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BACKGROUND

1. BACKGROUND

Natural hazards have caused vast damages over the last decades. Among the ten
costliest events are for example the earthquake and the subsequent tsunami in Japan
2011, Hurricane Katrina in the USA 2005, the Kobe earthquake 2005 or the floods in
2004 in Thailand (MuUNICHRE 2014). Referring to landslides, precipitation is the most
common trigger (PETLEY 2010), however also earthquakes may induce or predispose
respective events. Subsequently the disasters mentioned above are also related to land
sliding and therefore are listed among the largest catastrophes in combination with
hurricanes, floods or earthquakes each year causing not only damages but also a
significant number of fatalities (e.g. MUNICHRE 2009, 2010, 2011).

In mountainous and hilly regions of the world, landslides are a major threat and cause
direct impacts e.g. collision or deformation but also indirect impacts (GLADE and
CROZIER 2005) e.g. road or river blockages. These damages affect various elements, for
example infrastructure, constructed facilities, the natural environment but also human
lives (LACASSE and NADIM 2009). The annual costs related to landslides for Italy,
Austria, Switzerland and France are estimated around 1 — 5 billion USD (KJEKSTAD and
HIGHLAND 2009).

The challenge of reducing landslide damages is dependent on various aspects not only
related to predisposing and preparatory factors but also, to triggering factors and the
subsequent combination to indicate the potential locations of future landslides. The
controlling factors of landslides are manifold and range from the geological setting and
climate to the resulting soil conditions and topography to land use and hydrology (e.g.
PEREIRA ET AL. 2012, JEMEC AND KOMAC 2011, GLADE AND CROZIER 2005). Additionally
to these factors it is important to assess the location of the potential elements at risk,
which are also manifold and variable over time. Examples for such elements would be
population, residential buildings, linear infrastructure, critical infrastructure and
services, but also natural resources and reserves (e.g. COROMINAS 2013, FELL ET.
AL.2008). These elements at risk are exposed due to their location (UN-ISDR 2009)
and have individual characteristics determining the respective vulnerability to a hazard
with given magnitude and frequency. The combination of these potential consequences
of an event, expressed by an exposed element at risk, its vulnerability, and the
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associated probability of occurrence of a landslide event defines landslide risk
(IEC/1S0O 20009).

Therefore, landslide risk analysis is an integral part of risk management that implies
reducing the likelihood of occurrence of an event and the adverse consequences or both
(FELL ET AL. 2005; CROZIER AND GLADE 2005). Risk analysis in general contributes to
risk management by revealing potentially hazardous events and the respective
consequences (VON ELVERFELDT et al. 2008). This is especially important to decision
makers in order to consider areas that are potentially affected by hazards such as
landslides into development plans or appropriate risk mitigation measures

(COROMINAS et al. 2013).

The interaction of the listed sets of elements at risk and triggering or predisposing
factors is affected by changes induced by components of global change; therefore
various so called “dynamic factors” related to landslide risk analysis can be identified.
Examples that increase the activity of landslides herein are changing precipitation
patterns or continued land cover change, e.g. deforestation and an increased trend in
urbanization (ALCANTARA-AYALA ET AL. 2006, SCHUSTER AND HIGHLAND 2001,
SCHUSTER 1996). At the same time people tend to move into more mountainous areas
for settlement, tourism and recreation, leading to an increase of tangible elements in
areas exposed to hazardous phenomena (FUCHS AND KEILER 2013, ADAPTALP 2011)
including landslides. Therefore diverse effects of global change alter the spatiotemporal
pattern of landslide risk and from the viewpoint of adaptation to climate change it is
necessary to analyse potential future risk scenarios and therewith support the planning

of alternative development actions.

THESIS OUTLINE

This thesis focusses on landslide exposure as a central part of landslide risk assessment
aiding spatial development planning. However a comprehensive risk analysis including
vulnerability and frequency magnitude analysis is not embraced. As a cumulative thesis
it is containing two parts namely a monographic part and the related publications.
Therefore the first part is uniting the content of the publications as a framework. The
structure of this part is aligned with the developed hypothesis and objectives on
implementing methodological approaches and the performed studies. The main parts

are accordingly:
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= The elaboration of the background of landslide risk assessment in a
changing environment and the subsequent research gap.

= The presentation of the methodological approach incorporating the
regional landslide exposure analysis and the spatiotemporal
development therein.

= The presentation and illustration of the results.

= The discussion of the results and concluding remarks leading to

perspectives for future research.

The second part of the thesis incorporates the individual publications in international
journals, book chapters and conference proceedings. In these publications the related
content of the monographic part is described in full detail. The status of publication
and the contribution of the author of this thesis and the co-authors is indicated clearly
ahead of the relevant publication. This implies that not all details are presented in the
monographic part but referenced accordingly to the publications in the annex.
Furthermore, verbatim repeated sentences or paragraphs from the publications are
clearly indicated and cited. Terms that are frequently used throughout this thesis are

defined in annex C.
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2. NATURAL HAZARD RISK
ASSESSMENT IN A CHANGING
ENVIRONMENT

2.1 CONCEPT OF NATURAL HAZARD RISK

ASSESSMENT

In this chapter the concept of risk will be elaborated, whereas risk is defined as a
combination of the consequences of an event (hazard) and the associated
likelihood/probability of its occurrence (IEC/ISO 2009). This definition relates to a
methodological approach for determining the nature and extent of risk by analysing the
potential hazards and evaluating existing conditions of vulnerability that could
potentially harm exposed people, property, services, livelihoods and the environment
on which they depend (UN-ISDR 2009). Related to natural hazards it can be described
as a measure of the probability and severity of loss to the elements at risk, usually
expressed for a unit area, object, or activity, over a specified period of time (GLADE et al.
2005). The introduction of this concept to management of natural hazards in the 1980s
and 1990s aimed at quantifying the degree of hazard (BRUNDL et al. 2009). The origin
of the concept can be found in technical hazards, especially core melt downs in the
nuclear industry (HOLLENSTEIN 2005, HOLLENSTEIN ET AL. 2004). Related to natural
hazards, this concept, from the beginning, was closely linked to the idea of insuring
possible damages thus make future events appraisable (FELGENTREFF and GLADE
2008).

According to the 1SO31010 risk assessment covers the following three phases (EC
2010):

= risk identification,
= risk analysis and

= risk evaluation.
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The result of the first step, risk identification is the process of finding, recognizing and
describing the risks which are examined in the next step, risk analysis (EC 2010). In the
risk analysis phase the probability of its occurrence and the severity of the potential
impacts of all identified risks in the first phase are investigated (HOLLENSTEIN ET AL.
2004; EC 2010). The last phase covers the risk evaluation which is a comparative
process where the acceptable/tolerable risk is defined according to certain terms of
reference against which the significance of a risk is evaluated (EC 2010). The question
to be answered is: How save is save enough? (HOLLENSTEIN et al. 2004).

As mentioned above, the consequences of a disaster can be expressed in terms of
human impacts, economic and environmental impacts and political/social impacts (EC
2010.) Therefore risk assessment necessitates a detailed investigation of the natural
process and the possible consequences. When the potential risks are identified, risk
analysis is conducted and can be based on qualitative, semi-quantitative, or
gquantitative methods (VON ELVERFELDT et al. 2008). The qualitative assessment is a
non-mathematical description (VON ELVERFELDT et al. 2008) whereas quantitative risk
assessment requires the calculation of certain components: magnitude of potential loss
and the probability that the loss will occur (ANDREYCHOUK and Tyc 2013). The rating of
these impacts requires different scales of analysis wherein economic and
environmental, as well as human-related effects are measured quantitatively
(fatalities/euro), while political/social impacts are measured on a semi-quantitative or
qualitative scale (EC 2010). These ratings enable to assess, compare and possibly also
insure potential damages, set priorities referring to mitigation measures or balance

financial and political support.

Focussing on a quantitative assessment, the basic approach is illustrated by the
following equation:

R =f(H, C)

where R = risk, H = hazard (probability or likelihood) and C = Consequences as
combination of damage potential, vulnerability. The following Table 2.1, indicates
variations of this formula, all incorporating the combination of hazard and potential

impacts.
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Table 2.1 List of disaster risk assessment approaches that are similar to the
conventional approach (modified after NIRUPAMA 2013)

Proposed risk Variable other than probability

. Expert(s)
. . and impact
evaluation equation
R = (E) x (Rs) = (E)x
(E)x (Re)=(E) Rs = specific risk VARNES 1984
((HxV)
R L 1) | " WHYTE AND BURTON
=pxLx X(>1)= people’s perception
p people’s p p 1982
. FERRIER AND HAQUE
R=pxVn n= social consequences
2003
R=pxL SMITH 2009
f(x)= risk aversion factor as a function of
R=pxLXxXpX) SCHNEIDER ET AL. 2006
consequences
R=HxXxVxM M= manageability or ability of humans NosoN 2009
R =H x (V xcp) cp= community perception NIRUPAMA 2013
R=(E)x(HxV) VARNES 1984
R=HXCXE C= consequences; BELL AND GLADE 2004
A= amount or cost of particular element
R=Y (HX(VA)) . VAN WESTEN ET AL. 2006
at risk
ZEZERE ET AL. 2008,
R=HXVXE

SMITH 2013

R=risk, L =loss, p= probability, V= vulnerability, H = hazard, E= elements at risk

All these expressions are also illustrated in the following Figure 2.1 where it is clearly
indicated that only through the combination of hazard and consequences, both

influencing environment and society, risk emerges.
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Figure 2.1. Natural hazard risk assessment (modified after ALEXANDER 2002)

In this thesis the concept of risk is therein extended by splitting the consequences in
exposure, which is defined by the location of elements at risk within a hazardous area,
and vulnerability of elements at risk, which is defined as the characteristics and
circumstances of a community, system or asset that make it susceptible to the
damaging effects of a hazard (UN-ISDR 2009).

2.2RISK ASSESSMENT AS CRUCIAL PART OF RISK
MANAGEMENT

Risk management is defined as steering of all measures for the protection of natural
hazards with the aim of reaching an intended level of security and to adapt this security
planning to changing circumstances (RUDOLF-MIKLAU 2009). Risk management
therein describes a systematic application of management principles and strategies to
reduce 1) likelihood of the occurrence of an event or 2) the adverse consequences, or 3)
both, the consequences and the likelihood of occurrence (e.g. FELL ET AL. 2005,
CROZIER AND GLADE 2005; UNISDR 2009). This means that risk management is a set
of adequate actions being applied to reduce and prevent damages and fatalities related
to natural hazards potentially occurring in future. Conceptually this has been described
in the risk management circle (HOLLENSTEIN ET AL. 2004, SUKARNA ET AL. 2012)
wherein risk assessment, as part of risk management is applied in all phases (Figure
2.2): response, recovery, prevention, mitigation and preparedness. The recovery phase
describes the restoration and improvement of facilities, livelihoods and living
conditions of the affected communities where appropriate (UN-SPIDER 2014). Ideally
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the risk management thought is already implemented in this first phase after the initial
event. Related to the phases before an event, prevention and mitigation, the necessity
to assess the potential hazardous event and the potential impact is inevitable. Further
also SUKARNA ET AL. (2012) indicate that risk assessment is closely linked to pre-

disaster, pre-event phases being especially important in the prevention and mitigation
phase.

In this risk management cycle an additional phase referring to the reconstruction and
development of the area at risk (SUKARNA et al. 2012) was integrated which should
indicate the dynamics of the related areas. A critical key-phrase herein is “risk-sensitive
development planning”, which indicates that, additionally highlighted by the
DEPARTMENT FOR INTERNATIONAL DEVELOPMENT (2004), learning from disasters can
stimulate adaptation and modification in development planning which would be more
positive than a simple reconstruction. “Building back better” is a keyword appearing

frequently in this context and often refers to reducing risks and building resilience (e.g.

CLINTON 2006, WHO 2013).

Event

/

/ Preparedness Response

4

o

1

£

a

w

ﬁ Mitigation Recovery
%,

&

b % Prevention Development

Figure 2.2. Risk management cycle (modified after FOCP 2012, SUKARNA ET AL. 2012,
UN-SPIDER 2014 and HOLLENSTEIN ET AL. 2004)

Concluding, a comprehensive risk assessment provides the required information for
decision makers and planners SUKARNA ET AL. (2012) to reduce and prevent natural
hazard impacts by reducing exposure and vulnerability of the potentially affected

elements at risk.
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2.3NATURAL HAZARD RISK IN A CHANGING
ENVIRONMENT

The earth surface is a dynamic system which is influenced by natural and
anthropogenic factors (USGS 2010). This relates to global change which comprises
more than climate change, but also covers changes in population; the economy,
including magnitude and distribution; resource use, especially for production of
energy; transport and communication; land use and land cover; urbanization;
globalization; coastal ecosystems; atmospheric composition; riverine flow; the nitrogen
cycle; the carbon cycle; the physical climate; marine food chains; and biological
diversity (LE COZANNET ET AL. 2013, KLEIN GOLDEWIJK AND RAMANKUTTY 2004,
STEFFEN ET AL. 2004a, SLAYMAKER AND SPENCER 2009). It refers to a remarkable
change in the human-environment relationship that has occurred during the last
centuries (STEFFEN et al. 2004a). These interactions between environmental change
and human societies have a long complex history and vary greatly from place to place
and through time (STEFFEN et al. 2004b). It is widely understood that the major driving
factors for changes are the change in atmospheric composition, climate change arising
from the first and land use change driven by both socio-economic factors and by
climate change (BAzzaz and SOMBROEK 1996). In this context also the earth orbital
parameters have an influence on climatic changes, however over a longer time span and
related to the current changes the human-made climate forcing make these changes

marginal (HANSEN and SATO 2012).

Especially alpine areas are very sensitive to natural but also anthropogenic changes as
frequently stated in the last decades (BATzZING 2003). In the 1960s and even stronger in
the 1980s the modern world extensively spread peripheral in alpine areas (BATZING
2003). Higher mobility, better access but also the impressive relief and the special
climate increased touristic activity on the expense of cultivated pasture. However, these
special natural conditions in alpine regions consequently imply factors like high relief
energy or heavy rainfalls which in turn lead to natural hazards like floods, snow
avalanches or landslides including debris flows, slides and rock falls. In addition an
increasing number of publications indicates a correlation between climate change and
the frequency and intensity of natural hazards (IPCC 2007a, 2012, HOPPE 2007).

10
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Figure 2.3. Interaction of a system through time (HUFSCHMIDT ET AL. 2005). (in
reference to “spacetime” according to MASSeY (1999) this concept was extrapolated
also to space)

The assumption that hazards are complex phenomena involving the interaction
between natural, social and technological systems (CUTTER 2006), enhanced by the
factor time (HUFSCHMIDT et al. 2005) is illustrated in Figure 2.3. It is shown that
changes in the social-system levy demands on the geosystem to the extent of changing
the landscape and even provoking a physical response, e.g. a landslide. This enhanced
process in turn encourages a reaction of the social system. The same holds true vice
versa for the geo-system.

Subsequently this interaction over “spacetime” leads to a change in risk, which is a
function of hazard (geo-system) and consequences (social-system) including all
components: hazard, exposure, vulnerability and the communities” capacity to respond
(LE COZANNET ET AL. 2013, PELLING 2003), as delineated in chapter 2.1. In this context
FUcHs AND KEILER (2013) state that space and time are key factors when information

on risk has to be assessed.

2.4REGIONAL LANDSLIDE RISK ASSESSMENT

At different spatial levels, different types of risk assessments are carried out addressing
different objectives. On a national level, risk assessment as basis for risk management,
is an important input for planning and policy making in numerous areas of public and
private activity (EC 2010). This is also true for regional risk management, which is a

valuable approach in various sectors, ranging from the scale of elements at risk, e.g. a

11



NATURAL HAZARD RISK ASSESSMENT IN A CHANGING ENVIRONMENT

highway, to financial assistance in case of damage. Therein regional risk assessment,
which this thesis is focused on, serves as a basis for e.g. identification of priority areas

for financial support or mitigation planning.

DAl ET AL. (2002) state that landslide risk assessment requires addressing the
probability of a landslide, the landslide runout behaviour, vulnerability, landslide risk,
management strategies and decision-making. Referring to mitigation measures as a
crucial part of risk management to avoid or limit adverse effects of hazards either by
structural but also non-structural measures (UNISDR 2004), the different factors
related to risk assessment stated above are listed in the following Table 2.2. Specifically
regarding landslides, mitigation measures can be classified into stabilization and
control, referring to structural measures and avoidance / tolerance related to non-
structural measures (SAFELAND 2011). There are several measures that can be
summarised under spatial planning, e.g. land use planning, locational decisions
regarding public services and infrastructures or building codes related to both,
structural and non-structural mitigation measures. Spatial planning is an integrated
part of risk management in the context of avoiding further development in potentially
hazardous areas. It can create, increase or reduce risk like no other policy (ESTEBAN et
al. 2011) and therefore captures a key role in disaster prevention. KEILER ET AL. (2004)
herein also underline that strengthening the tools of spatial planning can facilitate
reducing the damage potential. Underlining the time scale of the effect of spatial
planning measures, the related measures are all listed under long-term measures,
influencing the pattern of exposure and vulnerability (ESTEBAN et al. 2011) which is
clearly indicated in Table 2.2. Avoiding development in undesirable conditions is one
example of these long-term mitigation measures which can be regarded as very efficient
and economic (CASCINI 2008, PoMARoOLI 2011) and needs to be addressed at a regional

scale.

12
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components (modified after ESTEBAN ET AL. 2011)
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Additional to dealing with reduction of risk in terms of mitigation planning and risk
avoidance, a major issue when dealing with landslides are the related costs referring to
recovery and rebuilding, as well as, sustainable planning of reduction strategies.
Landslide damages are one of the major consequences of hazards in mountainous areas
and account for enormous ramifications in terms of both direct, e.g. physical damage to
assets, and indirect, e.g. traffic disruption, costs (BUBECK and KREIBICH 2011),
underlining the economic importance. These costs are further related to different
stakeholders from e.g. community leaders to related departments/ministries operating
within different facilities and sectors ranging from planning, infrastructure, transport
to emergency facilities (WEF, 2011). As mentioned above herein also several functions
of regional representatives are included underlining additionally the need for regional
assessments. Additionally CARPIGNANO AND GOLIA (2009) underline the essentiality of
regional assessment also in connecting it to a multi-risk and multi-hazard analysis.

Regional risk assessment, aiming to support issues, such as mitigation planning and
reduction of consequences to the affected communities requires detailed investigation
including mapping and identification of relevant risks in a certain area. In summary
SUKARNA ET AL. (2012) identify three purposes of risk mapping on a provincial, hence

regional level:

e identifying priority areas, where special attention is needed to mitigate the
risk caused by natural hazards. A response to such a need could be to establish

a regional disaster management agency;

e ensuring comparability of the assessment of risk exposure throughout the
province, in order to ensure fair and balanced political and financial support
to regions in need. This is particularly important for the allocation of budgets

for disaster management and mitigation counter measures;

e identifying regions at threat, where inter-local cooperation in disaster

management is logistically and economically more viable.

As a first step regional landslide hazard and risk zoning could therefore identify areas
with different landslide risk levels which can further provide an ideal framework for
non-structural measures (DAl et al. 2002) that can be implemented through policies
and law, public awareness raising, training and education (UN-ISDR 2009). An
example provided would be avoidance of development in potentially hazardous areas
(CascINI et al. 2005).

14
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For a better understanding of the general framework and theoretical background of risk
analysis, and the importance of regional risk assessment, as stated above. The following
chapters outline the various components of risk assessment in general as well as for the

regional level in more detail.

2.4.1 ELEMENTS AT RISK

One major component of landslide risk assessment is the evaluation of potential
consequences. These consequences can be expressed by elements at risk that are
damaged or destroyed by the landslide event. Elements at risk can be defined as
population, property, buildings and engineering works, infrastructure, environmental
features and economic activities also including public services in the area affected by a
hazard (FELL ET AL. 2005, COROMINAS ET AL. 2013, PAPATHOMA-KOHLE ET AL. 2007).
Related to population these elements can be further divided into for example residents,
commuters and tourists (FUCHS and KEILER 2013). Elements at risk have both, spatial
and non-spatial characteristics (COROMINAS et al. 2013) which in the framework of risk
assessment express exposure (location based) and vulnerability (object-based), as
defined in chapter 2.1. Therein physical vulnerability represents the degree of loss of a
given set of elements at risk resulting from the probability of occurrence of a natural
phenomenon which is expressed from no loss (0) to total loss (1) (VARNES 1984, FUCHS
2008). As elaborated above the characteristics of the object itself determine the
respective vulnerability, e.g. a reinforced concrete building is potentially less vulnerable
to a landslide impact than a non-reinforced building. Therefore the detailed analysis of

elements at risk is at utmost importance for vulnerability assessment.

Elements at risk can be exposed to a natural hazard due to their spatial location (FRA
PALEO 2009), independent of their internal vulnerability which is determined by the
specific characteristics of the object (PROMPER and GLADE subm.) This also relates to
the dual structure of vulnerability proposed by CHAMBERS (2006) or BOHLE
(2001),wherein the external part of vulnerability defined as risks, shocks and stress to
which an individual or household is subject. Fuchs (2009) herein also refers to this
external part of vulnerability as exposure to natural hazards. However, the degree of
damage of an exposed element is dependent on the respective (internal) vulnerability
which underlines that exposure analysis as part of vulnerability assessment, is a central

part of risk assessment.
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Datasets to capture information on elements at risk can be categorized into those
providing information on physical assets and those including social aspects, wherein
physical elements cover e.g. buildings and life lines and the social elements cover
demographic data (HANCILAR 2012). The physical elements that are affected by
landslides are for example buildings, infrastructure and life lines of various types
(PiTiLAKIS et al. 2011 . However, PAPATHOMA-KOHLE ET AL. (2007) include building
types also in the assessment of human vulnerability which indicates that various
elements at risk can be an indicator for both, social and physical impacts. Physical
elements can further be classified into quantitative, qualitative and descriptive datasets
(PAPATHOMA-KOHLE et al. 2007). The following table gives an overview of examples
related to buildings and population for the respective analysis level.

Table 2.3. Examples of characteristics of elements at risk within the different
categories (modified after PAPATHOMA-KOHLE ET AL. 2007 and PITILAKIS ET AL. 2011)

Category Example Analysis level

Regional / local
e Number of households * g

Quantitative ) . e Regional / local
e Population density

.. Element specific
e Condition * P

Qualitative Element specific
e Building surrounding * P

.. A Element specific
Descriptive e Building use * pectt

LAND COVER AS A COMPONENT OF REGIONAL RISK MANAGEMENT

Elements at risk are an integral part of landslide risk assessment. These elements at
risk can be represented by various features depending on the target. When assessing
landslide risk on the regional scale or potential future changes, land cover serves as
indicator on the spatial distribution of elements at risk e.g. building area, street area or
agricultural areas.

Herein land cover is defined as the observed (bio)physical cover on the earth's surface
(DIGREGORIO and JANSEN 2000). Therein it includes vegetated areas and built-up areas
that are defined as land cover but, in practice also water surfaces, bare rock and

16
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artificial structures are included when referring to land cover besides the physical and
biological cover (ELLIS 2013). This implies that land cover also implies anthropogenic
features, thus elements of land use. Related to land use there are various sources of
human impacts besides urbanisation, e.g. shifting cultivation, land abandonment or
deforestation (POYATOS et al. 2003) leading to a link between anthropogenic action and
natural land cover. Additionally, as elaborated in chapter 2.3, spatial planning has a
major influence on the resulting land cover. Therefore land cover implies the
distribution of elements at risk and represents an adequate proxy for assessing these
assets on a regional scale. Further it also contains natural and anthropogenic impacts

that relate to landslide processes.

2.4.2 LANDSLIDE HAZARD ASSESSMENT

Landslides may be classified according to the type of movement: slide, topple, flow or
fall and can further be classified according to the type of material (e.g. CRUDEN AND
VARNES 1996, DIKAU ET AL. 1996, HIGHLAND AND BOBROWSKY 2008, VARNES 1984) as

shown in Table 2.4

Table 2.4. All types of landslides are comprised of three different units namely source
or detachment (scarp) area, the track (transition or transit) and the toe (accumulation)
(CoRsiNI et al. 2009).
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Table 2.4. A simplified classification scheme for main types of landslide movements

(PETLEY 2010 after VARNES AND KRIZEK 1978)

Type of material

Rock Engineering soils

Type of movement Coarse grained Fine grained
Falls Rock fall Debris fall Earth fall
Topples Rock topple Debris topple Earth topple
Slides Rotational Rock slump Debris slump Earth slump
Translational Rockslide Debris slide Earth slide
Lateral spreads Rock Spread Debris spread Earth spread
Flows Rock flow Debris flow Earth flow

Complex slope movements (i.e. combinations of two or more types)

In this thesis the focus is on slides, which are a downslope movements of a soil or rock
mass occurring on rupture surfaces on thin zones of intense shear strain (HIGHLAND
and BOBROWSKY 2008). There are several types of slides ranging from curved or
rotational to planar or translational (CROZIER AND GLADE 2005, LEE ET AL. 2004,
NADIM ET AL. 2005), wherein material moves often as coherent or semi-coherent mass
with little internal deformation (HIGHLAND and BOBROWSKY 2008). Comparing the two
main types of slides, rotational slides are characterised by a concavely upward curved
surface of rupture (spoon shaped) and the slide movement is more or less rotational, a
translational slide is characterised by a mass moving along a relatively planar surface
which does not show backward tilting and only little rotation (see Figure 2.4) (CLAGUE
2013, HIGHLAND AND BOBROWSKY 2008, FEMA 1989). The occurrence of rotational
landslides is most frequent in homogenous materials and so called “fill materials”,
whereas translational slides are found worldwide in all types of environments and
conditions (HIGHLAND and BOBROWSKY 2008). Translational slides are generally
shallower than rotational slides and their size can be in a range of local to regional
being several kilometres wide (HIGHLAND and BOBROWSKY 2008).
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Figure 2.4.Translational and rotational slide in cross section (modified after POTTER
2007)

Landslides may be activated and reactivated by certain triggering factors e.g.
precipitation and earthquakes (GLADE et al. 2014). Nonetheless certain predisposing
factors for the occurrence of these natural processes (CROZIER AND GLADE 2005,
CROZIER 2005) need to be existent. GLADE AND CROZIER (2005) refer to preconditions
or predisposing, preparatory and triggering factors related to the initiation of
landslides. Preconditions or predisposing factors are inherent and static factors that
influence the stability, however also act as catalysts allowing dynamic factors to
destabilize the slope more effectively (SRI HADMOKO AND ENGEL-DI MAURO 2012,
GLADE AND CROZIER 2005). Preparatory factors are factors that decrease the slope
stability over a period of time, however do not initiate movement (GLADE and CROZIER
2005). Consequently, there are two different types of preparatory factors: one type acts
over a long time period e.g. tectonic uplift (e.g. LARSEN AND MONTGOMERY 2012,
SHRODER AND BISHOP 1998) or climate change (e.g. DEHN AND BUMA 1999). The other,
acting on a shorter period of time, for example deforestation (e.g. ALCANTARA-AYALA ET
AL. 2006, BEGUERIA 2006a ), have proven to have a potentially greater impact on
landslides in the upcoming decades (COLLISON et al. 2000). Factors that initiate slope
movement are called triggering factors and include for example intense precipitation,
longer wet periods and/or snow melt, earthquakes, or also anthropogenic factors such
as slope undercutting (ALCANTARA-AYALA ET AL. 2004, LEROI ET AL. 2005; GLADE AND
CROZIER 2005). These external stimuli cause a near-immediate response in form of a
landslide due to rapidly increasing the stresses or reducing the strength of the material

(WIECZOREK 1996). Summarizing various factors ranging from precipitation patterns to
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slope, aspect, drainage density, lithology, soils/material, land use/cover etc. can be
identified as examples of the influencing factors mentioned above related to land
sliding (SOETERS AND VAN WESTEN 1996; JEMEC AND KOMAC 2011). In landslide hazard
assessment all those factors have to be taken into consideration which makes this a
complex undertaking. To overcome these challenges, various approaches for landslide
hazard zonation have been introduced: inventory, heuristic, statistic and deterministic
assessments (SOETERS and VAN WESTEN 1996), which will be elaborated in the

following paragraphs.

The first approach are landslide inventories which are also often the basis for
susceptibility maps (JEMEC and KoMAC 2011). According to MALAMUD ET AL. (2004)
there are two types of inventories: a) inventories related to triggers and b) historical,
geomorphological inventories being the sum of one or many slide events in a region.
These inventories allow for a detailed analysis related to distribution and in case of
multi-temporal inventories, activity patterns of landslides (THIEBES 2012, MALAMUD et
al. 2004). Another approach is the heuristic analysis which is basically the combination
of a landslide inventory and preparatory factors which are weighted by experts (JEMEC
and KomAc 2011), which has also been used in several studies (e.g. RUFF AND CZURDA
2008, SCHLEIER ET AL. 2014 or JAEDICKE 2014). Another approach is the
aforementioned statistical approach, which can be a bi- or multivariate analysis of
parameter maps (PARDESHI et al. 2013) and is always based on a landslide inventory.
This approach determines the relationship of landslides and landslide-controlling
factors (WANG et al. 2013) and is widely used by e.g. BELL ET AL. (2013), WANG ET AL.
(2013), MANCINI ET AL. (2010), THIERY ET AL. (2007), VAN DEN EECKHAUT ET AL. (2006),
CHUNG ET AL. (1995) and many more. One statistical approach is for example artificial
neural networks, commonly based on a self-organizing structure that resembles the
biological neural system of mammalian brains (ERMINI et al. 2005). The models are
composed by simple and highly interrelated units that are in connection with each
other permanently and these connections between processing units are physically
represented by weights and rules for summing the input and calculating the output
(ERMINI et al. 2005).

The deterministic approach is mostly site specific and does not account for the spatial
distribution of input parameters (VAN WESTEN and TERLIEN 1996). Typically these
analysis are based on simple models of groundwater flow combined with infinite slope-
stability in order to estimate the potential or relative instability of slopes in a wider

region (GobDT et al. 2008). When taking into account rainfall induced failures, it is
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mostly a coupling of shallow subsurface flow caused by rainfall of various return
periods, predicted soil thickness and soil mantle landslides (JEMEC and KOMAC 2011).
The main disadvantage is that this approach requires a large amount of data on e.g. soil
and hydrological conditions to calculate the safety factors over larger areas (VAN
WESTEN and TERLIEN 1996). However, VAN WESTEN AND TERLIEN (1996) argue, that
after the hazard definition by VARNES (1984) this is the only method resulting in a real
hazard map. Further details on the afore mentioned approaches can be found for
example in VAN WESTEN AND TERLIEN (1996), ERMINI ET AL. (2005), JEMEC AND KOMAC
(2011), RUFF AND CZURDA (2008), YILMAZ (2009) or GUZZETTI ET AL.(1999).

Referring to the different types of landslide susceptibility assessments the relationship
to the target scale has to be considered (Table 2.5). This underlines that for the scope of
the analyses presented here, a statistical approach is regarded as highly feasible taking
into account the targeted regional analysis of landslide hazard. Therefore susceptibility
mapping applying a statistical approach is elaborated in more detail in the following
chapter.

Table 2.5. Recommended quantitative Methodologies for landslide susceptibility
applied at different scales (COROMINAS ET AL. 2013)

Scale Quantitative methods
Data-driven Deterministic physically
. based
statistical
models methods

National scale

No No
(<1:250,000)
Regional scale

Yes No
(1:25,000-1:250,000)
Local scale

Yes Yes
(1:5,000—-1:25.000)
Site-specific

No Yes
(>1:5,000)
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LANDSLIDES SUSCEPTIBILITY MAPS FOR REGIONAL RISK ASSESSMENT

On a regional scale “ landslide prone areas” or “areas with a certain probability to land
sliding” are terms that are frequently used (e.g. TASSER ET AL. 2003, ERCANOGLU AND
GOKCEOGLU 2002, PRADHAN ET AL. 2006 or MCINNES ET AL. 2002) which reveals that
areas affected by landslides can be identified given a set of environmental conditions
(FELL et al. 2008, GuzzeTT! et al. 2005), however does not account for information on

time or magnitude of landslide occurrence (GUzzETTI et al. 2005).

Landslide susceptibility models are particularly useful for modelling large areas on
medium scale (PETSCHKO et al. 2014) and can further be used for a more detailed
analysis in relevant areas. DAI ET AL. (2002) argue that on a scale of 1:10,000 —
1:50,000 statistical analysis techniques are considered as most appropriate for
landslide susceptibility mapping, as is also stated similar by COROMINAS ET AL. (2013),
Table 2.5, because at this scale the occurrence of landslide can be mapped and it is also
possible to collect information on the relevant variables e.g. soil, lithology or land

cover.

