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1. Introduction: Context and Objective 
Following a field trip to northern Iceland in July and August 2017 this report illustrates the subsequent 
development of hazard and risk maps as well as a hydrological analysis addressing flood risk, conducted 
as part of the Master program at the Institute of Geography of the University of Innsbruck. The one-and-
a-half-year module contained studies on the theoretical background of natural hazards, in situ data 
collection, process simulation, hazard and risk mapping as well as the evaluation, interpretation and 
reflection of results. The overall aim was to assess the natural hazard potential of the processes rockfall, 
avalanche and debris flow according to the methodology of the South Tyrolean Hazard Mapping, which 
is one of the most modern natural hazard assessement approaches.:. Aditionally the death risk for these 
processes were calculated, as this represents the approach applied by Icelandic authorities. Regarding 
floods, the lack of a high resolution DTM inhibited the production of inundation maps and thus the 
resulting hazard and risk maps. Instead, our objective was to estimate design events and calculate the 
capacity of the pipes below the roads.  

Data collection and topographic mapping, and therefore the hazard and risk analysis, focused on the 
Tröllaskagi peninsula, more precisely the part lying between Dalvík and Ólafsfjörður, as this area has 
been particularly prone to impacts from natural hazards. For the assessment of the natural hazard 
processes, the area was devided in 12 research areas, examined by 6 field work groups consisting of 
responsibles for each process (Figure 1).  

 

Figure 1: Overview Map of the Research Areas. 
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The region is only sparsely inhabited, hence the main objective of this analysis was the identification of 
potential threats to infrastructure, primarily the Ólafsfjardarvegur road (Route 82) connecting the 
villages of Dalvík and Ólafsfjörður. Due to the predominant topographic characteristics of steep rock 
faces and valleys formed by glacial erosion, gravitational processes are most relevant for this risk 
assessment. Thus avalanches, debris flows and rock falls were simulated in computer based, physical 
models before being presented in hazard maps. Different methods and approaches were studied, applied 
and discussed in order to create results representing real circumstances as accurate as possible. As the 
specifics of each of the modelling and calculation approaches were defined in previous technical reports 
and associated literature, this report will give a rather brief methodical overview, focusing on the data 
collected and used as well as results received from it. Combining the hazard mapping with anthropogenic 
exposure to the processes provides a map indicating risk zones categorised into four levels. Furthermore, 
the individual risk of death was calculated for people staying in the area. The area in which gravitational 
processes are affecting the road is showing strong variations in topography, therefore we concentrated 
on selected areas of interest, so-called ‘hotspots‘ for each process. Thus only relevant events, resulting 
in actual threats, are being displayed in the final products. This helped keeping the analysis more 
structured and breaks down the content to the most important aspects.  

While hazards resulting from natural processes mentioned above are being presented in hazard and risk 
maps, the hydrological analysis conducted in this study is based on .peak runoff of design events in 
relation to the infrastructure’s capability of diverting them to the sea, preventing flooding. Precipitation 
events of 20 year and 100 year return periods were used exemplarily in this report, as extrapolation of 
greater time spans is related to higher uncertainties and historic records do not provide data to support 
long term time series analysis. The above mentioned gravitational processes were also simulated for 
longer return periods, as the concept of hazard maps of South Tyrol requires an assessment of natural 
hazards within a maximum return period of 300 years. After giving insights into the general project 
work flow and relevant methodology as well as a general description of climatic, geological, 
geomorphological conditions in the study area, this report will underline the models and data used for 
each process simulation before displaying and discussing final products in form of hazard and risk maps. 

2. Introduction to the Research Area 
Area 
The study area is located in Northern Iceland on Tröllaskagi peninsula (Figure 2), between the villages 
of Dalvík and Ólafsfjörður on the coast of the Eyjafjörður, a 65 km long fjord. It represents an area of 
around 35 km² and covers an elevation starting from sea level up to 1100 m with a mean slope of 26°. 

The area of interest with the defined natural hazard hotspots includes no villages or stand-alone 
buildings. Only in Ólafsfjörður one property is situated close to the study area. The main infrastructure, 
which must be considered in regard of the hazard zoning, is the Road 82 connecting the two villages 
Ólafsfjörður and Dalvík. Due to the high natural hazard risk, the road is already tunneled (about 3.2 km) 
in the north but is exposed to hazards in the whole eastern and western part (around 8.5 km in the 
research area). Accordingly, people on the road are vulnerable to the dominant natural hazards. 
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Climate 
With its location in the northern Atlantic sea, close to the northern polar circle, the Icelandic climate is 
dominated by the interaction of cold sea currents and weather from the north and their warmer 
counterparts from the south. Being placed in the border area of the polar- and the mid-latitude-cell of 
global atmospheric circulation, the weather in Iceland depends on the status of that shorter time frame 
variation and the resulting cyclones and anti-cyclones (Ogilvie 1984), as well as the arctic oscillation. 
The interaction of cold arctic sea currents from the north and the warmer North Atlantic Current from 
the South can also variate over several years and influence the long-time weather situation on parts of 
the island differently (Denk et al. 2011, Gläßer & Schnütgen 1986).  

The precipitation in Iceland varies highly in different areas of the island. Although exact meteorological 
measurements for longer time periods are rare, and concentrated on a few settlements close to the coast, 
significant differences between areas can be seen. The difficulties that derive from the sparsity of 
measurements concerning the design precipitation are described in chapter 4.1. According to the 
Icelandic Meteorological Office (IMO) the south east gets comparably high yearly average values of 
precipitation like 1500 mm in Dalatangi, while the central highlands and northern areas stay dryer with 
values around 570 mm in Akureyri (IMO 2018). This is mainly caused by the fact that the rain bringing 
low-pressure weather situations mostly come in from the South, so the central highlands and northern 
areas are only reached marginally or not at all (Elisasson 1984). Another important factor for a hazard- 
and risk-focused analysis of the area is the distribution of precipitation over the year as well as the 
intensities of the events.  

Figure 2: Location of the Research Area in Northern Iceland. 
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Figure 3 shows a climate chart of Akureyri, calculated for the time period 1961-1990. The minimum of 
precipitation in May and its maximum in winter are apparent, as well as the overall low temperature 
resulting in more than half of the year’s precipitation fall as snow. The yearly average mean temperature 
in Akureyri is 3.2°C. These low temperatures and the local wind systems also prevent the formation of 
convective storms, making advective precipitation events the main rain bringing weather situation in 
Iceland. Consequently, the precipitation events in Iceland tend to have a long duration, but short 
intensities (Eliasson 1984). 

These circumstances must be given serious consideration, when evaluating the hazard potential of 
processes that are often very closely linked to the unique characteristics of precipitation events.  

 

 

Vegetation 
The flora of the study area is adapted to the harsh climate and is characterized by some endemic species. 
The coastal area is mainly covered by grasses and mosses and in some places, it is strongly wetted. In 
these, sometimes very large, swamp areas cotton grass is settled (Figure 4).  

    

Figure 4: Study area Torfdalur as example for decreasing vegetation with the height (right). 

Figure 5: Tertiary basalt sheets in tunnel east (left). 

 

Figure 3: Climate chart of Akureyri generated from data from IMO (1961-1990). 
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The low areas are characterized by Alaska lupines up to 350 m and by blueberry, shrub and grass 
vegetation up to 450 m. Alaska lupines, which are up to 1.5 m high, stabilize the clay poor soil with 
their root systems. They can be used for nitrogen enrichment and help slowing down the process of soil 
erosion. Further away from the coast and in higher areas, the vegetation cover diminishes. The steep 
slopes are characterized by open rock and sporadically by debris flow deposits and moraines. Old 
moraines and debris flow deposits are more densely overgrown than the younger scree slopes. Over time 
top soil could develop on old debris flow deposits and thus the vegetation is denser and more diverse. 
The study area is still used as a grazing area, at least where the terrain allows it and vegetation is present. 
The complete absence of forests probably makes the biggest difference to the landscape of Alpine 
regions in Central Europe. 

Geology 
Geologically, the area consists of tertiary basalts, giving the landscape its key characteristics (Figure 5). 
These horizontally orientated basalt sheets with an approximate thickness up to 15 m generate the step-
like form of slopes, which are typical for the northern coasts of Iceland. Generally being rich of cracks, 
the basalt sheets are very prone to several physical weathering processes. As a result, there are big 
amounts of loose material breaking out of the structure, building up scree slopes that ensure a high 
availability of debris in nearly the entire research area (Gläßer & Schnütgen, 1986, Stötter 1991).  

Geomorphology 
During the Holocene melting glaciers and glaciomorphological processes contributed to the creation of 
several forms like moraine walls. Additionally, periglacial forms such as rock glaciers or thufurs occur. 
Furthermore, traces of all of the later described processes can be seen in the landscape. For example, 
numerous stones from rockfalls as well as debris flow deposits of different ages can be found all over 
the research area.   

In general, the morphodynamics in the study area can be described as very active, which is majorly 
caused by the steep slopes and the generally high relief energy. Nevertheless, the areas must be 
differentiated. While on the eastern side the slopes fall off steeply to the road, the western side shows 
mostly steep hills on the upper parts of the mountain ranges, which level off towards the sea. Finally, 
the geomorphological processes and forms were recorded during the field trip and later mapped by each 
group. One of the maps is exemplarily shown below in Figure 6.  
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Figure 6: Geomorphological map of Ripíll and Sauðdalur (Source: Mapping group 1 of course 1). 

3. Method 
The following chapter gives an overview of methods used to create hazard-, vulnerability- and risk-
maps according to the South Tyrolean Hazard Map (Autonome Provinz Bozen-Südtirol 2012). To give 
a better idea on how these maps were developed, the following four sub-chapters will briefly introduce 
conducted work steps: Chapter 3.1. takes a closer look at methods for pre-mapping and mapping 
hotspots. This was done to get a better understanding of the characteristics of each research area and 
their potential influence on natural hazard processes. Additionally, release areas of the individual 
processes were defined. Chapter 3.2. gives an overview of the used models for delineating hazard zone 
maps. These models will also be presented in detail in the individual process chapters (see chapter 4). 
Chapter 3.3. briefly presents the South Tyrolean concept of hazard mapping. This concept was used to 
derive hazard-, vulnerability- and risk-maps. In Chapter 4, the individual approaches for each process 
will again be discussed in detail. Finally, the mathematical approach for calculating death risk due to 
natural hazards will be outlined in chapter 3.4. 
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Note: As the lack of a high resolution DTM inhibited the production of inundation maps and thus the 
resulting flood hazard and risk maps, we chose a different approach for estimating hydrological hazards 
and risks which will be described in more detail in chapter 4.  
 

3.1 Pre-mapping and mapping  
To identify potential hotspots for natural hazard processes, pre-mapping was deducted before starting 
field work in the research area. This pre-mapping consisted of deriving topographic parameters which 
are relevant for the investigated processes, including rockfall, debris flow, avalanche and hydrological 
hazards. Relevant topographic parameters were slope, aspect, curvature and surface roughness. 
Additionally, satellite images were used to map geomorphological phenomena (chapter 2). Furthermore, 
literature studies were undertaken to see if natural hazard processes were already recorded in the research 
area. The results of these analyses were then integrated for defining potential hotspots of natural hazards. 

During field work in Iceland, students worked in subgroups which investigated individual hotspot areas. 
In each subgroup at least one student was responsible for an investigated natural hazard process. The 
field work consisted of validating the previously mapped data and adjusting it accordingly. Another 
essential part was the given feedback of both lecturers and local experts. All collected data and 
knowledge was then integrated to define relevant input parameters which were needed for the further 
modelling of natural hazard processes.  

3.2 Modelling  
The following chapter outlines used models for the derivation of hazard maps according to the South 
Tyrolean Hazard Map (Autonome Provinz Bozen-Südtirol 2012). As each process has different 
requirements for input and output parameters, and as modelling approaches sometimes vary 
significantly, several models were used subsequently. While Rapid Mass Movements Simulation 
(RAMMS), SAMOS AT, Rockyfor3D and Alpha-Beta will be described in detail in the individual 
process-chapters, Gravitational Process Path (GPP) (Wichmann 2007) will be introduced in this chapter. 
We used the following models (models in italic were used only for plausiblisation): 

● Avalanche 
o RAMMS::AVALANCHE 
o SamosAT 
o α-β-model 
o GPP 

 
● Debris Flow 

o RAMMS::DEBRIS FLOW 
o GPP 

 
● Rockfall 

o RAMMS::ROCKFALL 
o Rockyfor3D 
o GPP 

 

All of the used models require a Digital Terrain Model (DTM) and a process release area as input data. 
A DTM was available in a 10x10m resolution and was consequently used for the modelling (DTM 
datasource: Loftmyndir.is). The process release areas were chosen as described in chapter 3.1. 
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RAMMS was utilized in all process groups except for hydrological hazards. It is the abbreviation for 
Rapid Mass Movements Simulation and was developed by the WSL (Eidgenössische Forschungsanstalt 
für Wald, Schnee und Landschaft) in Switzerland. It is a numerical simulation model of geophysical 
processes in complex terrain. Because of its two-dimensional approach it is widely used in hazard zone 
mapping. It consists of three different modules: RAMMS::AVALANCHE, RAMMS::DEBRIS FLOW 
(both of them are based on similar concepts) and RAMMS::ROCKFALL: 

SamosAT (Snow Avalanche Modelling and Simulation) was developed by „Institut für Lawinen- und 
Wildbachforschung des Bundesamtes und Forschungszentrums für Wald“ (BFW) in cooperation with 
„TU Wien,“ „AVL List GmbH“ and „Forsttechnischen Dienst für Wildbach- und Lawinenverbauung“. 
SamosAT is a physical model which integrates a granular and gas-dynamical approach for simulating 
dense flow avalanches, whereas in our study only the granular dense flow model was applied.. 

