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1 Introduction
1. 1 Background
The significance of studying geomorphological processes shaping the surface of mountains and the
associated vulnerability (geohazard mapping) has increased greatly in the last decades. Geohazard
is considered as a geomorphological, geological and environmental process, phenomena and
condition that is potentially dangerous or poses a level of threat to human life, health, and
property, or to the environment (Komac, Zorn, 2013). The growing demographic pressure at the
end of the last century resulted in building of costly or unplanned structures on previously avoided
and often hazardous mountainous regions. As a result vulnerability, risk, and occurring damages
and casualties have risen, increasing also the necessity to understand better the involved processes
(Aleotti, Chowdhury, 1999).
At the same time geosciences have gained access to new powerful geospatial tools of GIS based
spatial analysis, remote sensing and novel observing, surveying and measuring methods, becoming
thus increasingly successful in confronting the problems of fundamental geomorphological
research, and also in meeting the demands of society for damage prevention and mitigation
strategies more adequately.
Above all, the mathematically based methods of geomorphometric digital elevation model analysis
(DEM) revolutionised the modern geomorphological research. In comparison with traditional
methods they enabled studies covering larger areas at relatively lower cost, providing quantitative
results which are reproducible, more objective and can be implemented more meaningfully as basis
for a decision support system in the complex planning process (Peckham, Jordan, 2007; Bódis,
2008; Hengl, Reuter, 2008; Zhou et al., 2008; Florinsky, 2011; Bishop et al., 2012).
Systematic research of geohazard in Serbia has not been conducted in the last two decades
(Dragicevic et al., 2011) and the application of spatial analysis in this discipline is still a new field,
with relatively few examples of local or regional studies. Although geohazard has been investigated
with traditional means in many areas, the application of geospatial methods gives an opportunity of
gaining new insight in natural processes that are causing very significant damages, and providing
planners and decision makers with necessary informations about the spatial distribution of the most
vulnerable areas. Geospatial analysis is particularly well suited for exodynamic geohazard study
(Mucsi, Mezősi, 1993; Szabó et al., 2006; Peckham, Jordan, 2007; Hengl, Reuter, 2008; Centeri et
al., 2009), as its primary determinant, the land surface (Pécsi, 1991; Mezősi, Bódis, 1998; Mezősi,
Kiss, 2001) can be very successfully represented with numerical models in a GIS environment
(Mezősi, Szatmári, 1995; Hengl, Evans, 2009). The Fruška Gora mountain (in the Autonomous
5

province of Vojvodina in Serbia) represents an excellent example of the variety of problems arising
from the combination of geohazard and inadequate planning, and provides an interesting „natural
laboratory” for testing novel approaches in geospatial analysis with its high spatial, topographic,
geological, geomorphological heterogeneity in a relatively small area, and as such it has been
selected for the study area for this dissertation. From the total 979.6 km2 nearly 40 % is in some
way affected by one or more types of geohazard. Seismic and mass movements, intensive erosion,
flash floods also threaten the protected natural and cultural values of the Fruška Gora National park,
which occupies the central areas of the mountain (266.72 km2 or 27 %) (Dragićević et al., 2013).
Important roads, bridges, railroads, factories, settlements were built on unstable, vulnerable areas,
some of them well known previously for centuries to be unsuitable for building. With the growth in
construction, land resource utilisation and intensifying traffic the probability of geohazard related
incidents, damages and their impact increases.
The subject of this research is exodynamic geohazard analysis based on digital
geomorphometry of the Fruška Gora mountain in Serbia. Exodynamic geohazard is governed by
exogenous geomorphological agents (atmospheric and hydrological) and on the Fruška Gora it is
represented in forms of mass movements, excessive erosion and flash floods.

6

1. 2 Research goals
Although the Fruška Gora was a subject of numerous studies (see the complete literature review in
§2 .3. 1 and 2 .4. 1), no comprehensive and detailed spatial analysis of geohazard susceptibility
based on digital geomorphometry has been published for the entire mountain area. One of the key
problems of geohazard study on the Fruška Gora, and in Serbia in general is the lack of continuous
data from environmental measurements (above all climatological and hydrological observations are
incomplete) which are required for natural hazard and risk assessment. There was also no detailed
geohazard inventory available for the purpose of this study, which is the most important,
fundamental data input for any geohazard research (Wieczorek, 1984; Guzzetti, 2005; Guzzetti et
al., 2012).
(1) The first goal was thus to build a database of available geohazard environmental factor
measurements and maps and produce a geohazard inventory, particularly the landslide inventory
for the Fruška Gora, which would serve as a basis for digital geomorphometric analysis.
(2) The landslide inventory preparation required differentiating various types of mass movements,
with their distinct causative agents, morphological and dynamic properties. The aim was to
establish a new landslide classification system for the Fruška Gora which would facilitate the
process of analysis and identifying the factors behind the slope instability development (§ 2. 2).
(3) One of the primary perquisites for digital geomorphometric analysis was the construction of its
most essential input, namely the digital land surface model (DLSM) or Digital elevation model
(DEM) of the Fruška Gora, since there was no readily available digital elevation dataset.
(4) The purpose of the research was also to establish the suitability of various sources and
methods for DLSM generation, and selecting the most appropriate ones for geohazard
susceptibility analysis of the Fruška Gora mountain (for the detailed literature overview of the
subject of digital geomorphometry see § 3.)
(5) As the problem of obtaining high quality basic topographic maps became apparent, another goal
was introduced alongside the initially planned research objectives, which was to evaluate the
usefulness and suitability of unconventional land surface data sources for geohazard analysis,
such as the high resolution stereoscopic archive satellite images from the CORONA program,
from the end of the 1960’s (see § 4.)
(6) During the search for information about past landslides on the Fruška Gora the question of the
usability of historic topographic maps in reconstruction of landslide events emerged and
became another important objective of the study (see § 3. 7.)
(7) The primary aim of the research was to successfully identify and map areas susceptible to
exodynamic geohazard on the Fruška Gora using novel digital geomorphometric and
7

geospatial methods, and to highlight new aspects and correlations of land surface processes,
which were perhaps not fully recognized in other studies based upon the traditional
geomorphological approach. The intention was to make the obtained results suitable for serving as a
basis of a future decision support, planning and monitoring system for more detailed hazard and risk
analyses on the mountain and other similar terrains.
(8) Shallow landslides (up to 2m deep) are governed by different determinants as deeper landslides
(Pécsi, 1991), and several suitable physically based models are available for their investigation
(Montgomery, Dietrich, 1994; Borga et al., 1998; Pack et al., 2005) (see § 3. 5 for the detailed
literature overview for this subject) These type of mass movements have not been studied in detail
previously on the Fruška Gora, although they represent a threat to property and landscape quality.
One of the aims of the research was to implement an available shallow landslide susceptibility
model, and to evaluate its performance on the Fruška Gora.
(9) Landslides represent the most significant geohazard on the mountain, and the selection and
implementation of a model for the purpose of deep landslide susceptibility mapping was one of
the central goals of this work, as the majority of these unstable zones have been not studied in
detail.
(10) Finally one of the important goals of this thesis was also to assess the applicability and
feasibility of geospatial analysis in mountainous areas where the availability of high-quality
data is not adequate, by evaluating the quality of the obtained susceptibility modelling results.
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2 Study Area
2. 1 Geographic position and general characteristics of the study area
The Fruška Gora

1

is located on the southern rim of the Pannonian basin. This inselberg rises

dominantly from the surrounding lowlands, although based on its relative and absolute height it
barely meets the criterion to be considered a mountain (its highest
peak, Crveni Čot is 539 m, relative height of 460 m, and terrains above
500 m occupy less than 1 % of the total area of mountain). The typical
horst shape extends 80 km in E-W direction, with a maximal width of
15 km. The Danube bounds the mountain on its entire length from the
north and east, while the southern slopes end gradually in gently rolling
loess covered landscape of the Srem loess plateau (45°5′ S Bešenovo N
45°15′ Petrovaradin, 19°16′ Šid-Šarengrad 20°15′ Slankamen).

Figure 2. 1-1 Position of the research area of the Fruška Gora mountain and its local surrounding

1

it is also known by its Latin name Alma Mons (rich, plentiful mountains) and traditional Hungarian name of Tarczalmountain. In Hungarian historic sources it is also mentioned as Álmos mountains, Köles mountains and Árpatarlói
mountains. In German literature it is refered to as Frankenwald.
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The wider surrounding area of the Fruška Gora including the Srem loess plateau and the alluvial
plane of the Danube covers about 1500 km2 (the research area covers 979.6 km2) (Figure 2. 1-1.)
The Fruška Gora mountain is located between Novi Sad and Belgrade, the two largest cities in
Serbia, in the immediate vicinity of Novi Sad and 50 km north of Belgrade. In contrast to the total
of nearly 2 million inhabitants of these two cities the area of Fruška Gora is relatively sparsely
inhabited with around 138,900 permanent residents in 56 settlements (based on census in 2011). A
smaller area (80 km2) of the north-western end of the mountain belongs to the Republic of Croatia.
Many important regional and local roads cross the mountain or its immediate surrounding: the panEuropean 10B (Budapest-Belgrade) transport corridor crosses the eastern rim of the mountain, and
the Belgrade-Zagreb motorway runs along its southern side at a distance of only 10 kilometres. On
its entire length the mountain lies beside the Danube, an extremely important international
waterway. The forthcoming construction of a 3 km long tunnel trough the mountain connecting
Novi Sad and Ruma (and the two mentioned motorway corridors) planned for opening in 2015 will
further increase the transportation significance of Fruška Gora and bring it closer to transiting
visitors. This will certainly intensify economic activities, tourism, building and traffic on the
mountain, making geohazard research and monitoring even more relevant.
The Fruška Gora is a unique natural phenomenon with remarkable bio-, geological and landscape
diversity, invaluable cultural heritage, all of which is underlined by the fact that the Fruška Gora
National park was the first officially recognized protected area in 1960, in the former Socialist
Federal Republic of Yugoslavia – a country with outstanding natural diversity and richness.
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2. 2 Exodynamic geohazard on the Fruška Gora mountain
Geomorphological hazard or geohazard has caused considerable material damage and occasionally
loss of life in the most extreme events since historic times on the Fruška Gora (Mihajlović, 1966).
Mass movements, excessive erosion and flash floods represent the predominant forms of
exodynamic geohazards on Fruška Gora. Digital geomorphometry is an essential tool and method in
studying these processes, especially on mountainous terrains (Pike, 2002; Mészáros, 2006;
Peckham, Jordan, 2007; Hengl, Reuter, 2008; Florinsky, 2011).
2 .2. 1 Mass movements on the Fruška Gora mountain
Different types of mass wasting represent various types of hazard for the infrastructure and
environment. This group of heterogenous processes are governed by varying factors, differ greatly
in scale, dynamics, morphological manifestation and require thus specific and different
methodological approaches, as there is no single method or model that can encompass the
variability of the involved processes (Guzzetti, 2005).
Mass movements have been classified according to the type and scale of movement processes and
involved material:
I.

Landslides or „downslope movement of soil or rock mass occurring dominantly on the
surface of rupture or on relatively thin zones of intense shear strain” (Cruden, Varnes,
1996).

II.

Smaller surface earth flows and creeps – smaller scale movements of the saturated soil
layer.

III.

Loess scarp falls and topples involve narrow zones around steep loess scarps, where loess
masses break off, topple or subside and along vertical cracks.

IV.

Debrees falls – are the smallest scale movements of loose rocky material near steep or
vertical cliffs (mostly of artificial origin, road cuts and quarry walls).
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I. Landslides occupy 42.3 km2 on the Fruška Gora (4.3 % of the total research area, Table 2. 2-1).
122 landslides have been classified according to their relative topographic and geomorphological
position, which on the Fruška Gora in many cases indicates also the possible range of their depth,
size, rate, scale and type of movement, relation to a specific geologic and stratigraphic structure
(for. e.g. deluvial, proluvial sediments in stream valleys or loess and quaternary sediments near the
Danube):
I.1. Deep, complex „Danube” type landslides above the Danube riverbank
I.2. Landslides on concave, convergent valley side slopes
I.3. Landslides on steep, convex or planar valley-side slopes
I.4. Landslides above the stream source area
I.5. Landslides beneath loess scarps
I.6. Landslides under predominant anthropogenic influence
I.7. Shallow landslides
Table 2. 2-1 Areas occupied by landslides on the Fruška Gora
Landslide type
1 – “Danube”
2 – concave valley
3 – steep “V” valley
4 – stream source area
5 – loess scarp
6 - anthropogenic
TOTAL

number
22
55
23
12
8
2
122

area km2
13
17
3.8
4.4
2
0.4
40.6

% of total landslide area
32
41.9
9.4
10.8
4.9
1
100

% of research area
1.3
1.7
0.4
0.4
0.2
0.04
4.3

Figure 2. 2-1 Landslide inventory of the Fruška Gora mountain

The landslide inventory (Figure 2. 2-1) was produced by compiling informations about landslides
from various sources (see in §3. 4)
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I.1. Deep, complex „Danube” type landslides constitute an almost continuous unstable zone on
the right riverbank of the Danube from Nestin to Smederevo (Lazarević, 2000; Djogo, Vasic, 2011),
and similar terrains can be found on the Danube also in Hungary (Pécsi, 1991; Pécsi, 1994; Újvári
et al., 2009). On the northern slopes of Fruška Gora deep landslides beside the Danube cover a total
of 13 km2 (1.3 % of the research area, and 32 % of the total area covered by landslides). These
landslides are well documented trough geotechnical studies, monitoring and reparation reports,
research articles (Tonejec et al., 1980; Megla et al., 1982; Rokic, 1997; Rokic, Vujanic, 2002;
Djogo, Vasic, 2011) and because of their size they are clearly identifiable on moderate resolution
aerial and satellite images.

The typical characteristics of these landslides are:
- very gradual, continuous movement of a few mm/year (although there have been examples of
more abrupt movements (see § 3. 7).
- large size (between 500-2000 m, affecting up to 500 m of the slope above the riverbank and 150 m
of the riverbed)
- considerable depth (up to 80 m, with multiple shear planes) (Stojiljković, Stanić, 2007).
- succession of permeable and impermeable sediments, allowing the formation of pressurized
aquifers. When the surface drainage of these aquifers is obstructed, pore pressure increases, until it
overcomes the lithostatical pressure, leading to slope destabilization. Sudden and extreme
oscillation of groundwater levels also contributes to slope movements (Figure 2. 2-2.)
- The unstable areas are marked by prominent landslide scars rising tens of meters above the chaotic
landscape dotted with hummocks and small depressions beneath. The inclination of the topographic
surface is moderately steep (2-30°), and often concordant with the stratigraphic structures (Petrović,
1988; Lazarević, 1991, 2000; Stojiljković, Stanić, 2007).
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Figure 2. 2-2 Schematic representation of the evolution and hydrogeologic structure of “Danube” type landslides.
According to Szemesy (Szemesy, 2005)

- The structure of these landslides usually shows four distinct stratigraphic units (Figure 2. 2-3) :


loess lythogenetic complex – surface material containing all loess and loess like sediments



fluvial and lacustrine sediments with proluvial-deluvial clays. In this horizon shallow
landslides form, and the groundwater aquifer is pressurized.



the layer of chemically degraded clay-marl crust, which constitutes the main zone of
instability.



the undisturbed complex of marl clays and marlstone, acting as a hydrogeologic isolator.
(Stojiljković, 2007)
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Figure 2. 2-3 Schematic geological cross section of typical Danube type deep landslide: a) in saturated loess
(groundwater percolates from the porous bedrock toward loess as clay layer wedges down (left) and b) loess slabs
seized by reactivated fossil landslide (right) 1-phylitte, 2 - gravelly sand (M1), 3-sandy clay, 6-loess with loam layers
(Q). According to Marjanović M. (Marjanović et al., 2011)

The deep, Danube type landslides pose a long term threat for the buildings and infrastructure
(bridges, roads, railroad, water supply and sewage pipes). Building on such terrains is often
unavoidable, and requires costly geotechnical analyses, implementing stabilization measures,
continuous monitoring and reparation (Figure 2. 2-4).

Figure 2. 2-4 Repairing damage caused by deep landslide on the local Novi Sad – Belgrade (M21) road near Sremski
Karlovci (20. 4. 2006. photo: Mészáros M.) (left) and geotechnical exploration of unstable slopes prior to the
construction of a second bridge on the international Belgrade-Budapest motorway near Beška village
(10.9.2008. photo: Mészáros M.) (right)

The riverside represents an attractive location, and in the past two decades a great number of illegal
houses and cottages have been built in the Danube zone, many of them with inadequate construction
techniques. As a consequence, the slope stability was further degraded, houses and roads were
damaged and the vulnerability of these areas increased. With the continuing trend of building in this
zones an increase in damage caused by landslides can be expected in the future. Although the
surface features of these large landslides are recognizable on medium resolution DEMs (up to 30
m), because of the complexity and the rate of dynamics of these mass movements, only detailed
15

geotechnical slope stability models are adequate to produce meaningful hazard estimate results
(Brunsden, 1999; Van Den Eeckhaut et al., 2005).
In order to estimate the possibility of sudden and large scale slope failure in similar deep landslides
on the Fruška Gora, a review of historic record of their activity is necessary. An example of the
reconstruction of an atypical, large historic landslide was analysed (see § 3. 7) as an input element
of more detailed studies in the future.
I.2. landslides on concave, convergent valley side slopes (Figure 2. 2-6) occupy 17 km2 ( 1.7 % of
the research area, and 41.9 % of the total area covered by landslides), and are usually located on the
lower and middle sections of the numerous streams dissecting the mountain, where proluvial and
deluvial sediments are displaced in deep seated rotational and translational movements on the
relatively steep side-slopes (5-30°) (Figure 2. 2-5).

Figure 2. 2-5 Schematic geological cross-section, deep seated landslide in clay 1-limestone and marlstone 2-marl, 3sandy clay. According to Marjanović M. (Marjanović et al., 2011)

These unstable zones have a large width to length ratio, extending on the entire sides of stream
valleys sometimes more than 2 km in length with a much narrower width. Depending on the local
soil properties secondary, shallow landslides form on the surface affected by deeper landslides.

Figure 2. 2-6 Schematic cross-section profile of the typical convergent, concave stream valleys affected by landslides
(Neštin stream)
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Although these areas are not as densely populated as the Danube riverside, the mass movements
frequently damage houses and roads. (Figure 2. 2-7) Despite the considerable damages caused by
these landslides, they are not studied in detail.

Figure 2. 2-7 A house partially buried by a landslide near the village of Čerević, (5. 5. 2006. photo: Mészáros M.)

The most important factors determining their formation are hydrogeological conditions,
precipitation and anthropogenic influence. With a sufficiently detailed spatial database it is possible
to ascertain the statistical relevance of factors influencing this type of landslides and to construct a
susceptibility model for similar areas.

I.3. landslides on steep, convex or planar valley-side slopes (Figure 2. 2-8 and Figure 2. 2-9) are
found on the upper sectors of stream valleys in the central parts of the mountain, covering an area of
3.8 km2 (0.4 % of the research area, and 9.4 % of the total area covered by landslides). The cross
section profile of the steep valley-side slopes is „V” shaped (Figure 2. 2-9). These are landslides of
moderate depth, with translatory Most of shallow landslides (with depths up to 2 m) also form in
steep valley side zones.

Figure 2. 2-8 Cross section of a landslide in the upper section of the Tekeniš stream valley, showing a typical V shaped
cross section profile and generally planar valley-side slopes.
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Roads that cross the highest parts of the mountain follow valleys, and the road cuts on valley-side
slopes are most at risk from slope failures (Figure 2. 2-10)

Figure 2. 2-9 A typical valley form in the uppermost stream section in the central parts of the mountain. Despite the
very steep slope, only minor, shallow landslides form, because of the underlying metamorphic and igneous geologic
formations. (3.9.2006. photo: Mészáros M.)

Figure 2. 2-10 A road damaged by landslide in the vicinity of Rakovac (18. 07. 2006. photo: Mészáros M.)

I.4. landslides above the stream source area
A number of landslides can be found in the source areas of streams, covering 4.4 km2 (or 10.8 % of
all land slides and 0.4 % of the whole sturdy area). In the central parts of the mountain, where the
oldest metamorphic rocks are uncovered on the surface and the shallow soil layer is under dense
forest, conditions are limited for landslide formation. The majority of this type of unstable slopes
are located at the contact of the metamorphic and Quaternary zone, or form entirely in loess and
loose neogene limnic and marine sediments.
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I.5. landslides on loess scarps occur on tectonically or topographically predisposed locations,
where the thick loess cover ends in steep walls or vertical scarps. The slumped mass increases the
weight on unstable slopes beneath, and in combination with saturated aquifers which often drain on
the contact of loess with the neogene clay layers in the base cause movements. The deep cracks
formed in the brittle dry loess mass increase infiltration of water in the shear zones and further
destabilize the mountainside. Loess covers large parts of the Fruška Gora, and other type of
landslides very often form in loess, leaving landslide scars in form of vertical loess scarps
(„Danube” type landslides as well as all types of mass movements in stream valleys)

I.6. landslides under predominant anthropogenic (technogenic) influence

Two landslides have been identified as slope movements predominantly influenced by
anthropogenic activities. They occupy 0.4 km2 . The landslide above the village of Čerević (Figure
2. 2-11) has reactivated in the spring of 2011, and since then the movement periodically increases in
correlation with prolonged wet periods. Improper drainage and water infiltrating from an
abandoned, flooded mine tunnel is suspected to have initiated the slope movement and the work on
investigation and stabilisation of this landslide is ongoing. The other landslide is situated near the
surface mine of Beočin cement factory, where the slope stability is disturbed by mining activities.

Figure 2. 2-11 Landslide threatening more than 150 houses in the village of Čerević (18.3.2011. photo: Mészáros M.)
(left) legend: 1. unstable area, 2. historic landslide scarp, 3. alluvial plane of the Danube, 4. riverbank enforcement, 5.
accumulated sediments, 6. brickyard (elevation exaggeration x2.5) (right)
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I.7. Shallow landslides

Shallow landslides were not studied before on Fruška Gora in detail and their specific spatial
distribution was not considered in environmental protection, local or regional plans. These mass
movements represent smaller scale land surface features, but by damaging infrastructure objects
their impact can have much wider implications. Locations of shallow landslides were not
represented in the landslide inventory, because the difficulty of their direct mapping, remote sensing
detection and lack of information from previous studies. These mass movements occur mostly on
steep terrains of valley side slopes, where local hydrogeologic and soil conditions allow their
formation (Figure 2. 2-12).

Figure 2. 2-12 Shallow landslide schematic cross section 1- phyllite, green schist (Paleozoic), 2 – deluvial cover
(Quaternary) according to Marjanović M. (Marjanović et al., 2011)

Shallow landslide susceptibility was evaluated using a deterministic model (see §3. 5).

II. Earth flows and creeps occur after prolonged rainy periods and sudden snowmelts, when the
saturated, nearly liquefied soil masses slide down the slope. Earth flow can destabilize the
foundations of built objects, and the moving mass obstruct roads (Figure 2. 2-13). The Danube
floods contribute to saturation of upslope aquifers, because the high waters slow down or in extreme
cases stop the flow of groundwater.
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Figure 2. 2-13 A house damaged and an obstructed road by earth flow near the village of Banoštor, (21. 04. 2006.
photo: Mészáros M.)