The basic objective of landslide modelling is the spatial and temporal prediction of
landslide prone areas (BRENNING 2005). Within this spatial prediction of landslide
hazards statistical classification rules are applied for identifying areas that are
susceptible to future land sliding (BRENNING 2005) based on the concept that past and
present are key to the future (VARNES 1984). This relates to the importance of landslide
inventories and therefore to the knowledge on past landslide events. Additionally the
relevant parameters with their spatial extent are taken into account. This method is
widely used to identify areas that are potentially prone to land sliding in numerous
studies especially in mountain areas (e.g. AYALEW AND YAMAGISHI 2005, GROZAVU AND
PLESCAN 2013 or NANDI ET AL.2010).

Hence modelling landslides susceptibility with logistic regression is a method to
acquire information derived from various factors (REGMI et al. 2014) which are
aggregated to a certain disposition (JEMEC and KOMAC 2011). In this analysis logistic
regression is applied to model the susceptibility which establishes a relationship
between landslide location and region-specific landslide-related factors (LEE 2007).
Therein the absence or presence of landslides serves as dependent variable
(dichotomous), whereas independent variables can be represented by various factors
e.g. lithology, slope, aspect, precipitation, land cover etc. predicting the dependent

variable (VAN DEN EECKHAUT ET AL. 2012, AYALEW AND YAMAGISHI 2005, YESILNACAR
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AND TOPAL 2005, VAN DEN EECKHAUT ET AL. 2006, DAI ET AL. 2001). Logistic regression
therefore incorporates independent variables to create a mathematical formula that
predicts the probability that a landslide might occur at any given location (YESILNACAR
and TorPAL 2005).

2.4.3 LANDSLIDE EXPOSURE ASSESSMENT

In the previous chapters it has already been indicated that landslide risk assessment
combines data input from many different sources thus including numerous disciplines
(VAN WESTEN et al. 2008) and the scale of analysis is dependent on the aim of the
analysis and determined by the size of the study area, the data availability and the
temporal and financial limitations (VON ELVERFELDT et al. 2008). Natural hazard
exposure is majorly defined by the elements at risk (people, property, systems or other
elements) that are subject to potential losses due to the location in a hazardous zone
(UN-ISDR 2009, KEILER et al. 2005). Therefore exposure assessments are a reasonable
alternative if detailed data on vulnerability or magnitude and frequency of the
respective hazard are not available for the regional analysis level. These can provide
richness of information at the targeted regional level (SMITH et al. 2014) and in a
further step these maps can serve as a basis for in-depth analysis of highly exposed
areas. This is also referred to as a top-down approach which represents an
approximation on a small scale and in a next step a more detailed an sophisticated
methods are applied on a larger scale (KAPPES et al. 2012).

Exposure is the result of a basic locational decision on an individual but also collective
basis which is influenced by the demand to satisfy basic needs e.g. income, job or mode
of production (FRA PALEO 2009). Additionally exposure can be relatively static, for
example referring to buildings, but can also be dynamic when taking into account for
example commuting patterns, moving traffic or level of occupancy of a hotel (BRUNDL
et al. 2009). There are several examples of exposure analyses in literature on single-
hazard exposure, but also on multi-hazard exposure (e.g. GLADE ET AL. 2012). Examples
for single-hazard exposure assessments are: flood exposure analysed for example by DE
MOEL AND AERTS (2011), CAMMERER ET AL. (2013) or SMITH ET AL. (2014), L@VHOLT ET
AL. (2012) investigated tsunami exposure and PELLICANI ET AL. (2013) conducted a
landslide exposure assessment. SMITH ET AL. (2014) and CAMMERER ET AL. (2013)
expanded this analysis also by a temporal dimension.
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2.4.4 DYNAMIC FACTORS OF LANDSLIDE RISK
ASSESSMENT

As mentioned before there are different driving factors of global change, wherefrom
two can be associated with landslide risk assessment: 1) climate change resulting from
atmospheric changes (first driving factor) and 2) land-use / cover change resulting
from socio-economic changes. FELL ET AL. (2005) state that among elements at risk
there are two types: fixed or static assets, that change over time and the so called
mobile assets, which mark short-term fluctuations, however this superimposition of
short-term fluctuations (FUCHs and KEILER 2013) cannot be accounted for in this
thesis. Further also the basic data for landslide susceptibility modelling can be
subdivided into static and dynamic types (VAN WESTEN et al. 2008). VAN WESTEN ET AL.
(2008) subsequently underline that data related to land use and elements at risk
(static) need an update of frequency ranging from 1 to 10 years, in dependence on the
study area, which is indicated in the following Table 2.6.
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Table 2.6. Frequency of updating datasets for landslide susceptibility, hazard and risk
assessment (modified after vaAN WESTEN ET AL.2008)

Main data type

Data layer

Update frequency
(vears)

10 1 0.002
(day)

Landslide inventory

Environmental factors

Triggering factors

Elements at risk

Landslide inventory
Landslide activity
Landslide monitoring
DEM

Slope angle/aspect etc.
Internal relief

Flow accumulation
Lithology

Structure

Faults

Soil types

Soil depth

Slope hydrology

Main geomorphology units
Detailed geomorph. Units
Land use types

Land use changes
Rainfall

Temp / evapotranspiration
Earthquake catalogs
Ground acceleration
Buildings

Transportation networks
Lifelines

Essential facilities
Population data
Agriculture data
Economicdata

Ecological data

~
-

’

$$$$$$$$II II\V\PI\PW\PW\P\PW$$I
A A
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This clearly underlines that there are various factors that need to be updated more or
less frequently for a thorough landslide risk analysis. Most of the environmental
aspects seem rather static, whereas the data on landslide inventories and triggering
events need to be updated regularly. Additionally it is the elements at risk that need to
be updated every 1 to 10 years. In the following chapters two main factors, land cover as
proxy for elements at risk, and precipitation, are analysed in more detail on their

dynamics and relationship to landslide risk assessment.

LAND COVER

Land cover is a predisposing factor for landslides (JEMEC and KOMAC 2011) and therein
land cover change does have an influence on the spatial pattern of landslide occurrence
and subsequently landslide hazard. Further ALCANTARA-AYALA ET AL. (2006) state that
especially the loss of vegetation, induced by for example deforestation, can have a
major impact on landslide occurrence. BATHURST ET AL. (2010) or BEGUERIA (2006a)
delineate a decrease in land sliding processes with increased forest and pasture cover.
Additionally PAPATHOMA-KOHLE AND GLADE (2012), GLADE (2003) or GERRARD AND
GARDNER (2002) investigated the influence of land use and land cover respectively and

the coherent landslide activities, and clearly define a link herein.

Land cover is defined by the physical and biological cover over the surface of land and
includes water surfaces, vegetation, bare soils and also artificial structures (ELLIS 2013)
and is often considered as a static factor in landslide hazard studies (FE1ZIZADEH et al.
2013). Subsequently only some research studies involve changes in land use as a factor
in the landslide hazard analysis (FEI1ZIZADEH ET AL.2013, VAN BEEK AND VAN ASCH
2004). However, land cover is changing due to various causes of global change and
these changes show an impact on the hazard processes and the distribution of elements
at risk. Therefore, VAN WESTEN ET AL. (2008) argue for example that depending on the
dynamics of land cover, the hazard analysis needs to be updated accordingly (VAN
WESTEN et al. 2008).

Changes in land cover are driven by the interactions between biophysical and human
dimensions over space and time (VELDKAMP and VERBURG 2004). These changes in
land use can be defined by the anthropogenic replacement of one land use type by
another (FISCHLIN et al. 2007). However, DI GREGORIO AND JANSEN (2000) also refer to

activities and inputs people undertake in a certain land cover type to produce, change
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or maintain it. This leads to land use (change) as a link between land cover and the
actions of people in their environment (DIGREGORIO and JANSEN 2000).

As delineated above land cover and land use also influences the socio-economic aspect
of landslide risk assessment, especially as it refers to the spatial distribution of
elements at risk. For instance the development of settlements represents the most
profound alteration of the environment, where people impose structures, buildings,
paved surfaces and compact bare soils on ground surface (MEYER and TURNER 1994).
However, these settlements have secondary effects in multiple scales which encompass
material for production and consumption, biodiversity and hydrosystems etc. and
thereby alter the land cover in a wider sphere of influence (GRIMM et al. 2008) e.g. by

excavation or erosion of acreage.

Related to future changes the EUROPEAN ENVIRONMENT AGENCY (2010) states that

recent land use trends also most likely determine the future trends, for example:

= demand for more living space per inhabitant,

= improved transport infrastructure,

-1 socio-economic forces in agriculture that result in simplification of
farming systems and

= concentration on the more productive areas e.g. increase in forest area at

the expense of semi-natural grassland and scrub cover.

These future trends imply further development and enlargement of elements at risk e.g.

building area and infrastructure and an increase in forested areas.

PRECIPITATION

Changes in temperature and precipitation are likely to have a range of effects e.g. on
natural hazards in mountainous environments (GOBIET et al. 2014). As elaborated in
chapter 2.4.2 the main triggering factors of landslides are earthquakes and
precipitation. There are two reasons precipitation changes should be analysed in more
detail 1) Precipitation-triggered landslides are more frequent than landslides triggered
by earthquakes (COE et al. 2004) and 2) climate change will influence precipitation in
its seasonality and intense precipitation extremes e.g. in the Alps (GOBIET ET AL. 2014,
IPCC 2007b, IPCC 2012).
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Herein IPCC (2012) states that, on the one hand, models on a global scale project
substantial warming in temperature extremes, e.g. leading to an increase in liquid
precipitation in Alpine areas (BOGATAJ 2007). On the other hand projected changes
indicate more extreme precipitation events, even in regions with an overall
precipitation decrease, and a tendency towards an increase in heavy daily precipitation
events over most areas of the globe (IPCC 2012; IPCC 2007b). Related to extreme
events there are three criteria these can be classified in (BENISTON et al. 2007):

= Rare — Events that occur with relatively low frequency/rate.
Definitions of “rare” vary, but an extreme weather event would
normally be as rare as or rarer than the 10th or 90th percentile.’

= Intense — Events characterized by relatively small or large values (i.e.
events that have large magnitude deviations from the norm). Not all
intense events are rare: for example, low precipitation totals are often
far from the mean precipitation but can still occur quite frequently.

=1 Severe — Events that result in large socio-economic losses. Severity is a
complex criterion because damaging impacts can occur in the absence
of a rare or intense climatic event: for example, thawing of mountain

permafrost leading to rock falls and mud-slides.

BENISTON ET AL. (2007) further state that related to impacts on other systems e.g.
agriculture, depending on the system”s state, the spatial and temporal patterns of an
event are important. From this an influence of the spatial pattern of precipitation on
the occurrence pattern of landslides can be deducted.

Related to this relationship of precipitation and landslides various authors have
published research results e.g. KORUP AND GORUM (2011), JAKOB ET AL. (2009),
MONTRASIO ET AL. (2009), DIXON AND BROOK (2007), GLADE (2000) or DEHN AND
BUMA (1999) dealing also with reactivation of landslides due to climate change. The
results of the different studies underline that precipitation does influence the
occurrence of landslides, depending on the related preparatory and predisposing
factors. Related to rainfall-induced landslides basically a threshold defines the amount
of rainfall, soil moisture or hydrological conditions that, when exceeded or reached, are
likely to trigger a landslide (GuzzeTTi et al. 2007). Therefore it is not only the change in
the amount of precipitation, but also the characteristics and duration of precipitation

events that are important referring to landslide-triggers.
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Another important factor when addressing precipitation and landslides, as mentioned
in chapter 1, is the coincident occurrence and interactions of landslides and flooding.
This relates to the fact that both are connected to precipitation, runoff, and the
saturation of ground by water but also floods that undercut banks of streams and rivers
can be a cause for landslides (HIGHLAND and BOBROWSKY 2008). However, this
interaction can also be vice versa e.g. a landslide blocking a river and subsequently

causing a flood.

2.4.5 CONCEPT OF GLOBAL CHANGE SCENARIOS IN RISK
ASSESSMENT

In the sections above it was clearly stated how natural hazard risk assessment is
influenced by various factors of global change. Figure 2.5 aims at integrating the role of
a changing environment in natural hazard risk assessment and thereby enhance Figure
2.1. It is illustrated that a change in the natural processes or a change in the exposed
elements leads to a change in risk. Therein the environmental and climate change
influences the hazardous process whereas the socio-economic change impacts the
vulnerability. Depending on the future scenarios, including e.g. climate and socio-
economic scenarios, changes in risk can be anticipated. Scenarios, in this context, can
thus be defined as a simplified but plausible description of future development , based
on a coherent and internally consistent set of assumptions referring to driving forces
and key relationships (IPCC 2007a). Therefore scenarios are alternative futures
wherein the uncertainties represent the scenarios as such (ROUNSEVELL et al. 2006),

therein being the reason for scenario analysis.
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Figure 2.5.Natural hazard risk assessment in a changing environment (modified after
ALEXANDER 2002 and MALET ET AL. 2012)
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This concept of developing and changing input for vulnerability and consequences
respectively has been applied for example by KEILER ET AL. (2004), who analysed the
past change of damage potential in different hazard zones, referring to avalanches.
CAMMERER ET AL. (2013) assessed the dynamic in flood exposure by a combination of
future land cover modelling and flood datasets based on past events. These datasets are
based on hydraulic modelling of different return periods by MERz (2008). Therefore
they combined the dynamic factor of land cover with different scenarios of inundation
based on the current situation. The same is true for SMITH ET AL. (2014) wo implied
modelled population data and spatial footprints of the flood hazard 2012 in
Southampton. Therein both studies approximated future risk to a given flood hazard
event. Referring to future landslide risk assessment the SAFELAND PROJECT (2012)
investigated landslide risk to roads and different land cover types incorporating future
land cover maps in the process assessment and the assessment of potential

consequences.

Summarizing, landslide risk depends on several dynamic factors like precipitation as
triggering factor and land cover as predisposing factor but also reflecting the
distribution of elements at risk. Global change augments some aspects of these factors,
e.g. frequency and intensity of landslides, which is often connected to either heavy
precipitation or precipitation over a longer period of time. Further the elements at risk
like productive area or building area are changing over time due to e.g. socio-economic
changes. These elements at risk either change their location, spatially or the specific
characteristics, hence vulnerability. These spatial changes of the landslide processes, as
well as of the elements at risk can coincide thus lead to an increase or spatial shift in

landslide risk.

2.5RESEARCH GAP AND HYPOTHESES

It has been clearly stated in the chapters above that numerous publications and
analyses regarding landslide susceptibility have been already carried out, e.g. PETSCHKO
ET AL. (2014), PARDESHI ET AL. (2013), GUZZETTI ET AL. (2005), ZEZERE ET AL. (2004),
MALAMUD ET AL. (2004), DAl ET AL. (2001). There are also various publications
elaborating the connection of landslide hazards and climate change, e.g. HUGGEL ET AL.
(2012), KORUP ET AL. (2011), CROZIER (2010), DIXON ET AL. (2007), BMLFUW (2001) or
DEHN AND BUMA (1999). Additionally, several studies show the influence of land cover
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change on landslide processes, such as BEGUERIA (2006a), ALCANTARA-AYALA ET AL.
(2006), GARCIA-RUIZ ET AL. (2010), VAN BEEK AND VAN AsH (2004), GERRARD AND
GARDNER (2002), ZIEMER (1991). Moreover, there is a considerable amount of research
on risk and vulnerability connected to landslides from a theoretical point of view, e.g.
WINTER AND BROMHEAD (2012), LACASSE AND NADIM (2009), FELL ET AL. (2008), VAN
WESTEN AND VAN AsH (2006), LEE (2004), DAl (2002), FELL (1994) and from an
operational point of view presenting case study approaches, like JAISWAL ET AL. (2011),
CASTELLANOS ABELLA (2008), STERLACCHINI (2007), GuzzETTI (2000).

However, based on the chapters above, it can be stated that risk due to natural hazards
changes over time and these spatiotemporal changes are an essential part within
integrated natural hazard risk management (see also AUBRECHT ET AL. 2013 or FUCHS
AND KEILER 2013). Further, KEILER (2004) postulated improvements in natural hazard
risk management by considering damage potential. One of these improvements refers
to scenarios showing that process or damage potential influence states of risk. This
information on potential future natural hazard risk would be especially useful for
insurance business, spatial planning and thus for future adaption and management
(e.g. HUFSCHMIDT ET AL. 2005 or HOPPE 2007). Therefore, there is a specific need to
investigate the spatiotemporal development of landslide risk, which has not been

extensively analysed so far.

Due to increasing land consumption as a result of increasing need of living space,
infrastructural or economic development and a subsequent expansion of elements at
risk, a strategic risk management approach on a regional level is essential for planning
e.g. aversion of potential risks. Therein it is important to efficiently assess the current
situation of landslide risk. If this is not possible due to various constraints, e.g. data
availability, an exposure map may serve as basis for detailed analysis in subsequent
potential risk hotspots. This is the basis for the first hypothesis:

U Hypothesis 1 [H1]: A regional exposure assessment facilitates identification

and ranking of current landslide exposure hotspots in order to support detailed

risk analysis.

The main objectives the analysis of this hypothesis aims to explore can thus be stated as

follows:

Objective |I: Achieving a comprehensive understanding of current potential elements

at risk, as well as their exposure to landslides on a regional scale.
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Objective Il: Identifying different classes of landslide exposure for certain areas

within the study area.

Objective I1I: Identifying exposure hotspots that require subsequent detailed risk

analysis.

As delineated in the chapters above, landslide risk depends on various dynamic factors
which alter the preparatory and / or triggering factors of an event and the anticipated
consequences. Global change herein possibly augments these factors and therefore the

second hypothesis can be stated as:

U Hypothesis 2 [H2]: Aspects of global change lead to a change in landslide

risk.

Related to the influences of global change implied in the second hypothesis, the

respective research objectives consist of:

Objective I: Investigating specific aspects of global change which potentially influence

landslide risk.

Objective Il: Establishing a methodology for integrating global change into landslide
risk assessment by implementing the identified dynamic factors of landslide risk.

The main parameters referring to consequences of landslide impacts are the spatial
location of the elements at risk and their specific characteristics. With factors of global
change, e.g. higher mobility or higher land consumption, elements at risk can change
their location, expand over the study area or change their specific characteristics, hence
vulnerability and risk. Based on the spatial development the following hypothesis was

developed:

U Hypothesis 3 [H3]: Land cover change influences the spatiotemporal

development of landslide risk.

To investigate the impact of land cover change on the spatiotemporal development of

landslide risk, the following objectives need to be addressed:

Objective I: Incorporating land cover in the landslide hazard and consequence

analysis.
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Objective Il: Implementing land cover scenarios in a spatially explicit future landslide

risk assessment.

The elaborated spatial changes of the landslide processes, as well as changes of the
elements at risk often coincide, thus, they lead to an increase in landslide risk.
However, also a spatial shift of exposed areas is possible by e.g. changed pattern of
susceptibility on existing elements at risk. Additionally, there are so called hotspots of

landslide risk which require special attention. This leads to the final hypothesis:

U Hypotheses 4 [H4]: Changes of landslide risk are expected in the future: new

elements at risk will develop in susceptible areas and existing elements at risk
are superimposed by areas of increasing susceptibility. However, the locations

of exposure hotspots will remain unchanged over time.

The specific investigation of exposure hotspots and potential changes in landslide risk
thus refers to assessment of the following research objectives:

Objective I: Analysing the spatial and temporal changes of past and future landslide

risk.

Objective Il: Identifying the location of landslide risk hotspots and compare their

locations for different time periods.
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3. WAIDHOFEN/YBBS —
INTRODUCTION AND DATASETS

To provide an overview of the study area, as it relates to the scope of analysis, the
following chapter will delineate the study area of this thesis. Further it contains a
presentation of the available input data as well as the generated datasets and land cover
scenarios. This should not only serve as an outline of basic input information for
further analyses but also comprise all details to gain an overview of the investigated
area and the respective datasets used.

3.1 WAIDHOFEN/YBBS - A REGIONAL CENTRE IN
THE ALPINE FORELAND

The study area of Waidhofen/Ybbs is located in the alpine foreland in the south east of
Lower Austria (see Figure 3.1). It stretches from about 300 m a.s.l. to about 1,115 m
a.s.l. at the “Wetterkogel” in Opponitz. The selection of the study area was based on the

following considerations:

= the district Waidhofen/Ybbs is located in the Alpine foreland and the
main lithological units are calcareous rocks and Flysch, which is prone
to landslides (SCHWENK 1992) and according to Petschko et al. (2010)
the study area shows one of the highest landslide activities in the region
of Lower Austria;

= the city of Waidhofen/Ybbs is a regional centre comprising basic

infrastructure and business locations.

First records of natural hazards date back to 1312 with floods caused by the Ybbs river,
which occurred repeatedly over the past centuries (STADTARCHIV Waidhofen/Ybbs).
The first rock fall was reported as early as 1589 (STADTARCHIV Waidhofen/Ybbs).
Additionally debris flows blocking roads or rail tracks were also reported regularly.
Slides were only indicated more recently in the archives and from the 1950s onwards

the building ground register (BGR) was started, where all events related to earth
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science such as floods and landslide events were collected and catalogued
(GOTTSCHLING 2006). However, this register only includes events that have been
reported by affected citizens; therefore mostly events that have caused damages are
included therein. Since the introduction of the BGR landslides are thus reported on a

regular basis, however, still mostly related to landslide damages (LEITNER et al. 2014).

Figure 3.1. Location of Waidhofen/Ybbs (Source administrative boundaries Lower
Austria: Provincial Government of Lower Austria)

POPULATION AND ECONOMY

The region of Waidhofen/Ybbs holds the administrative status of a district as well as
municipality and comprises an area of around 130 km2 with about 11,300 inhabitants
leading to a population density of around 90 inhabitants per km2. Around one quarter
of the inhabitants live in the city of Waidhofen/Ybbs located in the centre of the district
along the Ybbs river which traverses the study area from south to north, see Figure 3.2.
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Figure 3.2.Topographic map of the district Waidhofen/Ybbs (Source: Provincial
Government of Lower Austria)

The rest of the population is distributed in nine villages and scattered farmhouses
mostly located on the hilltops. Overall a slight population decrease has been recorded
from 1961 to 2014 (STATISTIKAUSTRIA 2014). In former times the economy of this
region was well known for its iron processing, whereas today tourism and educational
establishments are the main drivers of the local economy (WAGNER 2005). These
business locations are mostly located along the Ybbs to the North and the South of the
city of Waidhofen/Ybbs, as well as in the city itself. The municipality income per capita
was more than € 4,000 in 2002 (WAGNER 2005) with an increase from 1992 to 2002
(STATISTIKAUSTRIA 2012). Further an increase of overnight stays in the study area was
indicated over the last ten years (WAGNER 2005). Due to these generally expanding
socio-economic factors and the expected increase in population in the region, an

increase of damage potential is indicated for the study area.

37



WAIDHOFEN/YBBS — INTRODUCTION AND DATASETS

GEOLOGY AND GEOMORPHOLOGY

The investigated area is located in the Alpine foreland, which is characterised by
tertiary and quaternary sediment deposits incised by the river Ybbs and other small
rivers, cutting their way to the Danube. The Ybbs river enters the study area in the
south east and turning to the North crossing the city of Waidhofen/Ybbs, where it is
deeply incised. The lithology is composed of Limestone, Flysch, the “Klippenzone” and
Dolomite (WESSELY 2006). The northern part of the study area, the Ybbsitzer unit
(DECKER 1990), is characterised by the Flysch zone with an abundance of sandstone,
marlstone and mudstone (WESSELY 2006) and therefore prone to sliding and flowing
(KRENMAYR and HOFMANN 2002).

Figure 3.3. Gentle hill slopes in the Northern area of the district (a) and scattered
settlements (b) in the region Waidhofen/Ybbs, Lower Austria (pictures taken by (a)
Canli, 2012 (b) Gokesch, 2012).

This part of the study area is characterised by smooth hills Figure 3.3., whereas the
southern part, the northern limestone Alps, comprise calcareous rocks, dolomite and
marles (DECKER 1990). Therefore the southern part is dominated by steep slopes and
deeply incised valleys. The two lithological units are separated by the Klippenzone
which is comprised by cretaceous shales and marls (WESSELY 2006).

CLIMATE AND CLIMATE CHANGE

According to the climate classification of Bobek et al. (1971) Waidhofen/Ybbs generally
can be ascribed to the Alpine foreland, which is characterised by a mean annual
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precipitation of 1,000—1,500 mm. This fits perfectly with the current climate data for
the district of Waidhofen/Ybbs according to the ZAMG (Austrian Central Institution for
Meteorology and Geodynamics). The daily mean temperature is 8.2 °C and ranges from
the maximum temperature of 37.3 °C to the minimum temperature -25.8 °C ZAMG
2014). The yearly precipitation sum is 1,133.6 mm and the days with more than 1 mm of
precipitation are 140.4 wherefrom 36 days indicate precipitation of more than 36.8 mm
(ZAMG 2014). The highest precipitation sums (monthly), as well as the maximum
precipitation sums in 24 hours are recorded in the summer months. Extreme

precipitation events in this area can reach a daily maximum of over 100 mm.

According to LOIBL ET AL. (2007) an increase in temperature and an overall decrease in
precipitation is expected. The warming in autumn is expected to be stronger than the
expected warming in winter. The overall amount of precipitation will decrease around
10 % (LoIBL et al. 2007). The mean intensity of precipitation will be increasing whereas

the frequency of events will decrease (LOIBL et al. 2007).

SOIL TYPES AND LAND COVER

The main soil type in Waidhofen/Ybbs is brown earth, however, patches of Rendsina,
Gley and Pseudogley are also present in the study area. The soil depths range from
profound to medium depth with shallow patches (BFW 2013). However, especially the
South of Waidhofen/Ybbs can be classified as one of the regions in lower Austria with

high uncertainties concerning soil data.

The land cover in Waidhofen/Ybbs is dissected. The steep slopes in the southern part of
the study area are dominated by forest cover. The forested areas are characterized by
either large coherent areas or thin rows of trees for wind shelter PROMPER and GLADE
2012). The latter are often aligned between the grassland and arable land creating a
rather dissected picture of the land cover in the study area, Figure 3.4 (PROMPER ET AL.
2012, PROMPER ET AL. 2014) The rolling hills in the northern part are dominated by
grassland and arable land. The villages are mostly located in the valleys while farms

and hamlets are scattered over the hilltops.
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Figure 3.4. Land cover in Waidhofen/Ybbs 2005

LANDSLIDES AND LANDSLIDE DAMAGES

As described above, the Flysch area and the Klippenzone is characterising the northern
part, whereas calcareous rocks comprise the southern part of the study area. SCHWENK
(1992) indicated that especially the Flysch zone and the Klippenzone are highly prone
to landslides compared to all the other lithological units in Lower Austria. PETSCHKO ET
AL. (2010) analysed the different types of landslides for the district of Waidhofen/Ybbs
(Figure 3.5) resulting in a total number of 691 landslides mapped on the ALS (airborne
laser scanning). From these a majority was classified as slides whereas also flows and
complex landslides could be identified (PETSCHKO et al. 2010). In the southern and
central part of the study area (limestone and dolomite) the number of landslides is
significantly lower (PETSCHKO et al. 2010) which was also indicated in the study of
SCHWENK (1992). In the BGR, which as previously stated covers all reported events
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from the 1950s onwards, a total number of 150 damaging events is reported, which
affected mainly infrastructure and buildings.

Landslide Type
ALS Mapping
Slide
Area with landslides
[ Fiow
Complex
- ki
0051152

Relerences
A Magping Petschio
N DTM Federal Stale Government

of Lower Austa

Figure 3.5. Landslide types as mapped on the basis of ALS DTMs (PETSCHKO ET AL.
2010)

3.2DATASETS

For this thesis several input datasets were used for the analysis. Additionally further
datasets were generated throughout the analysis. For better understanding of the
methodological approach all datasets used in this analysis are listed in Table 3.1.
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Table 3.1. Input datasets and generated datasets

Time Resolution

Dataset period/year / Scale Source

Aerial Photographs 1962 1:29,000 BEV

Aerial Photographs 1979 1:38,000 BEV

Aerial Photographs 1988 1:36,000 BEV

Orthophoto 2005 25em Provincial Govgrnment
of Lower Austria
Provincial Government

BEM ADYE-A00E) ) of Lower Austria

Topographic Map 2007 1:50,000 Provincial Govgrnment
of Lower Austria

Digital Cadaster Map 2011 1:1,000 Provincial Gow_arnment
of Lower Austria

Landslide susceptibility map 1962 20m GASSNER et al. 2013

Landslide susceptibility map 1979 20m GASSNER et al. 2013

Landslide susceptibility map 1988 20m GASSNER et al. 2013

Landslide susceptibility map 2005 20m GASSNER et al. 2013

Susceptibility maps scenario 1 3?038 2050, 20m GASSNER et al. 2013

Susceptibility maps scenario 2 g?gg AED, 20m GASSNER et al. 2013

Susceptibility maps scenario 3 3?038 2050, 20m GASSNER et al. 2013

Susceptibility maps scenario 4 g?gg AED, 20m GASSNER et al. 2013

Generated datasets

Land cover map 1962 20m

Land cover map 1979 20m

Land cover map 1988 20m

Land cover map 2005 20m

Land cover map scenariol 2030, 2050, 2100 20m

Land cover map scenario 2 2030, 2050, 2100 20m

Land cover map scenario3 2030, 2050, 2100 20m

Land cover map scenario4 2030, 2050, 2100 20m

Cumulated map of 2013 20m

elements at risk

Multilayer exposure map 2013 20m

Exposure map scenario 1 2030, 2050, 2100 20m

Exposure map scenario 2 2030, 2050, 2100 20m

Exposure map scenario 3 2030, 2050, 2100 20m

Exposure map scenario 4 2030, 2050, 2100 20m
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SUSCEPTIBILITY MODELLING AND SCENARIOS

The creation of the landslide susceptibility maps required for this study are presented
here in detail, as they are an integral part of the further analysis but were not created
within this thesis. However, the land cover scenarios developed in this thesis serve as
input for the susceptibility maps, therein it is necessary to give some details on the
susceptibility modelling approach. The way the scenarios are integrated into the

analysis is also illustrated in Figure 4.1 in the following chapter.

Landslide susceptibility analysis can be helpful in identifying areas that are potentially
prone to landslides (PETSCHKO et al. 2014). As delineated in chapter 2.4.2 landslide
susceptibility maps can serve as a good basis for a regional assessment since different
parts of an area are more prone to sliding than others. The susceptibility for the
assessment of the current situation was investigated based on statistical regression
analysis (ATKINSON AND MASSARI 1998, BELL 2007, VAN DEN EECKHAUT 2006).

The susceptibility modelling was carried out using multivariate statistical regression
analysis which was also applied by e.g. (REICHENBACH ET AL. 2014 or SHAHABI ET AL.
2013). It is based on dependent and independent variables. Therein a landslide
inventory serves as dependent variable, whereas various environmental factors were
inserted as independent or explanatory variables (see Table 3.2). For the modelling a
random sample of n = 606 slides as well as non-slides are equally distributed
(GASSNER et al. 2014). The regression coefficients are elaborated based on Akaike”s
Information Criterion (AKAIKE 1974) by a stepwise backward variable selection. The
validation is based on the AUROC value (BEGUERIA 2006b) and therefore the area
under the ROC curve was used as a validation criterion (GASSNER et al. 2013). The input

parameters are summarized in the Table 3.2.
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Table 3.2. Input parameters for the current susceptibility modelling

Resolution /
Dataset Source
Scale

Lidar DTM (derivates: plan/
profile curvature, slope, 1m

Provincial Government of Lower

i Austria
aspect, elvation

Precipitation daily sum 1961-
downscaled 1km ZAMG LoiBL et al. 2007

2100
Land cover year: 2005 20m PROMPER et al. 2014
shallow landslides occurred in the
o periods 1962-2007, mapped on
Landslide inventory n =103, polygons o )
orthophotos verified with damage
reports at the Geological Survey
Geological Survey of Austria,
Lithological map 1:200,000 simplified (reclassified) by Austrian

Institute of Technology

The decision for considering the daily sum for precipitation data is based on the
following Figure 3.6 which clearly indicates that the daily sum of precipitation is
decisive for the occurrence of landslides in the Flysch zone which inhabits most of the
occurred landslide events in the study area. Further SCHWENK (1992) also refers to
heavy precipitation events as main triggering factor for landslide in the study area (see

also chapter 3.1).

Landslide susceptibility is the probability that a region will be affected by landslides
considering a set of environmental conditions (GUzzeTTI et al. 2005). Herein it is
important to distinguish between static, e.g. lithology as a predisposing factor (see
chapter 2.4.2) and dynamic factors. Since, as already described above, the
environmental conditions change over time, it is necessary to implement certain
dynamic factors of landslide processes into the susceptibility analysis. This relates to
preparatory and triggering factors elaborated in chapter 2.4.2. The implementation of
these variables related to changing conditions was conducted by applying regression
coefficients that were calculated for the current situation. These calculated coefficients,

as well as the datasets on static parameters remained the same over the whole
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modelling process. However, the datasets for the dynamic parameters, land cover and
precipitation were exchanged for analysing the past and future steps, see also
Reichenbach (2014).