Rockyfor3D (Dorren, 2015) is a three-dimensional, probabilistic process-based rockfall model based 
on physical and deterministic algorithms combined with stochastic approaches.  

α-β model is an empirical-statistical model for estimating runout lengths of avalanches on the basis of 
topographic parameters. It was developed by Lied & Bakkehøi at the Geotechnical Institute of Norway. 
In this context the model was only used to verify existing model runs of other approaches.  

GPP (Gravitational Process Path) model allows regional hazard susceptibility mapping of processes 
such as avalanches (based on Perla et al. 1980), debris flows or rock fall. The tool gathers several 
concepts to calculate the process path. The advantage of conceptual models such as GPP compared to 
solely physically based models is the small number of input parameters (thus eliminating uncertainty 
associated with parameters) while data requirements are kept low. The disadvantage of this approach is 
its limited applicability for the simulation of single events (Wichmann 2017).  

The presented models were used to calculate several output parameters of which some were used to 
derive Hazard Maps according to thresholds determined by the guidelines for the South Tyrolian Hazard 
Map (Autonome Provinz Bozen-Südtirol 2012). The following chapter explains how model results were 
utilized for the creation of these maps. 

3.3 South Tyrolean concept of hazard mapping  
The concept of the South Tyrolean Hazard Map is presented in the following chapter. This approach 
was used to develop hazard-, damage susceptibility- and risk maps. While this chapter outlines a brief 
overview, the process related approaches will be presented in chapter 4. 

The Hazard Map of South Tyrol differentiates between processes of mass movements, hydrological 
hazards and avalanches. After analyzing individual processes, they were categorized into several hazard 
levels. This workflow is divided into three major phases:  
 

Phase I: Identification, determination and documentation of areas exposed to a hydrogeological 
risk  
Phase II: Delineation and assessment of hazard zones  
Phase III: Assessment of specific risk and action planning  
 

The basis for phase I and II was the so called “Schweizer Methode” (Swiss Method) published by 
BUWAL in 1998/1999. It focuses on the protection of areas of settlements and economic activity. Also, 
the municipality can participate during the development of the hazard map by assessing infrastructure 
with regard to supply chains. The municipality is responsible for the elaboration of the hazard map 
which is developed in phase I & II, as well as the risk zone map, which is worked out in a third phase.  
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Protective measures reduce the intensity of individual events. Hence, the potential risk for an area is 
lowered. The hazard map should always be updated, otherwise the main purpose as planning tool is not 
fulfilled (Autonome Provinz Bozen-Südtirol 2012).  
 
Phase 1: Identification, determination and delineation of documented natural hazards  
The generation of the hazard map proceeds in two phases. The first phase starts with a categorization of 
areas and definition of the processing depth. There are three categories (labeled a-c) depending on urban 
relevance. For each of the categories a different processing depth is defined.  
 
In this specific case, the group was working with the processing depth of category b. This category is 
defined by containing areas with single built-up sites such as small settlements or single houses, small 
touristic structures or similar recreational areas. Furthermore, infrastructure and main lines which are of 
public interest belong to category b. Hazard zones in this area need to be determined for known processes 
and the working scale has to be 1:10.000. Thus, processing depth is lower than in category a with 1:5.000 
(Autonome Provinz Bozen-Südtirol 2012). 
 
In the following step natural hazards will be identified. To acquire the required data, four steps need to 
be undertaken. First, a historic and bibliographic research with respect to the different processes will 
take place. The gained data needs to be analyzed. Secondly, different processes and phenomena should 
be identified based on aerial images. Thirdly, thematic maps and data which might help to identify 
hydrogeological processes and phenomena should be analyzed. Finally, field work and mapping take 
place. Chapter 3.1 displays how these phases were executed by the group. Furthermore, a map of 
phenomena will be created for areas of category a with a scale of 1:5.000 and for areas of category b 
with a scale of 1:10.000. The map of phenomena comprises the extent of all processes examined with 
regard to hazard mapping.  
 
Phase 2: Delineation and evaluation of the hazard zones  
In the second phase the hazards are evaluated and a hazard map is created. The hazard evaluation is the 
result of a combination of intensity and likelihood of occurrence. In the hazard map areas of interest are 
illustrated in red (H4), blue (H3) and yellow (H2). These matrices are defined individually for each 
process and therefore they can be seen in the process-related subchapters in chapter 4. 
In addition to these matrices in chapter 4, the hazard zones are characterized by the following aspects: 
 

Zone H4 (red) – prohibited areas:  
• high risk: possible loss of life, serious injuries, heavy damages at buildings,  

infrastructure and the environment and destruction of social and economic  
infrastructure  

• people are at risk within and around buildings  
• sudden destructions of buildings are possible  

 
Zone H3 (blue) – restricted areas:  

• high risk: injuries of people, damages at buildings and infrastructure, 
interruption of social and economic infrastructure as well as environmental 
damages  

• people are not at risk within buildings, but around  
• no sudden destructions of buildings, but damages are likely  
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Zone H2 (yellow) – reference areas:  
• medium risk: small damages at buildings and infrastructure as well as  

environmental damages are likely, but the health of persons, the accessibility 
to buildings and the social and economic infrastructure is not affected  

• people are at a small risk   
 

Light grey areas:  
• these areas show at the time of the investigation no hazards from the described 

zones H4 to H2  
 

Zone H1 – residual danger:  
• the concept of the hazard map allows an assessment for natural hazards within 

a maximum return period of 300 years  
• events with lower return periods are included in zone H1, but are not 

represented in the hazard map. However, they will be shown on the map of 
phenomena and described in the accompanying report.  

 
Hazard maps need to be developed for each type of natural hazards based on the previous modelling 
explained in chapter 3.2. Examined areas which do not show any signs of hazard are illustrated in light 
grey, whereas not examined areas are colorless. The legend needs to contain the following information: 
hazard matrix, color scale, list of letter combinations and the code of the processing depth. Moreover, 
thresholds for intensity classes are defined for each process.  
 
In general, mass movements, water hazards and avalanches are processes that may be evaluated during 
hazard mapping. For further delineation of the investigated processes thresholds which were used will 
be presented in the process-related chapters.   
 
In a last step the hazard level can be determined by combining the intensity and the likelihood of 
occurrence on basis of the process related hazard zone matrix. Finally, the hazard levels may be 
illustrated in the hazard map (chapter 4). In addition, a short and a detailed technical report should be 
created. As a result, the following documents are obtained during hazard mapping:  
 

a) definitive map on the processing depth  
b) maps of phenomena  
c) hazard map and hazard map of the construction plan  
d) detailed report  
e) brief report on the maps  
 

Phase 3: Assessment of the specific risk and action planning 
According to the South Tyrolean concept the group developed a vulnerability map and a risk zone map 
based on the preceding work steps. Regarding the embedding in a university course, it must be clear that 
the group of students did not take any steps into action planning, although there will be an outlook given 
in the discussion in chapter 5. 

Vulnerability Map 
In this chapter the working step of generating a vulnerability map will be presented (Figure 7). This step 
is necessary to generate risk maps as explained in chapter 3.3.2. To define levels of damage 
susceptibility, different objects (risk elements) are identified: 
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● Settlement areas 
● Industrial parks, important technical plants, including facilities with increased hazard 

potential according to law 
● Network infrastructure and strategical communication paths of local importance 
● Cultural and environmental assets 
● Areas of public and private services, sport facilities, recreational facilities, tourist 

accommodations, primary infrastructures 
 
Damage susceptibility is assessed according to the South Tyrolean Hazard Mapping guide in order to 
identify four classes of vulnerability (cf. Autonome Provinz Bozen-Südtirol 2012): 
 

● V4: very high (red and black dotted) 
● V3: high (blue and black dotted) 
● V2: medium (yellow and black dotted) 
● V1: low (green and black dotted) 

 
These zones are shown on the y-axis in Figure 8. In the next step the resulting vulnerability map is 
clipped with the previously generated hazard map according to the specific risk matrix. This working 
step will be outlined in the following chapter. 

 
Figure 7: Vulnerability Map Research Area.	
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Risk Map 
The following chapter is dealing with the generation of risk maps according to the South Tyrolean 
concept. The specific risk, as shown in Figure 8 is a result of the interaction of hazard level and 
vulnerability class. Overlaying these two previously generated maps (see chapter 3.3.2) results in a risk 
map. 
The following four risk classes are defined: 
 

Very high risk (pink):  
● possible loss of life, serious injuries, heavy damages at buildings, infrastructure and 

the environment and destruction of social and economic infrastructure  
High risk (purple):  

● injuries of people, damages at buildings and infrastructure, interruption of social 
and economic infrastructure as well as environmental damages  
 

Medium risk (orange):  
● small damages at buildings and infrastructure as well as environmental damages are 

likely, but the health of persons, the accessibility to buildings and the social and 
economic infrastructure is not affected  

Low risk (green): 
● social, economic and ecologic damages are marginal 

 

 
Figure 8: Specific Risk Matrix. (Autonome Provinz Bozen-Südtirol 2012: 27) 

 

3.4 Calculation of death risk 
Different from the delineation of hazard and risk zones by the South Tyrolean concept of hazard 
mapping, the Icelandic hazard zone plan is based on individual risk. Furthermore, it only considers 
avalanches and does not regard other processes like debris flow or rockfall. 
Risk is defined as the probability of loss or injury. Loss can manifest as economic loss, environmental 
damage or loss of lives. Although economic losses due to avalanches have been considerable in Iceland, 
loss of lives is the major factor when determining the acceptability of risk for the society (Arnalds et al. 



17	
	

2004). According to the Icelandic Ministry for the Environment, the threshold for acceptable death risk 
is at 0.3×10-4 (Ágústsson et al. 2003).  
Relating to the fact that individual risk frames the basis for the risk zones in Iceland, it makes sense to 
calculate general and individual death risk at the investigated road section in addition to the hazard zone 
maps based on the South Tyrolean concept of hazard mapping. A method by Borter (1999, based on 
Wilhelm 1997) was therefore utilized. This concept can be used to calculate risk at different kind of 
transport routes. According to Borter, risk (rij) is calculated as the product of the frequency of occurrence 
(hS) of a specific hazard process and the dimension of damage (S). 
 

(i) rij = hS * S  

The frequency of occurrence is determined by the general probability of occurrence of a specific process 
(hE) and the probability of this process affecting a certain point (prA). The dimension of damage contains 
the average number of people in a car (β), the average speed of a car at the investigated road section (v), 
the average number of cars passing the road per day (DTV), the length of those parts of the road which 
are endangered by the hazard (g) and the rate of mortality in case of a car being hit by a process (λ).   
 

(ii) hS = hE * prA 

 

 

 

(iii) S= DTV × gv ×f ×λ×β  

 
When calculating the individual risk (rij-ind), the probability of a person being present in the investigated 
area - the count of a person passing through the area (x) - is added as shown in formula iv (Borter 1999). 
 

(iv) rij-ind=rijDTV×β ×x 
 

 

How these factors were set depends on the process and is - as well as the results of each process-focused 
risk calculation - treated separately in chapter 4.  
 

4. Results 
Chapter 4 is structured according to the investigated processes. The methods used for assessing the 
hazardous potential of hydrological processes differ from the other approaches and do not result in area-
wide hazard maps according to either the South Tyrolean concept of hazard mapping or the concept of 
risk analysis by Borter (1999). Therefore, the assessment of the hazardous potential for hydrological 
processes is described first, followed by the approaches for debris flows, avalanches and rock fall 
processes, which show similarities in terms of modelling as well as delineation of hazard and risk maps. 

Each section about a process starts with a subsection describing the models. In the following subsection, 
we outline so called hotspots in each of the 12 research areas for each process, which are shown in 
Figure 9. Since a comprehensive, area-wide risk assessment is not feasible and rarely the objective, one 
has to carefully choose subdomains within the investigated area that pose the greatest threats to society 
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and physical structures. These are the areas that define the hotspots. Different natural processes emerge 
under different environmental conditions. Accordingly, hotspots have to be justified individually for the 
particular process. Subsequently the results for each process are presented. For the hydrological 
processes this includes the modelled peak discharge as well as a section about comparing those values 
to the peak discharge that can be coped with by the pipes installed below the roads. For rockfall, debris 
flows and avalanches the results are subdivided into a section about the derived hazard and risk maps 
and the death risk calculated based on the risk maps. 