III. Loess scarp falls and topples form on vertical loess walls, many of them under the influence
of high water levels of the Danube. The base of scarps become saturated during floods,
undermining thus the stability of the overlying blocks and causing vertical cracks (Figure 2. 2-14).
A number of scientifically highly valuable geoheritage sites are threatened by this process of mass
wasting, and plans are prepared for the conservation of the most valuable sites (Vasiljević et al.,
2011).

Figure 2. 2-14 Loess scarps affected by process of cracking (2.10.2006. photo: Mészáros M.)

IV. Debrees falls are mostly concentrated on the artificial road cuts and steep walls of quarries
(Bukurov, Bogdanović, 1981). Rockfalls represent a hazard for transport, and tourism activities. In
one of the worst recent incidents involving debrees fall, 13 people were hurt in the summer of 2006
on the Ledinci quarry lake, which was emptied and barred for access afterwards. Areas vulnerable
to rockfalls were mapped during field investigations. A total of about 13 km is susceptible to this
geohazard, mostly above road cuts.
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2 .2. 2 Excessive erosion
Although the term erosion covers a much wider range of phenomena, it is often used in a narrower
sense as synonym for the processes of sheet, rill and gully erosion, initiated by water runoff over
sloped surface. Large parts of Fruška Gora are affected by this type of erosion, resulting in the
irreversible loss of upper soil layers. In a number of locations on the Fruška Gora, topographic,
pedological, hydrological and biogeographical conditions exacerbate this process to an excessive
extent, leading to formation of deep rills and gullies and eventually to a significant decrease in land
usability (Mihajlović, 1966; Bogdanović, 1982) (Figure 2. 2-15). Anthropogenic influences
(deforestation, improper agricultural techniques) very often initiate or worsen this natural process.

Figure 2. 2-15 Gully erosion near the village of Jazak (28.9.2008 photo: Mészáros M.)

The average yearly loss of soil due to erosion on the Fruška Gora is estimated at 303.67 m3/km2, or
352,137.47 m3, which equals 84.51 ha of land loss yearly (Mihajlović, 1966). The transported
material is deposited in lower, flat terrains, in canals and accumulations leading to their filling,
decreasing their capacity and function in water regulation and requiring costly cleaning works
(Bogdanović, 1982).
Digital geomorphometry provides a very well suited methodology for evaluation of susceptibility to
excessive erosion (Betts, DeRose, 1999; Casalı́ et al ., 1999; Wilson, Gallant, 2000; Montgomery,
2003; Peckham, Jordan, 2007; Florinsky, 2011), allowing the timely identification of vulnerable
areas.
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2 .2. 3 Flash floods
Flash floods occur on the streams of Fruška Gora after intense rainfalls. Flash floods were common
and destructive throughout history. The most destructive flash floods occurred in June of 1954 in
Šid, when dozens of houses, buildings and crops on more than 50,000 ha of land were destroyed.
One of the deadliest flash floods occurred in 1926 in Sremska Kamenica when more people
drowned in the floods of the Novoselski brook (Mihajlović, 1966). In 1965 the torrential flood on
Dumbovo brook left the local road and railroad buried under large mass of accumulated material
(Tomić, 1976). The regulation works gradually reduced the impact of torrential streams to local
level until the end of the 20th century. Stream banks have been artificially raised and reinforced in
critical places, and more than a dozen large artificial accumulation lakes have been built, mostly on
the southern mountainside. Despite these measures, flash floods cause problems even today, as
sudden extreme floods damage properties, agricultural land, local roads and bridges. With the
growing trend of increase in extreme meteorological events, this problem will very likely remain
significant in the future. Although the meteorological conditions initiate flash floods, the land
surface morphology and land cover has major influence on runoff concentration and development
of flash floods.
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2. 3 Geological properties of Fruška Gora
2 .3. 1 Literature overview
The geology of Fruška Gora was studied intensively from the second part of the 19th century, when
the majority of research was motivated by the exploitation of mineral resources (Vrdnik coal mine,
Beočin cement marl, chrome, magnetite, asbestos, trachyte quarries) (Beudant 1818, Wolf 1861,
Rochlitzer, 1877, Szabó 1873, Popović 1873, Kišpatić 1882, Lenz 1872). Antal Koch summarized
in 1895 in his book titled „Geology of the Fruška Gora“ („A Fruskagóra geológiája”) the results of
contemporary geologic research at the end of the 19th century.
At the beginning of the 20th century Gorjanović, Tućan, Laskarev, Luković conducted notable
geology related studies. After the Second World War the research activities intensified significantly,
and the geological knowledge base about the Fruška Gora was considerably expanded. Geophysical
methods, core drillings applied in oil prospecting revealed the deeper structure of the Pannonian
basin, its evolution and their relation to the stratigraphic sequence of the Fruška Gora massif. Many
valuable geotechnical studies have been conducted for road, bridge, canal, embankment building
and repair works, but most of these results have not been published widely and remain available
only in hardly accessible archives of companies and institutions.
The monograph edition titled „Introduction to the geologic composition and tectonic structure of
Fruška Gora„ by Petković et al. 1976 includes the most comprehensive summary of previous
scientific research.
Recent studies about the regional paleotectonic movements and volcanism influenced by the
subduction of Adria and Europe tectonic units provide new insights in the process of formation of
the complex Fruška Gora horst (Milovanovic et al., 1995; Marovic et al., 2002; Schmid et al., 2008;
Rundic et al., 2011; Cvetkov et al., 2012; ter Borgh et al., 2013; Toljić et al., 2013).
Newer Quaternary loess and paleosol sequence studies with multidisciplinary approach
(paleomagnetic measurements, malacological studies) revealed not only the paleogeographic
evolution of the Fruška Gora, but also the paleogeographic conditions on a much wider regional
scale (Marković et al., 2011).
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2 .3. 2 Geologic and stratigraphic structure of Fruška Gora
The protolith of the Fruška Gora metamorphic core contains a typical Triassic–Jurassic sequence of
the Adriatic margin that is overlain by Upper Cretaceous–Paleogene sediments deposited in the
Neotethys subduction zone (Toljić et al., 2013). Paleozoic and Mesozoic metamorphic formations
are exposed on the surface in a narrow zone along the mountain ridge. In the Mesozoic era the
Fruška Gora and the wider region was covered by the Tethys Ocean, leaving a stratigraphic mark in
a form of marine sediment series of significant thickness.
At the beginning of Cenozoic the Tethys ocean basin was slowly isolated from the World Ocean by
the Dinarides and Carpathian mountain chains which were uplifted gradually by the subduction
process of the African continental plate in the Mediterranean. After the closing of the Tethys, the
Paratethys emerged followed by the isolation event of the Pannonian inland sea and eventually lake
around 11.6 Ma (ter Borgh et al., 2013), while its waters became shallow with decreasing salinity.
The subsequent exhumation of the Fruška Gora metamorphic core started at ~28 Ma in the footwall
of a large extensional detachment and continued by normal faulting during Early–Middle Miocene
times. The large-scale extension took place during the extension of the Pannonian Basin and was
associated with coeval translations and clockwise rotations of the Fruška Gora (Toljić et al., 2013).
The tectonic rifting was followed by intense volcanism. (Petković et al., 1976). Under the influence
of neogene volcanism older formations were significantly changed trough hydrothermal and
exodynamic agents (Petković et al., 1976; Cvetkov et al., 2012). The latite, dacite-andesite
protrusion during the lower neogene was accompanied by mineral deposits and low-level
metamorphosis of the surrounding rocks (Stojiljković, Stanić, 2007).
The oldest sediments from Cenozoic on the Fruška Gora are from the lower-Miocene, when large
portions of the mountain were already dry land rising above the surrounding shallow, subtropical
lakes and marshes (Stevanović et al., 1977). The typical example of this facies is the freshwater
brown coal-lignite layer series formed in the Vrdnik tectonic-erosive basin, which was the main
motivation behind the first geological research during the 19th century.
Nearly two thirds of the surface of Fruška Gora is covered with Quaternary and Holocene
sediments, mainly loess and alluvial deposits (Figure 2. 3-1). These areas are also the most
vulnerable to natural hazards, because their topographic, geomechanical and hydrogeological
properties have the greatest susceptibility to mass wasting and intensive erosion. The Pliocene
layers underlying the quaternary and recent sediments contribute significantly to the development of
deep landslides beside the Danube. The Pliocene and Quaternary stratigraphic units will be
therefore presented in more detail.
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2. 3. 2. 1 Quaternary – Pleistocene
The present day features and height of Fruška Gora was shaped by the intensifying tectonic
movements during the Pleistocene. The sudden uplifting horst was exposed to stronger erosive
forces. The climate became cooler, dryer followed by a series of sharp climatic oscillations.
In the dryer, cooler intervals mostly the mechanical erosion and aaeolian processes formed the
surface of the mountain, and in the humid and warmer periods the fluvial and sheet erosion were
predominant. These processes formed in the lower Pleistocene a polygenetic belt which covers the
slopes of Fruška Gora mountain (so called „Srem series”), which shows the typical horizontal
distribution of deluvial-proluvial sediments, formed in torrential streams fan deltas and complex
alluvial fans: coarse, larger fragments deposited in the vicinity of foothills from flash floods and
streams, and the finer fraction of sand and clays further away from the mountain on the plains. The
Srem series is deposited discordantly on the underlying older sediments. (Milić, 1973; Petković et
al., 1976; Nenadić et al., 2002).
Simultaneously with the Lower and Mid-Pleistocene climatic fluctuations the loess deposits started
to form, which eventually covered large parts of the mountain. The succession of fossil-soil and
loess is one of the oldest and most complete series in Europe, containing the paleogeographic record
of more than million years (Marković et al., 2011).
2. 3. 2. 2 Loess

The loess cover on the Fruška Gora with a thickness of tens of meters formed in the dryer, cooler
glacial periods, trough the deposition of dust, originating and carried by predominant atmospheric
circulation from various distant and diverse sources. In the interglacial period soil horizons formed,
and deluvial erosion formed the surface (Pécsi, Bariss, 1993; Marković et al., 2008; Smalley et al.,
2011; Stevens et al., 2011).
Dry loess can sustain nearly vertical slopes, being perennially under-saturated. However, when
locally saturated, it disaggregates instantaneously. Such hydrocompaction is a key process in many
slope failures, made worse by an underlying mountainous terrain of low-porosity rocks. Gully
erosion of loess may yield very high sediment concentrations (Derbyshire, 2001). From the
perspective of natural hazards the role of loess cover is complex. On the one hand the loess layers
had a stabilizing effect on the unstable slopes (Petković et al., 1976; Rokic, 1997; Rokic, Vujanic,
2002; Stojiljković, Stanić, 2007; Đogo et al., 2008; Djogo, Vasic, 2011). The mass movements
formed deep fracture system in the loess cover, which speed up the infiltration of atmospheric
waters in the deeper groundwater horizons, destabilizing the slopes. The slumped masses of loess
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add additional weight on the slopes and destabilize them further, especially when saturated with
water.
The high loess scarps beside the Danube endanger the surrounding buildings, roads. The crumbling
loess is extremely erosion-prone. In certain topographic conditions deep gullies form, and decrease
the degree of land usability. The fertile recent chernozem soil that forms on loess is also exposed to
the negative effect of aaeolian erosion.

Figure 2. 3-1 Loess covered areas on the Fruška Gora
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2 .3. 3 The tectonic structure and seismicity of the research area
The southern margin of the Pannonian Basin is the most active area of Serbia in the seismic sense,
although it is relatively far from the collision Adriatic-Dinaridic zone which is the major source of
the recent compressive stress in these regions. However, the seismicity is of moderate intensity
(Marovic et al., 2002). The Fruška Gora horst is a very complex geotectonic unit (Figure 2. 3-2).
Various blocks of heterogeneous geologic composition and age are dissected with a dense network
of longitudinal (E-W) and transverse (N-S) ruptures, normal, reverse, thrust and strike-slip faults
(Petković et al., 1976; Vitális, 1988; Marovic et al., 2002). Two parallel regional fault lines running
in the E-W direction mark the boundary of the mountain from the north and south: the northern one
follows general direction of the Danube riverbed (the „Danube” dislocation), and on south the
Fruška Gora detachment (Figure 2. 3-2). The horst was uplifted along these two fault lines, and the
surrounding tectonic blocks sank (Srbobran and Srem depressions, from the north and south
respectively). The Srem dislocation running diagonal in NW-SE direction separates two different
structural blocks of Fruška Gora. The distinctly different geological composition of these two units
has been determined by the differing paleogeographic conditions influencing their evolution.

Figure 2. 3-2 Geological and tectonic structure of Fruška Gora according to M. Toljić (Toljić et al., 2013)
Legend: SD — Srem Dislocation; F — Vrdnik Fault; FGD — Fruška Gora Detachment. 1 — Quaternary; 2 — Pliocene; 3 — Upper Miocene; 4 —
Middle Miocene; 5 — Lower Miocene; 6 — Eocene — Oligocene latites; 7 — Eocene–Oligocene trachyte-andesites; 8 — Uppermost Cretaceous–
Paleogene; 9 — Upper Cretaceous–Paleogene; 10 — serpentinites; 11 — ophiolitic mélange; 12 — diabase; 13 — peridotite; 14 — Middle Triassic;
15 — Lower Triassic; 16 — Marbles; 17 — Sericitic schists in general

The seismic properties of Fruška Gora and the surrounding region were a subject of numerous
studies after the WW II. Geophysical research, oil prospecting, modern geodetic and remote sensing
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measurements and seismological observations contributed to a more accurate interpretation of the
evolution, plate tectonic and neotectonic processes in the Pannonian basin (Tóth, Zsíros, 2002; Tóth
et al., 2006).
The predominant neotectonic determinant in the region is the lateral pressure of the Adriatic
microplate moving counter clockwise relative to the outer rim of Dinaride mountains (Adria push)
(Marovic et al., 2002).
The Fruška Gora, as a tectonically complex structure is considered seismically active and
endangered zone, especially compared to the more stable areas in its surrounding (Figure 2. 3-3).
According to data of the Seismological Survey of Serbia the maximal expected earthquake intensity
for the returning period of 100 years is magnitude VIII° MSK. Strong quakes have been recorded
on the Fruška Gora in 1739 (vicinity of Ledinci, VII°MSK). According to Marović et al., (2002),
the maximal expected eartquake magnitude for the returning period of 100 years for area of Fruška
Gora is M4.5-5. The strongest event from 1739–1741(I=9°MCS) should be accepted with a certain
reserve.

Figure 2. 3-3 Distribution of earthquake epicentres in the Pannonian basin and its surrounding. The catalogue contains
more than 20,000 quakes from the period of 456 to 1998. The size of symbols corresponds to the magnitude of the
quake (Tóth, Zsíros, 2002)

As secondary effects of a strong earthquake landslides and rock falls also pose a considerable
threat. The coinciding location of unstable slopes with largest landslides along the tectonically
active Danube fault line increases the hazard and risk.
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2. 4 Geomorphological properties of Fruška gora
2 .4. 1 Literature overview
The geomorphological characteristics of Fruška Gora were studied since the 18th century and
Marsigli’s first description of loess-paleosol sequences on the right bank of the Danube on Fruška
Gora Mountain slopes (Marsigli, 1726). The first notable studies after Marsigli from the end of the
19th century presented basic morphographic descriptions (Koch, 1895) and put forward hypotheses
about the origin of loess cover on Fruška Gora and its surrounding (Wolf, 1872). A more detailed
study about the properties and evolution of loess cover was conducted by Gorjanovic (Gorjanović,
1921).
Lukovic was among the first to describe in detail the problem of mass movements on the Fruška
Gora, focusing on the north-eastern large landslides that threatened the Novi Sad-Belgrade railway
(Lukovic, 1939). Branislav Bukurov also reported a case of unstable terrain on Fruška Gora
(Bukurov, 1951b) and in his numerous works gave detailed views on the geomorphological
evolution and processes on the mountain and its surrounding (Bukurov, 1952, 1953, 1954; Bukurov,
Bogdanović, 1981).
Zeremski analyzed the influence of neotectonic movements on the eastern flanks of the mountain
(Zeremski, 1955; Zeremski, 1962). One of the most complete synthetic geomorphological review of
the Fruška Gora was published in the monograph titled „Fruška Gora – geomorphological studies“
(Milić, 1973). A part of the same monograph series titled „The Monographic representation of the
geologic structure and tectonic complex of Fruška Gora” (Petković et al., 1976) provides also
valuable resources about the morphology and tectonic factors that formed the mountain. A number
of other authors considered the problem of loess origins, morphology and evolution on the Fruška
Gora (Ćurčić, 1976, 1999; Marković et al., 2006; Markovic et al., 2009; Smalley et al., 2011;
Stevens et al., 2011). The „Report about the geological aspects of land use and conservation on
Fruška Gora” authored by researchers from the Belgrade mining and geological faculty summarizes
some of the most recent results of geomorphological investigations of the mountain (Pavlović et al.,
2006). Landslide susceptibility model using analytical hierarchy process (AHP) in GIS was
successfully produced for the unstable area around Banoštor village beside the Danube, covering an
area of about 85 km2 (Marjanović, 2009). Another excellent study of this area covering more than
100 km2 was realised using the SVM machine learning algorithm (Marjanović et al., 2011).
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2 .4. 2 Morphographic and morphometric properties of Fruška Gora
Three distinct morphological units can be differentiated on the Fruška Gora:
1. The highest and most rugged central parts of the mountain, heavily dissected by deep stream
valleys and with a well defined central mountain ridge extending approximately 40 km in E-W
direction (Petković et al., 1976). The southern mountainside is steeper and narrower compared to
the northern slopes, which descend towards the Danube in a step-like series of erosive surfaces
(Bukurov, 1951a, 1952, 1953, 1954; Petković et al., 1976).
2. The eastern and western flanks of the mountain, considerably lower and narrower compared to
the central parts.
3. The gently rolling loess covered footslopes or the Srem loess plateau, which continue nearly
seamlessly from the southern slopes of the mountain and extend further south towards the alluvial
plane of the Sava river. On northern side zone is strongly fragmented and considerably narrower,
while on south it represents a continuous belt around the core of the mountain, approximately
between 110 and up to 280 m (Mihajlović, 1966) (Figure 2. 4-1 and Table 2. 4-1).
Table 2. 4-1 Comparison of planar and 3D surface area
Elevation (m)
79-100
100-150
150-200
200-250
250-300
300-350
350-400
400-450
450-500
500-539
TOTAL

Planar surface (km2)
19
260
332
165
85
52
33
23
10
1
980

% of total area
2
27
34
17
9
5
3
2
1
0
100
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Surface 3D (km2)
19
260
335
167
87
54
35
25
10
1
993

% of total 3D surface
2
26
34
17
9
5
4
2
1
0
100

Figure 2. 4-1 Hypsometric map, transversal and longitudinal cross section along the mountain ridge

2 .4. 3 Morphogenetic features of Fruška Gora
2. 4. 3. 1 Eluvial deposits
The products of weathering cover large portions of the mountain. Above all, loess and lacustrine
sediments from the Pannonian lake on erosion terraces are the primary substrates affected by the
eluvial process. Since this material is often on inclined terrain, it becomes the source for deluvialproluvial material transport (Košćal et al., 2005a; Pavlović et al., 2006).
2. 4. 3. 2 Deluvial-proluvial forms
The majority of slopes on the Fruška Gora are affected by the process of deluvial (sheet flow)
erosion and in places by rill or gully (proluvial) erosion and material accumulation in the footslopes
in the form of deluvial-proluvial deposits. Although these sediments reduce the topographic
gradient, they act as important slope-destabilizing factors. The deluvial forms are widespread
especially on northern and to somewhat less extent on the southern hillsides. The proluvial process
acts most intensely on the central parts of mountain, carving deep rills an gullies, and depositing the
coarse, unsorted material on the footslopes in the form of large proluvial fans (Košćal et al., 2005a;
Pavlović et al., 2006).
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2. 4. 3. 3 Colluvial forms
Various land forms that originate from mass movements can be observed on the mountain, with
different depth, size, topographic position. The typical deeper landslide areas show increased
surface roughness compared to the surrounding terrains (Figure 2. 4-2). These areas are described in
more detail in § 2 .2. 1 and § 3 .6. 5

Figure 2. 4-2 Typical deep landslide area beside the Danube near Krčedin (6.4.2005. Photo: Mészáros M.)

2. 4. 3. 4 Fluvial forms
The fluvial process in combination with deluvial erosion is the most dominant exodynamic
geomorphological factor forming the surface of Fruška Gora. Numerous streams form deep valleys
dissecting the whole mountain range. Most of these forms run in N-S direction, following
tectonically predisposed courses.
The northern mountainside has a step like appearance formed by a succession of hills and steep
walls intersected by valleys. Bukurov described four such terraces on the northern side of Fruška
Gora (180-252 m, 310-360 m, 380-400 m and 450-539 m) and suggested an abrasive or tectonic
origin (Bukurov, 1953; Bukurov, Bogdanović, 1981), but other authors (Milić, 1973; Davidović et
al., 1998) considered the fluvial agent as the most likely factor that formed these features.
A number of streams formed alluvial fans in the base of the mountain, with some of them fossile
and some more recent. Many of these areas are naturally exposed to hazard from flash floods.
2. 4. 3. 5 Aeolian forms
The massive loess cover on the mountain represents remnants of aeolian forms deposited during the
Pleistocene dry episodes (Fuchs et al., 2008; Marković et al., 2011; Stevens et al., 2011). The once
dominant aeolian process now has a very limited direct effect on forming the surface of the
mountain. The role of loess in geohazard is complex (see § 2. 3. 2. 1 )
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2. 4. 3. 6 Fossile marine-limnic forms
The terrace shaped features on the northern mountainside are considered by some researchers as
fossile abrasive marine and lake shorelines shaped by the receding Pannonian lake, later covered
with loess deposits during the Pleistocene (Pavlović et al., 2006). Although there is little evidence
of typical coastline material, some authors suggest that the terrace between 180 and 240 m is most
likely of abrasive origin (Košćal et al., 2005a).

2. 4. 3. 7 Anthropogenic forms
The surface of Fruška Gora bears numerous scars from human activities. The most visible are the
stone quarry pits, two of which are within the boundaries of National park, and the remaining two in
the protective zone. The rockfalls from steep walls of the quarries and road cuts pose a threat to
visiting tourists and traffic (Figure 2. 4-3).