Certainty
. | ® No landslide
| Landslide not certain
| @ Landslide certain

Dally Precipitation in mm
1

T T T T T T T T T T T T T T T
0 25 S0 75 100 125 150 175 200 225 250 275 300 325 350

Antecedent Daily Rainfall in mm [10 Days]

Figure 3.6. The application of the Antecedent Daily Rainfall model for the Rheno
Danubian Flysch zone in Lower Austria for the period 01.1971 - 08.2009 (WALLNER
2012)

The method for the creation of the susceptibility scenarios is based on the statistical
approach presented above supplemented by the inclusion of the dynamic factors land
cover and precipitation. This was conducted by applying the regression coefficients for
precipitation (time period 1988 — 2005) to the future scenarios where precipitation
data was replaced for each time step (GASSNER et al. 2014). The same was applied for
the land cover coefficients (land cover map 2005), whereas the static parameters (i.e.
lithology, slope etc.) remained unchanged within the different calculation steps
(GASSNER et al. 2014). For further analysis the susceptibility maps were classified in
quartiles resulting in 4 classes from “very low” to “high”. This classification was chosen
to achieve a better comparison of the different maps and it was established that four
classes are reasonable considering that more classes would not necessarily present

more accuracy and therein enhance clarity(COROMINAS et al. 2013).
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4. ASSESSMENT OF
SPATIOTEMPORAL DEVELOPMENT
OF REGIONAL LANDSLIDE RISK —
A METHODOLOGICAL APPROACH

As elaborated above, there are various aspects influencing preparatory and triggering
factors of landslide processes but also dynamic factors influencing the spatial
development of elements at risk. In this analysis several steps are combined in order to
develop scenarios of spatiotemporal development of regional landslide exposure as
integral part of landslide risk assessment. The following Figure 4.1 indicates the
procedure of regional landslide exposure assessment displaying the current situation

and the approach for spatiotemporal landslide exposure analysis.

Identification of
field site

y

Setting scale of
analysis Susceptibility
modelling

Regional landslide
> g ! Multilayer exposure
exposure

Elements at risk
database

Past maps II

Land cover
analysis

E

Future scenarios

- Spatiotemporal
L) Spatiotemporal [ > landslide

landslide exposure exposure

Future scenarios ||
Susceptibility
modelling

Past maps

Figure 4.1. Overview of the applied exposure assessment (contribution within this
thesis in blue)

As delineated above in Figure 4.1 this thesis is divided in two main parts:

=1 the regional landslide exposure,

= and the spatiotemporal development of landslide exposure.
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The regional landslide exposure is assessing which types of elements at risk are exposed
to landslides on a regional level and the results display the current situation of
exposure. Herein, the assessment of exposure is based on the concept of elements at
risk being subject to losses due to the location in a hazardous zone (UNISDR, 2009). In
the second part spatiotemporal scenarios of landslide exposure are developed wherein
the assessment of past and the modelling of future land cover is an integral part.

In Figure 4.1 the elements related to susceptibility mapping are illustrated in grey,
indicating that the susceptibility modelling was not carried out within this study but
implemented in the final exposure scenarios by integrating the results of the
susceptibility study into the modelling process. For details on the susceptibility analysis

please refer to chapter 3.2.

4.1 REGIONAL LANDSLIDE EXPOSURE ASSESSMENT

Within the regional exposure assessment physical elements at risk that are affected by
landslides in a range of impact mechanisms, like for example: burial, collision impact,
earth pressures, or plastic deformation by object displacement (GLADE and CROZIER
2005), are investigated. Indirect impacts may comprise the interaction of landslides
with other systems or processes (GLADE and CROZIER 2005) e.g. fluvial systems by
damming a lake or also infrastructural systems, e.g. road blockage. The impact of
landslides on elements at risk does not only depend on the magnitude of the process
but also on the structural properties of the exposed elements at risk (PITILAKIS et al.
2011 , thus the respective physical vulnerability, see also PAPATHOMA-KOHLE ET AL.
(2011). Additionally the damage costs are related to the characteristics of elements at
risk, e.g. the living area of a residential building. Therefore it is important to assess the
location and the respective characteristics of all potentially affected elements at risk. In
this section a spatially explicit approach to assess landslide exposure on regional scale
is elaborated. The aim is to display the exposure of elements at risk and explicitly refer
to the different types of elements at risk that can be exposed in a certain location.
Therefore the base for exposure assessment is information on elements at risk as well

as information on landslide susceptibility (see also chapter 2.4.1 and 2.4.3).
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4.1.1 ELEMENTS AT RISK DATABASE

A basic part of risk assessment is to obtain detailed information on the elements at risk.
Therefore field mapping was conducted within this analysis to generate a detailed
database of the elements at risk in the study area. The focus herein is laid on buildings
and the respective characteristics and usage as it relates to vulnerability and damage
potential towards landslides. Therefore a detailed catalogue of all assets with different
categories was set up for a structured way of data collection and efficient field work (see
Table 4.1). In total 27 building types, which were identified in the field, the number of
storeys and a visual interpretation of the condition were recorded (PROMPER and GLADE
subm.) This number of storeys and the condition have a direct influence on damage

potential, however the condition can also impact the structural property of a building.

The building types are differentiated according to their usage based on visual
interpretation. In more detail the building types did not only include the general
building-types, e.g. offices, shops, farmhouses or residential buildings, but in the latter
two examples a further differentiation on the approximation of the number of parties
living in these buildings, therefore single-family houses (SP) and multiple-family
houses (MP) were differentiated. Further several combinations of building-types were
assessed to provide a more detailed view on the elements at risk in the area. The same
visual approach was applied to assess the storeys of each building; however, the cellars
of the buildings were not included. The assessment of the condition is based on various
criteria which can be identified visually from the outside:

= bad: cracks in walls, open roof, old windows, semi- intact render
= moderate: old windows, discoloured but intact render

= good: intact windows, intact render, intact roof

Further optional information regarding any other important features or characteristics
of a building, such as “in renovation” or a special use e.g. fire brigade were added to the
database. This detailed catalogue ensures an efficient and comprehensive recording of
the buildings in the study area which can further be included in the exposure

assessment.
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Table 4.1. Building Categories and characteristics

type

condition L.
description
(bad, . .
storeys (1-5) (optional e.g. "in
moderate, i
renovation™)
good)

office building

shop

industry

hotel

restaurant

wayside cross
transformer

fuel station

church

other

garden shed

garage + stable

shed + garage

shed + stable

stable

shed

garage

farmhouse + garage
farmhouse + shed
farmhouse + stable
farmhouse MP
farmhouse SP
residential building MP + shop
residential building SP + shop
residential building MP
residential building SP

school
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4.1.2 MULTILAYER EXPOSURE ASSESSMENT

The multilayer exposure analysis is based on the fact that landslides do not only have a
source area but do have a run out zone which needs to be accounted for. Therefore it is
possible that within the area of one landslide different elements at risk are affected,

which should be accounted for by superimposition of the different elements at risk.

In this section the landslide exposure was assessed by the intersection of various sets of
elements at risk with a landslide susceptibility map. This method is based on e.g.
PELLICANI ET AL. (2013) or GLADE ET AL. (2012), however, it implies multiple layers of
different types of elements at risk that may be superimposed in one location in order to
enable to distinguish between different degrees of exposure. As a first step the different
elements at risk were enlarged by a buffer representing the average length of landslides
in the study area. To account for the whole area of a landslide a minimum distance
from the landslide scarps to the potential impact on an element at risk is selected as
buffer distance. This serves as approximation of the range of a landslide potentially
impacting various elements at risk (PROMPER et al. in press). In a second step these
layers of the different types of elements at risk including the buffer area were converted
to binary raster files with O (element at risk not present) and 1 (element at risk
including buffer present) for each type of element at risk over the whole study area
(PROMPER et al. in press). They were prepared binary in order to enable a potential
superimposition by overlaying them and at the same time identify afterwards which
layers exactly are affected. Further, the susceptibility map described in chapter 3.2 was
adducted. The calculation itself was conducted by multiplying the susceptibility map as
first layer by 1000, the second layer (EaR_1) by 100 the third (EaR_2) by 10 and the
fourth (EaR_3) representing the different layers of elements at risk by 1 with a raster
calculator in a GIS environment (PROMPER and GLADE subm). The layers of different
types of elements at risk e.g. streets or residential buildings can be extended by
additional layers by adjusting the calculation. This procedure is illustrated in the Figure
4.2.
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Figure 4.2. Procedure of intersecting the process and elements at risk datasets
(PROMPER AND GLADE SUBM)

The resulting four digit code represents a susceptibility value for each pixel and the

number of respective layers of elements at risk present in the specific location. Table

4.2 indicates the different codes resulting from the elaborated analysis. Further details

can be read in PROMPER ET AL. (subm).

Table 4.2. Possible codes of intersection results (PROMPER AND GLADE SUBM)

EaR layer

ffected EaR 1 EaR_1
EaR_3 - EaR_1 and
EaR_3 EaR_2 EaR_1 and and and EaR_2
EaR_2 EaR_2 EaR_3 and
EaR_3
Susceptibility
1 1000 1001 1010 1100 1011 1110 1101 1111
2 2000 2001 2010 2100 2011 2110 2101 2111
3 3000 3001 3010 3100 3011 3110 1301 3111
4 4000 4001 4010 4100 4011 4110 4101 4111

52



ASSESSMENT OF SPATIOTEMPORAL DEVELOPMENT OF REGIONAL LANDSLIDE RISK —
A METHODOLOGICAL APPROACH

4.2LAND COVER ANALYSIS

As delineated in 2.4.1 land cover in this analysis is a linkage between land cover and
anthropogenic influence (DIGREGORIO and JANSEN 2000), thus land use therein
represents natural land cover elements and anthropogenic structures. This is important
for the consequence analysis, which is further important for the risk assessment. In this

chapter the detailed method for past and future land cover analysis is described.

4.2.1 SETTING THE SCALE OF ANALYSIS

The first step for the analysis is to set the appropriate scale. This is the scale which,
according to GIBSON (2000), is defined by the spatial, temporal, quantitative, or
analytical dimensions to measure and study a phenomenon. It is important to take the
extent and the resolution of the analysis into account, which covers the size of the
dimensions mentioned above (GIBSON et al. 2000). In the following setting the spatial

and temporal scale and their subsequent extent and resolution are elaborated.

SPATIAL SCALE

The spatial extent of the analysis is set according to the scope of analysis and thus can
be referred to as local, regional, national or global. As an example “regional” could be
interpreted at many different geographical levels depending on the story lines and
therefore becomes a judgement by the scenario developer and herein is likely to vary as
a function of geographical extent and objectives of a particular study (ROUNSEVELL et
al. 2006). Further the respective resolution related to the target phenomena is selected
based on the available data for the study area and the minimum size of the target
elements at risk and landslide area. In this study a regional assessment is the scope of
the analysis. The resolution of the datasets was selected in accordance to the minimum

size of elements at risk and according to a reasonable size related to the study area.
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TEMPORAL SCALE

Related to the past analysis datasets with the same time interval should be selected. If
possible the selection should also be in accordance with the datasets of the landslide
inventories. ldeal datasets are aerial photographs in similar resolution covering the
same extent and comprise the study area respectively (PROMPER and GLADE 2012). For
recent land cover, available orthophotos serve as a mapping basis. Related to the
duration in the future frequently used periods e.g. analysis periods of IPCC can be
applied in order to ensure comparability. The whole analysis duration therefore is
determined by the first year in the past and the last year defined in the future. The
temporal resolution is preassigned by the analysis intervals that are represented by
intermediate years of analysis which are analysed for different scenarios to ensure a

comparability of results.

4.2.2 DEFINING APPROPRIATE LAND COVER CLASSES

For the land cover analysis the classification, defining which land cover types are
mapped and modelled respectively, has to be set. This classification is bound to 1) the
study area and the predominant land cover classes and 2) to the importance of the
respective land cover classes for the scope of analysis (Figure 4.3). Therefore it is
important when reclassifying land cover types to e.g. not include streets into built up
areas but leave them as separate type of element at risk for landslide risk analysis as
infrastructural element but also as potential anthropogenic trigger. The classes within
this analysis were thus chosen based on the visual interpretation of the aerial
photographs.

4.2.3 ANALYSIS OF PAST LAND COVER

The analysis of past land cover comprises the spatial delineation of the different land
cover classes for each analysis period. This delineation needs to be based on certain
criteria in order to ensure comparability when analysing changes. Therefore the first
step for this analysis should be to set criteria for distinguishing and mapping the
respective land cover classes. This can be done by delineating surface structures e.g.
smooth surfaces in contrast to lined areas that for example evolved due to mowing.
Therein the border of the land cover types can be defined according to the visual
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difference of one to another. In the second step the land cover maps have to be
prepared either on the basis of aerial photographs or orthophotos or by reclassifying
existing land cover data e.g. CORINE land cover. However, if other maps related to past
or current land cover exist it is important to streamline these in order to delineate
changes over time. Therein it is important to indicate the same land cover types for
each time step and also the resolution of the different datasets needs to be accounted
for in order to compare and analyse the past land cover changes.

4.2.4 ANALYSIS OF FUTURE LAND COVER

For the analysis of future land cover a special framework was developed in order to
account for the specific needs of landslide risk analysis. In this chapter of the thesis the

land cover modelling process is described alongside the framework in Figure 4.3.

The first steps given in the framework concern spatial and temporal scale [1] and
availability of data which has already been elaborated above. Further also the selection
of the land cover classes [2] is described above. The next step to be covered is the
selection of the model [3] and the development of scenarios [4]. This will be elaborated
in the next paragraphs, whereas the detailed application of the model for the specific
study area and the subsequent parameter definition for this study is described in
chapter 5.2.4.

SELECTION OF THE LAND COVER MODEL

The selection of the land cover model is done according to certain criteria. Therein
(AGRAWAL ET AL. 2002) propose a framework which was also integrated in the
methodological framework for land cover modelling for landslide susceptibility and
consequence analysis, Figure 4.3. In this analysis it needs to feed into the hazard as well
as the consequence component of landslide risk. The main factors herein are 1) space,
2) time and 3) human decision making (AGRAWAL et al. 2002). This is based on the
interaction in space and time of biophysical but also anthropogenic factors after
(VELDKAMP AND FRESCO 1996). The factors space and time were already elaborated
above delineating duration, spatial extent and resolution. The model needs to serve the
necessities presented for these two factors, therefore serve a regional analysis and allow
yearly steps appropriate for land cover changes to be detected. Additionally the factor

of human decision making is a major aspect to be considered as spatial planning has a
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crucial influence on the spatial development of elements at risk. Therefore the model is
also selected according to the possibility of implementing spatial planning tools and

human decisions e.g. deforestation.

ADAPTATION OF LAND COVER DEVELOPMENT SCENARIOS

A scenario of land cover change is a story told in words, numbers and maps creating
alternative images on how the future might unfold (PONTIUS AND NEETI 2010,
NAKICENOVIC ET AL. 2000). In a more technical way land cover scenarios can comprise
various components e.g. spatial planning restrictions, location specific characteristics
like aspect or slope, conversion settings and land cover type specific demand,
representing the increase or decrease of the different land cover types per year. The
quantitative demand represents the increase or decrease of each land cover type in
hectare per year. Often these quantitative scenarios are only available at a national
scale. In this case they need to be adapted for the regional scale related to the specific
characteristics of the study area. For this study the focus was on the land cover types
that increase and it needs to be verified if and to what extent this is also true for the
study area. In a further step, depending on the story line, it is decided on the expense of
which land cover class a certain other land cover class is increasing. This leads to a
balanced increase and decrease in hectare per year for each scenario which is necessary
as input to the land cover model because the overall area (including both increasing
types and decreasing types) does not change. Further there might be other scenario-
specific components, depending on the selected land cover model, which need to be

implemented according to the respective model-requirements.
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Figure 4.3. Framework for land cover modelling as basis for landslide hazard analysis
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4 .3SPATIOTEMPORAL ASSESSMENT OF LANDSLIDE
EXPOSURE

The exposure assessment is based on the concepts elaborated in chapters 2.4.3 and
4.1.2 . To implement the changes over time it is the dynamic factors for landslide
susceptibility and the spatial development of elements at risk that need to be integrated
in the analysis.

4.3.1 LAND COVER SCENARIOS

The preparation of the land cover scenarios has already been explained in detail in
chapter 4.2. Land cover scenarios thus imply different potential changes due to selected
variable conditions which can be incorporated in spatiotemporal analyses of landslide
exposure. These prepared land cover scenarios were therefore selected 1) as input for
the subsequent susceptibility modelling and 2) as input representing the elements at

risk for the subsequent exposure analysis.

4.3.2 EXPOSURE ASSESSMENT

In chapter 4.1.2 the method for the multilayer exposure assessment is delineated. The
spatiotemporal assessment of the development of exposure is based on this concept,
intersecting information on landslide processes and consequences; however it is not a
superimposition of different elements at risk but one dataset comprising the potential
future land cover development.

The exposure assessment herein follows a simple raster calculation and therefore
enables a location specific depiction of the results in a GIS environment. For the
calculation the susceptibility map was prepared with classes 1 (very low susceptibility)
to 4 (high susceptibility) and the land cover dataset was classified from O — 8 for the
different classes. The multiplication in the raster calculation implies the multiplication
of the susceptibility map by 10 before it is added to the land cover classes to ensure
replicability in the final exposure dataset.
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Figure 4.4. Raster calculation for exposure assessment(PROMPER ET AL. IN PRESS)

Therein the resulting possible codes for the final exposure datasets are displayed in
Table 4.3. This combination of susceptibility class and the different land cover classes
enable a detailed quantitative analysis of the changes of exposure, however also a
qualitative and spatially explicit analysis is possible. Further the adequate illustration
of this code in a map allows a visual identification of hotspots, representing areas that

indicate e.g. highly exposed building or street area.

Table 4.3. Possible codes for the exposure results (PROMPER ET AL. IN PRESS)

Land cover Forest Grassland Acreage Building Streets Farms Water Rock
type area
Susceptibility 0 1 > 3 4 5 6 7
class
Very low (1) 10 11 12 13 14 15 16 17
Low (2) 20 21 22 23 24 25 26 27
Medium (3) 30 31 32 33 34 35 36 37
High (4) 40 41 42 43 44 45 46 47
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5. SPATIOTEMPORAL
DEVELOPMENT OF REGIONAL
LANDSLIDE EXPOSURE

To present the main results according to the aforementioned applied methodology, the
following chapters will provide an overview of the outcome for each analysis step
respectively. The structure is set in accordance to the previously described methodology

following also the analysis steps presented in Figure 4.1.

5.1 REGIONAL LANDSLIDE EXPOSURE

The regional exposure assessment was carried out for the current situation combining
various layers of elements at risk and the susceptibility map. The creation of the

different components including the results is illustrated in the following paragraphs.

5.1.1 ELEMENTS AT RISK DATABASE

The element at risk database is based on the building polygons of the digital cadastral
map. These were extracted and displayed on the orthophoto for validation and
completion in the field. The catalogue with 27 different types of buildings and other
descriptive characteristics was used for data collection in the field. These were then
grouped to eight categories (Table 5.1) for further analysis, because 27 categories would
not give a clear overview on the building types in the study area, however the original
coding was kept in the database (PROMPER and GLADE subm). To keep this code enables
for example that buildings of critical infrastructure e.g. fire departments can be
distilled easily from the database at a later stage of analysis, but also to extract further

information if needed in a later stage.
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Table 5.1. Grouped building categories of the elements at risk database

Grouped category

Original category

Residential buildings

residential building MP
residential building SP

Adjacent buildings (res.)

garden shed

garage

Farm

farmhouse + garage
farmhouse + shed
farmhouse + stable
farmhouse MP

farmhouse SP

Adjacent buildings (farm)

garage + stable
shed + garage
shed + stable
stable

shed

Residential & Business

residential building MP + shop
residential building SP + shop

Business

office building
shop
industry

hotel

restaurant

Schools

school

Other

wayside cross
transformer
church

fuel station

other

The following Figure 5.1 indicates the percentages of the buildings in the different

categories in relation to all buildings in the database. The results show a high

percentage of residential buildings and the respective adjacent buildings comprising for
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example garden houses and garages. In combination with farms, which also represent a
residential function, the total residential buildings make up for more than 50% of the
total number of buildings in the study area. In the category “Other” specific buildings
related to critical infrastructure and other specific uses are integrated. As these have
either a respective code or description these can be filtered separately for further

analysis. A very small percentage of 0.5 % in the study area is categorised as school.

The distribution of the elements at risk over the study area illustrates that residential
buildings concentrate in the valley bottoms whereas farms are mostly distributed on
the hilltops, scattered over the study area. The buildings related to critical
infrastructure are also distributed over the study are, however a concentration in the

main valleys can be observed.
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number of buidlings

Figure 5.1. Percentage of buildings in the different categories on all buildings
(PROMPER and GLADE subm)

5.1.2 MULTILAYER EXPOSURE MAPS

For the multilayer exposure maps three layers of elements at risk: “street area”,
“residential buildings & schools” and buildings of “critical infrastructure” were
extracted for the analysis and for each of the three groups group a binary file (0,1) was
created (PROMPER and GLADE subm). To approximate the range of landslide events in
the study area which potentially affect various elements at risk a buffer around the
elements at risk was calculated. The buffer distance was calculated from an analysis of
reported events wherein the length of landslide events was documented and 50 m
average length was approximated (PROMPER and GLADE subm). The assumption herein
is that the landslide has an impact over the whole length of the process. Each element

at risk was enlarged by this buffer to ensure that although a landslide might occur in a
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distance of 50 m from the building the impact is still recorded in this analysis. Further
the assumption is also that although a landslide might occur downslope of an element

at risk it still has an impact on the respective building or street.

In a second step the layers of elements at risk were cumulated to illustrate how many
and which layers of different elements at risk are present in a specific location. The
intersection with the susceptibility map results in a total of 32 classes (see also Table
4.3) which are difficult to distinguish and especially interpret visually in a regional

map. Therefore the following procedure (see also Figure 5.2) was applied:

= the layers of elements at risk were cumulated again, according to the
number of types of elements at risk present [A]
= and this layer [A] was then intersected with the susceptibility map [B]

resulting in a multilayer exposure map [C].

In map [A] it is possible to delineate how many layers of elements at risk, from one
(light blue), two (medium blue) to three layers (dark blue), are affected. This combined
layer of cumulative elements at risk is then intersected with the susceptibility map [B].
In the resulting multilayer exposure map [C], four classes of susceptibility with the

respective quantity of elements at risk (cumulative) can be identified, see Figure 5.3.
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Figure 5.2. Schematic presentation of the method displayed in maps including the
number of layers of elements at risk (A), the landslide susceptibility map (B), and the
final combined map (C) (PROMPER AND GLADE SUBM)

The multilayer exposure map indicates clearly where different susceptibility classes
coincide with multiple layers of elements at risk. The assumption herein is that the
more layers of elements at risk, hence different types of elements at risk, are affected by
e.g. high susceptibility, the higher is the subsequent exposure. Therein the darker the
colour tone the higher is the exposure to the relevant level of susceptibility. The

following Figure 5.3 indicates high landslide susceptibility with various spots of more
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than one layer of elements at risk being affected in the western part of the study area. It
is clearly identifiable that the city of Waidhofen is located along the Ybbs valley because
there is a dense superimposition of at least two layers of elements at risk, however, the
landslide susceptibility is very low. When zooming in in the South, it is indicated that
there are various areas with medium to high susceptibility and in many locations at
least two or even three layers are affected. These areas are mostly located in the valley
bottoms.
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Figure 5.3. Multilayer exposure map for Waidhofen/Ybbs (PROMPER AND GLADE SUBM)
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5.2 LAND COVER ANALYSIS

The land cover analysis is a central part of this thesis including the analysis of past land
cover changes and modelling of probable future shifts. These are all described along the

framework displayed in Figure 4.3.

52.1 SETTING THE SCALE OF ANALYSIS

SPATIAL SCALE

For the past analysis the available aerial photographs of the years 1962, 1997, 1988
were orthorectified for subsequent land cover mapping. However it was not possible to
cover the whole study area. Therefore, the analysis of past land cover is limited to
around 112 km2 whereas for the modelling of future shifts the whole district with about
130 km2 is covered. The comparison of past and future land cover is therefore limited to

the extent of the past land cover maps, which have a resolution of 20 m.

DURATION

The first step was to gain an overview on the available datasets for the district of
Waidhofen/Ybbs. Aerial photographs of 1962, 1979, 1988, 1992 were available, however
the aerial photographs of 1992 were excluded because of the short time span between
1988 and 1992 (PROMPER et al. 2014). In addition to that, the land cover maps for the
future analysis were defined reflecting the IPCC analysis periods. The basic map for
future modelling was a combination of the digital cadastre which was aligned with the
orthophoto. This orthophoto is mainly of 2005, however for full coverage, the
orthophoto from 2007 covers the north-eastern part. Further this base land cover map
and the orthophoto are only referred to as 2005 or current. This data availability and

the selected future periods results into the analysis periods shown in Figure 5.4.
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Figure 5.4. Time scale of analysis (PROMPER et al. 2014)

5.2.2 DEFINITION OF APPROPRIATE LAND COVER
CLASSES

For the past land cover maps a unified classification scheme was developed (see Table
5.2) which was also applied for the analysis of future land cover changes with the
exclusion of alluvium because the spatial extent compared to the other classes would be
too small to obtain reasonable results. In order to provide the land cover class

“alluvium” was combined with “rock” for the land cover modelling process.

5.2.3 ANALYSIS OF PAST LAND COVER

The analysis of the past land cover is the first step to approach the situation in study
area and the predominant land cover types. The main challenge regarding the mapping
process of the panchromatic aerial photographs of the years 1962, 1977 and 1988 was
the distinction between the different land cover types (PROMPER and GLADE 2012). To
encounter this challenge six predominant land cover classes were identified and criteria
for delineating these types from one another specified (PROMPER and GLADE 2012). The
criteria were assigned according to the visual interpretation by using the surface
patterns and the different colours that were identified. An example herein is grassland
which is characterised by a light uniform grey colour or also linear structures ascribed
to mowing. Another example is acreage which indicates narrower linear structures and
is delineated by ridges. The detailed criteria are listed in Table 5.2. The mapping of the
land cover classes was then conducted in a GIS environment. For the creation of the

map for 2005 a combination of the digital cadastral map and the orthophoto was
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applied. Further details on the mapping process can be found in PROMPER AND GLADE

(2012).

Table 5.2. Criteria for mapping the different land cover types (PROMPER AND GLADE

2012)

Land cover

type

Surface

Mapping criteria

Smooth and uniformly coloured but sometimes also

Grassland Vegetation cover )
linear structures due to mowing
Surface structure narrower than linear structures on
Partly covered
Acreage ) grassland;
by vegetation . .
often delineated through ridges; partly not vegetated
Forest Vegetation cover Single trees and single lines of trees are not considered
o Sealed surfaces also surrounding farming houses;
Building Area Sealed surface
settlements mapped as a whole
Farms Sealed surface Special shape as usual for farms in this area
Streets Sealed surface Linear feature; differences in width
Water Smooth surface  Is delineated clearly if not covered by forest
) Not vegetated areas next to water surfaces; where
Alluvium Gravel surface . .
topography allows alluvial deposition
Rock Uniform / rough Not vegetated; sharp edges

The results for the analysis of the land cover development from 1962 — 2005 indicate a
clear trend towards an increase in building as well as street areas (PROMPER et al.
2014). The area used for acreage is fluctuating constantly, reaching the largest extent in
1979 and the lowest in 1962.
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Figure 5.5. Development of past land cover for the study area of Waidhofen/Ybbs
(PROMPER ET AL. 2014)

From Figure 5.5 it is clearly visible that forest and grassland are the dominant land
cover classes (PROMPER et al. 2014). While the area covered by forest decreased from
1979 onwards, grassland is fluctuating throughout the analysis duration reaching its
minimum of 40 % in 2005 (PROMPER et al. 2014). The increase of street and building

area is mainly attributed to a decrease in grassland, which also explains the related
decrease thereof.

5.2.4 ANALYSIS OF FUTURE LAND COVER

In this chapter the application of the framework for land cover mapping as input to
landslide susceptibility and risk analysis, which is illustrated in Figure 4.3 is further
presented. For a better understanding of the following subchapters the main data
inputs for the land cover model are explained shortly. After this brief introduction the

chapter is structured according to the framework presented in chapter 4.2.4.

The following four main types of input data for the modelling process are split in spatial
and non-spatial inputs (VEBURG 2010):

-1 Spatial policies and restrictions (spatial),

= Location characteristics (spatial),
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= Land use type specific conversion settings (non-spatial) and

= Land use requirements (non-spatial).

The first set of input data is spatially explicit and covers spatial restrictions e.g. natural
reserves or areas that are favourable for building area. The location specific
characteristics are attributed to the distribution of land cover types according to driving
factors like aspect or slope. The third dataset on land use type specific conversion
settings is prepared by setting the potential changes form one land cover type to
another, such as grassland is allowed to turn to e.g. building area, forest, acreage etc.
This is a non-spatial setting that is applied to a land cover type for the whole area or
only within a specific area that is defined before. The last set of input data are land use
requirements, e.g. an increase of building area or decrease of forest, which are non-
spatial and define the change in unit area for each land cover type for each year,

representing a main part of land cover scenarios.

SELECTION OF THE MODELLING FRAMEWORK DYNA-CLUE

The modelling framework was selected on the basis of the criteria set in chapter 4.2.4,
namely space, time and human decision making. The Dyna-CLUE modelling
framework allows scenario based spatially explicit analysis of land cover and the time
steps of one year are appropriate to capture land cover changes. Further it does serve
the purpose of a regional analysis (VERBURG and OVERMARS 2009). Therefore the
Dyna-CLUE modelling framework (VERBURG and OVERMARS 2009) shows a good
performance on all three criteria, which is also stated by AGRAWAL ET AL. (2002) for the
precursor models CLUE Model (Conversion of Land Use and Its Effects) (VELDKAMP
and FREscO 1996) and CLUE-CR (Conversion of Land Use and Its Effects — Costa Rica)
(VELDKAMP and FRESCO 1996).

LAND COVER DEVELOPMENT SCENARIOS

Land cover development scenarios applied in this thesis are available from the Agency
"Austrian Conference on Spatial Planning”. The scenarios were developed during a two-
day conference as well as four workshops held in 2007 attended by experts, as well as
selected public, in the context of the project “Scenarios for the spatial and regional

development of Austria in the European context” (HIESS et al. 2009). The megatrends
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identified have different facets, e.g. ageing of society, wild cards like extreme events
with strong effects on total system and scenarios which are aimed to be consistent and
representing the most diverse potential of the future (HIESS et al. 2009). These
gquantitative approximations for Austria are then detailed with story lined for different
regions e.g. peripheral regions or urban regions (HIESS et al. 2009). The following
description of the scenarios by HIESS ET AL. (2009) is verbatim to the description in the
paper PROMPER ET AL. (2014, p. 13,) where they were summarised shortly:

Scenario 1: Overall Growth

The Overall growth scenario considers a general increase of the main forces driving
spatial development, such as economy, population, tourism, mobility and transport.
Moreover, this scenario type is characterized by improved energy efficiency, resulting
in reduced emissions. Although the interactions between state, market and civil
society prevent widening of disparities, the pressure on space grows rapidly
according to the Overall Growth scenario. These developments lead to a conflict of the
usage of space between the different sectors, such as tourism, nature conservancy,

agriculture, as well as settlement areas. (HIESS et al. 2009)
Scenario 2: Overall Competition

In the scenario Overall competition, the main driving factors of spatial development
are also growing strongly. However, the social and, consequently, the spatial
disparities widen. This implies that pressures on the growth zones and other regions
are confronted with out-migration. The basic assumption in this scenario is that
markets respond in time to scarcities, thus far reaching energy and environmental
crisis are avoided. (HIESS et al. 2009)

Scenario 3: Overall Security

In contrast to the previous scenario types, the Overall security scenario considers a
moderate growth of the main driving factors (economy, population and tourism).
This moderate growth results in an increase in pressure in areas being used for
farming and agriculture, due to high demand for biomass energy. Increasing
disparities can only be avoided by strict government regulation, social security
systems and restrictive in-migration. (HIESS et al. 2009)
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Scenario 4: Overall Risk

This is similar to the Overall competition scenario; however, the market does not
develop any mechanisms against sudden energy scarcity. For this reason, energy
prices rise suddenly in the absence of adequate countermeasures. High energy and
mobility costs are the main driving forces in this scenario. The consequences for rural

areas imply migration of enterprises population. (HIESS et al. 2009)

ADAPTATION OF LAND COVER DEVELOPMENT SCENARIOS FOR
WAIDHOFEN/YBBS

The land cover development scenarios were designed for Austria alongside four land
cover classes which increase or decrease respectively in hectare per year. For adapting
these scenarios according to the study area the numbers given were downscaled from
the area of Austria to the area of Waidhofen/Ybbs in (PROMPER et al. 2014). For the
model input, the land use requirements in hectare land cover, are adapted focussing on
the increasing land cover types to which the decreasing types were adjusted
proportionally (PROMPER et al. 2014). The resulting demand input for the land cover
model represents for each year the same total area, meaning that increase of specific
land cover types is based on decrease of other land cover types. Additionally to the
guantitative changes, HIESS ET AL. (2009) also provided a story line for each scenario
for different development regions in Austria. For the study area Waidhofen/Ybbs the
story line “Alpine peripheral regions” was integrated and the quantitative demand, as

well as other model parameters aligned accordingly.

