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Abstract 

This thesis deals with the validation of the NGU susceptibility map for debris 

slides/avalanches and small to medium sized debris flows. The susceptibility model 

developed by NGU is a nation-wide model, predicting source areas, transport paths and 

runout lengths for events across all of mainland Norway. As a baseline for construction of 

housing, industry and infrastructure, it is important to have an estimation of how the model 

performs when applied to the real world. Two study areas were chosen for this purpose, 

Sørfjorden and Hallingdal. These areas are important gateways between Eastern and Western 

Norway, and represent different climatic and topographic conditions that enables insight into 

how the model performs under different conditions. 

A landslide inventory based on events found in the www.skrednett.no database, as well as 

events found by manual scanning of orthophotos, was created for both study areas. The type 

of event, approximate age and spatial distribution was determined for each event before being 

mapped by free-form polygons in ArcMap. A total of 275 and 31 events were identified and 

mapped in Sørfjorden and Hallingdal, respectively, most of which are debris flows.  

Based on the landslide inventory and NGU susceptibility model, a frequency analysis 

calculating the average number of modelled and mapped source areas per km
2
 was performed 

for both study areas, resulting in a ratio of 1 true event for every 4 modelled events in 

Sørfjorden, and 1 true event for every 40 modelled events in Hallingdal.  

The validation was done using confusion matrixes, calculating rates indicating model 

performance based on observations of overlapping modelled and mapped source areas. Only 

observations of source areas were used in the validation due to wanting to investigate source 

areas and runout separately. Because of a large imbalance between the positive and negative 

observations, it is difficult to give an exact number indicating model performance, but an 

estimate of 83% correct predictions is calculated for Sørfjorden. The performance of the NGU 

susceptibility model in Hallingdal is more uncertain, but it is not expected to differ greatly 

from the rate calculated for Sørfjorden.  

Manual measurements of the distance between the modelled and mapped source areas and 

runouts were performed for both study areas. It was found that a clear majority of the mapped 

runouts are confined by the model, with only 3 events in total extending beyond the modelled 

http://www.skrednett.no/
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runout. A higher number of mapped source areas are located outside the boundaries of the 

model.  
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1 Introduction 

Natural hazards have always been a part of everyday life in Norway. With its` diverse 

landscape, the type of events can range from flooding and landslides to landslide-induced 

tsunamis. There are registered events as far back as the 16
th

 century found in old church-logs, 

describing the cause of death of its` victims, showing how people have been affected by 

natural hazards over the last half millennia.  

Focusing on landslides, the risk of such events has gradually increased over the years. Due to 

the growth and development of the population, industry and infrastructure, there is more 

potential for such events to cause damage today. This has led to the development of methods 

for estimating landslide susceptibility through the use of susceptibility maps. The most 

detailed susceptibility maps show estimated zones of initiation, transport and deposition for 

individual events. These maps are thus the baseline for developing hazard maps and planning 

any construction in landslide susceptible areas, and are often a decisive factor when choosing 

routes for roads and railroads as well as locations for housing and industry. The goal is to 

avoid construction in highly susceptible areas, but there are many locations throughout 

Norway where people have settled before any in-depth knowledge of local conditions existed. 

Today, it is more or less common knowledge that steep soil-covered areas are more 

susceptible to landslide activity, but many are not aware of the potential destructiveness of a 

large debris slide or debris flow.   

With the onset of global climatic change, temperatures in Norway, like the rest of the world, 

are rising. There is a general consensus that increasing temperatures in Norway will lead to 

increased precipitation, and statistics show that this is a real effect (Sletten et al. 2008). With 

precipitation being a major factor for initiation of debris slides and debris flows, the number 

of events is expected to increase in the future. Increased precipitation could also increase the 

range of events due to the higher water content of the soil (Sletten et al. 2008).  

As the frequency and range of debris slides and debris flows are expected to increase along 

with precipitation and temperature, it becomes more important to have a functioning system 

able to effectively identify event paths and runout length. The susceptibility map developed 

by NGU and NVE 2009-2014 is a nation-wide model estimating zones of initiation, transport 
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and deposition for debris slides/avalanches and small to medium sized debris flows based on a 

set of pre-determined attributes.  

This leads to the main goal of this thesis, which is to validate the susceptibility map 

developed by NGU and NVE, for two distinct regions, Sørfjorden and Hallingdal. To ensure 

the finished product is of interest to the public, it is important to consider factors like 

population, amount of traffic and amount of industry when considering different areas of 

study. Sørfjorden and Hallingdal were chosen because of their role as gateways between 

Eastern and Western Norway, and because they represent two different climatic regions.  

 

Main goal: Validation of NGU susceptibility map for debris slides and small debris flows, for 

Sørfjorden and Hallingdal. 

 

To achieve the main goal, several sub-goals need to bet set:  

1. Creation of a landslide inventory by mapping all visible debris slides and debris flows 

through remote sensing analysis (RSA) of orthophotos. This is essential to be able to 

finish sub-goal 2 and 3.  

2. Performing a frequency analysis of modelled and true events to compare the model to 

reality. 

3. Describing the performance of the model by cross-validating modelled and mapped 

source areas, and constructing a confusion matrix based on the observations. 
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2 Theory 

Landslides are hazardous types of mass movement processes that occur all over the world, in 

varying forms and magnitudes. They range from basic rockfalls in low cliffs, to massive 

debris flows reaching many kilometers in length. Different types of landslides occur in 

different topographies and climates, but there are some conditions that are shared between 

most types of mass movement. For an event to trigger, the driving force of the mass (gravity) 

needs to overcome the resisting forces (material strength, friction) (Hyndman and Hyndman 

2014). The driving force is affected by factors such as weight of the mass and slope angle, 

with steep angles increasing the downward force of the overlying mass. Weight of the mass is 

most often dependent on the water saturation level, with higher levels of saturation increasing 

the driving force (Hyndman and Hyndman 2014). The saturation level is also a very important 

factor when it comes to the resisting forces. Increased saturation weakens the material 

strength of the soil and reduces friction by increasing the pore pressure, effectively pushing 

particles apart (Hyndman and Hyndman 2014). 

Anthropological factors can also have a large influence on the nature of landslide hazards. 

Placement of large amounts of material can increase the load on the soil, increasing the 

driving forces. Deforestation and cutouts due to road construction are common activities that 

can destabilize slopes by reducing the soil strength (Hyndman and Hyndman 2014). 

Volcanic eruptions and earthquakes are also natural processes that can trigger landslides, but 

with no volcanic activity on the mainland of Norway and relatively few and weak 

earthquakes, they will not be discussed in this thesis.  

Because of the large effect of saturation level on landslide hazards, the generally wet 

Norwegian climate is a major contributor to the level of landslide susceptibility in Norway. 

The western region experiences the wettest climate, which combined with the relatively steep 

terrain enables major landslide activity. Figure 1 shows the regional distribution of debris 

flows and soil slides in Southern Norway. A pattern is clearly visible when looking at the 

figure. Most events seem to happen in or around the many fjords and valleys, where the slope 

is steep enough to initiate landslides. The number of events decreases as elevation increases. 

Some of the higher lying mountain ranges and plateaus (Hardangervidda) are relatively flat, 

with few slopes steep enough to initiate events. The soil cover is often very thin, or even non-
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existent, making landslides in soil impossible. Western Norway has the highest concentration 

of events, but there are also many events localized around the many valleys and hills in 

South-Eastern Norway (Figure 2.1). 

 

 

  

Figure 2.1 Regional distribution of debris flows and soil slides over the last 100 years (study areas are 

marked by red square) Source: xgeo.no/skrednett.no slope map and landslide database. 
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2.1 Debris flow 

Debris flows are a global phenomenon, occurring all over the world where you find sufficient 

amounts of rainfall and slopes steep enough to initiate failure. Of all the different types of 

mass wasting processes, debris flows are among the most dangerous due to their high flow 

velocity and unpredictability (Jakob and Hungr 2005, ch.1). Their tendency to follow pre-

existing channels can sometimes cause them to follow river-channels through towns and 

villages, causing loss of life and massive damage to housing and infrastructure. Where no 

deep channels exist, a debris slide can develop into a flow by carving its` own channel if the 

slide volume is sufficient and the topography is suitable (Meyer 2014).  

With large amounts of housing, industry and infrastructure within close proximity of 

landslide-susceptible areas, it is important to have a good understanding of the processes 

leading to their initiation and spatial distribution. 

The majority of mapped and analyzed events for this thesis are debris flows, but there are a 

few examples of debris slides and debris avalanches found in both Sørfjorden and Hallingdal, 

and these will be discussed in chapter 2.2. 

 

Figure 2.2 Debris flow channel at «Skjeldvik», Sørfjorden. (Photo: NVE)  
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2.1.1 Classification and definition 

Throughout the history of landslide research, there have been much confusion and 

controversy regarding the definition of debris flows (Meyer 2014). The first known definition 

was formed by Josef Stiny, in “Die Muren (1910)” (Jakob and Hungr 2005). Stiny defined 

debris flow as: “a flood in a mountain torrent, carrying suspended load and transporting 

quantities of bedload”, as the flow gained volume: “at a certain limit it has changed into a 

viscous mass consisting of water, soil, sand, gravel, rocks and wood mixed together, which 

flows like a lava into the valley” (Jakob and Hungr 2005).  

Only later was the definition updated to separate between channeled flows and flows on open 

slopes. Varnes (1978) defined debris flow as: “very rapid to extremely rapid surging flow of 

saturated debris in a steep channel. Strong entrainment of material and water from the flow 

path” (Hungr, Leroueil and Picarelli 2013).   

There are many other definitions for flow-like landslides, based on the type and amount of 

sediment found in solution. Hungr et al. (2001) suggested the following classifications 

(Hungr, Evans, Bovis, and Hutchinson 2001): 

- Debris flow is a very rapid to extremely rapid flow of saturated non-plastic debris in a 

steep channel. Plasticity index is less than 5% in sand and finer fractions. 

- Mud Flow is a very rapid to extremely rapid flow of saturated plastic debris in a 

channel, involving significantly greater water content relative to the source material. 

Has a plasticity index greater than 5%. 

- Debris flood is a very rapid, surging flow of water, heavily charged with debris, in a 

steep channel. 

These definitions do not differ that much, and can often lead to confusion for the average 

user. No clear definition of debris flow existed in Norway, and therefore NVE saw the need to 

establish a broad definition suited for Norwegian conditions (NVE 2011). For this thesis, I 

will use the broad definition proposed by NVE in 2011: 

“debris flow is a rapid, saturated and flood like landslide occurring along clearly defined river 

and/or stream channels, or ravines and gullies without permanent water discharge. The flow 
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can dislodge and transport large amounts of sediments, boulders, trees and other organic 

material along its` course” (NVE 2011). 

 

 Initiation zone 

conditions 

Trigger mechanism Movement and 

range 

Characteristics of 

depositional area 

 

• Steep, sediment-covered 

slopes (>25-30°) 

 

• Outside rivers and 

streams 

 

• Some finely grained 

material, but also boulders, 

gravel and sand mixed with 

vegetation 

 

• Varying water content 

• Intense/prolonged 

rainfall and/or snowmelt 

 
• Point-failure or fracture 

crossing saturated 

sediments 

• Dislodging of 

saturated mass which 

can grow in both 

length and width 

directions 

 
• Can develop into a 

flow with long range 

• Levées oriented along the 

length-direction and tongue-

shaped lobes of coarse material 

along the slide path and 

depositional area 

 
• Coarse material in upper parts 

of fan, with finer material 

towards the front. The 

depositional fan is often steeper 

than for debris flows.  

 • Steep, flooding 

rivers/streams erode the 

sediment-cover. 

 

• Occur along well-defined 

river/stream-channels or 

ravines and gullies without 

permanent water 

discharge 

 

• Large water content 

• Flood due to intense 

precipitation and/or 

snowmelt. Dam-failure 

after damming of 

landslide-deposits, wet 

snow and vegetation 

 
• Intense erosion due to 

very high water 

discharge forming a fully 

saturated flow of 

sediments. 

 

• Mass added from 

neighboring debris slides  

• Wave of water, 

sediments and organic 

material moving 

rapidly down the 

channel. 

 
• High velocity and 

density 

 

• Large volume 

 

• Very long range 

 

• The flood can reach 

further than sediments 

• Debris flow material can be 

deposited as levées along the 

flow channel and as lobes at the 

front of the depositional fan 

 
• Coarse material is deposited at 

the top of the depositional fan, 

with gradually finer material 

towards the front. The surface 

and front of fan is often 

smoother than for debris slides.  
 

Table 2.1 Comparison of debris flows and debris slides. Modified from (NVE 2011). 

Table 2.1 outlines the main features of debris flows and debris slides/avalanches as 

established by NVE (2011). 
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2.1.2 Terminology 

Like most types of mass wasting processes, the path of a debris flow can be divided into three 

parts: initiation zone, transport zone and deposition zone. 

Initiation zone: debris flows mostly initiate on slopes between 20° and 45°, often due to 

failure in the headwall or side slope of a river/stream channel or ravine/gully (Jakob and 

Hungr 2005). At initiation, the landslide can have the characteristics of other types of mass 

movement like shallow debris slides, or even rockfall/slide, before gradually developing into 

a debris flow as more and more saturated material is caught in its` path. Initiation can also be 

the result of failure of man-made structures like roads or dams (Jakob and Hungr 2005). 

During intense precipitation and/or snowmelt, rivers and stream can experience such extreme 

discharge that the bed of the channel becomes unstable and the debris flow initiates 

spontaneously along the steep channel bed (Jakob and Hungr 2005).  

During severe weather events, such as Dagmar in 2011, a debris flow is not bound to having a 

single triggering mechanism. A large debris flow can be the result of several smaller debris 

flows in tributary rivers/streams, each with their own triggering mechanisms, converging into 

a larger flow downstream (Jakob and Hungr 2005). The volume of the flow at initiation does 

not necessarily reflect the volume at later stages. As the debris flow continues downstream, it 

will tear loose more and more saturated material due to intense erosion, increasing its` volume 

significantly (Jakob and Hungr 2005). 

 

Figure 1.3 Debris flow initiated as shallow debris slide at Skjeldvik, Sørfjorden. (Photo: NVE) 
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Transport zone: the material transported in the debris flow can vary in size from fine clay and 

silt particles to large boulders. Due to the high velocity and often steep slopes, particles of 

gravel-size and larger may be transported in suspension in a debris flow. Boulders are pushed 

forward by the large masses, rolling along with the flow until the gradient decreases enough 

for deposition to occur (Meyer 2014).  

As the name implies, the material is transported downstream in a flowing motion, appearing 

like a very dirty mass of water. During the transport, debris flows often experience several 

surges, creating a wave-like motion. Such surges can be the result of a buildup of boulder 

fronts at the front of the debris flow, causing the material behind to temporarily slow down 

until the flow breaks through the dam or flows over/around it (Jakob and Hungr 2005). This 

process can lead to the formation of levees, ridges of debris flow deposits on top of the sides 

of the flow channel (Jakob and Hungr 2005) (Figure 2.2). 

Debris flows are classified as extremely rapid events, according to the landslide velocity 

classification by Cruden and Varnes (1996) (Figure: 2.4). The flow velocity depends on 

several factors such as; slope gradient, flow volume, depth of flow, channel side slope, radius 

of curvature of flow channel and effective basal friction (Prochaska, Santi, Higgins and 

Cannon 2008). All of these factors are likely to change along the transport zone, due to 

changes in topography and flow channel morphology. The Cruden and Varnes classification 

of 5m/sec for extremely rapid events is a minimum value. Prochaska et al (2008) estimated 

flow velocities of up to 20m/sec for some events, depending on flow channel conditions. 

 

Figure 2.4 Velocity classification of landslides by Cruden and Varnes (1996). 
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Deposition zone: deposition can occur to some degree along the entire length of the transport 

zone, as noted above with the formation of levees, but the main deposition usually takes place 

when the slope gradient decreases below 10°-11° and there is a loss of confinement (Meyer 

2014). As confinement is lost, the debris flow will spread out in a semi-circular shape, losing 

much of its` forward momentum (Jakob and Hungr 2005). This leads to the creation of a 

debris fan, with coarse material deposited at the root and finer material transported towards 

the front (Figure 2.5). If the volume of the flow is large enough, the material that has not yet 

reached the deposition zone can form new channels through the debris fan, extending the 

reach of the flow beyond the first fan. This process can repeat itself multiple times, but with 

the loss of mass and energy for each cycle, the flow will gradually weaken enough to come to 

a halt (Jakob, Hungr and Iverson 2005). 

 

Figure 2.5 Debris fan of debris flow at Supphelledalen in Fjærland, 2004. Note the distribution of coarse 

material at the root, and finer material towards the front of the fan. (Norem and Sandersen 2012, Photo: NGI) 
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2.1.3 Morphology 

As mentioned above, the initiation of a debris flow mostly happens in or around river/stream 

channels due to headwall or sidewall failure. Shallow debris slides can also develop into 

debris flows by entering a topographical channel. At this point, the morphology of the debris 

flow depends on the shape of the channel, but as velocity and volume increase downstream, 

the flows` capacity to erode the surrounding material is also increased, thus enabling the flow 

to control the shape of the channel (Jakob, Hungr and Iverson 2005).  

During the transport 

phase, the debris flow 

will constantly add 

more material to its` 

mass, both organic and 

inorganic. In steep 

slopes and at high 

velocities, the 

characteristics best 

suited to describe the 

flow is that of a raging 

river. Material of all 

types and sizes is swept 

along in a chaotic 

current, not showing 

any kind of sorting until 

the flow slows down at 

less steep gradients. 

Using the 2004 debris 

flow in Fjærland as an 

example, Breien, De 

Blasio, Elverhøi and 

Høeg (2008) researched 

the degree of erosion 

and morphology of the 

Figure 2.6 Cross sections of the debris flow channel, showing Erosion at 3 

locations along the path of the Supphelledalen, Fjærland, debris flow in 2004. 

(Breien et al. 2008) 
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debris flow (Figure 2.5), and found evidence of intense in-channel erosion (Figure 2.6). 

Looking at figure 2.6, we can see how the debris flow eroded up to 10 m of material along the 

channel bed. All sediment was torn away down to the bedrock, creating a deep channel. The 

flow was found to have the most intense erosion at the lower parts, right before starting 

deposition (Breien et al. 2008). At this point, the volume of the flow had increased tenfold 

between the zone of initiation and the root of the fan, from 25000 m
3
 to 240000 m

3
 (Breien et 

al. 2008). 