Figure 2. 4-3 The vertical cliffs of the quarry near Andrevlje (Photo source: Panoramio.com)
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2. 5 Climatic conditions of the Fruška Gora
The analysis of climatic conditions variability on the Fruška Gora is limited by the lack of
continuous, comparable, uniform and detailed measurements. Only four complete meteorological
stations have been working on the mountain itself, but all within different periods (Irig, Iriski venac,
Gladnos, Sremski Karlovci). The most important station with the highest elevation (444 m, Iriski
Venac) for the accurate approximation of vertical gradient of climatic variability on the mountain,
was active only between 1948-1967 (Bugarski et al., 1998).
Atmospheric factors are among the most important triggers of many exodynamic geomorphological
hazards (landslides, flash floods, excessive erosion). However, the spatial and temporal resolution
of past climatic data for Fruška Gora is not sufficient for statistically relevant probability
calculations, which would be essential for hazard and risk assessment. Nevertheless, basic overview
of the most important climate data available from previous studies and meteorological yearbooks is
presented, as an illustration for the general natural conditions on the mountain.
The climatic conditions on Fruška Gora were studied in detail by Milosavljević (Milosavljević et
al., 1973), and these results used and further analysed in many studies afterwards (Bukurov,
Bogdanović, 1981; Đuričić, 1984; Bugarski, 1987; Davidović, 1988; Davidović, Miljković, 1995;
Ćurčić et al., 2002b). Newer summary analysis of the meteorological data covering the Fruška Gora
mountain was based on data from the period between 1951-1990 (Bugarski et al., 1998).
The general temperate continental climatic properties of the wider surrounding of the southern
Carpathian basin prevail on the Fruška Gora mountain (Table 2. 5-1). The mountain chains of the
Alps, Carpathians and Dinarides reduce the influence of maritime air masses (the distance from the
Adriatic sea is around 300 km and from the Atlantic ocean approximately 1700 km). The massif
extends in the E-W direction, so it is directly exposed to cold northern winds. The mountain
strongly alters the local microclimate, modifying above all the temperature conditions and the
amount and form of precipitation (Milosavljević et al., 1973). The local variation of the temperature
is determined by the terrain elevation, exposure, morphology and to certain extent the forest cover.
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Table 2. 5-1 Mean monthly and yearly air temperatures (°C) from 1951-1990, for Iriski venac 1948-1967.
(Bugarski et al., 1998)

Srem. Karlovci
Srem. Kamenica(150m)
Petrovaradin (134m)
Srem. Mitrovica (81m)
Sid (105m)
Gladnos (186m)
Iriski venac (444m)

I
0.1
-0.3
0.1
-0.5
-0.5
0.0
-0.8

II
1.9
2.1
2.4
1.5
1.6
1.7
0.3

III
6.0
6.0
6.7
5.9
6.3
6.0
4.1

IV
12.2
12.0
12.0
11.5
11.3
10.9
10.1

V
16.5
16.1
16.9
16.5
16.3
16.1
14.7

VI
20.2
19.6
20
19.5
19.5
19.3
18.0

VII
22.0
21.5
21.7
20.9
21.1
21.0
20.3

VIII
21.8
21.3
21.5
20.4
20.7
20.9
20.4

IX
18.4
17.9
17.8
16.8
17.0
16.9
17.0

X
13.2
12.6
12.7
11.7
11.7
11.5
11.6

XI
7.2
7.1
6.7
5.8
5.9
5.5
5.4

XII yearly
2.6 11.8
2.8 11.6
2.4 11.7
1.5 11.0
1.7 11.0
1.4 10.9
1.1 10.2

The amount of precipitation grows with the terrain elevation (Figure 2. 5-1). The total yearly
amount of precipitation on the higher parts of the mountain exceeded 786 mm (data for Iriski venac,
444 m), and the average of the sum of yearly precipitation amount for the surrounding was 637 mm
in the period from 1951-1990 (Bugarski et al., 1998).

Figure 2. 5-1 Mean annual precipitation on the Fruška Gora and surrounding

The very frequent south-eastern wind (the Kosava) is diverted from the eastern tip of the mountain
into two directions towards north and south. The mountainsides covered in forest decrease
significantly the wind energy, and according to some measurements they receive somewhat more
precipitation (Milosavljević et al., 1973).
The mean monthly precipitation data indicate that the south-western side has a slightly higher total
yearly precipitation, which can be attributed to a somewhat stronger maritime influence compared
to the northern side (Table 2. 5-2). The monthly distribution of precipitation is relatively even, the
maximum occurring during June (Table 2. 5-5).
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Table 2. 5-2 mean monthly precipitation (mm) from 1951-1990. (Bugarski et al., 1998)

Petrovaradin (134m)
Srem. Mitrovica (81m)
Sid (105m)
Gladnos (186m)
Iriski venac (444m)

I
II
40,7 41,7
41,0 40,4
40,4 42,9
40,3 43,1
60,3 61,0

III
42,1
39,5
41,7
38,4
53,5

IV
49,4
51,0
51,8
51,7
63,5

V
62,6
62,9
67,0
69,5
82,6

VI
80,7
86,0
90,4
85,9
98,5

VII
58,3
67,6
72,5
60,9
73,0

VIII
49,8
53,3
57,3
51,7
62,4

IX
39,0
43,1
48,0
41,2
46,5

X
39,8
40,7
45,2
43,7
50,2

XI
49,5
54,2
57,2
52,7
67,8

XII
55,1
53,1
56,0
58,9
67,0

Σ
608,7
632,6
670,2
638,0
786,3

The mean and absolute maximum daily and monthly precipitation as well the number of days with
more than 10 mm precipitation (Table 2. 5-3, Table 2. 5-4, Table 2. 5-6) are important indicators for
erosion and flash flood susceptibility analysis. The data shows, that the late spring and early
summer is a period with frequent storms with torrential rains.
Table 2. 5-3 mean daily maximum precipitation (mm) 1951-1990. (Bugarski et al., 1998)

Petrovaradin (134m)
Srem. Mitrovica (81m)
Sid (105m)
Gladnos (186m)

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

11,6
12,4
12,1
12,0

12,9
12,5
13,3
12,4

13,5
12,1
12,8
11,8

15,4
14,9
15,0
16,6

19,3
16,7
21,0
19,6

23,2
27,2
25,6
24,0

24,6
26,6
26,5
24,0

19,3
19,4
22,1
19,5

17,2
17,3
19,0
15,8

15,6
14,3
16,5
14,8

14,7
15,7
16,6
14,8

15,9
14,7
14,6
14,4

avg/
year
39,8
40,1
42,5
36,1

XII
46,8
40,4
30,5
35,0

year
1967
1954
1973
1954

Table 2. 5-4 daily absolute maximum precipitation (mm) 1951-1990. (Bugarski et al., 1998)

Petrovaradin (134m)
Srem. Mitrovica (81m)
Sid (105m)
Gladnos (186m)

I
31,0
32,5
29,4
29,9

II
37,2
34,6
26,1
42,1

III
32,7
35,9
43,0
30,3

IV
45,8
36,7
32,4
50,2

V
80,6
50,2
72,5
57,9

VI
77,2
87,4
80,0
106,7

VII
95,0
72,6
72,2
45,2

VIII
54,3
55,4
49,2
51,5

IX
41,0
39,3
53,8
33,7

X
53,7
39,7
40,0
33,5

XI
36,0
33,5
37,3
24,0

Table 2. 5-5 absolute monthly and yearly maximum precipitation (mm) for 1951-1990. (Bugarski et al., 1998)

Petrovaradin (134m)
Srem. Mitrovica (81m)
Sid (105m)
Gladnos (186m)
Iriski venac (444m)

I
104
91
87
100
142

II
115
108
115
114
144

III
118
95
133
103
120

IV
96
106
109
104
142

V
179
166
196
219
230

VI
198
309
358
220
188

VII
200
220
184
149
259

VIII
154
148
166
130
188

IX
101
104
125
98
132

X
132
136
116
134
175

XI
166
129
162
145
182

XII
165
157
133
171
206

year
881
1006
992
948
963

Table 2. 5-6 the average number of days with precipitation with more than 10 mm of precipitation (mm) 1951-1990.
(Bugarski et al., 1998)

Petrovaradin (134m)
Srem. Mitrovica (81m)
Sid (105m)
Gladnos (186m)
Iriski venac (444m)

I
1,0
1,2
0,9
0.9
-

II
1,2
1,0
1,2
1.1
-

III
1,1
1,0
1,1
0.7
-

IV
1,3
1,5
1,4
1.5
-

V
1,8
1,9
2,1
2.4
-
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VI
2,7
2,6
3,2
2.9
-

VII
1,7
2,0
2,5
1.9
-

VIII
1,6
1,8
1,9
1.7
-

IX
1,2
1,4
1,5
1.5
-

X
1,3
1,3
1,5
1.4
-

XI
1,4
1,7
1,7
1.7
-

XII
1,6
1,5
1,5
1.5
-

year
17,8
18,7
20,2
19.0
20.3

2. 6 Hydrological properties of Fruška Gora
Compared to its surrounding which has a negative water balance the Fruška Gora is a
hydrologically rich area with abundant groundwater, numerous normal, mineral and thermal
springs, a dense surface runoff network and a number of swamps and accumulation lakes.
The hydrological properties of the mountain were not studied systematically until the second half of
20th century and the monographic publication about Fruška Gora (Petrović et al., 1973).
2 .6. 1 Groundwater on Fruška Gora
Groundwater dynamics plays an essential role in the formation of landslides, and can also influence
the surface runoff and intensify flash floods and sheet erosion when the upper aquifer horizons are
saturated.
Different aquifer types have zonal distribution depending on the collector lithological complex on
the mountain. Three primary hydrogeological zones can be differentiated, which also correspond to
tectonic and geomorphologic units:
1. The highest, ridge zone of the mountain composed of heavily fractured and altered Paleozoic and
Mesozoic metamorphic rocks, having mainly fracture porosity and a corresponding aquifer. Thanks
to the high precipitation amount and its relatively even yearly distribution, the output of these
aquifers is fairly constant (Petrović et al., 1973).
2. The central zone consisting mainly of Triassic and upper cretaceous sediments intersected with
numerous reverse faults. The majority of springs feeding the streams are located in this section, in
contact zones between the alternating permeable and impermeable formations. Unconfined aquifers
have only very limited and local character in this area.
3. The lowest foothills covered with Miocene and Pliocene sediments lying transgressively and
discordantly over older blocks, declining towards the erosion basis of the Danube and Sava rivers.
Loess sediments cover large portions of the surface, and although weakly permeable, they act as a
collector medium for an unconfined aquifer, forming springs with low water output on the contact
zones with clay horizons. Because of these alternating permeable and impermeable lithological
units and the inclination of the land surface on the right side of the Danube, this zone is extremely
susceptible for landslide formation (Stojiljković, 2003).
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2 .6. 2 Surface waters of Fruška Gora
Favourable climatic, hydrogeologic and geomorphologic conditions resulted in a dense stream
network (total of 42 streams) dissecting the central parts of the mountain (Petrović et al., 1973)
(Figure 2. 6-1).
The majority of streams extend generally in the north-west direction. On the northern mountainside
the they flow in the Danube, and being shorter and descending more abruptly, have a higher vertical
gradient. On the southern side many disappear infiltrating in the thick loess terrain of the Srem loess
plateau, long before reaching the alluvial plane of the Sava river. A number of these streams on the
southern side are channelled in their lowest sections and some of them have been turned into
accumulation lakes. In contrast to the dense network in the central parts, the narrow and low eastern
end of the mountain has no running water on its surface.
Numerous periodic or intermittent streams and brooks have water only after strong rainfall, mostly
in early summer or rapid snowmelt in the spring. In extreme situations when the precipitation
exceeds 100 l/m2 some streams increase their output by many thousand times, becoming dangerous,
raging torrential flows, causing significant damages (Bogdanović, 1982).
In arid periods, the streams gradually lose their water beginning from their lower sections, by
infiltration in the alluvial and other permeable sediments. In the higher, central parts, the streams
have water even during the most arid summer periods (Petrović et al., 1973). Infiltration in loess
and alluvial material feeds the aquifers responsible for slope destabilization.

Figure 2. 6-1 Watersheds on the central parts of Fruška Gora
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2 .6. 3 The influence of Danube on surface processes on Fruška Gora
The Danube flows along the entire length of the northern and eastern rim of the Fruška Gora. The
river has a strong influence on surface processes on the northern slope of the mountain in various
ways. It directly erodes the footslopes on most of the 93 km length of its riverbank (50 km, or 53
%), with the exception of few shorter sections with a narrow or barely formed alluvial plain. The
erosive action, especially during the high water levels and floods, formed high loess scarps and
unstable terrains (Bogdanović, 1982). The river also affects groundwater flow. During high waters,
it impedes groundwater discharge, leading to increase in pore pressures, and in extreme cases to
slope failures (Stojiljković, Stanić, 2007). Frequent water level oscillations also weaken the
foundations of unstable hillsides. Amplitudes between absolute minimal and maximal water levels
are high (Ilok 847 cm, Novi Sad 912 cm, Stari Slankamen 838 cm) (Davidović et al., 1999). As the
right riverside has no embankments, high waters flood the alluvial planes. Floods occur most
frequently between April and June following the precipitation maximum and snowmelt in the
Danube catchment area (Davidović et al., 1999).
On the right side of the riverbed numerous stone jetties have been built to decrease the erosive force
of the river and to help increase material accumulation and slope stabilisation. These constructions
divert the main stream away from the riverbanks and over time contribute to shallowing of the
riverbed, and decreasing the erosive force of the stream (Figure 2. 6-2).

Figure 2. 6-2 The typical form of a “Danube“ type landslide (1), near the village of Banoštor. Stone jetties constructed
to reduce erosion and stabilize slope (2), accumulated material contributing to slope stabilization (3)
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2. 7 Pedological properties of Fruška Gora
Soil properties (depth, structure, permeability, saturation capacity) strongly determine susceptibility
for exodynamic geohazard - shallow landslides, earthflows, flash floods and excessive sheet
erosion. Soils on Fruška Gora have a zonal distribution, depending above all on topographic
position and geologic substrate, hydrological conditions, local vegetation and the modifying human
activities.
Almost all soils on the Fruška Gora belong to the automorphic (terrestrial) group, with the
exception of smaller areas under alluvial soils in the immediate surrounding of watercourses and the
alluvial plane of the Danube. The central, forest covered part of the mountain are dominated by
various type of brown soils. On steeper slopes these soils are vulnerable to excessive erosion,
exposing often the underlying geologic substrate in the process of gullying (Mihajlović, 1966).
Surrounding the brown forest soil zone pararendzina soil cowers the lower mountainsides. This type
of soil is found most often on loess substrate, and it is especially prone to sheet erosion on sloping
terrain. On the lowest, loess covered mountainsides chernozem varieties in different genetic stages
are most widespread (Miljković, 1973) (Figure 2. 7-1). Chernozems are also affected by erosion on
steeper and improperly cultivated slopes, especially due to torrential rains in early summer, when
occasionally the upper horizon is completely washed away, causing excess deposition in the lower
sections of streams and canal filling, which requires costly cleaning works.

Figure 2. 7-1 Main soil types on Fruška Gora (Miljković, 1973)
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2. 8 Biogeographic properties of Fruška Gora
The flora and fauna of the Fruška Gora is unique and diverse. The inselberg acted as a refugial
habitat for species retreating south and expanding to the north during the climatic oscillations in the
quaternary period, and preserved a number of species from different biogeographical zones, many
of them now endemic to this sub region (Obradović, 1978).
The forest cover in the central parts of the mountain, which was also among the primary grounds for
the establishment of National park in 1960, is the most relevant biogeographical element associated
with geohazard susceptibility. Forests play a diverse role in land surface processes, by stabilizing
the soil horizons and underlying loose sediments, prevent almost completely excessive erosion,
increase water infiltration, slow down torrential runoff and reduce the likelihood of flash floods.
The increasing human interference in form of excessive logging and improper cultivation
techniques seriously disturbed the natural balance on many parts of the mountain in the last century
(Figure 2. 8-1). Cultivated agricultural surfaces surround from all sides the central forest area.
Pastures are situated on higher, steeper mountainsides, while suitable sloped and flat terrains are
occupied by orchards. The lower regions of the Srem loess plateau with chernozem soils are
dominated by grown cultures on cultivated arable land (Table 2. 8-1).
Table 2. 8-1 vegetation types on the Fruška Gora
area (km2)
279
5
17

Forest type
Broad-leaved forest
Mixed forest
Transitional woodland-shrub

% of total area
29
0
2

Figure 2. 8-1 Forest cover change analysis based on a high resolution archive satellite image (Corona) from 1969 and
aerial image from 2003.

42

2. 9 Demographic and economic factors and geohazard on Fruška Gora
2 .9. 1 Demography and settlements of Fruška Gora
The population on the Fruška Gora was 138,900 in 56 settlements, according to the 2011 census in
Serbia (Figure 2. 9-1), which indicates demographic growth in comparison to the number of
inhabitants in 2002 (126,384). Three settlements are located in the Croatian part of Fruška Gora,
with 6505 inhabitants in 2011.

Figure 2. 9-1 Population of settlements on Fruška Gora, according to the census in 2011

The growth was a result of immigration to the largest population centres in the vicinity of Novi Sad
which are oriented towards the Danube. Other smaller towns and villages on the mountain and
south on the Srem loess plateau have negative or stagnant population growth trends (Figure 2. 9-2).

Figure 2. 9-2 Population change in the settlements of Fruška Gora, between 2002 and 2011
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The entire Danube riverside, including the relatively densely populated suburban zones close to
Novi Sad, is heavily affected by deep landslides, causing numerous problems for the local
population (Lazarević, 2000). Roads, buildings are being damaged, and because of construction
difficulties the communities have no water supply and sewer systems, which creates growing social
tensions (most recently in 2012, when heated public protests against the local government were
organized by inhabitants).
Table 2. 9-1 position of settlements on Fruška Gora according to Bukurov (Bukurov, 1954) and the change in the
number of inhabitants in the settlements on the Fruška Gora: For the Serbian part of Fruška Gora : 1- number of
settlements, 2 – population of settlements in 2002, 3 – percent of the total population of settlements on the Fruška Gora,
4 – population of settlements in 2011, 5 percent of the total population of settlements on the Fruška Gora in 2011, 6 –
change in the number of inhabitants in settlements, 7 – change in the number of inhabitants in % Settlements in the
Croatian part of the Fruška Gora: 8 – number of settlements, 9 – population of settlements in 2011

Settlement
position

1
no. of
settl

2
pop.
2002

3
% of
pop.
2002

4
pop.
2011

5
% of
pop. in
2011

6
pop.
change
2002- 2011

7
population
% change
2002- 2011

8
no. of
settl.
Croatia

9
pop. in
2011
Croatia

mountain

32

31,022

25

27,607

20

-3,415

-5 %

1

940

11

52,020

41

72,765

52

20,745

+11 %

2

5565

13

43,342

34

38,528

28

-4,814

-7 %

-

-

56

126,38
4

100

138,90
0

100

13,743

3

6505

Danube
riverside
Srem loess
plateau
TOTAL

The population growth trends clearly show that this problem in the Danube riverside zone will very
likely increase in the future (Table 2. 9-1).
Numerous settlements have been built in and around stream valleys making them vulnerable to
flash floods, especially in the areas where higher mountainsides have been cleared of forests
(Bukovac, Sremska Kamenica, Sremski Karlovci).
Another problem is caused by the often uncontrolled building of vacation cottage settlements,
expanding constantly especially on the northern mountainside. By adding additional weight on
unstable slopes and using improper building methods, the likelihood of property and environmental
damage increases.
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2 .9. 2 Economic activities and geohazard on Fruška Gora
Most economic activities have a negative impact on the environment. Forestry, agriculture, industry
and mining have a major influence on surface processes on the Fruška Gora, combined also with the
individually insignificant, but cumulatively more notable effects of transport and tourism.
Table 2. 9-2 Land use structure (source: CORINE Land cover 2006. v16)

Land cover description
Industrial or commercial units
Road and rail networks and associated land
Mineral extraction sites
Non-irrigated arable land
Vineyards
Fruit trees and berry plantations
Pastures
Complex cultivation patterns
Agricultural land, with significant areas of natural vegetation

Area
(km2)
1
1
2
340
18
7
6
118
145

% of
total area
0
0
0
35
2
1
1
12
15

The total cultivated agricultural area on the Fruška Gora is 483 km2 or almost the half of the study
area (Table 2. 9-2). Forestry provides one of the main financial incomes for the Fruška Gora
National Park, and significant areas have been cleared in the last two decades, initiating negative
geomorphological processes which are particularly difficult to detect in the earliest stages. Recently
more emphasis is put to the rejuvenation of forest stands. The fertile agricultural areas in the lower
parts of the mountain and the Srem Loess plateau are intensively cultivated, often with improper
techniques (e.g. down slope ploughing) which can be identified on higher resolution aerial images.
The agricultural areas on sloped terrains are most vulnerable to the effects of sheet and gully
erosion. Since the process of soil formation takes many centuries, the soil loss is considered
irreversible. Mining and industry is strongly represented on the mountain, even within the
boundaries of the Fruška Gora National Park. Large quarries dramatically alter and degrade the
natural landscape. The transport and processing of extracted material (stone, cement) additionally
adds to the environmental load.
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2. 10 Nature protection and geohazard on the Fruška Gora
Protected areas can play a very important role in preventing or mitigating disasters arising from
natural hazards (Stolton et al., 2008). Nearly 45 % of the total area of the Fruška Gora National
Park is exposed to some form of geohazard (Dragićević et al., 2013) (Table 2. 10-1 ; Figure 2. 10-2
and Figure 2. 10-1).
The Fruška Gora was proclaimed in 1949 by the government of the Serbian Republic in Yugoslavia
as a „peoples excursion zone“ with the aim of improving the touristic quality of this area. In 1960
the importance of this mountain was recognized by elevating its status to National Park, first of its
kind in Yugoslavia. Since then the legislative and protection planning measures were changed a
number of times (1962, 1977, 1980, 1993, 2004), the boundaries of the park and outer protection
zone have been expanded, and areas of strict protection defined (protected zones I and II). With the
break-up of Yugoslavia and the ensuing social and political turmoil, the enforcement of protective
measures broke down completely, leaving the mountain exposed to uncontrolled logging, illegal,
unplanned building. The bombardment during the NATO intervention in 1999 also left visible scars
on the mountain, and its full environmental impacts are still being assessed.
The most important protected values are:
- unique flora and fauna with many protected and endemic species. The mountain is home to more
than 1400 floristic, 150 bird and a number rare butterfly and reptilian species. (Obradović, 1978;
Tucakov, 1978). The periphery of the wooded area which provide habitats for a number of
protected species is exposed to excessive erosion and landslides (Dragićević et al., 2013).
- cultural heritage: The Fruška Gora is also well known for its cultural treasure. Thanks to its 16
orthodox monasteries it is also referred to as „The Holly mountain“. Medieval fortresses and roman
fortifications, prehistoric archaeological sites, numerous monuments and historical settlements
complete the touristic offer (Ćurčić et al., 2002a; Vidić, 2007). Many of these object are directly
threatened by geohazards. Landslides endanger parts of the historic town of Sremski Karlovci, as
well as a number of monasteries and monuments (Dragićević et al., 2013).
- geoheritage sites: The rich stratigraphic record exposed on the Fruška Gora opens a window on
the geologic evolution of Carpathian basin beginning from the time of the Paleozoic era. The
scientific and educational significance of the geoheritage sites ranges from local and national level
to the international importance of the Čot loess profile near Stari Slankamen, which is one of the
most important Middle Pleistocene loess-paleosol site on our continent (Marković, Kukla, 1999;
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Mészáros et al., 2004; Marković et al., 2008; Marković et al., 2011). A significant number of these
localities are potentially affected by some form of geohazard.