The main changes within the proposed scenarios refer to a general increase in forest
areas (HIEss et al. 2009). Further the migration to lower lying areas continues and in
central areas the population number is stable or increases (HIESs et al. 2009). Therein
the story lines support the adaptation process and the focus on the increasing land
cover types. To complete the scenario development process, exchange with experts on
several parameters underlined the selected approach. In Figure 5.6 the combination of
the scenarios with the proposed trends of the story lines consolidated to the aggregated
land cover demand is shown. For this thesis these available scenarios, that were
developed for 2030 were extrapolated up to 2050 and 2100, based on the assumption
that the development from 2005 to 2100 is steady.
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APPLICATION OF THE LAND COVER MODELLING FRAMEWORK

Based on the possibilities of the Dyna-CLUE model, mentioned above, various
advantages for the purpose of land cover modelling as input for landslide risk
assessment unfold. Firstly it allows implementing a statistical relationship between
current land cover and different driving factors e.g. aspect or slope. Secondly, the
allocation of pixels is modified by possible autonomous development and the
competition between the different land cover types. This means that each pixel is
dependent on its elasticity to change, its statistical determined relationship to the
driving factors and on competition regarding other pixels (VERBURG et al. 2002). All
these factors are elaborated in detail below.

The preparation of the modelling parameters is split into the non-spatial inputs and
spatial inputs as the model contains the non-spatial demand model and a model for the
spatially explicit allocation procedure (VERBURG et al. 2002). The integrated
parameters will be described along the following Figure 5.6. numbers 1-4.
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Figure 5.6.Spatial and non-spatial input data to the Dyna-CLUE modelling framework
(altered from Verburg et al. 2009)
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The allocation procedure of the changes defined in the demand module allocates at
time (t) for each location (i) the land use/cover type (lu) with the highest total
probability (Ptotitii) (VERBURG and OVERMARS 2009). The total probability therein is
defined as the sum of location suitability (Plociw), neighbourhood suitability
(Pnbhi,), conversion elasticity (Elasi,) and competitive advantage (Compt,,) following
VERBURG AND OVERMARS (2009):

Ptot; i = Ploci i + Pnbhi i + Elas, + Compty,.

Further details on the allocation procedure can be found in VERBURG ET AL. (2009).

The demand module [1] was applied appropriately to the land cover classes: forest,
acreage, grassland, and building area. Several assumptions and observations influenced

the demand model:

=1 The assumption that no new roads will be constructed until 2100 since
the new building area will mainly focus on areas close to existing roads.
This assumption is also used in other studies, e.g. SAFELAND (2012).

= The assumption that the only allowed development for farm area is from
farm to building area. This is based on the analysis of the past and also
relates to the abandonment of agricultural areas (see also PROMPER et al.
2014).

= For rock and water the rate of change, derived from the past analysis,
cannot really be represented in a yearly mode of change and thus was
not accounted for in the modelling process.

Therefore the demand parameters for the land cover classes water, alluvium and rock
were set to zero regarding their spatial development. Additionally the demand for the
streets was set to zero. This had the technical reason, that this class is a line feature and
would within the model be “forced” to develop spatially. For better understanding the
procedure on how the demand was adapted for the study area is described in the
following chapter. The results of the adaptation process for the four different scenarios
applied, is presented in the Table 5.3.
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Table 5.3. Land cover demand in ha/year for Waidhofen/Ybbs (adapted after PROMPER
ET AL. 2014)

land cover

building
forest grassland acreage

. area
scenario
Overall Growth 5 -5.80 -0.40 1.20
Overall Competition 18.50 -19.70 -0.30 1.50
Overall Security 12.30 -13.02 -0.17 0.89
Overall Risk 12.30 -12.90 -0.10 0.70

The land use type specific conversion [2] settings can be split into two parts, the
conversion elasticity and the possible transition sequences. The conversion matrix
defines the possible sequence of land cover types. It is a matrix representing the
present land cover and the potential future land cover and therein, possible sequences
and also time shifted sequences can be defined (Table 5.4). The elasticity expresses how
easy a land cover type can change in respect to e.g. costs. Therein for some land cover
types it involves high costs to change (1) and for some a change is not really expensive
(0) and subsequent changes easier in comparison to another land cover type. This
reason can also be expressed by the simplicity of cultivation of e.g. grassland in

comparison to forest where the effort is disproportionally higher.
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Table 5.4 Conversion matrix

Potential future land cover type

building
forest grassland acreage area
forest 1 130 8 9
grassland 1 1 8 9
g
2 | acreage 0 1 1 0
o | building
o 0} 0 0 1
5 | area
g
= | streetarea 0 0 0 0
= farms 0] (0] 0 1
@)
water 0] 0 0 0
Rock (0] 0 0 0

[Conversion allowed (1); conversion not allowed (0); conversion allowed after 30 years

(130) conversion only allowed taking restriction maps into consideration (8,9)]

For the conversion matrix a set of rules on the changes of the different land cover types
has to be elaborated. An example is that grassland is likely to develop to several other
types of land cover whereas building area is not changing. Herein Table 5.4 indicates
the possible changes (1) and the changes that are not allowed (0). Further it is possible
to indicate after how many years a land cover type is allowed to change which in this
case is true for forest (30 years). In special cases e.g. when new building area should be
averted/prevented from dispersion it is also possible to allow conversions to building
area preferably in selected areas (VERBURG and OVERMARS 2009). These areas can be
defined in binary raster files which are represented by the numbers 8 and 9 in the
matrix. The elasticity of the different land cover types, from (0) very likely to change to
(1) very difficult for a land cover type to change to another, was also set according to the

scenarios applied (see Table 5.5.).
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Table 5.5. Elasticities defined for the different scenarios (PROMPER ET AL. 2014)

Forest Grassland Acreage Buildingarea

Overall Growth 0.7 0.3 0.3 0.7
Overall Competition 0.9 0.3 0.3 0.6
Overall Security 0.8 0.3 0.5 0.9
Overall Risk 0.7 0.3 0.3 0.8

In the next step the spatial restrictions were set [3] according to local conditions e.g.
natural reserves and according to the story lines of the applied scenarios. Therein
location specific restrictions (area specific restrictions) and non-location specific
(conversion specific) restrictions are set (VERBURG and OVERMARS 2009). The area
specific restrictions cover distance files which result from general spatial planning
principles, as well as zones that are explicitly excluded from development e.g. natural
reserves, see Table 5.6. These distance files are binary raster files indicating spatially
where e.g. new building is only allowed to develop 100 m from existing roads or
building area. The distance files for the study area for example prevents urban sprawl
as defined in the Austrian strategy for sustainable development (BMLFUW 2011). The
distance files are mainly focused on existing built up areas and are prepared using
Euclidean distance.

Table 5.6.: Location specific restrictions (modified after Promper et al. 2014)

Land cover
type

Restriction applied

Distance to existing building area max. 100m

Distance to existing roads max. 100m
Building area . .

Distance to existing farms max. 100m

Restricted within natural reserves

Acreage Aspect: 180 — 270
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Implementing location characteristics [4] into the modelling process is another main
factor of the analysis. These maps, representing probabilities of the different land cover
types, were created by using logistic regression which is frequently used in land cover
analysis (e.g. LIUET AL. 2009, RUTHERFORD ET AL. 2008, GELLRICH ET AL. 2007, HU AND
Lo 2007). Thereby, independent variables which include all relevant driving factors of
land cover change are related to the land cover as dependent variable. In alpine areas
especially aspect and slope are important driving factors for land cover development
(HIETEL et al. 2004) but also parameters such as distance to roads or building areas
may play a role. In this study a set of independent variables was created based on the
digital elevation model, slope, aspect and several distance files (Table 5.7). A major
assumption herein is, that for the potential change in land cover the anthropogenic
influence is considerably larger than climate change and therefore climate change was

not included into the land cover modelling process.

Table 5.7. Regression coefficients integrated in the land cover modelling framework

clzee%{ii?zinotrs] Forest Grassland Culture Building area
Constant -4.331 1.951 -3.413 7.216
DEM - - - -0.012
Slope 0.143 -0.085 - 0.066
Aspect - - - -
Distance to road - - - -
Distance to building ) ) )

area

Distance to farms - -0.001 -0.003 -
Distance to 0.005 - - -0.789

constructions

-) dropped out in the final model

The logistic regression within this analysis step provides knowledge of the relationships
of land cover types and the different driving factors. Inputs for the logistic regression
are the regression coefficients which showed the highest explanatory values in a first
stepwise logistic regression. Then the results are tested once more with the area under

the ROC (receiver operating curve) curve and only the cumulative probabilities with
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ROC values of higher than 0.7 (fair) according to the traditional diagnostic point
system TAPE 1990 are then integrated in the land cover modelling framework, Table
5.7.

5.3SPATIOTEMPORAL ASSESSMENT OF LANDSLIDE

EXPOSURE

This chapter describes the results of the land cover analysis referring to the
development of potential consequences. Further the application of the landslide
exposure assessment is described in detail and the chapter is finalised by the landslide

exposure scenarios which are analysed quantitatively and qualitatively.

5.3.1 LAND COVER SCENARIOS

The results for the land cover scenarios illustrate similar areas of growth for the specific
land cover types, however the extent of e.g. new building areas and forest vary. When
analysing the land cover maps for one scenario the largest changes are indicated for the
last time step. An example is indicated in Figure 5.7, where a section in the
southwestern part of the study area is shown. The presented scenario is the “overall
competition” (2) scenario which implies a high increase of building area from (A) to (C)
and in this case mostly on the expense of grassland. Additionally the scenario based
increase of forest is indicated in the following Figure 5.7 which is esepcially increasing
from (A) to (B). For the same scenario some patches of new grassland can be observed.
These increase mostly on the expense of forest (see also PROMPER ET AL. (2014)). For
the change from 2005 to 2050 scenario 2 indicates a vast increase of forest in the
central and southern parts of the study area, whereas for 2050 — 2100 the increase in

forest shifts to north-eastern part of the study area (PROMPER et al. 2014).
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Figure 5.7. Land cover scenario “Overall Competition” for 2005 (A), 2050 (B) and
2100(C), the overview is from 2005

As mentioned above the difference between the scenarios is rather the extent of e.g.
new areas than different locations. In the following Figure 5.8 this is illustrated by
presenting the same part of the maps of 2100 for all four scenarios. The different extent
of the patches of new building area are clearly indicated in all scenarios , however for
scenario 1 and 2 the extent is larger than for scenarios 3 and 4. The same can be
observed for forest areas which in this example are largest for scenario 2 and 3.
Especially related to forests the results indicate that new forest area develops next to
existing forest areas enlarging the forest areas but not creating “new” forests.
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Figure 5.8. Comparison of scenario results for 2100 (“Overall Growth” (1), “Overall
Competition” (2), “Overall Security” (3), “Overall Risk” (4))

cenario 1

In summary the results of the modelled future land cover indicate a range of outcomes
for the different scenarios. The different scenarios approximate similar areas of
development. However, the extent of these areas differs dependent on the applied
scenario. The most extreme scenario is “Overall Competition” which indicates the
highest demand for building and forest area. The development, therefore, implies that
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the pressure on space increases enormously which is also indicated in the story line of
the scenario (see chapter 5.2.4). These increasing areas mostly developed on the
expense of grassland which is also favoured through the high elasticity applied for this
land cover type. In general there are three potential development areas that can be
approximated for all scenarios, wherefrom two evolve in the southern part and one in
the north-western part of the study area. The development areas in the southern part
evolve early whereas on the long run especially the development area in the south-
eastern part develops. This probably relates to the fact that according to the defined
parameters the southern hotspots are more suitable for development of building area
than the northern part. This location specific, explicit analysis approximates potential

development areas for the given constraints.

5.3.2 EXPOSURE ASSESSMENT

The application of the method for the exposure analysis elaborated in chapter 4.3.2 is
based on two basic datasets: the susceptibility map and the land cover map. The
intersection of these two layers is then conducted for each analysis period individually.
The results generally represent an increase of exposure related to street and building
areas. The following figure 5.9. illustrates the landslide exposure for building and farm
areas. The lighter the colour of the bars the lower is the susceptibility. The different
scenarios are separated by different colours. The results clearly indicate that the
exposure in the high and very high classes increases towards 2100. The highest increase
is detectable in scenario 2 for the two medium exposure classes (high and low
exposure). The time steps from 2005 to 2030 and 2030 to 2050 only indicate a slight
increase in exposure. Especially the highest exposure class covers only a very small
percentage of the study area below 1 %. The land cover class with around 10 % of the
study area in the highest exposure class is grassland followed by forest (see also Table
B.1and B.2).
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Figure 5.9. Percentage of area of landslide exposure for building and farm area from
1962 to 2100 for all scenarios (PROMPER et al. in press)

In the following Figure 5.10 the exposure for street area is displayed for all the
scenarios and the past analysis. It is clearly indicated that the exposure for the past is
fluctuating whereas for the scenarios the distribution of exposure is similar, increasing
vastly from 2050 to 2100. Especially the percentage of the highest exposure class is
twice as high for all the scenarios as it is for building and farm area.
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Figure 5.10. Percentage of area of landslide exposure for street area from 1962 to
2100 for all scenarios (PROMPER et al. in press)
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The very low exposure class for all time intervals analysed ranges from 35 % to
approximately 60 % on the total percentage of street area. In general the exposure in
the medium and high classes for street area is higher than for building and farm area.
Referring to Table B. 1 and Figure 5.10 an increase of exposure can be observed in the
medium classes and affects mostly buildings and infrastructure. This indicates that not
only elements at risk develop in susceptible areas but also an increase in landslide
susceptibility changes the pattern of exposure. This is evident because the street area,
as a linear feature, did not develop while land cover modelling, and therefore the

increased exposure, refers to existing street area only.

Related to a qualitative exposure assessment the following Figure 5.11 illustrates the
exposure for the scenario Overall Competition for 2030 and 2100. It is shown that for
2030 there are areas of medium exposure of streets in the western part of the study
area. In contrast to that, the map for 2100 approximates new exposure hotspots
(darkest colours) referring to highly exposed building area in the southern part and the
north eastern part of the study area. The exposure of streets in the western part
increases and enlarges compared to building area in this part of Waidhofen/Ybbs.
Concluding, the new hotspots are mainly derived from new areas of development of
building area, whereas the hotspots related to street area remained the same but
intensified. These hotspots can serve as an indication where the landslide exposure is

increasing in the future, and detailed risk analysis should be conducted.
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Figure 5.11. Comparison of exposure in 2030 and 2100 for scenario Overall
Competition
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6. DISCUSSION OF RESULTS AND
HYPOTHESES

At the beginning of this thesis four hypotheses were formulated referring to the topic of
landslide risk, exposure assessment and the related spatiotemporal development of
landslide risk. The methodological approach presented allows an indication on the
potential spatial changes of landslide risk by approximating future landslide exposure
as a central part of landslide risk assessment. In chapter 1, the methodological
approach of testing these hypotheses is detailed followed by chapter 5, presenting the
application and the results of the approach. A thorough discussion of the results is
given in the respective publications as included in the Annex A.l to A.4. In this
following discussion section the previously raised challenges and arguments are
synthesized and put in the light of testing the four analysed hypotheses. Naturally,
references to previously published discussion material of the author are included in this
section. This section is concluded by the summary of potential applications and

limitations of the results.

The results of this thesis represent spatially explicit landslide exposure scenarios which
can only be evaluated considering the parameters that were integrated in the different
models and the accumulated uncertainties. Therefore, the results represent a
methodological approach testing potential future landslide exposure as a central part of
landslide risk analysis. This thesis further focusses on land cover as a major input to
landslide exposure assessment as land cover change links natural and human systems
(KOOMEN 2007) which is a key issue in the context of natural hazard and risk
assessment (PROMPER et al. 2014). RINDFUSS ET AL. (2004) further state that the change
in land use and land cover respectively, is related to the aforementioned interactions of

the human and natural subsystems.

Dealing with future scenarios naturally implies uncertainties. Further, the validation of
potential future scenarios is difficult because of the fact that relationships derived from
the past not necessarily describe potential future land use change ROUNSEVELL et al.
2006. Moreover, the past only represents one realisation of a potential land use change
development (ROUNSEVELL et al. 2005). However, ROUNSEVELL ET AL. (2005) also state
that scenarios themselves are models of how the real world functions. Therefore,

scenarios themselves approximate different alternative futures by changing
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parameters, and the inherent uncertainty of these parameter values is acceptable and

according to ROUNSEVELL ET AL. (2006) the inherent nature of scenario analysis.

6.1 0N THE CHALLENGES OF MULTILAYER
EXPOSURE MAPS

This part of the discussion refers to the identification and ranking of landslide exposure
hotspots. Before analysing landslide exposure scenarios, the current landslide exposure
was assessed. Accordingly, the first hypothesis aimed at analysing the feasibility of
identifying and ranking landslide exposure hot spots in the study area. This analysis
included expert decisions that can have a strong effect on the assessment of landslide
exposure. The multilayer exposure map in this analysis is based on a detailed database
of elements at risk and the susceptibility map. The selection of the different layers of
elements at risk relates to population (where residential buildings and schools are
grouped into one category), critical infrastructure (all buildings identified as critical
infrastructure are summarised) and the streets representing one type of linear
infrastructure. The grouping of elements at risk varies among various studies.
HANCILAR (2012) for example takes garages, fuel stations etc. into the group of
infrastructure or schools into the group of public buildings. PAPATHOMA-KOHLE (2007)
analyse human vulnerability by multiplying the population of each house by the
respective vulnerability of the house. PELLICANI ET AL. (2013) explore the exposure by
indicators wherein buildings and population are considered for physical and social
indicators respectively. Although the categorisation in this thesis is indeed very general,
it gives an overview on the composition of elements at risk in the study area and a
notion of which types of vulnerability assessments need to be applied in a further step.
Therefore schools and residential buildings were grouped as an indication on
potentially affected population. As the buildings and hamlets in the district are
dispersed, streets are an important element of infrastructure as they link these different

assets and were therefore considered for this analysis.

The categorisation of the elements at risk layers to be included in the multilayer
exposure map bears some assumptions that might be acclaimed critically. The
buildings that are related to critical infrastructure e.g. emergency services or
transformers were included in the category “others” however can be extracted of this
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category due to the keeping of the original codes. The category of buildings on critical
infrastructure is diverse and includes buildings like emergency services, that are mostly
clustered in areas with a higher density of buildings, whereas for example transformers
are scattered all over the study area. The assumption herein is that, all buildings related
to critical infrastructure are equally important. The database of elements at risk,
collated in extensive field work, indicates a high number of residential buildings that
corresponds to the exceeding number of adjacent buildings. This is also true for farms
where each farm is accompanied by several adjacent buildings e.g. a stable and a garage
or shed. This leads to a very high number of buildings with a highly varying damage
potential. On the one hand a garage of a farm can hold very high values and on the
other hand the building itself can be of eminent value. In contrast, a shed may also not
cover this high damage potential due to the content and the building itself. Additionally
the specific vulnerability from a building on a concrete foundation to a wooden shed
without foundation differs largely. The dataset on critical infrastructure is regarded as
inherent to the analysis of exposure and therefore was included in the multilayer
exposure map whereas, due to this high variability in specific vulnerability

characteristics, the adjacent buildings where neglected in this investigation.

The second input dataset for the multilayer exposure map is the susceptibility dataset.
This is based on several environmental factors as explanatory variables, indicating
areas that are more prone to sliding than others. The quality of the resulting landslide
susceptibility map is highly dependent on the input data quality and the model
performance (PETSCHKO et al. 2014). Furthermore, the amount of classes has an effect
on the resulting landslide exposure map. The decision on classifying the susceptibility
map into 4 classes using quartiles is based on the need of comparability of the different
maps. A larger amount of classes would imply a detailing of the results that does not
represent the allowed interpretation of the map given the used input data (COROMINAS
et al. 2013).

Ensuring the possibility to evaluate landslide impacts on elements at risk located in the
reach of the landslides a buffer representing this reach was approximated with 50 m.
The inherent assumption is that the impact of a potential landslide is the same over the
entire reach of a landslide. In reality, the landslide impact may be considered of
different intensity depending on the section of a landslide the element is located in and
on the distance to the scarp of the landslide. This is also elaborated by FELL ET AL.
(2008) stating that related to large landslides the impact on elements at risk is higher

at e.g. the boundaries of the landslide. However, the buffer serves to ensure that the
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impacts of landslides on elements at risk potentially lying within the reach of the

landslide are not underestimated.

The junction of all layers to a multilayer exposure map helps to indicate where several
layers of elements at risk are potentially affected in one location and therein supports
the identification of potential exposure hotspots. The visualisation of the results
enables to identify areas where and how many layers of elements at risk are located in
e.g. highly susceptible areas at the first sight. It is possible to delineate tendencies for
different areas. However due to the very detailed picture of how many layers are
affected in one spot it is difficult to reveal hotspots of landslide exposure at first sight.
For this analysis, it is therefore necessary to zoom in on areas that e.g. indicate darker

colours in the higher susceptibility classes and thus show potential exposure hotspots.

A limitation to the interpretation is related to the assumption that all buildings of one
group analysed are treated the same which implies for example that a multiparty
residential building is treated the same way as a single family residential building. This
distinction would have a major influence on human vulnerability as presented in
PAPATHOMA-KOHLE ET AL. (2007). Therefore, it is also difficult to rank the exposure
hotspots based on the regional map. This could be overcome by an interactive tool
encompassing the multilayer exposure map, but also providing the elements at risk

database for a quick analysis of the detailed exposure.

Related to this analysis, there are various sources of uncertainty. Within the data basis
of elements at risk, it is a visual interpretation of the type of building that implies
epistemic uncertainty (ELITH ET AL. 2002, ROUGIER ET AL. 2013). Another source of
uncertainty is the potential impact of the landslide wherein it is assumed that when one
location, superimposed by several layers, is affected all layers of elements at risk are
affected. However, when, for example, a building is diverging the impact of the
landslide (similar to the divergence of avalanches SAUERMOSER et al. 2011) the street or
building located downslope may be less or not affected at all. Aleatory sources of
uncertainty are incorporated in the statistical analysis of the landslide susceptibility
(Hill et al. 2013, Hora 1996). However, this is also partly related to epistemic sources of
uncertainty associated to the input datasets e.g. the landslide inventory (ARDIZZONE ET
AL. 2002, PETSCHKO 2014).

Being aware of all these uncertainties the results of the exposure analysis allow to
support the first hypothesis within the conducted investigation considering one

limitation:
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Hypothesis 1 [H1]: A regional exposure assessment facilitates identification and

ranking of landslide exposure hotspots in order to support detailed risk analysis.

It is possible to identify areas that indicate a tendency for high susceptibility and are
thus characterized by various superimposed layers of elements at risk. However, with
the presented methodology the ranking of the potential exposure hotspots is only

allowed by delineating the highest exposed areas.

6.20N THE EFFECT OF GLOBAL CHANGE ON
LANDSLIDE RISK

Landslide risk depends on various factors and some of these factors are changing and
can be referred to as dynamic. These factors concern preparatory or triggering factors
of an event, or both, depending on the landslide process (GLADE and CROZzIER 2005).
Referring to the anticipated consequences, the spatial distribution and the vulnerability

of elements at risk is decisive.

HUGGEL (2012) argues that historical unprecedented landslide activity is not
necessarily related to a change in climate but also to natural variability. CROZIER (2010)
herein underlines the importance of improvement of the resolution of GCMs and their
ability to translate global changes to accurate local outcomes in order to get a clearer
picture of landslide response to changes in precipitation. However, REMAITTRE ET AL.
(2007) established some interesting trends related to climate change and slope
stability. Further IPCC (2012) state that more frequent and intense precipitation events
introduce factors of risk into new areas and also reveal potentially underlying

vulnerability.

For the study area the overall amount of precipitation is predicted to decrease, however
the mean intensity of precipitation is increasing and at the same time, the frequency of
events is also decreasing (LoiBL et al. 2007). Therefore, precipitation events are
expected to be less frequent but more intense in the future. For the study area, it is
precisely these events that are the main triggers of landslides (WALLNER 2012,
SCHWENK 1992). This supports the assumption that also the spatial pattern of
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landslides in the study area will change. However, as mentioned above, there are
uncertainties related to future precipitation data. LOIBL ET AL. (2007) refer to the fact
that climate change signals for precipitation carry much larger uncertainties than
temperature signals and therefore cannot be regarded as strongly significant regarding
uncertainties. Further APCC (2014) state that especially the overall trend of
precipitation shows no definite trend because Austria is located in a larger transition

region of two climatic zones with opposing trends.

The second dynamic factor that is influencing the occurrence of landslide processes is
land cover (JEMEC AND KOMAC 2011, GLADE 2003), which subsequently also alters the
pattern of landslide susceptibility. Additionally land cover was identified as a basic
influential factor for the spatial and temporal distribution of elements at risk. On the
one hand, the assumption that land cover is a proxy for the allocation of elements at
risk is limiting the distinction of e.g. different buildings and building types, which is
further excluding the assessment of physical vulnerability. On the other hand, land
cover maps illustrate the distribution of different elements at risk e.g. street and
building area on a regional scale and enhance the possibility for analysing potential
future development. Referring to the consequence analysis it is the spatiotemporal
distribution of elements at risk that is decisive (PROMPER et al. 2014). The spatial
distribution of these elements changes due to the shift from a traditionally agricultural
society to a post-modern service-based society (FUCHS and KEILER 2013). According to
FucHs AND KEILER (2013), this implies increasing usage of mountain areas for human
settlements, industry and recreation which leads to an increase in intangible assets in

regions exposed to natural hazard processes.

Based on this discussion and considering the elaborated uncertainties the following
hypothesis [2] can also be supported.

Hypothesis 2 [H2]: Aspects of global change lead to a change in landslide risk.

Global change does show an influence on the potential development of landslide risk
through different parameters. Considering all uncertainties changes are expected
within the spatiotemporal patterns of landslide risk related to changes in both, the geo-
and the socio-economic system. This is also supported by the different scenarios
modelled for Waidhofen/Ybbs which are discussed in the following chapter. Therein
follows that for this hypotheses, independent of the land cover scenarios, the spatial
pattern of landslide risk is potentially highly impacted by land cover change and
precipitation.
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6.30ON THE EFFECT OF CHANGES IN LAND COVER TO
LANDSLIDE EXPOSURE

The land cover over the analysis duration from 1962 to 2100 indicates past and
potential future changes throughout the study area. The analysis of the past land cover
indicates a steady increase in building and street area which is in contrast with a slight
population decrease in the study area in the years 1961 to 2014 from 11.894 to 11.341
inhabitants (STATISTIKAUSTRIA 2014). This probably relates to higher land
consumption per capita for residential use (STATISTIKAUSTRIA 2013) and infrastructure.
Further the land cover analysis indicates a striking development, which is indicated by
an abrupt rise of street area from 1988 to 2005. This can partially be related to the long
analysis period of 17 years; however, it may also be related to the incorporation of the
digital cadastre which offers additional information, which might not be visually
recognizable when mapping the aerial photographs (PROMPER et al. 2014). The
development of forested areas from 1962 to 2005 is striking as the trend in this area is

towards increasing forest that is also indicated in the future scenarios.

The results of the analysis of past land cover change are associated with several

uncertainties related to (see also PROMPER AND GLADE 2012 or PROMPER ET AL. 2014):

= the mapping basis is comprised of orthorectified aerial photographs
which implies an increase of uncertainty in the boundary areas due to
higher distortion,

= the varying quality of the different aerial photographs and orthophotos
related to e.g. overexposure or shading etc.,

= the quality of visual interpretation which might has changed with
enhanced mapping practice in spite of applying certain criteria
(CARRARA ET AL. 1995 or ARDIZZONE ET AL. 2002 indicate this

uncertainty with landslide mapping).

These uncertainties need to be accounted for when interpreting the land cover maps
and also the subsequent exposure analysis for the past. For the analysis of future
landslide risk the implication of dynamic factors is accumulating uncertainty, which is
detailed in the following paragraphs.

The modelled precipitation dataset that is integrated into the future susceptibility
analysis is afflicted with aleatory uncertainty related to the modelling process on the
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one hand and uncertainties evolving from downscaling to a regional scale on the other
hand (LoiBL et al. 2007). Related to land cover modelling PONTIUS AND NEETI (2010)
identify three grouped sources of uncertainties: 1) the data that contain uncertainties,
2) models containing various types of uncertainty associated with how accurately their
algorithms express important processes which are then used to simulate land
transitions and 3) future land use change processes can be uncertain because decision
making involves human decision-making (free will). As a result, the land cover dataset
which is implemented in this study is also afflicted with aleatory uncertainty related to
the modelling process itself and epistemic uncertainty, as creating scenarios after
ROUNSEVELL (2005) is affected by:

= the subjective nature of qualitative interpretations,

= assumptions underpinning the land use change models used in scenario
development,

= the problem of validating future change scenarios,

= the quality of the observed baseline, and

= errors within statistical downscaling techniques.

Related to modelling of land cover scenarios various sources of uncertainties thus have
to be discussed. When models are used to create scenarios the input parameters are
adjusted in order to develop alternative futures leading to inherent uncertainties of
these parameters which, according to is acceptable for scenario analysis (ROUNSEVELL
et al. 2006). However, these have to be discussed and communicated accordingly.
Further the results of the parametrisation according to the story-lines and the results of
the spatially explicit illustration are bound to “what-if” scenarios which have
exploratory and projective capacities (PROMPER et al. 2014). This parametrisation of the
model according to the story lines is bound to the subjective nature of qualitative
interpretation and the assumptions and related sensitivity of land use and land cover
change models (IPCC 2007a) that are used in scenario development, underpinning the
land use change models and the quality of the baseline scenario (ROUNSEVELL et al.
2006). However, these can be used as a communication and learning environment
(VERBURG et al. 2006).

Therefore performing quality management is necessary on as many intermediate steps
as possible. It was for example performed when testing the relationship of land cover
types to certain environmental factors. Only the regression coefficients which showed
ROC values higher than 0.7 in the second test are integrated as beta values representing
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the location specific suitability. The value higher than 0.7 indicates a “fair” value on the
diagnostic point system (TAPE 1990). This is also true for the applied neighbourhood
coefficients. Additionally the implemented distance files and restrictions were
discussed with several experts to ensure a valid parametrisation according to the story
lines on the one hand and the implementation of spatial planning trends e.g. no
housing sprawl in the modelling framework on the other hand. The key component in
this analysis is the coupling of potential hazardous areas with the location and
redistribution of elements at risk (PROMPER et al. in press). The results of this analysis
indicate increasing risk due to both, rising exposure from development in susceptible
areas and an increase in landslide susceptibility which also affects existing elements at

risk.

The changes in the high and very high landslide exposure class for building and farm
area are marginal over the duration of the analysis, except for the change from 2050 —
2100 where a significant increase can be expected. This increase of 5% can be related to
the larger time span of 50 years. Analysing the results qualitatively, location based, an
apparent increase of exposure hotspots can be expected. The potential spatial change in
risk is related to increasingly exposed street and building area. These developments can
be ascribed to new building area in the highly susceptible areas, increasing landslide
susceptibility in locations of existing elements at risk and areas where development, as

well as landslide susceptibility increases.

In this analysis, no spatial restrictions related to non-structural mitigation measures
like avoidance are applied. Further, no spatial development plans except general trends
were implemented. The implementation of such policies could lead to a different
picture and even higher pressure on space related to further increase in building area.

The results of the spatiotemporal exposure assessment therefore delineate certain
trends and illustrate potential future scenarios according to the restrictions and
parameters applied. Considering the uncertainties and underlining the importance of
how to communicate scenario results the methodological framework supports

hypothesis [3], whereas hypothesis [4] only partly:

Hypothesis 3 [H3]: Land cover change influences the spatiotemporal development

of landslide risk.
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Although no full landslide risk assessment was carried out in this study, this hypothesis
can be supported. Exposure is a central part of risk and as it is location bound (FRA

PALEO 2009) it also influences the spatiotemporal development of landslide risk.

Hypotheses 4 [H4]: There will be changes of landslide risk in the future: new

elements at risk will develop in susceptible areas, and existing elements are
superimposed by areas of increasing susceptibility. However, the locations of

exposure hotspots will remain unchanged over time.

The analysis of the results indicates that new elements at risk are expected to develop in
areas susceptible to landslides however also existing elements at risk that are
superimposed on an increase of susceptible areas. Additionally there are some
development areas that coincide with increased susceptibility over the duration of the
analysis. The second part of the hypothesis referring to the remaining locations of

exposure hotspots has to be rejected, since new hotspots evolve additionally.

