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ABSTRACT:

Podhale is a region in southern Poland, which is the northernmost part of the Central Carpathian Mountains. It is characterized by
the presence of a large number of landslides that threaten the local infrastructure. In an article presents application of LiDAR data
and geostatistical methods to assess landslides susceptibility map. Landslide inventory map were performed using LiDAR data and
field work. The Weights of Evidence method was applied to assess landslides susceptibility map. Used factors for modeling: slope
gradient, slope aspect, elevation, drainage density, faults density, lithology and curvature. All maps were subdivided into different
classes. Then were converted to grid format in the ArcGIS 10.0. The conditional independence test was carried out to determine
factors that are conditionally independent of each other with landslides. As a result, chi-square test for further GIS analysis used only
five factors: slope gradient, slope aspect, elevation, drainage density and lithology. The final prediction results, it is concluded that
the susceptibility map gives useful information both on present instability of the area and its possible future evolution in agreement

with the morphological evolution of the area.

1. INTRODUCTION

Landslides are a very common geomorphic hazard with
considerable economic and ecological consequences. Globally,
landslides cause billions of dollars in damage and thousands of
deaths and injuries each year. Podhale area which is located in
the southern part of Poland is especially endangered by mass
movements and was particularly the by landslides (Bober,
1984), (Fig.1). They cause great material damage and pose a
significant threat to the local infrastructure. Presented in the
article designation methodology landslide susceptibility in
relation to the specifics of the area it is important both
methodological as well as practical. Can provide material
support to resolve issues related to mitigating the effects of
natural disasters and the prevention and spatial planning. The
traditional method of landslides inventory is mainly based on
analysis of relief topographic maps and field studies. This is
time-consuming and burdensome. Therefore, in recent years,
landslides inventory technique is used airborne laser scanning
ALS (Airborne Laser Scanning) sometimes referred LIDAR
(Light Detection and Ranking). It is a photogrammetric method,
which, combined with field research brings fast and accurate
information about the ranges of landslides, their activity and the
relief inside. Application of airborne laser scanning (ALS) to
study the landslide was often discussed in the scientific
literature, both in the world and in Poland (Hsio et al., 2003;
Schulz, 2007; Derron & Jaboyedoff, 2010; Borkowski, et al,
2011; Wojciechowski et al., 2012. In spatial analysis, Weights
of Evidence method was proposed by Agterberg and developed
in the mineral and mining fields in late 1980s. Weights of
Evidence modeling for landslide susceptibility mapping, using
the log-linear form of the Bayesian probability model, has been
recently applied in geomorphologic risk assessments (Van
Westen, 2002; Van Westen et al., 2003, 2006; Lee et al., 2002;
Mrozek et al., 2004; Ranjan et al., 2008; Barbieri & Cambuli,

2009; Kaminski, 2012). Bivariate statistical analysis methods
such as WOoE is one of the methods used to conduct landslide
susceptibility mapping. GIS-based statistical methods have
become very popular in landslide susceptibility assessment
(Van Westen et al., 2006). This method is extremely impressive
to data management, simultaneous use, graphic and attribute
crossing of these digital layers.
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Fig.1. Location study area on the background of a topographic
map. (www. geoportal.gov.pl).

2. MATERIALS AND METHODS
2.1 Geology of the study area

The studied area is located within the south-western part of the
Podhale Basin. It has the shape of the great asymmetric
synclinorium, which had formed in the middle of the Oligocene
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(Watycha, 1977). Its southern wing is inclined at about 45
degrees shore and cut by numerous faults of the longitudinal
direction of W-E, lowering the individual fragments of the
wings. The central part of the Podhale Basin is a vast and
undulating to flat shapes synclinal and anticlinal low (2-20°)
slope wings. Creating landslides favor tectonic features Podhale
flysch, numerous faults and the presence of contemporary
tectonic movements. In terms of lithological tested area is made
up Lower and Upper Chochotow Beds (Gotab, 1959; Watycha
1959; Zimnal et al., 2007; Ludwiniak et al., 2009; Gazdzicka ,
2011). Generally, the lithology of these complexes, especially
alternating the sandstones and shales flysh favors the formation
of landslides. Chochotow Beds include in their lithological
profile small thick layer of bentonite (Gotab, 1959; Michalik &
Wieser 1959; Watycha, 1977; Westfalowicz - Mogilska, 1986;
Kukulak, 1988).

