, CATMOG 47. Geo Books, Norwich

Guzzetti F, Cardinali M, Reichenbach P (1996) The influence of structural setting and lithology on landslide
type and pattern. Environ Eng Geosci 2:531-555

Guzzetti F, Carrara A, Cardinali M, Reichenbach P (1999) Landslide hazard evaluation: a review of current
techniques and their application in a multi-scale study, Central Italy. Geomorphology 31:181-216

Guzzetti F, Reichenbach P, Cardinali M, Galli M, Ardizzone F (2005) Landslide hazard assessment in the
Staffora basin, northern Italian Apennines. Geomorphology 72:272-299

Guzzetti F, Reichenbach P, Ardizzone F, Cardinali M, Galli M (2006) Estimating the quality of landslide
susceptibility models. Geomorphology 81:166—184

Hammond CJ, Prellwitz RW, Miller SM (1992) Landslides hazard assessment using Monte Carlo simula-
tion. In: Bell DH (ed) Proceedings of 6th international symposium on landslides, Christchurch, New
Zealand, Balkema, 2, pp 251-294

Hansen MJ (1984) Landslide hazard analysis. In: Brundsden D, Prior DB (eds) Slope instability. Wiley,
Chichester, pp 523-602

ICA (Instituto de cartografia de Andalucia) (1999) Mapa Digital de Andalucia 1:10.000, hoja 1042. Junta de
Andalucia, Seville, 1 digital map

Irigaray C (1995) Movimientos de Ladera: Inventario, Analisis y Cartografia de la Susceptibilidad Mediante
un Sistema de Informacién Geografica. Aplicacion a las Zonas de Colmenar (Malaga), Rute (Cérdoba)
y Montefrio (Granada). Unpublished PhD Thesis. Department of Civil Engineering. University of
Granada, Spain

Irigaray C, Fernandez T, Chacén J (1996) Metodologia de andlisis de factores determinantes de movim-
ientos de ladera mediante un SIG. Aplicacion al Sector de Rute (Cordoba, Espafa). In: Chacén J,
Irigaray C (eds) 6th Congreso Nacional y Conferencia Internacional de Geologia Ambiental y
Ordenacion del Territorio; Riesgos Naturales, Ordenacion del Territorio y Medio Ambiente, Granada,
pp 55-74

Irigaray C, Fernandez T, El Hamdouni R, Chacén J (1999) Verification of landslide susceptibility mapping.
A case study. Earth Surf Process Landf 24:537-544

Irigaray C, Lamas F, El Hamdouni R, Fernandez T, Chacén J (2000) The importance of the precipitation and
the susceptibility of the slopes for the triggering of landslides along the roads. Nat Hazards 21:65-81

Irigaray C, Fernandez T, El Hamdouni R, Chac6n J (2007) Evaluation and validation of landslide-sus-
ceptibility maps obtained by a GIS matrix method: examples from the Betic Cordillera (southern
Spain). Nat Hazards 41:61-79

Iovine G, Di Gregorio S, Lupiano V (2003a) Assessing debris-flow susceptibility through cellular automata
modelling: an example from the May 1998 disaster at Pizzo d’Alvano (Campania, southern Italy). In:
Rickenmann D, Chen CL (eds) Debris-flow hazards mitigation: mechanics, prediction and assessment.
Proceedings of 3rd DFHM international conference, Davos, Switzerland, September 2003, vol 1.
Millpress Science Publishers, Rotterdam, pp 623-634

Iovine G, Di Gregorio S, Lupiano V (2003b) Debris-flow susceptibility assessment through cellular auto-
mata modeling: an example from 15-16 December 1999 disaster at Cervinara and San Martino Valle
Caudina (Campania, southern Italy). Nat Hazards Earth Syst Sci 3:457-468

Jiménez-Peralvarez J, Irigaray C, El Hamdouni R, Fernandez T, Chacon J (2005) Rasgos geomorfoldgicos y
movimientos de ladera en la cuenca alta del rio Guadalfeo, sector Cédiar—()rgiva (Granada). In: Alonso
E, Corominas J (eds) VI Simposio Nacional sobre Taludes y Laderas Inestables. Valencia, Spain, pp
891-902

Kienholz H, Bichsel M, Grunder M, Mool P (1983) Kathmandu-Kakani area, Nepal: mountain hazards and
slope stability map. Mountain hazards mapping project map 4 (scale 1:10.000). United Nations Uni-
versity, Tokyo

Maharaj RJ (1993) Landslide processes and landslide susceptibility analysis from an upland watershed a
case study from St. Andrew, Jamaica, West Indies. Eng Geol 34:53-79