6.4 POTENTIAL APPLICATION AND LIMITATIONS

The methodological approach suggested in this study was developed for the
identification of potential exposure hotspots and their spatiotemporal development.

Two levels of exposure maps for the regional scale were produced:

= detailed multilayer exposure map for the current situation, and

= spatiotemporal exposure maps approximating potential future

developments.

The current multilayer exposure map gives a sound overview of the composition of the
overall exposure and illustrates where landslide susceptible areas coincide with
multiple layers of elements at risk. Therefore, the map enables to detect high exposed
areas related to landslides that could be necessary when deciding on the application of
detailed vulnerability and risk analysis. With a comprehensive database as available
from this study, it is further possible to delineate quickly which elements exactly are
affected and in which conditions the respective buildings are located. This means that a
ranking of the exposure hotspots on the first sight of the map is not possible.

Considering a top-down approach, areas where three different types of elements at risk
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are highly exposed provide a good basis for detailed analysis, which subsequently

enables a ranking of the hotspots.

The limitation of this analysis is clearly the elaborate illustration of the multilayer
exposure map on a regional scale which only allows detecting highly exposed areas, but
makes no differentiation in the medium classes due to the highly detailed level
presented on regional scale. Further, the small number of buildings of critical
infrastructure in relation to the high number of residential buildings and streets make
the medium classes with two affected layers too large in comparison to the high class
with three layers affected. Additionally all elements at risk in one layer are treated
equally, therefore, the presence of critical infrastructure in one location can refer to the
fire station being very imperative in comparison to a small transformer. A further
development of this method therefore could focus on taking into account these

differences.

Referring to the analysis of future exposure, increasing land consumption in areas
exposed to natural hazards and increasing susceptibility to natural hazards raise the
damage potential and increase pressure on the limited alpine space (ADAPTALP 2011,
FucHsS AND KEILER 2013). This indicates a need for adaptation to potential future
circumstances and spatial planning is an opportunity to navigate changes and negotiate
between competing demands (ADAPTALP 2011). Although the methodological approach
for approximating the future exposure development is connected to various sources of
uncertainty, it gives a range of possible developments that could be interesting for
future land use planning and land management. MECHLER AND THE RISK TO RESILIENCE
TEAM (2008) herein state that accounting for changes in exposure is important, as
reductions in future damages and losses often may be compensated by sheer increase
in people and assets in harm”s way. The results in this thesis indicate potential
development for various scenarios and illustrate on where potential changes in
landslide exposure can be expected. The applied analysis at regional scale therefore,
gives an indication to stakeholders undertaking decisions on a broader scale. SUKARNA
ET AL. (2012) refer to the importance of risk mapping on a regional scale for balanced
financial or political support or identification of priority areas. For these priority areas
a detailed risk analysis could indicate the potential loss. This potential loss may be
traded off against protection costs, a classical procedure within cost/benefit analysis
(Fuchs 2013, FEMA 1997). Additionally, detailed vulnerability and risk analysis is

always connected to high data or financial needs, and therefore, a hierarchical
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approach, in which regional analysis can guide the selection of local investigation areas,

serves to strategically use the available resources.

The limitations of this application are the missing inputs of actual development plans
and also hazard zone mapping as both already exclude certain areas from development.
The implications of hazard zone maps vary among different countries. As an example
the Austrian hazard zone map includes a red zone (high process intensity), wherein
constant use of the respective area for settlement and traffic purposes is not possible or
only possible with disproportionally high costs and in the yellow zones (medium
process intensity) permanent use is impaired (RUDOLF-MIKLAU and SAUERMOSER
2014). Therefore, taking into consideration land development plans and hazard zone
mapping would have increased the plausibility of the scenarios and therefore increased
the impact of the scenarios on decision makers. However, the indication of changes on
this long time frame can also initiate discussions on a general approach for tackling the
potential changes related to the natural and the socio-economic environment in the

region. This also refers to the discussion on potential adaptation strategies.
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/. CONCLUSION AND PERSPECTIVES

In this thesis an approach for an assessment of current landslide exposure and a
spatiotemporal analysis of future landslide exposure were performed. On regional scale

the results indicate exposure hotspots and the change of these hotspots over time.

The multilayer exposure maps allow delineating exposure hotspots for the current
situation while they allow a delineation of the highest exposed areas rather than the
ranking of hotspots as initially aspired. The presented approach allows an indication on
which types of vulnerability assessments need to be applied in a detailed vulnerability
and risk analysis. This refers to the possibility of selecting specific elements at risk (e.g.
schools) as a layer for an indication where also social vulnerability e.g. considering

coping capacity, has to be considered.

The scenarios of spatiotemporal development of landslide exposure indicate potential
changes in spatial development thereof, hence landslide risk in future. The results
indicate that besides a shift of exposure also new hotspots of landslide risk may evolve.
The landslide exposure assessment on a regional scale provides an overview of the area
and thereby a good indication of where in-depth analysis of landslide risk analysis is

needed.

Further the results of the future exposure analysis show that not only new development
of elements at risk implies an increase in exposure but also increasing landslide
susceptibility is imposing a spatial shift in exposure due to the evolution in areas of

existing elements at risk.

The incorporation of dynamic factors of global change in hazard and consequence
analysis shows a multitude of further research potential. This thesis aims at

contributing to the following specific aspects:

O The development of a framework for modelling land cover as input to landslide

risk assessment,

U a spatially explicit approximation of the development of elements at risk with

land cover scenarios over time on a regional scale in Waidhofen/Ybbs, and
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O the implementation of land cover and precipitation change into scenario based

landslide exposure assessment tested in Waidhofen/Ybbs .

The basic procedure of the methodological approach was clearly demonstrated and can
easily be repeated for other regions. Constraints, uncertainties and limitations were

pointed out and should be considered in future applications of the method.

Concluding, the results confirmed the hypothesis of spatial shifts in landslide exposure
that may be kept in mind as a word of caution for prospective spatial planning and
development in this area. Further the transferability of the framework for analysing
scenarios of landslide risk development is a major advantage considering the potential

climate change and its implication on landslide processes.

Perspectives on future research based on methods and results of this thesis range from
the benefits drawn from the collection of additional attributes to the elements at risk to
the potential of extending the modelling of land cover scenarios. The perspectives
include a more detailed investigation and assembly of additional data. This could
clearly improve the applicability of the outcomes of the study in regional spatial and
civil protection planning practices. Referring to the land cover modelling, research
perspectives are the incorporation of development plans from the municipality, hazard
zone maps or other available data that provide parameters for improving the

translation of scenarios of land cover development.

Tackling the cartographical challenges an index-based approach could facilitate
visualizing and ranking the landslide exposure hot spots. With such an index-based
approach areas of high exposure where more detailed risk analysis is necessary could
be indicated. The implementation of the database and the results in an interactive Web-
GIS platform with advanced query functions may facilitate an easy integration of all the
relevant aspects of landslide risk (and exposure) in development plans.

Moreover, the data collected on elements at risk can serve for additional analysis on the
specific vulnerability of buildings in the study area. This may guide a targeted investing
of public resources in prevention measures as areas of high vulnerability can be
identified quickly. The characteristics of the buildings, including condition, as well as
the distinction between single-party and multi-party residential buildings and the
number of floors, can additionally give an indication on affected population. The
knowledge of the exact location of the respective buildings or elements of critical
infrastructure in combination with the estimation of number of present people is

crucial for targeting civil protection interventions.

100



CONCLUSION AND PERSPECTIVES

The modelling of land cover scenarios and the possibility to design story lines of
development therein is a store of research perspectives. An example is the possibility to
define areas restricted to development. Modelling of land cover scenarios allows
integrating restriction areas e.g. for wind farms or recreation which are excluded for
future development to any other land cover type. This allows simulating upcoming
additional pressure on space and integrating potential future elements at risk that

could emerge due to e.g. energy scarcities.

In a multi-hazard or multi-exposure perspective, the land cover scenarios may be
facilitated to analyse the effects of future land cover change also on other natural
hazards such as floods or debris flows. This analysis can help to identify areas and
elements at risk which are not only exposed to one type of natural hazard but to
multiple hazards maybe even at the same time. The result of an integration of future
land cover scenarios can be scenarios of future multi-hazard risk can support natural

hazard risk management

The methodological approach applied in this thesis can stimulate the initiation of a
discussion process among stakeholders on potential future hazard exposure scenarios.
Further improvements and integration of supplementary expert input can help to
further adjust the scenarios to the characteristics of the respective study area. However,
it is important to keep in mind that scenarios are alternative future developments, and
therefore the interpretation is limited. Detailed risk analysis and detailed hazard
analysis in potential development areas are necessary to effectively apply long-term risk
mitigation measures like avoidance and thus facilitate reducing future risk for the
affected areas.
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Land cover changes for landslide risk evolution—first results from
lower Austria

C. Promper & T. Glade

Department for Geography and Regional Research, University of Vienna, Austria

ABSTRACT: Landslide occurrence is part of landform development in mountainous regions. The
changes in landslide initiations relate to numerous environmental conditions and, more increasingly, also
to the human activity in our landscapes. For example, not only landslide triggering factors like precipita-
tion but also the exposed elements at risk change significantly in time and determine therefore the evolu-
tion of landslide risk. These human induced changes are strongly related to development of settlements
including land cover changes, building of new infrastructure, and expansion or intensification of urban
regions. When interested in potential future consequences of spatial landslide occurrence—besides under-
standing the changes in future spatiotemporal probabilities of landslide occurrence—it is of major impor-
tance to take into account future significant changes of the elements at risk. In order to develop scenarios
for the evolution of landslide risk, it is required to investigate also the past development of the elements
at risk. This study aims to understand the development of elements at risk in the frame of a landslide risk
assessment. Therefore, land cover as one element at risk is classified from aerial photography referring to
landslide relevant aspects. The respective change of monetary value for assessing potential damage will
be investigated in a further step. The results show significant changes during the period 1962 to 2005,

especially with respect to arable land.

I INTRODUCTION

The increase of damage potential and loss through
landslides in alpine regions is not only caused by
an increased accumulation of landslide hazard
but also because of people moving into hazard
zones and intervention into ecosystem coherences
(Fischer 1999). This interlinks with the idea of glo-
bal environmental change where climate change is
only one factor. The change in land cover, increas-
ing mobility of people moving into remote areas
and improvements in buildings also constitute to
the evolution of landslide risk. Hufschmidt et al.
(2005) associate the term “evolution” with gradual
development and with inevitable irreversible proc-
esses. In terms of elements at risk this may stand
for removing the vegetation cover, deforestation
or increased values of buildings due to protective
measures. These are all processes that change the
ecosystem and may not be reversed easily. Conse-
quently the attention to these elements at risk and
their evolution is inevitable for future risk manage-
ment and adaption strategies.

Due to the fact that the interest in direct and
indirect damages due to natural hazards is increas-
ing (Brambilla & Giacomelli 2007) the necessity to
analyze all different kinds of elements at risk and
the linked development is unavoidable. Not only
in the public but also decision makers are asking

for scenarios of socioeconomic development
(Brambilla & Giacomelli 2007) to face the chang-
ing risk in the future. Amongst natural hazards,
landslides account for enormous property damage
in terms of both direct and indirect costs (Dai et al.,
2002) worldwide. In order to conquer the changes
of elements at risk towards landslides a detailed
analysis of the past evolution is a first step to under-
stand and to predict subsequent future changes.

The quantitative analysis of these elements at
risk can be conducted either by using the evalua-
tion of areas of land cover types plus the value of
these different types. However it may also be done
by estimating the value of buildings or also the
rebuilding costs per m?. For an first approximation
of the change of elements at risk it is suitable to
quantify the different land cover types and the spa-
tial change over time.

In this study we investigate the evaluation of
past land cover changes by an analysis of aerial
photographs and a spatial evaluation within an
ArcGIS environment. The mapping results are
analysed statistically.

2 METHOD

To delineate the land cover change, relevant past
time periods for mapping have to be identified.
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Considering a regular interval as well as the fact
that changes have to be visible, a 10 year interval
seems appropriate. However these time slices are
always limited to data availability. Ideal data are
aerial photographs in similar resolution cover-
ing the same extent and comprise the study area
respectively. These have to be orthorectified to
map respective polygons. For this study the five
time periods as provided in Figure | were selected.

The different land cover types vary according to
the study area. Linking to landslide risk, catego-
ries are divided into surfaces with vegetation cover,
without vegetation cover as well as sealed surfaces.
Further the different values of certain areas are
taken into consideration. The categories for this
study comprise the following 6 land cover types:
arable land, grassland, forest, building area, allu-
vium and water.

First mapping results showed that the interpre-
tation of the panchromatic aerial photographs for
the first four time slices are challenging, especially
the distinction from arable land and grassland. Due
to that the following mapping criteria were set:

e Arable land: surface structure narrower than
linear structures on grassland; often delineated
through ridges: partly not vegetated

£
1960 . _map of 1962
(']
1970 — E
1980 - ..--_---_;-mp of 1975
....... :;E -%-.map of 1988
1990 - ;;_ 4 map of 1992
wr
2
2000 — E
~mmmmmmm-—-.map of 2005
2010

Y

Figure 1. Time slices for the five investigation periods.
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Grassland: smooth and uniformly colored but
sometimes also linear structures due to mowing
Forest: single trees and single lines of trees are
not considered;

Building area: sealed surfaces also surrounding
farming houses: settlernents mapped as a whole;
streets included

Water: is delineated clearly if not covered by
forest

Affuvium: not vegeiaied areas nexi io waier
surfaces: where topography allows alluvial
deposition

After setting the criteria the different land cover
types are mapped in an ArcGIS environment. In
addition available topographic maps were used to
complement the mapping. To obtain a compre-
hensive land cover map it is important to avoid
overlaps and gaps. An example of an orthophoto
section from 1988 is shown in Figure 2, It displays
arable land and grassland as well as building area.

For the last time slice the mapping method was
adjusted to the better data availability including a
high resolution orthophoto and a digital cadastral
map. The digital cadastral map was used, reclas-
sified and adapted to fit the land cover types for
this study. In a further step the classification was
validated using the orthophoto of 2005. Another
exception in the method was applied for the land
cover type “water”. As it is difficult to delineate
it due to the lining of the channels through bush
vegetation etc., this type is moved from the digital
cadastral map to the other maps. In a further step
these surfaces are refined wherever possible.

Statistical analysis is used to evaluate the results.
For each time slice the percentage of land cover
units was calculated and additionally the change
of the different land cover types was compared via
the calculation of indexes.

Figure 2. Section of the orthophoto 1988 showing
building area, arable land and grassland.
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3 STUDY AREA

The selected study area is a region in Austria
located in the smooth hilly Flysch zone abundant
in sandstone. This geological unit is prone to slid-
ing and flowing (Krenmayr & Hofmann 2002). The
section selected for the analysis is located in the
district of Waidhofen/Ybbs situated in the south
west of the Province of Lower Austria comprising
i3 kin’, Figure 3.

The area is characterized by increased slope
angles see Figure 4. The steep slopes may also be a
reason for the high spatial proportion of grassland
and rather less arable land. Moreover the build-
ing areas are characterized by concentrations of
buildings in the valleys and farm houses sparsely
distributed on the slopes. The forest areas are char-
acterized by either large coherent areas or thin
rows of trees for wind shelter. The letter tree lines
are often aligned between the grassland and arable
land which makes a dissected picture of the differ-
ent land cover types.

Concerning the occurrence of landslides the
different predisposing factors like lithology and

Figure 3. Location of the study area Waidhofen/Y bbs.

Waidhofen/Ybbs (©

Figure 4. Section of Catrin

Promper).
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land cover give rise to frequent landslide hazards.
Schwenk (1992) examined landslides in Lower
Austria between 1953 and 1990 and conclude that
most of the landslides occur within grassland.
They offer two reasons: 1) grassland is found in
steeper areas whereas arable land without perma-
nent vegetation cover is mostly found in flatter
areas; 2) the forest areas are determined by deeply
weathered soils which are more stable than grass-
land (Schwenk 1992).

Regarding the climate in the study area the data
from 1971 to 2000 underline the predisposition
for landslides. The precipitation accumulates to
1133.6 mm/year and the daily totals can be up
to 84 mm (ZAMG 2011). Further 63.4 days/year
have a snow cover with more than | cm and a snow
height of more than 20 ¢cm is reached at 11.7 days/
year including fresh snow from December to April
(ZAMG 2011). Regarding the snow data one has
to consider that the climate station is at a sea level
height of only 421 m whereas the study area partly
reaches up to 665 m above sea level. Comparing
the precipitation data to other parts of Austria
e.g., Vienna the values are quite high. For exam-
ple even at the highest station in Vienna, the yearly
precipitation total reaches only 741 mm/year
(ZAMG 2011).

4 DATA

The data for the selected study area are aerial pho-
tographs, an orthophoto, a digital cadastral map
and topographical maps. The scale of the aerial
photographs in Table 1 indicates clearly that these
have been taken during high flights in comparison
to normal flight heights displaying a scale of about
1:5.000. On the contrary the orthophoto is of a
reasonable quality with a resolution of 25 cm.

5 FIRST RESULTS

The first results include maps for all time slices
except the map for 1992. This has not been final-
ized yet. The analysis of the different land cover
maps shows that there are significant changes in

Table 1. Data quality for different time slices.

Year Type Scale/resolution
1962 Aerial photograph 1:29.000

1979 Aerial photograph 1:38.000

1938 Aerial photograph 1:36.000

1992 Acerial photograph 1:38.000

2005 Orthophoto 25¢cm
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all determined land cover types. The following
Table 2 gives the area of the different land cover
in per cent for the total study area for four time
slices.

The general distribution of land cover classes
comprises mast of the study area with grassland
and forest which make up to nearly 90 per cent.
The rest of the area is covered by either arable land
or building arza. The contribution of water ranges
between 0.3 and 0.4 per cent for all presented time
slices. Further the land cover class alluvium is strik-
ing. 1t covers only 0.01 for the first time slices and
totally disappears for the other time slices.

The following Figure 5 shows the changes of the
classes: grassland, building area, forest and water
based on the first time slice analysed. The large
change of arable land is not allowing to present
this type in the same graph as the other types,
which are characterized by small differences.

It is clearly shown that only the building area
and the water has increased since 1962, The chang-
ing land cover types include grassland and forest.
Considering also Figure 6 it can be delineated that
also the land cover type arable land has increased
for all the time slices based on the basis of 1962,
The largest increase is shown in the time slice from
1963 to 1979, whereas the increase of arable land
in general decreased over the course of the investi-
gation period.

Overall the results show a trend towards
more grassland and building areas. This is at the

Table 2. Areas of different land cover types in % based
on the total study area.
Land cover type 1962 1979 1988 2005
Grassland 59.29 54,69 54.43 59.46
Arable land 1.61 425 2714 1.67
Building area 3.93 4,08 4.98 4.80
Forest 34.83 36.63 37.51 33.67
Water 0.35 0.35 0.35 0.39
Alluvium 0.01 0.00 0.00 D.00

kv
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Figure 5. Change of land cover based on the year

1962 for the classes: grassland, building area, forest and
waler.
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Figure 6. Changes of land cover based on the year 1962
for arable land.

expenses of the decrease in forest areas as well as
arable land.

6 DISCUSSION & CONCLUSION

The evolution of land cover in the past is definitely
an interaction of both: steady development and
irreversible processes. An example would be defor-
ested areas which then suffered landslide hazard,
which changes the topography irreversibly. This
leads to the assumption that anthropogenic influ-
ence is a major factor on land cover changes.
Regarding different land cover types as elements
at risk e.g., building areas or arable land one can
delineate the evolution of these elements at risk by
analysing the land cover change in detail. Schuster
(1996) stated that landslide activity increase is a
continuing trend in the 21st century due to:

e Increased urbanization and development in
landslide-prone areas

* Continued deforestation
areas; and

& Inereaced  reoional
® ANCIKASCO ICgiona

of landslide-prone

The first two statements relate to the prelimi-
nary results of this study. Clear trends towards an
increase in building area as well as grassland on
the expense of forested areas as well as arable land
are shown. The study gives a detailed picture of
the changes of land cover over 43 years. This will
improve by analysing the map of 1992,

Dataquality is anotherissue to be discussed here.
It definitely influences the mapping results. Com-
paring the quality of the aerial photographs only,
it is not only the scale but also the different expo-
sure to light and different flight routes. Further it is
study area specific how well features may be delin-
eated. An example would be the vast increase in
water: Channels in this area are often accompanied
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by bush vegetation and small trees, thus may not be
detected from the orthophoto only. The method to
copy and paste the water information frem the dig-
ital cadastral map into the other maps, and refine
these where possible, does not provide a detailed
picture of the changes of water surfaces. Related
to this study area, however. it is not too important
due to the small area relatively small total area.

For estimating future landslide risk this method
is perfect for a first step towards the evolution
of elements at risk and to analyse these changes
according to the changed landslide patterns. The
long time span in the past allows deducting gen-
eral trends which may also be extrapolated into the
future thus evaluating future landslide risk.

To conclude, this method of analysing changes
of land cover as elements at risk gives a good over-
view of general trends as well as detailed analy-
sis of some parts of the study area. As the data
requirements for this study are rather low this
study may easily be repeated for different regions
of the world. However the mapping criteria have
to be adjusted to the respective area.
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ABSTRACT

Keywords:

Land cover change
MNatural hazards
Scenario analysis
Landslide hazard risk
‘Waidholen/Ybbs

Various factors influence the spatial and temporal pattern of landslide risk. Land cover change is one of
the crucial factors influencing not only the natural process “landslide” and thus the hazard, but also the
spatial distribution of el at risk. T the of past and future landslide risk at
regional scales implies the analysis of past and future land cover development. In this study, the first step
in the analysis of landslide risk development over time is approached by analysing past land cover, as
well as modelling potential future scenarios. The applied methods include analysis of orthophotographs
and landcover scenario modelling with the Dyna-CLUE model. The timespan of the analysis covers 138
years from 1962 to 2100, The study area is located in Waidhofen/Ybbs {Austria) in the alpine foreland. A
high number of landslides are recorded in the district. The predominant land cover types are grassland
and forest. Buildings and residential areas are located in the valley bottoms and scattered on the hilltops.
The results show clear changes in the land cover development of the past and in the future including
spatial changes in the distribution of elements at risk. The trends show an increase in forest on the
expense of grassland. The spatial evolution of the surfaces of arable land is rather high whereas the

surfaces of residential zones mr:rease sleadily The spatial analysis indicates also the development of new

areas and ¢

ly new risk h

© 2014 Elsevier Ltd. All rights reserved.

Introduction

The change in temporal and spatial patterns of landslide risk is
attributed to several factors of global change. The changing climate
is not only infl ing i ity and freq y of extreme weather
events, but also their extent, duration and occurrence time (IPCC,
2012). Alternating land use and land cover respectively may act
as predisposing factors of landslide occurrence (Glade, 2003;
Begueria, 2006), but may also control the spatial distribution of
landslide consequences. The fact that not only the natural processes
but also the elements at risk change continuously, leads to the
assumption that risk assessment cannot be a static process (van
Westen, 2010). To address the spatio-temporal variability of land-
slide risk, one aspect is to analyse past land cover changes, as well
as future development of the land use and land cover using
scenario-based approaches.

* C ding author. of Vienna, D of graphy and
Regional Iirsean:h. Universitaetsstrasse 7, 1010 Wien, Austria.
E-muail address: catrin promperdunivie.acat (C. Promper).

htep: /e doiorg/ 101016/j.apgeor 2014.05.020
0143-6228/ 2014 Elsevier Ltd. All rights reserved.

According to Slaymaker, Spencer, and Embleton-Hamann
[2009), human activity, especially as far as land use and land
cover patterns are concerned, is the most rapid driver of global
change. Rindfuss, Walsh, Turner, Fox, and Mishra (2004) refer to
the interaction of human and natural subsystems that lead to al-
terations in land use and land cover. New land cover patterns may
occur not only due to natural factors but also as a result of a
number of anthropogenic activities such as economic de-
velopments, population growth or land abandonment. The sce-
nario based analysis serves as a tool to determine what could
happen assuming different pre-conditions (Verburg, Eickhout, &
Meijl. 2008). These pre-conditions moitly imply the interaction
of factors of the subsy as d above (e.g. demographi
or climate change]. Modelling these scenarios and their “un-
certainties is an explorative analysis that helps to delineate the
margins of the possible and conceivable (Verburg et al, 2008).
Moreover, the analysis of the past and future land cover is signif-
icant to thoroughly investigate two of the major research questions
dealing with land cover processes: 1) understanding in which lo-
cations land cover change occurs, and 2) assessing the rates of
change (Lambin, 1997), The spatially explicit analysis enables to
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understand and delineate better the interactions of the two sub-
systems (Rindfuss et al., 2004).

The analysis of the possible future land cover development is
espedially important due to the fact that decision-makers are inter-
ested not only in the future hazard potential but also in the informa-
tion on potential Joss as input to a range of decisions (e.g. hazard
mitigation plans; Downton & Pielke, 2005; Frazer, Walker, Kumari, &
Thompson, 2013). Modelling and monitoring of land cover develop-
ment on a regional scale has been conducted inmany different regions
around the world (Rembokl, Carnicelli, Nori, & Ferrari, 2000; Ruelland,
Levavasseur, & Tribotté, 2010; Teferi, Bewket, Uhlenbrook, &
Wenninger, 2013). Many authors focus on ecosystems or more spe-

are used in this analysis: 2030, 2050, and 2100. The year 2030 is
selected due to the horizon of the spatial development plans and
scenarios. 2100 is the horizon of various climate models and 2050
seemed reasonable in order to have periods with an adequate
number of years for land cover analysis.

Spatial analysis of land cover changes

dnn.!ym of past land cover changes
Available aerial graphs of past spatial land cover patterns
are mapped in order to be used for the analysis of the land cover

change over time. This is achieved by orthe-rectifying the available

cific on deforestation (Etter, Mc Alpine, Wilson, Phinn & P el

2006; Lambin, 1997). Regarding landslides and land cover change
there are numerous studies available e.g. Alcintara-Ayala, Esteban-
Chivez, & Parrot, 2006; Begueria, 2006; Glade, 2003 or Van Beek
and Van Ash, 2004, Moreover, land cover change and consequent
changes in the impact of natural hazards is an emerging topic within
the research community e.g. Wood (2009) studying tsunami expo-
sure, Alcantara-Ayala et al. (2006) assessing the distribution of land-
sliding in the context of vegetation fragmertation or Papathoma-
Kohle and Clade (2012) also dealing with vegetation cover and
landslide hazard and risk. In this study we apply a land cover analysis
for the past, as well as, approximating future land cover in order to

aerial photographs. To ensure ble results, certain rules and
restrictions (Promper & Clade, 2012) were set for carrying out the
visual i in a GIS If the data quality did
not allow visual interpretation, a comparison with other ortho-
photographs was required.

Future land cover scenarios

SC ios can be considered as al images on how the
future might unfold (Naki¢enovic et al., 2000), Regarding land cover,
this implies not only climate-driven changes but also d:rect

anthropogenic impacts, Spatial and regi 7

1ent sc

allow a first ds the ial evolution of landslide risk. available by authorities or previous projects may serve as a basis for
The analysis of the spatio poral patterns of land cover will land cover modelling. To serve as spatially explicit analysis, input
be the base for investigating the develof of potential landslid have to be defined. Further the

risk. The focus of the paper is on the location explicit temporal
analysis and the non-location specific quantitative analysis of land
cover changes, based on implemented scenarios. First, the meth-
odology used for the spatio-temporal land cover analysis is
explained. Second, a short description of the study area detailed in

¥ ptions need to be
stated clearly in order to ensure transparency within the analysis.
The model Dyna-CLUE 2.0 (Verburg & Overmars, 2009) was
selected to simulate the land use scenarios because it includes a
spatial and a non-spatial module (Verburg et al,, 2002), The model

order to demonstrate the relevance of the study's objectives on a
regicnal scale. Finally, the results are discussed and some per-
spectives for further analysis are proposed.

Method

The approach for land cover analysis as a basis for the subse-
quent risk ires the combination of different sets of
methods, To analyse me land cover change, the applied method-
ology contains four steps:

1. setting the time scale of analysis,

2. amalysing the spatial land cover changes,

3. adapting and modelling future land cover scenarios,

4. performing a quantitative and qualitative (spatially explicit)
analysis.

Hereby, spatially explicit refers to a location based analysis of
r.he lhll‘ereul land cover types, Regarding the future land cover

LS are ¢ d in order to run lhe model for
scenario-based pproxi cl‘, ible future d P
Time scale of the analysis

There are two considerations related to semns the time span of
the land cover change analysis: a) which g doc are

combines statistical analyses and decision rules that determine the
sequence of land mver types (bchalcla(h & Priess, 2008). For the
spatial analysis, the the different land cover
classes and the main driving factors are evaluated by stepwise lo-
gistic regression (Verburg et al, 2002). Moreover, location specific
restrictions (e.g. natural reserves) need to be included. The demand
represents the non-spatial model input and is based on the sce-
narios used. These values are implemented in the model as a top-
down factor. By an interactive process, the model tries to imple-
ment all these changes for one year before it proceeds to the next.
This that, for le in the map of 2030, all changes from
2005 onwards are already included.

‘The basis for the spatial distrioution of the different land cover
classes in the scenarios depends mainly on topograpkic factors like
slope and aspect. However, some general spatial planning as-

are alsa incorp 1 to limit certain factors (e.g.
development in mmplelely remote areas). Applying assumptions
in scenario buildi ation of ible societal
and economic devel.opmems in order to simulate what might
happen in the future (Rounsevell, Ewert, Reginster, Leemans, &

Carter, 2005), The lied are lained in more
detail in the following parayaph
On one hand, an ion that the d d for the years

2005-2030 will not change until 2100 had to be made, meaning
that this was extrapolated, adopting at the same time some general
trends in spatial planning On the other hand, the second

ble con-

is that no new building area cutside a 100 m buffer of

available for the past and b) what time span is
cerning future scenarios.

Ir order to compare results, the time periods should be chosen
in accordance to existing future scenarios regarding d t

il '_, building i area is allowed. Further, a minimum
distance (200 m) between farms is applied. Finally, street areas do
not develop for the reason that Dyna-CLUE 2.0 does not integrate

plans or climate change models (Hiess et al, zUU‘i (JR()K 2011;
Schoener, Boehm, & Haslinger, 2011; Smiatek, Kunstmann,
Knoche, & Marx, 2009). For this reason three future time steps

I for linear develoy Another 1 was the fact

that water surfaces do not change within the modelling process.
Additionally, the past development of land cover is not yet

implemented into the future modelling. The hypothesis supporting
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this decision is that changes in the planning system and changes in
the needs of the population overrule the importance of past de-
velopments. This is strongly supported by the fact that human ac-
tivity is regarded as the most rapid and a very important factor
regarding land cover change (Briassoulis, 2003; Meyer & Turner,
1994; Slaymaker et al, 2009).

Study area and datasets
Regional setting

Waidhofen[Ybbs is located in the Province of Lower Austria in
the alpine foreland (Fig. 1). The administrative unit is a district as
well as municipality and covers approximately 130 km®. Due to
data availability, the study area focuses to 112 km? of the district.
The topography is characterized partly by steep slopes and partly
by gentle hilltops.

Land cover and land use types are strongly linked to relief
characteristics such as slope height, slope angle and slope exposi-
tion. It is ¢ i mainly by culti i grassland as well as by
forest (Fig. 3). The acreage areas are scarce and depend on the
exposition, as well as the location on the hill slope.

‘Waidhofen/Ybbs has approxi ly 11.500 inh s leading
toap vV of about 90 inhabi per km?, Due to the
relier populndorl is mainly concentrated in the valley bottoms and
scattered settl and farmk at the hilltops (Fig. 2).
, as well as industriat areas, are

Furthermon’.‘. public bmldl

The main soil type in Waldhofenh"bhs is bruwn earth; however,
patches of relict soils such as Rendsina, Gley and ley can

damages are mostly related to infrastructures and agricultural areas
whereas the smallest portion of the records is related to buildings.

The analysis of the land cover in the study area is based on the
orthophotograph of 2005, The digital cadastre shows that two
predominant land cover types are forest and grassland, Further, the
land cover types rock and water only represent a very small portion
of the whole investigation area. Some land cover types (eg.
acreage) fluctuate more than others (e.g farms).

Darasets

The aerial photographs available for the study area cover the
years 1962, 1979 and 1988. The orthophotographs for 1992, as well
as a combination of 2005 and 2007 (later referred to as 2005 only)
are available, Further the digital cadastre including a high number
of land use classes serves as basis for the analysis. Additionally a
layer comprising protectorates and the digital elevation model
(DEM), are available as basis for restricted areas according to slope
or aspect, The scenarios used for the land cover development is
explained separately in the following paragraphs.