 

Figure 9: Rockfall Hotspots, Tröllaskagi Peninsula. 
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4.1 Rockfall 

4.1.1 Methods for Rockfall Modelling 
Three different gravitational models where used to simulate rockfall processes in the research area, i.e. 
GPP, Rockyfor3D and RAMMS::Rockfall. As GPP only served as tool to get a first, rough insight and 
overview as well as for plausibilisation of the model results, it will not be further considered in this 
chapter. For detailed information we refer to Wichmann (2017). The Hazard and Risk Maps are based 
on RAMMS::Rockfall since this model delivered the best, most realistic results.   
    

Rockyfor3D 
Rockyfor3D is a probability, and process-based rockfall trajectory simulation model which combines 
physically-based, deterministic algorithms with stochastic approaches. The simulation uses 3D-
trajectories calculating the parabolic free fall, contact with the slope (including trees when it is 
necessary) and rolling of the rocks as a sequence of short-distance rebounds. Sliding of the rocks cannot 
be modelled. The following input raster in ASCII-format are needed to run the model: 

• DTM 
• rock density raster  
• three raster maps defining block height, width and length 
• raster map defining the shape of the block 
• three raster maps defining the surface roughness for 70 %, 20 % and 10 % of the area  
• soil type raster defining the type of the underground from soft to hard  

 

It is required to classify the rockfall slopes into homogeneous polygons. All parameters which are 
needed for further modelling are gathered into a provided field recording sheet for each polygon. The 
output of modelling includes among other things the kinetic energy, which is needed according to the 
South Tyrolean concept of hazard mapping (Dorren et al. 2015).      

RAMMS::Rockfall 
RAMMS::Rockfall (Rapid Mass Movement System) is a three-dimensional physical based process 
model that uses statistical analysis as well as deterministic components to study the rigid motion of 
falling rocks. The model predicts rock trajectories in a general three-dimensional terrain and uses 
adaptable general, terrain, rock and release input parameters together with a DTM and polylines or 
polygons as rockfall release lines/areas. Whereas in Rockyfor3D the slope roughness and underground 
is represented quite accurate, in RAMMS::Rockfall it is possible to use exact replica of block shapes, 
which are ideally based on a laser scan of fallen rocks. However, this feature is only useful if the 
resolution of the DTM is high enough. RAMMS::Rockfall contains six primary state variables: three 
translational and three rotational velocities of the falling rock. In RAMMS::Rockfall, a distinction can 
be drawn between eight different terrain material values, ranging from extra soft to extra hard and snow 
(Bartelt et al. 2016). The mentioned input parameters are listed in Table 1 
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Table 1: Input parameters required for RAMMS::Rockfall modelling. (Bartelt et al. 2016 ) 

RAMMS::Rockfall  
input parameter 

Description 

Digital Terrain Model DTM as raster 

recommended resolution: 5 m or better 

rock fall release area release point, release line or release area as shapefile 

rock shape realistic rock shape either developed with the integrated  
Rock Builder or predefined spheres or cuboids  
changeable variables: volume, density and measure 

terrain material homogeneous areas with differing terrain types as shapefile  
(extra soft to extra hard with several steps between and snow) 

forest area forest area as polygone shapefile 

number of orientations defines the number of possible release orientations of rocks 

 

This data is used to generate raster layers with the number of deposited rocks, reach potential [%], 
velocity [m/s], jump height [m] and kinetic rock energy [kJ] (Bartelt et. al 2016). Therefore, 
RAMMS::Rockfall can reasonably be used to work with the South Tyrolean concept of hazard mapping. 

In the realm of this student project, a 10 m x 10 m DTM  was used and polygons served as input for 
release areas (DTM datasource: Loftmyndir.is). It was not possible to conduct laser scan measurements 
to derive the characteristic rock shape. The terrain material categories which were used most frequently 
to represent the underground belong to the “medium” class, i.e. medium, medium soft and medium hard 
terrain material. The road (Route 82) as well es the old, not paved, road around the cap were classified 
as extra hard and hard respectively, the release areas as extra hard as well. Due to the absence of forest, 
no such shapefiles had to be defined. The value for the number of orientations was set at 50.  

Field work and estimation of rock measure for each return period 
The collection of input parameters for the prior described models is essential for the classification and 
evaluation of the hazard level. A pre-mapping of potential rockfall release and deposit areas was done 
and charted into a large-scale orthophoto (1:5.000) (orthophoto datasource: map.is). For rockfall, 
relevant slopes were divided into homogeneous areas and their properties were noted according to the 
Rockyfor3D field recording sheet (Dorren 2015). The input parameters were annotated using general 
information such as time, angle of slope and allotted polygon number. Besides, the mean and maximum 
stone size, assumed silent witnesses as well as the respective underground category according to 
RAMMS::Rockfall were noted for each homogeneous area. The vegetation in this study area is of minor 
importance since higher vegetation, i.e. trees, is absent. Due to this intense field work, it was possible 
to get a comprehensive impression of the process area. This is a highly necessary pre-requisite in order 
to assess the plausibility of model results afterwards since DTMs, orthophotos and topographic maps 
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cannot substitute these gained insights. Against this background, also rockfall experiments were 
undertaken to get a better idea of the process behavior.  

The measured predominant rock of every homogenous polygon was used to define the size of a rock 
with a high return period (30 years), whereby the biggest predominant rock of all identified polygons 
was therefore used. The second biggest from the recorded rocks was used for a low return period (300 
years). To avoid an assumed outlier, the largest rock was not taken into account. The median of the 
volumes of all determined rocks was chosen for the dimension of a rock with a mean return period (100 
years). Table 2 depicts the measures and volumes for the respective return period. However, due to a 
restricted adaptability of the RAMMS::Rockfall module to create rocks, the exact measures could not 
be reproduced and hence the used rocks for modelling differ from these values. 

 

Table 2: Measure and volume of the used rocks for the respective return period. 

 return period high 

30 years 

mean 

100 years 

low 

300 years 

measure [m] 0.6 x 0.4 x 0.4 1.2 x 0.6 x 0.6 2.43 x 1.2 x 1.1 

volume [m³] 0.096 0.432 3.2076 

 

4.1.2 Modelling Results Rockfall  
Considering that not all sections of Ólafsfjardarvegur (Route 82) are affected by rockfall, hazard and 
risk assessment was conducted at four identified hotspot areas, i.e. Ripill, Ufsaströnd, Tunnel East and 
Tunnel West (Figure 10).  

Since the Hazard and Risk Maps are based on a 95%-percentile of the kinetic energy [kJ], they are 
exemplarily shown in Table 3 for each hotspot area for a low return period. It becomes evident that two 
hotspots in each case are within the same range of values. These similarities and distinctions among 
each other respectively can be explained by the different character of the research areas. Hence, Tunnel 
West and Tunnel East are smaller and the topography is more heterogeneous as for the other two. For 
instance, debris channels and deposits as well as anthropogenic interventions like the old and new road 
influence the process behavior, leading to a reduction of energy. The higher values in Ripill and 
Ufsaströnd result from longer runout lengths, release areas in higher domains (Ø 350 m above sea level 
compared to Ø 250 m above sea level in Tunnel West and East) as well as more homogeneous slopes.  
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Figure 10: Rockfall Hotspots on Tröllaskagi Peninsula. 

The comparison of modelled and calculated values of the potential energy is used for evaluating the 
model results. It becomes evident that the resulting values for the highest possible kinetic energy are far 
above the modeled ones. Among other things, these differences can be explained by taking into account 
that energy also dissipates by impact on the underground. A more detailed analysis of the spatial 
distribution of the energy values shows that highest values only occur below terrain rims and do not 
extend within the whole process area between release and deposit area. With respect to the Hazard and 
Risk Maps, the exact values of the maxima are less important since all of them fall into the highest 
hazard level (Figure 11) but become crucial with respect to planning measurements.  
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Table 3: Modelled (300 year event; 95%-percentile; RAMMS::Rockfall) and calculated potential kinetic 
energy in kJ for all rockfall hotspots. The height difference between release and deposit area was used for 
calculating the potential kinetic energy.  

 Ufsaströnd Ripill 
Tunnel 

East 
Tunnel 
West 

kinetic energy 
modelled [kJ] 

6,304 6,464 3,703 3,870 

kinetic energy 
calculated [kJ] 

30,323 48,957 14,495 18,037 

 

As example, Figure 7 shows the modelling results of Ripill for a return period of 300 years. It depicts 
the maximum kinetic energy (95%-percentile) for each cell. In the southern part (left hand-side of the 
image), the runout distances are longer and the highest energy values are reached in this section as well. 
Accordingly, not all parts of the road are affected by rockfall. This is the case in all hotspot areas, 
whereby in Ufsaströnd model results, as well as the impression gained during field work, indicate that 
the road is not reached by rockfall processes under any circumstances.  

 

Figure 11: Maximum kinetic energy (95%-percentile) modelled with RAMMS::Rockfall in Ripill for a 300 
year event. 
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4.1.3 Hazard and Risk Maps Rockfall 
The following chapter deals with the Hazard and Risk Maps of rockfall processes. As the road is not 
significantly affected in the areas Tunnel West and Ufsaströnd, the focus is on the other two hotspots 
Tunnel East and Ripill. In order to get a better understanding of the underlying model results, values of 
kinetic energy supplement the description of each Hazard Map.  

Figure 12 shows the Hazard Matrix for rockfall processes. In order to categorize the intensity of the 
process, three classes are determined which refer to the kinetic energy (E) in kJ of the trajectories (Figure 
12). 

 

 

Figure 12: Hazard Matrix for Rockfall. (own adaptation according to Autonome Provinz Bozen-Südtirol 
2012: 12) 

This matrix and its categories were used to create the Hazard Maps. As an example,  

Figure 13 shows the one of Ripill. The Hazard Map illustrates that about half of the road that passes 
through this hotspot is exposed to a very high risk (H4). On the one hand, the maximum energy value is 
lowest at 290 kJ for a 30-year event (high return period) and triples at the 100-year event (890 kJ). On 
the other hand, the 300-year event has maximum energy values at 6460 kJ; these are more than seven 
times higher than those of an event with a mean return period of 100 years. However, the maximum 
energy values appear only in the southern part of the area, as the slope is flatter in the northern part. 
During digitalization, outliers were removed by homogenization of the trajectories and the medium 
hazard level (yellow) was added as a "buffer zone". While a small part is exposed to a high risk (H3), 
the medium hazard level (H2) does not exist in this road section.  
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Figure 13: Hazard Map Ripill, Rockfall, orthophoto datasource: map.is. 

The Hazard Map of Tunnel East in  

Figure 14 clearly indicates that especially the old road is affected by rockfall processes. Due to the higher 
volume of rocks of a mean return period, the maximum energy values are roughly five times higher (560 
kJ) than for a 30-year event (110 kJ). The maximum energy values of the lowest (3700 kJ) and mean 
return period are in a similar proportion, as the mean value is about six times higher than the lowest 
value. The highest energy values occur in the area directly behind the tunnel entrance at the height of 
the old road. In addition, the modelling shows that the Route 82 is only affected by rocks with the lowest 
return period. Furthermore, the parking lot in the rear area can only be reached by rocks assigned to a 
mean return period onwards. Due to the collected impressions in the field, this case is considered as 
possible, because on the top of the roof of the tunnel and in its surroundings, rockfall material was 
deposited, whereby anthropogenic influence can be excluded with high certainty. However, it should be 
noted, that parts of these material deposits can also originate from other processes like debris flows or 
avalanches. The Hazard Map clearly shows that the old road around the cap is located in a red and 
therefore a very high hazard zone (H4). This also applies at least for half of the rear part of the parking 
lot, whereas the endangered areas of the new road mainly lie in a blue and thus high hazard zone (H3). 
Very small parts of the road are affected by a medium hazard level (H2). 
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Figure 14: Hazard Map Tunnel East, Rockfall. 

In general, most parts of the Hazard Maps in all hotspot areas are classified as red zones. This assignment 
is mainly based on 300-year events as the energy values for this return period are above the respective 
threshold value of 300 kJ.  
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As mentioned in chapter 3, the Risk Map is created on the basis of the Hazard and Vulnerability Map, 
whereby  

Figure 15 and  

Figure 16 show the Risk Maps of Ripill and Tunnel East for rockfall processes. As a result, in Ripill, the 
road is the only section that lies in a high and very high-risk zone because personal injury or material 
damage can particular occur in this area. 

 

 

Figure 15: Risk Map Ripill, Rockfall. 

 
In contrast, far shorter road sections in Tunnel East are subject to very high or high risk and the affected 
parts are considerably shorter in general. Very high risk can only be found in the southern end of the 
hotspot and in parts of the parking lot next to the tunnel entrance. Though, the latter fact is of particular 
importance as the parking lot is used for breaks and hence the duration of stay of persons and cars is 
longer than on the road itself. Furthermore, it becomes evident that the old road is affected by the high 
risk along its entire length.  
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Figure 16: Risk Map Tunnel East, Rockfall. 