@ Springer


http://dx.doi.org/10.1023/B:NHAZ.0000007092.51910.3f
http://dx.doi.org/10.1007/s10064-007-0118-x

590 Nat Hazards (2009) 50:571-590

McCoy J (2004) Geoprocessing in ArcGIS. ESRI Press, Redlands

Mulder HFHM, Van Asch, TWIJ (1988) A stochastical approach to landslide hazard determination in a
forested area. In: Bonnard C (ed) Proceedings of Sth international symposium on landslides, Laussane,
Balkema 2, pp 1207-1210

Okimura T, Kawatani T (1986) Mapping of the potential surface-failure sites on Granite Mountain slopes.
In: Gardiner J (ed) International geomorphology, part 1. Wiley, New York, pp 121-138

Ortega M, Nieto F, Rodriguez J, Lopez AC (1985) Mineralogia y estratigrafia de los sedimentos nedgenos
del corredor de la Alpujarra (Cordillera Bética, Espana). Boletin de la Sociedad Espaiiola de Miner-
alogia 8:307-318

Pack RT, Tarboton DG, Goodwin CN (1998) The SINMAP approach to terrain stability mapping. In:
Proceedings of 8th congress of the international association of engineering geology, Vancouver, British
Columbia, Canada, pp 1157-1165

Poli S, Sterlacchini S (2007) Landslide representation strategies in susceptibility studies using weights-of-
evidence modeling technique. Nat Resour Res 16:121-134

Remondo J, Gonzélez A, Diaz de Teran JR, Cendrero A, Fabbri A, Cheng CF (2003) Validation of landslide
susceptibility maps: examples and applications from a case study in Northern Spain. Nat Hazards
30:437-449

Rodriguez-Ortiz JM, Hinojosa JA, Prieto C (1978) Regional studies on mass movements in Spain. In: Third
IAEG international congress. pp 267-277

SIGMA (Sistema de Informacion Geologico-Minero de Andalucia) (2002) Mapa Geoldgico Digital
MAGNA 1:50000, hoja 1042. Junta de Andalucia, Seville, 1 digital map

Soeters R, Van Westen JC (1996) Slope instability recognition, analysis, and zonation. In: Turner AK,
Schuster RL (eds) Landslides: investigation and mitigation. National Academic Press, Washington,
DC, Sp-Rep 247:129-177

Stevenson PC (1997) And empirical method for the evaluation of relative landslide risk. Bull Int Assoc Eng
Geol 16:69-72

UNESCO (1976) Guide pour la preparation des cartes géotechniques. UNESCO/IAEG, Paris

Van Westen CJ (1993) Application of geographic information systems to landslide hazard zonation. PhD
Dissertation, Technical University Delft, ITC-Publication Number 15, ITC, Enschede, The Netherlands

Van Westen CJ (1994) GIS in landslides hazard zonation: a review with examples from the Andes of
Colombia. In: Price MF, Heywood DJ (eds) Mountain environments and geographic information
systems. Taylor and Francis, London, pp 135-167

Van Westen CJ (2000) The modelling of landslide hazards using GIS. Surv Geophys 21:241-255

Van Westen CJ, Rengers N, Terlien MTJ, Soeters R (1997) Prediction of the occurrence of slope instability
phenomena through GIS-based hazard zonation. Geol Rundsch 86:404—414

Varnes DJ (1978) Slope movements types and processes, In: Schuster RL, Kizek RJ (eds) Landslides:
analysis and control. National Academy of Sciences, Washington, DC, Special report 176(2):11-33

Varnes DJ (1984) Landslide hazard zonation: a review of principles and practice. Commission on landslides
of the IAEG, UNESCO, Paris. Natural Hazards 3

@ Springer



	Building models for automatic landslide-susceptibility analysis, mapping and validation in ArcGIS
	Abstract
	Introduction
	Foundations of the models and of required data
	Landslide inventory
	Determinant factors
	Method of analysis: the GIS matrix method
	Validation of susceptibility maps

	The model for landslide-susceptibility mapping (susceptibility_model): �input data, methodology and results
	Input data
	Modelling the matrix of the total surface of the study area (TSM)
	Modelling the landslide matrix (LM)
	Modelling the susceptibility matrix (SM)
	Results

	The model for landslide-susceptibility validation (validation_model): �input data, methodology and validation
	Input data
	Modelling the validation of the landslide-susceptibility map
	Landslide-susceptibility validation

	Discussion and conclusions
	Acknowledgements
	Appendix: Execution of the models and files generated
	Downloading the models
	Executing (running) the models
	Determinant factors derived from the DEM
	Landslide-susceptibility map
	Validation of the susceptibility map

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