Land cover development scenarios are available from the
Agency “Austrian Conference on Spatial Planning”. The scenarios
are part of the outcome of discussions of four workshops by ex-
perts, as well as expert public, in the context of the project Scenarios
for the spatial and regional development of Austria in the European
context (Hiess et al., 2009). The future driving forces are presented
in the form of megatrends with different facets e.g. ageing of so-
ciety, wiid cards like extreme events with strong effects on total
system and scenarios which are aimed to be consistent and rep-

also be found. The lithology is composed of Limestone, Plygch the
“Klippenzone" and Dolomite (Wessely, 2006). The Northern part is
characterized by gentle hillslopes underlayed by Flysch.

The majority of landslides occur in the Flysch and the Klippen-
zone (Schwenk, 1992). Moreover, the district Waidhofen/Ybbs has
one of the highest amounts of landslides in the province of Lower
Austria (Petschko, Glade, Bell, Schwaigl & Pomaroli, 2010). In more
detail, the landslid y of Waidhofen[Ybbs (Petschko et al,
2010) indicates a total of 69] landslides, mapped from the ALS
(Airborne Laser Scanning). The landslide types have been classified
by visual interpretation and include 522 distinct slides, 141 areas
with slides, 25 with flows and 3 wnh complex landslides (Petschko
et al., 2010}, Therefore, the inant landslide process for the
study area of Waidhnrenn’bhs is s!lding, The analysis of the re-
ported damage in the landsiide inventory (extracted from the
building ground register provided by the Provincial Government of
Lower Austria), includes estimations with respect to the depth and
the size of the landslides. The depth of most of the landslides has
been estimated in the range cne to three meters. The reported

A

Fig. 1. Location of the study area Waidhcfen/Ybbs in Austria (Promper & Clade, 2012),

g the most diverse potential of the future (Hiess et al,
2009). These quantitative approximations for Austria are then
described for the different sub regions e.g. peripheral regions, ur-
ban regions (Hiess et al, 2009). In the following the different
available scenarios are described in more detail.

Seenario 1- overall growih
SCERanio 1. overan growil

The Overall growth scenario considers a general increase of the
main forces driving spatial develop such as popu-
lation, tourism, mobility and transport. Moreover, this scenario
type is characterized by improved energy efficiency, resulting in
reduced emissions. Although the interactions between state, mar-
ket and civil society prevent widening of disparities, the pressure
on space grows rapidly according to the Overall Growth scenario.
These developments lead to a conflict of the usage of space be-
tween the different sectors, such as tourism, nature conservancy,
agriculture, as well as settlement areas. (Hiess et al., 2009)

Scenario 2: overall competition

In the scenario Overall competition, the main driving factors of
spatial development are also growing strongly. However, the social
and, consequently, the spatial disparities widen. This implies that
pressures on the growth zones and other regions are confronted
with out-migration. The basic assumption in this scenario is that
m.arke‘ls respond in time to scarcities, thus far reaching energy and

| crisis are ided. (Hiess et al,, 2009)

Scenario 3: overall security

In contrast to the previous scenario types, the Overall security
scenario considers a moderate growth of the main driving factors
{economy, population and tourism}. This moderate growth results in
an increase in pressure in areas being usad for farming and agricul-
ture, due to high demand for biomass energy. Increasing disparities
can only be avoided by strict government regulation, social security
systems and restrict:ve in-migration. (Hiess et al,, 2009)
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Fig. 2. Gentle hillslopes in the Northern area of the district (a) and scattered settlements (b in the region Waidhofen/Ybbs, Lower Austria {pictures taken by (2) Canli, 2012 {b)

Gokes<h, 2012).

Scenario 4: overall risk

This is similar to the Overall competition scenario; however, the
market does not develop any mechanisms against sudden energy
scarcity. For this reason, energy prices rise suddenly in the absence
of adequate countermeasures. High energy and mobility costs are
the main driving forces in this scenario. The consequences for rural
areas imply migration of enterprises population. (Hiess et al., 2009)

Fig. 3. Land cover map of Waidhofen/¥Ybbs 2005.
Source DEM: Provincial Government of Lower Austria.

Application of the methodology and results

The application of the methedological steps ensures that the
quantitative changes in land cover can be analysed spatially. In the
llowing paragraphs, the detailed analysis of the devel of

the land cover classes is described in accordance to the succession
proposed in the Methodology chapter.
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Time scale

The four orthophotographs of 1962, 1979, 1988 and 2005 are
used as mapping basis. The orthophotograph of 1992 is excluded
due to the short time period between 1988 and 1992. This leads to
the final analysis periods that are displayed in Fig 4. Due to the
availability of aerial photographs, the time slices for the past differ
from 9 up to 17 years.

Spatial and quantitative analysis of land cover changes

The results of the land cover mapping from 1962 to 2005 indi-
cate a clear trend towards an increase in building as well as street
areas. The land cover type farms remains more or less the same over
the analysis period. However, the acreage is fluctuating constantly,
reaching the largest extension in 1979, The lowest extent of acreage
is in the first time slice. Regarcing the dominant land cover class
forest and grassland the development is controversial. The forest
area s decreasing from 1979 cnwards, whereas the extension of
grassland is fluctuating over time reaching its minimum in 2005.
The coverage of grassland decreased from approximately 50% of the
study area to its minimum of approximately 40% over the investi-
gation period. The forest area always fluctuates around 40%. The
land cover classes water and rock range below 1% of the whole
study area summarizes to a total area of approximately two hectare.
In Fig. 5, these changes are presented as percentage of the whole
study area from 1962—2005.

Scenarios development

III' Commad
(S

i . i
g LR
| e
- e -—‘- -_:: e
= i _:l'..::..

o e
-

Fig. 5. Changes in land cover delincated from aerial photographs between B62 and
2005,

The Table 1 details the demand specifically calculated for
Waidhofen/Ybbs in hectare per year. These numbers indicate the
increase or decrease in hectare area, considering all top down
factors that are incorporated additionally.

Quantification of the scenarios

Regarding the future development of the different land cover
types, the scenario-based approach is presented in Fig. 6. Note that
the buiiding area inciudes the farms, due to the very iow number of
farms in the study area. The past development of the land cover
classes shows an overall trend within the investigation period.
However, it is important to consider that this figure represents the

The development of the scenarios implies data preparation and
the tuning of the scenarios to the respective study area. This is
necessary due to the specific characteristics of the region of
interest.

Data preparation

The applied land cover scenarios were developed for whole
Austria (see chapter Datasets), and thus need to be adapted for the
regional analysis. Within the scenarios, the changes for the
different land cover classes are described in hectares of increasef
decrease per year. Adaption to the study area was performed by
accustoming the numbers for the whole area of Austria to the area
of Waidhofen[Ybbs. As model input the estimation of a balanced
increase and decrease of hectare land cover is demanded. In a first
step, the focus was on the increasing land cover types; in a second
step, the decreasing arcas were calculated proportionally.

d d that was set for the different scenarios. Thus, it only allows
to visually comparing the different trends, also in correspondence
to the past development.

Fig. 6 shows a clear trend for future increase in forest areas, for
all scenarios. Moreover, a clear trend towards an increase of the
building area is indicated. On the opposite, the future trend for
grassland is decreasing. In more detail, the scenario 2 shows the
highest number of changes compared to the other scenarios.

Table 1
Land cover demand adapted for Waidholen Ybbs for each scenario.
Change in hafyear for Forest Grassland Acreage Building area
Waidhofen/Ybbs
overall growth 50 58 04 1.2
overall competition 185 197 03 1.5
overall security 123 130 02 09
overall risk 123 129 ol 07

i3 H

2100

2040 2050 2060 2070 2100

1960 1970 1980 1990 2000 2010 2020 2030 2080 2090
' |
map map map
1962 1979 2005
map
1988

Fig. 4. Time periods of the past and future land cover analysis.
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Fig. 6. Changes in lind cover types in percemtage of total changes for the past periods, the current land cover map and the four scenario developmrents,

Especially the forest areas increase by more than 10% of the total
changes from 2030 up to 2100. Comparing this area of forest to the
forest area in 1962, th rease is more than 20%, In each scenario,
the building area shows an increase, however, scenario 2 shows the
highest overall increase of building area.

Location specific restrictions

‘These top-down factors were included to create location specific
criteria where certain land cover conversions are not possible.
Further, these are used to keep distances between specific de-
velopments within the modelling process. The restrictions were set
by expert judgement and computed by analysing the distribution of
the different land cover types in the current land cover map. The
Table 2 represents the location specific restrictions used for this
study.

Modelling process

The modeiiing was carried out with the Dyna-CLUE {Dynamic
Conversion of Land Use and its Effects, v 2.0) modelling framework

restrictions (lable 2), different binary maps, incduding these
restricted areas only, were created. Further the analysis of the land
cover classes and their driving factors were evaluated by using lo-
gistic regression.

The allocation of the pixels within the model are then, based on
these probability maps, the decision rules and the actual land use
map, conducted by an iterative procedure (Verburg et al., 2002).
This iteration is conducted for each year, thus each output map
already incorporates all changes that have occurred up to this
specific moment in time. The spatial analysis of the results follows
in the following paragraphs.

Location specific analysis of land cover changes

More insight into changing patterns is provided by the location
specific analysis, as well as the examination of which land cover
types change to which other land cover type. Scenario 2 is selected
as an example for the spatial analysis because it indicates the
largest areas of changed land caver. Thi pmh:lbly relates to the
story line ihai energy sca nied timely. The changes
for the other scenarios are similar, due to the same location specific

(Verburg & Overmars, 2009). The model I b up and
top-down effects and allows modelling several land cover types in
one modelling set-up. This model combines a non-location specific
demand module and a spatially-explicit allocation procedure
(Verburg et al, 2002). The demand described in the chapter
Scenarios development was used as top-down input on how the
land cover should develop quantitatively. For the location specific

Table 2
Location specific and non-location specific restrictions.

rs applied. Fig. 7 shows the changes from 2005 to 2030
arld 2005 to 2100 for the respective scenario.

The intense colours “New arcas” in Fig. 7 indicate clearly the
new land cover type. The changes from 2005 to 2030 mainly show
an increase in forest in the central and southern parts of the study
area. Additionally, an increase in building area along the valley in
the South is observed. Referring to Tables 3 and 4 this change is on
the expense of grassland only and covers around 0.3% of the total
study area. On the hill slopes, in the South Eastern part of Waid-
hofenf¥bbs, a new area of acreage is also visible. The forest area
increased mastly at the expense of grassland and covers approxi-
matcly 4% of the study area however, new grassland has also

Resriction Land cover  Applied restrictions
type
Location Building Distance to existing building area max. 100 m
specific area Distance to existing roads max. 100 m
Distance to existing farms max. 100 m
Restricted within natural reserves
Acreage Aspect: 180" =270" as well.
MNon location  Forest Change only allowed after 30 years
specific

de ped on forest areas. The change from forest to acreage is
extremely low, but it can occur.

The changes from 2005 to 2100 cover a larger area, indeed. The
increase of forested areas expands towards the north-castern part
1g the building area, the is vast and
covers almost completely the valleys in the southwest. Further, it
increases on the hillslopes in the South Western part and, in the last
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Scenario 2
2030

Land cover New areas
Forest streets [l Forest
Gressland Farms [ Grassland

Fig. 7. Spatial changes in land cover scenario 2 between 2005-2030 and 2030-2100.

developments steps, also in the North Western part of the study
area, Moreover, it is striking that new acreage areas seem closely
linked to locations of new building area. Approximately 13% of the
study area wurned from grassland to forest areas and less than 1%
from forest to grassland. The building area increases solely at the
expense of grassland (Tables 3 and 4). In contrast to the changes up

to 2030, there are changes from acreage to forest and a larger shift
from acreage to gressland. However, the new grassland in 2100
mostiy deveioped at the expense of forest (Tabies 3 and 4).

Discussion

The results of this analysis show two different types of data: the
mapped results and the scenario based analysis on possible future
develog In both analysis, uncertai have to be accounted
for, however, the nature of uncertainty is different. In the following
paragraphs, the sources of uncertainty are explained in more
detail.

On the one hand, the mapping procedure is affected by
different problems e.g. visual interpretation may change with
enhanced practice, quality of the aerial photographs due to over-
exposure or shading, etc. Regarding the modelled data, this anal-
ysis is bound to “what-if"" scenarios which have exploratory and
projective capacities. However, these can be used as a communi-
cation and learning environment {Verbuig Kok, Pontus, &
Veldkamp, 2006).

The results of the analysis from 1962 to the scenarios up to 2100
show a vast range of changes over the study area. Especially the
increase in forest over grassland, as well as the increase of building
area on the hillslopes in the Southern part of Waidhofen/Ybbs is
evident. In the following sections, these results are discussed in
more detail alongside the ch I

logy of the ysi

Past land cover analysis potential

Additionally to the aforementioned limitations the outer rim of
the coverage of Waidhofen/Ybbs is less accurate than the central
parts, where more acrial photographs were available,

The fact that between 1988 and 2005, some land cover types
register an abrupt rise can partially be related to the long time span
of 17 years; however, it may also be related to the incorporation of
the digital cadastre which offers additional information, which
might not be visually rec izable. Anyway, the results defini
show an increase in building area, as well as a lot of fluctuation
concerning acreage and grassland.

Future land cover scenarios potential

‘The scenarios for the future an
like increase in building and forest area. The location explicit

lysis d s clearly possible areas of develop for
the given constraints, All scenarios suggest potential for building
area in the southern part of the study area and on the long run also
in the north-eastern part. Moreover, all scenarios suggest an
expansion of existing forest areas all over the study area. The
expansion of these areas on the expense of grassland and cereage
follows a trend that can be observed throughout the Alps (e.g.
Gellrich, Baur, Koch, & Zimmermann, 2007 ; Gehrig-Fasel, Guisan, &
Zimmermann, 2007; Tasser, Walde, Tappeiner, Teutsch, & Noggler,
2007). This phenomenon is observed at moderate to high altitudes,
steep slopes, arcas with low temperature averages, but also to
former alpine pastures (Gellrich et al., 2007). Further, Gellrich et al,
(2007) refer to this phenomenon as a regional development which
is largely restricted to municipalities with increasing population,
higher proportions of part-time farms and higher farm abandon-
ment (Gellrich et al, 2007). Apart from farm abandonment these
characteristics apply for the study area, which support the sug-
gested increase of forest area represented in the demand of the
scenarios.
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Tahle 3
Matriz of land cover changes for scenario 2 from 2005 to 2030,
Scemario 2 in hajyear 2030 Forest Grassland Acreage Building area Streets Farms Water Rock
Forest 4384 036 0.00 - - - = 3
Grassland 30 36.48 012 0.29 - ~ = =)
Acreage - 019 073 - - - - =]
Building area - - - 154 - - - -
Streets - - - - 1165 - - -
Farms = = = = =z 014 - -
‘Water - - - - - - 059 -
Rock = = = - - - - 0.16
Bold values represent change bo other land cover type.
Change in possible landslide g e potential future distribution of el at risk on a reg | scale
is shown within the dllrerent scenarios. With further analysis it is
The location specific analysis, offers the possibility to analyse  therefi ible to lop landslide susceptibility and hazard
not anly | ial future | es but also the development of analysis usmg the results as one model input. Combining these
the spatial pattern of elements at risk. This evolution of landslide landslide hazard maps with the existing modelling results, land-
risk is strongly connectec to the spatial develog of el at slide hotspot can be delineated. These hotspots then serve

risk, thus analysis corresponding to this paper is inevitable for
future risk management (Promper & Clade, 2012).

Regarding location specific changes of potential consequences,
all new building area needs to be examined in detail. Especially the
building area that increases in the north-eastern part of the study
area approaching the year 2100 requires in depth analysis. These
areas are within the Flysch zone, where most of the landslides
occurred in the past within the study area (Petschko et al, 2010).
Moreover, the southern part of the study area where building area
is inereasing on the hilisiopes, the steep hiilsiopes beiow need in
depth analysis. This increase is location wise the same for all sce-
narios. The difference is the expansion of the new built up area.

Modelling framework

The modelling framework Dyna-CLUE allowed incorporating a
lot of different datasets, also at dlfferenl spaua] and lemporal
scales, covering different p Hi , the necessity of
quantified scenarios can be regarded as disad on this
scale of analysis in a dichotomous study area, due rc the fact that
the same demand must apply for the whole study area. Further it is
difficult to quantify the demand in hajyear at such scale because the
portions of the different classes are partially very small. Generally
there are several limitations to land cover modelling. On the one
hand, it can be a constraint or a consequence of land use (Verburg,
van de Steeg, Veldkamp, & Willemen, 2009), which leads actually
to a desired modelling of the interactions. On the other hand, these
drivers of change, thus interactions are very data intensive result-
ing in a lack of data, limiting the modelling results.

Incorporation of results in landslide risk assessment

as a basis for detailed analysis in order to meet the local charac-

teristics and needs regarding hazard and vul bility to obtain a
solid risk for each hotsp
Transfernbility

The basic inputs for this regional assessment further imply the
ferability of the hod in other regi where textual or
quantitative scenarios regarding land cover are available. Further
the transferability is not only given on a spatial extent but also
towards risk assessment regarding other kind of hazards e.g. floods
or torrential processes, Moreover the method allows additional
input and therefore the results could be refined.

Conctusion and .

The complex and dy process of land change links
natural and human systems {Koomen, 2007). In the context of
natural haz.ml and risk assessment, this linkage is a key issue.

eoflthec e is is underlined
by the fact thac these have's greater influence on the risk than the
hazard (Alexander, 2004). Concluding the social system has a large
influence on land cover development, thus on the distribution of
elements at nisk, the linkage between the system is evident but not
balanced. Consequently, depending on the elements at risk of in-

terest land cover analusic can serve ac a golid tool for the conge-

terest, land cover analysis can serve as a solid tool for the conse
quence analysis. Regarding the predictive character, the scenario
based analysis of possible future distribution of e.g. buildings or
agricultural areas may be a first indication of future implications.
For further analysis the land cover maps can be directly imple-
mented in hazard models, considering land cover in order to
evaluate different scenarios of hazard susceptibility e.g. landslides.

The results enable the impl ation of the delled land The comprehension of past risk development, as well as the
cover maps in future landslide hazard Further the incorporation of these results into the scenaric-based analysis of
Table 4
Matriz of land cover changes for scenario 2 from 2005 to 2100.

Scemario 2 in hajyear 2100 Forest Grassland Acreage Building area Streets Farms Water Rock
Forest 4348 072 0.00 - - - - -
Grassland 133 26,16 016 116 - - - -
Acreage 0.0s 037 051 - - - - -
Building area - - - 154 - - - -
Strests - - - - 1165 - - -
Farms - - - - - 014 - -
Water - - - - - - 059 -
Rock = e - - - - - 0.16

Bold values represent change to other land cover type.
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future risk devel ing issues connected Fapathoma-Kahle, M., & Glade. T. (2002). The role of vegetation cover change for
landslide hazard and risk In G. Renaud, K Sudmeier-Rieux, & M. Estrella (Eds),

o susrainihle d.eulopmem. _ﬂ!:m!sewti et al | (2005) state that T role of ecosystem: fn disaster rsk redicion. Toky: UNU Pres.
are of how the real world functions  petschko, H., Glade, T, Bell, R, Schweigl, J, & Pomaroli, G. (2010). Landslide in-
and like in other models, exploration of understanding is allowed. wentories for regional early warning systems. In].-P. Malet, T. Glade, & M. Casagli

Further, the develoy of the aimed at rep ing
the most diverse potential scenarios and being as consistent as
possible (Hiess et al, 2009). This leads to the fact that the results
support an enhanced awareness regarding land cover de-
vebpmenu and, I.hrnusll the follow up risk analysis, the under-

g and ideration of the related change in potential
onnsequenm of natural hazards.
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Abstract

Assessments of natural hazards and risks are beneficial for sustainable planning and
natural hazard risk management. On a regional scale, quantitative hazard and risk
assessments are data intensive and methods developed are difficult to transfer to other
regions and to analyse different periods in a given region. Such transfers could be
beneficial regarding factors of global change influencing the patterns of natural hazard
and risk. The aim of this study is to show the landslide exposure of different elements at
risk in one map, e.g. residential buildings and critical infrastructure, as a solid basis for
an in depth analysis of vulnerability and consequent risk. This enables to overcome the
data intensive assessments on a regional scale and highlights the potential hotspots for
risk analysis. The study area is located in the alpine foreland in Lower Austria and
comprises around 112km2. The results show the different levels of exposure, as well as
how many layers of elements at risk are affected. Several exposure hotspots can be
delineated throughout the study area. This allows a decision on in depth analysis of
hotspots not only by indicated locations but also by a rank resulting from the different
layers of incorporated elements at risk.
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The impact of landslides on both assets and human lives is clearly evident in different
regions of the world (e.g. Guzzetti et al. (2000); Listo & Carvalho Vieira (2012); Lee &
Chi (2011); Zézere et al. (2008)). Every year damages caused by landslides are related
to high direct and indirect costs for the various parties concerned (Dai et al. (2002);
Schuster & Highland (2001); Zézere et al. (2008)). Therefore the complex issue of
landslide risk is an emerging challenge in different parts of the world (Anderson &
Holcombe (2013); Corominas et al. (2013); Dai (2002);Glade et al. (2005); Glade
(2003b) Guzzetti (2000); Martha et al. (2013); Winter & Bromhead (2012)). However,
besides the analysis of landslide processes, it is important to focus on potential
consequences and the respective spatial and temporal changes therein. Therefore,
elements at risk and the respective vulnerability need to be taken into account.
According to Chambers (2006) vulnerability consists of an external part determining
the risks, shocks and stress to which an individual or household is subject to. The
internal part relates to the defencelessness which signifies a lack of means to cope
without damaging loss (Chambers 2006). This dual structure of vulnerability implies
an internal side which can be referred to as the characteristics of an element at risk
which also implies coping capacity and an external side which can be translated to
natural hazard exposure (see also (Fuchs 2009)). Therefore an element at risk, such as
a linear structure (e.g. road, electricity line), a local structure (e.g. a bridge, a house, a
person) or a spatial structure (e.g. an agricultural field, a forest) can be exposed to a
natural hazard due to their spatial location (Fra Paleo 2008) independent of the
respective internal vulnerability which is determined by the specific characteristics of

the considered object.

Taking a step forward, aspects of global change such as a changed population
distribution and land cover conversion influence the spatial and temporal pattern of
landslide risk (Gassner et al. 2014). Therefore the occurrence of natural processes such
as landslides is not only dependent on the precipitation changes related to climate
change, but also to changes of the preparatory factors e.g. land cover (Glade (2003a);
Jemec & Komac (2011); Papathoma-Kdéhle & Glade (2012)). Further changes in land
cover influence the spatial distribution of elements at risk. However, not only the
location of elements at risk is affected by changes, but also the internal vulnerability
due to changing characteristics of the element at risk.

In this chapter, the term “landslide exposure” refers to the exposure of elements at risk
towards landslides. Changes of this external spatial component of vulnerability is
largely influencing the spatiotemporal pattern of landslide risk. Regarding the
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anticipated changes mentioned above the aim of this study focuses on this external side
of vulnerability. This represents a first step towards a comprehensive vulnerability
analysis as a central part of risk assessment. The results of this study subsequently
serve as a solid basis for a detailed vulnerability and hazard analysis in the delineated
exposure hotspots and can further be integrated in a comprehensive risk assessment
strategy. Further, it should serve as a decision tool on how to rank the different

exposure hotspots and apply certain levels of action.

Challenges in regional vulnerability assessments

The costs related to the occurrence of natural hazards can be generally divided into
direct and indirect costs e.g. physical damage to assets (direct) or traffic disruption
(indirect) (Bubeck and Kreibich 2011). These different costs affect various stakeholders
e.g. local community leaders, emergency service personnel, related
departments/ministries, professional associations, academic institutions (WEF 2011).
Referring to risk mitigation and prevention of the aforementioned costs of natural
hazards one important category is spatial planning / land use management (Frazier et
al. (2013); Pfurtscheller et al. (2011); WEF (2011)). Spatial planning is an effective tool
for future mitigation (Pomaroli et al. 2011) and is commonly conducted on a regional
scale, that also serves balancing political and financial support (Sukarna et al. 2012).
Subsequently, stakeholders and decision makers need detailed data on potential risks
and herein damage potential for respective cost/benefit judgements and the related
mitigation planning on a regional scale. Therefore the overall aim of a quantitative risk
assessment is to provide the degree of loss or costs per unit area, both direct and
indirect respectively (Hufschmidt et al. (2005); Sterlacchini et al. (2007); Varnes
(1984)). A quantitative risk assessment on this detailed level incorporates many
different datasets on elements at risk e.g. data on building type, number of inhabitants
or details on critical infrastructure (Corominas et al. (2013); van Westen et al. (2008)).
The results of these assessments need to be provided on a highly precise level also
related to vulnerability (Hufschmidt and Glade 2010). Therefore, it is important to
serve the need for a regional assessment as a first step towards the identification of
locations where in-depth analysis is required, Kappes et al. (2012) refer to such a
procedure as top-down approach. The subsequent results of the detailed analysis then
indicate the potential loss and these may be traded off against protection costs, a
classical procedure within cost/benefit analysis (FEMA (1997);Fuchs (2013)). This is
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also referred to in various studies dealing with exposure to different hazards e.g.
Lovholt et al. (2012) on tsunami exposure, Kappes et al. (2012) on multi-hazards or
Pellicani et al. (2013) on landslides.

In this chapter landslide risk is understood as a function of physical vulnerability of
different sets of elements at risk, their potential damage and a frequency and
magnitude relation of landslide processes, thus the landslide hazard (Varnes 1984).
Therefore it is an interaction of vulnerability including the exposure and hazard
(Birkmann et al. (2013); Fuchs et al. (2013a); Keiler et al. (2006); Bell & Glade (2004);

Lee & Jones (2004), to name a few studies only).

Related to the aforementioned need for quantitative assessments, the applied definition
for physical vulnerability is associated with “the degree of loss to a given element, or set
of elements, within the area affected by a hazard and it is expressed on a scale of O (no
loss) to 1 (total loss)” (Fuchs et al. (2013b); Glade (2013b); Papathoma-Kohle et al.
(2012); Pitilakis et al. (2011 ); Totschnig et al. (2011); Varnes (1984); UNDRO (1984)).
Focusing on physical vulnerability assessments, several examples show how intense
these data requirements are (e.g. Birkmann (2013); Papathoma-Kéhle et al. (2011); van
Westen et al. (2008)). As an example of physical vulnerability assessment, engineers
focus in particular on the individual behaviours of structures such as buildings, bridges,
roads, etc. towards the impact of a natural process (Papathoma-Kéhle et al. (2011);
Pitilakis et al. (2011)). This leads to the demand of specific process related data such as
pressure, velocity, depth, etc. and of detailed data on the construction type of the

building and its characteristics.

Related to spatiotemporal changes exposure is changing on a different time scale than
internal vulnerability. The change in exposure is mostly related to new development
areas or increased susceptibility to a natural hazard in a location of existing elements at
risk. In contrast, internal vulnerability varies with changes of e.g. standards of living
(Fra Paleo 2008) which is based on individual, local basis and therefore can change
more quickly. The assessment of the landslide exposure can therefore serve as a first
indicator where detailed analysis on internal vulnerability and hazard aspects is
needed. These can also be referred to as landslide exposure hotspots.

The method applied in this study is trying to account for the spatial changes since the
spatial and temporal dimensions are very important within any integrated disaster risk
management (Aubrecht et al. 2013). Therefore the suggested and applied method is not
trying to reflect the perfect local site conditions; it rather serves as a flexible concept in
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which a minimum number of two datasets can be extended to an infinite number of
available datasets. In this study, multiple layers of elements at risk are assessed and
analysed in order to define the aforementioned exposure hotspots. The focus is clearly
on the built environment and their physical vulnerability (Papathoma-Kdhle et al.
2011). However, the method also allows a connection to the affected population via the

building use.

The main objective of this study is to apply a method for a regional multilayer-exposure
assessment of elements at risk that can be transferred in space (to other regions) and
with exchange of input data also a transfer in time is conceivable. The results will show
how many types of building assets and streets are potentially affected by landslides in a
specific location on the regional scale and indicate where additional in-depth analysis is
necessary. In the following paragraphs, the applied method is explained in detail, and
the study area is introduced. Then the analysis of the obtained results is presented, and

a discussion concludes this chapter.

Data preparation and methods

The analysis is based on the exposure concept presented above and is technically
implemented by the overlay of a set of elements at risk and a landslide susceptibility
map (Glade et al. (2012); Kappes et al. (2012); Pellicani et al. (2013)). As delineated
above, a susceptibility map for this analysis is adequate because it is conducted on a
regional scale and provides general information on the spatial probability of landslide
occurrence. In this chapter, we decided to delineate the different datasets before
explaining the method applied because the knowledge on the various datasets

facilitates the comprehensibility of the method section.
Data

Three sets of elements at risk are integrated in the exposure analysis: 1) critical
infrastructure (buildings), 2) roads and streets and 3) residential buildings and schools.
These sets refer to buildings of critical infrastructure e.g. fire brigades, transformers,
etc. (1), to infrastructure related to e.g. road blockages (2) and to buildings where
presence of people is highly likely (3). This approach is similar to the concept of
Papathoma et al. (2007),wherein the building type determines respective types of
vulnerability assessed. For example, Thuman” vulnerability is calculated by multiplying
residents with the vulnerability of the building.
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For the generation of the vector datasets, the basic data (e.g. street network; digital
cadastral map) were provided by the Provincial Government of Lower Austria. The road
and street network and the buildings were extracted from the provided datasets and
complemented by orthophoto mapping and field work. In Table 1, all established

datasets used for this analysis are listed and briefly characterized.

Table 1: Established datasets used in this analysis (including examples, refer to text)

Dataset Description Type

ID

build_code | Buildings vector
(polygon)

stre_code Roads and streets vector (line)

EaR_1 Residential and school buildings extracted | raster (20m)

from buil_code

EaR_2 Buildings representing critical | raster (20m)

infrastructure extracted from build_code

EaR_3 Street rasterized from stre_code raster (20m)
Sc_Ls Landslide susceptibility map (Source: | raster (20m)
Gassner (2013))

These process related data can be related to either a landslide hazard or a susceptibility
map. Herein, the susceptibility map presents the potential location of landslides based
on various terrain factors. The hazard map includes information about temporal
probability and intensity based on a frequency/magnitude relationship (e.g. Glade et al.
(2005); Guzzetti et al. (1999); Lee et al. (2004)). The intensity represents the localized
impact of the landslide event and the characteristic of the landslide mass that can be
locally variable (SafeLand 2011). This additional information leads to the possibility of
the application of e.g. vulnerability functions where detailed information on the process
intensity is needed. However, for regional assessments landslide susceptibility maps
are an adequate tool to approximate potentially endangered areas.

155



ANNEX

Methodological approach

In the following, the preparation of layers of elements at risk and the subsequent
analysis is explained in detail. Details on the the calculation of the applied landslide
susceptibility map are provided in Gassner et al. (2014) and Promper et al. (2015). As
the presented analysis requires detailed information on the elements at risk, it was

necessary to design and implement a building database.

The building database is based on a vector data layer where all buildings in the study
area are defined as polygons. Given the ID of each polygon, this database was
complemented during field work by the type of building (27 categories), the number of
storeys (max. 5 stories) and a visual inspection of the condition of the buildings
(classified in three conditions). If necessary an additional description on any particular
features was recorded. In the data analysis, all 27 codes assigned to buildings were
regrouped to 8 categories (see Table 2). This simplification was required because the
analysis of 27 categories would not give a clear overview on the composition of the
different building types. However, the additional codes serve to extract, the dataset on

critical infrastructure from the building database for the exposure analysis.

Table 2: Building categories

Categories type storeys condition description
1 Residential building 1 Bad Optional
2 Adjacent buildings 2 moderate Optional
(residential)
3 Farm 3 Good in renovation
4 | Adjacent buildings (farm) 4 Optional
5 Residential and Business 5 Optional
6 Business Optional
7 Schools Optional
8 Other Optional

Eight regrouped categories a building can be assigned (please refer to text below for the

example in grey
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The example in grey indicates a building which is a residential building with two
storeys in an overall good condition. For assigning the condition of the building criteria
such as intact roof, facade and windows were adduced. The description of the example
(highlighted as grey in Table 2) indicates that the building is renovated at the moment;
therefore the condition “good” was already assigned. Regarding the type of buildings
“Residential and Businesses” all buildings with business and one or two floors of
residence are included. The category “Adjacent Buildings” comprises more or less
garages or sheds related to residential buildings. Additionally also stables and sheds as
adjacent buildings to farms are included in the group “Adjacent Buildings” (farms). The
category “other” refers to buildings that did not match any other category. The total
number of these specific buildings, e.g. buildings related to critical infrastructure like
the fire department, is very low. These building functions are then indicated in the

description field of the respective building (Table 2).

For the preparation of the multiple layers of elements at risk the first step was to
extract the different types of elements at risk e.g. buildings of critical infrastructure and
to enlarge them by a buffer of 50m. This buffer represents the average length of
landslides in the study area and is applied to account for the whole area of a landslide.
Therefore it represents a minimum distance from the landslide scarps to the potential
impact on an element at risk. This buffer distance is calculated by the square root of the
average area of all landslides occurred in Waidhofen/Ybbs and recorded within the
building ground register (BGR - provided by the Provincial Government of Lower
Austria). It serves as approximation of the range of a landslide potentially impacting
various elements at risk. In a second step these layers of the different types of elements
at risk including the buffer area were prepared as binary raster files with O (element at
risk not present) and 1 (element at risk including buffer present) for each type of

element at risk.