4.1.4 Death Risk Rockfall 
The following chapter shows the results of the general (ri.j) and individual risk (ri.j-ind) caused by rockfall 
for the whole investigated road section using the method according to Borter (1999). For more 
information, also see chapter 2.4. As described above, since the road in Ufsaströnd is not affected by 
rockfall, three out of four hotspots are included in the calculation. Thereby, the values of the hotspots 
Ripill, Tunnel East and Tunnel West have been summed up to determine the risk. The results for each 
return period are shown in Table 4.  

For the calculation of the general and individual risk of death, an average velocity (v) of 70 km/h and 
1.7 persons per car (β) were assumed. Furthermore, it is considered that 500 cars are passing every day 
(DTV). Due to the high energy values and rock volumes, a lethality factor (ɣ) of 0.5 was chosen for the 
calculation. The mentioned values were defined following Borter (1999). According to the Hazard and 
Risk Maps, the total length of the endangered road section is 1,283 m (g).  
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Table 4: Calculated death risk for the investigated road section using the method of Borter (1999). (Green 
values for accepted death risk according to the Icelandic Ministry for Environment for individual risk and 
according to Wastl et al. 2011 for general death risk. Values that lie over that threshold and are therefore 
unacceptable are marked in red) 

Calculated risk caused by rockfall for the investigated road section 

Return period general risk (ri.j) individual risk (ri.j-ind) 

 30 years 9.7 * 10-4 1/1,000 2.9 * 10-6 1/400,000 

 100 years 2.9 * 10-4 1/3,500 6.8 * 10-7 1/1,500,000 

 300 years 9.7 * 10-5 1/10,000 3.5 * 10-7 1/3,000,000 

Knowing that the threshold for the acceptable individual risk for residential areas is  
1/33,333 (0.3×10-4) per year (Ágústsson et al. 2003), it can be seen that the general risk is only accepted 
for low return periods of 300 years in this case. In contrast, as the table above shows, the individual risk 
for the examined road section is completely in the accepted range of risk. Compared to the values for 
collective death risk in the region of Siglufjörður (Wastl et al. 2011; 2.82×10-2), both, general and 
individual risk are lower. If one takes this approach as basis for planning measurements, no action must 
be taken to protect these road sections against rockfall processes. Thereby, it becomes obvious that the 
Risk Maps according to the South Tyrolean concept of hazard mapping “overestimate” the risk 
compared to the calculated ones since the concept follows an area-wide approach.  

4.2 Avalanche 

4.2.1 Methods for Avalanche 
Definition of avalanche release areas 
As a first step, potential avalanche release areas have been determined during pre-mapping in Innsbruck 
(chapter 3). Hotspot avalanches were defined as avalanches potentially affecting the road and are shown 
in Figure 17. An important data source for identifying those avalanches constitutes the “Avalanche Map 
Viewer” of the Icelandic Meteorological Office (IMO 2018).  

In a second step, the release areas were verified during the field work in Iceland and, if necessary, 
corrected. Silent witnesses like stones helped to determine avalanche process paths and runout distances. 
Further, discussions with local avalanche experts played an important role for identifying relevant 
release areas. Determined release areas as a result of this process have been used for modelling 
avalanches in different simulation programmes, whereby only the simulation of dense flow avalanches 
was implemented.  
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Figure 17: Avalanche Hotspots, Tröllaskagi Peninsula. 

Depending on terrain characteristics the extent of release areas has been modified in term of different 
return periods. It is assumed that higher snow depths lead to a decrease of mean surface roughness and 
terrain irregularities are filled up. This correlates with an increase of release area extents regarding low 
return periods (Veitinger & Sovilla 2016). The following two maps (Figure 18) show all release areas 
identified on the peninsula. 
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Figure 18: Overview of Avalanche Release Areas (northern (a) and southern (b) part of the peninsula). 

Determination of release heights  
The determination of release heights is based on the approach of Salm et al. (1990), which was developed 
in Switzerland. Release heights are calculated by multiplying a base value (three-day new snow amount) 
with a slope factor. Additionally, the impact of wind is considered. In the study area this is important 
for south-east exposed slopes as the predominant wind direction is north-west. Due to divergent climatic 
factors in Iceland no altitude correction has been implemented (cf. Salm et al. 1990).  

SamosAT 
The avalanche simulation program SamosAT (Snow Avalanche Modelling and Simulation) uses a 
physical model containing a granular flow avalanche model coupled with a gas dynamic model for the 
3D-simulation of dry snow avalanches. The simulation program describes the dense flow layer (DFL), 
the powder snow layer (PSL) and the transition layer (TS) in between. The model assumes that the 
avalanche has a vertical, three-layer structure. For each layer a density mixture out of volume per cent, 
specific density of ice particles and the specific density of air is calculated (Sampl & Granig 2009). 

In this study the solely the dense flow module of SamosAT was applied, within which the flow layer is 
modelled two dimensionally over the digital elevation model. For the model runs, the presetting of the 
snow density (200 kg/m³) was used. As an additional parameter the avalanche entrainment (snow which 
the avalanche includes below the starting zone) with a density of 100 kg/m³ and a depth of 0.3 m was 
included in the modelling. Therefore, to estimate the entrainment area, a 1st model run without 
entrainment was generated. In a 2nd model run the sphere of action of the 1st model run was determined 
as entrainment area. SamosAT calculates the flow height, peak pressure and velocity inside the process 
path of the modelled avalanche. 

 

RAMMS 
RAMMS (Rapid Mass Movements Simulation) provides a two-dimensional, state of the art numerical 
simulation model. It calculates the motion of geophysical mass movements from initiation to runout 
area in a 3D-terrain model. For avalanche modelling RAMMS::AVALANCHE was used. RAMMS 

a)	 b)	
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allows both, the modelling of large and extreme avalanche events as well as smaller mass movements 
(SLF 2017). Within the application in this study only the modelling of dense flow avalanches is feasible.   

In RAMMS, a digital elevation model is one of the most relevant input requirements to get useful results. 
These results strongly depend on the resolution of the topographic data. Further mandatory inputs are 
release areas and release heights. Additionally, it is possible to integrate a forest file, due to missing 
forests in the study area this is not relevant. Depending on terrain parameters, return periods and 
avalanche volumes the friction parameters µ and ξ are calculated. Entrainment is contained implicitly. 
RAMMS calculates the process path of an avalanche and the maximum values of pressure, flow height 
and velocity for every time step. Therefore, this model is directly used for hazard zone mapping (Bühler 
et al. 2010; Christen et al. 2010; SLF 2017).  

To verify the plausibility of RAMMS and SamosAT modelling results, GPP (cf. Wichmann 2017) and 
the α – β model (cf. Lied & Bakkehøi 1980; Granig et al. 2016; Wagner et al. 2016) was used, however, 
in order to achieve legitimate results, Iceland’s specific conditions were considered during the 
application of the latter (cf. Lied et al. 1996; Jóhannesson 1998). 

4.2.2 Modelling Results Avalanches 
In the following chapter, hotspot areas endangered by avalanches will be presented. Figure 17 shows all 
of the identified avalanche pathways along the road from Dalvík to Olafsfjördur.  

Modelling was performed with SamosAT, RAMMS, GPP and the α – β-model as illustrated in chapter 
2 and 4.2.1. Already the simple estimations of run out distances from α - β modelling showed a necessity 
for hazard zone planning, as all avalanches reached or even overflowed the road. The process areas 
generated by GPP model partly corresponded well with results from SamosAT and RAMMS-modelling, 
partly they did not. Despite this, the GPP model results showed avalanches reaching the road or even 
the sea as well. SamosAT and RAMMS model results corresponded well with each other and were both 
used in the further working process to create the hazard zone map. For this, all resulting pressure grid 
layer from all model runs (results for three annualities, 30, 100 and 300 years) were classified according 
to the hazard zone matrix (chapter 4.2.3) and intersected. If different hazard zones occured in one grid 
cell, the higher zone was taken. 

To get an impression of the magnitude of the modelled avalanches, the maximum value reached on the 
road was extracted from each avalanche pathway. The Figure A1.1 (appendix), thus shows the reached 
maximum values on the road for pressure, flow height and velocity for all annualities and both models 
sorted by avalanche release areas. Figure 19 displays the same values in boxplots. 
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Figure 19: Model Results in Boxplots: Velocity (green), Pressure (red) and Flow Height (blue) for 30, 100 
and 300 years, all avalanches for SamosAT (light color) and RAMMS (dark color). 

Velocity reaches maximum values on the road of 40 m/s for 30 years, 50 m/s for 100 years and 60 m/s 
for 300 years. Flow height approaches 12.5 m for 30 years as well as for 100 years but flow heights are 
generally higher in this case. For a return period of 300 years, flow heights of 18 m were modelled. 
Pressure gains maximum values of 450 kPa for 30 years, 650 kPa for 100 years and 1200 kPa maximum 
for 300 years. All these model results point towards a necessity for hazard zone planning for the 
examined road section. 

4.2.3 Hazard and Risk Maps Avalanche 
This paragraph addresses the processing steps of the preparation of the hazard map for avalanches 
according to the decision of the Provincial Government of South Tyrol. In particular, the circumstances 
of the study area are discussed. The hazard zones are determined by the interaction of the probability of 
occurrence and the intensity. In order to determine the intensity, the pressures of the avalanches are 
used. Intensity is divided into three classes: low intensity coinciding with pressures less than 3 kPa, 
average intensity, corresponding to pressures between 3 kPa and 30 kPa and a high intensity with 
pressures greater than 30 kPa (Figure 20). The combination of the probability of occurrence and the 
intensity of the avalanche results in a matrix that enables the derivation of individual hazard zones. The 
classification of danger levels differs according to the type of an avalanche. Here, a distinction between 
powder avalanches and dense flow avalanches is made, as already mentioned in chapter 4.4.1. 
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When assessing the risk of avalanches, a distinction is made between red and blue hazard zones. The 
red zone is considered to be a prohibited area for vulnerable objects. The announcement by the 
Provincial Government of South Tyrol of the Dangerous Zone Plan states: "It involves the loss of human 
life or serious injuries, serious damage to buildings, infrastructures and the environment, as well as the 
destruction of social and economic activities to count" (Autonomous Province of Bozen - South Tyrol 
2012: 8). In addition, people "both inside and outside buildings are at risk [and it is] to be expected to 
suffer the sudden destruction of buildings" (Autonomous Province of Bolzano - South Tyrol 2012: 8). 
If, according to danger zone planning, a blue zone is identified, a high risk is assumed in this area. In 
this zone "[...] is meant injury to persons, functional damage to buildings and infrastructures resulting 
in inaccessibility thereof and interruption of social and economic activities and to expect considerable 
environmental damage. Damage to buildings is to be expected but sudden building destruction is not to 
be expected with appropriate construction. No danger is assumed for people staying in buildings, but 
there is also danger to life for persons staying outside of fixed structures" (Autonomous Province of 
Bolzano - South Tyrol 2012: 8). For a 30-year event, which corresponds to a high return period, areas 
of all pressure categories are allocated to the red zone. For a 100-year event, a more differentiated view 
must be taken. Areas with a pressure value less than 3 kPa are categorized as blue zone. For medium 
intensities of a 100-year event, the operator can decide whether it is classified as a red or a blue zone. 
Since the hazard map drawn up here indicates the highest possible dangers, these areas were determined 
as a red hazard zone. High intensities are characterized as the prohibition zone for the medium 
probability of occurrence. For a 300-year event, areas affected by low and medium pressures (<30 kPa) 
are marked as blue zones. Areas with pressures more than 30 kPa are identified as a red zone during a 
300-year event (Figure 20). The respective avalanche pathways are labeled with "AD xy", whereby AD 
stands for avalanche dense flow and the respective number describes the pointed location of the 
avalanche pathway. 

 

Figure 20: Hazard Matrix for dense flow Avalanches. (own adaptation according to Autonome Provinz 
Bozen-Südtirol 2012: 12) 

Ten main avalanche pathways were recorded for the entire peninsula, which are labeled AD 1 to AD 
It is striking that all investigated avalanche routes have an influence on the Route 82 and most of them 
also reach the Eyjafjörður. The red hazard zone can be divided into two conspicuous forms. On the 
one hand, channeled avalanches and on the other hand, avalanches with large spills and expanses. Blue 
hazard zones can only be located in a very small area and usually extend in a band around the 
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fronts. In the southern part of the study area infrastructures are partially affected by a red danger zone, 
in the northern part such interruptions are rather low and a very high hazard level must be assumed ( 

Figure 21). When viewing the avalanche tracks AD 1 and AD 2, the typical form of the danger zone 
class is red or blue. All avalanche routes considered here have an impact on infrastructure elements at 
all parts of the hazard zone map and are also affecting the highway 82. AD 1 has an hourglass-shaped 
surface which influences the road. AD 2, on the other hand, is more likely to be displayed flat. For the 
considered area a very small face bordering the very high hazard zone is typical as well. Similar 
hourglass-shaped hazard zones form the avalanche marks AD 3 ( 

Figure 22), AD 9 and face the avalanche marks AD 2, AD 4, AD 5, AD 6, AD 7, AD 8, AD 10, which 
rather form extensive areas. Only the avalanche marks AD 1, AD 3 and AD 4 do not reach the adjacent 
sea. The avalanche marks AD 7 and AD 9 show individual deposits along small-scale soil degradations.  