The flow was reported to have a steep front of large boulders followed by a diluted body and 

watery tail, and moved in pulses as it approached the deposition zone (Breien et al. 2008). As 

mentioned earlier, such pulses, or surges, can occur due to a buildup of very coarse material at 

the front of the flow, forcing the material behind to either break through the bouldery front or 

flow over/around it (Figure 2.7). 

 

Figure 2.7 Composition of a debris flow surge (Jakob, Hungr and Iverson 2005) 

The body of such a surge consists mostly of liquefied debris, both sediments and organic 

material, while the tail is a current of sediment-filled water (Jakob, Hungr and Iverson 2005). 

Both during the transport and deposition phases, the debris flow is able to form levees along 

the sides of the flow channel. This can occur as a result of sudden bends in the channel, 

causing the flow to rise over the confining side walls, or due to the buildup of boulder fronts 

forcing the flow around the constraining “plug”. As the flow temporarily leaves the confining 
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channel, velocity decreases enough to cause deposition of material along the sides (Jakob, 

Hungr and Iverson 2005) (Figure 2.8). 

 

Figure 2.8 Flow channel with levees.  

The general depositional conditions for a debris flow are decreased slope gradient and loss of 

confinement. As the flow reaches flatter terrain the velocity decreases, allowing boulders and 

coarse gravel to settle while finer grains and particles will remain in solution. This leads to the 

situation shown in figure 2.5, with the root of the debris fan consisting of boulders, and 

material gradually becoming finer towards the front on 

the fan. Breien et al (2008) found repeated inversely 

graded sequences of debris flow deposits when 

examining the debris fan in Supphelledalen, indicating 

a series of surges as reported earlier (Figure 2.9). 

 

 

 

 

 

Figure 2.9 Inverse grading of debris flow deposits (Roundness is not representative of debris flow 

deposits) 
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2.2 Debris slide/avalanche 

Debris slides share many similarities with debris flows, and the border between them is often 

diffuse, as debris slides can develop into flows by entering confined channels. Common all 

over the world, debris slides are very dangerous events due to their high velocity and often 

large volume. Debris slides in Norway mostly occur in moraine deposits, since this is the 

most common form of deposit along the many valleys and fjords (NVE 2011). As with debris 

flows, debris slides often gain volume during transport due to entrainment of material (NVE 

2011). As it travels downslope, a debris slide scours the bedrock by tearing away all overlying 

sediment and vegetation, leaving behind a large scar on the mountainside. (NVE 2013) 

(Figure 2.10 and 2.11). Because of this, debris slides are often more visible in the terrain than 

debris flows which follow confined channels. 

Most debris slides are shallow (< 5 m depth) due to sedimentary deposits rarely being much 

thicker on valley/mountain sides steep enough to 

initiate slides (NVE 2013). A slope gradient of 30° or 

more is usually required to initiate sliding, but gentler 

slopes can still initiate if the soil cover is very thin, 

there`s little vegetation or human activity has caused 

the slope to become unstable (NVE 2013). 

 

 

 

Figure 2.10 Debris slide in Jostedalen, Luster 

2015. (Photo: the Police) 

 

Figure 2.11 Debris avalanche south of Vikebygd, Sørfjorden 2011 (Dagmar). Before (2006) and after (2013). 

 

 

 



15 

 

2.2.1 Classification and definition 

Table 2.1 outlines the main features of debris slides and debris flows, with the main 

difference being that debris flows are confined to topographical channels like rivers/stream or 

ravines/gullies, while debris slides move freely on open slopes. NVE (2013) defines debris 

slides as:  

“a rapid slide and downslope movement of saturated debris on steep slope gradients, outside 

defined river/stream channels or other topographical channels.” 

This definition includes perhaps the most important features of debris slides; high velocity, 

saturated debris, steep slope gradients and non-confined flow, but as Bekkevoll (2015) points 

out in her thesis, there are several sub-divisions of debris slides included in that definition: 

- Channelized debris slides: it is important to point out that, despite the name, these are 

not the same as debris flows. A channelized debris slide occurs in thick sedimentary 

deposits, often initiated as a point failure or along a failure zone (Bekkevoll 2015). As 

the slide moves downslope, it scours the bedrock clean, creating a channel through the 

overlying sedimentary deposits. These channels can then be used by later events, both 

debris slides and flows. Note that it can take many years for enough soil to accumulate 

in the scar to initiate a 2
nd

 debris slide, but debris flows usually occur with higher 

frequency (NVE 2013).  

- Non-channelized debris slides: this type of debris slide occur in thin sedimentary 

deposits, initiated as a translational slide at a point failure or along a failure zone 

(Bekkevoll 2015). As it moves downslope, the width of the slide increases due to 

entrainment of material, creating a triangular scar (Figure 10). Most debris slides of 

this type are shallow, with a depth of less than 5 m (NVE 2013).    

- Shallow debris slides: as the name implies, these slides are quite shallow, with a depth 

between 0,5 – 3 m. They are often initiated in gently sloped, hilly terrain or tilled soil, 

with fine sedimentary deposits. Shallow debris slides are usually small, but can still 

cause damage to housing or infrastructure caught in its` path. They are most common 

during spring, when thawed soil or mud can slide on top of the frozen soil beneath 

(NVE 2011). 
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Together, these 3 sub-classes of debris slides make out the generalized definition proposed by 

NVE (2013) above, but there is a 4
th

 class that is important to mention as it is one of the more 

common types of landslides in Norway: 

- Debris avalanche is a very rapid to extremely rapid shallow flow of partially or fully 

saturated debris on a steep slope, without confinement in an established channel 

(Hungr et al. 2001). 

The debris avalanche has many similarities to debris flows in that it consists of a heavily 

saturated mass flowing downslope, but unlike debris flows it does not occur in established 

channels, but rather on open slopes. 

Throughout this thesis, I will mostly use the generalized term debris slide, but where 

applicable (and if possible to identify) I will specify what subclass individual slides belong to. 

2.2.2 Terminology 

As there are many similarities between debris slides and debris flows, this section will contain 

some of the same elements as the section concerning debris flows.  

Initiation zone: as noted above, debris slides usually require a slope of 30° or more to initiate, 

or less if there`s little vegetation or very thin soil cover. Debris slides generally don`t initiate 

on slopes greater than 45°, simply due to the fact that there`s very little accumulation of soil at 

those gradients (NVE 2011) Unlike debris flows, which can spontaneously initiate along 

channel beds during extreme water discharge, debris slides require failure of a sedimentary 

layer to initiate (NVE 2011). This failure can be triggered by several events:  

- Saturated soil goes into point failure due to the weakened strength of the soil and 

weight of the mass increasing the driving force, with heavy rainfall and/or snowmelt 

being the trigger 

- Saturated soil fails along an elongated zone due to the same reasons as above 

- Impact of rocks from a rockfall or rockslide unto saturated soil  

- Human activities like blasting, transport of heavy machinery or inadequate drainage of 

construction sites 
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- Vibrations from earthquakes and volcanic eruptions (not very relevant for Norway) 

Common for all these trigger-events is that the soil needs to be saturated, though often not to 

the same level as seen in debris flows (Table: 2.1). Figure 2.3 shows the initiation zone of a 

shallow debris slide which later developed into a debris flow. From the photo, we can see that 

the slide was initiated along a somewhat elongated failure zone. Figure 2.12 shows the entire 

path of a debris slide at Virumdalen, 2003. This slide was likely initiated by a rockfall from 

the cliffs located just above the initiation zone, hitting the saturated soil with enough force to 

trigger the debris slide (NVE 2011) 

 

 

 

 

 

 

 

 

 

Transport zone: debris slides can be compared to translational landslides, in that the mass 

slides on a weak plane parallel to the slope (Hyndman and Hyndman 2014). In the case of 

debris slides, the soil most often slides on the underlying bedrock, or a layer of frozen soil. 

The mass of a debris slide undergoes significant changes from the point of initiation to the 

deposition zone. Due to the degree of saturation and high velocity, most of the entrained 

material is completely disintegrated during the transport phase. This is different from regular 

translational slides, where the sliding mass often maintains approximately the same shape as it 

moves downslope (Hyndman and Hyndman 2014).  

Figure 2.12 Debris avalanche in Virumdalen 2003. (NVE 2013) Photo: Terje H. Bargel 
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If the slope on which the debris slide occurs is covered in channels or ravines, perhaps from 

previous events, the slide will scour the bedrock clean, creating a new channel through the 

sediments that may be used by later debris flows (NVE 2013). The scar shown in figure 2.12 

is typical for non-channelized debris slides, where the slide widens downslope due to 

entrainment of more and more material. Debris flows can flow for many km when occurring 

in a river channel, while debris slides tend to have a shorter range due to being more or less 

bound to the slope on which they occur. Velocity of the slide depends on slope gradient, 

content of the sliding mass and degree of saturation, and velocities of up to 16 m/s have been 

recorded, placing debris slides in the “extremely rapid” category along with debris flows 

(Figure 2.4) (Dikau 2004). 

Deposition zone: as with debris flows, deposition of a debris slide will occur when the slope 

gradient reaches a certain threshold (normally below 10°-11° for debris flows). The debris 

slide deposits will spread out in tear-drop shaped lobes, creating an elongated debris fan that`s 

usually steeper than fans from debris flows (Bekkevoll 2015). The coarsest material is 

deposited towards the front of the fan (NVE 2013). In addition to this, some material will be 

deposited in the transport zone after the main mass of the debris slide has moved further 

downslope, and one can often find small piles of slide material, ejected from the slide due to 

inter-slide collisions, outside the main scar (Bekkevoll 2015).   
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2.2.3 Morphology 

At initiation, a debris slide is mostly a coherent, saturated mass sliding downslope, but it does 

not take long for the mass to disintegrate, creating a wet mixture of soil, gravel, organic 

material and whatever else might be caught in its` path. Very often the scarp has a semi-

circular shape, with the slide having been initiated either at a point towards the center of the 

scarp, or along an elongated failure zone (NVE 2013). Depending on the topography of the 

slope and content of the soil, the slide will take the form of one of the three sub-types 

mentioned above: channelized debris slide, non-channelized debris slide or shallow debris 

slide. Looking at figure 2.13, we can 

see representations of each type. The 

top figure illustrates shallow and 

channelized debris slides. The shallow 

debris slide on the left does not have 

long range, and is usually no deeper 

than 3 m (NVE 2011). The 

channelized debris slide on the right 

has a distinct semi-circular scarp, and 

has carved its` own channel through 

the soil before being deposited as a 

tear-drop shaped lobe at the end of the 

slope. The triangular debris slide in the 

lower figure is a type of non-

channelized debris slide, initiated by a 

point failure possibly due to rockfall 

from the cliffs above. 

Figure 2.14 shows a profile of a typical Norwegian valley side, consisting mainly of moraine 

deposits. The topmost layer of moraine deposit is more exposed to physical and biological 

weathering, and has a relatively high permeability. This enables water to infiltrate through the 

soil, reaching the more consolidated lower layer of moraine deposits (NVE 2011). This layer 

has a much lower permeability due to being protected against weathering by the upper layer, 

and may resist further infiltration of water. This creates a situation where water infiltrates 

through the upper layer, gradually increasing the level of saturation. As the soil becomes more 

Figure 2.13 Illustration of debris slide/avalanche (NVE 2013) 
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saturated, pore pressure within the layer and at the weak surface between the two layers 

increases, causing the slope to become unstable (NVE 2011). During a debris slide, it is 

mostly the upper layer that initiates failure, but the lower layer may still be entrained by the 

slide due to erosion.  

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Susceptibility mapping 

With the relatively high levels of landslide activity in large parts of Norway, the need for 

susceptibility maps showing potential initiation zones, event paths and runout zones is 

apparent. Depending on the intended use and need for detail, a susceptibility map can either 

be “handcrafted” for a small area, or as with the NGU susceptibility map, be computer 

generated on a regional/national scale (Fischer, Rubensdotter and Stalsberg 2014). Smaller 

maps still tend to use region-scale maps as a baseline for identifying potential events relevant 

for further examination.  

Figure 2.14 Profile of typical Norwegian valley side. Modified 

from (NVE 2011) 
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In 2009, NGU and NVE in cooperation started a project to develop methods for improving 

susceptibility mapping for debris slides and debris flows. Later, the project was split in two, 

with NVE taking responsibility for debris flows while NGU worked on debris slides. NVE 

later pulled out of the project, but NGU developed methods for including small and medium 

sized debris flows in the model in addition to debris slides (Fischer, Rubensdotter and 

Stalsberg 2014). The end product is a model that covers all of mainland Norway, and shows 

susceptibility towards debris slides and small to medium sized debris flows. The model covers 

all the different types of debris slides mentioned in the section above; 

- channelized debris slides 

- non-channelized debris slides 

- shallow debris slides.*  

- debris avalanche 

Note that the model does not cover large debris flows in gently inclined channels, quick clay 

slides or shallow debris slides with short range (Fischer, Rubensdotter and Stalsberg 2014). 

2.3.1 Model development methods 

Perhaps the most critical feature of a susceptibility map is its` ability to identify source areas. 

When developing the NGU 2014 model, the identification of source areas and calculation of 

runout were done separately, and the runout calculations could only be done after a source 

area had been identified (Fischer, Rubensdotter and Stalsberg 2014). The two processes will 

be further explained in the following sections. 

Source area identification: 

As mentioned above, there are some criteria that need to be met in order to initiate debris 

slides or debris flows. The slope needs to have a relatively steep inclination, the soil needs to 

be saturated, and in the case of debris slides, a significant amount of soil needs to be present.  

For identifying source areas, the NGU 2014 model uses an index-based method based on 

empirical threshold values of 3 topographical parameters (Fischer, Rubensdotter and 

Stalsberg 2014): 
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- slope inclination 

- planar curvature 

- supply of water (catchment size)  

These values are extracted using a GIS tool with the appropriate digital elevation model 

(D.E.M.) and hydrological maps (Figure 2.16). 

If one considers the model as a raster, for each of the 3 parameters mentioned above a 

threshold value is decided upon which will separate the grids that meet the criteria (surpasses 

or within the threshold values) from those that do not meet the criteria (Fischer, Rubensdotter 

and Stalsberg 2014) (Figure 2.15). Looking at figure 2.15, green marks grids that meet the 

criteria and are separate from 

the red grids which do not meet 

the criteria. We can see that 

most of the grids for slope 

inclination are green, but the 

green grids for source area are 

still quite few. For a grid to be 

counted as a source area, the 

threshold value needs to be 

surpassed for all 3 parameters 

(Fischer, Rubensdotter and 

Stalsberg 2014). 

 

Figure 2.15 Index method showing a combination of the 3 parameters 

needed to identify source areas. Modified from (Fischer, Rubensdotter 

and Stalsberg 2014).  
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Figure 2.16 The 3 parameters used to identify source area: slope inclination, planar curvature and 

catchment size. Modified from (Fischer, Rubensdotter and Stalsberg 2014) 
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With the large variety of geology, geomorphology, soil cover, climate, and topography found 

in Norway, the same threshold values cannot be used across the whole country. This issue 

was solved by dividing the country into zones, with threshold values adapted to local 

conditions (Fischer, Rubensdotter and Stalsberg 2014). The separation into zones is based on 

three sets of data: 

- D.E.M. source   

- Quaternary geologic map (Sedimentary map N50/N250, NGU), simplified into three 

classes to avoid over-complicating the model 

- A nation-wide separation into areas of different landslide activity level based on 

landslide history 

Figure 2.17 shows the 

process of dividing areas 

into individual threshold 

zones. Based on the 3 

different datasets, 

there`s a total of 18 

threshold zones with 

different values. 

 

 

 

 

 

 

 
Figure 2.17 Separation into zones with different threshold values. Modified 

from (Fischer, Rubensdotter and Stalsberg 2014) 
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Runout path and distance calculations: 

When the source area has been identified using the method shown above, the process to 

calculate runout path and distance begins. This process is based on a multiple flow direction 

model (Horton, Jaboyedoff, Rudaz and Zimmermann 2013), which considers the topography 

along the potential runout path and uses a probabilistic method to calculate which direction 

the slide/flow is likely to move (Figure 2.18).  

Looking at the example in figure 2.18, the thick red 

arrow indicates the most likely path of movement 

from the center grid-cell, as the slide/flow will move 

from one cell with a certain elevation value to a 

neighboring cell with a lower elevation value. The 

method allows for some spread to occur, as shown by 

the thin red arrows, and is adaptable to fit local 

conditions (Fischer, Rubensdotter and Stalsberg 

2014). As the slide progresses downslope, the 

likelihood of continued movement in approximately 

the same direction increases. This is represented in 

the model by weighting the directions of movement. 

Called persistence of runout path, its` function is to 

imitate the effect of inertia, the resistance of a mass in 

motion to sudden directional changes (Fischer, 

Rubensdotter and Stalsberg 2014). 

Figure 2.18 Probabilistic flow model. Modified 

from (Fischer, Rubensdotter and Stalsberg 2014) 
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When calculating the runout distance, 

an algorithm based on the basic laws 

of friction was used to estimate 

whether parts of the slide/flow would 

be able to move from one cell to the 

next (Figure 2.18), and thereby giving 

an indication of runout length 

(Fischer, Rubensdotter and Stalsberg 

2014). The probable maximum runout 

length is given by the average slope 

between the source area and the end 

of the runout path (Huggel, Haeberli, 

Kääb, Bieri and Richardson 2004). 

Included in this estimate is a constant loss of friction, resulting in a runout distance equal to 

the probable maximum runout length (Blahut, Horton, Sterlacchini and Jaboyedoff 2010). To 

counter this, a limiter is placed on the maximum kinetic energy to ensure that the velocity of 

the event cannot exceed a given value, and thus avoid over-estimating the runout length 

(Fischer, Rubensdotter and Stalsberg 2014) (Figure 2.19).  

2.4 Validation of the NGU susceptibility model 

There are several ways to validate a susceptibility map, depending on whether the goal of the 

validation is to examine the performance of the model or its` predictive capabilities. 

Validating the predictive capabilities of the NGU susceptibility model is beyond the scope of 

this thesis, and so the focus will be on validating its` performance.  

For this purpose, I will use a confusion matrix based on the binary classifier: Predicted no or 

Predicted yes. This process consists of cross-validating the susceptibility model with the 

mapped events found in the landslide inventory, and it can thus illustrate if the model is able 

to explain the distribution of past and present events (Fernandez, Del Castillo, El Hamdouni 

and Montero 1999). When determining model performance, one can use the same dataset for 

the confusion matrix as was used to create the model, however, a confusion matrix could also 

be used to examine the models` predictive capabilities and the distribution of future events, 

but this requires cross validating the susceptibility model with events that occurred after the 

Figure 2.19 Maximum runout length with and without 

kinetic limiter. Modified from (Fischer, Rubensdotter and 

Stalsberg 2014) 
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completion of the susceptibility map (Fernandez et al. 1999). In turn, this requires the creation 

of a new landslide inventory based on more accurate dating methods than used in this thesis.    