Figure 2. 10-1 Geohazard vulnerability of the Fruška Gora National Park (Dragićević et al., 2013)

Figure 2. 10-2 Areas vulnerable to natural hazards in the protection zones of the I, II and III degree in the Fruška Gora
National Park(Dragićević et al., 2013)
Table 2. 10-1Areas vulnerable to natural hazards in Fruška Gora NP
Fruška Gora
Hazard

Area (km2)

%

VIII-IX MCS Seismic zone

64.89

24.33

Landslides

10.84

4.06

Rockfalls

0.44

0.17

Intensive erosion

9.88

3.70

Medium erosion

34.41

12.90

Total vulnerable

120.46

45.16
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3 Geohazard evaluation using digital geomorphometry
3. 1 Theoretical Background
Geomorphometry is the science of quantitative land-surface analysis (Pike, 1995; Pike et al., 2009).
Morphometric analysis based on digital representation of the Earth’s surface is a very dynamically
growing interdisciplinary scientific field which transformed traditional quantitative geomorphology
into one of the most active and exciting fields in the Earth sciences (Miliaresis, 2008; Pike et al.,
2009). With the ever increasing availability, resolution and quality of Digital land surface models
(DLSM) from various sources (LIDAR and ground based laser, InSAR radar interferometry, Real
Time Kinematic GPS measurements, digital stereo photogrammetry) the need for advanced DTA
methods will without any doubt, also grow and its applications diversify (Li et al., 2004). Digital
representations of the Earth’s surface have been defined and utilised in different ways by various
authors from a range of disciplines. Since Miller and Laflamme (1958) coined the original term of
Digital terrain model (DTM) which was used in traditional photogrammetric terrain measurement, a
number of other alternatives have been brought into use, especially with the introduction and
expansion of personal computers and transition to digital terrain modelling since the 1990s. These
include digital elevation models (DEMs), digital height models (DHMs), digital ground models
(DGMs), as well as digital terrain elevation models (DTEMs) (Li et al., 2004; Bódis, 2008;
Florinsky, 2011).
One of the most frequently used terms, the Digital elevation model (DEM), a subset of DTM is
defined as a „model of the Earth’s surface without the artificial or natural objects” (Peckham,
Jordan, 2007) or more specifically as ”gridded set of points in Cartesian space attributed with
elevation values that approximate Earth’s ground surface” (Pike et al., 2009).
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3. 2 Digital elevation model (DEM) generation
The procedure of DEM generation consists of several steps which can significantly affect the
quality of the resulting analysis:
3 .2. 1 Determining the model type
Digital elevation models can be represented by vector based (TIN) or raster based (GRID) models
(Weibel, Heller, 1993; Li et al., 2004). Although the debate on whether to use vector or raster
models of DEMs in geomorphometry is still unresolved, in most applications, raster based DEMs
are used as a standard. Grid representations of the land surface tend to have more simple and
straightforward methods for analysis with their simpler structure and simpler processing algorithms
with acceptable results (Weibel, Heller, 1993; Wilson, Gallant, 2000; Hengl, Evans, 2009). Because
of these advantages, grid based DEM was used for geohazard analysis of the Fruška Gora.
3 .2. 2 Creating DEM from topographic maps
Land surface height information for the entire mountain was extracted from scanned topographic
maps in scale of 1 : 25,000. The primary contour interval on these maps were 10 m, and the
secondary contours have an interval of 2.5 m for lower terrains, and 5 m for higher elevations.
The topographic maps were produced by classical stereo-photogrammetric methods originally in 1 :
5,000 scale with contour interval of 5 m, assembled and generalized afterwards for 1 : 25,000
topographic sheets. A smaller sample area of a historic landslide was digitised from two sections of
the 1 : 5,000 maps. Besides the contours a relatively dense collection of elevation points was also
used, providing an acceptable accuracy and spatial resolution for DEM generation.
3. 2. 2. 1 Determining the cell size

The grid cell size of a raster digital elevation model has a significant effects on derived terrain
variables such as slope, aspect, plan and profile curvature or the wetness index (Gao, 1997; Kienzle,
2004).
If the cell size is too fine in relation to the vertical accuracy, it might introduce local artefacts and
slow down the computation of land-surface parameters, and too large cell size leads to loss of
information about the smaller surface features and lower DEM accuracy.
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The optimal grid resolution, or the cell size (∆𝑠𝑠) (3 .2. 2-1) can be estimated from the total length of
the contours:
∆𝑠𝑠 =

𝐴𝐴
2 ∑ 𝑙𝑙

3 .2. 2-1

where 𝐴𝐴 is the total size of the area, and 𝑙𝑙 is the total cumulative length of all digitised contours

(Hengl, Evans, 2009). According to this method for the 1017 km2 research area the suggested cell

size is 29.6 m. Since the contour density varies greatly inside the study area, and the mountainous
slopes (for the surface above 200 m the area is 369 km2 and the calculated cell size is 20.5 m) have
a greater density than on the Srem loess plateau, using a smaller cell size is justifiable. Beside the
contours, elevation points and hydrographic features were used, allowing a smaller cell size.
According to a general recommendation, the cell size should equal 0.5 mm on paper map, which
would correspond to 12.5 m grid size for a 1 : 25,000 map (Hengl, Evans, 2009). In order to reduce
artefacts in the lower regions a 15 m cell size was chosen for the study area representation.
3. 2. 2. 2 Interpolation method

Applying the most appropriate interpolation method and its parameters is the critical step in
obtaining accurate digital representation of the land surface from topographic maps (i.e. contours
and height points). DEM extraction from contours is known for its difficulty, because of the data
under-sampling between, and concentration along the contour lines (Weibel, Heller, 1993;
Robinson, 1994; Wise, 2000). Achieving a hydrologically consistent surface for runoff modelling
represents also a considerable challenge. For interpolation the TopoToRaster tool was used in ESRI
ArcGIS (TopoGRID in ArcINFO), based on the implementation of the ANUDEM (Australian
National University Digital Elevation Model) program which addresses most of the problems of
surface interpolation an is one of the most widely used and well documented applications for DEM
generation (Hutchinson, 1989). ANUDEM is based on the discretised thin-plate locally adaptive
spline technique (Wahba, 1990), and it is an iterative DEM generation algorithm that produces
hydrologically-correct DEMs, using stream features as input for drainage network enforcement. The
latest version of ANUDEM 5.3 used in ArcGIS 10.1. has improved functions and new input data
types –cliffs, lake boundaries and data mask polygon (Hutchinson, 2011; Hutchinson et al., 2011).
Contour lines, elevation points, hydrographic features from 1 : 25,000 scale topographic maps were
used as input data for land surface generation.
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Interpolation with different parameter sets was explored on a smaller section of the map, and the
resulting DEMs were compared with the RasterCalculator subtract function, in order to determine
the extent of changes and find the most acceptable surface approximation Table 3. 2-1.
Table 3. 2-1 Interpolation parameters used for DEM generation in ArcGIS TopoToRaster
DRAINAGE ENFORCEMENT: ON
ITERATIONS: 25
PROFILE PENALTY: 0
VERTICAL STANDARD ERROR: 0
TOLERANCE 1: 1
TOLERANCE 2: 100
LARGEST Z VALUE USED IN INTERPOLATION: 539 m

DATATYPE: CONTOUR
ROUGHNESS PENALTY: 0
DISCRETISATION ERROR FACTOR: 1
CELL SIZE: 15 m
MARGIN: 0
SMALLEST Z VALUE USED IN INTERPOLATION: 79 m

The program removes data points that obstruct surface drainage by less than the value of Tolerance
1, which was set to 1 m, as a most appropriate conservative value for sink clearance, in order to
avoid unrealistic barrier clearance and distorted results of slope and curvature functions. Although
the recommended value is half of the contour distance, when the secondary contours with a distance
of 5 m and additional elevation points are taken into account, the value of 1 m is acceptable for
vertical tolerance.
3 .2. 3 Generating DSM from CORONA satellite images
After the extraction of the Digital surface model (DSM) from the Corona stereographic images
described in detail in § 4. 2, additional processing was required in ArcGIS. The original DSM of 5
m grid size obtained from OrthoBase was converted to point features in ArcGIS (18,321,066
points), and used for re-interpolation using the Topo To Raster tool, in order to obtain a smoother
surface, without the outlier points and artificial flat areas that were present in the original DSM. The
new DSM was generated with a pixel size of 10 m (Table 3. 2-2).
Table 3. 2-2 Interpolation parameters used for CORONA DSM re-interpolation in ArcGIS TopoToRaster
DRAINAGE ENFORCEMENT: OFF
ITERATIONS: 20
PROFILE PENALTY: 0
VERTICAL STANDARD ERROR: 10
TOLERANCE 1: 1
TOLERANCE 2: 200
LARGEST Z VALUE USED IN INTERPOLATION: -

DATATYPE: SPOT
ROUGHNESS PENALTY: 0.5
DISCRETISATION ERROR FACTOR: 1.5
CELL SIZE: 15 m
MARGIN: 0
SMALLEST Z VALUE USED IN INTERPOLATION: 70 m

Of the more than 18 million point supplied, the interpolator used 4,587,096. The diagnostic of the
Topo to Raster tool reported the following parameters: RHO = 0.278, RMS1 = 0.678, RMS2 =
0.345 SLOPE = 0.102E-40 % and 669 remaining sinks.
The results of the re-interpolation were good, with the central, most rugged parts of the mountain
represented in very good detail, but in the peripheral, large flat areas (which have less significance
for geohazard analysis) the errors were obvious. A more detailed description is given in § 4. 3.
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3 .2. 4 Error detection and correction
The quality of the DEMs determines the quality of the geomorphometric analysis. Even the most
accurate, most robust geomorphometric algorithms will result in poor outputs if the input DEMs are
of low quality or inadequate for the targeted application. Discrepancies in the input data stem from
random digitizing errors and also systematic errors from interpolation. DEMs derived from contours
sometimes exhibit artefacts in form of artificial terraces and “tiger stripes”, which are the result of
different point sampling density for interpolation (Reuter et al., 2009). For geomorphometric
analysis, it is more important that a DEM accurately resembles the actual shapes and
flow/deposition processes of the land surface instead of exact elevation values. This resemblance is
often referred to as the relative accuracy or geomorphological accuracy of DEMs (Wise, 2000;
Reuter et al., 2009). Since most applications of DEMs depend on representations of surface shape
and drainage structure, absolute measures of elevation error do not provide a complete assessment
of DEM quality (Hutchinson, Gallant, 2000).
Several methods were used to evaluate the extent of errors. First, hillshade maps were analysed for
the most visible signs of erroneous point and contour line inputs (unnatural depressions, peaks, deep
trenches and unrealistic ridges). Contours were generated from the DEM and compared with the
original digitised contours.
The TopoToRaster tool generates very detailed diagnostic error report, about remaining sink
features, stream network errors, input point and contour conflicts, which is essential in correcting
input data and finding the optimal interpolation parameters. The remaining sink points after sink
clearance in the TopoToRaster tool and points with large RMS error were an excellent indicator of
remaining erroneous contour and elevation point values. Artefacts were reduced by increasing the
grid cell size, but in some lower and flat portions of the terrain slight bias in slope due to uneven
contour line value distribution for interpolation was unavoidable.
Land-surface parameters such as slope, aspect or curvature may be more useful measures of the
quality of a DEM, because they are important derived properties of DEMs and sensitive to artefacts
(Wise, 2000).
The DEM obtained from topographic map has the following diagnostic parameters: RHO = 0.297
RMS1= 1 RMS2=1.39, TOTAL NUMBER OF SINKS = 1168
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3 .2. 5 Sink (pit) filling corrections:
Sinks are cells which have no neighbours at a lower elevation and, consequently, have no
downslope flow path to a neighbour cell, and usually arise from data errors and limitations of DEM
resolution (Martz, Garbrecht, 1992; Martz, Garbrecht, 1998; Nardi et al., 2008).
For most terrains the majority of sinks or „pits” represent depressions in the DEM that do not
correspond to real features of the land surface. These spurious sinks need to be removed in order to
obtain a hydrologically correct surface, or a depressionless DEM (Hutchinson, 1989; Tribe, 1992;
Reuter et al., 2009) for surface and groundwater runoff and watershed modelling used in
geomorphometric geohazard analysis.
Pit removal is achieved using the methods of filling sinks by raising the DEM grid values to the
elevation of the lowest outflow point on the perimeter (Jenson, Domingue, 1988) or emptying sinks
by lowering grid values until the depression drains, in the process of carving (Soille et al., 2003),
breaching (Martz, Garbrecht, 1999), „stream burning” using vectorized stream network, or
combining these approaches in drainage enforcement (Hutchinson, 1989, 2011). For hydrological
DEM correction TOPO TO RASTER function was applied in ArcGIS, that combines all of the
methods of filling, carving and adapting interpolated DEM values to the input layer of vector stream
network, and giving to users control over the correction process by defining of two tolerance values
(Hutchinson et al., 2011). The first tolerance defines the vertical limit of drainage enforcement. In
case of contour input data the recommended value is half of the contour interval.
The vectorized stream network was obtained from the same topographic map (1 : 25 000) used for
DEM interpolation, which is important for minimising errors arising from discrepancies between
the DEM and vector stream layers. Results of the sink filling procedure were evaluated by
subtracting the original and resulting filled DEMs.
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3 .2. 6 DEM based calculation of land surface properties
DEM derivatives were used in calculation of slope angle, land surface curvature and aspect. The
resulting raster files were used as an input for geohazard susceptibility model calculations.
3. 2. 6. 1 Slope calculation
Slope was calculated in ArcGIS using the SLOPE command, which computes the rate of change in
neighbouring cells with the average maximum technique (Burrough et al., 1998). For susceptibility
calculation percent was used for slope units.
3. 2. 6. 2 Land surface curvature calculation

Land surface curvature was generated using ArcGIS CURVATURE tool, which calculates the
second derivative value of the DEM surface on a cell-by-cell basis as fitted through a particular cell
and its eight surrounding neighbours. A positive curvature indicates the surface is upwardly convex
at that cell. A negative curvature indicates the surface is upwardly concave at that cell. A value of 0
indicates the surface is flat.
profile curvature is in the direction of the maximum slope, where a negative value indicates the
surface is upwardly convex at that cell. A positive profile indicates the surface is upwardly concave
at that cell. A value of 0 indicates the surface is flat.
plan curvature is perpendicular to the direction of the maximum slope. A positive value indicates
the surface is upwardly convex at that cell. A negative plan indicates the surface is upwardly
concave at that cell. A value of 0 indicates the surface is flat.
Units of the curvature output raster are one hundredth (1/100) of a meter.
3. 2. 6. 3 Aspect

Aspect was calculated in ArcGIS using the ASPECT command, which assigns values to grid pixels
according to its slope direction, measured in full circle clockwise from North (0):
N (0-22.5), NE (22.5-67.5), E ( 67.5-112.5), SE (112.5-157.5), S (157.5-202.5) SW (202.5-247.5),
W (247.5-292.5), NW (292.5-337.5), N (337.5-360).
The resulting layer was reclassified, and the two separate classes representing north were merged.
The aspect layer was used in landslide susceptibility calculation.
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3. 3 Landslide susceptibility mapping
3 .3. 1 Theoretical background
Landslide susceptibility is the likelihood or probability of a landslide occurring in an area on the
basis of local terrain conditions (Brabb, 1984). It is the degree to which a terrain can be affected by
slope movements, i.e., an estimate of “where” landslides are likely to occur. Susceptibility does not
consider the temporal probability of failure (i.e., when or how frequently landslides occur). In other
words, landslide susceptibility is the probability of spatial occurrence of slope failures, given a set
of geo-environmental conditions (Guzzetti, 2005). Landslide susceptibility maps give an indication
of where future landslides are likely to occur based on the identification of areas of past landslide
occurrences and areas where similar or identical physical characteristics exist (van Westen et al.,
2006). Traditionally, susceptibility assessment or probability mapping was laborious and timeconsuming because of the time and effort required for the manual handling and processing of the
data. Geographic information systems (GIS) have become an irreplaceable tool for landslide hazard
assessment (Aleotti, Chowdhury, 1999; Wang et al., 2005). The first extensive papers on the use of
spatial information in a digital context for landslide susceptibility mapping date back to the late
seventies and early eighties of the last century. Among the pioneers in this field were Brabb et al.
(1978) in California and Carrara et al. (1977) in Italy. Today, nearly all research on landslide
susceptibility and hazard mapping makes use of digital tools for handling spatial data such as GIS,
GPS and Remote Sensing. These tools also have defined, to a large extent, the type of analysis that
can be carried out. It can be stated that GIS has determined, to a certain degree, the current state of
the art in landslide hazard and risk assessment (Van Westen et al., 2008) (Figure 3. 3-1). The
process of creating these maps involves several qualitative or quantitative approaches. Qualitative
methods depend on expert opinions. Quantitative methods are considered more reproducible and
objective (Van Westen et al., 1999). Because the shape of the land surface plays a fundamental role
in landslide processes, much of this new work has been stimulated by the increasing availability of
digital elevation models (DEMs) and the software to manipulate them (Carrara, Pike, 2008).
Landslides result from the interplay of complex, sometimes unknown, factors that differ by type of
earth movement and vary by physical environment, but many of the causative factors cannot be
measured cost-effectively over large areas (Carrara, Pike, 2008). Despite the uncertainties inherent
in modelling of any natural process or phenomena (Mezősi, Szatmári, 1995) and the multitude of
the proposed susceptibility estimating methods (Aleotti, Chowdhury, 1999; Guzzetti, 2005; van
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Westen et al., 2006) the majority of research is based on common assumptions. All consider
landslides to be recognizable spatial features which can be observed and studied with various
methods, and that they are governed by mechanical laws which can be studied empirically,
statistically

or

with

deterministic

methods.

Direct

methods

of

investigation

involve

geomorphological mapping, which is a time consuming process, often not feasible and cost
effective for studying larger areas. Indirect methods use various approaches to predict landslide
occurrence based on the record of previous slope instabilities. Depending on the size of the area of
interest, the available data and the chosen unit of mapping, landslide susceptibility zones can be
produced on continental, regional, state or local scale. The size of the mapping units can range from
the grid pixel, slope unit, homogenous terrain or unique condition unit, watershed or administrative
divisions.

Figure 3. 3-1 Landslide hazard assessment methods (Aleotti, Chowdhury, 1999)

Based on a very exhaustive literature review Guzzetti (2005) grouped all methods of landslide
susceptibility into five categories: (1) direct geomorphological mapping, (2) analysis of landslide
inventories, (3) heuristic or index based methods, (4) statistical methods, including neural networks
and expert systems, and (5) process based, conceptual models.
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3. 4 Landslide inventory preparation
Landslide inventory preparation and susceptibility mapping studies are considered as the first stage
of every landslide hazard research and mitigation efforts (Ercanoglu et al., 2004; Colombo et al.,
2005; Guzzetti, 2005; Galli et al., 2008; Guzzetti et al., 2012). A landslide inventory is the simplest
form of landslide map. The quality of this essential and fundamental data input for landslide studies
often determine the overall quality of the end results of the analysis (Wieczorek, 1984; Guzzetti,
2005).
Landslide inventories are differentiated according to the methods of production and their
completeness, scale. Based on these properties, the landslide inventory of Fruška Gora can be
described in terms of landslide inventory classification proposed by Fausto Guzzetti (2005) as a
regional archive inventory, which shows the sum of landslide events in a given area.
The landslide inventory of the Fruška Gora mountain was prepared by compiling and re-interpreting
landslide locations from various sources:


geomorphological map of the Vojvodina province 1 : 200,000 (Košćal et al., 2005b).



geological map of Serbia 1 : 100,000 (Čičulić-Trifunović, Rakić, 1977; Čičulić-Trifunović,
Galović, 1985; Čičulić-Trifunović, 1994).



geotechnical studies for road, bridge, infrastructure construction and maintenance (Tonejec
et al., 1980; Megla et al., 1982; Šehovac et al., 2005; Cerović, 2008), and many more
unpublished engineering documents, with scales ranging from 1 : 500 to 1 : 5000.



field observations and measurements.

The location of each landslide was evaluated and corrected by interpreting high resolution digital
aerial and satellite photographs overplayed on hillshade DEM displayed with vertical exaggeration
in 3D view (ArcGIS ArcScene), in combination with the representation of slope, curvature, geology
and pedology, achieving thus adjustment between very heterogenous data sources of varying scale
and avoiding serious inconsistencies. The spatial extent of some ambiguous localities were
validated trough field GPS measurements.
The landslide inventory contains only a very limited number of small, shallow landslide locations,
that were mapped during field observations. Their surface features can be identified only on very
high resolution aerial images, which were not available for analysis. The inventory is a
geomorphological inventory (Guzzetti, 2005; Galli et al., 2008)
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3. 5 Shallow landslide susceptibility assessment using SINMAP model
3 .5. 1 Theoretical background
The spatial distribution of shallow landslide susceptibility on the Fruška Gora was assessed using
SINMAP deterministic (physically based) slope stability model. Numerical models are often used
for the preliminary identification of slopes prone to shallow landslide occurrence (Hammond et al.,
1992; Montgomery, Dietrich, 1994; Borga et al., 1998; Borga et al., 2002; Guimarães et al., 2003;
Baum et al., 2005; Pack et al., 2005; Salciarini et al., 2008; Terhorst, Kreja, 2009; Bathurst et al.,
2010; Bischetti, Chiaradia, 2010; Chiaradia et al., 2012). The majority of these models are based
primarily on DEM derived parameters. The models are used for rapid regional stability assessment
or detailed studies in smaller areas.
The SINMAP model estimates physical processes influencing slope instability (cohesive, shear
forces and groundwater flow) using the steady state hydrological model coupled with the infinite
slope stability model (Montgomery, Dietrich, 1994) (Figure 3. 5-1) and uses DEM as the main input
for terrain stability index parameters calculation. The method is implemented in the SINMAP 2
(Stability INdex MAPping) add in for ArcGIS 9 (Pack et al., 2005). The SINMAP approach applies
to shallow translational land sliding phenomena controlled by shallow groundwater flow
convergence. It does not apply to deep-seated instability including deep earthflows and rotational
slumps.

Figure 3. 5-1 Infinite slope stability model schematic (Pack et al., 2005)
D – vertical soil depth [m]
h – soil thickness perpendicular to the slope [m] h = D cosθ
Dw – the vertical height of the water table within the soil layer [m]
hw – water table height perpendicular to the slope [m]
θ – slope angle, tangent of the slope S
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The primary output of this modelling approach is a stability index, the numerical value of which is
used to classify or categorize the terrain stability at each grid location in the study area.
The factor of safety equation (FS) (3 .5. 1-1):

FS =



C + cos θ [1 − w r
] tan φ
sin θ

3 .5. 1-1

where C is the combined cohesion made dimensionless relative to the perpendicular soil
thickness (3 .5. 1-2 ) (Figure 3. 5-3):
C = (Cr + Cs) / (h ρs g)

3 .5. 1-2

Cr – root cohesion [N/m2]
Cs – soil cohesion [N/m2]
ρs – wet soil density [Kg/m3]
g – gravitational acceleration [9.81 m/s2]


w is relative wetness, which has an upper bound of 1 with any excess assumed to form
overland flow (3 .5. 1-3)

w = Min�

Ra
, 1�
T sinθ

3 .5. 1-3

R –steady state recharge rate, that is an estimation of the lateral discharge [m/h]
a – specific catchment area [m2] (Figure 3. 5-2)
T – the soil transmissivity [m2/hr], i.e. hydraulic conductivity [m/hr] times soil thickness,
h [m]


r is the water to soil density ratio (3 .5. 1-4)
r = ρw / ρs

ρw – water density [Kg/m3]

ρs – wet soil density [Kg/m3]
ϕ – the internal friction angle of the soil [-]
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3 .5. 1-4

The variables a and θ are calculated from the topography with C, tanφ, r and R/T are input
parameters. The quantity (T/R)sinθ [m] may be thought of as the length of hillslope (planar, not
convergent) required to develop saturation in the critical wet period being considered (Meisina,
Scarabelli, 2007).
The density ratio r is considered in effect as constant (with a value of 0.5)
Uncertainty is defined trough the other three quantities through the specification of lower and upper
parameter bounds. The bounds define uniform probability distributions over which these quantities
are assumed to vary at random (Pack et al., 2005). The model is grid based and calculates the factor
of safety for every mapping unit, i.e. raster pixel.
The SINMAP approach in slope stability calculation is based upon the following assumptions:
- conductivity of a soil mantle overlying relatively impermeable bedrock is uniform.
- the soil thickness (perpendicular to the slope) is constant.
- shallow lateral groundwater flow and convergence follows topographic features. This implies that
the contributing area to flow at any point is given by the specific catchment area defined from the
surface topography.