 

 

Figure 21: Hazard Map Migindisdalur, Avalanche. 
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Figure 22: Hazard Map Ufsaströnd, Avalanche. 

The risk map for the study area can be derived from the hazard map, following the South Tyrolean 
concept of hazard mapping as well (Autonome Provinz Bozen-Südtirol 2012). Therefore, the hazard 
zones were overlayed with the vulnerability classes, combining natural hazards and human 
Figure 23 and  

Figure 24 serve as examples for the whole mapped area. As a result of that areas of high risk are located 
on the new road, where the predominant high hazard also led to predominant zones of high risk on the 
new road. These areas, which were classified as very high hazard zones, but not used by humans, 
obtained categorization as zones of low risk, as no harm or damage to humans or its infrastructure is 
expected. 
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Figure 23: Risk Map Gvendarskal & Tunnel West, Avalanche.	 

 

 

Figure 24: Risk Map Migindisdalur & Tunnel East, Avalanche. 
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4.2.4 Death Risk Avalanche 
As already mentioned in chapter 3, the general and individual risk for the investigated road section was 
calculated by using the approach according to Borter (1999). The following chapter should give a brief 
overview of how the parameters were chosen, as they were set differently for each hazard process. The 
results for the different return periods are listed in Table 5. 

For the general probability of occurrence (hE) the return period was used. Following the recommendation 
of Borter (1999: 38) the value of 0.9 was chosen for the probability of this process to affect a certain 
point (prA).  

The average number of people in a car (β) was chosen at 1.7 - a value which relies as well on the data 
Borter (1999: 73) refers to. The average speed of a car at the investigated road section (v) was set at 50 
km/h. As in winter times the road conditions might not be as save as in summer, a slower average speed 
was expected through the winter months when avalanches occur in this area. The average traffic - cars 
passing the road per day - (DTV) was set at 500 cars per day, referring to Borter (1999: 46) and observed 
traffic volume from the Icelandic Road and Coastal Administration (IRCA). The length of the 
endangered road sections by avalanches (g) were taken from the results of avalanche modeling and 
therefore vary from one avalanche track to another. The mortality rate in case of a car being hit by an 
avalanche was split up in two different scenarios: For normal avalanches, a value of 0.27 was chosen 
(as suggested by Borter 1999: 72), for avalanches reaching the cliffs and probably taking the car over 
the cliff, a higher mortality of 0.4 was chosen.  

For the calculation of the individual risk (ri.j-ind) we proposed that a person living in this area would 
probably use this road section twice a day - i.e. commuters - so this parameter (x) was set to 2. The 
values of all avalanches have been summed up to determine the risk for the whole investigated road 
section. Table 5 gives an overview of the calculated risk for the investigated road section for each return 
period.   

Table 5: Calculated death risk for the investigated road section using the method of Borter (1999). (Green 
values for accepted death risk according to the Icelandic Ministry for Environment for individual risk and 
according to Wastl et al. 2011 for general death risk. Values that lie over that threshold and are therefore 
unacceptable are marked in red) 

Calculated risk through avalanches for the investigated road section 

Return period General risk (ri.j) Individual risk (ri.j-ind ) 

30 years 8.2 × 10-2 1/10 1.9 × 10-4 1/5,000 

100 years 1.6 ×  10-2 1/70 3.9 × 10-5 1/25,000 
300 years 5.7 ×  10-3 1/150 1.3 × 10-5 1/75,000 

As already mentioned in chapter 2.4, the Icelandic risk zones are based on the calculation of the 
individual risk. The acceptable individual risk for residential areas was therefore set at 0.3 × 10-4 

(Ágústsson et al. 2003). In this context, the risk caused by avalanches might seem high, compared to 
calculated risks on different roads in the alps (c.f. Wastl et al. 2011) the values do seem quite plausible.  
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4.3 Debris Flow 

4.3.1 Methods for Debris Flow Modelling 
The modelling of debris flows is conducted by employing two different models, namely the dynamic 
model RAMMS::DEBRISFLOW (RDF) and the more general, regional scale Gravitational Process Path 
model (GPP). Both models need input data in form of a DTM, mass of available material or certain 
parameters that describe external and internal friction during the process. Model input can partially be 
obtained by literature research (e.g. friction parameters) (cf. Schraml et al. 2015, Rickenmann 1999) or 
as in the case of the DTM by certain data providers like the government. Getting a realistic estimate of 
potential debris flow cubage however involves fieldwork and, at least to some degree, a standardized 
approach. For this purpose, the so-called SEDiments and EXperts (SEDEX) method was used, which 
will be described prior to the models. 

SEDiments and EXperts (SEDEX) 
SEDEX, a method for the derivation of solid material scenarios, aims at providing a practical assessment 
method for the estimation of event-specific solid loads in torrents. This requires the collection and 
interpretation of data in the field. The information obtained during field work can be used e.g. as input 
for the modelling of particular scenarios. The superior aim of SEDEX is to provide a higher quality 
assessment by a well-structured system (Frick et al. 2011, Frick et al. 2008). SEDEX is based on the 
scenarios that are used in Switzerland for risk assessment and action planning, which are events with 
theoretical return periods of 30, 100 and 300 years (Frick et al. 2008). 

SEDEX offers several advantages: 

- Comprehensive and clear documentation   
- Transparency by the means of a structured survey scheme 
- Improved comparability of results from different users (Frick et al. 2011). 

SEDEX consists of a manual with checklists and corresponding software. It systematically guides the 
user through all the field work and analysis steps. In practice this means that SEDEX offers a method 
which is handy, very efficient and applicable within a restricted amount of time. The software 
SEDEXoffice enables the revision, evaluation and automatic visualization of the terrain data in form of 
graphics and tables. The procedure guarantees two essential characteristics in the quality management 
of a project: traceability and transparency (Frick et al. 2008). 

 

Figure 25: Overview of SEDEX work steps (after Frick et al. 2011). 

Figure 18 gives an overview of the SEDEX work steps, which are divided into preparatory work, field 
surveys and evaluations. First, a general characterization of the catchment area and the definition of the 
necessary working depth takes place. This is conducted based on remotely sensed imagery. The pre-
mapping is followed by the field survey. At the beginning the basic scenarios have to be set. The 
theoretical return periods, the decisive transport process and the triggering precipitation event are 
considered. For the further assessment the channel has to be separated in different homogenous segments 
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based on distinct changes of channel characteristics (Frick et al. 2011). As a second step in every section, 
the so-called building blocks that are relevant in that segment have to be determined. These blocks 
represent certain parts of the channels cross section that could possibly contribute material in case of a 
debris flow event. These blocks consist of one channel block, one or two bank blocks and between zero 
and two slope blocks. Once the relevant blocks are identified, estimations of possibly mobilized volumes 
in case of an event with a certain return period are made for each block. 

In a last step, the total volume of the whole solid load in the channel is calculated with SEDEX Office. 
Here the reference scenario of a 100-year debris flow was assessed and the volumes for the 30 and 300-
year events were determined with the factors 0.7 and 1.5. A plausibility check is recommended and can 
be done e.g. by comparison with existing studies (Frick et al. 2011). 

RAMMS::DEBRISFLOW (RDF) 
RDF provides a state of the art physical simulation model. Within its software it calculates the motion 
of geophysical mass movement from initiation to runout area in a 3D-terrain model. First and foremost 
a DTM is required to run simulations. The results strongly depend on the resolution of the topographic 
data (Bartelt et al. 2017). 

RDF supplies two different options to define a starting condition. Possible choices are a release area or 
an input hydrograph starting the modelling at the lower end of the transit zone. The first option works 
best with unchannelled debris flows. The latter is a good way to model channelized ones, however, the 
results are highly sensitive to the hydrograph position, which has to be set by the user. RDF with release 
areas runs the modelling right from the starting zone of the event (Bartelt et al. 2017). The release area 
option was only used for modelling in Gvendarskál, and enabled the comparison of the results from 
GPP. In order to get comparable results from the release area approach, the used release area heights 
had to be adapted to the masses that were calculated with SEDEX.   

For the hydrograph approach, the model uses the total SEDEX volume of the channel. The hydrograph 
defines where the mass is released in the model and its position has to be chosen at the beginning of the 
channels accumulation segment. The user furthermore needs to calculate peak discharge and velocity 
based on empirical formulas (cf. Rickenmann 1999). The default values of the RDF model friction 
parameters µ and ξ have been left untouched (µ: 0.1; ξ: 200). As no reference for Icelandic debris flows 
is available, this was a rather pragmatic choice.  

The output of RDF is maximum flow height, maximum velocity and maximum pressure. The 
simulations have been repeated three times with parameters set according to the return period. The 
hazard maps are based on the maximum flow height from RDF. In most cases the hazard zones are 
mainly influenced by the 300-year event (cf. chapter 3). Sea areas are excluded from the hazard zoning 
because of the lack of damage potential. Based on the flow height grids from RDF, the final hazard 
zones can be derived.  

 

4.3.2 Modelling Results Debris Flow 
Debris flow modelling was conducted for the hotspots illustrated in  

Figure 26. This figure already shows the high debris flow activity in the research area and the spatial 
distribution. While on the eastern side, the slopes mostly fall off steeply to the road, the western side 
dominantly shows steep hills on the upper parts of the mountain ranges, which level off approaching the 
road. Therefore, more relevant debris flow activity can be observed at the eastern side, as at the western 
side debris flows do not always have enough kinetic energy to cross the flat parts of the slope. In this 
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context it has to be mentioned that the research area Tunnel West/East was not considered despite great 
potential for debris flow activity, as no damage to humans or human infrastructure is expected.  

	

Figure 26: Debris Flow Hotspots, Tröllaskagi Peninsula. 

The hydrograph modelling results for the assessed debris flows are illustrated in Table 6. For every 
modelled debris flow the volume in cubic meters assessed with SEDEX and the output parameters 
maximum velocity in meters per second, maximum flow height in meters and maximum pressure in 
kilopascal are shown. It becomes evident that the dimensions and intensity of the different debris flows 
vary a lot. This can partly be traced back to the characteristics of the research areas and the debris flow 
channels. Nevertheless, a critical reflection on the influence of data collection to this issue is discussed 
in chapter 5.  
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Table 6: Debris Flow modelling output data with a 300 year return period. 

Debris flow 
ID 

Research Area 
Volume 

[m³] 

Maximum 
Velocity 

[m/s] 

Maximum 
Flow height 

[m] 

Maximum 
Pressure 

[kPa] 

1 Ufsaströnd 22300 13.9 5.25 386.4 

2  Ripill 6320 8.4 1.22 139.9 

3  Ripill 4100 7.5 1.68 113.7 

4  Ripill 13730 10.1 1.80 203.8 

5  Torfdalur_gb 159840 18.0 11.26 648.5 

6  Torfdalur_kb 61970 12.9 6.93 332.5 

7  Migindi 12160 10.8 2.65 232.4 

8  Migindisdalur 8650 9.2 1.95 170.0 

9  Migindisdalur 4390 7.8 1.03 121.7 

10  Tunnel_East 15540 9.6 2.50 184.3 

11 a Gvendarskál 
(hydrograph) 

52110 11.0 8.08 242.0 

11 b  Gvendarskál 

(release area) 
53000 14.0 7.44 390.5 

 

Exemplarily the visual modelling results for debris flow modelling with a 300-year return period in the 
research area Gvendarskál are shown for release area modelling and for hydrograph modelling (Figure 
27). The figures illustrate the maximum flow height of the debris flow, which is the relevant input 
parameter for the subsequent elaboration of the hazard maps that are based on the hydrograph modelling. 
Compared with the modelling results of the other debris flows (Table 6), Gvendarskál shows rather high 
values, with the highest values concentrated in the central part of the process area. However, the relevant 
values for the hazard mapping in the deposition area around the Route 82 and the old road above the 
tunnel rather represent heights that range in the lower quarter of the results, varying between 0.5 m and 
2 m. More precise analysis with cell statistics even showed that a wide range of cells on the border of 
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the deposition area show low values of only a few centimeters. Furthermore, the results illustrate that 
release area and hydrograph modelling deliver comparable results. 

Figure 27: Maximum flow height of the debris flow in Gvendarskál modelled with release areas (left) and 
hydrograph (right) in RAMMS (SEDEX Volume for a 300 year event (53000 m³) and parameters Mu: 0.1 
and Xi: 200).  