The cross validation between the landslide inventory and susceptibility map can take different 

forms. Pascale et al. (2013) examined susceptibility maps of Basilicata in Southern Italy, and 

used a confusion matrix based on automated counting of pixels containing landslides vs pixels 

with no landslides to estimate an accuracy rating of 79,2 %. This thesis uses a different 

approach, by cross validating the NGU susceptibility model with the landslide inventory 

through the placement of random points within the modelled source area slope interval 

(further explained in chapter 4.4).  

The confusion matrix itself is a 2 x 2 table, containing information about the actual and 

predicted classifications (Figure 2.20) (Begueria 2006). In this case, the predicted negative 

and positive are based on the NGU susceptibility model, while the actual negative and 

positive are based on real observations illustrated by the landslide inventory.   

 

  Predicted   

  Negative Positive  

Actual Negative TN FP ON 

 Positive FN TP OP 

  PN PP  

Table 2.2 Confusion matrix based on a binary classifier. Bold letters mark the core components. (Visa, Ramsay, 

Ralescu and van der Knaap 2011)  

- TN = true negatives: the model predicts no event, and there is no observed event 

- FP = false positives: the models predicts an event, but there is no observed event 

(Type I error) 

- FN = false negatives: the model predicts no event, but there is an observed event 

(Type II error) 

- TP = true positives: the model predicts an event, and there is an observed event 

- PN = predicted negative: all negative predictions 
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- PP = predicted positive: all positive predictions 

- OP = observed positive: all positive observations 

- ON = observed negative: all negative observations 

The true negatives and true positives contain all the correct predictions by the model, while 

the false negatives and false positives are cases where the model is wrong. In many situations 

when using confusion matrixes, there is often a relatively equal distribution of true negatives 

and true positives, but when dealing with “rare” events like landslides and other geohazards, a 

significant imbalance is often present (Begueria 2006). The implications of this will be 

discussed in more detail in chapter 6.  
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3 Study area 

 

 

Figure 3.1 The two study areas marked in red. Sørfjorden in Hordaland county 

and Hallingdal in Buskerud county. 
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Norway is a very diverse country with a large degree of variation in landscape. The largest 

percentage of the population lives in South-Eastern Norway, a region dominated by mostly 

low-lying and hilly terrain with relatively gentle slopes. The southern part of Norway can be 

further divided into 3 sectors: Vestlandet (western), Sørlandet (southern) and Østlandet 

(eastern).  

Two distinct areas in Southern Norway were selected as study area: Sørfjorden (The South 

Fjord) and Hallingdal (Halling valley) (Figure 3.1), are not among the most populated, but 

represent areas that are critical for transportation between east and west. Many of the most 

used roads and railroads connecting Western and Eastern Norway run through valleys 

experiencing dozens of landslide and rock fall events every year, and the closing of roads is 

often a major problem. A report from 2007 shows that a single closed road could cost the 

community up to NOK 80000 per hour it remains closed (Bråthen, Husdal and Rekdal 2008). 

This number does not include the monetary losses for private businesses, and is likely greater 

in 2016. From experience, we know that many roads remain closed for several days, or even 

weeks, meaning that the total yearly cost can amount to many million NOK. Western Norway 

is generally less populated than the eastern regions, but contains a larger percentage of the 

industry due to the close proximity to cheap hydropower. 

The degree of susceptibility towards landslide hazards like debris slides and debris flows in 

Eastern Norway is limited, but increases towards the north and west. Some parts of the region 

are prone to dangerous quick-clay slides due to marine deposits.  
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3.1 Sørfjorden 

 

Figure 3.2 Map of Sørfjorden. 



32 

 

Sørfjorden is located in the western part of Southern Norway, in the county of Hordaland 

(Figure 3.1, Figure 3.2). This region is characterized by terrain types ranging from sandy 

dunes along the coast of Rogaland county, to alpine peaks and arêtes rising over 2000m above 

sea level (a.s.l.) in the Jotunheimen mountain range. Large parts of the region are dominated 

by glacially eroded valleys and fjords extending outwards from higher-lying mountain 

plateaus, many of which are prone to natural hazards due to the steepness of the slopes and 

the harsh climate.  

Located directly west of Sørfjorden is Folgefonna, Norways` 3
rd

 largest glaciers and one of 

the glaciers located farthest south (Thorsnæs 2016d). East of Sørfjorden lies the mountain 

plateau of Hardangervidda, which with its` 8000 km
2
 is regarded as the largest in Europe 

(Thorsnæs 2016e).  

The fjord is located within the municipalities of Ullensvang and Odda, with the greatest part 

located in Ullensvang. The total population of Ullensvang is approximately 3400, but the 

number of people living along the edges of Sørfjorden is lower since the borders of 

Ullensvang stretches further east and west outside the boundaries of Sørfjorden (Thorsnæs 

2016c). 

In addition to the municipality, Odda is also the name of the small city located at the end of 

Sørfjorden, and with its` 5000 inhabitants it is the largest community within the Hardanger-

region (Thorsnæs 2016b). Considering both Ullensvang and Odda, the total population along 

Sørfjorden is likely in the range of 6000-7000 people.  

3.1.1 Topography 

As mentioned earlier, Sørfjorden is a U-shaped glacially eroded valley that was turned into a 

fjord when the ice retreated during the de-glaciation, allowing sea water to flow inland from 

the coast. There are several smaller tributary valleys connected to Sørfjorden, but mostly on 

the east side of the fjord. They enter the main valley at a higher elevation and have thus 

avoided becoming arms of Sørfjorden.  

The lower-lying areas of the valley sides have relatively gentle slopes with fertile soil, 

enabling farming of fruit for which the region is most known. The steepness of the valley 

sides increases with elevation, and approaches near vertical or vertical in some locations, with 
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an average inclination of 27,5° as calculated in chapter 5.1.1. Due to the steep slopes, the 

sides of the valley are littered with channels and ravines eroded by flowing water, many of 

which have experienced debris flows. Also calculated in chapter 5.1.1, the average width of 

the fjord is approximately 1700m, with a maximum width of 3100m and minimum 880m. The 

fjord widens gradually towards the north. Based on analysis of orthophotos, the tree line is 

located at approximately 950 m.a.s.l, and there are dense forests where the slopes are gentle 

enough to support them.    

3.1.2 Geology and geomorphology 

When discussing the formation of Norwegian fjords, there are many factors that contributed 

to forming the landscape we find in Western Norway today. Without going in too deep, the 

beginning of this process dates back 50 million years to a period when Norway was mostly 

low-lying plains. The Caledonian mountain chain had at this time already been mostly eroded, 

leaving behind a flat landscape not much higher than sea level. Several times during the 

Tertiary period, Norway rose along major faults due to tectonic movement. This land rise 

caused rivers to erode deeper and deeper channels on their way to the western coast, channels 

that marked the beginning of many of the western fjords and valleys. When ices ages began 

occurring during the Quaternary period, about 2,6 million years ago, the Norwegian landscape 

was further changed by the highly erosive nature of moving ice. An ice sheet several km thick 

covered most of mainland Scandinavia during several ice ages, and outlying glacier arms 

grew along the already existing river channels, eroding deep valleys (Sigmond 2016). This 

process of growth and retreat of the ice during glaciations and inter-glaciations gradually 

shaped the landscape of Western Norway into what we see today. 

The geology of Sørfjorden has much in common with that of Hardangervidda. Without glacial 

erosion, the area of Sørfjorden would be at the same elevation as the surrounding mountain 

plateau, and would basically be a westward extension of the same geologic features. 

Hardangervidda is divided geologically into an eastern and western part by the major 

Kalhovd-fault, stretching south from Ustaoset in Western Hallingdal, to Mandal in Southern 

Norway. Additionally, the geologic composition can be divided into 3 main layers (Sigmond 

2016): 

1. Bedrock which consists of rocks from the Precambrian era, more than 850 million 

years old. (mostly plutonic rocks) 
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2. Cambro-Silurian sedimentary rocks deposited on top of bedrock. (metamorphized 

clays, sandstones and limestones) 

3. Precambrian rocks thrust above the Cambro-Silurian sediements during the 

Caledonian orogeny. (granite and gneiss) 

This makes for a special composition where the middle layer is the youngest of the three, with 

older rocks both below and above the sedimentary rocks. 

The geology of Western Hardangervidda is characterized by a large presence of plutonic 

rocks, some dating back to over 1600 million years ago (mya.) (Sigmond 2016). By studying 

geologic maps of Hardangervidda and Sørfjorden, it`s clear that the same plutonic rocks that 

exist west of the Kalhovd-fault also extend into Sørfjorden. Surrounding Sørfjorden are large 

fields of granite, rhyolite, gabbro, basalt and other igneous rocks (Figure 3.3). From the map, 

we can also see large fields of metamorphic rocks like quartzite and schist. The large field of 

schist shown as light green on figure 3.3 is a remnant from the Caledonian orogeny, which 

took place approximately 500-400 mya., when collision between the continental plates of 

Laurentia (North America) and Baltica (Scandinavia and the Baltic) caused parts of the 

seafloor to the north-west to be thrust south-east above pre-existing sedimentary deposits. 

During this process, the underlying sedimentary deposits were subjected to enormous pressure 

and were metamorphized into schist and phyllite (Sigmond 2016). Since then, the Caledonian 

mountains were gradually eroded and transported as grains of sand into the Atlantic. Today, 

the thrust-sheet itself is mostly eroded, but small remnants can still be found at the highest 

summits of Hardangervidda and Jotunheimen.  
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Both sides of Sørfjorden have multiple deep channels that have been carved into the valley 

sides by flowing water over hundreds of thousands of years. Many of these are too steep to 

Figure 3.3 Bedrock surrounding Sørfjorden. (NGU bedrock N250 map) 
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deposit much material in or around the channel itself, but instead transports the eroded 

material down to sea level to be deposited in the fjord. The exceptions are rivers that run 

through the less inclined side valleys or rivers that terminate at flat plains along the fjord. 

Looking at the sedimentary map in figure 3.4, there is a good example at Måge. Here, the 

final stretch of “Mågelvi”, as well as other, smaller rivers, run through a gently inclined plain 

before terminating at the fjord. The slower speed of the river in this area allows it to deposit 

material in and around the river itself. From figure 3.4 we can see that the entire plain is 

covered by fluvial deposits, which suggests that large scale flooding has occurred. It is also 

possible that the river has followed a different course in the past, thus allowing it to deposit 

material over a wider area. Another area with large fluvial deposits is the city of Odda, where 

the entire city centre is built on top of an old river delta. The river “Opo” runs from “Sandvin-

vatnet” (Sandvin lake) south of Odda, through the city before terminating in the fjord at the 

innermost end of Sørfjorden. Today, the course of the river is controlled, but it is likely that 

the river path has changed several times in the past due to meandering, depositing material 

over a larger area. Flooding is another reason for the large fluvial deposits, as shown by the 

devastating flood of October 2014 (NVE 2015). 5 houses and several bridges were destroyed 

as “Opo” flooded due to massive rainfall. 

Glacio-fluvial deposits can be found on either side of the fjord, but there is one interesting 

difference between the east and west side. On the eastern side of the fjord, the deposits are 

spread along the entire length of the fjord, while the deposits on the western side are all found 

within short distance of the “Folgefonna” glacier. The western deposits are connected to 

discharge of meltwater from Folgefonna, containing glacially eroded sediments and material. 

The eastern deposits, however, have no nearby glacier feeding them sediments, but are 

remnants from the ice ages when Hardangervidda was covered by glaciers. 
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Deposits from mass movement are also spread along the length of the fjord, with the largest 

deposits located in the northern half. The map doesn`t specify what type of mass movement 

made the deposits, but most of them are likely the result of debris and rock slides. Debris 

Figure 3.4 Sediment deposits around Sørfjorden. (NGU sediment map) 
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flows are very common in Sørfjorden, as will be discussed later, but their tendency to occur 

inpre-existing channels in combination with the relatively steep topography of Sørfjorden 

means that much of the material will be deposited in the fjord. 

The northern half of the fjord also has the largest concentration of moraine deposits, with 

most of it located between “Espe” and “Børve”, and around “Vikebygd”. These areas have a 

relatively gentle inclination, and are thus able to avoid removal of sedimentary deposits due to 

mass wasting processes. In many areas, Sørfjorden is so steep that any moraine material 

deposited along the sides of a growing or receding glacier, would almost immediately be 

transported to the bottom of the valley upon removal of the ice. Due to this, it is likely that 

many lateral moraines that formed during the formation of Sørfjorden eventually ended up at 

the bottom of the valley, and are today covered by water. Some small remnants of terminal 

moraine can be found at the northern end of Sandvin-vatnet, effectively damming the lake. 

Much of this material, however, has likely been removed by fluvial erosion. 

3.1.3 Climate 

Climate has a large effect on the nature of landslide hazards. Debris slides and debris flows 

depend on the moisture content of the soil, and generally require a large degree of saturation 

to trigger. This water is most often provided by either heavy rainfall or snowmelt, or in many 

cases, both.  

Being located near the western coast of Norway, Sørfjorden experiences an oceanic climate. 

This climate type is characterized by relatively cool summers and mild winters, with generous 

amounts of precipitation due to western winds transporting moisture from the nearby ocean. 

The wet climate combined with the steep terrain, makes for a dangerous combination when it 

comes to landslide hazards. For this next part I will use weather data from “eKlima”, a 

national climate database developed by the Norwegian Meteorological Institute, and present 

weather data from the last 30 years. Due to large gaps in the data, I will use data from two 

different weather stations: 

1. 1987-2005: “Eidfjord-Bu” (station #49580). This station is not located along 

Sørfjorden, but is placed approximately 12km NE of the mouth of the fjord, just beyond 

the Hardanger bridge. Being within close proximity of Sørfjorden, one can assume 
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approximately similar weather conditions at the two stations when averaged over time. 

This station was only active until 2005. 

2. 2009-2016: “Ullensvang Forsøksgard” (station #49490). This station is located south 

of “Lofthus”, along the north-eastern part of Sørfjorden. 

Appendix table 1 contains the average monthly temperatures for the two weather stations. 

As can be seen from appendix table 1, there is a difference in temperature at the two weather 

stations. Station 1 measures temperatures 1°C to 1,5°C lower than station 2 on average. Data 

from the period between 1986 and 2005 is missing from station 2, making it impossible to 

compare the same period, and data for the period between 2005 and 2009 is missing from 

both stations. Much of the data for the period between 2009 and 2016 is incomplete, with 

measurements from some dates missing. It is possible that this influences the average 

temperature, but whether this effect is positive or negative is unknown, and it would likely not 

constitute a difference of up to 1,5°C. Two possible explanations for the difference in 

temperature could be: 

1. Easterly winds blowing cool air down from Hardangervidda and “Hardangerjøkulen” 

glacier. These winds would have a more direct impact on station 1 than station 2, due 

to the north-south positioning of Sørfjorden providing better shelter for easterly winds.  

2. Temperatures have increased. It is generally accepted that global temperatures have 

increased over the last climatic periods, and will continue to increase. The higher 

temperatures at station 2 could simply be the result of it being a warmer period.  

When plotting the average monthly temperatures, we get two lines that show the same 

tendency, but are offset by 1°C to 1,5°C (Figure:3.5). 
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Figure 3.5 Average monthly temperatures for station 1 (red) and 2 (blue). 

From figure 3.5 we can see a temperature curve typical for oceanic climates, with values 

ranging from 0°C in winter to 17°C in summer. The mild winters mean that much of the 

precipitation comes in the form of rain, and what may come as snow during a cold period is 

often quickly melted by a following increase in temperature.  Winter is often regarded as a 

somewhat “safe” season when it comes to landslide hazards due to soil being frozen, but 

interchanging periods of freezing and thawing as found in Sørfjorden allows for dangerous 

events during the winter as well. 

When looking at the amount of precipitation, I will use the same two stations and the same 

time periods as for temperature. Western Norway has a reputation for being quite wet, and is 

in reality the region in Norway experiencing the highest amount of precipitation. Humid air 

from the coast is cooled as it increases in elevation towards the large inland mountain-chains, 

precipitating its` moisture as either snow or rain, depending on temperature. As the air passes 

the mountains, much of the moisture is already lost, leading to a drier climate on the eastern 

side of the mountains. 

Appendix table 2 and 3 contains the total monthly precipitation for station 1 and 2. Plotting 

the average monthly precipitation values for both stations results in the diagram in figure 3.6. 
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Figure 3.6 Average monthly precipitation for station 1(blue) and 2 (red). 

 

As with temperature, there are both similarities and differences between the two curves. They 

both have approximately similar shapes, with a tendency towards increased precipitation in 

the winter compared to summer. December and January are the two months with the highest 

amounts of precipitation, while the months between April and August receive the least 

precipitation. Looking at the curve for the period between 2009 and 2016, there is a dramatic 

increase of precipitation towards the end of the year. During this period, there were several 

winter storms that occurred in December, for example “Dagmar” in 2011 and “Ivar” in 2013 

(Meteorologisk institutt 2017). Due to the close proximity to the Atlantic, Western Norway is 

more exposed to extreme weather than most of the eastern regions, and while Sørfjorden is 

more protected against the wind because of its` location, it can still experience the high 

amount of precipitation that often follows these winter storms. 

3.1.4 Hydrology 

As seen in the section above, the amount of precipitation in Sørfjorden is significant. All 

precipitation, either in the form of rain or snow, is collected in individual catchment areas 

divided by watersheds. Some of these catchment areas have a single exit, where all 

precipitation converges towards a point (often a river), while other catchment areas are more 

widespread with multiple exits (Figure 3.7).  
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If we look at the catchment 049.4Z located in the middle of the map (Figure 3.7), on the east 

side of the fjord, this catchment collects precipitation from an area of approximately 73 km2.  