Figure 3. 5-2 Definition of specific catchment area (a) (Pack et al., 2005)

Figure 3. 5-3 illustration of dimensionless cohesion factor concept. Dimensionless cohesion is the cohesive restoring
force relative to soil weight [C = (Cr+Cs)/(h rs g)], illustrated on a vertical face to remove the effect of the normal and
friction forces. (Pack et al., 2005)
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3 .5. 2 Model input
1. Digital elevation model
2. Calibration regions with parameters of hydrologic conductivity, cohesion, soil friction and soil
density
3. Landslide points

1. Digital elevation model, used to calculate filled DEM, slope, flow direction, specific catchment
area or wetness index. The DEM generated from topographic map with 15 m cell size was used,
ensuring sufficient resolution for accurate calculation (Legorreta Paulin et al., 2010).
2. The model allows input of calibration regions, with differing values of minimum and maximum
relative wetness (T/R), range of combined cohesive force of the root system (Cr) and soil cohesion
(Cs), soil friction angle (ϕ), and wet soil density (ρs). The spatial and temporal uncertainty regarding
the physical processes and the scaling of measured values on the terrain can be included in the
model trough the upper and lower bounds of these parameters. Calibration regions can be defined in
form of a vector or raster layer (Figure 3. 5-4).

Figure 3. 5-4 defined calibration regions 1- forest, 2 – chernozem, 3 – loamy soils, 4 - alluvial soils

Calibration areas were delimited according to vegetation cover and soil types:
1 – forest and vegetated area was defined as a zone with larger values of root system cohesion
(Bischetti, Chiaradia, 2010; Chiaradia et al., 2012). The spatial extent of forests corresponds very
well with brown forest soil type, witch in general have heavier composition and show similar
geomechanical and hydrological properties. Smaller areas where forest covers other soil types were
also included in this calibration zone.
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2 – area under chernozem varieties, which are in general lighter than the brown forest soils and
more permeable.
3 – a zone of heavier, loamy soils (brown forest soil, eroded brown forest soil, pararendzina,
rendzina) outside the forest was defined, where root cohesion values does not affect slope stability,
but infiltration and transmissivity are lower than on surrounding chernozem soil varieties.
4 – alluvial and deluvial soils were grouped in a separate zone, and although they have a very
heterogeneous mechanical composition and structure, ranging from unsorted gravel to finely
layered clays, the uncertainty range of parameters was set to larger values than for other zones
(Table 2. 2-1).

Table 3. 5-1 Calibration parameters used in SINMAP model
Zone ID
1
2
3
4

TR min
1700
1800
1700
1500

TR max
2200
2400
2200
3300

c min
0.15
0.01
0.03
0.02

c max
0.6
0.05
0.09
0.03

phi min
26
24
26
22

phi max
45
45
45
45

soil Dens
2010
1900
2010
1850

Application of the model to an area where soil properties are not well known can be based on either
a standard parameterization that emphasizes topographic controls, or on local calibration of soil
parameters against a map of known landslide locations. Analyses suggest that, in general, the
quality digital elevation models (DEMs) is more important than generation of spatially detailed soil
property values for reconnaissance level assessment of shallow landslide hazards (Guimarães et al.,
2003; Meisina, Scarabelli, 2007). Parameter values for individual calibration zones were estimated
based on geotechnical measurements from road building and maintenance reports (Tonejec et al.,
1980; Megla et al., 1982), pedological surveys (Miljković, 1973), geomechanical investigation for
urban planning (Šehovac et al., 2005) and hydrogeological studies (Stojiljković, 2003), and studies
of root system influence on shallow landslides (Wu, Sidle, 1995; Preston, Crozier, 1999; Schmidt et
al., 2001; Sakals, Sidle, 2004; Baets et al., 2008; Bathurst et al., 2010).

3. Landslide points
Locations of previously known landslides can be defined in form of a point input. This layer was
defined using centroid points of polygons from the landslide inventory. The landslide point layer
serves a purpose solely for interactive calibration of parameters, and is not used directly in stability
index calculation. Interactive calibration is applied in order to achieve the best fit of modelled
unstable areas with previously observed landslides, and to reduce false positive unstable areas.
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Since the locations of previously known shallow landslides in the inventory are not represented
sufficiently, the calibration and verification could not be based on these information.
The program allows marking up to four different types of landslides, and accordingly four groups
were defined from the inventory (group I – type 1, II – types 2 and 3, IV – type 5. The
anthropogenesis landslides (type 6) from the inventory were excluded (See §2 .2. 1 and 3. 4).
3 .5. 3 DEM processing in SINMAP
3. 5. 3. 1 Pit filling correction
SINMAP requires a hydrologically correct DEM with unambiguous flow direction, which is
achieved in part by filling depressions with no drainage. The „flooding“ method is used in SINMAP
that eliminates sinks by raising pixel values until the depression drains (Jenson, Domingue, 1988).
The input DEM has been corrected (DEM 1 - see § 3 .2. 5) and the majority of remaining sinks
represent true depressions. However, the correction of these local microdepressions has a very
limited effect on overall drainage patterns.
3. 5. 3. 2 Flow direction calculation
SINMAP uses the D∞ method (Tarboton, 1997) (Figure 3. 5-5), which assigns one draining flow
direction to each cell. The flow direction angle is measured counter clockwise from east and
represented as a continuous quantity between 0 and 2π. This angle is determined as the direction of
the steepest downward slope on the eight triangular facets formed in a 3 x 3 grid cell window
centred on the grid cell of interest.

Figure 3. 5-5 Flow direction defined as steepest downward slope on planar triangular facets on a block centred grid
(Pack et al., 2005)

Although flat terrains are considered unconditionally stable, ambiguous flow direction is resolved
using the method of Garbrecht and Martz (Garbrecht, Martz, 1997).
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3. 5. 3. 3 Specific catchment area
Contributing area or the upslope area per unit contour length (m/m2) is calculated based on a
number of upslope grid pixels using a recursive algorithm . The grid cell size is used as the effective
contour length (b), defined in the specific catchment area equation (Figure 3. 5-2)
3 .5. 4 Results
The outputs of the SINMAP model are:
- map of stability index
- stability index graphs for each calibration area
- landslide statistic summary for each calibration area
- map of wetness index
3. 5. 4. 1 Stability index map
The most important result of SINMAP model calculation is a map representing the terrain divided
in different stability index classes, based on the calculated Factor of safety (FS) for every grid
pixel ( Figure 3. 5-6).

Figure 3. 5-6 A section of the stability index map generated in SINMAP model
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The factor of safety is defined as the ratio of stabilizing (cohesion and soil friction) and the
destabilizing force (gravity). The least stable areas have values ranging from 0 to 1. Since the input
parameters allow specifying a range of uncertainty (hydrologic conductivity, cohesion and soil
friction) the FS can be calculated for the most conservative (destabilizing) parameters as FSmin or
the least destabilizing variables as FSmax. The stability index (SI) expresses the probability that a
given location is stable. Locations where the most conservative set of parameters of FSmin (minimal
cohesion and friction and maximal hydrologic conductivity) in the model still results in stability are
considered unconditionally stable with a FS value greater than 1. The suggested classification by
Pack et al. (Pack et al., 2005) groups values in six stability classes (Table 3. 5-2):
Table 3. 5-2 Stability class definitions
Condition

Class

Predicted State

Parameter Range

SI > 1.5

1

Stable slope zone

Range cannot model instability

1.5 > SI > 1.25

2

Moderately stable zone

Range cannot model instability

1.25 > SI > 1.0

3

Quasi-stable slope zone

Range cannot model instability

1.0 > SI > 0.5

4

0.5 > SI > 0.0

5

Lower threshold slope
zone
Upper threshold slope
zone

Pessimistic half of range
required for instability
Optimistic half of range
required for stability

0.0 > SI

6

Defended slope zone

Range cannot model stability

Possible Influence of Factors
Not Modelled
Significant destabilizing factors
are required for instability
Moderate destabilizing factors are
required for instability
Minor destabilizing factors could
lead to instability
Destabilizing factors are not
required for instability
Stabilizing factors may be
responsible for stability
Stabilizing factors are required for
stability

3. 5. 4. 1 Stability index graphs
The graphs are created by extracting data from the Slope theme, Contributing Area theme, and the
Landslides theme. Random points and landslides are plotted on the graph, using slope and
contributing area as the X and Y position values. The graphs are used primarily for interactive
calibration parameter adjustments, with the goal to classify most of the previously known landslide
points under unstable areas, while excluding as much as possible other random points (see §
ANNEX 10. 2).
3. 5. 4. 2 Landslide statistic summary
The statistical summary shows the distribution of previously known landslide points and stability
index classes in different calibration regions (Table 3. 5-3). Since more than 90 % of the used
landslide inventory covers only deeper landslides, these statistical indicators can not be used to
evaluate the success rate of the model. Another explanation of the low rate of correlation between
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modelled and previously known unstable areas is that for every polygon representing a landslide
only one centroid point was included in the SINMAP landslide layer. These representative points
are often calculated to be stable, but the model accurately shows unstable areas on the
corresponding landslide. Higher correlation of model with the used landslide inventory could have
been achieved by interactive parameter calibration, but this would be methodologically unfounded,
and would result in serious over-prediction of unstable areas.
Table 3. 5-3 SINMAP landslide point statistics: I-Stable; II-Moderately Stable; III-Quasi-Stable; IV-Lower Threshold;
V-Upper Threshold; VI-Defended
Stability index class
III
IV

calibr.
region

I

II

Area(km2)
% of Region
# Landslides
% of Slides
LS Density(#/km2)
Area(km2)
% of Region
# Landslides
% of Slides
LS Density(#/km2)

1
1
1
1
1
2
2
2
2
2

261.8
87.4
24
20
0.1
376.1
93.1
38
31.7
0.1

24.1
8
1
0.8
0
15.9
3.9
4
3.3
0

11.9
4
0
0
0
9
2.2
4
3.3
0

Area(km2)
% of Region
# Landslides
% of Slides
LS Density(#/km2)
Area(km2)
% of Region
# Landslides
% of Slides
LS Density(#/km2)

3
3
3
3
3
4
4
4
4
4

170.9
94
35
29.2
0.2
72.7
86.7
7
5.8
0.1

7.3
4
1
0.8
0
5.8
6.9
0
0
0

2.9
1.6
4
3.3
0
3.7
4.4
0
0
0

Total

V

VI

1.6
0.5
0
0
0
2.7
0.7
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

299.4
100
25
20.8
0.1
403.8
100
46
38.3
0.1

0.7
0.4
0
0
0
1.6
1.9
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

181.8
100
40
33.3
0.2
83.8
100
7.0
5.8
0.1

3. 5. 4. 3 Wetness index map

Along with the stability index calculations topographic wetness index map is also generated (Figure
3. 5-7).
Given the range of x = R/T values (x1, x2) there are 3 possible values for wetness index:
a) w is 1 (saturated) for the full range (x1, x2).
b) w is 1 for part of the range (x1, x2).
c) w is never 1.
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These are used to assign one of the following values to each grid cell in the saturation theme:
Saturation Zone: Always saturated for the full range (x1, x2). This occurs when x1a/sinθ is greater
than 1. This is represented with a value of 3.
Threshold Saturation: Cells having a probability of being saturated, with a value of 1 for some
values of x = R/T in the range (x1, x2), i.e. x2a/sinθ is greater than 1, but x1a/sinθ is less than 1.
This is represented with a value of 2.
Partially Wet and Low Moisture: Cells that are never saturated. less than 1 for all values of x =
R/T in the range (x1, x2). The level of saturation is encoded here as x2a/sinθ, a number between 0
and 1 which represents the wettest the cell could get given the range of x (R/T) specified. Cells with
this saturation level greater than the lower wetness threshold set in the Calibration Parameters Input
dialog box (with default 0.1) are designated partially wet, while cells with saturation level less than
this threshold are designated low moisture. (Pack et al., 2005)

Figure 3. 5-7 A section of the wetness index map of the Fruška Gora generated in SINMAP model

3 .5. 5 Analysis of results
Without an adequate shallow landslide inventory, it is difficult to quantify the actual success rate of
the model. However, the analysis of SINMAP statistical results in combination with the landslide
inventory can give indications about the model performance (Table 3. 5-4).
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Table 3. 5-4 Correlation of shallow landslide areas modelled in SINMAP and observed deeper unstable areas from the
landslide inventory.
Stability
Index
class

1

0 - 0.5

0.005

%
of 1
0.05

0.5 - 1

0.4

1 - 1.25
1.25 - 1.5
1.5-10
(stable)
Total

Landslide type (km2)
%
%
3
4
of 3
of 4
0
0
0
0

0

%
of 2
0

3.4

0.2

1.2

0.01

0.2

0.02

0.8

7.0

0.9

5.1

0.05

1.3

1.3

10.9

1.6

9.4

0.1

9.2

78.7

14.3

84.3

11.7

100

16.9

100

2

Total

% of
total

0

% of
6
0

0.01

0.01

0

%
of 5
0

0.4

0.1

2.5

0.02

5.2

0.7

1.8

0.1

2.6

0.3

14.9

0.04

10.2

2.2

5.6

2.8

0.3

5.9

0.4

20.5

0.04

8.9

3.7

9.4

3.7

95.6

4.0

91.0

1.2

62.1

0.3

75.7

32.7

83.3

3.8

100

4.4

100

2.0

100

0.4

100

39.3

100

5

6

The best correlation with unstable terrains was achieved on type 5, 1 and 6 landslides (loess,
technogenic and „Danube” type landslides, see § 2 .2. 1) of 38 %, 25 % and 22 % respectively.
Although these are deep seated mass movements governed by different processes than shallow
landsliding, their topographic properties, above all the very prominent landslide crowns in form of
vertical loess scarps are very accurately identified as unstable in SINMAP.
The most notable discrepancy between locations of deeper landslides and unstable terrains
computed in SINMAP can be observed for the type 3, 4 and 2 landslides, with only 4.4 %, 9 % and
16 % fit. This contradicts the assumption that deeper landslides on valley-side walls will correspond
to locations of shallow landslides. The calibration region 1 (forest area) has the highest proportions
of unstable terrain with 12.6 %, which indicates that the model did not underestimate the overall
susceptibility in this zone (Table 3. 5-5).
Table 3. 5-5 Distribution of landslide areas over calibration regions used in SINMAP
Landslide type area (km2)

calibration
region

calibration
region area (km2)

1

2

3

4

5

6

1
2
3
4
TOTAL

300.8
409.7
86.8
182.1
979.4

3.1
6.9
1.4
1.6
13

3.1
4
8
1.7
16.8

2
0.2
1.7
0.03
3.9

2.2
0.7
1.6
4.5

1.9
0.02
1.9

0.2
0.2
0.003
0.4
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total
landslide
area (km2)
10.4
14
12.9
3.3
40.6

% of
calib.area
3.4
3.4
14.9
1.8
4.1

3. 6 Landslide susceptibility analysis using likelihood ratio model
3 .6. 1 Theoretical background
A great variety of statistical methods have been proposed for quantitative spatial analysis of slope
failure probability or landslide susceptibility (Carrara, 1983; Aleotti, Chowdhury, 1999; Baeza,
Corominas, 2001; Lee et al., 2003b; van Westen et al., 2003; Ermini et al., 2005; Guzzetti, 2005;
Guzzetti et al., 2006; Lee, 2007; Lee et al., 2007; Carrara, Pike, 2008; Fell et al., 2008; Van Westen
et al., 2008). All statistical methods are fundamentally based on the assumption that the locations of
future slope instabilities can be predicted by exploring the environmental conditions that caused
previously recorded landslides, described by the often cited phrase - „the past is the key to the
future” (Varnes, 1984).
For the purpose of mapping landslide susceptibility on Fruška Gora, the likelihood ratio method
was applied, because of its efficient and straightforward calculation and result interpretation
process. The transparency of the computing procedure allows simple parameter modifications,
making the method open to implementation of „expert’s knowledge” and obtaining a more adequate
representation of landslide susceptibility zones (Chung, Fabbri, 1999). A number of studies have
been produced recently based on the variants of likelihood ratio approach, demonstrating their
effectiveness in landslide susceptibility assessment and robustness of predictions despite the
inherent uncertainties of the slope instability modelling (Lee, 2004; Chung, 2006; Davis et al.,
2006; Lee et al., 2007; Chung, Fabbri, 2008; Akgun, 2012; Sharma et al., 2013; Sujatha et al.,
2013).
The likelihood ratio model is based on Bayes’ theorem of conditional probability. In this
framework, conditional probability is a statement of the chance of a hypothesis being true or false
given a piece of evidence (Gorsevski et al., 2003)
Bayesian probabilistic modelling is well suited for solving problems of decision-making under
uncertainties. Given the uncertainty associated with landslide phenomena and their relationships
with the landscape, the method is considered suitable for landslide susceptibility assessment
(Chung, Fabbri, 1999; Gorsevski et al., 2003).
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Bayes’ theorem can be written as (3 .6. 1-1):
𝑃𝑃(𝐴𝐴|𝐵𝐵) =

where:

𝑃𝑃 (𝐵𝐵|𝐴𝐴) × 𝑃𝑃(𝐴𝐴)
𝑃𝑃(𝐵𝐵)

3 .6. 1-1

P(A│B) - is the probability of the event A occurring conditioned by the occurrence of event B
P(B|A) - probability of event B occurring, given that event A has occurred
P(B) - is the probability of event B occurring
P(A) - probability of the event A occurring

In this equation P(A) can be described also as a “prior probability”, i.e., a reasonable hypothesis on
the probability of event A, and P(B) being the “posterior probability”, i.e., the probability of B
given all possible hypotheses on A, and P(B|A) is the “likelihood”, i.e., the conditional probability
of A given B. In an ideal Bayesian analysis, the prior probability has a weak effect on the posterior
probability, as most of the information comes from the likelihood. When applied to landslide
susceptibility assessment, Bayes’ theorem is used to determine the probability that a region will
develop slope failures given the local environmental conditions (3 .6. 1-2):

𝑃𝑃(𝐴𝐴𝐿𝐿 |{𝑉𝑉𝑜𝑜 (𝑟𝑟), 𝑉𝑉1 (𝑟𝑟), … , 𝑉𝑉𝑚𝑚 (𝑟𝑟)}) = �

𝑃𝑃({𝑉𝑉𝑜𝑜 (𝑟𝑟), 𝑉𝑉1 (𝑟𝑟), … , 𝑉𝑉𝑚𝑚 (𝑟𝑟)}|𝐴𝐴𝐿𝐿 ) × 𝑃𝑃(𝐴𝐴𝐿𝐿 )
�
𝑃𝑃(𝑉𝑉𝑜𝑜 (𝑟𝑟), 𝑉𝑉1 (𝑟𝑟), … , 𝑉𝑉𝑚𝑚 (𝑟𝑟))

3 .6. 1-2

(Chung, Fabbri, 1999)

where AL denotes that a landslide of area A will occur in a mapping unit r for which v0(r), v1(r), …
vm(r) independent environmental conditions are known. It is further assumed that the combination
of environmental conditions is unique to the mapping unit r (Guzzetti, 2005).
In other words, the likelihood ratio expresses the relative probability of a landslide occurrence in
relation to the presence or absence of a factor influencing slope instability.
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3 .6. 2 Input data for the likelihood ratio landslide susceptibility model
Locations of known unstable terrains from the landslide inventory (see § 2 .2. 1) were analysed in
ArcGIS to the presence or absence of 10 factors affecting slope stability, each divided in a number
of categories (Table 3. 6-1 Data used in constructing the likelihood ratio model).
Table 3. 6-1 Data used in constructing the likelihood ratio model
ID
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10

Feature layer
elevation
slope
curvature
profile curvature
plan curvature
aspect
geology
wetness index
pedology
land use

Source
DEM15m
DEM15m
DEM15m
DEM15m
DEM15m
DEM15m
1 : 100,000 map
SINMAP
1 : 50,000 map
CORINE

No. of categories
10
12
9
10
10
9
23
4
15
16

3 .6. 3 Landslide susceptibility model calculation using likelihood ratio
Landslide susceptibility was calculated according to the likelihood ratio method in the following
steps: For every category in the individual feature layers F1A, F1B, ...F1N | F2A, F2B, ... F2N | FXA, FXB,
...FXN (for e.g. elevation between 75-100 m, 100-150 m, slope 0 - 5°, 5 - 10° etc.) the number of
grid pixels with landslides were counted [LSPX FXN] and their number divided with the total
number of landslide pixels in the feature layer [TLSPX FN], giving the relative landslide area
RLSArea = [LSPX FXN ] / [TLSPX FN]. The RLSArea number was divided with the ratio of the
total number of pixels in the selected category of a given factor [TPX FXN] and total number of
pixels in the feature layer [TPXLYR FN], and the LANDSLIDE SUSCEPTIBLITY INDEX (LSI)
was computed 3 .6. 3-1:
[𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐹𝐹𝑋𝑋𝑋𝑋 ]
[𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝑁𝑁 ]
𝑳𝑳𝑳𝑳𝑳𝑳 =
[𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝑋𝑋𝑋𝑋 ]
[𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝑁𝑁 ]

3 .6. 3-1

Susceptibility was calculated for every mapping unit (grid pixel) by summarizing the corresponding
LSI from 10 input feature layers.
The ratios were calculated separately for landslide types 1-5 (RT1...RT5) from the inventory. Type
6 (anthropogenic) landslides was not included in the model computation, because of the specific
activating factors.
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Susceptibility maps were generated for each landslide type separately, where the Relative landslide
area (RLSarea TYPEN) was calculated based on the number of landslide pixels in the category
[LSPX FXN TYPEN] and the sum of landslide pixels for the particular landslide type [TLSPX FN
TYPEN]. The susceptibility index for the particular landslide type (LSI TypeN) landslide was
calculated as (3 .6. 3-2):
[𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐹𝐹𝑋𝑋𝑋𝑋 ]
[𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝑁𝑁 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑁𝑁 ]
𝑳𝑳𝑳𝑳𝑳𝑳 𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑵𝑵 =
[𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝑋𝑋𝑋𝑋 ]
[𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝑁𝑁 ]

3 .6. 3-2

The individual susceptibility maps for the five landslide types were normalized (Σ LSInorm)
according to the following equation (3 .6. 3-3):
Σ 𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =

𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚
× 100
𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

3 .6. 3-3

The normalised raster maps of the five landslide types were then all merged together, using the
Raster Dataset Mosaic tool with the MAXIMUM operator in ArcGIS, which determines the higher
pixel value from the two raster datasets that are overlapping (Figure 3. 6-1). This ensured that all
areas with high susceptibility for certain type of landslides would be equally represented on the
final susceptibility map, and the highlighting of their specific determining factors.