4.3.3 Hazard and risk map Debris Flow 
Following the approach of the South Tyrolean Concept of hazard mapping, hazard zones were derived 
based on the maximum flow heights. Thereby the maximum values of flow height for each cell were 
calculated with the values of the different return periods. In most cases the maximum values 
corresponded to the ones for an event with a 300-year return period. Subsequently the flow heights were 
categorized in order to obtain the hazard zones. (Figure 28).  

 

Figure 28: Hazard Matrix for Debris Flow. (own adaptation according to Autonome Provinz Bozen-Südtirol 
2012: 12) 
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The resulting hazard maps are illustrated exemplarily for the research areas Migindisdalur, Tunnel East 
(Figure 29) and Gvendarskál ( 

Figure 30). For the interpretation of these maps and the subsequent risk maps, the consideration of human 
infrastructure is decisive. The maps clearly show that most of the affected areas of the Route 82 are 
located in the blue zones of high hazard whereas only small parts are situated in red zones of very high 
hazard. This pattern is representative for all the investigated debris flow hotspots on Tröllaskagi 

peninsula, where around 2.2 km of the Route 82 can be considered as zones of high hazard and about 
500 m of the road are located zones of very high hazard.  

Another fact that can be observed is that the red zones are located in the central area of the process. 
Besides the small red zones on the highway that are of special interest, larger red zones have been 
mapped on the old road. On the outer process limits, yellow zones of medium hazard were assessed 
using the South Tyrolean approach. The declining hazard zones from the inner to the outer process area 
are a logical consequence of the debris flow movement, which has its highest intensity and deposition 
height in the centre of the process area ( 

Figure 30). 

For the hazard map of Gvendarskál area it has to be mentioned that it was elaborated based on the 
modelling for 100 and 300-year events only. As no silent witnesses reaching the road were observed, no 
modelling for the event with a 30-year return period has been conducted with the hydrograph. 

Figure 29: Hazard Map Migindisdalur & Tunnel East, Debris Flow. 
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Figure 30: Hazard Map Gvendarskál, Debris Flow. 

In the next step the risk zones where identified by overlaying the hazard zones and vulnerability classes 
(chapter 4.3.3 Figure 7). In this step aspects of natural processes of natural hazard studies are brought 
together with the human dimension of this discourse. As a logical consequence of the hazard mapping 
results, small areas of very high risk are located on the Route 82, whereas the predominant high hazard 
also led to predominant zones of high risk on the road. Despite the same hazard zones on the old road, 
it is mostly classified as a zone of medium risk, as human activity is less frequent there. Areas that were 
previously classified as very high hazard zones but not used by humans, obtained categorization as zones 
of low risk, as no harm or damage to humans or its infrastructure is expected. 
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Figure 31: Risk Map Migindisdalur & Tunnel East, Debris Flow. 

The examples of the three research areas are representative for all research areas with relevant debris 
flow activity, resulting in around 500 m of very high risk and 2.2 km of high risk on the Tröllaskagi 
peninsula. Beside zones of very high risk on the road, one small zone of very high risk can be identified 
next to the roads in the research area Gvendarskál ( 

Figure 32). Although this area is in a medium hazard zone ( 

Figure 30), following the South Tyrolean approach it must be categorized as a zone of very high risk, 
due to the presence of a property. As in properties the probability of human presence is higher, properties 
are more sensitive to be categorized with a higher risk zone (chapter 3). 
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Figure 32: Risk Map Gvendarskál, Debris Flow. 

The results of the hazard and risk maps for debris flow activities in the research area could be relevant 
for planning, thus in the area of the road not only broad areas of high risk, but also small sections of 
very high hazard and risk zones were identified. On the contrary relatively long sections of very high 
hazard zones were identified on the old road. Due to its only occasional use for mainly touristic activities 
the risk zones are relativized and mainly categorized as medium risk zones. Despite all the very high 
and high-risk zones according to the South Tyrolean approach and its possible indication for planning, 
the different understanding of natural hazard processes and respective planning in Iceland has to be kept 
in mind. 

4.3.4 Death Risk Debris Flows 
Beside the hazard and risk mapping according to the South Tyrolean Concept of hazard mapping, the 
values for the death risk probability were assessed after the approach of Borter (1999) described in 
chapter 3. For the damage frequency (hS), on the one hand the return period was used for the probability 
of occurrence (hE). On the other hand, the probability of this process to affect a certain point (prA) was 
adjusted according to the intensity of the respective debris flow. In this context, the modelling results 
illustrated in chapter 4.4.2 were relevant, as the outer deposition areas only showed low values of a few 
centimetres in flow height.  

For the factor extent of damage (S) consistent values for traffic volume have been used: 500 cars passing 
a day (DTV), according to Borter (1999) considered as low traffic, with an average of 1.7 persons per 
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car (β) and an average velocity (v) of 70 km/h. On the contrary the values for lethality (ɣ) and length of 
endangered street sections (g) have been adjusted according to the intensity and flow height of the 
different debris flows, also depending on the return period.  

Therefore, debris flows with a higher return period were estimated to bring more harm in a wider area. 
Nevertheless, Table 7 shows that the death risk for debris flows with a return period of 30 years 
represents the highest values. This fact is explained due to the shorter return period. In this context it 
also has to be mentioned, that the value for an event with this return period for Gvendarskál is zero, as 
it is not expected to reach the road.  

The results of the death risk assessment indicate (Table 7), that the risk is lower than the accepted values 
for individual death risk in Iceland according to Ágústsson et al. (2003) (0.3×10-4) and comparative 
values for collective death risk in the region of Siglufjörður according to Wastl et al. (2011) (2.82×10-

2). Therefore, the results differ from the risk zones presented in this chapter. Whereas the frequently 
identified zones of very high risk suggest protection measures, the values of the death risk indicate no 
requirement of those. Potential explanations due to different understanding of natural hazard processes 
will be discussed in chapter 5. Nevertheless, limitations of the approach of death risk assessment and 
the reference values are mentioned in chapter 3. 

Table 7: Calculated death risk for the investigated road section using the method of Borter (1999). (Green 
values for accepted death risk according to the Icelandic Ministry for Environment for individual risk and 
according to Wastl et al. 2011 for general death risk. Values that lie over that threshold and are therefore 
unacceptable are marked in red) 

Calculated risk through debris flow for the investigated road section 

Return period General risk (ri.j) Individual risk (ri.j-ind ) 

30 years 7.2×10-3 1/150 1.7×10-5 1/ 60,000 

100 years 5.2×10-3 1/200 1.2×10-5 1/80,000 

300 years 3.0×10-3 1/350 7.0×10-6 1/140,000 
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4.4 Floods 
4.4.1 Methods for Flood Modelling 
Envelope	curves	
One way to calculate flood discharges are envelope curves. This empirical method is based on individual 
observations. Envelope curves can be used to calculate the maximum flood runoff. In the following part 
different envelope curves are presented which are suitable for the study area in Iceland. These are the 
formulas of Wundt (1953), Klement and Wunderlich (1964), Hofbauer (1916) and Bergthaler (1967) 
after Kürsteiner (1917) and Kölla (1986, 1987). The development of the formulas is based on maximum 
observed effluent donation and maximum flood discharge donations in central Europe. The only 
parameter that has to be entered in the formulas is the catchment area size AE, additionally in the formula 
of Hofbauer (1916) and Bergthaler (1967) after Kürsteiner (1917) the model coefficient α that defines 
the hydrological characteristics of the catchment area. For the Hofbauer formula, the model coefficient 
α = 0.5 was chosen, because the investigated area in Iceland is mountainous, but not comparable with 
alpine mountain areas, eg. in Austria. For Kürsteiner/Bergthaler the coefficients 6 were chosen for HQ50 
and 10 for HQ100, since a mean value between flat, hilly and steep terrain seemed most reasonable 
(Hagen et al. 2007). Envelope curves can only be used to approach flood discharge, it comes mostly to 
strong overestimation of the drain. To get better results a comparison of the different envelope curves is 
useful. Further information can be found in Kölla (1986) and in Hagen et al. (2007). 
 
Method	after	Elisabeth	Kölla	
Besides evenlope curves, Kölla (1986, 1987) developed a method that holds the opportunity to calculate 
peak runoff data of different return periods by only using simple field characteristics. It is therefore 
possible to estimate the runoff of a certain catchment without the need of going into the field. While 
using this method, the outcome was meant to be a simple hydrological formula. Due to its simple input 
parameters, it should be possible to estimate the runoff of nearly every catchment, although without 
neglecting the inaccuracy of the method. These simple parameters are precipitation intensity and 
duration, the given soil conditions and the effective flow length (from which the catchment area can be 
derived). Such calculations can be done for catchment areas up to 100 km2. Because of its development 
in Switzerland, return periods of 2.33 years, 20 years and 100 years are normally being used. In this 
work we calculated peak discharges of events with return periods of 20 years and 100 years. It also 
needs to be said that certain parameters and empirical data feeding the calculations are coming from 
studies carried out in Switzerland. Based on a peak runoff of an event with a return period of 20 years, 
further calculations for different return periods can be done. At first the channel length (LGE) is read 
from a map with a scale of 1:25.000 or an equivalent generalized representation. Equation (v) calculates 
the surface which effectively contributes to the runoff (FLeff20). Depending on the return period, this 
certain surface varies and is being adapted by using corresponding correction factors.  
 
(v)      "#$%%&' = 0.12×#-$

../ 

 
Table 8 represents precipitation classes according to certain landscape characteristics. Depending on 
them, different amounts of precipitation are needed in order to produce a peak runoff with a return period 
of 20 years. The table delivers appropriate volumes (VO20) according to the landscape characteristics. 
Different combinations of characteristics lead to certain classes of effective storage capacity. The classes 
are differentiated into A = 20 mm, B = 25 mm, C = 30 mm, D = 35 mm, E = 40 mm and F = 45 mm 
(Kölla 1986). Within this work, the characteristics of the study areas are not comparable with those from 
the Swiss Alps. Due to topographic similarities, we used ‘Voralpine Nagelfluhlandschaften mit 
schwachem Relief’with an effective storage capacity of D = 35 mm. 
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Table 8: Precipitation Classes according to landscape characteristics. (Kölla 1986: 127, edited) 

 
 
The concentration time (TR20) corresponds to the aggregate of wetting time (T120) and effective flow 
time (T220) (equation vi). The effective flow describes how long it takes for the rainwater to flow down 
to the channel and a certain measurement point. This time is calculated in hours, as potency of the 
effective surface.  
 
(vi)     T2&' = FL344&'

',& 
 
Equation (vii) calculates the concentration time (TR20) by summing up wetting time (T120) and effective 
flow time (T220). 
 
(vii)      TR&' = T1&' + T2&' 
 
In order to calculate the precipitation volume (VO20), data for design values for precipitation events are 
needed. These values are indispensable for further calculations after the method of Kölla (1986, 1987), 
as well as for the runoff model ZEMOKOST. Since no area-wide data is available for Iceland, these 
values have to be taken from other sources. In a first attempt, required data was taken from maps and 
tables from the Water and Wastewater Association of Iceland (VAFRÍ - Vatns- og fráveitufélag Íslands). 
In detail, the data is based on the M5 method, introduced by Eliasson (2000). The M5 values describe a 
precipitation value for 24 hours with a recurrence period of 5 years. A second important value is the Ci 
– coefficient, which is described as a location-dependant regional factor. With both values it is possible 
to estimate a precipitation distribution anywhere in Iceland by transfer functions. Because all areas of 
interest are located close to each other, the M5 value and the Ci – coefficient are the same for all of them. 
The M5 of our research area has a value of 70 and the Ci – coefficient has a value of 0.17. For further 
information about its components and function, it is referred to Eliasson (2000). 
 
However, the used M5 values turned out to be too low as was reported by experts from the Icelandic 
Meteorological office during a workshop in Obergurgl in February 2018. Based on two sets of 
precipitation series from Olafsfjördur and Siglufjördur covering the periods from 01.01.1995 to 
31.12.2017 and 01.01.1997 to 31.12.2017 a precipitation value for 24 hours with a recurrence period of 
5 years was calculated using the two parametric Gumbel distribution.  
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For further calculations the resulting higher M5 value = 97 mm from Siglufjördur is used, because the 
largest events to be expected have to be modelled. With the aid of an excel-sheet provided by the Water 
and Wastewater Association of Iceland precipitation design values for both the method after Kölla 
(1986, 1987) and for the runoff model ZEMOKOST were derived.  
 
Moving on with calculations for the method after Kölla (1986, 1987), it is the aim, to reach an effective 
storage capacity (VO20) of 35 mm. By using an iterative procedure, the value for wetting time varies until 
equation (viii) can be considered as true.  
 
(viii)     8&'(:;&')×:1&' = =>&' 
 
Equation (ix) then can be used to calculate the peak flow for a return period of 20 years.  
 
(ix)    ?@&' = 8&'(:;&')×"#$%%&'×0.278 
 
To calculate the peak flow of different return periods, correction factors from empirical investigations 
are taken into account. Based on the different precipitation volumes, as can be seen in Table 9, the right 
correction factor can be taken for further calculations. In this report, only an additional return period of 
100 years is calculated. 
 