All of this precipitation eventually exits the catchment area through the river that runs through 

Ullensvang centre, south of “Lofthus”. Normally, this is a process that can take weeks and 

months for water percolating through the ground, but in periods of heavy rainfall the ground 

can become fully saturated with water, causing any excess precipitation to flow on the 

surface. During the storm “Dagmar” in December 2011, Sørfjorden experienced almost 250 

mm precipitation in just 4 days (Appendix table 3). Knowing that 1 mm of precipitation 

equals 1 liter of water per m2, this means that catchment 049.4Z experienced precipitation 

equal to more than 18 billion liters of water during “Dagmar”. Due to the general elevation of 

the catchment, much of this precipitation came in the form of snow, but the same amount of 

precipitation occurred in lower lying catchments as rain, causing major landslide activity 

Figure 3.7 Catchment areas in northern Sørfjorden. Pink lines mark catchment areas with exits toward the ocean, in this case the fjord. Green 

lines mark catchment areas which deposit precipitation in lakes or groundwater deposits (NVE REGINE). 

 



43 

 

3.2 Hallingdal 

 

Figure 3.8 Map of Hallingdal. 

Hallingdal is located in the middle of Southern Norway, but is often considered a part of 

South-Eastern Norway due to being located east of the large mountain chains separating east 

from west (Figure 3.8). Western Hallingdal connects to Northern Hardangervidda and the 
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large mountain chains stretching north-south along most of Western Norway. At its` eastern 

end, Hallingdal opens up into the densely-populated region of South-Eastern Norway, near 

the cities of Hønefoss, Drammen and Oslo. This region is characterized by relatively flat and 

hilly terrain, with large areas covered in pine-forests. Several of the largest lakes are found in 

this region, as well as the longest rivers. Because of the gentle terrain and mild climate, 

Eastern and South-Eastern Norway have the highest concentration of agricultural production 

in Norway. 

Hallingdal is a glacially eroded valley extending west-east from the north side of the 

Hardangervidda mountain plateau (Figure 3.8). It is located in the county of Buskerud, and 

consists of the municipalities of Hol, Ål, Gol, Nes, Flå and Hemsedal. Together, these six 

municipalities have a population of about 20500 people (Thorsnæs 2016a). The valley itself is 

approximately 120km long, when measured between the lakes Ustevatn in the west and 

Krøderen in the east. 

The western end of 

Hallingdal (Ustevatn) 

is at an elevation 

between 950 and 

1000m a.s.l., while 

the eastern end 

(Krøderen) is 

significantly lower at 

only 130-150m a.s.l. 

(Figure 3.9). 

 

 

 

 

 

Figure 3.9 Elevation profile along the length direction of Hallingdal.  (Note that the image has been 

edited by translating the legend to English). Source: Elevation tool at www.norgeskart.no  

 

http://www.norgeskart.no/
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3.2.1 Topography 

The topography of Hallingdal is interesting in several ways, as it connects Eastern and 

Western Norway and shares features of both regions. Hallingdal is often divided into an 

“upper” and “lower” part, marked by the sudden bend towards the south-east near “Gol” 

(Figure 3.8). Interestingly, this change in direction also marks a change in landscape and 

geology. Upper Hallingdal is wider and more open, with relatively gently sloping valley sides. 

Unlike its counterpart, Lower Hallingdal is characterized by being much narrower, with 

steeper valley sides (near vertical in some areas). Entering Hallingdal, are several smaller 

tributary valleys, the largest of which is Hemsedal. “Hallingdalselve”, the Hallingdal-river, 

runs through the entire length of the valley, from “Ustevatnet” at the western end towards 

“Krøderen” at the eastern end (Thorsnæs 2016f). Looking at figure 3.9, we can see that most 

of the increase in elevation between eastern and western Hallingdal is between “Ustaoset” and 

“Gol”, with “Gol” being located approximately at the 60km mark. Lower Hallingdal only 

accounts for an elevation increase of 60-70 m, while upper Hallingdal increases more than 

800 m in elevation from Gol to Ustaoset. The tree line is located at approximately 1000 

m.a.s.l, and most parts of the valley are covered in forests, except from urban and agricultural 

areas. 

The average slope is calculated in chapter 5.1.2, and is approximately 15° for the entire length 

of Hallingdal. When comparing upper and lower Hallingdal, there is an average 5° difference 

in inclination between the two parts, with 12,4° and 17,4° in upper and lower Hallingdal, 

respectively. The same chapter examines the average width, calculated to be 3433m for the 

entire valley. Upper Hallingdal has an average width of 3744m, while the average width in 

lower Hallingdal is 3083m. 

3.2.2 Geology and geomorphology 

Like Sørfjorden, the formation of Hallingdal is also tied to the erosion caused by moving ice. 

Many periods of growth and retreat of ice during glaciations and inter-glaciations have slowly 

formed the valley into what it is today.  

As with Sørfjorden, Hallingdal is directly connected to the mountain plateau of 

Hardangervidda, but is located east of the previously mentioned “Kalhovd”-fault. This fault 

divides Hardangervidda geologically into two different regions, with Hallingdal belonging to 
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the eastern part (Sigmond 2016). The geologic composition of the region is somewhat similar 

to that west of the Kalhovd-fault, with the same 3-layered system (Sigmond 2016): 

1. Bedrock of Precambrian plutonic rocks  

2. Cambro-Silurian sedimentary rocks 

3. Precambrian thrust sheet 

The difference between western and eastern Hardangervidda is mostly the amount of 

sedimentary rocks and degree of metamorphism. The area surrounding Hallingdal has a larger 

amount of metamorphized sandstones and gneiss than what you find near western 

Hardangervidda (Sigmond 2016).  

 

 

Figure 3.10 Bedrock of Hallingdal. (NGU bedrock N250 map) 
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The western end of Hallingdal, between Ustevatn and Ål, consists in large parts of plutonic 

rocks like rhyolite, granite and gabbro, with smaller inclusions of gneiss, quartzite, phyllite 

and schist. (Figure 3.10). Approaching Gol, the bedrock is more metamorphized, with 

different variants of gneiss and quartzite dominating. This continues into lower Hallingdal, 

with large amounts of gneiss, schist, quartzite and partly metamorphized sandstones (Figure 

3.10). Oriented NW-SE, and crossing Hallingdal at Ustaoset, is a massive shear zone 

following the Kalhovd-fault. Easily visible on the map, this zone consists mostly of partly 

metamorphized sandstones, schist and migmatite (Figure 3.10). 

Another interesting geologic feature of Hallingdal is the Gardnos impact crater. Believed to 

have happened approximately 550 m.y.a., a meteorite crashed into the earth, creating a 6km 

wide impact crater at what is today called Gardnos (Kalleson 2009). Most of the crater itself 

is eroded, but evidence of the impact is still there in the form of impactites; granites, 

quartzites and gneisses that have been shattered and brecciated due to the massive force of the 

impact (Kalleson 2009). The structure is easily visible on the map, just south of the bend 

separating upper and lower Hallingdal (Figure 3.10). 

There are mostly three types of sedimentary deposits that dominate throughout Hallingdal, 

moraine, fluvial and glacio-fluvial deposits.  As glaciers advance and retreat, they leave 

behind sedimentary deposits in the form of moraines, while glacial meltwater transports the 

fine and medium sized particles downstream. Glacially eroded material is characterized by a 

large variation in grain size, ranging from fine silt particles to gravel and boulders. Moraine 

deposits dominate the sedimentary characteristics of Upper Hallingdal, while fluvial deposits 

and bare rock are more common farther south in Lower Hallingdal (Figure 3.11).  

The large moraine deposits in upper and the beginning of lower Hallingdal give an indication 

of the location of the glacier terminus during the last ice age. We can see from the map how 

most of the valley down to Garnås is covered in moraine deposits, suggesting that the glacier 

extended to approximately this length. The stretch of the valley between Garnås and Krøderen 

has a higher concentration of fluvial/glacio-fluvial deposits, transported by meltwater from 

the glacier and deposited along the banks of the river. 

Different types of moraine ridges are present at several locations throughout Upper 

Hallingdal. Terminal moraines extending perpendicular to the length direction of the valley 

show the cycle of growth and retreat during the de-glaciation after the last ice age. Lateral 
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moraines along the valley sides show the width of the glacier, while ablation moraines are 

scattered more randomly along the valley floor (Holmsen 1955).  

Large fields of mass-movement deposits can be found in the steeper parts of both upper and 

lower Hallingdal, as well as some of the side valleys, though the total amount is still quite 

small and reflects the general level of landslide activity.  

 

 

 

 

Figure 3.11 Sediment deposits in Hallingdal. (NGU sediment map) 
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3.2.3 Climate 

Due to lying east of the large western mountain chains, Hallingdal experiences a different 

type of climate than Sørfjorden. The continental climate found in most of Eastern Norway is 

characterized by large variations in temperature between summer and winter, and low to 

moderate amounts of precipitation. As for Sørfjorden, I will use data from eKlima in the 

following section. Due to missing or incomplete data, I will use weather data from three 

different stations: 

1. Nesbyen-Skoglund (station #24880): from this station, I have extracted temperature 

data for the period between 1986 and 2004. The station is located at Nesbyen (166 

m.a.s.l.), near the middle of Hallingdal, and was only active until 2004.  

2. Nesbyen-Todokk (station #24890): this station was used for temperature data for the 

period between 2006 and 2016. Also located at Nesbyen, this station is still active and 

logging.  

3. Ål III (station #25320): this station was used for precipitation data for the entire period 

between 1986 and 2016, since much of this data was missing from station 1 and 2. 

Located at Ål, this station is at an elevation of 720 m.a.s.l. 

Since station 1 and 2 are so close to each other, I will count them as one when discussing the 

data. From appendix table 4 we get a clear image of the yearly temperature development 

within Hallingdal. The winters are generally cold, with average temperatures in December, 

January and February usually well below 0 degrees C. Temperature then rises quickly during 

the spring, with the highest temperatures appearing in July. During the fall, temperatures drop 

towards freezing as we approach November and December. When plotting the average 

monthly temperatures for the entire period, we get the distribution shown in figure 3.12. The 

shape of the curve is similar to that of Sørfjorden (Figure 3.5), with approximately the same 

average temperatures during summer, but when looking at winter temperatures we see that 

Hallingdal is on average 7-8 degrees colder than Sørfjorden. This is one of the main 

differences between coastal and continental climates, with continental climates having much 

colder winters. Note that since there is almost a 1000 m difference in elevation between 

eastern and western Hallingdal, temperatures are likely to vary depending on location. The 

largest difference in temperature due to variations in elevation is likely found during the 

summer, with western Hallingdal having cooler summer temperatures. 
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Appendix able 5 shows the average monthly precipitation for the period 1986-2016, and gives 

another example of the difference between coastal and continental climates. If we look at the 

total yearly amount of precipitation, we can see that Hallingdal experiences generally low 

amounts of precipitation when compared with Sørfjorden (appendix table 2 & 3). 2011, which 

was the “wettest” year in Hallingdal during this period, would be considered a very dry year 

in Western Norway. The low winter temperatures mean that most of the precipitation during 

winter will come as snow, while Sørfjorden will have substantially more rain during the 

winter season.  

The distribution of precipitation is another example of the differences between the two 

climate types. When plotting the average monthly values for precipitation, we get the 

distribution shown in figure 3.13. Here we can see that precipitation peaks in June, July and 

August, with July having the highest value of 84,3 mm. This distribution is the reverse of 

what is found in coastal climates, where the winters tend to receive the highest amounts of 

precipitation. 
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Figure 3.12 Plot of average temperatures at Nesbyen, Hallingdal 1986-2016. 
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Figure 3.13 Plot of average precipitation at Ål, Hallingdal 1986-2016. 

3.2.4 Hydrology 

As with Sørfjorden, the different catchments in Hallingdal vary in size depending on the 

surrounding terrain. The relatively low amount of precipitation means that the soil rarely 

becomes fully saturated due to rainfall, but long periods of snow-melting during the spring 

can still cause a buildup of large amounts of water, which in turn increases the chance of 

landslide initiation. Due to its` inland location, all precipitation in the region eventually ends 

up in the river along the valley floor, or in lakes scattered around the valley. The relatively 

gentle slopes of upper Hallingdal enables slow infiltration of precipitation and the buildup of 

bountiful reserves of groundwater in the different aquifers. 

Looking at figure 3.14, we can see the many wells drilled throughout Hallingdal. Most of the 

wells drilled in sedimentary deposits are located along the valley floor in lower Hallingdal, 

near fluvial and glacio-fluvial deposits. These groundwater deposits receive water from the 

river itself, as well as precipitation percolating through the soil. Wells drilled in bedrock are 

more common in upper Hallingdal, since the steep valley sides in lower Hallingdal make 

drilling more difficult. As water infiltrates through the aquifers, it is gradually cleansed of any 

pollutants and turned into drinking water. 
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Figure 3.14 Groundwater wells in Hallingdal. (NGU Granada) 
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4 Methodology 

Due to the nature of this thesis, the work done involves several fields of research. Ranging 

from geographic and geologic information gathering through remote sensing analysis, to the 

more analytical and statistical work involved with validating the NGU susceptibility model, 

all the various parts eventually come together to form a finished product.    

The work done in this thesis can roughly be divided into 4 parts: 

- Data collection 

- Remote sensing analysis – creation of landslide inventory 

- Calculation of frequency analysis  

- Validation of model and estimation of success rate using a confusion matrix  

Each of these parts will be explained in chronological order in the following sections. 

4.1 Data collection 

All data collected was imported into ArcMap version 10.3.1.4959 (except climate data). The 

WGS 1984 datum was used.  

4.1.1 Landslide events 

A landslide dataset from the national mass movement database (skrednett.no) was 

downloaded in the beginning of February 2016. Covering the two areas of study, Sørfjorden 

and Hallingdal, the register contains 1324 events, dating from the year 1592 to February 

2016.  This number of events include the following typologies: debris slides/avalanches, 

debris flows, unspecified soil-slides, snow-avalanches, shallow soil slides near roads, 

rockfalls and rockslides. Note that only events that have had a direct impact on human life, 

housing or infrastructure are registered, and the total number of events could therefore be 

significantly higher than 1324. From this original dataset only data from the period 2005-2015 

was used, and only landslides in soil and rock for a total of 467 events.  
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4.1.2 Orthophotos 

The landslide events recorded in the database are represented in the form of a point close to 

the damaged location, and there is therefore a lack of information on spatial extension which 

is necessary for the purpose of this work. Thus, it was necessary to map the spatial extension 

(source area and runout) using remote sensing analysis. This requires the use of orthophotos 

of different age to be able to capture the occurrence of the events reported, delimit the spatial 

extension and to estimate approximate date of the different events. Orthophotos were 

downloaded from www.norgeibilder.no in the middle of February 2016, and included 3 sets 

of photos of Sørfjorden and 6 of Hallingdal: 

Sørfjorden   

- Vestlandet nord 2006: 19-07-2006, resolution 0,5 m 

- Indre Sogn 2007: 22-08-2007, resolution 0,5 m 

- Hardangervidda 2013: 22-07-2013, resolution 0,25 m 

 

Hallingdal 

- Hallingdal 2006: 15-07-2006, resolution 0,5 m 

- Flå_Nes 2008: 27-07-2008, resolution 0,2 m 

- Hallingdal 2009: 28-06-2009, resolution 0,2 m 

- Oslo 2011: 16-09-2011, resolution 0,4 m 

- Flå-Nes 2013: 11-06-2013, resolution 0,1 m 

- Hardangervidda 2013: 22-07-2013, resolution 0,25 m 

Few of these photos cover the entire study area, and they therefore create a patchwork of 

photos from different dates (Figure 4.1). 

 

http://www.norgeibilder.no/
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4.1.3 Other data 

A basic topographic map (“Topografisk norgeskart 2”) was used as a base-layer for all the 

different work done in ArcMap.  

Used in the RSA, model validation and slope calculations, a digital elevation model with a 

resolution of 10m was downloaded from www.kartverket.no in February 2016.  

A digital terrain model based on LIDAR data (10m resolution) was downloaded in May 2017 

from www.kartverket.no, and used for controlling events where features are uncertain due to 

terrain shadows or image artifacts. 

The NGU susceptibility map was is available at www.atlas.nve.no and was provided by NVE 

and imported into ArcMap in February 2016. The map consists of a series of polygons 

showing the modelled possible source areas and runout paths for debris slides/avalanches and 

small debris flows.  

A 1 x 1 km grid, the same used in www.xGeo.no and www.senorge.no was provided by NVE 

in June 2016, and was used for the frequency analysis and model validation. 

Climate data for the period between 1986 and 2016 was downloaded in May/June 2016 from 

eKlima, a database run by the Meteorological Institute (www.met.no)  

4.2 Remote sensing analysis/landslide inventory 

The RSA was done using ArcMap and the previously mentioned data, and can be divided into 

4 steps: 

1. Identifying events contained in the landslide database 

2. Manual scanning of orthophotos and identification of possible events and event paths 

3. Determining type and age of event 

4. Mapping the event by drawing polygons and inputting all relevant information   

These steps are performed for each identified event before moving on to the next. 

http://www.kartverket.no/
http://www.kartverket.no/
http://www.atlas.nve.no/
http://www.xgeo.no/
http://www.senorge.no/
http://www.met.no/
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Figure 4.1 shows the 3 orthophotos used for RSA of Sørfjorden. As can be seen from the 

images, only “Hardangervidda 2013” covers the entire study area, while “Vestlandet nord 

2006” covers the main fjord and “Indre Sogn 2007” only covers the northernmost part. Where 

the images overlap, it is necessary to search the overlapping area for each available image to 

be able to find events that may only be visible on one set of photos. 

4.2.2 Step 1 – identifying and dating registered events  

As mentioned above, the landslide event database contains 393 registered events for the 

Sørfjorden study area in the period between 2005 and 2015. The manual scanning of the 

location of these events is necessary to determine, if possible, the spatial distribution and 

Figure 4.1 Dataset of orthophotos used in this work: 1) Hardangervidda 2013; 2) Vestlandet nord 2006; 3) Indre Sogn 2007. 
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whether the event is classified correctly. Figure 4.2 illustrates this with an example from 

“Skjeldvik”. The green points are events contained in the landslide database, and are mostly 

located at or near the road, since this is where the damages due to the event took place. These 

points are not always accurate, and there is a varying margin of error regarding the distance 

between the registered point and the real event. 3 of the registered events are possible to 

correlate with the two mapped debris flows in the middle of the image, providing an accurate 

date to these events. The 3 mapped debris flows to the north in the image are not possible to 

correlate with any events contained in the database, and are dated using the method explained 

in step 3.  