2.2 Weights of evidence modelling

Weights-of-evidence method using the Bayesian probability
model was originally developed and widely used for the
identification and exploration of mineral deposits (Bonham-
Carter et al., 1989; Bonham- Carter, 1994, Parise, M., 2001).
Recently, this method has been applied for landslide
susceptibility mapping (Lee et al., 2002, Ranjan et al., 2008;
Derron M.H. & Jaboyedoff M., 2010; Armas, 2011).
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Where P is the probability, B is the presence of potential
landslide predictive factor, is the absence of a potential
landslide predictive factor, D is the presence of landslide and is
the absence of a landslide. A positive weight (W+) and a
negative weight (W-) indicate a positive and negative
correlation between the presence of the predictive variable and
the landslides, respectively. The weight contrast (C) is the
difference between two weights (C = W+ - W-) and its
magnitude reflects the spatial association between the
predictable variable and the landslides. In this method, the
assumption of conditional independence of factors was checked.
Dependent factors need to be rejected from mapping the
landslide susceptibility. The x2 values between all pairs of
binary patterns for each factor were calculated at the 99%
significant level as:
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A detailed description of this modeling is available in
(Bonham-Carter, 1994).

2.3 ALS processing

Elevation data ALS (Airborne Laser Scanning) is provided in
the form of aggregated measurement data in LAS format, as
LiDAR point cloud density scan 4 points / m2. The rest of the
processing point clouds was conducted in a dedicated
programming LP 360's Q Coherent GeoCue Group. The basic
processes of processing point clouds obtained by ALS is their

classification and filtering (Hejmanowska et al;
Kurczynski, 2014) (Fig.2).
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Fig.2. Steps of generating DEM elevation data derived from
airborne laser scanning.

The products which are the results of the processing of point
clouds are elevation models: DSM (Digital Surface Model) and
DEM (Digital Elevation Model). In order to emphasize different
elements of land cover, cloud points DSM can be displayed in
different modes. Due to the amount of points and the color
model similar to natural RGB (Red, Green, Blue). For further
spatial analysis generated digital elevation model in the
structure of the pixel GRID 10m. For interpolation height points
representing the surface area used deterministic algorithm IDW
(Inverse Distance Weighting) (Davis, 2002). The choice of
method of interpolation was performed using a test which was
to assess the accuracy of models made by various methods. In
addition to the IDW algorithm was used to test two other
algorithms: NN (Natural Neigbor) and simple kriging.

3. RESULTS AND DISCUSSION

Mapping landslides performed on sleepers surveying on a scale
of 1:10:000 with the use of stereoscopic aerial photographs in
scale 1:13 000, a digital elevation model ALS. A total of 120
landslides were inventoried, which occupy 5.25 km? space
study area (Fig.3) and (Fig.3a).
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Fig.3a. Spatial view on the landslides.

The first two factors have been developed passive in vector
form in the geodatabase, and the remaining three were created
as a result of digital processing digital elevation model ALS in
GRID format, the size of the pixel field of 10 m. The next step
was to convert vector data (lithology, streams) format GRID 10
meters. Then a layer of offsets generated in ArcGis streams
density map. This created seven layers grid developed software
ArcGis. Before modeling a collection of inventoried landslides
has been divided into two spatial subsets, which contained 60
landslides. The first subset of landslides and thematic maps
were used to develop the model, and the second subset of
landslides was used to verify the model. Calculated for 60
landslides a priori probability, which amounted to 0.0235. It is
worth noting that the number of points used to model the impact
on the calculated probability. Then developed a digital GIS
layer prediction. These were: lithology, tectonic lines, elevation,
slope, aspect, streams density, curvature and landslides (Fig.4).
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Fig.4. Flow diagram for landslide susceptibility modelling.
Lithology