Table 9: Correction factors for return periods of 2.33 and 100 years (Kölla 1986, 136 edited) 

 
 
Precipitation/runoff	model	ZEMOKOST	
The hydrological model ZEMOKOST (Kohl, 2011) is a deterministic approach to estimate flood 
discharges in catchment areas of unmeasured mountain torrents. Based on studies in Austria, 
ZEMOKOST was developed on the runtime method established 1981by Zeller and modified by Kohl 
and Stepanek in 2005. The model is distributed for the eastern-alpine region characterized by convective 
precipitation events. At present no records for the suitability for Icelandic conditions are known. The 
model needs data for precipitation, terrain characteristics and channel routing which requires a 
comprehensive knowledge of the investigated area. On the one hand, data was gained during the field 
survey in July and August 2017. On the other hand, data was generated by GIS-analyses of digital terrain 
models. 
 
Precipitation data was deduced from precipitation design values as explained in the chapter before. To 
receive data on the topography and areas contributing to the runoff behaviour during the field survey 
the catchments were divided into areas with homogeneous characteristics. Each area was assigned to the 
related runoff and roughness coefficient class by using the code of practice by Markart et al. (2004, 
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2011). It is worth mentioning that the form sheets provided by the authors were designed for 
hydrological units in the eastern Alps and therefore were adapted for the Icelandic conditions. On the 
basis of various criteria, as vegetation units, soil characteristics or indicator plants, dominant runoff and 
roughness coefficient classes were suggested.  
Figure 33 shows the result of mapping runoff coefficient classes (RCL) with their related percentage of 
precipitation running of on the surface exemplary for the Migindisdalur catchment. 
 

 
 

Figure 33: Runoff Coefficient Class Migindisdalur. 

The mapping of surface roughness is similar according to type and quality of vegetation. The 
classification follows six classes from very smooth to very rough as shown in  
Figure 34 for Migindisdalur. Details can be found in Markart et al. (2011). 
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Figure 34: Roughness Coefficient Class Migindisdalur. 

Furthermore, in the field the channel routing was recorded and divided in sections with homogeneous 
characteristics connected by a network of nodes. For each subdivision the so called d90 value was 
estimated, which indicates the diameter of the largest grain ignoring 10% of the largest rocks in the 
riverbed. In a further step, sub-basins were generated using GIS for each node. Afterwards runoff and 
roughness coefficient classes were identified for each sub-basin pro rata. ZEMOKOST provides the 
possibility to consider subsoil flow and base flow. Especially for areas covered by debris and 
characterized by low rainfall intensity it can be useful to include interflow areas and velocity. Interflow 
data was generated by the method recommended by Kohl (2011). The base flow was measured at the 
channel outlet by measuring the electric conductivity via saline solutions as tracer. The determined base 
flow was divided prorated for each sub-basin. All calculated input parameters were transferred into the 
excel-sheet of the ZEMOKOST model. 
 
4.4.2 Results of Runoff Estimation 
Envelope	curves	
In general, it can be stated that the range of the results of the various envelopes approaches is very large. 
For example, the results in Sauðdalur from HQ50 with the formula of Kürsteiner/Bergthaler range from 
22.7 m³/s to 83.8 m³/s at Hofbauer. Similar differences can be observed in all areas. Depending on the 
area, the catchment area sizes differ and thus also the maximum discharge. 
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However, it is surprising to see how large the differences between the various approaches are. Figure 35 
shows the results for all areas and the presented envelope calculations. The results depend heavily on 
the size of the catchment areas. It has to be mentioned, that the individual calculation approaches must 
not be compared directly because of their different return periods 
 

 
 
 
Results	gained	by	using	the	method	after	Kölla	(1986,	1987)	and	ZEMOKOST	
This chapter shows the outcome of both methods, which have been used to calculate peak flow of 
different return periods. Table 10 gives an overview of the results for runoff calculations using the 
method after Elisabeth Kölla.  
 
Table 10: Overview of results for runoff calculations using the method after Kölla (198, 1987). 

Area of Interest Area Stream Length HQ 20 HQ 100 

 [km²] [km] [m³/s] [m³/s] 

Sauðdalur 7.80 3.90 2.35 3.37 

Migindisdalur 1.78 2.00 1.19 1.72 

Torfdalur 2.60 2.70 1.61 2.33 

Gvenderskál 1.22 1.50 0.88 1.28 

Brimnesdalur 6.23 4.60 2.78 3.97 

By looking at the calculated peak flows for the different return periods, a correlation between the surface 
of the catchment area and the stream length can be identified. The larger the area and the longer the 
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stream, the bigger the peak flow (HQ). One of the key factors within the calculation is the stream length. 
By looking at the two largest areas of interest, it is obvious that the peak flow is higher for Brimnesdalur 
than for Sauðdalur, even though the area is smaller. This is due to the stream length, which is longer for 
Brimnesdalur than it is for Sauðdalur.  
Table 11 gives an overview of the results of peak flows for a return period of 20 years and 100 years, 
achieved by the calculation of the model ZEMOKOST used for the calculations for the outlets. Except 
for Migindisdalur the baseflow, generated by flow measurements with the aid of electrical conductivity, 
was included. Because of the massive debris cover in the catchments, also the production of interflow 
was taken into account.  
 
Table 11: Overview of catchments, additional inputs and simulation results generated by ZEMOKOST 
used for runoff calculations at pipe. 

Catchment Additional input Runoff 

Name 
Area 
[km²] 

Baseflow Interflow 
HQ20 

[m³/s] 

TQ20-MAX 

[min] 

HQ100 

[m³/s] 

TQ100-

MAX 
[min] 

Sauðdalur 7.8 x x 6.5 226 11.2 201 

Migindisdalur 1.8  x 3.5 107 5 120 

Torfdalur 2.6 x x 4 132 6.1 133 

Gvendarskál 1.2 x x 2.5 220 3.7 208 

Brimnesdalur 6.2 x x 8 163 12.3 159 

 
4.4.3 Outlet Evaluation 
In this project, the Gauckler-Manning-Strickler formula was used to evaluate the capacity of the outlets 
and then compared to maximum flow values derived from previously described methods. The Gauckler-
Manning-Strickler formula will be described below, subsequently results of calculations compared to 
maximum flow values are presented. 
Gauckler-Manning-Strickler	Formula	
For the evaluation of the water outlets under the streets, the discharge formula of Gauckler-Manning-
Strickler (GMS-formula) was used. This empirical formula for the calculation of flow variables has been 
confirmed by field measurements (Jirka & Lang 2009) and is shown in equation (x). 

(x)     @ = CDE×FG

H
I×8JK

I
L ×M 

 
@ discharge [m³/s] 
CDE Strickler coefficient [m1/3/s] 
FG  energy line slope 
8JK hydraulic radius [m] 
M area of section flow [m²] 
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The calculated values for discharge depend on Strickler coefficient, slope, hydraulic radius and area of 
section flow. The Strickler coefficient kst is an empirical roughness coefficient with values ranging 
between 100 for very smooth channels and about 20 for mountain torrents (Jirka & Lang 2009). Other 
values can be taken from literature (Landesanstalt für Umweltschutz Baden-Württemberg 2002). It has 
to be considered, that kst is mostly used in German-speaking Europe, whereas in English-speaking 
countries the so-called Manning coefficient n is used, which is the inverse value of the Strickler 
coefficient. Dimensions are therefore also inverted: (n [s/m1/3] =1/kst [m1/3/s]). 
GMS-formula also needs the slope of the channel segment as input, which is specified as drop [m] to 
length [m] of the segment. For channels with little slope equation (xi) applies: 
 

(xi)     FG = tan Q ≈ sin Q 

 
FG  energy line slope 
Q angle of slope 

 

Both the angle of the slope of the outlets and their diameter were recorded in the field. The diameter is 
then used to calculate the area of section flow from the area of the cross section of the outlet. As the 
outlets are pipes, a round profile can be assumed. The area of section flow A is the area, where water 
flows when looking at the profile of the pipe, as shown in Figure 36.  
 

 
Figure 36 : Schema of area of section flow (A) and wetted perimeter (U), which depend from water level (h). 
(after Jirka & Lang 2009: 3) 

This area is limited by the water surface and the pipe wall, which is referred to as the wetted perimeter 
U. Both these values depend from water level h and are needed to calculate the hydraulic radius, which 
is given by equation (xii) (Jirka & Lang 2009). 
 

(xii)     8JK =
U

V
 

8JK hydraulic radius [m] 
W area of section flow [m²]  
X wetted perimeter [m] 
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By applying recorded data from fieldwork to the GMS-formula, discharge key curves were calculated, 
showing discharge in dependence to water height in the pipe. Assuming the maximum discharge occurs 
when water level reaches the top of the pipe, meaning water level equals pipe diameter, maximum runoff 
capacity of each pipe was calculated. Calculations are thereby restricted to water only, the GMS-formula 
does not take debris into account. Still, the GMS-formula is appropriate for evaluation goals of this 
project. 
 
Input	Data	
For calculating each outlet, three values had to be recorded: Slope and diameter of the pipe are needed 
as well as the Strickler coefficient. All measured values of the pipes can be found in Table 12. Both 
diameters are shown if there are two pipes for one outlet. 
All pipes in the research area consist of corrugated iron with some debris accumulated on the bottom. 
Dependend on the material of the channel bed, a Strickler coefficient of 32-42 m1/3/s is recommended 
for the present material. Due to existing debris, a lower Strickler coefficient of 30 m1/3/s was assumed 
to make up for the higher roughness (Bauformeln 2018). 
 
 
Table 12: Measured values for water outlets. 

Catchment Diameter [m] Slope [°] 

Sauðdalur 2.3 4 

Migindisdalur 1 0.93 13 

Migindisdalur 2 0.71 5 

Torfdalur 1.6 1 

Gvendarskál 
0.65 

3 
0.4 

Brimnesdalur 1.6 3 

Gvendarskál & Brimnesdalur 
1.6 

3 
1.05 
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Calculated	Results	
As an example, the outlets of Sauðdalur and Migindisdalur are shown in Figure 37 and Figure 38. The 
blue key curve is the function of water level to runoff. Calculated maximum runoff values are shown in 
red for different return periods and approaches. Both ZEMOKOST and Kölla results are used in this 
comparison, as the approaches deliver good values. The results of the calculations with envelope curves 
are not shown due to their overestimation. Due to the large diameter, the outlet of Sauðdalur has enough 
capacity for a runoff of 22.8 m³/s. The calculated maximum runoff of 11.2 m³/s is less than half of that 
value, which means that Sauðdalur outlet has more than enough capacity for the calculated maximum 
clear water runoff values as shown in Figure 37. 

The upper outlet of Migindisdalur (Figure 38) shows a differing result: The pipe has enough capacity 
for a maximum runoff with a return period of 20 years calculated by ZEMOKOST. An event with a 
return period of 100 years would exceed the capacity of the outlet and damming would be the 
consequence.  
All other discharge key curve figures can be found in the appendix. Values for all catchments can be 
taken from Table 13, where maximum discharge values for each outlet are compared to calculated values 
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for the return period of 20 and 100 years. In this overview only ZEMOKOST values are compared, as 
these values are always higher and therefore more suitable to evaluate the capacity of the outlets. 
 

Table 13: Calculated maximum discharge compared to values calculated with ZEMOKOST for each 
catchment. 

Catchment 
ZEMOKOST HQ20 

[m³/s] 

ZEMOKOST 
HQ100 

[m³/s] 

DISCHARGE MAX 

[m³/s] 

Sauðdalur 6.5 11.2 22.8 

Migindisdalur 1 3.5 5.0 3.7 

Migindisdalur 2 3.5 5.0 1.1 

Torfdalur 4.0 6.1 4.3 

Gvendarskál 2.5 3.7 0.7 

Brimnesdalur 8.0 12.3 7.5 

Gvendarskál & Brimnesdalur 10.5 16.0 9.9 

 
Except for the outlet in Sauðdalur catchment, outlet capacities are too small to handle modelled runoff 
with a return period of 100 years (Figure 39). The upper outlet in Migindisdalur and the outlet in 
Torfdalur just have enough capacity for a modelled runoff with a return period of 20 years. As 
calculations only apply for clear water, a maximum runoff event carrying debris could exceed the 
capacity of the outlets. The outlet of Brimnesdalur is not big enough that a discharge with a return period 
of 20 years can pass. Especially the lower outlet of Migindisdalur and of Gvendarskál have too little 
capacity for a modelled discharge to pass and stowing would be the consequence. The outlet that 
Brimnesdalur and Gvendarskál share represents a special case: the modelled maximum discharge is the 
runoff of both catchments combined, meaning this case only occurs when both catchments have a runoff 
event of a certain return period at the same time. In this case, the outlet would not have sufficient 
capacities. This also applies for a modelled event with a return period of 100 years in Brimnesdalur, 
which would exceed the capacities of the outlet.  
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Figure 39: Hotspots Overflow, Tröllaskagi Peninsula. 