 

Figure 4.2 Identifying the spatial distribution of events contained in the landslide database. Green points are 

registered events. (Orthophoto: Hardangervidda 2013).   
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4.2.3 Step 2 – identification of events 

The 3 orthophotos in figure 4.1 are the basis for step 1, and with a resolution of 0,5m and 

0,25m, they are detailed enough for accurate identification of debris flows and debris 

slides/avalanches. The main goal with this procedure is to determine the spatial distribution of 

the events, and also to locate events that are not recorded in the database. The scanning 

process consists mostly of careful examination of the orthophotos while searching for scars in 

the terrain and vegetation indicating landslide activity. This is mostly done at a 1:20000 scale, 

giving a good overview of the area while still being able to identify individual events (Figure 

4.3).  Once an event is located, the spatial distribution needs to be determined by identifying 

source area, transport path and runout zone. This is achieved by using a scale between 1:2000 

and 1:5000, giving a more detailed view of the event. The slope angle map can be of help 

when identifying source areas and slopes suitable for initiation (Figure 4.3). 

Figure 4.3 Example of debris flows with multiple initiation areas, near “Kinsarvik”. 1.1 Base map Orthophoto: Hardangervidda 2013; 2.1) 

Base map Slope angle map. 

 



59 

 

4.2.4 Step 3 – determining type and age 

Once an event has been identified using the methods in step 2, the type of event is then 

determined based on the topographical features (whether it occurs in a channel/ravine or along 

an open slope), the shape of the transport path and length of the runout. Debris 

slides/avalanches can often be distinguished quickly from debris flows because of their 

occurrence outside channels and due to their increased lateral spread when compared to debris 

flows.  

The events in figure 4.3 are 

representative for most events along 

Sørfjorden. The vast majority of 

mapped events are debris flows. Figure 

4.4 shows a debris avalanche located 

between “Espe” and “Kvalnes” on the 

east side of Sørfjorden. Like most 

mapped events it is not found in the 

database, and must be dated manually. 

This is done by comparing the event to 

orthophotos of different age, and 

examining whether the event appears in 

multiple photos. Depending on the 

time-interval between the orthophotos, 

this dating can be more or less accurate, 

but will never give an exact date. As 

seen in figure 4.4, the debris avalanche 

had not yet occurred in 2006, but is 

visible on the photo from 2013. The 

event was eventually dated between 2006 and 2012, due to being visible on a 3
rd

 set of photos 

from 2012 that was not imported into ArcMap (some photos covered too little of the study 

area to be of much use in ArcMap, but was analyzed directly at www.norgeibilder.no during 

Figure 4.4 Example of debris avalanche. 1) Orthophoto from 2006 (Vestlandet nord 2006) showing that the 

event has not yet occurred; 2) Orthophoto from 2013 (Hardangervidda 2013) showing that the event has 

occurred. The event has occurred between 2006 and 2013.  

http://www.norgeibilder.no/
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the dating). Note that the landslide database was always consulted first to see if any registered 

events matched the mapped events, but if no such correlation could be found, the method 

explained above was applied. 

4.2.5 Step 4 – mapping the event 

Using the “create polygon” feature in ArcMap, individual events are mapped by drawing 

polygons on a separate layer, enabling easy access and efficient handling of the landslide 

inventory when needed (Figure 4.4). Each polygon contains information about the specific 

event, which is stored in the attribute table for a layer containing all mapped events (Figure 

4.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As seen in figure 4.5, a wide range of information is stored about each mapped event: 

- OBJECTID: specific number given to each mapped event (1-275 for Sørfjorden, 276-

306 for Hallingdal) 

Figure 4.5 Information about the specific event as shown in ArcMap. 
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- Date_event: accurate date, if possible to determine 

- Type_depos: what material the deposit consists of  

- Kilde_area: whether the source area is visible (1 = yes, 0 = no) 

- Skred_bane: whether the event path is visible (1 = yes, 0 = no) 

- Skred_avse: whether the deposit is visible (1 = yes, 0 = no) 

- Ortofoto_1: name of 1
st
 orthophoto used for dating 

- Flybld_d_1: 1
st
 orthophoto date of photography 

- Ortofoto_2: name of 2
nd

 orthophoto used for dating 

- Flybld_d_2: 2
nd

 orthophoto date of photography 

- Appr_date: approximate date if exact date is unknown 

- Wthr_event: name of weather event that caused the landslide (e.g. “Dagmar”) (only 

applicable with exact dating) 

4.3 Frequency analysis 

The frequency analysis was done using the 1km
2
 grid dataset (xGeo.no and senorge.no). The 

grid originally covered the entire area surrounding Sørfjorden and Hallingdal, but was 

modified to fit better with the areas of interest (the valley sides of Sørfjorden and Hallingdal 

and any tributary valleys) by extracting and using only the relevant km
2
s. (Figure 4.6).  

The calculations are based on counting the number of individual source areas per km
2
, and 

averaging the total number of source areas over the total number of km
2 

(equation 1 & 2). 

This is done for both the mapped events and the NGU model, enabling the comparison of the 

model against the real world.  
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Due to the analysis being based on averages, the numbers presented are in decimal values. 

This is illogical when considering a real event like landslides, but is still suited to illustrate the 

differences between the model and the real world 

Figure 4.7 shows an example from Sørfjorden, where one km
2
 contains 7 modelled source 

areas and 2 mapped source areas. 

Figure 4.6 Grid used for frequency analysis in Sørfjorden. 

 

 



63 

 

The following formulas were used in the frequency analysis calculations: 

 

∑ 𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 𝑠𝑜𝑢𝑟𝑐𝑒 𝑎𝑟𝑒𝑎

∑ 𝑘𝑚2
= 𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑝𝑒𝑟 𝑘𝑚2  

Equation 1 calculating modelled frequency 

 

∑ 𝑚𝑎𝑝𝑝𝑒𝑑 𝑠𝑜𝑢𝑟𝑐𝑒 𝑎𝑟𝑒𝑎

∑ 𝑘𝑚2
= 𝑡𝑟𝑢𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑝𝑒𝑟 𝑘𝑚2  

Equation 2 calculating true frequency 

 

 

 

Figure 4.7 Example from “Eikhamrane”, Sørfjorden. Black and red circles mark the modelled and mapped source 

areas within 1km
2
. 
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4.4 Validation of NGU susceptibility model 

The main validation process consists of constructing a confusion matrix and estimating 

success rate/accuracy based on the input values, but this section will also explain the manual 

measurements done as a continuation of the validation. 

4.4.1 Confusion matrix 

When constructing a confusion matrix for the NGU model, the only information needed is 

whether the model predicts yes or no and how this corresponds to the actual events. The 

matrix itself is a fairly simple construction based on the binary classifier; predicted no or 

predicted yes, and consists of a range of observations:  

- TN = true negative 

- FP = false positive 

- FN = false negative 

- TP = true positive 

- PN = predicted negative 

- PP = predicted positive 

- ON = observed negative 

- OP = observed positive 

 

 

No predicted event Predicted event   

No observed 

event 300 (TN)  64 (FP)  364 (ON) 

Observed event                         25 (FN)   72 (TP) 97 (OP) 

 

325 (PN) 136 (PP) 

 Table 4.1 Confusion matrix with example values. 

Based on the observations in the matrix, the following rates were calculated using equations 

3-9. (Begueria 2006): 

- Success rate (accuracy): how often the classifier is correct 

 

𝑇𝑁 + 𝑇𝑃

𝑁 
= 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 𝑟𝑎𝑡𝑒 

                                                             

                                                            N = TN+FN+TP+FP 

                                             

                                                  Equation 3 Calculating success rate 
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- Misclassification rate: how often the classifier is wrong 

 

                                                    1 − 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 𝑟𝑎𝑡𝑒 = 𝑚𝑖𝑠𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 

                                         

                                                        Equation 4 Calculating misclassification rate 

 

- True positive rate (sensitivity): how often the model predicts yes when there is an 

observed event 

                                                     
𝑇𝑃

𝑂𝑃 
= 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑟𝑎𝑡𝑒 

                                                     Equation 5 Calculating true positive rate 

 

- False positive rate: how often the model predicts yes when there is no observed event 

                                                  
𝐹𝑃

𝑂𝑁
= 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑟𝑎𝑡𝑒 

                                                                 Equation 6 Calculating false positive rate 

 

- Specificity: how often model predicts no when there is no observed event 

                                                           1 − 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑟𝑎𝑡𝑒 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦  

                                                        Equation 7 Calculating specificity 

 

- Precision: how often the model is correct when it predicts yes     

                                                               

 
𝑇𝑃

𝑃𝑃 
= 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 

                                                          Equation 8 Calculating precision 

 

- Prevalence: how often the positive observations (OP) occur in the sample 
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𝑂𝑃

𝑁
= 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 

                                                          Equation 9 Calculating prevalence 

The values for TP, FP and FN are all easy to extract from ArcMap when overlapping the 

layers containing the landslide inventory and NGU model, but a problem occurs when trying 

to extract the value for TN. There is no good way to directly quantify a value consisting of no 

observable features. The solution for this is to base the confusion matrix on a set of random 

points, as shown in the following section.  

By placing a number of random points within the study area and examining whether they are 

located within the modelled and/or mapped events, one can extract all the values required for 

constructing the confusion matrix. Like the frequency analysis, the confusion matrix is based 

on modelled and mapped source areas, meaning that the random points must be contained 

within the slope interval with the greatest chance of initiating debris flows and debris 

slides/avalanches. The slope interval used by the NGU model for identification of source 

areas is 23-45 degrees, and the same interval is used for confining the random points for the 

confusion matrix (Fischer, Rubensdotter and Stalsberg 2014).  

Confining and placing the random points is a 5-step process based on the DEM and the 

modified grid used for the frequency analysis: 

Step 1: using the Slope (Spatial Analyst) tool in ArcMap, the DEM is converted to a slope 

raster containing 9 color coded slope intervals (Figure 4.8, image 1-2). 

Step 2: Since we`re only interested in the slopes between 23-45 degrees, the slope raster in 

figure 4.8 is reclassified, using the Reclassify (Spatial Analyst) tool, to a new raster where 23- 

45 degrees is given the value 1 (purple), while everything else is given the value 0 (green) 

(Figure 4.8, image 2-3). 

Step 3: The ArcMap tool for creating random points requires that the base layer be polygon-

based instead of raster, meaning that the reclassified slope raster needs to be converted to 

polygons using the Raster to Polygon (Conversion) tool. All polygons with a value of 0 are 

then deleted from the new layer, leaving only value 1 polygons (Figure 4.8, image 3-4). 
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Step 4: The new layer is clipped, using the Clip (Analysis) tool, to fit with the modified grid 

used for the frequency 

analysis (blue squares 

in Figure 4.9). 

Step 5: Using the 

modified polygon 

layer as a base layer, 

600 random points are 

placed within the layer 

using the Create 

Random Points (Data 

Management) tool in 

ArcMap (Figure 4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Step by step process of converting the DEM into a polygon suitable for placement of random points. 



68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 600 random points placed within the modified polygon layer. 
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Once the points have been placed, the position of each point must be examined and compared 

to the NGU model and the mapped events. Since the confusion matrix is based on source 

areas, only points correlating with modelled and mapped source areas will count as true 

positives or false positives. A 60m buffer around the modelled source area is applied, 

meaning that any random point within a buffer that also contains a mapped source area, will 

count as a true positive. Any random point within a buffer that does not contain a mapped 

event counts as a false positive (Figure 4.10). Any point located outside the buffer will count 

as a true negative, or false negative if it is located within an event that`s not covered by the 

model. The 60m buffer was decided upon due to this being the smallest visible difference 

when viewing the model at a scale of 1:50000, which is the working scale of the model 

(Fischer, 

Rubensdotter 

and Stalsberg 

2014). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.10 Example from “Vikebygd”, Sørfjorden. This area contains 1 true positive, 2 

false positives and 6 true negatives.  
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5 Results 

As the study area is divided into two regions, Sørfjorden and Hallingdal, the results will be 

presented separately for each region in each of the following sections. 

5.1 Topographical analysis 

The topographical analysis consists of width and slope measurements, and was done using 

basic measuring tools in ArcMap and the elevation profile tool at www.norgeskart.no. 

5.1.1 Sørfjorden 

Figure 5.1 shows the locations 

of 20 slope measurements 

along the sides of Sørfjorden. 

These measurements resulted 

in the slope values illustrated in 

figures 5.2 and 5.3, which were 

calculated using basic 

trigonometry, measuring the 

vertical and horizontal distance 

from the edge of the fjord up to 

the top of the adjacent valley 

side. When averaging the 10 

measurements on each side of 

the fjord, we see that both sides 

seem to be fairly similar, with 

an average inclination of 27-28 

degrees (Figures 5.2 & 5.3). 

Another interesting fact we can 

draw from figures 5.2 and 5.3 

is the difference in elevation 

between the valley sides. The 
Figure 5.1 Slope measurements at 20 locations along Sørfjorden. 

 

http://www.norgeskart.no/
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eastern valley side is on average 200 m lower than the western side. 

 

Figure 5.2 Values for elevation and slope at the 10 locations measured along Western Sørfjorden 

 

Figure 5.3 Values for elevation and slope at the 10 locations measured along Eastern Sørfjorden 

 

Like many fjords, Sørfjorden is quite narrow at its innermost end and widens gradually 

towards the mouth. By measuring width at 8 locations along the fjord, the average width is 

estimated at approximately 1700 m (Figure 5.4). Figure 5.5 and 5.6 show cross sections of the 
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widest and most narrow parts of the fjord. At its` widest, the fjord is approximately 3100 m 

across near Vikebygd and Hovland (Figure: 5.4, 5.5). At its` most narrow, the fjord is 

approximately 880 m wide near 

Tyssedal (Figure 5.4, 5.6). 

Both elevation profiles are 

generated west-east, and while 

figure 5.5 shows the typical U-

shape of glacially eroded 

valleys, figure 5.6 shows a 

somewhat more V-shaped 

valley. However, this is more an 

effect of having different scales 

for vertical and horizontal 

distances than an actual 

difference in the shape of the 

valley. From figure 5.6 we can 

see the difference in elevation 

between the western and eastern 

sides of the fjord, and figure 5.5 

gives a good example of how 

inclination increases with 

elevation. 

 

 

 

 

 

Figure 5.4 Width measurements at 8 locations along Sørfjorden. 
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Figure 5.5 Elevation profile at X-section 1 (Figure 5.2) (www.norgeskart.no)  

 

Figure 5.6 Elevation profile at X-section 2 (Figure 5.2) (www.norgeskart.no)  

 

http://www.norgeskart.no/
http://www.norgeskart.no/
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5.1.2 Hallingdal 

The measurements used in the section were taken at 32 locations throughout Hallingdal 

(Figure 5.7). As for Sørfjorden, the calculations for estimating inclination are based on basic 

trigonometry, and give the results shown in figures 5.8 and 5.9. 

 

From figures 5.8 and 

5.9 we can see how 

both elevation and 

inclination changes 

throughout Hallingdal. 

The western end of the 

valley has the highest 

elevation, and it 

gradually decreases 

towards the east before 

averaging out at 

around 900 m.a.s.l. 

The difference in 

average inclination 

between upper and 

lower Hallingdal is 5 

degrees, with lower 

Hallingdal at 17,4 

degrees and upper 

Hallingdal at 12,4 

degrees. 

 

 

 

Figure 5.7 Slope measurements at 32 locations in Hallingdal. 
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Figure 5.8 Values for elevation and slope at the 16 locations measured along the south side of Hallingdal. 

 

 

Figure 5.9 Values for elevation and slope at the 16 locations measured along the north side of Hallingdal. 
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Measuring width 

from the top of 

the valley sides at 

17 locations in 

ArcMap gives an 

average width of 

3744 m in upper 

Hallingdal, 3083 

m in lower 

Hallingdal and a 

total average 

width of 3433 m 

(Figure 5.10). 

The two cross 

sections, one in 

upper and one in 

lower Hallingdal, 

are taken near the 

widest and most 

narrow parts of 

the valley (Figure 

5.11 & 5.12). 

 

 

 

 

 

 

Figure 5.10 Width measurements marked as black lines. Cross-sections for elevation profiles 

marked in red. 
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From figure 

5.11 we can see 

the typical U-

shape of 

glacially 

eroded valleys. 

At this 

location, the 

north side of 

the valley is 

slightly steeper 

and about 40-

50 m higher than 

the south side. 

Figure 5.12 shows 

the cross section 

taken in lower 

Hallingdal. The 

valley apparently 

maintains 

approximately the 

same shape, but 

when considering 

the scale, one can 

see that the sides 

are steeper, giving 

lower Hallingdal a 

more V-like shape 

than upper 

Hallingdal. 

 

Figure 5.11 X-section 1 taken north-south in upper Hallingdal. (Note that the image has been 

edited by translating the legend to English). Source: Elevation tool at www.norgeskart.no 

 

Figure 5.12 X-section 2 taken west-east in lower Hallingdal. (Note that the image has been 

edited by translating the legend to English). Source: Elevation tool at www.norgeskart.no 

 

http://www.norgeskart.no/
http://www.norgeskart.no/
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5.2 Remote sensing analysis – landslide inventory 

The RSA of Sørfjorden and Hallingdal has provided quite different results, with Sørfjorden 

experiencing considerably higher levels of landslide activity. The reasons for this will be 

discussed in the next chapter. The first part of the RSA process is based on examining already 

registered events (xGeo.no). These are events that have affected lives, housing, industry or 

infrastructure to various degree. The second part of the process is actively identifying and 

examining the spatial distribution of events that may or may not be registered, and are often 

found outside inhabited areas. 

5.2.1 Sørfjorden 

Between the years 2005-2015, there are a total of 393 events registered within the boundaries 

of the Sørfjorden study area. Of these, 55 events are registered as debris flows or debris 

slides/avalanches while the other 338 are mostly registered as rockfalls/slides. Figure 5.13 

illustrates the yearly total of registered events during this period. Due to lack of field 

investigations, proper classifications and routines, many rockfalls are likely registered 

incorrectly and should be registered as debris flows or debris slides. 

 

Figure 5.13 Plot showing the yearly total of registered events in the Sørfjorden study area, in the period 2005-

2015. 
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When plotting the average monthly values, we get the distribution shown in figure 5.14: 

 

Figure 5.14 Average yearly distribution of landslides along Sørfjorden 2005-2015.  

This distribution includes all types of landslides, but is still a good indicator for the yearly 

distribution of debris flows and debris slides/avalanches. When compared to figure 3.6 

(Sørfjorden precipitation), we can see the correlation between landslides and precipitation.  

As noted above, the events in figure 5.13 and 5.14 are events that have had an impact on 

humans, either directly or indirectly through damaged property/infrastructure. As such, most 

events are never registered, indicating the need for manual identification through RSA. 