Figure 3. 6-1 An example for the Raster Dataset Mosaic tool with the MAXIMUM operator in ArcGIS

The thematic map showing the overall susceptibility was represented in 6 categories (0 – 20 %
stable, 20 - 40 % very low, 40 - 50 % low, 50 - 60 % medium, 60 - 80 % high and 80 – 100 % very
high landslide susceptibility).
WORKFLOW SUMMARY:







categorizing input data, rasterizing vector layers
calculating the ratio of landslide areas for every category and 5 landslide types from the
inventory
generate susceptibility map for each landslide type 1-5 by summarizing the LSI from 10
input raster layers
normalize susceptibility map for each landslide type
merge raster layers using Raster Dataset Mosaic, with the MAXIMUM operator
visualising the susceptibility map
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3 .6. 4 Analysis of the model performance
Due to the low overall dynamics rate of the landslide process, the true predictive performance of the
model could be in effect verified only after decades. The utilization of susceptibility maps in the
practice of planning, geohazard reduction and mitigation requires a measurable and objective
estimate of the reliability and quality of the susceptibility prediction. The validation is thus aimed at
maintaining internal consistency in the model representation and ensuring that the model laws
represent some suitably ‘average’ behaviour of the truly more complex processes (Martin, Church,
2004). Numerous statistical approaches have been proposed for susceptibility map verification
(Fernández et al., 1999; Chung, Fabbri, 2003; Mason, 2003; Beguería, 2006; Guzzetti et al., 2006;
Chung, Fabbri, 2008).
The most simple indicator of the model internal consistency can be obtained by comparing the
results with the landslide inventory (Table 3. 6-2).
Table 3. 6-2 Overall percentage of correctly classified pixels for different landslide types

Prediction - Type1
Inventory - Type 1
Prediction Type2
Inventory - Type 2
Prediction Type3
Inventory - Type 3
Prediction Type4
Inventory - Type 4
Prediction Type5
Inventory - Type 5
TOTAL UNSTABLE – PREDICTED
TOTAL UNSTABLE - INVENTORY

Unstable
(No of pixels)
37355
51777
56786
75241
14695
17060
16015
19619
6871
8909
131722
172606

% correct
72.1
75.5
86.1
81.6
77.1
76.3

The computation shows an overall agreement of 76.3 %, with the best fit for the Type 3 landslides
of 86.1 %. A significant proportion of landslides incorrectly classified as stable terrains come very
probably from errors in the unstable zone delineation in the inventory. A small number of landslides
from the inventory indeed shows markedly low susceptibility(nearly 90 % of the landslide area is
classified as stable), and would require further correction from field measurements. When omitting
these few landslides from the model, the overall prediction rate surpasses 85 %.
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Another method for comparing the model with the landslide inventory is Cohen’s Kappa (κ) index
(Cohen, 1960), which shows the degree of agreement between the observed and predicted values (3
.6. 4-1)
κ=

𝑃𝑃𝐶𝐶− 𝑃𝑃𝐸𝐸
− ∞ ≤ 𝑥𝑥 ≤ 1
1 − 𝑃𝑃𝐶𝐶

3 .6. 4-1

PC – the proportion of correctly classified units (stable and unstable)
PE – the probability of random agreement
Table 3. 6-3 Calculation of the Cohen κ - index, the total number of pixels 4305620
MODEL

INVENTORY

STABLE
UNSTABLE
Marginal
totals

Marginal Totals

STABLE

UNSTABLE

3170047

962967*

0.960

0.736

40884

131722

0.040

0.009

0.746

0.254

PE

0.726

0.009

0.031

PC

0.767

With these parameters the κ = 0.149, which is a very poor agreement Table 3. 6-3. Since the overall
landslide agreement was shown to be high, the low κ is a result of large areas classified as
susceptible but with no corresponding landslides in the inventory. This indicates the incompleteness
of the landslide inventory and probably to some extent over-prediction by the model. The problem
of over prediction can be addressed by reinterpreting the descriptive classes of susceptibility, and
raising the threshold for unstable terrains or including additional categories for a more detailed map
(Figure 3. 6-2)

Figure 3. 6-2 Distribution of unstable zones from the inventory in susceptibility classes
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3 .6. 5 Analysis of results
The goal of landslide susceptibility mapping is the identification of previously unknown, potentially
unstable terrains. By analysing the influence of various environmental conditions on landslide
formation, it is possible to establish the spatial correlation of these factors and obtain new
information of the possible slope failures in the future.
The full results of calculations are presented in Annex 4 (§10. 3). A smaller number of landslides
with very low susceptibility were identified, which are most likely erroneously delineated in the
inventory, and will require additional reassessment by field investigation. Each feature layer was
analysed separately for the various landslide types identified in the inventory (§2 .2. 1). This
approach allowed the evaluation of specific factors influencing different movement types and
enabled also the validation of the classification methodology by identifying landslides which did
not fit well to the model. The most susceptibility index values were within the expected ranges,
which confirms the soundness of the model and the adopted landslide classification.
3. 6. 5. 1 Susceptibility for the TYPE 1 deep, complex „Danube” landslides

This distinctive and characteristic landslide type has the most specific and complex set of
determinants, that differ very sharply from other unstable slopes on Fruška Gora (Figure 3. 6-3).
The calculated landslide susceptibility indexes (LSI) were very high. The strongest correlation was
found with the feature categories of elevation (lower than 100 m), slope (10-25 %), total curvature
(between -1 and -0,25) plan curvature (-0.3 and -0.2) profile curvature larger than -0.75, northern
aspect. The Pliocene clay, sand, coal, silt, and Miocene conglomerate geologic units of showed the
strongest correlation.

Figure 3. 6-3 A detail from the susceptibility map showing the Type 1 landslides
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3. 6. 5. 2 Susceptibility for the TYPE 2 landslides on concave, convergent valley side slopes

The LSI values obtained for this type of landslides are in accordance with the expected ranges of
determinants. These unstable slopes are most abundant between 150 and 300 meters, strongly
related to the inclination of terrain between 10 and 35 percent, total curvature between - 0.5 and 0.25, eastern aspect and partially saturated aquifer. From the geologic units upper pontian
sandstone, sand, marl, Miocene conglomerate, sandstone, clay, coal and also various tortonian
formations represented by sandstones, marl and conglomerates showed the highest indexes.
3. 6. 5. 3 Susceptibility for the TYPE 3 landslides on steep, convex or planar valley-side
slopes

Type 3 landslides are mostly concentrated between 250 and 350 meters. It could be expected that
they extend into higher elevations, as the central parts of the mountain have very steep valleys, but
the geologic composition limits landslide formation only to small scale shallow displacements.
These unstable areas are clearly clustered around the values of slope between 10-25 %., which is
somewhat less than expected. The slopes are most often oriented toward east and southeast.
Deluvial-proluvial sediments have the strongest correlation of all geologic formations with the
unstable, steep valley side slopes. The prevalent land cover is partially cultivated landscape
followed by mixed forests.
3. 6. 5. 4 Susceptibility for the TYPE 4 landslides above the stream source area

This type is mostly found in the elevation zone of 250-350 m. The stream initiation zone where
these landslides form should have even higher elevations, but the exposed metamorphic and igneous
geologic units restrict the formation of unstable areas in the central parts of the mountain. Slope
values are dispersed according to the expectation between 15 and 35 %.
The upper pontian sandstone, sand, marl formations are related predominantly to the occurrence of
landslides above the stream initiation zones.
3. 6. 5. 5 Susceptibility for the TYPE 5 landslides beneath loess scarps
Landslides in loess are located most frequently in the narrow zone between 200 and 250 m, with
slopes between 15 and 35 %, northern and north-eastern exposure. Redeposited loess is the most
dominant geological unit, followed by loess and deluvial-proluvial sediments in a much smaller
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proportion. The slopes under this type of landslides have larger profile curvature values compared
to other landslides (0.2 - 0.5)
3. 6. 5. 6 Summary landslide susceptibility

As it was described under § 3 .6. 3, the maps with normalised values of individual landslide types
were merged and an overall landslide susceptibility map was generated. For a more complete
representation it was rendered over a hillshade map obtained from the 15m DEM. Further visual
analysis was performed in ArcGIS 3D Analyst. Apart from smaller areas where ridges were
classified under highest susceptibility, no other major inconsistencies were observed. The most
noticeable feature is the zonality of the map, which corresponds well to the zonality of
environmental factors on the mountain (Figure 3. 6-4). The central parts with the metamorphic and
igneous geological units and forest land cover constitute a stable area. Surrounding it is a
continuous belt of medium susceptibility. The northern slopes have much higher susceptibility, with
a continuous zone extending from on the entire length in the elevation range of 150-300 m and
immediately above the Danube riverbank. This can be attributed to the influence of the Danube,
which undermines the northern slopes and in geologic timescale contributes to increased vertical
erosion of streams by lowering their erosive basis.

Figure 3. 6-4 A 3D view from the northeast, with the Danube riverside (vertical exaggeration 2.7)
susceptibility map legend: green – low, yellow – medium, red - high
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3. 7 Landslide reconstruction from historic topographic maps
In absence of historic landslide inventory, very valuable information can be obtained about past
landslide events from historic topographic maps.
For the estimation of the land surface prior to a large landslide event a historic topographic map
from the Third ordnance survey of the Austro-Hungarian empire from 1881 (1 : 25,000 contour
equidistance of 20 m) was digitised, and a 10 m resolution DEM created using the Topo to Raster
function in ArcGIS 10. The historic topographic map was georeferenced and transformed using
shared ground control points from newer maps with the ADJUST transformation method.
3 .7. 1 The large landslide event in 1941 near Krčedin
During the period between 1939-1941 on the unstable, loess covered terrains above the Danube
riverbank on the Fruška Gora mountain, mass movements occurred with a greatly increased
frequency and size, rarely seen after in recent local history. One of the largest recent landslides
recorded on the Fruška Gora occurred in 1941 near the village of Krčedin, when a sizeable riverine
island emerged in a period of only few days, as a result of accumulation of huge amounts of loess
and other quaternary and neogene sediments that slid towards the Danube.

Figure 3. 7-1 area shown on an aerial image from 2003 and map from 1881 (1 : 25.000).

The event occurred after a prolonged extremely rainy period followed by frequent and extreme
floods, and was not documented or studied in detail, because of the turmoil of the 2nd World war
and the relative remoteness of the sparsely inhabited area at that time. The speed and the magnitude
of this slope failure was not typical for the Fruška Gora mountain, as other similar large landslides
beside the Danube are moving at a rate of only few mm/year. It was only mentioned for the first
time in the literature more than 15 years later, in a form of very brief description by Kukin (1957).
A short description of the 1941 landslide was also included in the study of riverine island genesis
near the Krčedin village area (Bogdanović, Bugarski, 1984).
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The site of the 1941 landslide is located on the northern slopes of the easternmost part of Fruška
Gora mountain, along the Danube riverbank, between the 1226th and 1231st river kilometers
(Figure 3. 7-1). It is situated below a low, narrow, rounded hill/bluff (Kalakača 201.5m, relative
height of 120m) with a distance of 1 km from the Danube to the top of the hill (Figure 3. 7-2). Its
surface is heavily disturbed by mass movements and the whole area is situated on a large historic
landslide (covering an area of about 1.09 km2) (Figure 3. 7-3). In 1975 a bridge was built 1.5 km to
the west from the 1941 landslide area for an important motorway (E75) linking Novi Sad and
Belgrade. From the beginning of 1970 extensive geotechnical studies were conducted on the
unstable terrain in the immediate surroundings of the bridge, but the remains of the 1941 landslide
were not studied in detail. Another „twin“ motorway bridge has been built in 2011 a few meters
from the existing one. In recent years due to increased precipitation and Danube floods many
landslides show signs of intensifying activity. Given that the threat from these landslides is constant
and will remain significant in the future, the question of the preconditions for a catastrophic slope
failure similar to the 1941 landslide needs to be addressed. The most important question is where
and under what circumstances could such an event occur again? In order to provide a reasonable
prognosis, the 1941 event needs to be studied. After 70 years and very few records this task is very
difficult, and the available methods have many limitations. The analysis of the 1941 landslide event
and the comparison with other similar terrains can nevertheless contribute to better evaluation of the
destructive potential of these landslide prone areas.

Figure 3. 7-2 1. the area of 1941 landslide; 2. riverine island which emerged as a result of the 1941 landslide; 3. red line
- the Danube riverbank from 1881; 4. historic landslide scarp (x3 vertical exaggeration)
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Figure 3. 7-3 the land surface morphology of the Krčedin landslide, with the E75 motorway bridges in the background
(photo Mészáros M. 9.7.2011.)

The only available data about precipitation from the meteorological observatory from Belgrade,
show a succession of three excessively wet years prior to the large landslide event (Table 3. 7-1).
Table 3. 7-1 Monthly precipitation in Belgrade (50km south) in the years prior the 1941 landslide event
month
/year

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

total/year

1936
1937
1938
1939
1940
1941

34.8
30.5
83.9
40.7
39.8
33.7

83.1
72.2
17.9
25.4
43.0
124.0

24.0
95.4
29.4
67.3
73.3
15.3

27.1
102.6
62.2
10.6
61.7
87.9

79.0
117.3
70.2
129.8
75.5
55.2

97.2
79.8
29.3
135.9
218.2
58.0

60.5
30.8
120.8
56.9
57.1
63.6

72.7
198.8
66.6
69.0
32.2
79.6

73.2
44.1
46.7
10.9
33.1
138.4

57.3
37.0
46.3
106.4
42.4
89.2

37.0
91.2
93.9
59.4
86.2
45.4

10.4
52.0
677
71.4
55.2
66.7

656.3
985.0
677.2
784.0
818.7
857

The highest recorded Danube water level from the period before 1941 was on April the 5th 1940
with +706 cm measured in Novi Sad, where these floods „caused damage greater than the
bombardment in the 2nd World war“ (Rakićević, 1957). Also in the preceding few years, extremely
high water levels were observed in Novi Sad (Figure 3. 7-4).
700
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Figure 3. 7-4 Water levels higher than 500 cm (high water level) on the Danube recorded in Novi Sad from 1922-1948
(the elevation of the water meter „0“ level in Novi Sad is on 70.7 m) (Rakićević, 1957)
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3 .7. 2 Results of the DEM computation
The landslide initiation area was very clearly identified on the comparative map of the two digital
elevation models from 1881 and 1977. Differences in heights were indicated mostly on locations
where they could be explained by real surface changes. The histogram showing the distribution of
height difference pixels suggest that the overall accuracy of source map matching is acceptable,
with most of the terrain showing in effect no real height changes (Figure 3. 7-5 and Figure 3. 7-6).

Figure 3. 7-5 Representation of height differences between the 1881 and 1977 digital elevation models (DEMs) clearly
showing an above-average negative surface change (dark blue) in the central parts of the landslide initiation area
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Figure 3. 7-6 Distribution of height difference pixels, as an estimate of the overall accuracy of the matching between
source maps
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Figure 3. 7-7 Areas shown in red represent differences between 47 and 20 meters in surface heights identified on digital
elevation models based on maps from 1881 and 1977 (the image is shown with vertical exaggeration x4)

Figure 3. 7-8 Terrain reconstruction from 1881. Shaded relief display of the digital elevation model created from the
map from 1881. Areas shown in red represent differences between 47 and 20 meters in surface heights identified on
digital elevation models based on maps from 1881 and 1977
1- landslide initiation area, 2 – riverine island that emerged during the 1941 landslide. 3 – historic landslide scarps
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Figure 3. 7-9 Cross section on surfaces in 1881 (brown area) and 1977 (red line)

Figure 3. 7-10 Height differences between the 1881 (right) and 1977 (left) digital elevation models (DEMs), clearly
showing an above-average negative height difference (dark blue) in the central parts of the landslide initiation area.

3 .7. 3 Interpretation of results
The slope failure from 1941 was a result of multiple factors. As the meteorological records show,
the preceding five years were extremely wet. The recorded Danube water levels were also very
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high, with frequent catastrophic floods, and floods occurring twice during a year. This contributed
to saturation of deep aquifers which play crucial role in the activation of deep landslides. The
intense water level oscillations destabilized further the slopes trough changing aquifer pore
pressures. After the analysis of the location of 1941 landslide, we can conclude with certainty that
it was predetermined by previous, historic landslides, which were caused by the strong erosive
force of the Danube undermining the foot of the slope. The remnants of historic landslides are
clearly recognizable on the map from 1881. The map from 1881 also shows the presence of a hill
under the scarps of the historic landslides in the central parts of the area, which is the presumed
1941 landslide initiation zone, where today a depression can be found (Figure 3. 7-8 and Figure 3.
7-9). This area was very clearly identified on the comparative map of the two digital elevation
models from 1881 and 1977 (Figure 3. 7-7 and Figure 3. 7-10). It is harder to determine, were the
prevalent height changes in these areas gradual or sudden, and at what times did the majority of
the movements occur? There are no written sources which could confirm with certainty that no
other large movements happened before 1941 in this area. This unstable terrain was very likely an
active landslide between 1881 and 1941 and to much lesser extent afterwards. The majority of
terrain changes did very probably occur in the 1941 event, while it was presumably preceded by
smaller and gradual slope movements, especially beginning from 1939, when all other parts of
Fruška Gora showed a great increase in landslide activity. The emergence of a riverine island in a
period of a few days shows that the force of the movement was very intense. The configuration of
the riverbank and the slopes immediately above were not nearly sufficient to provide this energy,
so the upper parts of the slope must have been displaced. Another fact in favour of the conclusion
that the majority of the movements did occur in 1941 is the observed behaviour of similar
landslides on the Fruška Gora today. Trough decades of varying, often extreme weather and
Danube water level conditions they show only very slow deeply seated movements, and only
occasionally more rapid, but shallow and smaller scale landslides. The amount of displacement is
also hard to determine, but since there was a continuous unstable zone from the toe to the scarp
area, it is highly unlikely that larger parts of slopes remained unaltered. Most probably the whole
unstable slope was sliding in a combined translatory-rotational movement. Today the riverine
island is located at a distance of 70 meters from the riverbank, indicating that the horizontal
surface displacement must have been at least a few tens of meters (30-50). The movement on such
a scale would cause a large scale destruction of everything built in its path.
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4

High resolution CORONA stereoscopic satellite images in
geohazard assessment

4. 1 Theoretical background
High resolution satellite images from archives provide a record of past land surface changes for the
last four decades and represent an invaluable source of data for Earth sciences. Images with higher
temporal, spatial and spectral resolution have been produced more frequently from the second half
of the 1960s (Mucsi, 2004). Among them is the CORONA program, which was used from 1960
to1972 by the USA for satellite surveillance and mapping of the Soviet Union, China, countries of
the Eastern bloc, and other areas of interest around world. In 1995 the archive of 800,000 images
was declassified and made available to the wider community, which is now available over the
internet for previewing and ordering for an affordable price. Particularly valuable is the coverage of
the many parts of the world where it is difficult to obtain any other source of high-resolution
imagery.
These satellite photographs have been used in various fields of land cover change analysis (Tappan
et al., 2000; Hamandawana et al., 2005), archaeology (Kennedy, 1998; Goossens et al., 2001; Ur,
2003; Casana, Cothren, 2008), coastline change reconstruction (Bayram et al., 2004),
geomorphological research in periglacial areas (Grosse et al., 2005), glaciology studies on
Himalaya (Lamsal et al., 2011) and other.
The CORONA program was the first satellite mission of the USA for stereoscopic imaging of the
Earth’s surface and the film pairs can be used in stereoscopic land surface visualisation and Digital
surface model (DSM) extraction (Schneider et al., 2001; Altmaier, Kany, 2002; Galiatsatos et al.,
2008). For the study of surface processes on the Fruška Gora CORONA images were used for DSM
extraction as a possible alternative to other sources of topographic information (Mészáros et al.,
2008).
A stereo image analysis is somewhat hampered by the fact that parameters necessary for interior
orientation are only partially known and exterior parameters are not available for the CORONA
images, because the precise details of each mission are difficult to obtain (the frames of the index,
horizon, and stellar cameras are not declassified) (Figure 4. 1-1).
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Figure 4. 1-1 The arrangement of CORONA cameras showing the shape of the ground footprint and geometric
distortions from a pair of convergent panoramic cameras in flight: NM stands for nautical miles. The numbers without
units refer to view angle in degrees. Reproduced from McDonald (1997) Slama et al. (1980) source: Galiatsatos et al.
(2008)

The distortions can be corrected by a rigorous mathematical transformation or empirically using
ground control. Sohn et al. (Sohn et al., 2004), Schenk et al. (Schenk et al., 2003), and Shin (Shin,
2003) used a rigorous approach for processing CORONA photography. According to Galiatsatos
(Galiatsatos et al., 2008) if there is sufficient ground control then the ephemeris data are not
required.