 

5. Discussion  
The presented results are based on geomorphological pre-mappings, in situ data collection and 
simulations with different models for each hazardous process. Since every step implies different kinds 
of uncertainties, the results go along with various restrictions. Both, the uncertainties and related 
restrictions, are outlined in the following chapter and if it seems to be legitimate and possible, 
recommendations are given. Thereby, we do not only like to share our experiences in general, but also 
aim at contributing to the discussion within this scientific field. In this respect, we will include recent 
findings about climate change in Iceland and thus explicitly take into account that the “static” model 
results stand in contrast to (non-)linear changes over time. 

Capacity insufficient 
Capacity sufficient 
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As shown in Figure 40, the aspects to be discussed are grouped into four thematic clusters. Already the 
data basis and its collection respectively come along with various restrictions. The pre-mapping was a 
necessity to get an impression of the geomorphological setting of the study area and hence to facilitate 
field work. Even though the available digital orthophotos served as sufficient basis to derive large-scale 
structures, they were insufficient to identify small-scale forms like thufurs. Besides, snow coverage in 
parts of the orthophotos impeded the pre-mapping. Another limiting factor results from the poor 
resolution of the available DTM with only 10 m x 10 m, making it difficult to correctly identify 
structures. Since this DTM also served as input for modelling, the accuracy of the simulations is 
restricted as well. Therefore, for instance the deepening of debris channels can be seen as means to 
counteract the poor resolution. With regard to the modelling of avalanches, it is assumed that the DTM 
resolution plays a minor role as the surface is smoothed by snow coverage. Against this background, we 
recommend to investigate the differences between distinct resolutions on modelling results whenever 
the respective data is available. Furthermore, the validation of the model results themselves is not 
entirely possible as there is a lack of historic data and chronicles as well as of local field studies (but see 
e.g. Moran et al. 2003; Stötter et al. 2006). Thus, there is uncertainty regarding the “correct” adaptation 
of crucial input parameters like µ and ξ for the simulation of avalanches and debris flows. Besides, the 
modelling of rockfall processes as well as debris flows plays no or only a minor role in hazard and risk 
assessment in Iceland. Since the South Tyrolean concept of hazard mapping is based on three different 
return periods and are thus decisive for hazard and risk analysis, a sophisticated determination is 
required. However, this is by no means possible since appropriate data is missing. To address this 
challenge, Bell & Glade (2004a) propose to investigate sediment availability and triggering events more 
in detail as well as dating soil layers. In Iceland, such a dating can be supplemented by the analysis of 
tephra layers. To assess the size of a characteristic rock for each return period, lichen dating might be 
used (Bell & Galde 2004a). However, as lichens react very sensitive to changes of the position and thus 
their exposure to sun (Lexikon der Geographie 2001; Türk & Erschbamer 2010), this approach does not 
seem to decrease the included uncertainties. Moreover, there is a lack of meteorological stations. Yet, 

Figure 40: Uncertainties and restrictions along the research process grouped into four thematic clusters. 
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the data recorded by these stations are a pre-requisite for calculating design amounts of precipitation 
and thereof derive peak discharges. Besides, they are crucial regarding the estimation of snow drifts as 
well as the identification of triggering events of debris flows. 

The restrictions with respect to the data collection can be traced back to the “human factor” in particular. 
Firstly, the participants of the course lack experience in gathering the data required for modelling. For 
instance, this relates to the field surveys according to the SEDEX approach for debris flows as well as 
the data acquisition for rockfall (e.g. surface categories and roughness). Other challenges include the 
determination of release areas of avalanches and debris flows. This was further complicated due to a 
restricted accessibility of the hotspot areas. One possibility to address this limitation is the use of drones 
as it was partly done in some hotspots. Moreover, since the processes under consideration take place in 
the same area, it is by no means always possible to differentiate between them. Hence, whether a rock 
was deposited by an avalanche or by rockfall can be source of high uncertainty. Likewise, the 
identification of silent witnesses of the individual processes was challenging. This is also partly due to 
anthropogenic influences such as removals and rearrangements of rocks. For these reasons, an exact 
demarcation of process areas in the field is only possible to a limited extent, but crucial for the 
assessment of modelling results. Against this background, it is even more important to take all collected 
impressions of the study area into consideration and seekthe  dialogue with colleagues when it comes to 
the interpretation of the results. Secondly, the process of collecting data is highly subjective in general. 
Hence, even though the methodological guidelines provide at least some degree of comparability, the 
data acquisition strongly depends on the individual perception of reality of each participant. Therefore, 
it is recommended to conduct a joint field mapping already beforehand to develop, at least to some 
extent, a common ground. Furthermore, since “practice makes perfect”, this also would help to get used 
to the mapping method and thus facilitate the field work. Thereby, practice is very crucial all along the 
research process since the collected data serves as input for modelling. Depending on the process and 
model, some of these input parameters (Table 14) are highly sensitive and thus accurate mapping 
becomes even more important. 

When working in Iceland, a key challenge remains, the local adaptation and applicability of methods 
and models developed in and for Alpine environments. For instance, the used mapping approach 
proposed by Markart et al. (2004) to estimate surface runoff classes does not completely comply with 
the conditions found in Iceland, among other things, as it was developed for convective heavy 
precipitation. Similarly, the determination of release heights as required for avalanche modelling was 
conducted following Salm et al. (1990). Since this approach was developed for Swiss Alps, an adaptation 
was necessary as otherwise unrealistic heights would have served as input. Though, it is questionable to 
what extent transferring such approaches to other local conditions is practical. Shortcomings like this 
highlight the necessity of a comprehensive local knowledge of the study area. Likewise, to the best 
knowledge of the authors, no reference values for critical input parameters (e.g. µ and ξ) exist and since 
the used models have been calibrated for Alpine conditions, the results must be assessed critically in 
this respect. Thus, further research should consider these aspects and explicitly focus on the adaption on 
local environments. 
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Table 14: Most critical input parameters for each hazardous process. 

Process   critical input parameter 

 

hydrology 
(chapter 4.4) 

 design height of precipitation 
D90 value 

discharge coefficient class 
roughness coefficient class 

interflow 

 

rockfall 
(chapter 4.1) 

 rock measure/shape 
underground 

category 
surface roughness/obstacle height 

 

debris flow 
(chapter 4.3) 

 µ 
ξ 

release area 
material availability/sediment production potential 

 

avalanche 
(chapter 4.2) 

 µ 
ξ 

release area 
release height 
entrainment 

 

In this regard, especially the possibility to consulate experts from Iceland within this field of study 
during field work as well as in a later stage of modelling and preparation of hazard maps (02.02.2018 in 
Obergurgl) served as essential part to determine the plausibility of input parameters and results 
respectively. Regarding flood modelling, the experts identified the previous calculated runoff as too low 
and provided precipitation data to conduct extreme value statistics. They also gave valuable feedback to 
verify the reach of rockfall and the related hazard maps. However, it has to be mentioned that the 
knowledge of rockfall processes is limited since there is a lack of documentation as well as modelling. 
For the estimation of release areas and heights of avalanches, the discussion with the local experts can 
be seen as a necessity to derive more realistic values. Furthermore, they relativized the temporal 
categorization of the debris flow deposit areas, on which many of our assumptions are based, stating 
that they can be traced back to the whole period of the Holocene. Hence, as already mentioned, to get 
more accurate information about return periods, exact dating of the respective layers is required. 
Therefore, it is recommended to include such a dialogue with local experts, whereby it should be noted 
that “experts” in this vein can also be local residents, who might have a sophisticated knowledge about 
the ongoing processes as well. 

Linked to the discussion about local adaptation and applicability is a general debate about the distinction 
between model and reality. Each model that was used builds upon different assumptions and thereby 
picking out distinct aspects which are considered as important to characterize reality. Whereas 
Rockyfor3D puts emphasis on a very detailed representation of the underground and surface roughness, 
in RAMMS::Rockfall this only plays a minor role. Instead, the focus lies on an accurate replica of rock 
shapes. Similarly, in RAMMS::Avalanche entrainment is not taken into account, but included in 
SamosAT. Regarding the assessment and modelling of debris flows, it becomes even more limiting as 
the included methodological approach only allows for simulating one single time in already existing 
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channels. There is a blind spot as suddenly emerging new channels on plane slopes cannot be assessed. 
However, this would be of particular importance to avoid an underestimation of risk as recent debris 
flows in the study area show such a characteristic. Thus, considering such unexpected events in local 
risk governance could be a source of further discussions and research. Against these backgrounds, each 
model displays a different reality or to put it in other words: Representing the complexity of nature with 
all its elements and feedback mechanisms will remain a fundamental challenge or “wicked-problem” – 
regardless of the topic under consideration. Precisely for these reasons, more than one model should be 
used whenever it is possible. Besides, it has to be noted that the relation between more complex models 
and a precise representation of reality is not straightforward as more simple models can be better than 
complex ones in this regard. 

In this context, one must also discuss systemic factors such as external driving forces. There is strong 
evidence that human induced climate change is leading to fundamental changes of the functioning of 
the Earth System (IPCC 2013). These changes on a global scale become clearly visible on a local one, 
whereby recent studies in Iceland found an increase of temperature in the 21st century ranging between 
1.8°C and 3.1°C, an increase of average precipitation particular in the western and northern parts and an 
increasing probability of high precipitations days (Gosseling 2017). Thereby, it exists a positive 
correlation between rising temperatures and increasing precipitation (Hanna et al. 2004; Gosseling 
2017). Changing conditions like this are relevant as they influence the variable disposition on short and 
the basic disposition on longer time scales. The same also applies for triggering events since an increase 
of the frequency of convective heavy rain events is assumed, substituting snow melt as main trigger for 
debris flows in North Iceland (Decaulne & Saemundsson 2007; pers. comm. Stötter 2017). In this 
respect, the static results of hazard and risk maps cannot depict the dynamic (non-)linear changes over 
time. Moreover, human settlement expansion is also a topic of concern (Schwendtner et al. 2013). As 
the risk management circle is indicating (Kienholz 2005), compiling hazard and risk maps is a task never 
completed. 

All the discussed aspects and associated methods as well as models are based on a certain point of view 
and perception. As such, the South Tyrolean concept of hazard mapping is only one possible means how 
to conduct risk analysis and fundamentally shaped the way we approached the topic. One question that 
could be asked in this context is whether the chosen return periods are appropriate or if this is of minor 
importance as the definition is ambiguous in any case. Furthermore, even though the hazard and risk 
zones are designated for each process, Bell & Glade (2004b: 197) are correctly pointing out that 
“[s]eparate investigations of single processes only might lead to a misjudgment of the general natural 
risk […].” Taking into account an “overall risk” that includes all processes acknowledge the fact that 
single hazards are not independent of each other and that cascading events are possible (Kappes et al. 
2012). Therefore, multi-hazard analysis is not only a necessity for a precise assessment, but in the same 
time of high relevance for reasons of planning measurements (Bell & Glade 2004b). Since processes 
like rockfall or debris flows so far are not considered in Icelandic hazard plans, the South Tyrolean 
concept could serve as valuable tool for integrating these processes as well as a starting point for further 
multi-hazard analysis. 

As mentioned in chapter 3.4, the Icelandic hazard plan for avalanches is based on the determination of 
individual risk. Therefore, the calculated object and individual risk of life serve as comparison with the 
Risk Maps. In doing so, it becomes evident that the latter seems to overestimate the risk compared to 
the calculated one. This clearly shows that the “risk culture” in Iceland and South Tyrol is different and 
highlights the necessity to take such varying perception and “cultural setting” into account when 
assessing risk. Though, the uncertainties that are implied in the calculation of individual risks (e.g. 
values for lethality) are no manner lower than the ones included in the processes following the South 
Tyrolean concept of hazard mapping. 
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6. Conclusion 
Following the field trip to Iceland, hazard and risk maps have been developed successfully according to 
the South Tyrolean methodology and approaches for hydrological modelling were conducted to 
investigate risk of flooding. In agreement with Icelandic expert opinions the results generated can be 
understood as a reliable source for risk assessment and represent the current processes endangering the 
infrastructure on the Tröllaskagi peninsula. Nevertheless, it should be kept in mind, that methods applied 
have been developed for Alpine regions and had to be adapted for Icelandic conditions. Therefore, this 
study should be treated with respect to these adjustments. Unlike results from the South Tyrolean 
approach calculation of death risk shows, that only few processes represent actual threats to 
anthropogenic structures. Origin for these inconsistencies can be attributed to different conceptions 
underlying the approaches. Considering possible future variations in climatic conditions, this analysis 
needs to be adjusted to these changes, as input variables for modelling are object to changes in climatic 
characteristics.   
Completing this module has provided the participating students valuable insights into hazard research 
and risk assessment as well as the opportunity of experiencing the work flow associated with project 
preparation, data collection, process modelling, hazard and risk mapping, and presentation of generated 
results. 
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