The RSA of Sørfjorden resulted in a total of 275 mapped events; 266 debris flows and 9 

debris slides/avalanches (Figure 5.17 & 5.18). Of these, 155 events are located on the western 

side of the fjord, with the remaining 120 on the eastern side. Some of these events are 

possible to correlate with the events in figure 5.13, and are thus given an accurate date, while 

the majority of mapped events are unregistered and can only be given an approximate date 

based on the date of the orthophotos in which they are visible/not visible (E.g. between 2008 

and 2013) (Figure 5.15). Of 35 events that can be given an exact date, 22 events occurred on 

Dec. 26, 2011, the date of the winter storm “Dagmar”.  
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Figure 5.15 Approximate date of mapped events not found in the landslide database. Overlapping dates is due to 

large variations in orthophoto coverage and availability.  

Figure 5.16 illustrates the size of all mapped events in m
2
, both registered and unregistered. 

The size value includes source area, transport path and visible runout. Note that some events 

may be larger than what is shown here, as many events deposit directly in the fjord, thus 

hiding the runout from view. The single largest group of events is found within the range of 

200-10000 m
2
, while the total average size is 17147 m

2
. 

 

Figure 5.16 Distribution of event sizes, Sørfjorden.  
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 Many of the debris flows initiate in tributary channels, before merging with a larger 

river/stream channel downstream and eventually end up in the fjord (Figure 5.19). The size 

and range of the events vary depending on type and source area, with some debris flows 

initiated at high elevation extending beyond 3km before being deposited in the fjord (Figure 

5.20). On the 

other end, 

there are 

mapped 

shallow 

debris slides 

with a total 

length less 

than 30m 

(Figure 5.21). 

 

Figure 5.17 Overview of mapped events along Northern Sørfjorden. 
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Figure 5.18 Overview of mapped events along Southern Sørfjorden. Black square marks area shown in figure 

5.19. 



83 

 

 

Figure 5.19 Close-up view of one of the more active areas along the middle of the fjord, near Nordnes. The 

image contains 45 mapped events; 44 debris flows and 1 debris avalanche (northernmost event). (Orthophoto: 

Hardangervidda 2013) 
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Figure 5.20 Debris flow with approximate length of 3,2km from source area to shoreline, near Vikebygd, 

Sørfjorden. (Orthophoto: Hardangervidda 2013) 

 

Figure 5.21 Shallow debris slide with a length of 30m, near Vikebygd, Sørfjorden. (Orthophoto: 

Hardangervidda 2013) 
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5.2.2 Hallingdal 

The landslide activity level is completely different in Hallingdal when compared to 

Sørfjorden, with 74 registered events within the boundaries of the study area in the period 

between 2005 and 2015 (Figure 5.22). Of these 74 events, 35 are registered as debris flows or 

debris slides/avalanches. As with Sørfjorden, incorrect registration of events is likely a 

problem. 

 

Figure 5.22 Plot showing the yearly total of registered events in the Hallingdal study area, in the period 2005-

2015. 

Plotting the average monthly number of events gives the distribution shown in figure 5.23: 

 

Figure 5.23 Average yearly distribution of landslides in Hallingdal 2005-2015.  
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From figure 5.23 we can see how the landslide activity peaks in May and June, the reverse of 

what is found at Sørfjorden.     

31 events were identified and mapped during the RSA of Hallingdal, 25 debris flows and 6 

debris slides/avalanches (Figure 5.26 & 5.27). The distribution of events between upper and 

lower Hallingdal is fairly similar, with 16 events in upper Hallingdal and 15 events in lower 

Hallingdal. However, there is a significant difference in terms of size and range of the events 

in the two parts of the valley (Figure 5.26 & 5.27). Most events in lower Hallingdal have a 

greater size and range than the events in upper Hallingdal, likely due to the increased slope 

gradient. 

Figure 5.24 illustrates the different size of all mapped events in Hallingdal. The largest group 

of events is in the range between 40 and 500 m
2
, while the total average size is 7749 m

2
. 

 

Figure 5.24 Distribution of event sizes, Hallingdal.  

 

The majority of mapped events in Hallingdal can be found in the landslide database, meaning 

they can be given an exact date, while the remaining events are given an approximate date 

based on analysis of orthophotos (Figure 5.25). 
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Figure 5.25 Approximate date of mapped events not found in the landslide database. Overlapping dates is due to 

large variations in orthophoto coverage and availability. 
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Figure 5.26 Overview of mapped events in upper Hallingdal. Note that the size of the events has been 

enhanced for better visualization.  

 



88 

 

Unlike Sørfjorden, most mapped events in Hallingdal are individual events, meaning they 

don’t initiate in tributary channels before merging with a larger channel downstream. Few 

events are able 

to reach the 

river at the 

valley floor, 

and are instead 

deposited on 

the alluvial 

plain or further 

upslope if the 

slope gradient 

is gentle 

enough (Figure 

5.18). Almost 

all mapped 

debris slide 

events are 

shallow debris 

slides, with a 

range of less 

than 40m 

(Figure 5.19). 

The range of 

the debris 

flows vary 

between 100m 

and 1200m, 

with the largest 

event shown to 

the north in 

figure 5.18. 

 

Figure 5.27 Overview of mapped events in lower Hallingdal. Black square marks the area shown 

in figure 5.28.  Note that the size of the events has been enhanced for better visualization.  
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Figure 5.28 Close-up view of the area with the highest concentration of events, north of “Nesbyen”. 

(Orthophoto: Hardangervidda 2013) 
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Figure 5.29 Shallow debris slide with a total range of approximately 27m, NE of “Ål” (Orthophoto: 

Hardangervidda 2013). 

5.3 Frequency analysis 

As in the previous sections, the results will be presented separately for Sørfjorden and 

Hallingdal. As noted in chapter 4.3, the frequency analysis is based on the number of 

individual source areas per km
2
. 

5.3.1 Sørfjorden 

The following table shows the calculated average frequency of source areas per km2 for both 

the model and the mapped events, as well as the ratio between them (Table 5.1). A total of 

369 km2 were examined to calculate the frequency. Figure 5.30 and 5.31 illustrate the 

distribution of modelled and true events in the km
2
 grid. 

Modelled frequency 2,8 

True frequency 0,7 

Ratio 4:1 
 

Table 5.1 Average frequency of source areas per km
2
 for Sørfjorden. 

 



91 

 

 

 

Figure 5.30 Distribution of modelled events (source areas) used in the frequency analysis. 
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Figure 5.31 Distribution of true events (source areas) used in the frequency analysis. 
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5.3.2 Hallingdal 

For Hallingdal, a total of 571 km2 were examined to calculate the frequency of source areas 

for the model and the mapped events (Table 5.2). Figure 5.32 and 5.33 illustrate the 

distribution of modelled and true events in the km
2
 grid. 

Modelled frequency 2 

True frequency 0,05 

Ratio 40:1 
 

Table 5.2 Average frequency of source areas per km
2
 for Hallingdal. 

 

Figure 5.32 Distribution of modelled events (source areas) used in the frequency analysis. 
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Figure 5.33 Distribution of true events (source areas) used in the frequency analysis. 

  



95 

 

5.4 Validation 

Throughout this section I will present the results of the observations contained within in the 

confusion matrix and the rates calculated from the matrix itself.  

5.4.1 Confusion matrix - Sørfjorden 

 The confusion matrix for Sørfjorden is based on 600 points randomly placed within the slope 

interval best suited for initiation of 

debris flows and debris 

slides/avalanches (23-45 degrees) (Table 

5.3) (Figure 5.34 and 5.35). 

From table 5.8 we can see that the model 

is correct 88 times out of 100, which in 

turn makes it incorrect 12 times out of 

100. The precision value of 0,28 

indicates that there is one real event for 

approximately every 4 events the model 

predicts, while a prevalence of 0,05 is a 

quantification of how many positive 

observations are included in the matrix 

(30 out of 600). 

 

 

 

 

 

 

 Figure 5.34 600 random points used in the confusion 

matrix for Sørfjorden.  
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  No predicted event Predicted event   

No observed event 505 (TN) 65 (FP) 570 (ON) 

Observed event 5 (FN) 25 (TP) 30 (OP) 

  510 (PN) 90 (PP)   
Table 5.3 Confusion matrix for Sørfjorden 

Table 5.4 shows the different rates calculated from the confusion matrix: 

Success rate (accuracy) 0,88 

Misclassification rate 0,12 

True positive rate 0,83 

False positive rate 0,11 

Specificity 0,89 

Precision 0,28 

Prevalence 0,05 
Table 5.4 Rates indicating model performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.35 Example from “Ytre Ædna”. Both the randomly placed point and the source 

area for a debris flow are within the 60m buffer, making this a true positive observation 

(Orthophoto: Hardangervidda 2013).  
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5.4.2 Confusion matrix - Hallingdal 

Like Sørfjorden, the confusion matrix for Hallingdal is based on 600 randomly placed points 

within a slope interval of 23-45 degrees (Table 5.5) (Figure 5.36). 

 

No predicted event Predicted event 
 No observed event 529 (TN) 66 (FP) 595 (ON) 

Observed event 
 

5 (TP) 5 (OP) 

 
529 (PN) 71 (PP) 

 Table 5.5 Confusion matrix for Hallingdal. 

Note that there are no false negatives included in the matrix, meaning that the observed 

positive (OP) is based purely on the true positive observations. 

 

Figure 5.36 600 randomly placed points along the length of Hallingdal.  

 

The rates calculated from the confusion matrix are shown in table 5.6:  



98 

 

Success rate (accuracy) 0,89 

Misclassification rate 0,11 

True positive rate 1,00 

False positive rate 0,11 

Specificity 0,89 

Precision 0,07 

Prevalence 0,01 
Table 5.6 Rates indicating model performance. 

From table 5.11 we get the model success rate of 0,89, meaning the model is correct 89 times 

out of 100. This is very similar to the result from Sørfjorden, at a success rate of 0,88. The 

precision value of 0,07 indicates that there are 7 real events for every 100 predicted events, 

while the total number of observed events is very low, as indicated by a prevalence of 0,01. 

5.5 Manual measurements  

The performance of the model has already been established by the rates calculated from the 

confusion matrix, but it is also interesting to examine how each individual mapped event 

corresponds to the model by manually measuring the differences between modelled and 

mapped events. The NGU model predicts “worst case” scenarios, meaning that modelled 

runout zones are what is expected from very large, and thus relatively rare, events. Most real 

events are of lesser magnitude than the predicted scenarios, and a significant difference 

between the modelled and mapped events is therefore expected.     

The matrixes (“half-matrix”) used for illustrating the manual measurements include 

observations of each mapped event, and only illustrate two observations: inside buffer and 

outside buffer (Table 5.9). This is done to get an idea of how often the mapped runout fronts 

and sources areas match the model, and what the distances between them are, but does not 

give any indication of model performance since the true negative observations are excluded 

(Figure 5.37 and 5.38). 
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Figure 5.37 Illustration of manual measurements of horizontal distance. 1) both source area and runout are 

within the 60m buffer, no additional measurements performed; 2) both source area and runout are outside the 

60m buffer, measurements of horizontal distance from model to mapped feature performed.  

 

Figure 5.38 Illustration of manual measurements of vertical distance. Measurements are only taken for events 

that are located outside the 60m horizontal buffer. 
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5.5.1 Manual measurements – Sørfjorden  

Table 5.7 illustrates the number of mapped source areas and runout fronts that are located 

inside or outside the 60m buffer.  

 

 

 

 

 

Table 5.7 shows that approximately 74 % of the mapped runout fronts are located within the 

buffer, while the remaining 26 % are located outside. Note that all mapped runouts can be 

both in front of (downslope) or behind (upslope) of the modelled runout. In reality, very few 

events extend beyond the modelled runout, as will be shown below. 

The situation is reversed when looking at source areas, with 34% of mapped source areas 

located 

within the 

buffer.  

 

 

 

 

 

 

 

 

 

Outside buffer Within buffer 

 Observed event 70 201 Runout 

 

179 92 Source area 

Table 5.7 Half-matrix of event runout and source area, Sørfjorden.  

Figure 5.39 Debris flow at “Sandvin”, Sørfjorden, with both source area and runout front located 

outside the 60m buffer (Orthophoto: Hardangervidda 2013).  
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Figure 5.40 and 5.41 illustrates the vertical and horizontal distance between the modelled and 

mapped runout for the 70 events that are located outside the 60m buffer (note that all negative 

values indicate runout fronts located upslope of the modelled runout): 

 

Figure 5.40 Distribution of vertical distances between modelled and mapped runout. Red column indicates 

events that extend beyond the model. 

As can be seen in figure 5.40, all events except one have runout fronts located upslope of the 

modelled runout. The average vertical distance is 288m, with the majority of events within 0-

300m 

above 

the 

modelled 

runout.  

 

 

 

 

 

Figure 5.41 Distribution of horizontal distances between modelled and mapped runout. Red column indicates 

events that extend beyond the model.  
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Figure 5.41 shows that most runout fronts are located within 60-800m of the modelled runout, 

with the average horizontal distance at 725m. 

Figure 5.42 examines the distribution of slope-intervals for the events in figure 5.40 and 5.41, 

and shows that most runouts are located on slopes between 10-15 degrees, but with a 

significant amount between 15-20 degrees. 

 

Figure 5.42 Slope at the mapped runout.  

The next 3 figures illustrate the same distances as above, but for source areas instead of 

runout. As shown in table 5.9, a total of 179 mapped events have source areas located outside 

the 60m 

buffer, 

and these 

are the 

ones 

examine

d in the 

followin

g figures. 
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Figure 5.43 Distribution of vertical distances between modelled and mapped source area. Red 

column indicates events that initiate outside (above) the model. 
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As shown in figure 5.43, 75 out of 179 (42%) mapped events that initiate outside the 60m 

buffer, also initiate outside the boundaries of the NGU susceptibility model. This is equal to 

27% of the total number of mapped events in Sørfjorden. Most events are located within the 

range of 200m above and 200m below the modelled source area, with a gradually decreasing 

number of outliers in either direction. The average negative distance (above model) is 145m, 

while the average positive distance is 190m. The total average distance is 41m.  

 

Figure 5.44 examines the distribution of horizontal distances between modelled and mapped 

source areas, and shows that the single largest group of events is found within the range of -

200m to -100m. Again, most events are found within the range of -200m to 200m, with 

outliers in either direction. The average negative distance is -171m, while the average positive 

distance is 323m. The positive average is heavily influenced by the few outliers around 

1000m, and if these are excluded, the positive average drops to 255m. The total average 

distance is 104m.  
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Figure 5.44 Distribution of horizontal distances between modelled and mapped source area. Red column 

indicates events that initiate outside the model. 
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Figure 5.45 Inclination at mapped source area.  

Figure 5.45 illustrates the distribution of slopes at the 179 source areas outside the buffer, and 

shows that most events initiate between 20 and 44 degrees, but there is still a significant 

number of events that seem to initiate at steeper inclinations. The average slope for initiation 

is 40°. 
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5.5.2 Manual measurements – Hallingdal  

As with Sørfjorden, the following half-matrix does not give any indication of model 

performance, but shows whether the mapped features are located inside or outside the 60m 

buffer (Table 5.8). 4 events were excluded from the analysis due to their very small size and 

uncertain features. 

 

Outside buffer Within buffer 

 Observed event 24 3 Runout 

 

19 8 Source area 

 

Table 5.8 Half-matrix of event runout and source area, Hallingdal.  

Out of 27 events, only 3 events (11%) have clear deposition within the runout buffer, while 

30% of the mapped events initiate within the source area buffer. All events can initiate and 

deposit either in front of or behind the boundaries of the model (Figure 5.46). 

 
Figure 5.46 Debris flow with source area within buffer and runout outside buffer, north of 

“Nesbyen” (Orthophoto: Hardangervidda 2013). 

 

 



106 

 

The sample size in Hallingdal is considerably smaller than for Sørfjorden, but we can still 

extract useful information from the manual measurements. Figure 5.47 and 5.48 illustrates the 

vertical and horizontal distance between the modelled and mapped runout for the 24 events 

located outside the buffer. 

 

Figure 5.47 Distribution of vertical distances between modelled and mapped runout. Red column indicates 

events that extend beyond the model 
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Figure 5.48 Distribution of horizontal distances between modelled and mapped runout. 

Red column indicates events that extend beyond the model. 
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From figure 5.47 and 5.48 we can see that the vertical distance is generally quite short, with 

the majority of events between 0-50m above the predicted runout, and an average distance of 

-76m. The horizontal distance is greater, with most events between 60 and 400m behind the 

predicted runout, and an average distance of -325m. There are 2 events that extend beyond the 

model, located between a vertical distance of 0-50m and horizontal distance of 60-200m. 

From figure 5.49 we can see that most events deposit on slopes between 8 and 14 degrees, 

with a few outliers in either direction. 

 

Figure 5.49 Slope at the mapped runout. 

Figures 5.50, 5.51 and 5.52 illustrate the vertical and horizontal distance between the 

modelled and mapped source areas located outside the 60m buffer, as well as the measured 

slope at source area for the same events.   

From figure 5.50 we can see that there are only 2 events that initiate outside the model, both 

within 100m above the model boundary. The single largest group is found within the range of 

0-100m below the modelled source area with 9 events, while the average vertical distance is 

129m. 
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Figure 5.50 Distribution of vertical distances between modelled and mapped source area. Red column indicates 

events that initiate outside (above) the model. 

The distribution of horizontal distances illustrated in figure 5.51 shows how most events 

initiate between 60-300m “in front of” the model, though there are a significant number of 

events that initiate beyond this range. The average horizontal distance is 316m.  

 

Figure 5.51 Distribution of horizontal distances between modelled and mapped source area. Red column 

indicates events that initiate outside the model. 
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Figure 5.52 Slope at the mapped source area. 

From figure 5.52 we can see that most events initiate on slopes between 25 and 30 degrees, 

and the average inclination at initiation is 27°. 
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6 Discussion 

The results shown in chapter 5 are structured after the order in which they were achieved, and 

the same will be attempted for this chapter, but due to the nature of discussion there will be 

cross-references between chapters and between different results. With a project of this type, 

where the fields of study range from the geographic and geologic to the analytic and 

statistical, issues are almost certain to appear. Both the results and any issues encountered will 

be discussed in the following sections.  

6.1 Sørfjorden and Hallingdal – two different 

systems 

The remote sensing analysis provided significantly different results for the two study areas, 

with Sørfjorden having a much higher level of landslide activity than Hallingdal (276 vs 31 

mapped events). The reasons for this are relatively logical when considering the climate data 

examined in chapters 3.1.3 and 3.2.3, and topographical data in chapters 5.1.1 and 5.1.2. 