4. 2 CORONA stereo satellite images processing and DSM extraction
The images were obtained on a non-standard size film strip of 757 x 70 mm, and were scanned on a
special scanner provided by the Ministry of Defence Mapping Company at a resolution of 12 μm
(Table 4. 2-1). According to a detailed experimental study on CORONA image scanning by
Leachtenauer (Leachtenauer et al., 1998) 4 μm is required for lossless digitizing, which assuming a
film resolution of 120 to 140 lp/mm is approximately equivalent to two samples per line pair. The
same study concludes that a standard 21 μm flatbed scanner can produce acceptable results.
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Table 4. 2-1 The main features of the cameras and film used during the KH-4B mission (Dashora et al., 2007)
System
Corona KH-4B
Time of recording
08.02.1969.
Mission no.
1106
Orbit height (nominal)
150 km
Camera type
panoramic
Angle of twin cameras
30°
Focal length
609.6 mm
Film type
panchromatic
Film resolution
160 line/mm
Actually usable film size 55.37 x 756.9 mm
Area covered
14x188 km
Scale
1 : 247500
Field resolution
1,83 m

Several methods of DSM extraction from CORONA stereographic images have been proposed.
Schneider et al. (Schneider et al., 2001) used a software package developed by the University of
Hanover (BLUH – Bundle Block Adjustment University of Hanover) to extract a DSM from
CORONA KH-4A data. The approach combines panoramic image rectification with automatic tie
point matching of stereo pairs to help produce a DSM. The accuracy of the DSM obtained by this
method is reported as RMSEX 27.6 m, RMSEY 19.7 m, and RMSEZ 14.2 m (16 control points).
Altmaier and Kany (Altmaier, Kany, 2002) used the nonmetric camera model in the OrthoBASE
module of ERDAS Imagine to extract a DEM from CORONA KH-4B data in a mountainous
landscape in southern Morocco. They used DGPS-measured ground control points (GCPs) for
horizontal and vertical control.
For the extraction of the Fruška Gora DSM the ERDAS OrthoBase Pro digital photogrammetric
software pack was utilized, and an approximate aerial triangulation result was found using such
parameters as focal length, orbit height, film pixel size and ground control points. Perfectly accurate
orientation requiring extreme computation power was practically unachievable (Schenk et al.,
2003). This was not the ultimate goal however, as the aim was deriving usable morphological data
suitable for the preparation of digital surface models for geomorphological studies from these
images, in an efficient and economic way to meet the expected accuracy requirements as well.
Relative orientation of the stereo image pair was performed using about 40 tie points (Figure 4.
2-1).
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Figure 4. 2-1 The absolute orientation of the CORONA images using ground control points (Mészáros et al., 2008)

The automatic tie point generation method yielded no sufficient amount and quality of homologue
points as the winter images were taken among conditions of partial surface snow cover. The
automatic matching algorithm thus could not identify homologue points on larger homogenous
snow covered areas. In these areas tie points were measured manually.
The images were georeferenced using ground control points recorded in the mountain and its
foothills using relative rapid static GPS measurements. About 30 points recognizable from the
image were identified at crossings of paved roads, on the trajectory of creeks charging into the river
Danube, and rails of bridges crossing the creeks and canals charging into the Danube. A good
ground control point was found near the Iriški–Venac Monument located in the central, highest part
of the Fruška Gora, where it was otherwise very difficult to locate other recognizable features in the
dense forest surrounding. After the assignment of suitable control and tie points, an aerial
triangulation was implemented using a self-calibrating direct linear transformation offered by the
program (Altmaier, Kany, 2002). This method does not require the knowledge of either the interior
orientation data of the camera or the predicted exterior parameters. After multiple runs and the
evaluation of the residuals for tie and control points as well as the RMS error values, the best
outcome was chosen via elimination of points yielding the largest error from the numerous iterates.
After this, a digital surface model (DSM) was generated. The algorithm was basically congruent
with that used during the automatic tie point detection. Correlation is a frequently applied approach
in photogrammetry for finding the common tie points of two images. Automatic DSM generation is
achieved by a combined application of correlation calculations and tie point identification in digital
photogrammetric software packages. Using the query operator a series of feature points was
determined on the images under study. Feature points are the centre points of a window with
88

acceptable greyscale and contrast values. Feature points on the other hand are also object points
marking a single object, e.g. road crossing, bridge rail, monument etc. After the determination of
interest points on a single image, the corresponding points are also identified in adjacent images,
including the corresponding objects (Lee et al., 2003a). The next step is the calculation of cross
correlation between the sample window and the search window. The sample window is on the
reference image, while the search window is on the adjacent image. As an interest point on the
initial image might have several corresponding tie-points on the adjacent image, the program
calculates a correlation coefficient for each suitable set of corresponding points. This coefficient
expresses the rate of similarity between the corresponding interest points of the adjacent images.
The higher value shows greater similarity (0.8-1).
4 .2. 1 Accuracy assessment
In order to determine the exterior accuracy of the aerial triangulation and surface modelling
methods, a new series of DGPS measurements is needed. Interior accuracy statistics might be
helpful in the evaluation process. In the final solution every single tie points (GCP) had to be used
due to the large spatial extent of the study area. In the iterative runs, a single GCP was left out and
identified as verification point.
Table 4. 2-2 Residuals received for aerial triangulation, DSM verification for the interest points expressed in meters

minimum
maximum
Average

X
0.6
15.5
6.7

Aerial triangulation
Y
4.4
12.9
8.0

DSM img
DSM 3D shape
DSM z – GCP z
2
5.3
25.1
27.1
10.7
13.7

Z
3.4
24.9
8.6

Table 4. 2-3 Summary results of accuracy studies in Altmaier, Kany (2002) and Schenk et al. (2003)

Aerial triangulation for two
models (A. Altmaier)
Aerial triangulation (T. Schenk)
DSM (A. Altmaier)

X
2.5-4.8
6.2
-

Average
Y
2.7-5.7
5.6
-

Z
12.5-21.6

DSM Z – DGPS Z
-

12.34
-

9.7-13.3

The residuals received for these verification points always fell within the range of acceptable error
in all three X, Y and Z directions as depicted on (Table 4. 2-2). The calculated error values were
compared to the exterior accuracy values of the known published studies. The verification results of
two studies are depicted in (Table 4. 2-3). Altmaier and Kany (2002) used DGPS measurements to
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check the accuracy of 120 points, while Schenk T. et al. (2003) used 1 : 24000 topographic maps
and 20 points to verify their results of image analysis. When findings of their studies and the results
obtained for Fruška Gora it can be concluded that the digital photogrammetric analysis of
CORONA KH-4A/B satellite images generally yield a vertical accuracy of 10-25 m and a
horizontal accuracy below 10 m. Considering the relatively low cost of images and the relatively
large area covered by an image pair subjected to study, these findings are rather satisfying.

4. 3 Evaluation of suitability of CORONA stereo images for geohazard studies
CORONA satellite images can be applied for geohazard studies using different methods. First of all
the stereo image pairs can be visualised in ERDAS OrthoBase and StereoAnalyst, with minimal
processing requirements (image tie point identification) and used for visual interpretation in simple
3D or anaglyph view. With the spatial resolution of 2 meters the images are on the upper visibility
limit considered acceptable for larger landslide identification (Figure 4. 3-1 and Figure 4. 3-2).

Figure 4. 3-1 Landslide area near the Krčedin village on the CORONA image

Figure 4. 3-2 A detailed view of the 1941 landslide scarp area
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After additional processing (described in §3 .2. 3) the obtained high resolution DSM and its
derivatives were compared to the equivalent SRTM dataset of the Fruška Gora. On produced slope
maps, the CORONA DSM shows more finer detail, but the SRTM also provides acceptable results
(Figure 4. 3-5).
By comparing the shaded relief images of the two DSMs, the CORONA shows an excellent quality
(even after re-interpolation and downsampling to 10 m grid size) in comparison with the coarse
SRTM image (Figure 4. 3-4). The true advantage of CORONA DSM becomes apparent after
comparing the curvature maps. In contrast with the completely unusable SRTM curvature map, the
CORONA DSM yields a curvature representation with very fine details, with the ridges and the
valleys clearly delineated. The profile tool was tested across several landslide areas, providing
good results within expectations (Figure 4. 3-3).

Figure 4. 3-3 Profile obtained form the 2 m cell size CORONA DSM over a landslide area beside the Danube(Mesaros
et al., 2007)

Based on these results, it can be concluded that in the absence of other more accurate sources, the
CORONA images can provide very satisfactory results for regional geohazard studies over larger
areas. In summary the following observations can be given about the utilizing of CORONA images
in geohazard assessment:
- The images represent a very affordable source for a reasonably detailed and accurate DSM
generation as well as obtaining detailed DSM derivatives (slope, aspect, curvature, shaded relief).
- Scanning the non standard sized film strips in sufficient resolution is difficult. Recently the images
can be purchased in digital format, resolving this problem.
- The identification of sufficient number of ground control points for external orientation, and
obtaining an even distribution of these control points can be problematic. This problem can be
addressed by employing the methodology proposed by Galiatsatos et al. (2008) by using Ikonos
satellite images as a base layer for horizontal control and SRTM as an independent source of data
for the CORONA DSM validation.
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Figure 4. 3-4 Computation of 5 m grid size DSM and slope map CORONA (upper) and 70 m grid size SRTM DSM and
slope map of the Fruška Gora (lower) (coordinate system: Gauss-Krüger, zone 7)
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Figure 4. 3-5 Computation of the re-interpolated 10 m grid size CORONA shaded relief map (upper) and 80 m grid size
SRTM shaded relief map of the Fruška Gora (lower) (coordinate system: Gauss-Krüger, zone 7)
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5 Conclusions
Exodynamic geohazard represents a continuous and growing threat for the landscape quality and
built objects on the Fruška Gora mountain. The trends clearly indicate that the vulnerability to
geohazards will inevitably increase in the future, as the most densely populated areas with the
fastest growing population on the Danube riverside coincide with the unstable areas of deep
landslides, zones of increased seismicity along tectonic fault lines and the climate is also apparently
shifting towards the predicted increase in frequency of extreme weather patterns. Geospatial tools
and digital geomorphometry are essential in study of geohazards today and will be even more
important in the future, especially with the increasing availability of more affordable precise
measurement devices such as ground based LIDAR scanners, the growing precision of global
positioning systems, and generally with the fantastic synergetic growth of the (geo)information
technology sector. The study of geohazard susceptibility of Fruška Gora presented in this thesis
constitutes the initial stage of more detailled and advanced continous monitoring research planned
in the future.
(1) The initial landslide inventory produced for the Fruška Gora is not complete, as it lacks
information about shallow landslides, and the quality analysis of the susceptibility model showing
very poor κ index of 0.149 is also mainly due to its incompleteness, and the large proportion of
highly susceptible areas that are not represented in the inventory. The overall agreement between
the inventory and modelled map is satisfactory with 76.3 %. However in the process of landslide
susceptibility mapping, areas were identified successfully where more detailed terrain investigations
are needed:


smaller areas marked as landslides in the inventory, but classified as entirely stable on
modelled maps are very likely erroneously delineated features.



zones without informations about landslides in the inventory, but clearly marked as highly
susceptible by the model are worth re-examining in more detail field mapping.

(2) The proposed landslide typology has been generally upheld by the results from the likelihood
susceptibility model, with susceptibility indexes of environmental parameters within the expected
ranges for most types of landslides. Additional morphometric calculations may require modifying
the type of some landslides. Especially the type 3 unstable slopes on steep, convex planar valley
side require revision, because the correlation was found to be strongest with the slope range of 1025 %, a somewhat lower value than expected. Interestingly, the type 3 landslides have the highest
agreement rate with the model of 86 %.
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(3) The DEM generated from topographic maps in the scale of 1 : 25,000 with a grid size of 15
m showed sufficient details for landslide susceptibility modelling. The scale and resolution of this
map is on the upper limit used usually considered appropriate for more detailed studies, and
provided satisfactory results. The only drawbacks of the DEM obtained from topographic maps was
the required labour intensive process of manual digitalization, and the somewhat poorer
performance of interpolation in the flat regions due to sample point concentration along contour
lines, which were of no significance for geohazard analysis.
(4) Of all available and tested methods for DEM interpolation from contours, the ANUDEM 5.3
program implemented in ArcGIS10.1 showed by far the most acceptable results, and was found to
be the most flexible and adaptable approach for DEM generation. Particularly useful were the very
detailed diagnostic tools included in the program, which facilitated greatly detection of errors from
digitalization.
(5) The CORONA stereographic satellite images proved to be an affordable and satisfactory
resource for DSM extraction and generally a useful dataset for geohazard research. The images can
be used for 3D stereographic visualisation with minimal processing in Erdas OrthoBase and
StereoAnalyst, and with the resolution of 2 m are considered appropriate for identification of
medium to larger landslides. Difficulties were encountered particularly with scanning the film strips
and finding appropriate ground control measurement locations. However these problem have
nowadays acceptable alternative solutions. Film strips can be ordered in digital format, and methods
have been proposed for image orientation without ground control point measurements. After reinterpolating the DSM using TopoToRaster in ArcGIS, the derivatives obtained from the 10 m
resampled DSM showed superior quality compared to the equivalent SRTM datasets. The profiles
constructed on known landslide terrains showed expected and acceptable results. With a vertical
accuracy of 10-25 m and a horizontal accuracy below 10 m, the CORONA satellite images are
certainly a valuable resource for geohazard analysis in areas where no other detailed sources of
topographic data are available.
(6) As a possible resource for obtaining informations about past slope movements the historic
topographic maps from the Third ordnance survey of the Austro-Hungarian empire from 1881 (1 :
25,000 contour equidistance of 20 m) were evaluated on a location of a known, large historic
landslide event from 1941. The aligning of historic maps in common spatial reference with
topographic maps posed the first hurdle in the process, which was resolved using shared ground
control points on the maps and ADJUST transformation in ArcGIS. Since the selected study site
was small (about 3 x 1.5 km) this method was appropriate, but over larger areas it would probably
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not yield satisfactory results. Therefore, the problem of better alignment between the maps has to be
addressed for further applications over larger areas. A 10 m grid size DEM was generated from
digitized contours in ArcGIS using TopoToRaster, and compared to DEM of the same grid size
obtained from topographic map of 1 : 25,000. The obtained differences in heights were observed
mostly on locations where they could be explained by real surface changes, and the overall accuracy
of source map matching was acceptable with the majority of grid pixels falling in the ± 5 m height
difference categories. The landslide initiation zone was very clearly identified, with vertical
differences of up to 47 m.
(7) For the purpose of geohazard susceptibility evaluation, a database was constructed containing
informations about environmental geohazard determinants: the topography and its derived datasets
(slope, aspect, total, profile and planar curvature, wetness index), as well as maps of geological
composition, soil, land use. This database will be used in further more detailed studies and the
monitoring of geohazard on the Fruška Gora.
(8) Shallow landslide susceptibility was asessed using a physically based deterministic SINMAP
model, implemented in ArcGIS. In the absence of previous shallow landslides inventory, the results
could not have been verified quantitatively. However, the obtained map did generally show the
expected spatial distribution of the zones susceptible to shallow landsliding. The results were
compared to the inventory of deep landslides, and the strongest correlation found with landslides in
loess (Type 5–38 %) and the deep unstable zones beside the Danube (Type 1-25 %). Steep,
prominent loess scarps are a characteristic for both of these terrains, and they were clearly identified
as a source of potential unstability in SINMAP. The three landslide types in fluvial relief (Type 2, 3
and 4) showed a very low correlation, which seemingly contradicts the expectation that these zones
should coincide to a greater extent.
(9) The landslide susceptibility map for deep seated mass movements was prepared using the
statistical likelihood ratio model. The model proved robust and effective, as the necessary
calculations can be performed entirely in GIS application, without the need for additional statistical
software. The model achieved an acceptable level of performance with an overal agreement with
the record of existing deep landslides of 76.3 %. After the revision of the landslide inventory
trough additional field investigations, and excluding incorrectly marked unstable areas this
proportion will certanly be higher. The very low κ index of 0.149 can be interpreted more as an
indicator of the inventory incompleteness, than poor model performance. The susceptibility
likelihood ratio was calculated for every type of unstable slopes from the inventory (with the
exception of two anthropogenic landslides), and the results merged in a map representing the total
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susceptibility for deep seated landslides. The map represents very well the zonality of
environmental factors on the mountain, with the stable central parts and the much higher
susceptibility on the northern slopes, which clearly shows the influence of the Danube on the
surface processes on the entire northern mountainside.
(10) Based on the obtained results it can be concluded that from the very limited available resources
and medium quality data an acceptable representation of the geohazard susceptibility of the Fruška
Gora was achieved. The employed methods can be implemented in the future also with higher
quality data which will hopefully become more available in the coming years.
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8 Summary
The significance of studying geohazard, or the geomorphological, geological and environmental
processes, phenomena and conditions that are potentially dangerous or pose a level of threat to
human life, health, and property, or to the environment, has increased greatly in the last decades,
above all due to the effects of spiralling demographic growth and climate changes. At the same time
geosciences have become increasingly successful in meeting the demands of society for damage
prevention and mitigation strategies more adequately, by using novel methods of GIS based spatial
analysis, remote sensing, observing, surveying and measuring. Quantitative geomorphometric
analysis based on the digital representation of the Earth’s surface (DEM) revolutionised the modern
geomorphological research, making it one of the most dynamic and exciting fields in the Earth
sciences, enabling studies of larger areas with more reproducible and objective results, which can be
more easily implemented in the planning and decision making process. After two decades of
practical stagnation in the field of systematic geohazard research in Serbia, new geospatial methods
are increasingly being implemented, but there are many areas where such means have not been fully
used. The Fruška gora mountain in the Autonomous province of Vojvodina in Serbia is such an
example, where geohazards in the form of landslides, erosion and flash floods cause significant
damages, but the scientific research with geospatial means is in its initial stages and far from the full
potential offered by today’s state of the art in this field. With its high spatial, topographic,
geological, geomorphological heterogeneity in a relatively small area it represents an ideal “natural
laboratory” for testing novel geospatial methods. Geohazard also represents a threat to the National
Park and invaluable cultural heritage objects on the mountain. One of the key problems of
geohazard study on the Fruška gora, and in Serbia in general is the lack of continuous data from
environmental measurements (above all climatological and hydrological observations are
incomplete) which are required for natural hazard and risk assessment. The first stage of my
research required a building of a sufficiently detailed database for geohazard susceptibility analysis.
An archive landslide inventory was prepared from various sources, ranging from road maintenance
reports, bridge building and monitoring studies to large scale geomorphological maps. Landslide
locations were reinterpreted over high resolution aerial images visualised in ArcGIS 3D Analyst
over a detailed digital elevation model (DEM). The DEM of Fruška gora was generated using
contour lines and elevation points digitized from topographic maps in scale of 1 : 25,000 using the
ArcGIS TopoToRaster tool. For the purpose of landslide inventory construction a new landslide
classification based on topographic and geomorphological position of landslides has been proposed,
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identifying 6 different types of deep seated mass movements. In searching for alternative sources
for DEM extraction, the usefulness of high resolution archive stereographic satellite images from
the CORONA program from 1969 was evaluated for geohazard research. From the 2 m resolution
stereo image pair a 5 m pixel size DEM was generated, with an overall accuracy of 10-25 m, and
horizontal accuracy below 10 m. The DEM derivatives (slope and curvature) showed sufficient
detail and quality for geomorphometric research of larger areas. The CORONA stereographic
satellite images proved to be an affordable and satisfactory resource for DSM extraction and
generally a useful dataset for geohazard research.
As a possible resource for obtaining informations about past slope movements the historic
topographic maps from the Third ordnance survey of the Austro-Hungarian empire from 1881 (1 :
25,000 contour equidistance of 20 m) were evaluated on a location of a known, large historic
landslide event from 1941. The landslide initiation zone was very clearly identified, and the method
was demonstrated to be feasible over smaller areas.
For the landslide susceptibility study two models were selected. Shallow landslide susceptibility
was assessed using a physically based deterministic SINMAP model, implemented in ArcGIS. The
SINMAP model estimates physical processes influencing slope instability (cohesive, shear forces
and groundwater flow) using the steady state hydrological model coupled with the infinite slope
stability model. SINMAP requires for input a digital elevation model, and allows calibration regions
with differing parameters of hydrologic conductivity, cohesion, soil friction and soil density and
landslide points for interactive model calibration. These parameters were obtained from various
geotechnical reports, studies and surveys. The model correctly identified loess scarps and steep
slopes on valley sides in the upper stream sections as the least stable terrains. Without a shallow
landslide inventory, a quantitative verification was not possible.
The landslide susceptibility map for deep seated mass movements was prepared using the statistical
likelihood ratio model. The model proved robust and effective, as the necessary calculations can be
performed entirely in GIS application, without the need for additional statistical software. The
model achieved an acceptable level of performance with an overal agreement with the record of
existing deep landslides of 76.3 %., but a low Cohen κ index of 0.149 indicated landslide inventory
incompleteness. In the process of landslide susceptibility mapping, areas were identified
successfully where more detailed terrain investigations are needed, namely in the zones without
informations about landslides in the inventory, but clearly marked as highly susceptible by the
model are worth.
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Smaller areas that were marked as landslides in the inventory, but classified as entirely stable on
modelled maps are very likely erroneously delineated features. The proposed landslide typology has
been generally upheld by the results from the likelihood susceptibility model, with susceptibility
indexes of environmental parameters within the expected ranges for most types of landslides. The
susceptibility likelihood ratio was calculated for every type of unstable slopes from the inventory
(with the exception of two anthropogenic landslides), and the results merged in a map representing
the total susceptibility for deep seated landslides. The map represents very well the zonality of
environmental factors on the mountain, with the stable central parts and the much higher
susceptibility on the northern slopes, which clearly shows the influence of the Danube on the
surface processes on the entire northern mountainside. Based on the obtained results it can be
concluded that from the very limited available resources and medium quality data an acceptable
representation of the geohazard susceptibility of the Fruška Gora was achieved. The employed
methods can be implemented in the future also with higher quality data which will hopefully
become more available in the coming years.
The most important results can be summarized in the following points:
1. A geodatabase of natural hazards and factors influencing geohazard susceptibility for the Fruška
Gora mountain was built, including a detailed landslide inventory based on compilation and reinterpretation from various sources.
2. a classification of mass movements based on their geomorphological and topographic position
was proposed
3. Digital elevation model (DEM) of the Fruška Gora was created, with a grid size of 15 m
4. Digital elevation model (DSM) of the Fruška Gora was extracted from high resolution
stereographic archive satellite images from the CORONA program.
5. Historical topographic maps were evaluated for usefulness as sources for historic landslide
event reconstruction
6. Physically based landslide model for shallow landslide susceptibility study was successfully
implemented, and areas of varying susceptibility for shallow landslides identified.
7. GIS based deep seated landslide susceptibility model was produced for the Fruška Gora.
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9 Összefoglalás
A hegyvidékek, dombságok felszínét formáló geomorfológiai folyamatok (erózió, lejtős
tömegmozgások, villámárak) és a velük összefüggő veszélyezettség, vagyis a geohazard
térképezésének és kutatásának jelentősége az utóbbi évtizedekben nagy mértékben megnőtt.
A mind inkább fokozódó demográfiai folyamatok hatására, az elmúlt században új területek
beépítésekor tervszerűtlen vagy költséges struktúrák épültek az addig elkerülendő és gyakran
veszélyeztetett hegyi térségekben, ez által növelve a bennük rejlő sebezhetőséget és kockázatot, a
fellépő károkat és áldozatok számát, és egyidejűleg fokozva a közrejátszó tényezők részletesebb
ismeretének igényét is. Ugyanakkor a földtudományok új geoinformatikai, mérési és távérzékelési
módszerek segítségével egyre sikeresebben szembesülnek e felszíni folyamatok kutatási
problémáival és a károk megelőzésére, csökkentésére és elhárítására irányuló társadalmi
követelmények teljesítésével. Elsősorban a veszélyek előrejelzését szolgáló matematikai alapú
kvantitatív modellek, amelyek a Föld felszín digitális megjelenítésén, vagyis a digitális
domborzatmodell alkalmazásán (DDM) alapulnak, forradalmasították a korszerű geomorfológiai
kivizsgálásokat, és a földtudományok egyik legdinamikusabb és legizgalmasabb ágává alakították
át. A hagyományos módszerekkel folytatott kivizsgálásokhoz viszonyítva, nagyobb területeket
átfogó és viszonylag kisebb költségekkel járó kutatásokat tettek lehetővé, melyek kvantitatív
eredményei célszerűbben felhasználhatók döntéshozás támogatást szolgáló rendszerek alapjául.
Szerbiában a szisztematikus geohazard kutatás, két évtizedes hanyatlás és stagnálás után, az új
geoinformatikai módszerek alkalmazása révén fellendülésnek indult, de még mindig nagy
kiterjedésű feltérképezendő területek várnak részletesebb kutatásokra.
Ilyen térség a Fruška Gora hegység is, amely kitűnő példával szolgál a geohazardból adódó számos
problémára, ahol az utak, vasutak, hidak, építmények mellett Szerbia első Nemzeti parkja és a
hegységen található felbecsülhetetlen kulturális hagyaték értékei is veszélyeztetve vannak.
A lejtős tömegmozgások, erózió és villámárak jelentős károkat okoznak a hegységen, de a velük
foglalkozó kezdeti geoinformatikai alapú tudományos kutatások még messze vannak a optimális
kihasználtságtól. A Fruška Gora nagy térbeli, topográfiai, geológiai, geomorfológiai heterogenitása
lévén, amely viszonylag kis területen összpontosul valóságos természeti
laboratóriumnak”