This leads to the raster set EaR_1 (see Table 1) which indicates all schools and
residential buildings. For the second dataset EaR_2, all buildings related to critical
infrastructure were extracted of the category “others” and rasterized. The third layer
EaR_3 represents the roads and streets. The results are three binary files containing
pixels with 1 for either the respective building or street including the 50m buffer and O

for the rest of the data layer (see also figure 1).

The susceptibility map was calculated by statistical logistic regression modelling
(Atkinson & Massari (1998); Bell (2007); Van Den Eeckhaut et al. (2006)) with a
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random sample (n=606) having slides and non-slides equally distributed (Gassner et
al. 2014). The statistical modelling of input parameters was conducted in R using
stepwise backward variable selection, based on Akaike”s information criterion (1974).
For the validation, the Area Under the ROC is used as a criterion (refer to Gassner et al.
(2014) and Promper et al. (2015) for details). For visualisation and comparability

classification is conducted by equal interval to obtain four classes.

The principle aim is to overlay the layers of elements at risk with the landslide
susceptibility in order to define where and how many layers of elements at risk are
affected by e.g. high landslide susceptibility. For traceability of the four overlayed
datasets, it is important to define a code consisting of four digits. This is achieved by
multiplying the first layer (susceptibility) by 1000, the second (EaR_1) by 100, the third
(EaR_2) by 10 and the fourth (EaR_3) by 1 with a raster calculator in a GIS

environment (see figure 1). The four values are summed for a final code consisting of

four digits.
= T I ” T B i
Susceptibility e EaR map 1 . e EaR map 2 2y " EaRmap3 g
1/2/3/4 BN o o0/t o 0/1 ) N 0/1
T
1
1
1
[T
" " T I
e .
A" EaRmap3
. ] 0/1
. r i |
¥ b -

Hazard * 1000 + EaR1 *100 + EaR2 *10 + EaR3

Multilayer

XPOSURE Ma)

Figure 1: Procedure of intersecting the process and elements at risk datasets

The final four-digit code represents the result of the multilayer-exposure map.
Consequently, each pixel is assigned this code expressing the value for landslide
susceptibility and the respective elements at risk (figure 1). The possible combinations

of the generated codes are listed in table 3.
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Table 3: Possible codes of intersection results

EaR
layer EaR_1
affected EaR_3 EaR_l and
EaR_1
No EaR | EaR_3 EaR_2 EaR_1 and — and EaR_2
andEaR_1
EaR_2 ~ |EaR_3 |and
EaR_3
Susceptibility
1 1000 1001 1010 1100 1011 1110 1101 1111
2 2000 2001 2010 2100 2011 2110 2101 2111
3 3000 3001 3010 3100 3011 3110 1301 3111
4 4000 4001 4010 4100 4011 4110 4101 4111

It needs to be stressed that the codes do not represent numbers but an order of digits
describing the exposure of the relevant elements at risk e.g. 4011 means that the layers
EaR_2 and EaR_3 are overlayed in this specific location and are highly exposed
because of the landslide susceptibility class 4. Further, it can be delineated that a
building related to critical infrastructure, as well as a street is located in this specific

spot which is highly susceptible to landslides.

The illustration of these 32 possible combinations (Table 3) in one map would not give
a distinct overview on the regional scale and it would not be possible to delineate
clearly the landslide exposure hotspots. Therefore, only the three layers of the elements
at risk are overlayed in a first step using the same procedure as described above. This
allows the calculation of a single map on how many layers of elements at risk are
present in one location (Figure 2A). Thereafter this aggregated layer is multiplied with
the susceptibility map (Figure 2B). This leads to a reduction from 32 to 12 classes (see
legend Figure 2C) which is acceptable as a first approximation. However, in the
database the codes are still available, and it is easy to detect which layers of elements at
risk are affected in the area of interest. Furthermore, it is also possible to search
specific codes e.g. show all pixels in high susceptibility level where EaR_1 and EaR_2
are affected (code = 4110). Therefore, the resulting map enables a fast approximation to
identify exposure hotspots including the possibility of accessing quickly details on

locations of interest.
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Figure 2: Schematic presentation of the method displayed in maps including A)the
number of layers of elements at risk , B) the landslide susceptibility map and C) the
final combined map.

Study area

The district Waidhofen/Ybbs is located in the alpine foreland in Lower Austria (figure
3). The region comprises approximately 112 km2 and covers the lithological units of
Flysch in the Northern part and Calcareous rocks in the Southern part (Wessely 2006).
The dominating land cover classes are grassland in the northern part of the study area
and forest in the southern part. There is a high activity of landslides throughout the
study area with many different types including slides, flows and complex landslides
(Petschko et al. 2010). These occur on natural slopes and artificial slope cuts. The
impact of landslides in this area often cause damages on roads and on buildings (figure
4A and 4B) (Pomaroli et al. 2011).

Waidhofed'ad® Yhbs — Mienna Sessee

Figure 3: Location of study area “Waidhofen an der Ybbs” in Austria
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Around 11.500 people are living in the study area giving a population density of about
90 inhabitants per km2. The distribution of the building area is twofold. Firstly,
buildings are concentrated along the flat valleys and secondly, scattered hamlets and
farm houses can be found throughout the hilly region. Typical buildings are shown in
figure 4c and 4d. Partially these scattered farm houses are difficult to reach by unpaved
streets. The city Waidhofen/Ybbs serves as a regional centre where basic infrastructure

such as schools and emergency services are provided.

|
_ N

—

Figure 4: Landslides affecting a street and a building in Waidhofen/Ybbs (A,B), typical

farm house and a typical single family house (C,D) (Pictures taken by: (A) Canli 2013,
(B,D) Gokesch 2014), (C) Langmanné& Zwirner 2011).

Results

Building database

The building database comprises in total more than 4,400 buildings. More than 80% of
the buildings in the study area have 1-2 storeys, and approximately 90% are in good
condition. In Figure 5, all building types are grouped in eight categories showing the
percentage on the total number of buildings. It clearly indicates the high number of
2,150 residential buildings followed by the “adjacent buildings”. About 754 adjacent
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buildings such as sheds and stables can be found at the 225 farms. Thus, each farm has
one or more adjacent building. Overall, the total number of residential buildings
including farms and the combination of residential and business cover more than 50%

of all buildings.

Percentage
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0 | — — S I

Adjacent Adjacent

I Residentia - Residential & .
Farm buildings Tl buildings . Business Schoals Other
buildings Business
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m buildings on total i i i
5 17.0 48.3 179 28 4.0 0.5 4.5

number of buidlings

Figure 5: Percentage of different buildings types on total number of buildings in study

area

The general distribution of the buildings in the study area is displayed in Figure 6. The
spatial analysis shows that especially buildings related to critical infrastructure are
concentrated in the center of the study area, in particular near Waidhofen/Ybbs. This
relates to the high number of inhabitants and the respective requirements on the
critical infrastructures e.g. water, energy or emergency units. Furthermore, the
concentration of the residential buildings in the valley bottoms, the scattered
settlements and the farmhouses on the hilltops are obvious. Topographical factors in
combination with centralized access to infrastructure and services can be factors

influencing this distribution.
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Figure 6: Distribution of the different elements at risk layers in Waidhofen/Ybbs (DEM
provided by the Provincial Government of Lower Austria; Note: There is no aerial
photography of the top right corner, therefore, this had to be excluded in the further
analysis.)

Multilayer-exposure map

The colours of the spatial analysis of the multilayer-exposure map (Figure 7) indicate
that areas with high and medium landslide susceptibility are located in the Northern
part, whereas areas with lower susceptibility can be found in the South of the study
area. However, in the Southwestern region are also spots of high susceptible areas. The
mapping of the landslides in the study of Petschko et al. (2010), based on ALS (airborne
laser scanning), indicates fewer but larger landslides in the Southern part of the study
area, probably following the lithology.
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Figure 7: Multilayer-exposure map of Waidhofen/Ybbs (including the layers, critical
infrastructure (buildings), roads and streets and residential buildings and schools) and
a detailed section.

Combining this landslide susceptibility map with the different layers of elements at risk
the hotspots of exposure of respective elements at risk towards a given landslide
susceptibility can be directly delineated. In particular alongside the valleys in the West
of the city, the respective exposure hotspots are located, whereas in the East of the city
of Waidhofen/Ybbs , locations with multiple layers of elements at risk are only affected
by low or medium landslide susceptibility. Additionally certain locations in the
Southern area show susceptible regions coinciding with various layers of elements at

risk, therefore, further hotspots of exposure can be allocated.

Regarding the Northern part of the study area, several locations of multiple layers of
elements at risk can be found, especially in medium and high susceptible landslide
areas. The city of Waidhofen/Ybbs itself provides a lot of different elements at risk,
however all are located in flat areas and, therefore, only in the lowest landslide

susceptibility class. The results clearly indicate that also in sparsely populated areas
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multiple layers may be exposed to different landslide susceptibilities, thus need

attention by the respective stakeholder

In the Figure 7, a section of the study area is presented. This section has been selected
because it demonstrates the various classes of the multilayer-exposure map eloquently.
The Figure identifies that although located in a region where landslide susceptibility is
generally rather low, there are hotspots where many layers of elements at risk can be
found in areas of high landslide susceptibility. A detailed view on the section indicates
large areas where only one layer is located in the high landslide susceptibility class.
However, upslope next to the road there are locations where e.g. besides street area also

building area or a layer of critical infrastructure is superimposed by high susceptibility.

Discussion and Conclusion

Building database

The results from the analysis of the building database enable a good overview on the
general compound of the different building types and the overall condition of the
buildings in the study area. This enables to detecting immediately where people e.g.
residents in houses or children at schools can be potentially affected by a landslide
impact. This is also possible for buildings related to critical infrastructure (e.g. power
transformer), which is important not only regarding responses after an impact but also
with respect to disaster risk management planning. In the meantime, one has to bear in
mind the associated uncertainty based on the visual allocation of the building type. Not
necessarily, all buildings are the visually allocated building type. Nevertheless, specific
buildings of a certain type appear similar or have clear indication on the respective
usage and therefore it is assumed that the respective epistemic uncertainty is very low.
Additionally all buildings in one class are treated equally in this study e.g. a building

related to an emergency service is classified equally to a transformer.
Multilayer-exposure map

The results enable to distinguish landslide exposure hotspots of buildings and streets
respectively. Especially the highly exposed areas can be delineated by visual
interpretation on a regional scale. Thus, the applied method meets the basic
requirements for assessing landslide exposure hotspots and shows distinctively where
further investigation on vulnerability and risk is needed. However, looking at the map
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depicting the whole study area, the overview appears cluttered and in some locations
multiple exposure hotspots may be overseen. Further, it is difficult to distinguish
between the medium levels of exposure. This relates to the fine pixel size that was
selected for this study. This can be encountered by e.g. upscaling the map. This would
give a better overview and enable an even faster assessment of where more detailed
analysis is necessary. On the other hand upscaling could imply missing smaller

hotspots.

Using the multilayer exposure map as an interactive map provides an additional feature
which makes it possible delineating which types of elements at risk are affected in a
certain location in a short time by analysing the underlying code of the multilayer
exposure. Another feature could also be e.g. selecting all areas where critical
infrastructure and residential buildings as well as schools are affected. Using these
additional information, it is also possible to make a ranking of measures by assessing
efficiently which elements at risk are affected in the aforementioned hotspots. These
results can serve as a basis to delineate where which vulnerability assessments need to
be carried out for the respective types of elements at risk. An example would be to
define hotspots and immediately derive that a vulnerability assessment is not only

needed for buildings but also for population.

As for the spatial transferability, this method does not require a large amount of data;
however a spatial distribution of landslide susceptibility is required. Regarding the
elements at risk a primary dataset of buildings or streets can be mapped by aerial photo
interpretation or field work. Moreover, the temporal transferability can be conducted
by incorporating updated datasets referring to elements at risk or also the landslide

process.
Uncertainties

When applying the results of this study, one has to be aware of the associated
uncertainties. This results from input data, as well as from the modelling procedures.
Firstly the susceptibility map, based on logistic regression, contains uncertainties.
Further, the applied buffer of 50m surrounding the elements at risk is based on an
average assumption related to occurred and reported landslides. However, the real and
future landslide areas may vary significantly. Further this is afflicted with the
assumption that the damage to an element at risk is the same throughout the landslide.
This is in contrast to other findings, e.g. by Fell et al. (2008) who reported higher
damage on the boundaries or scarps when analysing large landslides. However, this
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assumption had to be taken due to missing alternatives, but significant improvements
are indeed possible. The underestimation of this buffer distance or also an
overestimation due to the modelled susceptibility data can influence the results of this
study in either way. Referring to the elements at risk, the conversion of polygonal data
into raster data adds additional uncertainty. This increases the inaccuracy of the
location of the elements at risk, however for the regional assessment this uncertainty is
acceptable because the datasets are not analysed on precise divisions, e.g. on the plot
level. Despite the knowledge of these uncertainties, it was not possible to address these

in the current analysis but nevertheless, these need to be stated clearly.
Advantages and disadvantages

The overall aim of the study of applying a simple method enabling an easy
transferability in space and time of the exposure assessment can be regarded as
accomplished. The results show the landslide exposure hotspots of the different sets of
elements at risk. This overlay of several elements at risk, in a further step, enables the
potential user to assess which elements are specifically affected in a particular location.
Especially regarding spatial planning, the transferability into the future of this method
is important because social and economic losses due to landslide processes can be
reduced by effective planning (Greiving & Angingnard (2014); Pomaroli et al. (2011))
and management (Dai et al. (2002); Fra Paelo (2008)). Another option for further
analysis is to add other data such as population distribution that improves the usability

of the method in landslide risk management, but also disaster risk management.

The advantages of this method, therefore, include the possibility of adding changed
datasets quickly, thus a new output with updated datasets can be generated with an
adequate amount of resources. For example, if new land cover scenarios are available
this method can be used to analyse future scenarios such as analysing the exposure of
future building areas. Another asset is the possibility of rating the different exposure
hotspots according to either the relevant layer or the number of layers of elements at
risk affected. For example, a hotspot where all three layers of elements at risk are
affected by high landslide susceptibility can be analysed in depth before the analysis of
two layers located in an area of medium susceptibility. Providing this map on an
interactive basis enables further to distinguish quickly how many types of elements at
risk are affected in a certain location or vice versa where e.g. a particular number of
elements at risk is affected. This is advantageous when taking different types of
vulnerability into account. Although the target of this study is physical vulnerability it is
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possible to connect it to social vulnerability (similar to Papathoma-Koéhle et al. (2007))
by extracting a layer of buildings of e.g. hospitals, primary schools etc. from the
database as a first indication where high vulnerable population groups are exposed.
Referring herein to economic vulnerability it is also possible to extract buildings related
to business and therein analyse where potential business interruption can be expected
in case of a landslide event. In a second step, the related internal vulnerability of these

assets needs to be analysed.

The disadvantages of this method are clearly that, despite of the detailed results that
are provided on a regional scale, these cannot be illustrated efficiently on the respective
level. Therefore, a ranking of hotspots is not possible on visual interpretation but only
by consulting an interactive map. Further, the assumption that all buildings in one
group are of the same importance when e.g. talking about critical infrastructure, is

problematic.

Concluding this method provides a sound and efficient method to illustrate how many
layers of elements at risk are affected by a potential landslide impact in a certain
location. Depending on the selected elements at risk (in this study case the building
type), this can be the basis for the assessment of different vulnerability types and in a
further step landslide risk assessment. The method enables to consider spatial changes
over time of the landslide exposure, however does not consider internal vulnerability

factors like coping capacity.

This study is carried out within the FP7 ERA-NET project ChangingRISKS (Grant
agreement number 263953). The authors thank the European Union for funding this
project. The authors also thank the Provincial Government of Lower Austria for their

support and the provision of data.
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The spatial dist of future landslide risk is infl ed by several d ic factors
related to global change such as variance in distribution of elements at risk or changes in
precipitation patterns. The assessment of future spatial distribution of landslide risk is
essenlial for efficient and sustainable risk man and the devel of adeq
adaptation strategies to global change,

The objective of this study is to appr (i for the two future
periods 2030-2050 and 2050-2100 considering the potential development of land cover
and climate change scenarios as an intermediate step within risk analysis. In order to link
the future potential developments to current conditions and past changes, an analysis of
former land cover changes is performed, This leads to a total analysis period of more than
100 years. The collection of the different datasets is based on verious methods suck as
remole sensing, field mapping and modelling.

The study area is the district Waidhofen/Ybbs in Lower Austria. It comprises ap-
proximately 130 km?; thus a regional is required. Within the study area, a
variety of land cover types such as building area. agricultural areas and forests can be
observed. The future climate is characterized by generally dry surnmers and average wel
winters, However, the frequency of intense rainfall events increases in summer.

The visualisation of these landslid p scenarios can significantly contribute to
the awareness of eventual problems that need to be faced in the future. Consequently, the
results of such analyses might support the improvement of future adaption and man-
agement strategies,

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Global change refers to spatial changes in a given temporal period of various aspects related to natural hazard risk
assessment. These spatiotemporal changes of natural hazard risk are inevitable. Against the background of adaptation to
global change and sustainable natural hazard risk management one field of action within hazard mitigation planning is
hazard avoidance e.g. by limiting future development in hazard zones or relocating existing assets from hazardous areas [ 1.
Therein also new hazard zones potentially conflicting with new development zones need to be taken into consideration. In
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E-mail address: catrin.promper@anivie.acat (C Promper)l
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ttp:/ /dx.doiorg/ 10.1016/.ijdrr. 2014.11.003
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g I risk ysis app hes are static procedures [2]. However, natural hazard risk is influenced by various dynamic
fzctors related to the geo- and the social-system: process, value and susceptibility can change over short time periods [3-5].
Therefore it is important to include changes in the natural system
hazard risk. Both systems are characterized by many factors, which are also interrelating, e.g. by cascading effects. Indeed,
this has not yet been addressed comprehensively. While being fully aware of the limitations, this study selects two of the
most important factors determining landslide risk. In the chosen approach precipitation scenarios and land cover scenarios
are included to analyse different future scenarios of spatiotemporal development of landslide risk.

Cutter |6] made the point that hazards are complex phenomena involving interaction between natural, technological but
also social systems. This was enhanced by Hufschmidt et al. [2] where another dimension in this complex issue was in-
troduced: time. Changes in the social system levy demands on the geosystem up to the extent of changing the landscape and
even provoking a physical response, e.g. a landslide. This interrelated process in turn, forces a reaction of the social system.
The same holds true vice versa for the geosystem. Hereir, the concept of probabilistic risk assessment, based on the function
of hazard and consequences |7,8] incorporating the specific vulnerability of elements at risk [9,10] within the consequences,
implies the interconnection of the two systems [ 11-13]. The elements at risk herein are defined as populaticn, buildings,
economic activities but also public service utilities, infrastructure and environmental features which are potentially affected
by landslides hazards | 14].

The inclusion of time in the basic concept of risk assessment further leads to the assumption that based on several factors
in the geo- and the social-system, patterns of landslide hazard risk change over a certain time span. Variations in pre-
cipitation patterns, plus characteristics of torrential events herein, and changes in land use expressed in vegetation cover, as
well as surface alterations, can be identified as two of the main factors influencing landslide occurrence | 15-17]. However,
land cover change is not only connected to modifications in the geo-system but is traceable related to human impact and the
interaction of both systems therein | 18]. Modifications in land cover thus often imply both, changes in the geo- and in the
social-system. Related to natural hazards this refers in particular to changes in vegetation cover, slope indsion due to
artificial cuts, surface sealing or changes of drainages [ 17,19-22], all of which potentially influence the respective processes.

Further the change in land cover alters the spatial distribution of elements at risk [11,5] through e.g. new settlements,
abandoned and demelished building area, expanding industrial sites, etc. This is especially relevant referring to the partial
increase of losses due to the location and structure of emerging communities | 1,23]. In this study land cover serves as a
proxy for elements at risk, as it is not the specific future location of a building or farm, but the building area or farm area that
this regional analysis is based on. Therefore also different future scenarios can be illustrated by land cover development.

As mentioned akove, the changes in the geo- and the social-system may happen independently, but also interlinked with
each other [24]. Changes in the social system only could change the pattern of risk [ 25]. In this study an example could be a
new settlement that is built in a landslide prone area. This also holds true for a change in the geo-system only e.g. increased
precipitation in a region where existing elements at risk are suddenly endangered. However, also the conjunction of the two
systems can cause ¢ change in landslide risk. This can be illustrated by a new settlement that leads to an increase of sealed
surfaces, causing a change in drainage and runofl system. Consequently landslide initiation is influenced by soil saturation
depending on land cover and land use [26]. This all refers to the interaction of the two systems which can be regarded as
constant and reciprocal |2,24]. Additionally there are short term fluctuations superimposing the long term changes in the
socio-economic system leading to risk peaks [3]; however these peaks cannot be accountad for in a long-term regional
assessment.

There are demands to incorporate spatiotempeoral determinants e.g. land cover scenarios into landslide risk assessment
(e.g. |27,28]) and some attempts have been presented {e.g. [29,30]). Herein most researchers focus on implementing climate
scenarios in landslide hazard analysis (e.g. [31-34]). The constantly changing environment, as well as the worldwide socio-
economic developments underlines the need for scenario-based approaches on both geo- and socio-economic system. The
socio-economic system can be represented by the distribution of elements at risk, herein represented by the respective land
cover types. Herein the changes cbserved in the past and the incorporation of socio-economic factors underlines the need to
develop the scenarios further [35] and not extrapolating the past. Based on the assumptions zbove it is not only necessary to
integrate long-term climate scenarios into risk analysis but also socio-economic scenarios {e.g. increased agricultural areas
and increase in building area) which are closely related to the consequences of potential future landslide impacts.

However, the lack of knowledge on how future landslide risk might develop, the scenario-based approach is only a first
step towards adaptation to potential future developments. Analysing long-term changes of environmental and socio-eco-
nomic trends needs to be conducted on a regional scale due to the fact that local changes can be superimposed by other
fzctors not relevant on regional scale e.g. geotechnical intervention. This is also true for the national and global scale;
however within this analysis it is important to integrate regional factors eg. spatial planning constraints. Consequently the
challenge of assessing potential future landslide risk incorporates the inclusion of scenarios being aware of limitations and
uncertainties. For the analysis of future landslide risk information on the spatial pattern of elements at risk and on landslide
hazard is necessary. Dai et al. |36] state that for the assessment of the probability of landslides on a regional scale, it might
be feasible to consider landslide susceptibility based on the long term landslide history anc therewith smoothen the spa-
tiotemporal effects of landslide occurrence. According to Fell et al. [14] landslide susceptibility assessment involves the
spatial distribution and rating of the terrain units according to their propensity to landslides.

As the available data at regional scale determine the use of a susceptibility map [36] it is not possible to quantify risk but
assess the respective exposure. Exposure hereby refers to the elements at risk (people, property, sy or other el s)

as well ag the social eystem when analycing natural

Please cite this article as: C. Promper, et al., Spatiotemporal patterns of landslide exposure - A step within future landslidé
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in hazard zones that are therefore subject to potential losses [37,11]. Nadimpalli et al. |38] further refer to these assets being
exposed to the hazard of interest; therein landslide exposure in this paper is defined by the specificland cover types as
proxies for elements at rick that are located in landslide prone areas, This refers technically to the spatial overlay of a =et of
elements at risk with landslide susceptibility zones |39,40]. The aim of this study is the application of a scenario-based
approach for regional future landslide exposure assessment to landslides. This is not only based on the physical location of
hazardous phenomena but indeed also of elements at risk and their relocation over time, hence land cover change. This also
comprises the analysis of potential future landslide exposure hotspots for sustainable planning and prevention of future
losses.

The following paragraph describes the methods used for the analysis of the different datasets, as well as the exposure
assessment. Further the study area and the datasets will be elaborated in detail. The following section then will illustrate the
results which are discussed thoroughly at the end of the paper.

2. Methods

The landslide exposure analysis is based on two different datasets: a land cover and a landslide susceptibility map. The
analysis of the past land cover, the explanation for the generation of the land cover modelling and the landslide suscept-
ibility modelling is elaborated shortly. The past analysis is based on the first available aerial photographs of 1962 and the
subsequent periods of 1962-1979, 1979-1988 and 1988-2005 and the future scenarios include the periods 2030-2050 and
2050-2100. The focus however is on the potential future development within the periods 2030-2050 and 2050-2100. For
the analysis of the future development of the exposure of elements at risk towards landslides, land cover as well as pre-
cipitation scenarios is applied.

2.1, Land cover analysis

In study by Promper et al. [41] the analyses of the past land cover and the modelling of the future land cover is described
in detail. Therefore, only the key concepts of the method are presented here. For the whole land cover analysis the para-
meters such as duration, spatial scale and number of classes are unified to secure comparability of the datasets.

Past land cover analysis is conducted by mapping orthophotos from 1962, 1979, 1988 and 2005. These time periods are
related to the availability of aerial photographs and orthophetos. This analysis is done by mapping the defined land cover
classes on the orthophotos according to pre-set rules (refer also to [41,42]). Modelling the future land cover is done with the
Dyna-CLUE modelling framework [43] and serves not only as input for the susceptibility maps but also for the consequence
analysis. The modelling is based on the land cover map 2005, which serves as the base map. Four scenarios, developed by
the Austrian Conference on Spatial Planning [44] for Austria, were adapted to the study area. The modelling is conducted by
implementing top-down and bottom-up factors as described in the following. The adapted scenarios are based on a certain
demand of growth for the different land cover classes and therefore served as main input in the modelling process. Bottom-
up effects are included by the setting of conversions which define possible land cover transitions. Top-down factors are
related to specific restrictions e.g. “no new building area further than 100 m for existing buildings or street area”. The model
outputs are maps for each year and incorperate potentially preceding changes of land cover. Therefore the maps of 2030,
2050 and 2100 do not only display results for this explicit years but also incorporate changes related to previous years ¢.g.
growth of a new settlement.

The qualitative results of this study will be elaborated alongside the second of the four scenarios applied “overall
competition” which implies pressure on growth zones whereas other regions are confronted with emigration. It is assumed
that economic markets respond to scarcities and therefore significant energy and environmental crisis are avoided [44]. For
better understanding the other scenarios are also elaborated shertly. Scenario 1 “cverall growth” comprises an increased
demand for energy, which is covered by improved energy efficiency, as well as reduced emissions. Th2 main driving forces
related to spatial development, including economy, population; tourism and transport, are growing strongly [44[. In sce-
nario 3 “overall security” the pressure increased in the regions that are advantageous for farming znd forestry due to a
higher demand of biomass energy and the driving factors grow moderately [44]. In the last scenario 4 "overall risk” the
spatial development is driven by high energy costs and high mobility costs, which imply an increase of densely populated
areas and intense exploitation of natural resources for energy use [44].

2.2, Susceptibility modelling

The calculated landslide susceptibility maps also include precipitation scenarios. The results are classified and then
Jjointly analysed with the past and the future lend cover maps

The susceptibility modelling is based on a statistical logistic regression analysis [45-47|. Initially the current suscept-
ibility is modelled as described by Gassner et al. [48). The main input parameters are mapped landslides from past or-
thophotos, derivatives of DEM and modelled precipitation data. In this area several studies on landslides state that the main
triggering factor are short but high intense rainfall events [49-51]. Wallner [52] described the correlation of heavy rainfall
events and the occurrence of landslides as being significant during summer and examined the connection of cumulative

Please cite this article as: C. Fromper, et al., Spatiotemporal patterns of landslide exposure — A step within future landslidé
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rainfall scenarios. Therefore the main focus here is on the 90% interval of cumulative summer precipitation. A range of 1-10
day scenarios were tested. This includes the main weather conditions triggering landslides in this area [51]. Afterwards the
computed regression parameters were transferred to the parameters of future and past time periods of the precipitation as
well as the modelled and historic land cover. The susceptibility values are classified in four classes with equal intervals. For
each scenario the 1-10 day precipitation outputs are modelled for present, the period 2021-2050 and the period 2071~
2100. In total 90 data sets are exhibited. As an example the datasets of scenario 2 are listed in Table 2,

2.3, Landslide exposure analysis

Exposure is defined by elements at risk being subject to losses due to the location in a hazardous zone [37]. In this paper
this refers to specific land cover types that coincide with specific susceptidility classes. An example for this analysis would
be the location of various pixel of building area located in different susceptibility classes and consequently different ex-
posure is attributed. Therefore exposure is location bound [53|. Consequently it is necessary to analyse for each class/type of
elements at risk the respective location within a specific susceptibility class of the respective hazard in this study, landslides,
To serve this aim on a regional basis the land cover map is intersected with the susceptibility map. This analysis is done by
adding two raster layers, overlaying each land cover cell (class 1-7) with the correspondent susceptibility cell (class 1-4),
similar to the approach by Pellicani et al. [39] with the following basic formula:

EX=SCx 10 + LC.

Similar approaches related to floods are used by e.g. Cammerer et al. 54| or De moel et al. [25]. The exposure (EX) for one
pixel is a code calculated by multiplying the value of susceptibility {SC) by 10 and adding the number of the type of land
cover (LC), see Fig. 1, Therefore the first number indicates the susceptibility class and the second number indicates the land
cover type. This formula ensures that the results can be ascribed to the original data in order to delineate not only between
the different exposure classes but also between the different land cover classes affected. In this case 10 is usad as a mul-
tiplier to keep the code simple and thus allow a quick attribution to the respective exposure, (Table 1)

The application of this formula to the different raster datasets leads to the following possible combinations of codes
(Table 2) that are assigned to the respective pixels of the exposure (results) raster dataset, These values of the exposure
dataset do not refer to quantitative numbers but only to the codes of the respective raster cell.

This allocation of a code to each pixel allows a quantitative and a qualitative analysis of the exposure over a regional
extent, which enables further to delineate exposure hotspots. These hotspots refer to areas where zones of elements at risk
of interest e.g. build area are located within zones of high susceptibility, This method is applied for all time steps that were
datermined for this analysis (see Section 1).

24. Quantitative and qualitative analysis of results

The quantitative analysis is based on the number of pixel for each code e.g. for all pixel of building area in susceptibility
class high [33]. Thereby a quantitative analysis on a percentage basis can be conducted. This further allows indicating the
potential changes in landslide exposure regarding different types of elements at risk. The qualitative analysis only allows a
visual interpretation of the exposure map. Therein it is optional which type(s) of land cover hence elements at risk are
analysed. For landslide exposure hotspots detailed visual interpretation can be conducted.

3. Study area

The study area Waidhofen/Ybbs covers an area of approx. 112 km? and corresponds mainly to the respective adminis-
trative district in Lower Austria. A total of around 11,500 inhabitants are living in this area. In former times the economy of
this region was well known for its iron processing, whereas today tourism and educational establishments contribute to the
economic performance [55]. The study area is mostly covered by grassland in the northern part and forest in the southern
part. The building area is concentrated in the valley bottoms as well as dispersed farm houses and small settlements on the
hilltops. Furthermore different types of landslides (e.g. slides, flows, and complex movements) occurred in the smooth hills
mainly comprised of Flysch in the north and in the steeper slopes underlayed by calcareous rocks in the south as described
in [49]. In this area landslides are mainly triggered by extreme rainfall events [50,51]. The main soil type in Waidhofen/Ybbs

2 2 4 6 24 | 26
x 10+ =
3 3 3 6 33 | 36
SUSCEPTIRBILITY LAND COVER EXPOSURE

Fig. 1. Raster calculation for exposure assessment.
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Table 1
Possible combinations of land cover type and susceptibility class used for the exposure analysis.