Sørfjorden, with an average inclination of 28°, experiences more precipitation throughout the 

entire year and higher temperatures during the winter months than Hallingdal, with an average 

inclination of 15°. Knowing that precipitation and inclination are perhaps the most crucial 

factors for initiation of both debris flows and debris slides/avalanches, it is not surprising that 

Sørfjorden experiences such high levels of activity. Figure 6.1 and 6.2 illustrates the 

correlation between climate and landslide activity for both regions.  

As can be seen in figure 6.1, the lines for precipitation and landslide events match very well, 

illustrating the importance of precipitation for initiation of landslides. The relatively warm 

winter-temperatures mean that most precipitation comes in the form of rain, instantly 

increasing the ground saturation levels instead of storing the precipitation as snow. However, 

precipitation can still come in the form of snow, especially at higher elevations, but periods of 

warmth during winter can trigger shorter periods of snowmelt, which alone or when combined 

with rainfall can cause landslides at lower elevations. Much of Western Norway experiences 

intense periods of strong winds and precipitation during the early winter months. These winter 

storms usually occur between November and January, and often result in large scale flooding 

and landslide initiation. This is illustrated on the plot as the peak in precipitation in 

December.  
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Figure 6.2 illustrates the climatic conditions in Hallingdal and compares them to the 

distribution of landslides. As noted above, the landslide activity level in Hallingdal is much 

lower than for Sørfjorden, and the values of the line illustrating landslide events is therefore 

multiplied by 10 to be able to make a meaningful comparison between landslides and 

precipitation. As can be seen from the figure, the lines for precipitation and landslides have 

approximately the same shape, but their individual peaks are offset by 2 months. The cold 

winter temperatures in Hallingdal mean that most precipitation during winter will be stored as 

snow, thus increasing the significance of snowmelt compared to precipitation regarding 

landslide initiation. The landslide peak in May indicates when snowmelt is usually at its` 

greatest, especially when combined with rising levels of precipitation. As the summer 

progresses, precipitation increases but landslide activity drops. This further strengthens the 

idea that snowmelt is the main cause of landslide initiation in Hallingdal. Even at its` peak, 

the average level of precipitation in Hallingdal is just barely higher than the lowest average 

values for Sørfjorden.      

Figure 6.1 Monthly averages of temperature, precipitation and landslide events for Sørfjorden. 
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6.2 Landslide inventory – the mapping process  

During the mapping process of Sørfjorden and Hallingdal, multiple issues were encountered 

that had to be resolved before being able to confidently determine the location of, especially 

source areas, but also some transport paths and runout zones.  

6.2.1 Study area orientation and terrain shadows 

All orthophotos used in this thesis are taken during the summer or early autumn, due to most 

users needing snow-free images. The time of day they were taken is not known, but from the 

orientation of the shadows cast by the terrain we can estimate that the sun is located towards 

the east or south-east, indicating a time of photography between late morning and early 

afternoon. This is probable when considering the need for stable weather-conditions and the 

logistics required for aerial photography (Richards 2013). 
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Figure 6.2 Monthly averages of temperature, precipitation and landslide events for Hallingdal. Note that 

“Landslide events” values have been multiplied by 10. 
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With Hallingdal being oriented west-east, there`s generally few and small shadows being cast 

by the terrain into the valley, meaning that most features are clearly visible. Sørfjorden, 

however, is oriented north-south, meaning that the position of the sun at the time of 

photography creates shadows that can reach several km in length. This problem is mostly 

apparent on the eastern side of the fjord, as it is facing away from the light source (Figure 

6.1).  

 

Figure 6.1 1km long terrain shadow near Ullensvang, Sørfjorden. (Orthophoto: Hardangervidda 2013) 

 The shadows cast by the terrain makes identifying events and features difficult, and 

complicates the mapping process. Through trial and error, several solutions were found: 

- Using alternative orthophotos: some of the older orthophotos are brighter, or are 

taken at a different time of day with less shadows. Only usable for older events. 

- Brightening the image: using the Image analysis tool in ArcMap, one can experiment 

with different brightness, contrast and gamma settings to enhance the visibility of the 

orthophotos. An alternative is to export parts of the photo and importing it into an 

image editing software (Adobe Photoshop or GIMP), as this enables you to brighten 

only the shadows and leave the other areas unedited. 
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- Using slope maps, topographical maps and LIDAR data: if the other alternatives 

fail, one can use the slope and topographical maps to aid identification of source areas 

and transport paths (Figure 6.2). The topographical map and LIDAR data clearly 

defines channels and ravines that might not be visible on the orthophotos, while the 

slope map separates slopes susceptible to initiation from non-susceptible slopes. 

 

6.2.2 Image artifacts 

Avoiding image artifacts when working with images like orthophotos, covering many km
2
, is 

not very feasible, and in many cases one just needs to accept that they are there (Figure 6.3). 

Figure 6.3 illustrates an example from the same location as figures 6.1 and 6.2, where image 

artifacts appear at nearly the same location in two different sets of orthophotos. The artifacts 

themselves look like parts of the terrain are stretched over a certain distance, which can 

complicate mapping if located near identified events.  

This stretching is most likely due to the way orthophotos are generated, by combining 

overlapping images of the same area taken from different angles. When using aerial 

photography in steep areas, parts of the area will not be visible from certain angles, thus 

Figure 6.2 Using topographical and slope maps to aid event identification. 
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creating a zone with less information where the view is obstructed by the terrain. This causes 

the orthophoto to stretch over any areas with too little information to generate a good image 

(Xandri, Pérez,  Palà and Arbiol 2017). In the cases where the artifacts interfere with the 

mapping, the same methods as described above can be used: alternative orthophotos and 

topographical/slope maps. 

 

Figure 6.3 Image artifacts in 2 different orthophotos: 1) Hardangervidda 2013; 2) Vestlandet nord 2006 

 

6.3 Modelled events vs true events frequency 

The frequency analysis performed in chapter 5.3 is another example of how the two study 

areas differ from one another. Looking at tables 5.5 and 5.6, the modelled frequency in 

Hallingdal is approximately 71% of the modelled frequency in Sørfjorden, with the values of 

2 and 2.8, respectively. Knowing that the NGU susceptibility model uses slope as one of its` 

main parameters for source area identification, this is a fair difference considering the 

difference in average slope between the two study areas. The main difference becomes 

apparent when considering the true frequencies; 0,7 for Sørfjorden and 0,05 for Hallingdal, 

giving ratios of 1:4 and 1:40. The frequency in Sørfjorden is more than 10 times higher than 

in Hallingdal, something which cannot be explained by differences in inclination alone.  

Climate, as explained in chapter 6.1, is likely the main cause for the small number of true 

events, but the size of the study areas is also affecting the frequencies. For Sørfjorden, the 
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frequency is based on 276 events spread across 369 km
2
, while for Hallingdal the numbers are 

31 events across 571 km
2
. The relatively dry climate combined with its` greater size results in 

the very low frequency calculated for Hallingdal.   

6.4 Validation  

The validation method used in this thesis differ somewhat from other works using confusion 

matrixes as a validation tool. The most popular method when using confusion matrixes to 

validate susceptibility maps seems to be cross validation of mapped and predicted events 

based on overlapping pixels (Pascale et al. 2013). This method works fine when basing the 

comparison on the full size of an event (source area, transport path and runout), but would be 

unsuitable when the cross validation is based on source areas only, as in this thesis. The 

decision to base the validation on source areas was made because of wanting to examine 

source areas and runout zones separately. Thus, the choice was made to base the confusion 

matrix on random points as explained in chapter 4.4. 

The most important effect of using this method is that the true negatives are given a direct 

value instead of being an unquantifiable feature. However, since the random points are 

confined within the 23-45-degree slope interval, it means that any events outside this interval 

will not be included in the matrix. This can cause the results to become skewed towards a 

better model performance, and should be considered when discussing the results. 

6.4.1 Confusion matrix rates 

As made clear in the previous sections, Sørfjorden and Hallingdal are two very different 

systems when considering climate and landslide activity. With results as varied as those 

discussed in chapter 6.1 and 6.3, one might expect somewhat of a difference between the two 

regions when calculating the rates from the confusion matrixes.  However, as shown in tables 

5.8 and 5.11, the success rates are almost identical, with only a 1% difference between 

Sørfjorden and Hallingdal. Based on success rate, the model performs well, with 88-89% 

correct predictions. From this we can extract the error rate of 11-12%. 

The reasons for the similar results can be explained by considering the workings of the 

confusion matrix. The success rate is based on both true negatives and true positives, and it is 

the sum of these that are the basis for the calculation. While Sørfjorden does have more true 
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positives than Hallingdal, it also has less true negatives, resulting in nearly similar totals; 530 

for Sørfjorden and 534 for Hallingdal.     

An interesting difference appears when looking at the values for true positive rate, or 

sensitivity (Tables 5.8 & 5.11). This rate is based on the number of correct predictions among 

all observed events included in the matrix. For Sørfjorden, this rate is calculated to be 0,83, 

indicating 83% correct predictions. For Hallingdal, the sensitivity is 1, indicating 100% 

correct predictions. This is due to there being no false negatives in the matrix for Hallingdal, 

meaning that all observed events included in the matrix are true positives. However, false 

negatives do exist in the landslide inventory for Hallingdal, but due to using random points to 

extract the values for the confusion matrix, none of them are included in the matrix itself. 

The false positive rate illustrates incorrect predictions when there are no observed events (the 

model predicts yes, but the real situation is no), and is another indicator of performance. Both 

study areas get a score of ≈ 0,11, indicating 11% incorrect predictions among all points where 

there are no observed events. This mirrors the error rate mentioned above, since the “no 

observed” (ON) group dominates both matrixes. From the false positive rate, we can extract 

the specificity of 0,89, or 89%, indicating correct predictions within the ON group.  

The differences between Sørfjorden and Hallingdal again become apparent when looking at 

the values for precision and prevalence. Precision indicates how often the model is correct 

when it predicts an event, and has a value of 0,28 for Sørfjorden. This means that there is 

approximately one real event for every four predicted events, which is the same result as 

found in the frequency analysis. The situation is a bit different in Hallingdal, with a precision 

value of 0,07 indicating approximately one real event for every 14 predicted events. This is 

significantly different from the frequency analysis, which estimated 1 real event for every 40 

predicted events. This difference likely has something to do with the method based on random 

points, and as the placement of the points has a significant impact on the results, it is likely 

that increasing the number of points would provide a more accurate estimate. Also, the small 

sample size (31 mapped events) has a large impact on the precision value.  

The prevalence rate indicates the percentage of points located within observed events, and is 

5% for Sørfjorden and 1% for Hallingdal. This illustrates how the data is distributed, and that 

negative observations are a clear majority. 
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6.4.2 The negative majority 

As shown in the results for both Sørfjorden and Hallingdal, the negative observations (no 

event observed) are a clear majority in both confusion matrixes. This is typically not the case 

in most classification studies using confusion matrixes for estimating model performance, but 

hazard studies are a special case. During projects like this thesis, the work involves relatively 

rare events that may or may not have happened, or may happen sometime in the future 

(Begueria 2006). This leads to some uncertainty regarding the nature of the false positive 

observations, and whether they are areas that will initiate events sometime in the future, or 

simply incorrect predictions by the model (Begueria 2006).  

The rates calculated from the confusion matrix are deeply connected to the distribution of 

observations within the binary classifier used in the matrix. Due to this, an imbalance in the 

distribution of 

observations has a 

large impact on 

the statistics 

derived from the 

matrix (Figure 

6.4). 

  

 

 

 

 

 

 

 

Figure 6.4 

Figure 6.4 Frequency distributions for the negative and positive observations within a 

binary classifier.1) Balanced distribution; 2) imbalanced distribution. a, true positive; b, 

false positive; c, false negative; d, true negative. (Begueria 2006) 
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illustrates how an imbalanced distribution affects the false positives and false negatives, and 

makes the calculated rates seem more positive than what is actually the case by artificially 

lowering the false positives and false negatives. Begueria (2006) suggest a workaround for 

this issue by not relying solely on success rate, but using sensitivity, or the true positive rate 

instead. Sensitivity is based purely on the positive observations, and the large imbalance in 

the positive/negative distribution is therefore circumvented.  

As discussed above, the values for sensitivity for Sørfjorden and Hallingdal differs 

significantly. With a sensitivity of 0,83 in Sørfjorden, it is reasonable to assume that this 

might be a better indicator for the performance of the model than success rate, considering the 

large imbalance in the negative/positive distribution. However, when looking at the value for 

Hallingdal, which has a sensitivity of 1, it is clearly not a better option than success rate in 

this case. This is due to the entire OP (observed positive) group for Hallingdal consisting of 

only 5 events, all of which are true positive. The sample size is, again, clearly affecting the 

results, making the sensitivity value for Hallingdal more positive than what is actually the 

case. This might indicate that success rate is a better indicator of performance for datasets 

with very few observations, as every true negative or true positive observation would 

dramatically affect the sensitivity of a matrix with few positive observations. 

6.5 Manual measurements 

The manual measurements of mapped source areas and runout in relation to the model were 

done to investigate how the different events are confined by the model, or whether they 

initiate outside or extend beyond the modelled runout. As shown in tables 5.7 and 5.8, there`s 

a significant difference between Sørfjorden and Hallingdal as to whether the mapped events 

match the modelled runout. 74% of mapped events in Sørfjorden have runouts located within 

a 60m radius of the modelled runout, while the same result for Hallingdal is only 11%.  While 

the sample size is likely affecting these results as well, the difference is also due to the 

topographical characteristics of the two regions.   

For Sørfjorden, the fjord itself becomes a natural zone of deposition due to the steepness of 

the valley sides and the many rivers and streams terminating in the fjord. This is illustrated by 

the NGU susceptibility model predicting nearly all event runouts to occur in the fjord (Figure 

6.5) The exceptions are modelled events in tributary valleys. The NGU model is not designed 
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to predict large, relatively flat, debris flows, which results in the situation marked by the red 

circle in figure 6.5. Here, the debris flow follows the course of a river along the floor of a 

tributary valley to Sørfjorden. Due to the model being unable to predict these types of debris 

flows, the event extends far beyond the modelled runout.   

 

Figure 6.5 Example from Lofthus, Sørfjorden. White marks continuous zones of modelled event runout in the 

fjord. Red marks the single event extending beyond the modelled runout.  

Because of the many rivers and channels along the sides of Sørfjorden, most events 

eventually end up in the fjord, thus leading to the result shown in table 5.7. Hallingdal has a 

lot fewer rivers and channels oriented perpendicular to the length direction of the valley, 

meaning that most events encounter more opposition to flow since they either need to erode 

their own channels or enlarge already existing channels. This causes most events to deposit 

before reaching the maximum predicted runout. Most events deposit on slopes within the 
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range of 8-15 degrees, some steeper and some gentler. If they deposit on steeper slopes, there 

tends to be dense forests effectively slowing down the landslide. 

When looking at source area, the situation is fairly similar for both Sørfjorden and Hallingdal, 

with 30-34% initiating within the modelled source area buffer. For Sørfjorden, 75 out of 179 

events not located within the buffer, initiate outside the boundaries of the model (upslope of 

modelled source area). The cause for this is unknown, but some events seem to initiate on 

slopes steeper than what is defined as probable slopes by the NGU susceptibility model 

(Fischer, Rubensdotter and Stalsberg 2014).  
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7 Conclusion 

The work done in this thesis illustrate the large regional variations in landslide activity that 

can occur due to differences in topography and climate. Despite the relatively short distance 

between Sørfjorden and Hallingdal, Sørfjorden experiences almost 10 times the number of 

landslides as Hallingdal. As discussed in the text, this variation is due to the local topographic 

and climatic conditions. Sørfjorden, with its` wet coastal climate and steep sides, is generally 

more susceptible towards landslides than the drier and less steep inland regions, a fact 

reflected in the landslide inventory created for this thesis, the frequency analysis and the event 

database from www.skrednett.no. The mapping process resulted in a landslide inventory 

consisting of 275 events along Sørfjorden and 31 events in Hallingdal, most of which are 

debris flows.   

The next question is then how this large variation affects the validation of the NGU 

susceptibility model. In the frequency analysis, we saw that the model does predict a lower 

activity level in Hallingdal than in Sørfjorden, so there are already indications that the model 

is on the right track, but the validation provides a more in-depth examination of its` 

performance.  From the results presented in chapter 5.4, we can extract two different 

estimations of the model performance; success rate and sensitivity. Both are, in different 

situations, correct estimations, but as this thesis shows, there are certain conditions that should 

be met before presenting either as a true result. The large majority of true negative 

observations influences several of the rates calculated from the confusion matrixes in an 

“optimistic” way, causing the model performance to appear better than what is actually the 

case. This is especially true for success rate, meaning that the values of 0,88 for Sørfjorden 

and 0,89 for Hallingdal are likely too high.  

The workaround presented for this issue is to use sensitivity instead of success rate to estimate 

model performance. As explained in chapter 6.4, sensitivity excludes the true negative 

observations from the calculations, providing an estimate based purely on positive 

observations. In theory, this leads to a more trustworthy result since the large imbalance 

between true negative and true positive observations is circumvented. For Sørfjorden, 

sensitivity does provide a more moderate result, with a value of 0,83. Based on the manual 

measurements of distance between model vs mapped events, this is a better estimate than 

what was provided by success rate. However, the sensitivity of 1 for Hallingdal is clearly not 

http://www.skrednett.no/
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an accurate estimation of model performance, and success rate is therefore the better option in 

this case, though it is likely an over-estimation to the same degree as for Sørfjorden.   

To summarize: sensitivity is a better rate for estimating model performance in areas with high 

levels of landslide activity, such as Sørfjorden, where there is a significant number of true 

positive observations. On the other end, success rate might be a better option for areas with 

low levels of landslide activity, like Hallingdal, and few true positive observations.  

The manual measurements show that a clear majority of all mapped events have runout zones 

that are contained by the model, with only 3 events in total extending beyond the modelled 

runout. The situation is quite different when looking at source areas, with 27% of the mapped 

events initiating outside the boundaries of the model. As mentioned, the manual 

measurements are no indicators of performance, but more an illustration of how the real 

events match the predicted “worst case” scenarios. 

There are no other projects, to my knowledge, that have used the same methodology as 

applied in this thesis to validate susceptibility maps; basing the confusion matrix on 

observations of randomly placed points within the 23-45-degree slope interval. This means 

there are no direct comparisons that can be made to other works, and only future works 

dealing with validation of the NGU susceptibility model can determine the accuracy of the 

estimations in this thesis.  