„nyílt ég alatti

is tekinthető, ahol rendkívül kedvező viszonyok mellett alkalmazhatók a

legújabb geoinformatikai módszerek. A Fruška Gora térinformatikai alapú geohazard kutatásában a
legnagyobb akadály a szükséges forrásadatok teljessége és minősége. Elsősorban a folyamatos
klimatológiai és hidrológiai megfigyelések hiányosságai miatt nem lehetséges átfogóbb kockázat
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elemzéseket végezni. Emiatt a kutatásom első és legnehezebb feladata egy megfelelő részletességű
geoadatbázis megalapozása volt, a szerbiai nemzeti téradat-infrastruktúra teljesen rendezetlen
viszonyai között. A lejtős tömegmozgás adatbázisának összeállítására különböző forrásokból
származó, útjavítási geotechnikai jelentéseket, hídépítési tervezeteket, építkezési geostatikai
kísérletek eredményeit, kis méretarányú geomorfológia térképeket használtam. A lejtős
tömegmozgások pontos helyzetét és határát ArcGIS 3D környezetben digitális domborzatmodellen
megjelenített nagy felbontású légi felvételeken újraértelmeztem, figyelembe véve úgyszintén a
domborzatmodellről nyert lejtés és felszín görbület térképeket, ez által megfelelően egybeillesztve
az eltérő méretarányú és részletességű adatokat. A csuszamlás kataszter kidolgozásakor a mélyen
fekvő instabil területeket a topográfiai és geomorfológiai elhelyezkedésük alapján hat csoportba
osztályoztam. A Fruška Gora digitális domborzatmodelljét 1 : 25,000 topográfiai térképről
digitalizált szintvonalak, magassági pontok alapján, az ArcGIS 10.1 TopoToRaster (ANUDEM 5.3
alap) funkció segítségével állítottam elő. A DDM előállítására alkalmas alternatív adatforrás után
kutatva 1969-es sztereo, nagy felbontású CORONA űrfelvételek alkalmazását vizsgáltam a
geohazard elemzés szempontjából. A 2 m felbontású sztereopárból 5 m felbontású digitális
felszínmodellt (DSM) generáltam, átlagos 10-25 m vertikális és 10 m horizontális pontossággal. A
DSM származékai (lejtés és felszín görbület) kielégítő részletességűeknek tekinthetők nagyobb
területek geomorfometriai elemzéséhez. A vizsgálat alapján a CORONA űrfelvételek hozzáférhető,
a geomorfometriai kutatásokban jól alkalmazható és hasznos adatforrásnak bizonyultak.
A múltbeli lejtős tömegmozgások lehetséges adatforrásaként elemeztem Magyarország harmadik
katonai felméréséből, 1881-ből származó 1 : 25,000 méretarányú térképét, egy 1941-ben
lejátszódott nagy méretű Duna menti földcsuszamlás területén a Fruška Gora északkeleti részén. A
történelmi topográfiai térképről előállított 10 m felbontású DDM alapján a csuszamlást kiváltó
terület kiválóan azonosítható volt és a történelmi térkép kisebb területek elemzésében
használhatónak bizonyult. A nagyobb területeken való alkalmazáshoz elsősorban a történelmi
térképek

pontosabb

átfedését

szükséges

megoldani

a

manapság

használatban

lévő

vetületrendszerekben. A lejtős tömegmozgás kockázat vizsgálatakor két modellt alkalmaztam. A
sekély földcsuszamlások feltérképezésére determinisztikus fizikai alapú SINMAP modellt
használtam ArcGIS 9.1 programcsomagban. A SINMAP modell a lejtő instabilitást befolyásoló
fizikai folyamatok (kohéziós, nyíró erők és a talajvíz áramlás) alapján számítja a lejtő állékonyságát
kimutató biztonsági tényezőt. Alapvető bemenetként a modell DDM-et használ és eltérő
geomechanikai paraméterekkel meghatározott kalibrációs területek használatát is lehetővé teszi. Ez
mellett a megfigyelt sekély csuszamlások pontszerű helyzetének adatbázisa is használható a
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geomechanikai paraméterek interaktív kalibrációjához. A kalibrációs paramétereket a fent említett
geotechnikai dokumentáció nyomán határoztam meg. A modell megfelelően azonosította a
löszfalakat és a meredek völgyoldal lejtőit, mint a csuszamlásra leghajlamosabb területeket. Mivel
a sekély csuszamlások katasztere nem állt rendelkezésemre, így a modell kvantitatív ellenőrizése
nem volt lehetséges. A mélyen fekvő lejtős tömegmozgásokkal összehasonlítva a modell nem
állapított meg jelentősebb fokú összefüggést.
A mélyen fekvő lejtős tömegmozgások veszély térképét a valószínűségi hányados modell alapján
állítottam elő. A szükséges számítások a GIS programcsomag keretében is elvégezhetők, külön
statisztikai szoftver használata nélkül. A modell elfogadható pontossággal azonosította a lejtős
tömegmozgások által érintett területeket, 76,3 % összesített összefüggést mutatva a tömegmozgások
adatbázisával. А modell alacsony Cohen κ index értéke (0,149) inkább az adatbázis
hiányosságának, mint a számítás pontatlanságának tanúsítható. A veszély feltérképezése során
olyan területeket azonosítottam, amelyeken részletesebb terepvizsgálatok szükségesek, elsősorban
ott, ahol a tömegmozgás-adatbázisban instabil lejtők vannak megjelölve, viszont a modell a
legalacsonyabb hajlamosságot mutatott. Ilyen eseteknél nagy valószínűséggel az adatbázisban
tévesen meghatározott tömegmozgásról van szó. Olyan térségeknél ahol a modell legnagyobb fokú
hajlamosságot jelzett, de a tömegemozgások adatbázisában nincs megfelelő terület, úgyszintén
terepvizsgálatok indokoltak. A javasolt tömegmozgás osztályozást a hajlamosság modell
eredményei többnyire igazolták, mivel a hajlamossági index értékei az elvárható határértékeken
belül változtak minden egyes tömegmozgás csoportra vonatkozóan.
A hajlamossági valószínűségi hányadost minden tömegmozgás csoportban (kivéve az antropogén
lejtőmozgásokat) kiszámítottam és az eredményeket összevontam a teljes mélyen fekvő
tömegmozgás hajlamosságot ábrázoló térképen. A térképen tisztán kirajzolódik a hegységre
jellemző természet földrajzi elemek zonális elhelyezkedése, a stabilabb központi, legmagasabb
részekkel és az északi hegyoldal sokkal kifejezettebb tömegmozgás iránti hajlamosságával, amely a
Duna döntő befolyását mutatja.
A kapott eredmények alapján megállapítható, hogy a viszonylag kevés rendelkezésre álló és
közepes minőségű adatból a Fruška Gora mély tömegmozgások veszélye elfogadhatóan lett
megjelenítve. A használt módszerek a jövőben nagyobb minőségű adatokkal is alkalmazhatók
lesznek.
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A legfontosabb eredmények a következő pontokban összegezhetők:
1. A Fruška Gorára vonatkozó geohazard hajlamosságot befolyásoló természeti tényezők térbeli
adatbázisát állítottam össze részletes tömegmozgások adatbázisával együtt, különböző
forrásokból származó adatok újraértékelése alapján.
2. A Fruška Gora lejtős tömegmozgásait osztályoztam a geomorfológai és topográfiai
elhelyezkedésük alapján.
3. A Fruška Gora digitális domborzat modeljét (DDM) állítottam elő 15 m felbontással.
4. Nagy nagy felbontású CORONA sztereo űrfelvételek alapján a Fruska Gora digitális
felszínmodelljét állítottam elő.
5. Törétnelmi topográfiai térképek alkalmazhatóságát kivizsgáltam a múltbeli lejtős mozgások
elemzésére.
6. Fizikai alapú modelt sikeresen alkalmaztam a sekély csuszamlás hajlamosság feltérképezésében
a Fruška Gora térségére.
7. GIS alapú mély lejtős tömegmozgás hajlamossági modelljét állítottam elő a Fruška Gora
térségére.
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10 ANNEXES
10. 1 ANNEX 1. DETERMINATION OF THE RESEARCH AREA
The Danube and the contour line of 80 m was used as the northern and eastern boundary. The
western perimeter was determined along the line connecting the settlements of Šid-Šarengrad,
where the Fruška Gora ends in a series of loess cliffs (Bukurov, 1953; Milić, 1973). For the most
ambiguous southern boundary of the mountain the general direction of the 140 m contour line was
used, including thus a part of the Srem loess plateau. The contour line was simplified in two steps first by the SIMPLIFY command and point removal algorithm with an offset of 500 m, then with
the SIMPLIFY bend method and an offset of 5000 m. Finally, the simplified line was smoothed
with the SMOOTH tool (tolerance 0.5 m) and by intersecting with the 140 m contour line the areas
cut outside the enclosed area were joined.

Figure 10. 1-1 the 140 m contour line used for the southern boundary of the research area (in blue) after simplification
(in red).

Table 10. 1-1 Spatial reference description: Gauss-Krueger projection, zone 7 (MGI Balkans 7 in ArcGIS)
False_Easting: 7500000.000000
False_Northing: 0.000000
Central_Meridian: 21.000000
Scale_Factor: 0.999900
Latitude_Of_Origin: 0.000000
Linear Unit: Meter (1.000000)
Angular Unit: Degree (0.017453292519943299)

Geographic Coordinate System: GCS_MGI
Prime Meridian: Greenwich (0.000000000000000000)
Datum: D_MGI
Spheroid: Bessel_1841
Semimajor Axis: 6377397.155000000300000000
Semiminor Axis: 6356078.962818188600000000
Inverse Flattening: 299.152812799999990000
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10. 2 ANNEX 2. SINMAP STABILITY INDEX GRAPHS

SINMAP slope to contributing area plot for Calibration region 1

SINMAP slope to contributing area plot for Calibration region 2
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SINMAP slope to contributing area plot for Calibration region 3

SINMAP slope to contributing area plot for Calibration region 4

124

10. 3 ANNEX

4.

THE

LIKELIHOOD

RATIO

LANDSLIDE

SUSCEPTIBILITY MODEL CALCULATION TABLES

SUSCEPTIBILITY INDEXES FOR LANDSLIDE TYPES FROM THE
INVENTORY
FEATURE
LAYER

N
o

CLASS

Type 1

Type 2

Type 3

Type 4

Type 5

Type 6

ELEVATION

1

79 - 100

5.476

0.087

0.000

0.000

0.003

0.000

ELEVATION

2

101 - 150

0.653

0.194

0.002

0.000

0.012

0.012

ELEVATION

3

151 - 200

0.110

0.450

0.023

0.025

0.063

0.017

ELEVATION

4

201 - 250

0.010

0.927

0.191

0.165

0.124

0.009

ELEVATION

5

251 - 300

0.000

0.552

0.442

0.522

0.048

0.000

ELEVATION

6

301 - 350

0.000

0.144

0.224

0.504

0.001

0.000

ELEVATION

7

351 - 400

0.000

0.015

0.086

0.023

0.000

0.000

ELEVATION

8

401 - 450

0.000

0.000

0.045

0.000

0.000

0.000

ELEVATION

9

451 - 500

0.000

0.000

0.000

0.000

0.000

0.000

ELEVATION

10

501 - 550

0.000

0.000

0.000

0.000

0.000

0.000

SLOPE

1

0-5

0.061

0.019

0.003

0.006

0.002

0.000

SLOPE

2

5-10

0.377

0.355

0.074

0.098

0.024

0.005

SLOPE

3

10-15

0.533

0.844

0.253

0.232

0.059

0.016

SLOPE

4

15 - 20

0.532

0.868

0.258

0.243

0.110

0.022

SLOPE

5

20 - 25

0.533

0.795

0.151

0.217

0.129

0.021

SLOPE

6

25 - 30

0.486

0.730

0.096

0.161

0.125

0.020

SLOPE

7

30 - 35

0.442

0.668

0.074

0.139

0.129

0.019

SLOPE

8

35 - 40

0.406

0.488

0.048

0.093

0.096

0.019

SLOPE

9

40 - 45

0.434

0.349

0.024

0.062

0.034

0.027

SLOPE

10

45 - 50

0.414

0.260

0.016

0.031

0.000

0.030

SLOPE

11

50 - 55

0.388

0.235

0.007

0.023

0.000

0.039

SLOPE

12

55 - 60

0.277

0.196

0.000

0.000

0.000

0.018

SLOPE

13

60 -87

0.072

0.119

0.000

0.000

0.000

0.000

CURVATURE

1

-8.69 - -2

0.119

0.024

0.021

0.117

0.001

0.000

CURVATURE

2

-1.99 - -1

0.482

0.185

0.047

0.126

0.035

0.016

CURVATURE

3

-0.99 - -0.5

0.642

0.580

0.105

0.152

0.129

0.020

CURVATURE

4

-0.49 - -0.25

0.645

0.823

0.152

0.198

0.121

0.019

CURVATURE

5

-0.24 - 0

0.328

0.469

0.109

0.106

0.047

0.008

CURVATURE

6

0.01 - 0.25

0.185

0.284

0.076

0.075

0.025

0.005

CURVATURE

7

0.26 - 0.5

0.306

0.426

0.101

0.136

0.053

0.012

CURVATURE

8

0.51 - 1

0.355

0.390

0.071

0.121

0.055

0.025

CURVATURE

9

1.01 - 2

0.521

0.316

0.034

0.131

0.039

0.055

CURVATURE

10

2.01 - 7.04

0.462

0.286

0.022

0.044

0.022

0.066

PLAN_CURV

1

-5.9 - -1

0.065

0.095

0.038

0.153

0.011

0.000

PLAN_CURV

2

-0.99 - -0.5

0.250

0.326

0.058

0.140

0.094

0.017
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FEATURE
LAYER

N
o

CLASS
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PLAN_CURV

3

-0.49 - -0.3

0.469

0.647

0.142

0.238

0.154

0.020

PLAN_CURV

4

-0.29 - -0.2

0.585

0.819

0.205

0.271

0.157

0.021

PLAN_CURV

5

-0.19 - -0.1

0.570

0.793

0.197

0.204

0.113

0.021

PLAN_CURV

6

-0.09 - 0

0.288

0.362

0.077

0.077

0.036

0.007

PLAN_CURV

7

0.01 - 0.1

0.211

0.266

0.058

0.057

0.021

0.005

PLAN_CURV

8

0.11 - 0.3

0.428

0.573

0.142

0.157

0.059

0.013

PLAN_CURV

9

0.31 - 0.5

0.389

0.527

0.106

0.182

0.067

0.024

PLAN_CURV

10

0.51 - 1

0.322

0.352

0.044

0.163

0.045

0.036

PLAN_CURV

11

1 - 3.58

0.197

0.209

0.018

0.085

0.006

0.029

PROF_CURV

2

-3.82 - -0.75

0.803

0.282

0.037

0.083

0.033

0.069

PROF_CURV

3

-0.74 - -0.5

0.443

0.350

0.044

0.096

0.055

0.028

PROF_CURV

4

-0.49 - -0.2

0.316

0.359

0.076

0.119

0.052

0.014

PROF_CURV

5

-0.19 - -0.1

0.295

0.440

0.110

0.140

0.055

0.011

PROF_CURV

6

-0.09 - 0

0.157

0.272

0.080

0.075

0.029

0.005

PROF_CURV

7

0.01 - 0.1

0.221

0.378

0.096

0.090

0.034

0.008

PROF_CURV

8

0.11 - 0.2

0.591

0.833

0.171

0.197

0.095

0.016

PROF_CURV

9

0.21 - 0.5

0.702

0.775

0.114

0.162

0.113

0.017

PROF_CURV

10

0.51 - 0.75

0.761

0.386

0.066

0.112

0.066

0.012

PROF_CURV

11

0.76 - 1

0.722

0.161

0.047

0.066

0.029

0.026

PROF_CURV

12

1.01 - 5.7

0.525

0.048

0.020

0.088

0.006

0.015

ASPECT

1

Flat (-1)

0.000

0.000

0.000

0.000

0.000

0.000

ASPECT

2

N (0-22.5)(337.5-360)

1.451

0.316

0.029

0.195

0.134

0.039

ASPECT

3

NE (22.5-67.5)

0.761

0.434

0.053

0.149

0.108

0.030

ASPECT

4

E (67.5-112.5)

0.086

0.669

0.179

0.132

0.052

0.002

ASPECT

5

SE (112.5-157.5)

0.011

0.470

0.167

0.064

0.024

0.000

ASPECT

6

S (157.5-202.5)

0.007

0.159

0.056

0.010

0.008

0.000

ASPECT

7

SW (202.5-247.5)

0.011

0.255

0.100

0.034

0.005

0.006

ASPECT

8

W (247.5-292.5)

0.071

0.521

0.087

0.138

0.018

0.003

ASPECT

9

NW (292.5-337.5)

0.606

0.574

0.059

0.219

0.091

0.011

SATURATION

1

Low Moisture

0.389

0.398

0.058

0.135

0.063

0.049

SATURATION

2

Partially Wet

0.361

0.566

0.132

0.154

0.073

0.013

SATURATION

3

Threshold Saturation

0.326

0.459

0.087

0.083

0.038

0.006

SATURATION

4

Saturation Zone

0.197

0.262

0.063

0.062

0.024

0.003

GEOLOGY

1

alluvial

0.136

0.206

0.008

0.000

0.000

0.000

GEOLOGY

2

0.072

0.250

0.039

0.065

0.062

0.011

GEOLOGY

3

loess
pleistocene fluviallacustrine sediments

1.150

0.663

0.059

0.000

0.000

0.000

GEOLOGY

4

0.101

0.296

0.000

0.000

0.421

0.000

GEOLOGY

5

redeposited loess
deluvial-proluvial
sediments

1.196

1.360

0.762

0.495

0.028

0.000

GEOLOGY

6

serpentinite

0.000

0.120

0.137

0.013

0.000

0.000

GEOLOGY

7

0.000

0.017

0.040

0.014

0.000

0.000

GEOLOGY

8

schist
Triassic
claystone,sandstone,lim
estone,dolomite

0.000

0.649

0.000

0.000

0.000

0.000
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LAYER

N
o

GEOLOGY

9

GEOLOGY

10

GEOLOGY

11

GEOLOGY

12

GEOLOGY

13

GEOLOGY

14

GEOLOGY

15

GEOLOGY

16

GEOLOGY

17

GEOLOGY

18

GEOLOGY

CLASS
pleistocene
gravel,sand,silt
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0.611

0.051

0.000

0.000

0.000

0.074

5.549

1.122

0.000

0.000

0.001

0.000

2.993

1.929

0.630

1.273

0.000

0.097

0.006

0.033

0.020

0.145

0.000

0.000

0.000

1.106

0.343

0.655

0.000

0.000

9.060

0.000

0.000

0.000

0.000

0.000

0.649

0.268

0.000

0.000

0.000

0.000

0.025

1.041

0.000

0.000

0.000

0.123

0.000

0.819

0.000

0.000

0.000

0.000

0.000

1.239

0.118

0.000

0.000

0.000

19

silt
holocene proluvial
fan,gravel,sand
miocene
marl,sandstone,clay
sarmatian
sand,clay,marl,conglom
erate
tortonian
conglomerate,sandstone,
limestone,tuff
tortonian
sandstones,marl,
limestone, claystone

0.000

1.368

0.040

0.000

0.000

0.000

GEOLOGY

20

metamorphic formations

0.000

0.000

0.051

0.009

0.000

0.000

GEOLOGY

21

igneous formations

0.000

0.310

0.000

0.000

0.000

0.000

GEOLOGY

22

2.542

0.000

0.000

0.000

0.000

0.000

GEOLOGY

23

limestone
miocene
conglomerate,sandstone,
sand,limestone

6.017

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

1

10

0.000

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

2

15

0.026

0.045

0.000

0.000

0.000

0.000

PEDOLOGY

3

16

0.000

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

4

17

1.714

0.329

0.038

0.015

0.457

0.006

PEDOLOGY

5

18

0.359

0.320

0.011

0.094

0.108

0.046

PEDOLOGY

6

19

0.000

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

7

21

0.000

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

8

22

0.123

0.566

0.014

0.086

0.000

0.000

PEDOLOGY

9

23

0.684

0.192

0.000

0.000

0.039

0.000

PEDOLOGY

10

37

0.049

0.449

0.292

0.195

0.000

0.000

PEDOLOGY

11

38

0.000

1.394

0.000

1.867

0.000

0.000

PEDOLOGY

12

39

0.000

0.255

0.092

0.291

0.000

0.000

PEDOLOGY

13

40

0.000

0.000

0.000

0.376

0.000

0.000

PEDOLOGY

14

46

0.000

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

15

47

4.886

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

16

49

8.798

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

17

54

2.535

1.474

0.000

0.000

0.000

0.000

PEDOLOGY

18

55

3.208

0.240

0.000

0.000

0.000

0.000

PEDOLOGY

19

56

0.000

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

20

57

0.020

0.420

0.008

0.000

0.000

0.001

pliocene clay,sand,coal
upper pontian
sandstone,sand,marl
cretaceous flysch, marl,
breccia, sandstone
miocene
conglomerate,sandstone,
clay,coal
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PEDOLOGY

21

7

0.394

1.031

0.241

0.084

0.003

0.030

PEDOLOGY

22

8

0.000

0.000

0.000

0.000

0.000

0.000

PEDOLOGY

23

9

0.000

0.000

0.000

0.000

0.000

0.000

LAND USE

1

0.248

0.253

0.168

0.184

0.000

0.000

LAND USE

2

0.371

0.968

0.186

0.155

0.051

0.025

LAND USE

3

0.927

0.556

0.072

0.000

0.025

0.021

LAND USE

4

Broad-leaved forest
Complex cultivation
patterns
Discontinuous urban
fabric
Fruit trees and berry
plantations

0.014

0.000

0.000

0.000

0.000

0.000

LAND USE

5

4.226

0.000

0.000

0.000

0.000

0.000

LAND USE

6

Green urban areas
Industrial or commercial
units

0.000

0.000

0.000

0.000

0.000

0.000

LAND USE

7

14.289

0.000

0.000

0.000

0.000

0.000

LAND USE

8

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

1.007

1.077

0.135

0.247

0.248

0.018

LAND USE

9

Mineral extraction sites

1.377

0.000

0.000

0.000

0.000

1.843

LAND USE

10

0.000

0.684

0.113

0.218

0.000

0.000

LAND USE

11

Mixed forest
Non-irrigated arable
land

0.010

0.123

0.003

0.000

0.016

0.000

LAND USE

12

Pastures

0.000

0.000

0.000

0.000

0.000

0.000

LAND USE

13

1.455

0.000

0.000

0.000

0.000

0.000

LAND USE

14

Road and rail networks
and associated land
Transitional woodlandshrub

0.368

0.082

0.000

0.000

0.000

0.000

LAND USE

15

Vineyards

0.000

0.052

0.000

0.000

0.000

0.000

LAND USE

16

Water bodies

0.000

0.000

0.000

0.000

0.000

0.000
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