Susceptibility class Land cover type Forest grassland Arable land Building area Streel area Farm area Water Rock

Class number 0 1 2 3 4 5 6 7
Very low 1 10 n 12 13 14 15 16 17
Low 2 20 21 22 23 24 25 26 27
Medium 3 30 31 32 33 34 35 36 37
High 4 40 al 42 43 44 45 46 47
Table 2
Datasets used in the analysis of scenario 2.
Dataset Description Time periodjyear Classes
S¢2_30 Landcover scenario 2 2030 7
5c2_50 Landcover scenario 2 2050 T
5¢2_100 Landcover scenario 2 2100 7
Recl_2_50 Susceptibility map, Sc2_50 cumulative precipitation 1 day 2021-2050 4
Rec2_2_50 Susceptibility map, Sc2_50 cumulative precipitation 2 days 2021-2050 4
Rec3_2_50 Susceptibility map, 5c2_50 cumulative precipitation 3 days 2021-2050 4
Reca_2_50 Susceptibility map, Sc2_50 cumulative precipitation 4 days 2021-2050 4
Rec5_2_50 Susceptibility map, 5c2_50 cumulative precipitation 5 days 2021-2050 4
Rec6_2_50 Susceptibility map, 5c2_50 cumulative precipitation 6 days 2021-2050 4
Rec7_2_50 Susceptibility map, Sc2_50 cumulative precipitation 7 days 2021-2050 4
Recd_2_50 Susceptibility map, Sc2_50 cumulative precipitation 8 days 2021-2050 4
Rec9_2_50 Susceptibility map, 5c2_50 cumulative precipitation 9 days 2021-2050 4
Recl0_2_50 Susceptibility map, Sc2_50 cumulative precipitation 10 days 2021-2050 4
Recl_2_100 Susceptibility map, 5c¢2_100 cumulative precipitation 1 day 2021-2100 4
Rec2_2_100 Susceptibility map, 5c2_50 cumulative precipitation 2 days 2021-2100 4
Rec3_2_100 Susceptibility map, 5c2_100 cumulative precipitation 3 days 2021-2100 4
Recs_2_100 Susceptibility map, 5c2_50 cumulative precipitation 4 days 2021-2100 4
Rec5_2_100 Susceptibility map, Sc2_100 cumulative precipitation 5 days 2021-2100 4
Rect_2_ 100 Susceptibility map, S5¢2_50 cumulative precipitation 6 days 2021-2100 4
Rec7_2_100 Susceptibility map, Sc2_100 cumulative precipitation 7 days 2021-2100 4
Rec8_2_100 Susceptibility map, 5c¢2_100 cumulative precipitation 8 days 2021-2100 4
Recd_2_100 Susceptibility map, 5c2_100 cumulative precipitation 9 days 2021-2100 4
Reci0_2_100 Susceptibility map, 5c2_100 cumulative precipitation 10 days 2021-2100 4

is brown earth, additionally patches of Rendsina Gley and Pseudogley can be found. Concerning the future climate in
Waidhofen(Ybbs, temperature and precipitation changes are expected within the next hundred years. Regarding the pre-
cipitation scenarios for the study area Loibl et al. [56] refer to medium climate scerarios with an increase of heavy rainfall
conditions and a stronger warming in autumn.

4. Data

The datasets for this analysis include various parameters for the long duration of 138 years. The data can be divided into
mapped datasets and modelled datasets (Table 2). The pixel size for the exposure analysis is 20 m for all datasets which was
selected on the basis of the smallest resolution of the input datasets. In this table only the susceptibility datasets for scenzrio
2 are listed exemplary because it is a scenario that implies interesting changes for the selected study area. However, these
datasets were also created for all other scenarios, resulting in a total 106 datasets generated.

5. Results

The analysis of the results of the exposure assessment is conducted on a quantitative and a qualitative basis. First the
results of quantitative analysis are presented as well as an overview on the development of the expasure for specific land
cover types. However this does not serve for a spatial explicit analysis. Therefore the second part of the chapter focuses on a
specific example within a qualitative analysis and delineates the potential hotspots in the study area. Further a time series of
a specific location is displayed to show the changes of exposure.

Please cite this article as: C. PFromper, et al., Spztiotemporal patterns of landslide exposure — A step within future landslidé
risk analysis on a regional scale applied in Waidhofen/Ybbs Austria, International Journal of Disaster Risk Reduction (2014),
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5.1. Quantitative analysis

ifferances between the ¢
(see Table 3). (=forest) and 7
ceptibility classes except for “very low". Further the percentage of farm area is very low however located in different
susceptibility classes throughout the cduration of the analysis. Grassland and forest have the highest percentage of locations
within the susceptibility classes "medium” and “high susceptibility”.

The analysis of specific types of elements at risk namely “building area & farm area” and “street area” is shown in
Figs. 2 and 3, respectively. These were selected for illustrative purposes because damages therein are connected to very high
costs. The figures show a specific type of element at risk and the percentage in each susceptibility class for all analysis time
periods and all scenarios. The high and very high susceptibility of the type “building area & farms" is increasing slowly from
1962 to 2005. The modelled time span from 2030 to 2100 shows a vast increase in the last time step for all four scenarios
regarding the high and very high susceptibility class. The highest increase in susceptible areas for “building area & farms” is
delineated in the second and third scenario.

Regarding street area the Fig. 3 shows a larger percentage in the higher susceptibility classes than for "building area &
farm area”. Especially in the last time step 2050-2100 there is a vast increase in the very high to high susceptibility. The
mapped time spans from 1962 to 2005 show a high percentage of very low susceptibility in comparison to the modelled
time steps after 2005.

.

52. Qualitative analysis

Fig. 4 shows the study area (hill shade) and different types of elements at risk. These types are allocated to different
colours e.g. red =building area. The darker the colour, the higher is the susceptibility class the pixel of this type of element at
risk is located in. The location specific analysis of scenario 2 in the year 2100 (Fig 4) indicates a significant exposure for

Table 3
Percentage of area of different land cover types for all four susceptibility classes and each analysis point in ime (for land cover types refer to Table 1)
Very low susceptiblity Low susceptibility
Land cover class 0 1 ¥ 3 4 5 6 T o 1 2 3 4 5 6 7
Year 10 11 12 13 14 15 16 17 2 al 2 13 24 5 26 27
1862 1464 346 075 053 110 0.05 056 002 1515 927 o 012 0.65 005 v] o
1979 1561 296 275 063 165 006 054 003 1578 831 0 015 083 006 0 o
1988 1541 3.07 164 074 177 005 058 007 1657 839 1] 020 087 005 0 o
2005 1553 182 093 113 618 007 054 016 1580 656 0 033 409 006 0 o
Sc 12030 1576 170 085 130 617 007 054 006 1666 565 0 037 410 006 0 o
Sc 1 2050 15.82 166 077 142 617 oot 054 0J6 16894 537 1] 043 410 006 0 o
Sc 1 2100 11.28 147 064 141 41 ooz 054 0.16 16.74 172 o [i%::] 548 009 ] o
Sc 2 2030 15.98 1.57 085 134 617 007 054 0I6 1754 505 o 038 410 006 0 o
Se 2 2050 16.12 149 080 148 617 oo? 0.54 016 1870 432 1] 0.48 410 006 1] o
Sc 2 2100 11.58 124 067 138 an 0oz 054 016 13.36 103 o 104 547 0.09 v] o
Se 3 2030 15.91 163 090 125 617 007 054 016 1714 536 o 035 410 006 0 (1]
Sc 3 2050 1604 156 088 134 617 o7 054 0.16 17.89 486 [} 040 400 0.06 1] o
Sc 3 2100 1.50 132 078 125 41 00z 054 0J6 176 1.33 1] 075 547 009 0 o
Sc4 2030 1580 164 091 122 617 007 054 016 w2 5.30 0 035 410 0068 0 o
Sc 4 2050 16,02 158 088 129 617 007 054 06 1797 480 a 038 410 006 0 o
Sc4 2100 11.45 138 081 112 4n 002 054 0I6 17.80 132 0 068 547 009 0 o
Medium susceptibility High susceptibility
Land cover class 0 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Year 30 3 32 33 34 35 36 37 40 a1 42 43 44 45 46 47
1962 1352 2739 0 004 018 0o 1] o 319 929 0 1] 003 0 o o
1979 11.21 2575 0 004 023 00 [i] o 345 8489 0 i} 004 0 1] o
1988 10,88 26.95 o 0.05 023 001 0 o 334 906 0 o 0.04 o o o
2005 .88 2421 0 0.07 114 ooz o0 o 306 821 o oo 022 0 o o
Sc 12030 .04 2397 o .08 114 002 o o 296 838 o 0.01 023 o v] o
Sc 12050 W23 2346 0 0oe 114 ooz o 0 305 825 0 o001 023 0 o o
Sc 12100 1454 2150 o 0.22 153 ooz o (1] 523 1184 o 0.02 053 0 o (1]
Sc 2 2030 W87 2263 0 009 114 002 0 1] 341 7.80 0 001 023 0 ] 0
Sc 2 2050 11.81 21.08 o 01 114 ooz 0 o 373 733 0 oo 023 0 o 0
Sc 2 2100 19.96 1558 o 025 153 ooz o o 696 9.03 o 0.0z 053 o ] o
Sc 3 2030 w46 2319 0 0.07 114 ooz o 0 319 807 1] om 023 0 o o
Sc 3 2050 1.05 2224 0 008 114 ooz 0 1] 344 773 0 oo 023 0 0 o
Sc 3 2100 1721 185 0 020 153 ooz 0 o 628 1022 0 0oz 053 0 o o
Sc 4 2030 044 2318 o 0.07 114 ooz o o 315 814 o 0.01 023 i} o o
Sc 4 2050 11.05 2223 0 0.08 114 ooz 0 (1] 339 182 0 0.01 023 0 v] 0
Sc4 2100 17.38 1B7% 0 019 1.53 ooz o0 o 609 1044 0 0oz 053 0 o o
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building area and streets in the south western part of the study area, which could be regarded as future hotspot. Another
future hotspot is located in the north eastern part of the study area, where building area is also located within high sus-
ceptible areas. The third hotspot in the south east of the analysed region (black square in Fig. 4) is presented in detail in
Fig. 5.

The development of exposed building area :n these specific hotspots can be clearly seen comparing the three selected
years (Fig. 5). On the one hand an increase of building area is shown on the other hand this new building area is also located

risk analysis on a regional scale applied in Waidhofen/Ybbs Austria, International Journal of Disaster Risk Reduction (2014),
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Fig. 4. Overview on regional exposure of “building area®, “farm area” and “street area” for the year 2100 in scenario 2.
Source DEM: Provincial Government of Lower Austria

. “ | T 5 \7 - .i I 'y -
fr,, Fos, bs A 5 Fom
> N e £
~ ] 3 " .
> ‘ \* N . - \‘\ s S @
e, e G L ;- T ™\ "
\ \ T Y 8
$ 3 e > - > Y St R
"l i L B
T | A |
. S N TR
- - - — L )
- - - . - - - - H'h b
very low low high very high R 100 S0 0 1,000 Meters

Fig. 5. Exposure development (section indicated in Fig. 4) for scenario 2 of the years 2025, 2050 and 2100,
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in potential susceptible zones. Especially for the year 2100 the ircreasing number of building area pixel in a high or very
high susceptibility class is very apparent. At this scale it is also possible to see that the exposure of streel area increases,

ing locations of street area,

6. Discussion

The key element of this analysis is the coupling of potential hazardous areas with the location and redistribution of
elements at risk on a regional scale. The location based exposure is decisive for delineating potential landslide exposure
hotspots, thus serving as basis for in depth analysis herein. Subsequently the combination of the regional assessment and
the local analysis can serve as strategic tool in land use planning. This relates to the fact that losses are partially related to
the design and location of a community hence building area, etc. (see also Berke ard Smith | 1]). Overall the results do not
indicate a very high increase in landslide exposure for all scenarios in the given region. However there is an indication that
spatially, new landslide exposure hotspots can be expected.

The landslide exposure analysis on a regional basis is conducted using the land cover map and consequently allows to
analyse the results for all different land cover types, hence elemerts at risk. In this evaluation the focus is based on building
area and street area covering the highest values in terms of damages by landslides in the study area. The method applied for
this analysis serves the need of a regional assessment by combining the different raster layers of the different parameters
which can be provided on this scale with adequate input of resources. Additionally the calculated code enables to delineate
the type of element at risk, as well as the related exposure. By conveying this code to a colour scheme on a map it is possible
to delineate exposure hotspots of the different land cover types. However, by applying raster datasets it is not possible to
analyse single features on a local scale. Therefcre a detailed risk analysis comprising vulnerability and values of objects is
only possitle by an in-depth analysis of potential landslide exposure hotspots that were identified.

The overall increase of elements at risk in high and very high susceptible areas is marginal (Table 3], However, especially
in the last period 2050-2100 the increase in susceptibility is indicated for various types of elements at risk. The quantitative
analysis also shows that the high exposed areas, independent of the applied scenario, do not exceed 20% of the study area.
This can be related to the long analysis period of 50 years including various changes, but can also be related to an increase in
incisive changes in precipitation and land cover.

The classes that cover the largest areas are in the medium and high susceptibility, and thus show a high exposure of
forest and grassland summing up to approximately 30% of the total study area. It is also striking that that land cover class
three ( =arable land} is only located in the very low susceptibility class (Table ). These phenomena can probably be related
to the steepness of the slope leading to unsuitability for e.g. building area.

The exposure increases especially in the medium classes and affects mostly buildings and infrastructure. The next step of
the analysis focuses on the quantitative risk assessment incorporating social aspects e.g. population distribution.

The results of the qualitative, location based, analysis shows a clear increase in landslide exposure hotspots. These are
mainly relzted to the new building areas in the north- and south-east of the study area. This increase is indicated in all
scenarios, however with different peculiarities. Further it is indicated that not only existing building area is affected by an
increase in the location of landslide susceptibility but there is a clear extent of building area into susceptible areas, therefore
new areas of landslide exposure might develop. Within this analysis no spatial restrictions for development are applied,
which definitely could alter the results of the spatiotemporal pattern of exposure. This alteration would on the one hand
exclude certain areas from development of e.g. building area. On the other hand an increase in building area leads to the
need to allocate on other locations within the study area which subsequently could lead to a shift of exposure.

This qualitative analysis additionally allows delineating that street area is affected by increased exposure (see Fgs. 4 and
5). The changes in the exposure of street area from 2030 to 2100 are only bound to changes in areas of landslide sus-
ceptibility because within the modelling the location of the street area did not change due to being a linear element [41].
Plans of planned streets for future development of transport infrastructure were not available for this analysis.

Although the results show some apparent future changes, there are still some limitations that need to be accounted for.
Firstly the results are afflicted with multi-dimensional uncertainties ranging from spatial fluctuation, varying time spans
regarding the changes, as well as the interlinkage of the respective systems. Secondly scenario-based analysis provides
several possibilities on potential developments, thus no distinct projection of the future. Therefore an analysis on a local
scale, e.g. on pixel or object basis, is not possible without additional analysis. Further the modelled input data already
incorporate uncertainties which must be kept in mind additionally when interpreting and further developing the model
results. Consequently this exposure hotspot analysis can only serve as a basis for further investigations and as foundation for
profound risk assessment. However, the scenario-based analysis and variations therein need to be accounted for.

7. Conclusion

In conclasion it can be stated that it is possible to calculate the exposure of elements at risk towards landslides which is a
p

very important step within a comprehensive landslide risk nt. H , the applied method does not offer the
possibility to calculate the expected future landslide risk. The scenario-based approach on a regional scale can serve as basis
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for the aforementioned hotspot analysis and therefore, in combination with in depth risk analysis, can serve as a basis for
sustainable planning approach despite its limitations. Future work should thus also focus on the detailed assessment of

patially distributed infor on landslide magnitude and frequency in order to perform a sound landslide hazard

calculation which can then be used within a landslide risk analysis. Nevertheless exposure analysis related to other hazards
would certainly enrich this attempt towards a sustainable planning approach.
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Corrected version of chapter 2.2. and table 2

2.2 Susceptibility modelling

The calculated landslide  susceptibility  maps also include previously
modelled precipitation scenarios. The susceptibility modelling is based on a statistical
logistic regression analysis [45—47]. Initially the current susceptibility is modelled as
described by Gassner et al. [48]. The main input parameters are mapped landslides
from past orthophotos, derivatives of DEM and modelled precipitation data. In this
area several studies on landslides state that the main triggering factor are short but
high intense rainfall events [49-51]. Wallner [52] described the correlation of heavy
rainfall events and the occurrence of landslides as being significant during summer.
Therefore the main focus here is on the daily maximum precipitation. This includes the
main weather conditions triggering landslides in this area [51]. Afterwards the
computed regression parameters were transferred to the parameters of future and past
time periods of the precipitation as well as the modelled and historic land cover. For
each land cover scenario the precipitation outputs are modelled for present, the period
2021-2050 and the period 2071—-2100. The susceptibility values are classified in four
classes with equal intervals. As an example the datasets of scenario 2 are listed in Table
2.

Table 2 Datasets used in the analysis of scenario 2.

Dataset Description Year Classes
Sc2_30 Landcover scenario 2 2030 7
Sc2_50 Landcover scenario 2 2050 7
Sc2_100 Landcover scenario 2 2100 7
Recl 2 30 Susceptibility map (Sc2_30; max 2030 4

precipitation period 2005-2030)

Rec2_2 50  Susceptibility map (Sc2_50; max 2050 4
precipitation period 2021-2050)

Rec3_2 100 Susceptibility map (Sc2_100; max 2100 4
precipitation period 2071-2100)
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Table B. 1 Exposure for all land cover classes for the duration of the analysis (Very low and

Low susceptibility)

Very low susceptibility

Low susceptibility

Land cover (o] 1 2 3 4 5 6 7 (6] 1 2 3 4 5 6 7
class

Year 10 11 12 13 14 15 16 17 20 21 22 23 24 25 2 2

6 7

1962 14.6 34 | 0.75 0.5 1.1 0.0 0.5 0.0 | 15.15 9.2 0.0 | 0.12 0.6 0.0 0 0
4 6 3 o] 5 6 2 7 0 5 5

1979 | 15.61 29 | 275 0.6 1.6 0.0 0.5 0.0 16.7 | 8.31 0.0 | 0.15 0.8 0.0 0 0
6 3 5 6 4 3 8 0 3 6

1988 | 15.41 3.0 | 164 0.7 | 177 0.0 0.5 0.0 16.5 8.3 0.0 0.2 0.8 0.0 0 0
7 4 5 8 7 7 9 0 0 7 5

2005 15.5 1.8 09 | 113 6.1 0.0 0.5 | 0.16 15.8 6.5 0.0 0.3 4.0 0.0 0 0
3 2 3 8 7 4 0 6 0 3 9 6

Sc 12030 15.7 1.7 0.8 1.3 6.1 0.0 0.5 | 0.16 16.6 | 5.65 0.0 0.3 | 410 0.0 0 0
6 0 5 0 7 7 4 6 0 7 6

Sc 12050 15.8 16 | 0.77 | 1.42 6.1 0.0 0.5 | 0.16 16.9 | 5.37 0.0 0.4 | 4.10 0.0 0 0
2 6 7 7 4 4 0 3 6

Sc 12100 11.2 | 1.47 06 | 141 | 411 0.0 0.5 | 0.16 16.7 | 1.72 0.0 0.8 5.4 0.0 0 0
8 4 2 4 4 0 9 8 9

Sc 22030 159 | 157 0.8 | 1.34 6.1 0.0 0.5 | 0.16 17.5 5.0 0.0 0.3 | 410 0.0 0 0
8 5 7 7 4 4 5 0 9 6

Sc 22050 | 16.12 1.4 0.8 1.4 6.1 0.0 0.5 | 0.16 18.7 4.3 0.0 0.4 | 4.10 0.0 0 0
9 0 8 7 7 4 0 2 0 8 6

Sc 22100 | 11.58 1.2 06 | 1.39 | 411 0.0 0.5 | 0.16 18.3 | 1.03 0.0 | 1.04 | 547 0.0 0 0
4 7 2 4 6 0 9

Sc 32030 | 15.91 1.6 0.9 | 125 6.1 0.0 0.5 | 0.16 | 17.14 5.3 0.0 0.3 | 410 0.0 0 0
3 0 7 7 4 6 0 5 6

Sc 32050 16.0 | 1.56 0.8 | 1.34 6.1 0.0 0.5 | 0.16 17.8 4.8 0.0 0.4 | 4.10 0.0 0 0
4 8 7 7 4 9 6 0 0 6

Sc 32100 115 | 1.32 0.7 | 1.25 | 411 0.0 0.5 | 0.16 17.7 | 1.33 0.0 0.7 | 5.47 0.0 0 0
0 8 2 4 6 0 5 9

Sc 4 2030 15.9 16 | 091 | 1.22 6.1 0.0 0.5 | 0.16 | 17.21 5.3 0.0 0.3 | 4.10 0.0 0 0
0 4 7 7 4 0 0 5 6

Sc 4 2050 16.0 1.5 0.8 | 1.29 6.1 0.0 0.5 | 0.16 17.9 4.8 0.0 0.3 | 4.10 0.0 0 0
2 8 8 7 7 4 7 0 0 9 6

Sc4 2100 | 11.45 1.3 ] 081 | 119 | 411 0.0 0.5 | 0.16 17.8 | 132 0.0 0.6 | 5.47 0.0 0 0
8 2 4 0 0 8 9
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Table B. 2 Exposure for all land cover classes for the duration of the analysis (Medium and
High susceptibility)

Medium Susceptibility

High susceptibility

Land cover [0} 1 2 3 4 5 6 7 [0} 1 2 3 4 5 6 7
class
Year 30 31 32 33 34 35 3 3 40 41 42 43 44 45 4 4
6 7 6 7
1962 | 13.52 27.3 0.0 0.0 0.1 | 0.01 0 0| 319 9.29 0.0 0.0 0.0 0.0 0 0
9 0 4 8 0 0 3 0
1979 | 11.21 25.7 0.0 0.0 0.2 | 0.01 0 0 34 | 8.89 0.0 0.0 0.0 0.0 0 0
5 0 4 3 5 0 0 4 0
1988 10.8 26.9 0.0 0.0 0.2 | 0.01 0 0 3.3 | 9.06 0.0 0.0 0.0 0.0 0 0
8 5 o) 5 3 4 0 0 4 o]
2005 | 9.88 24.2 0.0 0.0 | 114 0.0 0 0 3.0 8.21 0.0 | 0.01 0.2 0.0 0 0
1 0 7 2 6 0 2 0
Sc 12030 10.0 23.7 0.0 0.0 1.14 0.0 0 0 2.9 8.38 0.0 | 0.01 0.2 0.0 0 0
4 7 0 8 2 6 0 3 0
Sc 12050 10.2 234 0.0 0.0 | 114 0.0 0 0 3.0 8.25 0.0 | 0.01 0.2 0.0 0 0
3 6 0 9 2 5 0 3 0
Sc 12100 14.5 215 0.0 0.2 | 153 0.0 0 0 5.2 | 11.84 0.0 0.0 0.5 0.0 0 0
4 0 0 2 2 3 0 2 3 0
Sc 22030 10.8 22.6 0.0 0.0 | 114 0.0 0 0| 341 | 7.80 0.0 | 0.01 0.2 0.0 0 0
7 3 0 9 2 0 3 0
Sc 22050 11.81 21.0 0.0 | 011 | 114 0.0 0 0| 373 7.33 0.0 | 0.01 0.2 0.0 0 0
8 0 2 0 3 0
Sc 2 2100 19.9 15.9 0.0 | 0.25 | 1.53 0.0 0 0 6.9 | 9.03 0.0 0.0 0.5 0.0 0 0
6 8 0 2 6 0 2 3 0
Sc 32030 10.4 23.1 0.0 0.0 1.14 0.0 0 0 | 319 8.07 0.0 | 0.01 0.2 0.0 0 0
6 9 0 7 2 0 3 0
Sc 32050 11.05 22.2 0.0 0.0 | 114 0.0 0 0 34 7.73 0.0 | 0.01 0.2 0.0 0 0
4 0 8 2 4 0 3 0
Sc 32100 17.21 18.9 0.0 0.2 | 153 0.0 0 0 6.2 10.2 0.0 0.0 0.5 0.0 0 0
0 0 0 2 8 2 0 2 3 0
Sc 4 2030 10.4 23.1 0.0 0.0 | 114 0.0 0 0| 315 8.14 0.0 | 0.01 0.2 0.0 0 0
4 8 0 7 2 0 3 0
Sc 4 2050 11.05 22.2 0.0 0.0 1.14 0.0 0 0 33 7.82 0.0 | 0.01 0.2 0.0 0 0
3 0 8 2 9 0 3 0
Sc 4 2100 17.38 | 18.76 0.0 | 019 | 1.53 0.0 0 0 6.0 10.4 0.0 0.0 0.5 0.0 0 0
0 2 9 4 0 2 3 0
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C. DEFINITIONS

In this section frequently used terms are defined to the accordant use in the subsequent

chapters.

Natural hazard: means the probability of occurrence within a specific period of time

and within a given area of a potentially damaging phenomenon VARNES 1984.

Landslide hazard: aims to determine the spatial and temporal probability of
occurrence of landslides in the target area, along with their mode of propagation, size
and intensity COROMINAS et al. 2013.

Vulnerability: is defined by characteristics and circumstances of a community,
system or asset that make it susceptible to the damaging effects of a hazard (UNISDR,
2009).

Exposure: is defined by people, property, systems, or other elements present in
hazardous zones that are thereby subject to potential losses (UNISDR, 2009).

Landslide exposure: is defined by the link of elements at risk and landslide

susceptibility (similar to Pellicani et al. 2013.

Risk: is the combination of the consequences of an event (hazard) and the associated
likelihood/probability of its occurrence (IEC/1SO 2009).

Consequences: are the negative effects of a disaster expressed in terms of human
impacts, economic and environmental impacts, and political/social impacts (IEC/1SO
2009)
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Landslide susceptibility: describes the likelihood or spatial probability of a
landslide event occurring in an area on the basis of the local terrain conditions.
(GuzzeTTI et al. 2005, BRABB 1984)

Land cover: refers to the physical and biological cover over the surface of land,

including water, vegetation, bare soil, and/or artificial structures (ELLIS 2013).

Land use: is characterized by the arrangements, activities and inputs people
undertake in a certain land cover type to produce, change or maintain it. Definition of
land use in this way establishes a direct link between land cover and the actions of
people in their environment. (DIGREGORIO and JANSEN 2000)
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D. ABBREVIATIONS

APCC

BEV

BGR

CORINE

DEM

GCM

IPCC

MP

SP

UN-ISDR

Austrian Panel on Climate Change

Bundesamt fur Eich- und Vermessungswesen
Building ground register

Coordination of Information on the Environment
Digital Elevation Model

General Circulation Model

Intergovernmental Panel on Climate Change
Multi-party

Single-party

United Nations Office for Disaster Risk Reduction
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E. GERMAN AND ENGLISH SUMMARY

Spatial and temporal development of landslide risk - a contribution
to risk management in the context of global change

Zusammenfassung

Die raumliche Verteilung von zuklnftigem Risiko gegenlber gravitativen
Massenbewegungen ist ein wesentlicher Faktor im integralen Risikomanagement.
Durch aufzeigen potentiell gefahrdeter Gebiete, kdnnen jene Regionen, in welchen
besondere Vorsicht bei zukiinftiger oder geplanter ortlicher Entwicklung geboten ist,
ausgewiesen werden. Raumplanung ist also ein wesentliches Element um unglnstige
Formen der Entwicklung in potenziell gefahrdeten Gebieten zu vermeiden und somit
auch ein wichtiger Teil des Risikomanagements. Szenarien zukinftiger Entwicklung
des Risikos gegeniiber gravitativen Massenbewgungen auf regionaler Ebene dienen
daher der Identifikation von potenziellen Hotspots und von Bereichen die eine
Anderung des Risikos in einem gewissen Zeitraum erfahren koénnten. Die
resultierenden Risikokarten kdnnen als eine Entscheidungshilfe fur die Raumordnung
dienen und aufzeigen wo eine detaillierte Risikoanalyse von héchstem Interesse fir
zuklUnftige Planung waére. Sie erlauben somit eine Anpassung oder Planung von
zuklnftigen Risikomanagementstrategien.

Die raumliche Verteilung von Risiko durch Rutschungen wird von verschiedenen
dynamischen Faktoren des globalen Wandels beeinflusst. Beispielsweise sind hier
Anderungen in der raumlichen Verteilung von Risikoelementen oder Veranderungen
von Niederschlagsmustern zu nennen. Das Ziel dieser Dissertation ist,
Uberschneidungsbereiche dieser Anderungen und deren Auswirkungen auf das Risiko

gegenuber gravitativen Massenbewegungen zu analysieren und aufzuzeigen.

Um die Abschéatzung dieser moglichen Anderungen durchzufiihren wurden im Rahmen
dieser Studie zahlreiche Analysen der aktuellen und vergangenen Verteilung von

Risikoelementen bzw. im Speziellen der Landnutzung durchgefiihrt. Dazu wurde die
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Lage der aktuellen Risikoelemente auf Basis von Orthofotos kartiert und in eine
Datenbank der Risikoelemente Uberfiihrt. Des Weiteren wurde Information zur
Landnutzung und deren Anderungen in der Vergangenheit durch Kartierung mittels
Orthofotos der letzten 52 Jahre abgeleitet. Das Wissen aus der
Landnutzungsentwicklung der Vergangenheit wurde in eine Modellierung von
zukuUnftigen Landnutzungsszenarien implementiert. Diese Informationen zur aktuellen,
vergangenen und zukinftigen Landbedeckungsentwicklung und zur Entwicklung der
Niederschlagsverteilung und Summe dienten als Input zur Erstellung einer
Gefahrenhinweiskarte far Rutschungen. Aus der Kombination der
Gefahrenhinweiskarten mit der Landbedeckung wurden abschlielend Szenarios der

Exposition gegentiber gravitativer Massenbewegungen erstellt.

Das Untersuchungsgebiet umfasst 130 km2 und liegt im Alpenvorland des
Osterreichischen Bundeslandes Niederdsterreich. Waidhofen/Ybbs hat ca. 11.500
Einwohner was einer Einwohnerdichte von etwa 90 Personen pro km2 entspricht. Die
Stadt Waidhofen/Ybbs ist ein regionales Zentrum welches den Einwohnder der Region
grundlegende Infrastruktur und Basisdienste bietet. Die dominierenden
Landnutzungsklassen sind Grinland und Wald und die wesentlichen lithologischen

Einheiten umfassen Flysch und Kalkstein.

Die Analyse der Entwicklung der Landbedeckung in der Vergangenheit zeigte eine
Zunahme von Siedlungsgebiet und Abnahme von Ackerflachen. Dieser Trend kann
auch in der zukinftigen Entwicklung der Landbedeckung angenommen werden. Die
Kombination der Szenarien der vergangenen und zukinftigen Entwicklung der
Landbedeckung mit der Gefahrenhinweiskarte fir Rutschungen zu einer Karte der
Exposition gegeniiber Rutschungen zeigt einen zu erwartenden Anstieg von
exponierten Bereichen bis zum Jahre 2100 auf.

Die Ergebnisse der Analyse untermauern die Hypothese, dass sich die rdumliche
Verteilung der rutschungsexponierten Bereiche &ndern wird. Des Weiteren deuten die
Ergebnisse auf eine Anderung der Exposition von bestehenden aber auch neuen
Siedlungsgebieten hin. Mit dieser Studie konnte ein Rahmenwerk fir zukinftige
Analysen des Wandels der Exposition gegentber Rutschungsgefahrdung geschaffen
und erfolgreich getestet werden. Dieses Rahmenwerk soll fur zukinftige &hnliche

Analysen als Anhaltspunkt dienen.
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Summary

Spatial distribution of future landslide risk is an important factor in integrated risk
management. Showing where additionally to existing risk areas new areas might be
exposed to landslide hazard is a key objective when analysing future landslide risk.
Therein prospective spatial planning serves as an effective mitigation measure to avoid
undesirable development in hazardous areas. The approximation of future landslide
risk scenarios on a regional scale supports the identification of potential hotspots and
areas of spatial shifts of landslide risk. This first indication of possibly exposed areas
can foster in depth analysis of landslide risk for the implementation into risk

management strategies.

The spatial distribution of future landslide risk is influenced by several dynamic factors
related to global change. Examples analysed in this study are variances in the
distribution of elements at risk or changes in precipitation patterns. These altered
precipitation patterns might be leading to a spatial change of the occurrence of related
natural processes. The aim of this thesis is to approximate future landslide risk
scenarios by including effects of coincident changes of dynamic factors. The study
comprises a regional exposure assessment of different types of elements at risk for the
current situation, as well as a spatiotemporal assessment of exposure development.
Analysing the past and future land cover included creating a database of elements at
risk, mapping land cover and its changes from the last 52 years and modelling future
land cover scenarios. The future land cover scenarios portray potential development of
elements at risk. Additionally to the distribution of elements at risk the land cover
maps serve as input into the landslide susceptibility assessment. Scenarios of exposure
to landslides were built using a landslide susceptibility map which incorporated the
resulting past and future land cover maps and precipitation changes.

The study area of this analysis, the district of Waidhofen/Ybbs, is located in the Alpine
foreland of the Austrian federal state of Lower Austria, and has a size of 130 kmZ.
Around 11,500 people are living in the study area resulting in a population density of
about 90 inhabitants per km2. The city of Waidhofen/Ybbs is a regional centre taking
over functions for the provision of infrastructure and services. The dominating land
cover classes are grassland and forest, and the main lithological units are Flysch and

Limestone.
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The analysis of past land cover changes indicates an increase in building area and a
slight decrease in acreage. This trend can be assumed to be followed in the future land
cover development. Combining the past and future scenarios of land cover with the
available susceptibility map, the resulting landslide exposure map shows several new
potentially exposed areas until 2100.

The results confirmed the hypothesis of spatial shifts in landslide exposure which may
be kept in mind as a word of caution for prospective spatial planning and development
in this area. This study gives a framework for analysing scenarios of landslide risk

development which may aid similar analyses in other areas.
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