There are some comments and recommendations that can be made for future projects dealing 

with susceptibility map validation:  

- If using the same methodology as applied in this thesis, it is a good idea to include one 

more of the parameters used by NGU for source area identification (slope, planar 

curvature, size of catchment) in the base layer confining the random points. This will 

narrow down the spread of the points, and could provide more true positive 

observations, which in turn leads to a decreased imbalance between the true negatives 

and true positives, or a better estimation of sensitivity if not using success rate. 

- The original plan was to construct confusion matrixes for both source area and runout, 

but this was plan was discarded due to the issue of quantifying true negative 

observations. The manual measurements were done instead to examine to what degree 

the mapped events are confined by the model.  
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- Other projects could use a different method, e.g. cross validation of model and 

mapped events by examining overlapping pixels. This would enable the comparison of 

two different methods if applied to an area with similar topography and climatic 

conditions. 
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Appendix 

Climate tables: 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Des Avg 

(year) 

1986 -3,8 -5,1 2,5 3,2 9,6 15,1 14 12,5 7,2 6,5 4,4 0,8 5,6 

1987 -6,2 -1,1 -0,1 6,2 9,2 11,7 14,9 X 8,8 8,7 3,3 0,9 5,1 

1988 2,1 1,3 0 3,3 11,8 16,5 15,3 14 11,6 6,1 2,1 1 7,1 

1989 3,3 2,5 2,7 5,8 8,7 X 14,7 12,4 10,3 6,6 4 0,4 6,5 

1990 2,3 3,5 3,5 5,5 11,6 14,7 14,7 13,9 9,6 7,4 1,4 1,7 7,5 

1991 0,2 -1,8 4,3 6,2 9,2 10,9 17,6 14,7 10,1 6,4 2,9 1,3 6,8 

1992 1,9 0,7 2,2 4,5 10,9 15,6 14 12,6 10,7 4 2,8 0,8 6,7 

1993 0,3 0,1 0,7 6,7 12 12,5 13,1 X 10 5,6 0,9 -0,7 5,6 

1994 0 -3,3 0,6 5,3 10,1 10,1 17,4 14,5 10,1 5,9 5,1 1,5 6,4 

1995 -0,1 X -0,8 3,7 8,9 14,1 14,3 15 11,7 8,1 1,5 -2,5 6,7 

1996 0,2 -2,8 0,4 5,6 8,4 12,3 12,9 16,9 12,4 7,9 0,2 -1,7 6,1 

1997 -0,6 1 1,7 3,4 8,4 15,1 18 18,6 10,1 4,6 4,2 2 7,2 

1998 1,1 1,8 0,6 5,8 10,5 12,1 13,5 12,6 12,9 4,9 0,9 1,3 6,5 

1999 -0,2 -1,1 2,1 6,5 9 12,6 13 15,3 13,9 6,5 4,3 -0,4 6,8 

2000 1 0,1 1 6,2 11,5 11,4 14,1 13,1 12,3 10,2 7 2,1 7,5 

2001 0,8 -2,7 -0,6 4,4 10,3 12,5 16,4 13,9 11,7 9,2 2,8 -0,6 6,5 

2002 0,7 0,7 1,1 7,4 12 14,3 12,8 19,4 12,7 X 1,5 -0,5 7,5 

2003 -0,4 0,1 3 7,4 8,6 14,2 17,8 13,8 10,7 4,5 6,2 0,9 7,2 

2004 -0,2 0,1 2,7 7,5 10,4 12,7 14,4 16,1 10,5 7,7 4,6 1,3 7,3 

2005 -0,9 -2,2 0,5 6,4 8,6 11,6 17,2 13,8 X X X X 6,9 

Avg 0,1 -0,4 1,4 5,6 10 13,2 15 14,6 10,9 6,7 3,2 0,5 6,7 

              

2009 1,8 -0,6 3,7 8,5 10,8 14,8 16,8 14,9 11,8 5,9 5,1 0,1 7,8 

2010 -3,3 -2,8 2,3 6,2 9,8 14 16,4 15,7 10,6 7,3 0,6 -4,2 6 

2011 0,7 -0,5 2,5 8,2 10,4 13,7 16,7 15,2 12,1 8,5 6,3 2,5 8 

2012 1,1 1,2 5,7 5,4 10,4 13,4 14,8 15,1 10,1 6 5 -1,2 7,3 

2013 0 -2,2 -0,7 4,7 10,7 13,9 18,6 14,8 11,7 8,4 4,6 3,9 7,4 

2014 1,2 5 5,2 8,1 11,9 15,7 19,3 15,5 12,7 9,8 6,2 2 9,4 

2015 2,3 2,3 4,6 5,9 8,8 12,1 14,4 15,1 12,3 7,9 4,8 3,7 7,9 

2016 -1,6 0,9 3,9 6,1 11,9 16 14,9 14,3 14,3 7,6 2,6 4,1 7,9 

              

Avg 0,3 0,4 3,4 6,6 10,6 14,2 16,5 15,1 12 7,7 4,4 1,4 7,7 
Table 1 Average monthly and yearly temperatures for station 1 and 2. (RED=incomplete data, X=missing data) 
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Year Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Total Avg 

1986 123,3 2,8 243,5 13,9 138,3 42,9 95,2 87,9 211,9 224 351,6 273,1 1808,4 150,7 

1987 38,2 92,6 21,1 64,3 38,8 48,8 107,8 X 224 77,5 85,4 201,9 1000,4 90,9 

1988 84,6 73,5 19,3 85,3 42,1 11,6 178,9 109,6 141,4 92,9 133,1 353 1325,3 110,4 

1989 541,6 451,2 194,9 40,1 137 X 91,5 188,6 182,5 220,4 56,9 97,8 2202,5 200,3 

1990 364,4 353 647,1 174,6 10,2 45,9 80,9 130,3 216,1 236,3 102,5 210,5 2571,8 214,3 

1991 175,7 96 62 88,6 58 42,1 38 160,1 239,5 108 236,8 346,9 1651,7 137,6 

1992 292 327,5 126,2 89,5 129,1 21,5 125,6 165,5 117,1 38,7 214,6 364,1 2011,4 167,6 

1993 392,2 217 260,5 55,4 17,3 39,7 97,6 X 67,1 51,6 10,7 198,7 1407,8 128 

1994 242,9 1,6 374 153,1 21,7 169,7 52,6 102,6 69,1 118 210,6 323,7 1839,6 153,3 

1995 133,9 X 148,5 110,6 29,4 44 151,9 44 142,1 371,4 120,4 69,2 1365,4 124,1 

1996 2 78,6 37 55,2 37,1 98,7 76,5 64,5 3,4 238,8 202,9 115,1 1009,8 84,15 

1997 150,3 344,3 317,9 147,9 88,9 14,8 34,9 84,5 189,3 148,1 40,8 85,7 1647,4 137,3 

1998 223 393,1 164,4 22,3 55,6 78 88,2 183,7 36,4 213,3 60,5 288,2 1806,7 150,6 

1999 255 258 128,9 102,5 91,3 83,6 75,9 39,5 87,5 188 279,2 228 1817,4 151,5 

2000 278,9 359,6 170,3 63,5 75,2 166,6 61,6 182,3 96,1 95,3 48,6 69,9 1667,9 139 

2001 25,5 64,1 124,7 63,1 73,4 64,4 106,1 156,1 37,5 306,5 191,1 92,9 1305,4 108,8 

2002 221,2 215 205,4 26,9 45 122,5 53 35,6 74,7 168,7 30,4 17,5 1215,9 101,3 

2003 279,5 33,5 78,4 43,1 119,9 180,1 70,8 111,3 270,7 115,2 23,9 250 1576,4 131,4 

2004 92,3 150,1 88,7 72,2 82,6 69,9 45,4 142,2 159 65,2 47 46,9 1061,5 88,5 

2005 95,6 44 81,4 157,7 106 60,4 43,7 95,7 0,1 X X X 684,6 76,1 

Avg 200,6 187,1 174,7 81,5 69,9 74 83,8 115,8 135 162 128,8 191,2 1594,4 135,3 
Table 2 Total monthly, monthly average and yearly amount of precipitation at station 1 in the period 1986-2005. 

(RED=incomplete data, X=missing data) 

Year Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Total Avg 

2009 120,4 88,3 95 51,6 124,3 28 39,6 112,9 176,5 81,9 135,7 26,8 1081 90,1 

2010 21,7 25,8 75,2 97 32,4 54,9 84,3 76,5 108,5 163,2 56,8 33,7 830 69,2 

2011 162,3 101,3 169 116,3 139,4 110,1 78,3 44,1 218,7 278,7 258,3 570,4 2246,9 187,2 

2012 247,5 371,2 194,6 52,2 79,9 63,3 127,1 68,5 238,8 146,6 202 167,1 1958,8 163,2 

2013 230,3 73,4 42,5 211,2 134,2 77,2 67,2 152,1 104,7 236,1 271,8 523,4 2124,1 177 

2014 113,2 104,5 383,4 122,4 89 49,6 100 52,2 170 306,9 129,2 372,3 1992,7 166,1 

2015 544,4 143,3 262,3 108,4 144,3 135,3 85,5 72,7 63,8 116,7 365,3 342,4 2384,4 198,7 

2016 135,3 126 42,8 51,8 73,5 29,9 74,8 142 160,4 59,1 122,4 298,4 1316,4 109,7 

Avg 196,9 129,2 158,1 101,4 102,1 68,5 82,1 90,1 155,2 173,7 192,7 291,8 1741,8 145,2 
Table 3 Total monthly, monthly average and yearly amount of precipitation at station 2 in the period 2009-2016. 
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Des Avg 

(year) 

1986 -

15,5 

-

13,1 

0,5 1,6 9,6 16,3 16,1 11,4 7,2 4,5 0,1 -6,9 2,7 

1987 -

18,7 

-7,6 -6,3 4,7 8,1 11,7 15,3 11,9 7,1 5,4 -2,9 -7,3 1,8 

1988 -3,7 -5,4 -4,1 2,4 10,2 17,5 14,9 13,3 11,3 1,8 -3,9 -6,5 4 

1989 0,3 0,4 2 3,8 8,9 14 16,4 12,6 9,3 3,7 -1,6 -8,6 5,1 

1990 -5 1,9 3,6 5,2 11,2 14,2 15,1 14,5 8,6 3,2 -5,1 -3,9 5,3 

1991 -7,8 -9,2 0,9 4,5 9,2 10,9 17,6 14,9 9,4 3,2 -2,1 -4,3 3,9 

1992 -2,1 -2,7 1,9 3,4 11,5 15,9 14,9 12,2 9,8 1 -4,8 -5,4 4,6 

1993 -4,9 -1,9 -0,2 4,7 11,1 12,7 14,2 11,8 7,3 2,9 -5,3 -

10,6 
3,5 

1994 -9,8 -

12,6 

-1,6 4,8 8,6 12,4 18,6 13,9 8,9 2,6 -2,1 -5,9 3,2 

1995 -7,4 -4 -0,2 3,3 8,6 14,4 15,6 15,6 10 6,7 -4,5 -

13,6 
3,7 

1996 -11 -

11,5 

-3 4,6 7,3 13,8 14,1 15,4 8,1 4,8 -5,9 -

12,4 
2 

1997 -

10,2 

-3 1,9 4 8,4 14,7 17,2 17,4 10,6 2,3 -1 -4,6 4,8 

1998 -5,9 -1 -1,5 3 9,7 12,6 14,1 12,9 11 2,1 -5,9 -6,9 3,7 

1999 -7,2 -5 -0,1 5,4 8,2 13,1 16 13,8 12,8 3,8 1,7 -8 4,5 

2000 -2,9 -3,6 0,3 4,7 10,9 12,5 15,6 13,6 9,7 7,2 2,4 -3,9 5,5 

2001 -8,8 -10 -4,6 3,3 9,9 12,9 16,3 14,1 10,1 5,8 -0,4 -

10,1 
3,2 

2002 -7,6 -3,5 0,6 6,3 10,7 14,1 16,2 17,3 11,6 1,2 -5,4 -

10,9 
4,2 

2003 -6,9 -7,8 0,9 5,2 8,4 14,8 17,2 14,7 10,2 0,3 -1,9 -4,7 4,2 

2004 X X X X X X X X X X X X X 

2005 X X X X X X X X X X X X X 

2006 -8,7 -7,1 -5,8 3 8,9 15,5 18,9 15,7 12 4,3 -1,8 -1,3 4,5 

2007 -5,8 -6,5 1,5 5,6 9,1 15,2 14,7 14 8,1 3,6 -2,9 -10 3,9 

2008 -4,7 -2,8 -1,7 4,1 10 13,4 16,7 13,4 8,7 4 -3 -7,7 4,2 

2009 -6,5 -

10,2 

-0,2 6,1 10,1 13,9 16 13,9 10,1 -0,2 -1,6 -

10,3 
3,4 

2010 -

15,3 

-

11,4 

-1,1 4,1 8,5 13,9 16,4 14,3 8 1,6 -7,8 -

16,5 
1,2 

2011 -9,6 -8,7 -0,7 8,4 9,5 14,5 16,3 14 10,5 4 0,5 -4,8 4,5 

2012 -8,7 -5,1 4,7 2,8 10,2 11,9 14,6 13,9 8,6 1,4 -0,6 -

12,3 
3,5 

2013 -

13,5 

-8,9 -4,7 2,9 10,1 13,6 17,4 14 9,4 3,3 -2,2 -3,1 3,2 

2014 -5,9 -0,4 2,8 5,8 10,5 14,6 18,7 14,1 10,8 6,3 0,6 -7,2 5,9 

2015 -5,2 -1,9 1,5 5,1 7,7 12,6 15,3 14,1 9,8 3,8 -2 -3,3 4,8 

2016 -

10,7 

-4,9 0,2 3,8 10,7 15,4 15,5 14 12,5 2,7 -5 -2,2 4,3 

Avg -7,9 -5,8 -0,4 4,4 9,5 13,9 16,1 14 9,7 3,4 -2,6 -7,4 3,9 
Table 4 Monthly average values for temperature for the period 1986-2016 (X = missing data). 
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Year Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Total Avg 

1986 42,4 3,2 27,2 30,9 41,1 33,8 59,5 123,6 19,3 44,4 31 87,4 543,8 45,3 

1987 13,3 16,8 50,1 32,1 59 98,8 24,7 90,8 53,7 99,5 70,2 20,1 629,1 52,4 

1988 83,1 69,6 54,6 29,7 14,7 46,7 200,8 118,1 57,3 63,6 23,7 33,5 795,4 66,3 

1989 42 67,4 30,7 33,4 13 56,8 16,9 106,4 24,7 46,4 26,6 31,9 496,2 41,4 

1990 57,2 45,6 67,6 51,9 9,7 66,1 57,8 52 49,2 54,1 27,3 21,3 559,8 46,7 

1991 39,7 8,6 50,2 10,4 0 56,3 60,9 33,2 56,8 40,6 25,9 37,9 420,5 35 

1992 46,4 21,4 30,4 42 33,7 10,8 67 138,7 55,6 20,5 69,2 27,5 563,2 46,9 

1993 92,9 14,2 8,2 27,2 33,9 22,6 144,7 56,9 37,8 53,1 38,2 49,1 578,8 48,2 

1994 87,9 23,9 36,3 29,5 15,7 44,6 21,1 141,1 60,7 30,6 70,2 51,5 613,1 51,1 

1995 57,9 37,5 30,1 23,1 40 94,1 46,2 12,3 66,1 46,3 23,5 5,5 482,6 40,2 

1996 31,7 27,4 8,3 13,8 92,4 78,4 87 41 45,5 70,1 52 36,4 584 48,7 

1997 20,1 43,3 20,5 5,4 44,9 78,8 95 88,9 55,7 37,3 34,5 63,1 587,5 49 

1998 47,2 41 43,4 71,8 15,6 109,1 59,5 58,5 73,6 75,5 26,7 45 666,9 55,6 

1999 38,1 30,9 75,4 41,7 15,1 107,3 60,6 64,9 74,7 53,8 36,6 52,3 651,4 54,3 

2000 23,1 29,9 27,7 71,8 37,7 79,9 118,9 81,2 47 120,4 111 46,8 795,4 66,3 

2001 42,8 28,3 30,8 59,6 37 66,6 93,2 64,5 61,2 92,8 38,9 38,8 654,5 54,5 

2002 55,5 40,1 38,7 25,4 66,2 84,7 61,7 58,8 42,7 59,3 53,9 31,5 618,5 51,5 

2003 46,2 3,8 25,8 38,2 99,8 50,1 84,8 54,7 64,4 28,8 41,2 51,5 589,3 49,1 

2004 46,7 34,8 16,3 41,6 56,4 93,7 48,7 94,6 66,7 64,6 51,3 18,9 634,3 52,9 

2005 51,3 5,5 22,3 10,1 27,1 66,4 130,1 50,3 28,4 73 60 22,1 546,6 45,6 

2006 37,9 39 29,1 37,8 73 16,8 51,3 115,1 59,8 136,9 57,9 50,9 705,5 58,8 

2007 78,9 66 20,9 14,8 66,8 112 221,2 32,9 37,4 10,3 31,1 73,2 765,5 63,8 

2008 97 55,2 55,4 37,2 26,2 50 70,5 108,6 28 39 44 40,9 652 54,3 

2009 43,2 40,3 38,3 22 34,8 18,4 95 120,2 24,4 35 78,8 44,1 594,5 49,5 

2010 16,1 23,3 35,8 24,4 48,8 73,6 93,9 94,3 60,1 48,9 10,9 12,6 542,7 45,2 

2011 54,4 40,3 18,7 20,6 40,7 177,9 156,6 133,1 96,4 30,9 43,8 53,6 867 72,3 

2012 50,7 20,6 17,2 73,5 49,4 55,3 93,9 108,2 30,7 65,3 59 62,2 686 57,2 

2013 25,7 6,3 7,9 19,8 128,1 138,9 21,1 76 56,7 43 28,7 51 603,2 50,3 

2014 52 41,7 40,5 26,8 44,7 34,4 46,3 69,3 39,1 93,8 87,4 20,5 596,5 49,7 

2015 77,3 18,8 23,5 11 67 26 106,5 70,7 137,4 11,2 34,8 83,1 667,3 55,6 

2016 47,9 24,4 32,8 33,6 36,8 58,1 118,9 98,5 50,2 20,6 61,3 22,1 605,2 50,4 

Avg 49,9 31,3 32,8 32,6 44,2 68 84,3 82,5 53,6 55,1 46,8 41,5 622,5 51,9 
Table 5 Average monthly values for precipitation (MM) at Ål, Hallingdal, 1986-2016.  

 