Area
Class /sq.km/ | Points W+ W- C
Sands 1000 19 |-0.2149 0.0586 |-0.2735
Sands,
graves 414 8 |[-0.1974 0.0194 |-0.2167
Sands,
silts 909 27 |0.2431 -0.0778 | 0.3209
Sandstone | 237 4 |-0.3353 0.0169 |-0.3522
Shales and
sandstone 324 6 |-0.2398 0.0176 |-0.2575
Shales 1339 35 ]0.1115 -0.0561 | 0.1676

Elevation

Area
Class /sq.km/ | Points | W+ W- C
0-28 292 13 |0.6652 -0.0709 | 0.7360
28-56 728 11 |-0.4469 0.0730 |-0.5200
56-85 693 9 |-0.6010 0.0860 |-0.6870
85-113 807 22 |0.1555 -0.0403 |0.1958
113-141 | 681 20 |0.2325 -0.0512 | 0.2837
141-170 | 472 14 |0.2414 -0.0347 | 0.2761
170-198 | 358 6 |-0.3404 0.0265 |-0.3669
198-226 | 170 3 |-0.2885 0.0105 |-0.2990
226-255 25 1 |0.5365 -0.0042 | 0.5407

Slope

Area
Class /sq.km/ | Points | W+ W- C
0-3 763 6 -1.1068 0.1400 |-1.2468
3-6 2173 40 |-0.2463 0.2099 |-0.4562
6-9 923 35 |0.4966 -0.1940 | 0.6905
9-11 256 10 |0.5261 -0.0449 | 0.5710
11-15 78 5 1.0471 -0.0339 |1.0810
15-19 25 3 1.7442 -0.0255 | 1.7697
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Aspect

Area
Class /sg.km/ | Points | W+ W- C
North 574 15 |0.1118 -0.0187 | 0.1306
Northeast | 495 21 10.6134 -0.1164 | 0.7298
East 412 8 -0.1924 0.0188 |-0.2113
Southeast | 220 5 -0.0317 0.0017 |-0.0334
South 284 5 -0.2905 0.0181 |-0.3086
Southwest | 482 4 -1.0527 0.0818 |-1.1345
West 484 8 -0.3549 0.0382 |-0.3930
Northwest | 510 17 10.3625 -0.0611 |0.4236

Streams density

Area
Class /sq.km/ | Points | W+ W- C
1 106 4 0.4934 -0.0163 | 0.5097
2 3860 82 [-0.0999 0.7073 |-0.8072
3 221 11 | 0.7806 -0.0655 | 0.8461
4 13 2 2.0282 -0.0177 | 2.0460
Table 1. Spatial relationship between each landslide

conditioning factor and landslide by WOE model.

After multiple iterations developed a predictive model that takes
into account lithology, elevation, slope, aspect, and streams
density. These variables are most important in predicting areas
susceptible to landslides. Calculated positive and negative
weight values, variances, contrast, and the posterior probability.
Are shown in Table 1. Modeling was performed using the
module ArcSDM (Spatial Data Modeller), which is an
extension of ArcGis and developed by the Geological Survey of
Canada. Verification of the model is to see what percentage of
landslides from the second set of falls on the areas designated
on the basis of a subset of the first. They obtained 78% of
correctly classified pixels. In this way, they developed final
resulting landslide susceptibility map (Fig.5). Conducted
modeling authorizes the distribution of study area into two
categories: stable and unstable. Stable areas is mainly the valley
of the Black Dunajec which is built from Holocene and
Quaternary terraces. Also, the larger valley streams belong to
the stable areas. The same category included were flattening
hills, composed primarily of Chochotéw Beds. The remaining
area has been classified as unstable (average and very
susceptible). Areas most susceptible refer mostly to the course
of geological layers with a large share of shale flysch.

Fig.5. Landslide susceptibility map.

Fig.5a. Spatial view on the landslide susceptibility map.

4. CONCLUSION

1. Developed landslide susceptibility map shows the spatial
distribution of areas with varying degrees of probability of
occurrence of landslides in the future. Within a very high
susceptibility were roads, residential buildings as well as
forests.

2. Landslide susceptibility maps in local and regional scales (eg.
1:10 000, 1:25 000) should be done in terms of planning.
3. The presented geostatistical method Weights of Evidence
(WOE) is useful for modeling prone landslides areas.
4. It is planned to test other geostatistical methods with using
hydrogeological and meteorological date .
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